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Preface

In recent years there has been a signiἀcant, resurgent interest in renew-
able energy systems due to concerns regarding greenhouse gas-related 
environmental effects, energy security, and the rising costs of fossil-fuel-
based energy. Solar energy conversion is of particular interest owing to the 
abundance of the source. The vast majority of today’s commercial solar 
cells are based on crystalline silicon (Si), despite the fact that they are rela-
tively expensive to produce. The rest of the market in photovoltaics (PV) 
is based on thin ἀlms of cadmium telluride, and to a lesser extent, cop-
per indium gallium diselenide (CIGS) and amorphous Si, which promise 
lower cost, albeit with lower module efficiencies to date. Silicon is not the 
ideal semiconducting material for solar energy conversion owing to its 
indirect band gap, which makes optical absorption inefficient. Yet it is the 
material of choice in the PV industry today because it is the second most 
abundant element in the earth’s crust, making it a relatively inexpensive 
semiconductor. Silicon PV also beneἀts from the tremendous technologi-
cal base developed for Si by the electronics industry. The above discus-
sion highlights three key questions facing the PV ἀeld: (1) How can the 
efficiency of solar modules be increased to competitive levels with other 
energy sources? (2) How can the cost of solar modules be decreased to a 
level suitable for primary power generation? (3) How can both of these 
goals be achieved in a single PV device and related manufacturing process, 
thus breaking the conventional paradigm of high efficiency at high cost? 
These questions lead to yet another question that is the central theme of 
this book: Can nanotechnology be used to address the above three ques-
tions, and if so, how? While thin ἀlm PV are helping to reduce the cost of 
solar energy, the community is well aware that revolutionary approaches 
are required.

This book, which focuses on the application of nanotechnology to PV 
technologies, targets the broad community interested in PV. This group 
includes industrial scientists and engineers working in the ἀeld, as well 
as professors and graduate students performing basic PV research. It is 
assumed that the reader has a fundamental working knowledge of the 
solid-state physics of semiconductors, as well as optoelectronic device 
physics. Additional physics concepts introduced in the book are directly 
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related to phenomena that arise when materials are scaled to dimensions 
approximately below 100 nm.

The goal of the book is to inform the reader of state-of-the-art develop-
ments in the nanophotovoltaics ἀeld, primarily from a practical point of 
view, at the same time providing sufficient fundamental background such 
that the various research approaches are placed within the proper physi-
cal context as related to PV performance enhancement. The book is not, 
however, written as a textbook, although it could be used to supplement 
more basic texts on photovoltaics.

While early pioneering work may be found in the literature, it is only very 
recently that the application of nanotechnology to PV has seen an intense 
level of interest from the scientiἀc community. It is therefore timely to 
have a book that describes the major efforts in applying nanotechnology 
to PV with an emphasis on practical demonstrations and discussions of 
the technical challenges associated with the application of nanostructures. 
Although (happily) advances will be made after publication of the book, 
the core material dealing with basic physics and properties of nanostruc-
tures should provide the reader with the background needed to under-
stand basic strategies employed by future works in this ἀeld.

The book begins with a review of the applications of PV devices and 
the performance requirements followed by a brief discussion of thin ἀlms. 
Various so-called generation III, high-efficiency solar cell concepts are 
currently being explored, some of which require the use of nanoscale 
quantum structures. A review of the key advanced band structure con-
cepts for obtaining efficiencies above the Shockley–Queisser (detailed 
balance limit) single bandgap efficiency limit of ~31% is provided. This 
includes the use of multiple bandgaps, intermediate bands, upconversion, 
downconversion, and carrier multiplication.

The basic optical properties of nanostructured materials as related to PV 
applications are discussed in detail, followed by a detailed description of 
nanoscale optoelectronic device physics related to performance.

The book then explores the recent literature in the application of vari-
ous classes of nanostructures to photovoltaics. These are classiἀed as (1) 
nanocomposites and nanostructured materials (focus on nanostructured 
organic cells), (2) quantum wells, (3) nanowires and nanotubes, and (4) 
nanoparticles and quantum dots. With regard to the last category, we 
describe solar cells that are based on quantum dots, as well as on the use of 
nanoparticles and quantum dots to enhance the performance of conven-
tional solar cells via spectral conversion or plasmonics. Recent advances 
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in luminescent solar concentrators employing nanoparticles are also pro-
vided. Each chapter contains a brief review of the historical development 
for the nanostructure class under consideration, the main applications 
beyond PV, and the major synthetic methods, followed by a critical review 
of the leading works that have utilized the particular nanostructure type 
in a solar cell or in which fundamental measurements of key parameters 
of interest to PV have been performed. Both the potential advantages of 
each nanostructure approach and the remaining technical challenges are 
discussed, with an emphasis on possible future areas of research interest. 
The book concludes with a summary of the major processing approaches 
and challenges faced by applying the various nanostructures to PV appli-
cations, with particular attention to future scale-up and nanomanufactur-
ing issues (Epilogue).

I gratefully acknowledge my colleagues at GE Global Research and 
beyond for support of this work, in particular G. Trant, Dr. D. Merfeld, 
Dr. M. L. Blohm, Dr. J. LeBlanc, Dr. T. Feist, K. Fletcher, E. Butterἀeld, 
B. Norman, M. Idelchik, Dr. C. Lavan, M. Beck, Dr. S. Rawal, J. Likar, P. 
Rosecrans, and Dr. C. Korman. I am also grateful to the engineers and sci-
entists with whom I have had the pleasure to work in the area of nano-PV, 
including Dr. B. A. Korevaar, J. Balch, J. Fronheiser, Dr. O. Sulima, Dr. J. 
Rand, R. Wortman, Dr. R. Rodrigues, Dr. U. Rapol, and Dr. J. D. Michael. 
The support of Ms. Luna Han and the staff at Taylor & Francis in prepara-
tion of this work is kindly appreciated. I also thank all the authors of the 
contributed chapters to this book for their insights into recent advances 
and remaining challenges of applying nanostructures and nanotechnology 
to photovoltaics. Finally, I express my deepest appreciation and gratitude 
to my wife and children for their patience and support in the preparation 
and editing of the manuscript.

Loucas Tsakalakos, PhD
Niskayuna, New York
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1

1
Introduction to Photovoltaic Physics, 
Applications, and Technologies

Loucas Tsakalakos

1.1 IntroductIon to PhotovoltaIcs

Photovoltaics (PV) is defined as the science and technology of convert-
ing light to electricity, the most common form being the utilization of 
light from the sun. The concept was first demonstrated by French physi-
cist Edmond Becquerel in 1839 via electrochemical studies of AgCl-coated 
Pt electrodes (Becquerel 1839). It took another 115 years for the demon-
stration of the first semiconductor solar cell using silicon (Si) to occur 
by researchers from AT&T Bell Labs (Chapin et al. 1954), with an initial 
power conversion efficiency of ~6%. In the intervening years there were 
various photovoltaic developments, the most important related to the use 
of a solid substance, selenium (Se), as an active layer (Adams and Day 
1876) and the use of Se in a crude module (Fritts 1883). However, it was the 
application of a known semiconductor and the accompanying complete 
picture of the band structure of such materials (which was developed in 
the first part of the twentieth century) that enabled rapid developments in 
the field of PV in the last 50+ years. It has taken 40 to 50 years to develop 
a detailed understanding of the physics, materials science, optics, and 
chemistry of PV materials/devices, and the methods to manipulate them, 
such that record efficiencies close to that of the single-bandgap entitlement 
could be developed. Reasons for this will be described below and in more 
detail in subsequent chapters of this book.

Concurrent with the development of various PV technologies in the last 
50 or so years, in the last 10 to 20 years there has also been a strong gen-
eral trend in the broad science and engineering community of attempting 
to control the structure of matter at the sub-100 nm length scale in order 
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2  •  Loucas Tsakalakos

to fashion novel physical, chemical, and biological properties. This is a 
mesoscopic length scale, in which matter is below the realm where bulk 
properties prevail, yet slightly larger than atomic dimensions. This field 
has collectively been referred to as nanoscience or nanotechnology, and 
has truly touched upon all technical fields in various ways (Contescu et 
al. 2008). We will use the term nanotechnology in this book to emphasize 
the applied nature of the field, though of course much basic scientific work 
has been and continues to be performed. Nanotechnology is by no means 
a unified, homogeneous field. Rather, it is a collection of many topics in 
multiple domains that deal with the structure of organic, inorganic, and 
biological materials and devices (and combinations thereof) with a critical 
length of approximately <100 nm in order to provide unique properties 
and functionality.

Nanotechnology has not only impacted nearly all fields of science and 
engineering, but also contributed to and facilitated the breakdown of the 
barriers that have traditionally existed between the various science and 
engineering disciplines. It is not uncommon in recent years for gradu-
ate students in mechanical engineering to perform experiments typi-
cally associated with biochemistry, or for biologists to use nanofabricated 
devices to advance proteomics and genomics. Areas of research and 
development in which nanotechnology has had a strong impact include 
materials science (in a broad manner, which in itself has traditionally been 
multidisciplinary), chemistry, physics, electronics, photonics, biochemis-
try, proteomics, genomics, mechanics, composites and other load-bearing 
materials/structures, pharmacy/medicine, biomedical engineering, sur-
gery, pathology, microelectomechanical systems (MEMS), sensors (chem-
ical, biological, and physical), actuators, thermoelectrics, fuel cells, and 
many others.

The intersection of photovoltaics and nanotechnology, i.e., nanophoto-
voltaics (nano-PV) is a relatively recent phenomenon. While some nano-
structure-related concepts were discussed in the 1980s and early 1990s, 
particularly as related to nanocrystalline silicon thin films (often referred 
to as microcrystalline Si in the PV literature—see Shah et al. [2003] and 
references therein)—it is only in this decade that the use of various emerg-
ing classes of nanostructures has been applied to PV. An early example of 
using nanostructured materials was shown by Grätzel and coworkers, who 
used compacted and annealed nano-sized titania powders to demonstrate 
a dye-sensitized solar cell (O’Regan and Grätzel 1991). Perhaps one of the 
first attempts at utilizing distinct emerging nanostructures in PV was 
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by Alivisatos and coworkers, who used CdSe nanocrystals in combina-
tion with organic hole conducting layers to make a novel solar cell with a 
power conversion efficiency of 1.7% (Huynh et al. 2002). Other develop-
ments have occurred since this work, and it is only in the last four to five 
years that a concerted effort has been made to utilize nanostructures for 
PV in various formats, and hence “crystallize” this field of nanophotovol-
taics. It is thus timely to present a comprehensive book that outlines the 
major development of various nanostructures for photovoltaics. A more 
detailed description of the source of electricity we are primarily interested 
in, i.e., the solar spectrum, is provided below, followed by the conventional 
semiconductor mechanism used to create useful power from the sun.

The power source we are interested in is radiation from the sun. The 
nuclear reactions that occur on the sun produce a broad radiation spectrum 
with an integrated spectral irradiance (power per unit area) of 1,366 W/
m2 in outer space, as measured by earth-orbiting research satellites (Green 
1982). The measured solar spectrum on the earth’s surface is dependent on 
various factors, such as latitude and the angle of incidence, which impact 
the total air mass (AM) density of the atmosphere through which the sun-
light has passed. These factors have a marked effect on the integrated spec-
tral irradiance as well as the shape of the spectrum (Gueymard et al. 2002; 
Gueymard 2004). More specifically, AM = 1/cosθ, where θ is the angle of 
incidence relative to radiation directly normal to the earth’s surface. The 
intensity is typically higher in locations such as the southwestern United 
States and equatorial countries than in the northeastern United Sates or 
northern Europe (e.g., Germany).

Figure 1.1 shows the so-called extraterrestrial AM0 (air mass 0, i.e., no 
atmosphere) spectrum that one measures in space.* This represents the 
solar energy arriving at the earth prior to interaction with the atmosphere. 
Due to the variability of the solar spectrum on the earth, and to facilitate 
direct comparison of photovoltaic technologies, two other standard ter-
restrial spectra have been defined, the global and direct AM1.5 spectra, 
i.e., AM1.5G and AM1.5D, respectively.† The AM1.5D spectrum repre-
sents the direct solar component of the AM1.5G spectrum, which also 
includes the indirect hemispherical component of sunlight encompassing 
2π steradians within the field of view of the tilted plane. These American 
Society for Testing and Materials (ASTM)–defined spectra represent the 

* http://rredc.nrel.gov/solar/spectra/am0/
† http://rredc.nrel.gov/solar/spectra/am1.5/

© 2010 by Taylor and Francis Group, LLC



4  •  Loucas Tsakalakos

mean spectra encountered in the continental United States throughout 
the course of a year and assume a tilt angle of 37° toward the equator 
(from the North Pole), which is approximately the mean latitude of the 
United States. The AM1.5G and D spectra are also plotted in Figure 1.1 
for comparison. It is evident that the integrated spectral irradiance is less 
than AM0, i.e., ~1,000 W/m2, and that distinct absorption bands exist at 
the longer wavelengths due to absorption by various chemical species in 
the atmosphere (e.g., H2O, O2, CO2, etc.) as well as UV absorption due to 
ozone and other species. Both AM0 and AM1.5 spectra will be utilized 
throughout this book.

Photovoltaics is concerned with how the above standard spectra, as well 
as real spectra encountered throughout the day in specific locations, can be 
effectively harnessed to produce as much power as possible. The maximum 
optical power available for terrestrial applications for a 1-m2 module is 
~1,000 W (~700 W electrical power), though with practical efficiencies this 
is typically closer to between 50 and 200 W. The detailed reasons for this 
will be described both below and in Chapter 3; however, in order to begin 
to understand these PV efficiency losses better, it is helpful to briefly review 
the basic mechanism for solar energy conversion using a semiconductor.

The conventional means of converting solar energy to electrical energy 
with a semiconducting material is accomplished by forming a junction 
between a region in the semiconductor that has been doped with a con-
trolled impurity level to produce an excess of electrons (e.g., phosphorus 
in silicon, n-region) and a region that is doped to produce an excess of 
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holes (e.g., boron in silicon, p-region). The so-called p-n junction between 
these two regions produces a depletion width on either side of the junc-
tion (WDp on the p-side and WDn on the n-side) due to diffusion of charge 
carriers across the junction leaving space charges from ionized dopant 
ions, and a corresponding electric field gradient that is capable of separat-
ing photogenerated electron-hole pairs that diffuse to this junction. We 
can analyze this in more detail by considering the semifree carrier charge 
density in the n- and p-type region as follows (Sze and Ng 2007):

 n N eC
E E kTF C= −( )  (1.1)

 p N eV
E E kTV F= −( )  (1.2)

where NC and NV are the effective density of states in the conduction and 
valence bands, respectively, and EF, EC, and EV are the energy at the Fermi 
level, conduction band edge, and valence band edge, respectively. When 
the p-n junction is formed, the Fermi level, EF, must be constant across 
the junction in equilibrium. If we assume an abrupt change in doping at 
the p-n junction (abrupt junction), the depletion approximation (box-like 
dopant ionization distribution), and by solving the Poisson’s equation in 
one dimension (x direction), one can derive the following expression for 
the electric field:

 Ε x
qN x W

W xA Dp

S
Dp( ) = − +( )
≤ ≤

ε
for 0  (1.3)

 Ε x E qN x qN W x
x Wm

D

S

D Dn

S
Dn( ) = − + = −

−( )
≤ ≤

ε ε
for 0  (1.4)

where Em is the maximum electric field at x = 0:

 E qN x qN W qN W
m

D

S

D Dn

S

A Dp

S
= = =

ε ε ε
 (1.5)

in which q is the elementary charge and εs is the dielectric constant of the 
semiconductor. Integrating Equations 1.4 and 1.5 produces the potential 
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distribution in each region. The depletion widths are given by the follow-
ing expressions:

 W
q

N
N N NDp

S bi D

A A D

=
+( )

2ε ψ  (1.6)

 W
q

N
N N NDn

S bi A

D A D

=
+( )

2ε ψ  (1.7)

 W W
q

N N
N NDn Dp

S A D

A D
bi+ = +





2ε ψ  (1.8)

in which ψbi is the built-in potential (or maximum/total). The depletion 
width for the case of a one-sided abrupt junction—in which one side is 
highly/degenerately doped compared to the other one (e.g., p+-n or n+-p) 
and which is typical of standard silicon solar cells—reduces from Equation 
1.8 to the following:

 W
qND

S bi= 2ε ψ  (1.9)

A graphical representation of the space charge/depletion regions, electric 
field distribution, potential distribution, and corresponding band struc-
ture for the one-dimensional case is shown in Figure 1.2.

It is of interest to determine the current-voltage characteristics of the 
p-n junction in both the absence and presence of light. We begin with the 
current densities of the former, Jp and Jn, on either side of the junction as 
(Sze and Ng 2007)

 Jn n Fnn E= ∇µ  (1.10)

 J p p Fpp E= ∇µ  (1.11)

where μ is the charge carrier mobility and EFn and EFp are the quasi-Fermi 
levels in the n- and p-regions, respectively. If the quasi-Fermi levels are 
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constant, which is the case in thermal equilibrium, then the n and p current 
densities are zero, i.e., there is no current flow. Upon application of a for-
ward bias voltage (V) to the junction, the potential barrier at the junction is 
lowered, hence increasing the current density, whereas under a reverse bias 
the potential barrier is increased, hence decreasing the current density. The 
quasi-Fermi levels remain nearly constant within the depletion regions due 
to the high carrier concentrations there, and it can be shown that qV = EFn 
+ EFp. By taking into account the continuity equations and the Einstein 
relation for the diffusion coefficient (D = kTμ/q), the minority carrier cur-
rent densities at the depletion width edges can be deduced as follows:

 J qD dp
dx

qD p
L

qV
kTp p

n

W

p no

pDn

= − =





−







exp 1


  (1.12)

Full depletion
approximation
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x
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–xp

–xp
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–q Na

–xp xn

x

x

Qn = qNdxn
Qp =–qNaxp

Qp = Qn

φ E

φi – Va
x

(0) (xn + xp)
φi – Va =–

2

q(φi–Va)

Ec
EFpn

EF2p

Ev

qVa

(a) (b)

(c) (d)

qNdxn qNaxp
εS εS

(0) =– =–

FIgure 1.2
(a) Charge density distribution. (b) Electric field distribution. (c) Potential energy distribu-
tion. (d) Band structure for a typical p-n junction with an abrupt dopant profile. (With 
permission from Principles of Semiconductor Devices, 2007, by Bart Van Zeghbroeck, http://
ecee.colorado.edu/~bart/book/Figure 4.3.1)
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which is the hole diffusion current on the n-side. Lp is the minority car-
rier diffusion length (holes on n-side), which is defined as L Dp p p≡ τ , 
in which τp is the minority carrier lifetime (in this case holes in the 
n-region) associated with recombination in the semiconductor crys-
tal. The minority carrier diffusion current on the p-side is similarly 
deduced as

 J qD
dn
dx

qD n
L

qV
kTn n

p

W

n po

n
Dp

= =





−









exp 1  (1.13)

Equations 1.12 and 1.13 can be combined to give the total current as 
follows:

J J J
qD p

L
qD n

L
qV
kTp n

p no

p

n po

n
= + = +















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

−









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



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−









1 1J qV

kTo exp  (1.14)

This is the well-known Shockley or ideal diode equation, which assumes 
only diffusion current. If we also assume there is recombination in the 
depletion region, then the equation becomes

 J J qV
kTo=






−









exp

η
1  (1.15)

The ideality factor, η, is equal to 1 when the junction is diffusion cur-
rent dominated (ideal) and equal to 2 when the junction is dominated by 
recombination current (poor-quality junction material), and can take on 
values in between when neither process dominates. The I-V characteris-
tics of the p-n junction are well known and show a rectifying behavior 
(Figure 1.3).

When light is applied to the junction, one can model the solar cell as 
an ideal diode in parallel with a current source, JL, that accounts for the 
photogenerated electron-hole pairs (excitons) in the semiconductor, and a 
resistive load. This can be combined with the standard diode equation to 
yield a general expression for a semiconducting p-n diode-based photo-
voltaic cell:
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 J J qV
kT

Jo L=





−









−exp

η
1  (1.16)

where the photogenerated current density in a semiconductor of bandgap 
Eg is related to the applied light spectrum ϕph as

 J q
d
dh

d hL
ph

h Eg

= ( )
=

∞

∫ φ
ν

ν
ν

 (1.17)

Based on this expression, one can see that application of light to a PV 
device leads to a shift of the diode current-voltage (I-V) or current density-
voltage (J-V) equation into the fourth quadrant (Figure 1.3), and thus also 
leads to power generation that can be applied to a load (the area under 
the curve). The J-V plot contains several critical parameters that directly 
relate to the efficiency of the solar cell. The short-circuit current density 
(or current), Jsc, provides the maximum current density that is obtainable 
when the two leads of the device are connected, i.e., under no load. The 
maximum Jsc available from the AM1.5 solar spectrum to a single-band-
gap solar cell (which is directly related to the integrated solar photon flux) 

V

J

Dark

Light

Voc

Jsc

Pmax

Vmax

Jmax

FIgure 1.3
Schematic of the current density-voltage plot for a p-n junction diode in the dark and 
under illumination. The critical device performance parameters for the photovoltaic 
effect are shown.
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is ~62 mA/cm2, and for a Si solar cell (Eg = 1.1 eV), the maximum potential 
current density is ~40 mA/cm2. In a well-functioning silicon solar cell this 
value is ~30 mA/cm2. On the other hand, the open-circuit voltage, Voc, 
provides the maximum voltage one would measure across the two leads 
of the device should they be disconnected. The maximum Voc that may be 
obtained by the device is equal to the difference in the quasi-Fermi levels 
(the built-in potential), and in a well-performing single-bandgap device 
this would be in the range of 0.6 to 0.8 V. The fact that these values are 
lower than the maximum possible for typical solar cell materials (Si, CdTe, 
CuInGaSe2) can be seen by the expression for Voc derived from the ideal 
diode law:

 V kT
q

I
I

kT
q

I
IOC

L

o

L

o
= +






≈







ln ln1  (1.18)

The logarithmic dependence of Voc on the saturation current thus leads to 
the less than expected voltage since real materials have higher than ideal 
saturation currents due to recombination and other device loss mecha-
nisms. It should be noted that indeed the ideal saturation current is related 
to the minority carrier lifetimes in an inverse square root fashion, and is 
directly proportional to exp(–Eg/kT) (see Sze and Ng 2007).

Another important feature of the J-V curve is the so-called fill factor 
(FF). This quantifies the “squareness” of the J-V curve under solar illumi-
nation, and can be defined as the ratio of the area of the curve under the 
maximum power point of the cell (see Figure 1.3), i.e., Pmax = ImaxVmax, to 
the area associated with open and closed circuit (P = IscVoc). These param-
eters directly relate to the power conversion efficiency of the device, η, 
under direct sunlight as

 η= =I V
P

AJ V FF
P

m m

o

sc oc

o
 (1.19)

in which Po is the applied power density to the device (i.e., 100 mW/cm2 for 
AM1.5 global sunlight).

In addition to measuring the J-V characteristics of a photovoltaic device, 
another important characterization that must be performed is the quan-
tum efficiency of the device as a function of wavelength. The quantum 
efficiency can be defined as the probability of collecting an electron-hole 
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pair (exciton) that can be used by the device for power generation. The 
external quantum efficiency (EQE) is based on the Jsc measured for the 
PV device as a function of wavelength (the probability of collecting inci-
dent photons, whereas the internal quantum efficiency (IQE) takes into 
account the reflectance loss of the device and provides a measure of the 
QE for absorbed photons (A):

 IQE = EQE/A = EQE/(1 – R – T) ≅ EQE/(1 – R) (1.20)

QE data can provide valuable insights into the loss mechanisms of the 
solar cell, including potential for front surface recombination (at short 
wavelengths), effectiveness in harnessing longer-wavelength photons (e.g., 
in which the absorption coefficient is typically low for indirect-bandgap 
inorganic semiconductors), or regions of the spectrum in which the solar 
device cannot absorb light (e.g., for some polymer-based PV devices). 
Figure 1.4 shows a typical EQE plot for a silicon solar cell with a power 
conversion efficiency of ~13%.

Another important feature of semiconductor-based PV is the fact 
that the efficiency of the solar energy converter increases with increas-
ing concentration of sunlight falling upon it. While the detailed phys-
ics of this are beyond the scope of this chapter, it can be shown directly 
by consideration of Equations 1.18 and 1.19. The photogenerated current 
is expected to increase monotonically with concentration, whereas Voc 

increases logarithmically. Therefore, it is clear that efficiency will increase 
with concentration of sunlight. This is important to keep in mind for 
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0.8

1.0

300 500 700 900 1100
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EQ
E

FIgure 1.4
Example of the external quantum efficiency (EQE) of a Si solar cell with a power con-
version efficiency of 13%. Losses are observed at short wavelengths due to front surface 
recombination and long wavelengths due to the low absorption coefficient of Si in the 
near IR.
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applications such as terrestrial concentrated photovoltaics and related 
world-record solar cell devices based on multiple bandgaps (see below), 
since these record efficiencies are always at relatively high concentrations 
of sunlight (>200 suns).

It is important to note that while the majority of PV technologies are 
based on the p-n junction, i.e., the p-n homojunction found in silicon pho-
tovoltaics that make up ~85% of the PV market in 2008, there are other 
mechanisms for solar energy conversion. Thin-film technologies based on 
CdTe and Cu(In,Ga)Se2 (CIGS), which will be discussed in more detail 
below, are based on heterojunction concepts, in which the charge-separat-
ing junction is formed by depositing a second (higher-bandgap) material 
with band offset that also leads to the formation of a charge-separating 
field gradient. CdS is the standard material used to form this junction in 
CdTe and CIGS, though efforts to develop new materials are under inves-
tigation and, in some cases, are in production (for CIGS) (Bhattacharya 
and Ramanathan 2004). There are three types of heterojunctions that are 
possible (Figure 1.5) (Pallab 1997). Type I heterojunctions are fashioned 
such that the higher-bandgap conduction and valence bands straddle 
those of the lower-bandgap material. Type II heterojunctions are formed 
in a manner such that the bandgaps are staggered; i.e., there is a downward 
energy offset for both the conduction and valence bands. Finally, type III 
heterojunctions contain a so-called broken gap; i.e., the valence band of 
one material overlaps with the conductions band of the other material. 
The most widely used heterojunction is type II, which describes the band 
alignment for CdS/CdTe (see Figure 1.5) (Tomita et al. 1993). Other exam-
ples of heterojunction-based solar cells include quantum well solar cells, 
which are described in detail in Chapter 5, and hydrogenated amorphous 
silicon (a-Si:H)/crystalline silicon solar cells, which have been commer-
cialized under the title of HIT (heterojunction with intrinsic thin layer) 
cells by Sanyo (Taguchi et al. 2000). Schottky junctions between a semi-
conductor and a non-ohmic metal can also provide a photovoltaic effect 
(Xing et al. 2008).

The focus of this book is on the use of nanostructures and nanotechnol-
ogy at the solar cell level. However, a commercial PV system involves a col-
lection of series-connected solar cells that form a module, with multiple 
modules connected to balance of system (BOS) components that in most 
applications convert direct current (DC) electricity to alternating current 
(AC) electricity for practical use. There are many applications of solar 
technologies, each with their own requirements. It is therefore instructive 
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to review these various markets for PV in order to better understand how 
various performance features may be beneficial.

1.2 solar cell Markets

The overall market for photovoltaics has grown tremendously since approx-
imately 2000, with compound annual growth rates (CAGRs) of 30 to 40% 
(Figure 1.6), and the industry generated ~$37B in worldwide revenues in 
2008 (see Marketbuzz™ 2009: Solarbuzz™ Annual World Solar Photovoltaic 
Industry Report). The impact of the economic downturn in late 2008 and 
early 2009 on the PV market remains to be seen. This growth has been pri-
marily driven by incentive programs implemented by several countries, such 
as Germany, Japan, and Spain, and to a lesser extent programs introduced 
by states in the United States, such as California and New Jersey. Recent 
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FIgure 1.5
Schematic of type I, II, and III heterojunction band structure alignment showing band 
offset energies.
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federal legislation in the United States is expected to ignite a strong market 
upswing for photovoltaics. Growth in China and Korea is also occurring, 
and the markets in Australia, Brazil, India, Italy, France, Greece, and other 
countries may grow in the coming years. The market is by no means homo-
geneous. There are numerous segments that are of interest for PV, with each 
requiring varying performance features, cost structures, value chains, and 
channels to market. The market-dependent performance features of inter-
est for a PV system include the following parameters: (1) system cost, (2) 
installed cost per peak power ($/Wp), (3) total system power output (Wp), (4) 
annual energy yield (kWh/kWp), (5) performance ratio (Wachieved/Wrated), (6) 
module lifetime (years), (7) rated module power (W), (8) module efficiency, 
(9) inverter efficiency, (10) total system efficiency, (11) inverter lifetime 
(years), (12) module/system temperature coefficient (°C–1), (13) investment 
payback time (years), and ultimately (14) levelized cost of electricity (LCOE) 
($/kWh). Prior to discussing the technical details of typical PV systems, the 
major solar energy market segments are first summarized below.

1.2.1 residential and commercial Building rooftop

The rooftop market represents a major fraction of today’s solar market, 
approximately 70 to 80% of the market (Hoffman 2006). It is estimated 
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FIgure 1.6
2006 prediction for future growth of the PV industry assuming a growth rate of 30% per 
year and a slower rate of 25% per year after 2010. The worldwide recession of 2008–2009 
may have an impact on these growth predictions in the near term. (With permission from 
Hoffman, W., “PV Solar Electricity Industry: Market Growth and Perspective,” 2006. 
3285–3311. Copyright of Elsevier.)
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that the total area of available residential and commercial rooftops in the 
United States alone is enough to generate approximately 710,000 MW of 
power.* In Germany, where ~46% of the total world PV market is found, 
residential and commercial rooftops make up nearly 89% of the market. 
A small fraction of the world residential component is off-grid at present, 
though there is great potential in developing countries; however, the vast 
majority is the grid-connected market. Under some national and regional 
incentive programs, e.g., in the United States, it is possible for individu-
als and companies to sell unused power back to the grid at above-market 
rates, whereas in Germany one can sell all PV power to the grid (up to a 
nationwide total MW cap), making the investment payback time relatively 
short and allowing for a good business proposition.

There are several system-level technical features that are important 
for this market. Of particular importance is the method of mounting 
the modules to the rooftop (Figure 1.7). Methods that do not require 
drilling into the roof are desirable, as are suitable thermal management 
approaches. In the case of large commercial rooftops, which are typically 
flat, nonpenetrating systems are of particular interest. Since tracking is 
typically not possible, proper mounting of the module array to achieve 
as high power output as possible over the course of the day is critical. 
Technologies that can provide omnidirectional solar energy absorption 
are therefore of great interest for such applications. Since rooftops are 
subject to varying environmental conditions such as wind, rain, snow, 
and hail, the module packaging and electrical interconnects must be 
robust. Mounting and packaging approaches that can protect modules 
against standing water and other environmental effects on commercial 
rooftops are desired. Historically, PV systems in this market segment 
are warrantied for a period of 20 to 30 years. Hence, this places chal-
lenging requirements on the module and BOS lifetimes (or mean time 
to failure [MTTF]).

1.2.2 Building-Integrated Photovoltaics

Building-integrated photovoltaics (BIPV) applications are those in which 
the PV modules are intimately integrated with the building structure. 
Examples include building facades and windows that contain PV elements 

* http://www.ef.org/documents/PV_pressrelease.pdf
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for power generation (Figure 1.8). The BIPV market is relatively small at 
present (<5%), though the potential market size is quite large given the 
general growth in large building construction worldwide.

This market contains several specific requirements. Often it is desirable 
to use solar cell modules that are semitransparent. This may include the 
use of thin solar cells that have a relatively small total absorption (and 
hence low efficiency), or it may contain smaller solar cells mounted within 
a package with enough space between cells to allow some sunlight into the 
building. Often the modules must be mechanically robust, since they may 
be subject to mechanical stresses caused by wind, hail, natural expansion/
contraction of the building structure, and thermal expansion.

1.2.3 ground-Mounted systems

Another important market segment is ground-mounted centralized PV 
systems. These are generally based on large area arrays of nontracking rails/
fixtures with mounted PV modules rated for 50 to 250 W that can pro-
duce powers in the kilowatt to megawatt range by laying out the modules 
over many acres of land (Figure 1.9). Some of the largest ground-mounted 
systems may be found in the south of Spain, as well as in Germany. For 

FIgure 1.7
Picture of a roof-mounted PV system. (Otani, K. et al. Field Experience with Large-Scale 
Implementation of Domestic PV Systems and with Large PV Systems on Buildings in Japan. 
2004. 449–459. John Wiley & Sons. With permission.)
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FIgure 1.8
Pictures of building-integrated PV systems in Hannover and Bamberg, Germany. 
(With permission from Hagemann, I., “Architectural Considerations for Building-
Integrated Photovoltaics,” Prog. Photovolt. Res. Appl. 4 [1996]: 247–258. Copyright of 
John Wiley & Sons.)
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(a)

(b)

FIgure 1.9
Images of ground-mounted PV systems in (a) Halbergmoss, Germany (Courtesy of O. 
Stern and O. Mayer) and (b) Aichi Airport, Japan (From Ichiro Araki et al. 2009. “Bifacial 
PV system in Aichi Airport-site demonstration research plant for new energy power gen-
eration,” Solar Energy Materials & Solar Cells. Elsevier. 911–916.) (See color insert follow-
ing page 206.)
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example, one of the largest planned solar power plants in the world is cur-
rently being developed in Brandenburg, Germany, with an 80-MW total 
capacity produced on 460 ha of land (Wagner 2008). Tracking (usually 
single-axis) is increasingly being used for this market segment.

Practical issues that must be considered for ground-mounted systems 
include the impact of animals, such as droppings, and damage to insula-
tion, as well as maintaining the field to minimize shading by vegetation. The 
environmental impact of such systems is currently the subject of debate.

1.2.4 concentrator Pv

Concentrator photovoltaics (CPV) is another market segment that at 
present is very small (~1% of the total PV market) but has strong future 
potential. While there are some efforts to create low-profile roof-mounted 
low-level concentrator systems (Bowden et al. 1994), the major applica-
tion of CPV is in centralized PV power stations, similar to the ground-
mounted systems discussed above (McConnell et al. 2004). CPV systems 
typically differ from ground-mounted PV systems in that they provide 
for a medium to high level of concentration using reflective or refractive 
optics in order to achieve high efficiencies, and also typically provide dual-
axis tracking capability. Since concentration can only be achieved over 
relatively small areas using direct sunlight, it thus becomes feasible to use 
relatively expensive, high-efficiency solar cells such as multijunction solar 
cells (see below), since the total cost of the cells will be low (McConnell 
and Symko-Davies 2006). The majority of the system cost is thus trans-
ferred to the concentrating optics and tracking system.

A typical design of a CPV dish is shown in Figure 1.10, in which it 
is clear that the large dish is used to collect the sunlight, concentrate 
it to a level of between 100 and 1,500 suns, and focus the light on the 
solar cells mounted on the end of a receiver plate at the focal spot of the 
mirror. While solar cells utilized in such applications are often based 
on high-efficiency multijunctions, research in using relatively lower-
cost high-efficiency silicon solar cells is also being pursued (Slade et al. 
2005). It is typically necessary to use a suitable thermal management 
strategy to minimize heating of the solar cell in the receiver so that the 
efficiency of the solar cell, as well as performance of other components, 
is not degraded. Recently it has been shown that by cell miniaturization 
and proper mounting of the solar cell to a heat sink, one can improve 
passive heat rejection as well as increase the concentration at which the 
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efficiency peaks, and it is possible to maintain a near-ambient tempera-
ture at the heat sink–substrate interface (at most ~10 K above) without 
active cooling at concentrations up to 5,000 suns (Korech et al. 2007; 
Gordon et al. 2004). Thermal management strategies employed in the 
electronics industry can also be applied to CPV applications up to 2,000 
suns, in particular by using liquid-metal interfaces in a passive scheme 
(van Kessel et al. 2008). Key additional factors in design of solar cells 
for CPV include temperature coefficient and metallization to minimize 
resistive losses in the finger contacts and bus bars.

1.2.5 space

Solar cells have been used for power generation on space-based systems since 
the 1950s. The space market is small, though very important for multiple 
applications, including scientific instruments, commercial communications 

Receiver

Solar cell

Cooling tubes

Reflective
dish

FIgure 1.10
Schematic of a concentrator PV dish. (From Luque, A. et al. Photovoltaic Concentration 
at the Onset of Its Commercial Deployment. 2006. Prog. Photovolt. Res. Appl. 14:413–28. 
With permission.)
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satellites, etc. Key requirements are that the cell technologies achieve high 
efficiency under AM0 solar irradiation, have a low temperature coefficient, 
and have good radiation hardness. This latter requirement is due to the fact 
that the PV systems may be subject to harsh radiation environments, includ-
ing high-energy electrons, protons, alpha particles, gamma rays, and heavy 
ions. The system design and module packaging must also be robust to mini-
mize the effect of micro-meteorite impacts, and it must be amenable to facile 
deployment once in space. The standard solar cell used is the multijunction 
solar cell (Fatemi et al. 2000; Karam et al. 1998). Such cells have also been used 
in low-concentration space modules (Stavrides et al. 2002). There is, however, 
increasing interest in the use of thin-film solar cells for space applications, 
since the thin absorber layer allows for enhanced radiation hardness, and the 
high specific power (W/kg) of such cells on thin flexible foils provides addi-
tional advantages to space applications (Liu et al. 2005; Dhere et al. 2002).

1.2.6 consumer electronics

The market for powering consumer products by photovoltaics is relatively 
small, but it is expected that as the demand for portable electronics grows, 
the consumer market will also grow. One of the first applications of PV 
in consumer products was the use of amorphous silicon thin-film solar 
cells (see below) for calculators. PV-powered calculators were first intro-
duced to the market in 1980 by Sanyo, with efficiencies in the range of 4 
to 6% (Arya 2004). Other applications include mobile phones, portable 
MP3 players, etc. Indeed, solar-powered cell phone chargers may be found 
on the market. Due to the required form factors for these applications, a 
particularly attractive technology is the use of flexible PV devices such as 
thin-film amorphous silicon, CIGS, and organic photovoltaics.

Having discussed the major markets for photovoltaics, it is instructive to 
provide a more detailed discussion of PV systems. This will then be followed 
by detailed descriptions of conventional cell technologies and emerging tech-
nologies that have the potential to provide enhanced efficiency at low cost.

1.3 Pv systeMs

By its very nature, electrical power generation using photovoltaics leads 
to a direct current (DC) form of electricity. Since the electrical grid is 
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based on alternating current (AC) electricity, as are most major electrical 
components/appliances, it is thus necessary to convert PV-generated DC 
power to AC. As has been alluded to above, there are additional compo-
nents (BOS) in a PV system that must be considered to provide high effi-
ciency and AC power output.

Figure 1.11 shows a schematic of the main components in a typical 
grid-connected PV system. The design changes if the system is backed by 
a battery system, or if the system is off the grid. Nevertheless, a typical 
PV system will essentially consist of a combiner box that integrates the 
power generated from each module, followed by an inverter that converts 
DC power to AC. For a grid-connected system a utility switch may be 
included, which is capable of placing either all or any unused power gen-
erated by the system onto the grid. Wiring for these components, as well 
as bypass diodes, is also typical. Other components that may be part of a 
system include ground fault protectors, metering, as well as batteries for 
systems that have integrated storage.

While some systems can have single- or dual-axis tracking with sig-
nificant benefits in energy yield output of about 20 to 30% (Moore et al. 
2005), most are nontracking since this adds cost and may lead to addi-
tional long-term reliability challenges (Maish 1999). As tracking costs are 
reduced and reliability enhanced, more new installations are using such 
systems. Nevertheless, due to multiple factors, including the fact that most 
systems are nontracking, shading effects, temperature coefficient effects, 
dirt/debris buildup on the modules, etc., the actual power that is produced 

PV
array

Combiner
box

Inverter
(DC toAC)

Utility
switch 

Main
service
panel

Utility

FIgure 1.11
High-level system diagram of a grid-connected PV system. (Adapted from California 
Energy Commission, “A Guide to Photovoltaic (PV) System Design and Installation,” 
http://www.energy.ca.gov/reports/2001-09-04_500-01-020.PDF)
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is typically less than what the system is rated for. A useful metric of the 
usefulness of the PV system is the performance ratio (PR), which is the 
ratio of the total power produced to that for which the system is rated 
(Marion et al. 2005). For typical systems, this value can range from 50 to 
90%, and for small-scale systems this can be less than 70% if various envi-
ronmental factors (e.g., shading) are impacting the system. However, for 
large-scale systems, the PR is typically greater than 75% due to improved 
inverter efficiencies and improved power losses. The total efficiency of the 
system, which accounts for the efficiency of not only the modules but also 
the inverters and other components in the system (resistance losses, diode 
losses, etc.), is also a useful metric. It has been shown that for modules 
based on polycrystalline Si, the total efficiency ranges from 4 to 12% over 
the course of the year, even though the modules are rated at a higher effi-
ciency (So et al. 2006). PV array efficiency is typically reduced at low irra-
diance due to nonlinear current-voltage output of the modules, though the 
main factor impacting efficiency is the surface temperature of the modules. 
The inverter efficiency is also impacted by low irradiance, though usually 
inverters perform at nearly the specified performance parameters.

All these components must be as low in cost as possible, of high reli-
ability, and in the case of the inverters, highly efficient. Typical inverters 
attain efficiencies greater than 90%, yet they often suffer from reliability 
problems. Inverter lifetimes are typically on the order of ten years, though 
the panels may be warrantied at the 20- to 25-year level. Having briefly 
discussed the system-level concerns of photovoltaics, we next discuss 
the major solar cell technologies that are currently utilized, followed by 
advanced concepts that are the focus of this book. For more details on PV 
systems engineering, see the works by Messenger and Ventre (2003) and 
Buresch (1983).

1.4 solar cell technologIes

Solar cell technologies have been classified into three generations: sili-
con technologies (generation I), thin-film technologies (generation II), 
and generation III technologies (Green 2003). These are best visualized 
by plotting module power conversion efficiency as a function of module 
cost ($/m2) (Figure 1.12). Lines of constant $/W are observed in the fig-
ure. The regions shown delineating the three generations are intended to 
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provide a guideline, though an exact boundary for each generation is dif-
ficult to define with accuracy. Silicon helped to spark the PV industry and 
has dominated the market for the last ~50 years. Si technologies provide a 
medium efficiency at relatively high costs. Thin-film technologies reduce 
costs by applying a relatively thin absorber layer to a low-cost substrate 
(glass, metal foil, or polymer), though the module efficiency is often lower 
than generation I technologies for reasons discussed below. Generation II 
technologies have been known for greater than three decades; however, 
only in the 2000s has widespread commercial adoption of thin films by 
the market occurred. Commercial thin-film PV (TFPV) modules with 
costs less than $1.00/W are now available. Generation III technologies 
hold the promise of providing low costs (less than $1/W) yet high efficien-
cies (greater than ~20%). The exact technologies that will provide these 
features are yet to be established. The major generation III concepts that 
are currently being explored in academic and industrial laboratories will 
be discussed below, and there is a strong possibility that nanostructured 
devices may play a major role in the emergence of such concepts in the 
medium to long term. A more detailed description of the three genera-
tions of photovoltaics is provided.

Present limit
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FIgure 1.12
Solar module landscape as defined by M. Green showing module efficiency as a func-
tion of cost ($/m2). Lines of constant $/W are evident. (Adapted from Green, M. Third 
Generation Photvoltaics: Advanced Solar Energy Conversion. 2003. Springer-Verlag.)
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1.4.1 silicon (generation I)

1.4.1.1 Single-Crystalline Si

Silicon is the most widely used PV technology. The first viable semicon-
ductor-based solar cell was shown using Si single crystals, and the first 
commercial applications of PV used Si. Until about 2004, Si made up ~95% 
of the PV market, though in recent years this has dropped to ~85% due to 
the rapid growth of thin-film technologies. Interestingly, from a physics 
perspective Si is not the ideal material for PV, since its indirect bandgap 
means that the absorption coefficient is relatively low. A high Si thickness 
of ~125 μm is required to absorb >90% of sunlight with energy above the 
bandgap, compared to the direct-bandgap semiconductor GaAs that only 
requires a thickness of ~0.9 μm. Si is favored for PV because it is relatively 
inexpensive compared to other materials; it is the second most abundant 
material in the earth’s crust (Skinner 1979). Si PV technology also ben-
efits from the tremendous Si technological base developed in the last few 
decades during the emergence and establishment of the electronics indus-
try. This includes methods of growing high-quality single crystals using 
the czochralsi (CZ), float zone (FZ), and related methods, as well as means 
of controlling the purity of Si (achieved with FZ, the Siemens process, and 
other methods) (Woditsch and Koch 2002). A voluminous and detailed 
scientific understanding of the materials science, physics, and chemistry 
of Si exists, and it has been argued that Si is the most studied material in 
the history of humanity. Advances in materials science and engineering 
have provided techniques to remove or passivate bulk crystal defects in 
Si, and the surface of Si can be passivated to yield surface recombination 
velocities near zero.

Most Si PV technologies are based on crystalline p-n junction devices 
(Green 2003b). The absorber is typically p-type due to the lower cost of 
such wafers compared to n-type wafers, though n-type absorbers are pref-
erable from a performance perspective due to the higher charge carrier 
mobilities and minority carrier lifetimes. Until recently, most Si wafers 
were obtained by the PV industry from the electronic industry. However, 
the rise of the PV industry in the 2000s led to an shortage of Si for PV, and 
hence a rise in Si materials costs. This problem has only recently started 
to be alleviated with the fabrication of Si materials factories that have 
added solar-grade silicon capacity. It is noted that the purity requirement 
for solar-grade silicon is not as stringent as for electronic-grade wafers 
(Woditsch and Koch 2002).
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Doping of the emitter layer is achieved by vapor-phase diffusion (e.g., 
POCl3), or to a lesser extent by applying a phosphorous- or boron-con-
taining solution (e.g., phosphoric acid) or glass (e.g., borosilicate glass) 
to the top surface, followed by subsequent high-temperature diffusion 
drive-in and cleaning steps. Texturing of the cell may be implemented 
by a wet etch (e.g., dilute NaOH aqueous solution) to impart antire-
flective properties to the cell, and a thin silicon nitride (or oxide) layer 
may be used to passivate the top surface. Such a layer can also act as a 
quarter-wavelength antireflective layer. A blanket back contact and front 
grid contact may be applied by screen printing of an aluminum or silver-
containing (front) paste, followed by an anneal to create a near-ohmic 
contact to the Si crystal.

The typical efficiency of commercially available Si solar modules is ~14 
to 17%. Companies such as Sunpower provide higher module efficiencies 
(>19%) by using higher-quality silicon in combination with all back-con-
tact schemes (Van Kerschaver and Beaucarne 2006). Among the highest 
commercially available efficiencies are provided by the amorphous sili-
con (a-Si)–based HIT cell, with cell-level efficiencies reported to be on the 
order of 22.3% (Tsunomura et al. 2008) and module efficiencies of ~18 to 
20%. The major loss mechanisms in Si devices that limit efficiency are bulk 
recombination, depletion region recombination, front and back surface/
contact recombination, contact resistance losses, front grid shading, series 
resistance loss, and reflection losses. The world record Si solar cell was 
demonstrated by Green and coworkers with an efficiency of nearly 25% 
by using high-quality float-zone Si, all back-contacts, and an optimized 
antireflection scheme employing inverted pyramidal structures (Zhao et 
al. 1998). Most Si cell technologies have Si wafer thicknesses of ~200 to 500 
μm, though recently available modules use thicknesses of 150 to 200 μm. 
At these thicknesses special handling is required during manufacture to 
avoid fracture.

1.4.1.2 Polycrystalline Si

The manufacturing cost of single-crystalline Si solar cells can be relatively 
high due to the requisite single-crystal growth, dicing/wafering, and other 
processes. Use of silicon in a polycrystalline form (poly-Si) leads to lower 
costs since directional solidification, a much faster process, is utilized. 
The efficiency is usually lower owing to the presence of a high density of 
recombination centers at the grain boundaries, as well as more defects 
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(dislocations, stacking faults, etc.) within the grains. Dopant segregation 
is also a concern. It is possible to fashion poly-Si into continuously formed 
ribbons, as is done by companies such as Evergreen Solar, Inc. (Janoch 
et al. 1997). Poly-Si can also be made in a so-called continuous molded 
wafer process, as was developed by Astropower, Inc. (Bai et al. 1997). The 
record power conversion efficiency for a poly-Si solar cell is 20% (Shultz 
et al. 2004).

1.4.2 thin Films

Thin-film, or so-called generation II, photovoltaic technologies offer the 
promise of lower-cost modules by allowing for direct deposition of thin 
absorber layers on low-cost substrates such as glass, metal foils, and poly-
mers. The cost ($/m2) can be reduced by a factor of 2 to 5 times compared 
to bulk Si PV modules. While champion cells with efficiencies similar to 
those of conventional Si technologies have been demonstrated (16 to 20%), 
commercial thin-film modules yield efficiencies less than ~12%. A brief 
review of the major thin-film technologies is given below.

1.4.2.1 Crystalline Si

There has been a strong interest in developing Si thin-film solar cells in 
the last two to three decades. The primary reason is to combine the rela-
tively low cost and abundance of Si raw materials with the process cost 
reductions provided by thin films. The main technical challenges with 
crystalline Si thin films are associated with (1) the significant loss of light 
absorption due to the low absorption coefficient of crystalline Si, and (2) 
loss of efficiency due to recombination at grain boundaries and crystal 
defects in the bulk of the grains.

The first challenge has been addressed by light trapping schemes that 
increase the path length of light through the solar cell. Light trapping can 
be implemented by either texturing of the glass substrate on which the Si 
film is deposited, or by depositing an antireflective film on top of the cell. 
Aberle and coworkers (Widenborg and Aberle 2007) demonstrated a new 
glass texturing process applied to Si thin-film devices with a potential for 
large-scale integration. They showed efficiencies on the order of 7%, with 
the texturing providing an enhancement in Jsc of 8 to 19% (relative) and 
in some cases also a slight Voc enhancement. The optical absorption was 
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increased over most of the spectrum compared to planar samples, save 
for in the near-UV portion, though the EQE only showed enhancements 
in the near infrared (IR) with total enhancements of 5 to 17%. This was 
explained by a minority carrier diffusion length in the absorber region 
that was significantly smaller than the width of that region, leading to 
a small impact from light absorption. It should be noted that backside 
reflection was also found to be important in improving the device perfor-
mance, with the most promising backside reflector being a white broad-
band reflector material. The use of highly textured transparent conducting 
oxides (TCOs) such as aluminum-doped zinc oxide (Zno:Al) and fluorine-
doped tin oxide (SnO2: F) have been shown to increase Jsc by increasing the 
absorption and EQE in the near-IR portion of the solar spectrum (Müller 
et al. 2004).

The problem of recombination loss in polycrystalline Si thin-film solar 
cells has been addressed by efforts to increase the grain size of the thin 
films. One means to achieve this is by depositing an amorphous or nano-
scale grain-size thin film, and subsequently annealing the film to achieve 
grain growth (Aberle 2006a). Grain sizes on the order of 1 to 10 μm can 
be achieved by aluminum-induced crystallization at temperatures close to 
600°C (Nast et al. 1998). Grain sizes in the range of hundreds of microme-
ters to a few millimeters have been achieved by liquid phase epitaxy (LPE) 
on single-crystal Si and polycrystalline Si and alumina substrates (Wagner 
et al. 1993; Wang et al. 1996). Another means of minimizing recombina-
tion losses is to use rapid thermal annealing or plasma hydrogenation to 
reduce point defects densities, passivate surface states, and passivate deep-
level states associated with dislocations and stacking faults in the grains.

Commercialization of crystalline Si thin-film solar cells has not been wide-
spread. One of the first to commercialize polycrystalline Si solar cells was 
introduced by CSG Solar, which emanated from the University of New South 
Wales (Green et al. 2004; Basore 2006a,b; Aberle 2006b). CSG refers to crys-
talline silicon on glass. Texturing is imparted by depositing the amorphous 
Si film on a layer of half-micrometer Silicon oxide sphere. Metallization and 
interconnects for monolithic integration on glass substrates are fashioned 
using unique ink-jet printing and laser scribing processes.

Another type of crystalline silicon thin-film technology is based on so-
called nanocrystalline silicon (nc-Si) (Rath 2003; Schropp et al. 2009; Zhao 
et al. 2005). These are fabricated by hot-wire CVD or plasma-enhanced 
chemical vapor deposition (PECVD) at relatively high plasma power, sub-
strate temperature, and pressures in order to nucleate fine-grained (sub-
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100 nm) silicon thin-film materials (Figure 1.13). Due to the high density 
of grain boundaries, the minority carrier lifetimes are quite low, and a 
p-i-n (electric field drift-based) device structure is usually employed to 
allow for efficient collection of photogenerated carriers. The efficiency of 
nc-Si solar cells is relatively low, i.e., <6%, and they have not found wide-
spread commercial use as stand-alone devices. As with most Si thin-film 
deposition technologies, the deposition rates are relatively low (≤2 nm/s) 
but can be increased to between 10 and 20 nm/s by various means (e.g., 
ion beams, etc.).

1.4.2.2 Amorphous Si and Tandems

Unlike nc-Si solar cells, hydrogenated amorphous silicon (a-Si:H)-based 
thin-film solar cells have obtained relatively large-scale market adop-
tion and have a long history of scientific and technological development. 
Amorphous Si is typically deposited by PECVD at relatively low substrate 
temperatures (<200°C) with low power and pressures. As a result, Si films 
are formed in an amorphous phase that has a higher (~1.7 eV vs. 1.1 eV) 
and direct bandgap. Charge carrier mobilities and carrier lifetimes are 

60 nm 

nc Si layer

FIgure 1.13
Transmission electron microscope image of a nanocrystalline silicon (nc-Si) thin film 
deposited on a glass substrate by PECVD. The left inset shows the corresponding electron 
diffraction pattern showing the expected polycrystalline ring pattern, and the right inset 
shows a high-resolution transmission electron microscopy (TEM) micrograph. (TEM 
data by M. Larsen.)
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significantly reduced compared to crystalline Si, with μ on the order of 1 
to 20 cm2/V-s (compared to 50 to 1300 cm2/V-s for typical c-Si, depending 
on doping type and concentration) and τ less than 1 μs (compared to 1 μs 
to 1 ms for typical c-Si).

The relatively poor charge transport properties of a-Si necessitates the 
use of an n-i-p solar cell structure to allow for electric-field-assisted trans-
port of charge carriers to the charge-separating junctions (Carlson and 
Wronski 1976). The typical efficiency of commercial a-Si modules is in the 
range of 5 to 6%, making them useful for market segments where low cost 
and low efficiency are acceptable. Large-area flexible a-Si-based solar cells 
are also available for military and related applications.

While solar cells based only on a-Si:H provide a relatively low efficiency, 
a-Si has been incorporated into higher-efficiency devices using the con-
cept of a heterojunction device (Xu et al. 2006), or by stacking multiple-
bandgap materials to improve the absorption characteristics of the cell 
(a tandem cell). The former has already been discussed, and is available 
commercially under the trademark HIT cell device (Taguchi et al. 2000). 
The latter devices are also commercially available, with United Solar 
Ovonics Corporation among the leaders in this technology. This technol-
ogy employs a-Si as the top cell of a three-bandgap structure in which 
the bottom two cells are composed of a-SiGe with varying Ge content to 
reduce the bandgap. Other variants of this technology include the use of 
a-SiC as the top cell material and the use of nc-Si as one of the tandem 
cells. Efficiencies as high as 15% have been reported for laboratory cells, 
with stabilized efficiencies on the order of 13% (Yan et al. 2006). This tech-
nology is also readily applicable to flexible modules (Deng 2005), though 
large-scale production of such cells has just begun. Tandem structures 
may also combine poly/nano-crystalline Si films with a-Si-based cell lay-
ers. Turnkey tandem a-Si/nc-Si production systems are available on the 
market (from Applied Materials, Oerlikon, and others) (Meier et al. 2007; 
von Roedern and Ullal 2008), and several companies are producing mod-
ules based on these, including Signet, Sharp, Mitsubishi Heavy Industries, 
Topray Solar, EPV Solar, Sontar (Q-Cells), and others.

1.4.2.3 CdTe

CdTe thin-film modules have achieved the highest market penetration 
owing to the relatively high module efficiencies (about 10%) and low cost 
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(<$1/Wp). Indeed, CdTe is the first thin-film technology to achieve large-
scale manufacturing and installation, with First Solar currently leading 
the market at production levels of >75 MW in 2006 (Meyers 2006), and 
currently at >500 MW, and companies such as Primestar Solar (GE major-
ity stake investor), Abound Solar, Calyxo, and Arendi also developing 
CdTe modules. The standard CdTe device structure is based on a super-
strate architecture, in which a TCO is first deposited on a low-cost soda 
lime glass by sputtering, followed by deposition of a thin CdS window 
layer (~100 to 300 nm), a thick CdTe absorber layer (1 to 8 μm), and a back 
metal contact. Sun illumination takes place from the backside of the origi-
nal glass deposition substrate. Scribing steps are used to allow for a mono-
lithically integrated module, and the module is laminated on the backside 
with a low-cost glass sheet. The CdTe layer can be deposited by low-cost 
deposition methods such as closed-space sublimation and sputtering.

The key technological challenges for CdTe PV technology are associated 
with improving device performance and environmental and health con-
cerns associated with Cd in manufacturing and at the end of module life. 
The record efficiency for CdTe was obtained by the U.S. National Renewable 
Energy Laboratory (NREL) at ~16.5% (Wu et al. 2001). Module-level effi-
ciencies are lower for several reasons, with the main contribution being 
from short-wavelength (<500 nm) absorption in the CdS window layer. 
It has been shown that reducing the CdS thickness improves the short-
circuit current density, though typically at a loss of Voc and FF (Meyers 
2006). Losses associated with grain boundary space charge and related 
effects also strongly contribute to reduction in efficiency. Interestingly, 
the efficiency of polycrystalline CdTe solar cells is equal to or higher than 
that of single-crystal devices, which have been argued to be related to 
doping type inversion in the region near the heterojunction (Bosio et al. 
2005). The purity of grains compared to bulk materials may also play a 
role in this observation. Concerns about the hazardous nature of Cd are 
addressed at the end of module life by robust buy-back and recycling pro-
grams, and it is well known that Cd within the CdTe crystal phase (and 
embedded in glass sheets) does not pose the health hazards associated 
with pure Cd (Moskowitz et al. 1994). Appropriate environmental health 
and safety (EHS) measures must be in place, however, during manufacture 
of CdTe PV modules. The CdTe layer can be deposited by low-cost deposi-
tion methods such as sublimation-based deposition and sputtering.
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1.4.2.4 CIGS

The Cu(In,Ga)Se2 (CIGS) are other materials systems of great interest in 
thin-film form for photovoltaics. These materials, which can also substi-
tute sulfur for selenium (so-called CIGSSe), have been studied for the past 
couple of decades (Rau and Schock 1999), and record efficiencies of nearly 
20% have been shown by NREL (Repins et al. 2008). As a result of this 
high record efficiency and the potential for low-cost processing, numerous 
companies are attempting to scale up production of CIGS, including Showa 
Shell, Nanosolar, Solyndra, Solybro, Miasole, Global Solar, Solopower, 
Solarion, Würth Solar, ISET, and others. Unlike CdTe, CIGS solar cells 
are fashioned in a standard substrate configuration, and it is also possi-
ble to deposit CIGS at relatively low temperatures (approximately 500°C) 
on metal or polymer substrates to enable flexible solar products (Otte et 
al. 2006). CIGS thin films are primarily deposited using co-evaporation/
evaporation or sputtering, and to a lesser extent electrochemical deposi-
tion (Guimard et al. 2003), or ion-beam-assisted deposition (Lippold et al. 
2001). Since they are quaternary compounds, control of thin-film stoichi-
ometry during manufacture is critical. There are also efforts to fabricate 
all or partly solution-deposited CIGS solar cells (Mitzi et al. 2009; Li et 
al. 2008), with some predicting these could provide the ultimate path to 
ultra-low-cost (<$1/Wp), roll-to-roll, and flexible PV modules. CIGS mod-
ule power conversion efficiencies typically range from 7 to 12%, with small 
area modules yielding 14%. The problem of CdS UV absorption is also of 
concern for CIGS, though suitable replacements to CdS have been shown 
in R&D and production CIGS technologies (Matsunaga et al. 2009).

1.4.2.5 Organic and Dye-Sensitized Solar Cells

Thin-film solar cells based on organic materials such as polymers and dyes 
have also been the subject of intense research in recent years as a poten-
tial means of achieving very low PV module costs (<$1/Wp). The benefits 
of organic-based solar cells include the ability to employ solution-based 
processes that may also lead to roll-to-roll manufacturing in a manner 
similar to that of newspapers. Organic solar cells are fundamentally dif-
ferent from inorganic semiconductor-based devices in that they are based 
on exiton transport rather than nearly free charge carrier. Electron-hole 
pairs in polymer semiconductors are tightly bound (high binding energy) 
and have short diffusion lengths, a few to a few tens of nanometers, relative 
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to the optical absorption depths (Gregg 2005). Carrier generation occurs 
only in the vicinity of the charge-separating junction at which excitons are 
dissociated by the strong local electric field, leading to electron generation 
on one side and hole generation on the other. Organic semiconductors 
also suffer from relatively narrow absorption spectra, which tends to limit 
the overall available photocurrent.

Early organic solar cell devices were based on planar junctions (Tang 
1986); however, it is now generally accepted that a higher surface area 
junction device architecture, typically referred to as a bulk heterojunc-
tion organic PV device, is required for improved performance (Forrest 
2005). In practice this often leads to intermixed phases without clear sepa-
ration, which therefore may produce significant shunting in the devices 
that limits efficiency. The maximum possible power conversion efficiency 
is difficult to obtain from first principles due to the difficulty in modeling 
complex junction geometries and the corresponding exciton dissociation 
dynamics; however, an upper bound of ~20% has been estimated (Forrest 
2005). There is strong interest in utilizing nanostructures to improve the 
performance of organic solar cells, as discussed later in Chapter 4. Among 
the highest power conversion efficiencies obtained for a polymer solar cell 
is ~6% (under low-level concentration, 200 mW/cm2, AM1.5G illumina-
tion) by using a tandem design (Kim et al. 2007), and more recently at 
~7.9% (Solarmer).

Another organic-based concept is the dye-sensitized solar cell, first 
demonstrated by Grätzel and coworkers (O’Regan and Grätzel 1991; Wang 
et al. 2005). This is a hybrid organic-inorganic design, in which a porous, 
nanocrystalline titanium oxide film is used as the electron conductor, 
which is in contact with an electrolyte solution that also contains organic 
light-absorbing dyes near the interfaces. Charge transfer occurs at the 
interface, such that holes are transported in the electrolyte. Power conver-
sion efficiencies of ~11% have been demonstrated and commercialization 
of dye-sensitized PV modules is under way (Han et al. 2006). Technological 
challenges include lifetime (also of major concern for polymer-based PV 
cells) and packaging of the solution-containing PV cells. As a result of 
the latter issue, there are efforts to develop solid-state equivalents of dye-
sensitized solar cells (Yum et al. 2008).

Thus far, generation I and II technologies have been described. Below 
the major high-efficiency concepts are reviewed, with more details pro-
vided in Chapter 3.
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1.4.3 generation III

Generation III photovoltaic technologies, as defined by M. Green (2003a), 
are those that provide both a relatively high efficiency (approximately 
≥20%) and low cost (approximately ≤$200/m2 or ≤$1/Wp). The cost 
requirement almost necessarily implies a cost structure and manufac-
turing strategy similar to that for thin films, i.e., deposition of low-cost, 
thin absorber layers on a low-cost substrate (glass, metal, polymer). It is 
also generally accepted that in order for the efficiency requirement to be 
established, the generation III technology should provide a limiting effi-
ciency greater than the single-bandgap Shockley–Queisser limit of ~31% 
(Shockley and Queisser 1961). Therefore, the generation III concepts cur-
rently being explored provide this fundamental efficiency enhancement 
by mechanisms that attempt to overcome the efficiency-limiting features 
of single-bandgap solar cells: (1) absorption and conversion of a broader 
portion of the solar spectrum, primarily low-energy photons that are not 
absorbed by a single-bandgap semiconductor; (2) better utilization of 
high-energy photons in the solar spectrum that are typically thermalized 
by interaction with lattice phonon or absorption in upper layers of a solar 
cell structure; and (3) creation of more than one electron or photon per 
given absorbed photon to improve the Jsc. The major known concepts are 
now reviewed, followed by a discussion of how nanostructures may be of 
use in generation I, II, and III photovoltaics.

1.4.3.1 Multijunction Solar Cells

Multijunction, or multiple-bandgap, solar cells (MJSCs) utilize two or 
more semiconductor p-n junctions of different bandgaps in order to absorb 
a greater fraction of the solar spectrum. The cells are typically monolithi-
cally integrated and series connected using a tunnel junction, with cur-
rent matching between the cells provided by adjusting the bandgap and 
thickness of each cell. The theoretical entitlement of multiple bandgaps 
has been analyzed and shown to be 44% for two bandgaps, 49% for three 
bandgaps, 54% for four bandgaps, and 66% for an infinite number of 
bandgaps (Marti and Araujo 1996).

MJSCs are the only advanced PV concept that has been demonstrated 
at the laboratory level and is also in commercial production for space 
and terrestrial concentrator applications. The world record efficiency has 
been shown by a triple-junction device at just over 41% under 454 suns 
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concentrated sunlight* (King et al. 2007), and most recently at 41.6% (364 
suns) by Boeing Spectrolab. At 1 sun under AM0 or AM1.5 illumination the 
efficiency of MJSCs is on the order of 30 to 32%. These devices are typically 
heteroeptaxially or metamorphically integrated compound semiconductors 
based on InGaAs/InGaP on low-bandgap Ge substrates. Their cost per unit 
area is orders of magnitude higher than that of Si and thin-film solar cells 
due to the expensive substrates and many layers grown at low deposition 
rates to minimize crystal defects. As such, while mechanistically MJSCs can 
be considered generation III devices, based on their cost this is not the case. 
They are thus used in the space market, in which cost is less of a technology 
concern than supplying ample power to space systems, and in terrestrial 
concentrator applications small areas are needed, and hence the high solar 
cell cost per unit area does not significantly impact the overall system cost. 
In summary, the key advantage of MJSCs is high efficiency, and the main 
disadvantages are the requirement for current matching between the cells 
within the monolithic device and the high cost per unit area.

1.4.3.2 Intermediate Band Solar Cells

Another proposed concept for capturing low-energy light is to introduce 
energy levels within the bandgap of a semiconductor that can provide lower-
energy transitions, and hence the ability to capture more IR photons within 
the solar spectrum. Theoretical analysis shows that these so-called interme-
diate band solar cells (IBSCs) have the potential for a maximum efficiency 
of ~63% (Luque and Marti 1997). In practice, there are severe requirements 
on the transition rates and excited state lifetimes, and no full IBSC has been 
shown. Recently, however, a key operating mechanism was demonstrated, 
i.e., the demonstration of photocurrent due to the transition of carriers from 
the intermediate band to the conduction band (Marti et al. 2006). IBSCs are 
being explored in bulk semiconductors (Yu et al. 2003; Wahnón et al. 2006) 
and in quantum dot assemblies (Luque and Marti 2006).

1.4.3.3 Hot Electron Solar Cells

One of the fundamental loss mechanisms in single-bandgap solar cells 
is the thermalization of charge carriers promoted to levels above the 

* http://www.ise.fraunhofer.de/press-and-media/pdfs-zu-presseinfos-englisch/2009/press-release-
world-record-41.1-efficiency-reached-for-multi-junction-solar-cells-at-fraunhofer-ise-pdf-file.
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bandgap by interaction with phonons (quantized vibrations of the crys-
tal lattice). If these “hot electrons” could be extracted prior to the ther-
malization process, which typically occurs in the picosecond timeframe, 
the limiting efficiency could be increased significantly. Since impact ion-
ization, or the generation of additional charge carriers per photogene-
rated carrier, also occurs high in the conduction band (and low in the 
valence band), the limiting efficiency increases to ~53% (Wurfel 1997). 
The key challenges for demonstrating a practical hot electron solar cell 
are (1) slowing the thermalization rate of hot electrons (Conibeer et al. 
2008b) and (2) creating energy-selective contacts that allow for extraction 
of the hot electrons within a narrow energy band without cooling them 
(Conibeer et al. 2008a).

1.4.3.4 Multiple-Exciton Generation

Multiple-exciton generation (MEG) involves the formation of more than 
one electron-hole pair per given photon, thus increasing the short-circuit 
current density of the solar cell. MEG occurs in all semiconductors at a 
very low efficiency; however, it has recently been shown that greater than 
two excitons per input photon can be generated in quantum-confined 
semiconductor wells and dots (Nozik 2001; Ellingson et al. 2005), with 
some groups reporting up to seven excitons per photon (Schaller et al. 
2006). Other groups have argued the effect is not more efficient in nano-
crystals than in the bulk (Trinh et al. 2008), or in some systems is not 
present (Ben-Lulu et al. 2008). Scientific challenges for MEG-based solar 
cells include charge separation and contact to quantum structures, though 
several approaches to quantum dot solar cells have been proposed (Nozik 
2002). It has been shown that nonradiative energy transfer is a mechanism 
that can be used to extract excited carriers from quantum dot assemblies 
to a p-i-n junction device (Chanyawadee et al. 2009).

1.4.3.5 Upconversion

Another major loss mechanism for single-junction solar cells is related to 
the lack of absorption of solar photons with energies below the semicon-
ductor bandgap. While intermediate bands are one means of harnessing 
those photons by changing the band structure of the semiconductor, it has 
also been proposed to achieve this by attaching an absorber layer below 
the solar cell that can convert the low-energy photons to higher-energy 
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photons that can be absorbed by the PV cell. The maximum quantum effi-
ciency of this upconversion process is 50%, since at best two low-energy 
photons are required to produce one high-energy photon. Trupke et al. 
(2002b) analyzed the limiting efficiency of a solar cell with an attached 
upconverter and showed it could increase from 31 to 44%. A first practical 
implementation of upconversion was shown by Shalav et al. (2005, 2007) 
with a Si solar cell EQE of ~10–4% in the wavelength range of 1,480 to 
1,580 nm, corresponding to absorption from the upconverting NaYF4:Er3+ 
phosphor. Further challenges for upconversion include increasing the 
upconversion quantum efficiency and making the upconverting layer 
more broadband (Strumpel et al. 2007).

1.4.3.6 Downconversion

The opposite of upconversion is the process of converting one high-energy 
photon to two low-energy photons. This downconversion process, also 
referred to as quantum splitting or quantum cutting in the literature, was 
analyzed with respect to increasing the limiting efficiency of single-band-
gap solar cells and found to do so from ~31 to ~ 39% (Trupke et al. 2002a). 
Quantum splitting has been shown for lighting applications, in which 
the photon energies available are higher than those in the solar spectrum 
(Piper et al. 1974). To date no materials that can effectively quantum split 
UV photons in the solar spectrum (300 to 500 nm) have been demon-
strated—hence significant basic materials research is required. However, 
downshifting phosphor single crystals employing photoluminescence (one 
low-energy photon out for one high-energy photon in) has been applied to 
thin-film solar cells with absolute efficiency enhancements of 0.5 to 0.8% 
(Hong and Kawano 2003).

1.4.4 nanostructured concepts

The above discussion on generation III PV concepts highlights the strong 
potential role of nanostructures, nanoscience, and nanotechnology to 
contribute to achievement of ultra-low-cost, high-efficiency solar energy 
systems. Here we review the major classes of nanostructures that will be 
described in more detail in subsequent chapters, highlighting their major 
structural and physical characteristics, nonphotovoltaic applications, and 
methods of fabrication/synthesis. The nanostructures are classified by 
dimensionality, i.e., nanostructured bulk materials and composites (3D), 
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quantum wells (2D), nanowires and nanotubes (1D), and nanoparticles 
and quantum dots (0D).

1.4.4.1 Nanostructured Bulk Materials and Composites

Nanostructured bulk materials were among the first nanoscale materi-
als to be studied. These have been primarily studied for their mechani-
cal properties, since the well-known Hall-Petch relationship predicts 
that the strength of material is inversely proportional to the grain size. 
Nanostructured metals (Al, Ni, etc.) and ceramics (oxides, nitrides, 
carbides, etc.) have been fabricated by various methods, including ball 
milling, cryo-milling, and direct synthesis of nanopowders by chemi-
cal methods or laser ablation, followed by various sintering methods 
(e.g., hot pressing). Key scientific challenges include the maintenance 
of nanoscale grain sizes upon sintering, since sintering by its nature is 
driven by reduction in surface area, as well as minimizing grain bound-
ary sliding for fine-grained materials. Numerous nanocomposites have 
been demonstrated for mechanical and electrical applications, with 
hybrid organic-inorganic composites of particular interest. Inorganic 
nanocomposite solar cells have been demonstrated with promising effi-
ciency (Nanu et al. 2005), and nanostructured organic solar cells will be 
explored in Chapter 4.

1.4.4.2 Quantum Well

Quantum wells were among the first structures in which quantum con-
finement effects were systematically explored, and hence can be viewed as 
prototypical nanostructures for the study of such effects in PV. Quantum 
wells are fabricated by epitaxial growth of bandgap and (usually) lattice-
mismatched semiconductors by various means, including metal-organic 
chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), 
and related methods. It is possible to control the deposition of individ-
ual layers in a multiquantum well (MQW) structure to the submonlayer 
level, allowing for the creation of artificial lattices (e.g., superlattices) 
that yield novel electrical characteristics. Applications of quantum wells, 
which have been studied since the 1980s, include high-speed electronics 
(e.g., high electron mobility transistors [HEMTs]), lasers, light-emitting 
diodes (LEDs), and sensors.
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1.4.4.3 Nanowire/Tube

Nanowires and nanotubes represent a class of structures with unique 
properties that are currently being explored for photovoltaic applications. 
The synthesis of nanowires and nanorods, solid (usually single-crystal-
line) elongated structures with submicron diameters, can be traced to 
work in the 1960s by Wagner and Ellis on vapor-liquid-solid (VLS) growth 
(Wagner and Ellis 1964), which was furthered in the 1970s by various 
workers in efforts to grow single-crystal whisker structures. In the 1980s 
quantum wires fabricated by top-down lithography and etching meth-
ods were shown in the literature, and in the 1990s early efforts to grow 
whiskers in the subwavelength regime appear. In 1998 a seminal paper 
by Lieber and coworkers on growth of nanowire semiconductors by laser 
ablation was published, thus reigniting interest in the field (Morales and 
Lieber 1998). The first silicon nanowire-based transistors were shown in 
2000 by Lieber and coworkers and Heath and coworkers (Cui et al. 2000; 
Chung et al. 2000), and since then there has been a tremendous inter-
est in applications of nanowire materials. These include for electronics, 
biological and chemical sensors, thermoelectrics, field emission displays, 
LEDs, lasers, photodetectors, mechanical composites, and superconduc-
tors. Nanowire structures can be synthesized by chemical vapor deposi-
tion, electrochemical deposition, wet etching, solution-based chemical 
synthesis, critical-point synthesis, and other methods.

Carbon nanotubes (CNTs) were first discovered in 1991 by Iijima and 
coworkers, and have been considered the prototypical nanostructure 
for the study of electrical and optical phenomena in one-dimensional 
quantum structures. Numerous applications in the areas of electron-
ics, photonics, sensing, mechanics, and other fields have been explored. 
CNTs are essentially single-layer carbon sheets (graphene) that have 
been rolled and joined along a particular direction within the two-
dimensional lattice (chirality), giving rise to multiple types of CNTs that 
may be either semiconducting or metallic in nature (Saito et al. 1992). 
About two-thirds of CNTs in a typical CNT array are semiconducting 
in nature (with various bandgaps), with the rest being metallic (Wilder 
et al. 1998). To date, it has not been possible to deterministically control 
the chirality of nanotubes, though recent works have shown it is possible 
to control the chirality distribution favoring semiconducting CNTs over 
metallic ones (Li et al. 2004). Nanotubes composed of inorganic materi-
als have also been demonstrated, including GaN (Goldberger et al. 2003), 
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Pb(Zr,Ti)O3 (Min and Lee 2006), titania (Kasuga et al. 1999), and have 
alumina (Mei et al. 2003).

1.4.4.4 Nanoparticle/Quantum Dots

Nanoparticles and quantum dots, or zero-dimensional nanostructures, are 
also of great interest for various applications in PV. Quantum dots (QDs) 
and nanoparticles (NPs) have been synthesized in numerous materials 
systems, including semiconductors and metals, and it is possible to create 
core-shell structures also employing dielectrics. Quantum dots have been 
synthesized by solution-based chemical methods, chemical vapor meth-
ods, and physical vapor deposition. Among the first works in this field 
were by Bawendi and coworkers (Murray et al. 1993) and Alivisatos and 
coworkers (Colvin et al. 1991). Quantum dots and nanoparticle applica-
tions beyond PV include biological labeling (Alivisatos et al. 2005), nano-
electronics (Cui et al. 2004), and many others.

1.4.4.5 PV Materials Tetrahedron

The above discussion highlights the broad potential for application of 
nanostructures to PV science and technology. While there is great poten-
tial in nanostructures having an impact on producing low-cost, high-effi-
ciency photovoltaics, one should look to existing PV technologies as an 
indication of the timeline for making a significant technological impact. 
For example, in the case of silicon PV, it took approximately 40 years from 
the invention of the first Si solar cell to achieve record efficiencies of nearly 
25% for champion cells and ~20% at the module level. The PV market 
only reached significant market size and growth rates in the 2000s. Thin-
film photovoltaics have been known for more than 30 years, but have only 
reached significant champion cell levels in the last decade, and promising 
market penetration within the last few years. Commercial CdTe thin-film 
modules still provide significantly less efficiencies (~11%) than champion 
devices (~16.5%), and champion devices have more room for improve-
ment. Furthermore, CIGS technologies are still relatively immature from 
the perspective of meeting the demands of large-scale PV applications, 
though rapid development progress is being made.

This relatively long timescale for PV technology maturation is funda-
mentally related to the challenging nature of photovoltaic materials sci-
ence, physics, chemistry, and engineering. In addition to the fundamental 
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loss mechanisms discussed above, a PV module requires the simultaneous 
optimization of many parameters. This is best visualized by a so-called 
PV materials tetrahedron (Figure 1.14), in which these parameters are 
identified with respect to (1) processes used for form materials in usable 
form factors, (2) the impact of these processes on materials defects and 
structure (usually in a nonequilibrium state), (3) basic materials properties 
of interest to PV (mobility, minority carrier lifetime, surface recombina-
tion velocity), and (4) the final PV performance parameters that lead to 
system-level output (Voc, Jsc, FF, Pmp, efficiency, long-term reliability, etc.). 
There is a strong interrelation between these features within the materials 
tetrahedron, and it can be argued that the fundamental challenge with PV 
technology development is the requirement that these parameters must be 
simultaneously optimized, whether in a laboratory environment or in a 
low-cost, high-speed manufacturing process.

The application of nanostructures to PV thus provides additional complica-
tions to this tetrahedron, and hence to ultimate development/commercialization 
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FIgure 1.14
PV materials tetrahedron showing the relationship between processing, materials struc-
ture, materials properties, and ultimately device/system level performance that must 
be optimized in a low-cost manufacturing process. The detailed parameters are noted. 
Application of nanostructures to PV poses additional complications due to emerging 
physics, surface-related recombination, etc.
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of nano-PV technologies. New physics such as multiple-exciton generation 
or upconversion is not fully understood, whereas nanostructures inherently 
provide significantly larger surface areas, leading to challenges associated 
with surface traps and related effects. The field of nanophotovoltaics is rel-
atively new, and hence we can expect many basic science and engineering 
breakthroughs to occur in the coming years that will lead to promising paths 
for low-cost, high-efficiency PV systems. The current state of the art in this 
field for the various classes of nanostructures is reviewed in this book. We 
begin with a discussion of the basic electrical and optical properties of nano-
structures, a discussion of new device physics associated with nanoscale PV 
devices, and detailed reviews of the application of bulk nanostructures to 
organic PV, quantum wells, nanowires/tubes, and nanoparticles/quantum 
dots to photovoltaics. We will end with an overview of the known potential 
manufacturing processes that nanotechnology provides and prospects for 
these to yield low-cost, scalable PV manufacturing.
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2
Optical Properties of Nanostructures

Kylie Catchpole

2.1 IntroductIon

Optical nanostructures are everywhere in the world around us. To give just 
a few examples, the bright white color of paint, sunscreen, and toothpaste, 
the black of soot, and the brilliant colors of butterfly wings and holograms 
on credit cards are all due to optical nanostructures. To broaden the field 
even more, everything that you see that has a matte appearance, that is, is 
not shiny, appears that way because it is scattering light and has a nano-
scale optical structure.

In this chapter, I will discuss how optical nanostructures can lead to 
changes in the reflection, scattering, and absorption properties of a mate-
rial and how these effects can be used to improve the efficiency of solar 
cells. I will also discuss photoluminescence, since this has an important 
relation with solar cell efficiency. Photoluminescence is less ubiquitous 
than other nanoscale optical effects, but it can be seen in fluorescent road 
signs and safety vests, as well as the striking colors of gemstones when 
illuminated by ultraviolet light in geological displays.

It is important to understand that when we discuss nanoscale optical 
phenomena, we are far away from the region of geometrical optics, where 
light can be viewed as a ray that reflects or refracts from interfaces. We 
are in the region of wave optics, where a particle can scatter more light 
than is incident on it, where light can be completely blocked from propa-
gating through a material whose components are completely transparent, 
and where many other weird and wonderful things can occur, as we shall 
see below.

The length scales involved in optical nanostructures are generally much 
larger than those involved in nanostructures that have electronic effects. 
This is because optical nanoscale effects generally occur on the scale of 
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the wavelength of light, which is of the order of hundreds of nanometers, 
whereas electronic nanoscale effects occur on the scale of the wavelength 
of electrons, which is of the order of 1 nm.

2.2 Background

This section contains some basic background necessary for understand-
ing optical phenomena. For more detail, see the very readable text by 
Hecht (2001).

2.2.1 snell’s law and the Momentum of a Photon

A good starting point is the familiar situation of refraction at an interface 
according to Snell’s law. A plane wave is incident at an angle θi on an inter-
face between two materials with refractive indices n1 and n2 (Figure 2.1a). 
This results in reflection with an angle θr , θr = θi and transmission with an 
angle θt that satisfies

 n ni t1 2sin sinθ θ( ) = ( )  (2.1)

n1
θi θi

θt

x

θcrit θt

(a) (b)

θr n1

n2

z z

xn2

FIgure 2.1
(a) Reflection and refraction at an interface according to Snell’s law showing the incident, 
reflected, and transmitted angles, along with the critical angle and the escape cone. (b) 
Refraction showing the wavefronts in each medium. The number of wavefronts per unit 
length in the x-direction is unchanged.
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For light incident from a lower index medium (for convenience let us say 
that n1 < n2), the maximum refracted angle, or critical angle, θcrit, occurs 
for light incident with an angle of close to 90°. This is important for pho-
tovoltaics because it defines an escape cone. If light is to be trapped within 
a solar cell, it needs to be propagating in the semiconductor (medium 2) 
with an angle beyond the escape cone.

It is sometimes not realized that Snell’s law can be related directly to 
conservation of momentum. The energy of a photon is given by E = hf, 
where f is the frequency of the radiation and h is Planck’s constant. This 
means that a photon in a vacuum carries momentum p = E/c = h/λ since c 
= λf. (Here c is the speed of light in a vacuum and λ is the wavelength of the 
light.) The momentum of a photon traveling in the xz-plane can be sepa-
rated into an x-component given by p sin(θ) and a z-component given by 
p cos(θ). An interface defined by z = constant can change the z-component 
of the momentum, but not the x-component. This means that we must 
have px1 = px2. The momentum p is directly proportional to the wavevector 
k = 2π/λ. Thus, the conservation of the x-component of the momentum is 
often written as the conservation of the x-component of the wavevector:

 k kx i t x1 1 2 22 2= ( ) = ( ) =π λ θ π λ θ/ sin / sin  (2.2)

We can divide this equation by 2π and multiply by c/f (making use of the 
definition of refractive index as the ratio of the speed of light in vacuum to 
the speed of light in a medium, n1 = c/(λ1f)) to arrive at Snell’s law. We can see 
from Figure 2.1b that the number of wavefronts per unit length in the x-direc-
tion, which is proportional to kx and to px, is unchanged by refraction.

A physical feeling for the x-component (also called the in-plane compo-
nent) of the wavevector is very useful in understanding nanoscale optical 
phenomena. For example, as we have seen above, when light incident from 
air passes through a planar interface, the x-component of its momentum 
is unchanged. This means that it can also escape from a planar thin-film 
structure by transmission through the rear or by reflection at the rear and 
transmission through the front surface. In order to trap light within a solar 
cell structure, the in-plane component of its momentum must be changed.

2.2.2 Polarizability, Permittivity, and refractive Index

In this section we explore the relationship between the familiar concept 
of refractive index and the less familiar microscopic optical responses of 
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materials. This is important because when designing nanoscale optical 
structures, it is necessary to be aware of the origin of the optical properties 
of materials, as well as how the different optical properties are intercon-
nected, and cannot be engineered in isolation.

When Maxwell’s equations are solved in free space, traveling wave solu-
tions are found that have a velocity c = (ε0μ0)–1/2, where ε0 = 8.85 × 10–12 
Fm–1 and μ0 = 4π × 10–7 NA–2 are the electric permittivity and magnetic 
permeability of free space, respectively. Similarly, electromagnetic waves 
in a medium with relative permittivity ε and relative permeability μ prop-
agate with velocity ν = (εε0μμ0)–1/2. The definition of refractive index is n = 
c/v, so the relationship between refractive index and permittivity is

 n = ≅εµ ε  (2.3)

since µ ≅1 in the optical part of the electromagnetic spectrum. Note that 
Equation 2.3 also holds for complex values of the refractive index and 
dielectric function, i.e., n n ik= +  and ε ε ε= ′ + ′′i , although the above 
argument must be modified in that case. In the case of complex ñ and ε, 
the imaginary parts are related to absorption in the material. Although 
the permittivity, ε, is a less familiar concept than the refractive index, it 
is more appropriate when describing the microscopic optical behavior of 
materials, so we will use it for the rest of this section, along with illus-
trations of the resulting effect on n and k. The extinction coefficient, k, 
may also be less familiar than the absorption coefficient, α, which is used 
to describe the exponential attenuation of intensity, I, with distance, d, 
according to the Beer-Lambert law, I I d= −0 exp( )α . The absorption coef-
ficient and the extinction coefficient are related by α π λ= 4 k / , which can 
be derived in a straightforward way by considering the intensity of an 
electromagnetic wave at two points (Pankove 1971).

In the following section we will derive an approximate expression for 
ε in order to gain insight into how the electronic structure of a material 
determines ε, and hence n, k, and α.

Maxwell’s equations in a vacuum relate the electric displacement, D, to 
the electric field, E, via D = ε0E. The electric displacement relates to charge 
densities and is measured in Coulombs per square meter, while the elec-
tric field is related to forces and potential differences and is measured in 
volts per meter. When an electromagnetic field is applied to a material, the 
material polarizes. At optical frequencies we are mostly concerned with 
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electronic polarization, which is a shift of the electron cloud relative to the 
nucleus. The polarization leads to an additional term in the expression for 
the electric displacement:

 D E P= +ε0  (2.4)

Since, for many materials, the polarization is linearly dependent on the 
field, we can write this as

 D E P E E= + = + =ε ε χ εε0 0 01( )e  (2.5)

where χe is the electric susceptibility of the material. Thus, if we could 
derive an equation for the polarization density, P, as a function of E, we 
could also obtain ε. In order to do this we assume that the movement of 
charges in the material can be described by classical harmonic oscilla-
tors, i.e., springs. This turns out to be an accurate description even when 
the system is described quantum mechanically, although the param-
eters need to be reinterpreted in a quantum mechanical sense. For the 
purposes of illustration we consider the force between an electron cloud 
and its nucleus to be represented by one harmonic oscillator. Using F = 
ma, the equation of motion of the oscillator is given by

 F E x x x= − − =q K b d
dt

m d
dt

2

2  (2.6)

where qE is the driving force on an electron with charge q, –Kx is the 
restoring force with spring constant K, b dx/dt is the damping force, which 
describes losses in the system, and m is the mass of the electron. Using the 
fact that E has a time dependence given by cos( )ωt , this can be solved to 
obtain

 x E=
− −
( / )q m

iω ω γω0
2 2  (2.7)

where ω0
2 = K m/  is the resonant frequency of the oscillator and γ = b m/

is the decay rate. The induced dipole moment p of an electronic oscillator 
is given by p x= q . The polarization density P is then the dipole moment 
of an oscillator multiplied by the number of oscillators per unit volume 
N, i.e.,
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 (2.8)

Here ω εp q N m= / 0  is the plasma frequency, which is especially impor-
tant in the optical response of metals and heavily doped semiconductors.* 
The plasma frequency and plasmonics for solar cell applications are dis-
cussed in detail in Chapter 11.

From Equation 2.5 it then follows that

 ε
ω

ω ω γω
= +

− −
1

2

0
2 2

p

i
 (2.9)

Plots of the real and imaginary parts of ε, along with n and k for a one-
resonator system, are given in Figure 2.2. We can interpret these results 
in the following way. Far below a resonance, the oscillator responds only 
weakly to the driving field. As the frequency increases toward a resonance, 
the oscillator begins to resonate, and the amplitude and the damping of 
the oscillation increase. Far above all resonances, the oscillators can no 
longer respond fast enough to the driving field, and ε and n approach 1.

We can also see that between resonances, ε′ and the refractive index 
increase with frequency, whereas at a resonance they decrease with 
frequency.

The fact that oscillators cannot respond immediately to the applied field 
leads to the Kramers–Kronig relations:

 ′ = + ′′
−

∞

∫ε ω
π

ε
ω

( ) ( )1 2
2 2

0

P dc
Ω Ω
Ω

Ω  (2.10)

or equivalently,

* Equation 2.8 applies to isolated oscillators, e.g., gases. For dense materials there is a correction due 
to the induced field of surrounding oscillators (see Hecht 2001).
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 n P k dc( ) ( )ω
π ω

= +
−

∞

∫1 2
2 2

0

Ω Ω
Ω

Ω  (2.11)

where Pc is the Cauchy principal value of the integral and the integration 
is performed over angular frequency Ω. The derivation of the Kramers–
Kronig relations is rather mathematical (see, for example, Stenzel 2005), 
but they are very useful for understanding the relationship between the real 
and imaginary parts of the dielectric function and the complex refractive 
index. By inspection of Equation 2.10, we can see that if a material has no 
absorption at all at any frequency (ε″ = 0), then ε′ and hence n will be equal 
to 1 (here we are actually describing a vacuum). In contrast, if a material 
has strong absorption over a large wavelength range (for example, a semi-
conductor), it will have a high refractive index.

2.3 laMBertIan scatterIng

The interaction of light with materials structured on the scale of the wave-
length is well understood only for a few limited cases, so we restrict the 
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FIgure 2.2
Plots of the real and imaginary parts of (a) ε and (b) n and k for a one-resonator system.
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discussion here to isotropic scattering and, in the next sections, peri-
odic structures and single particles. For more general structures, work 
to date has been largely empirical, although since computing power is 
now becoming available to calculate the behavior of such systems, we can 
expect progress to accelerate.

The benchmark for light trapping in solar cells is the Lambertian case, 
which assumes lossless, isotropic scattering of light. Isotropic scattering 
leads to a radiance (intensity per unit solid angle) that varies as cos(θ). For 
a solar cell with refractive index n with a Lambertian front surface, at each 
scattering event, a fraction 1/n2 is scattered out of the solar cell into the 
air. Without a rear reflector, this leads to an average path length for light 
within the solar cell of 2n2W, where W is the thickness of the solar cell. That 
is, the path length is enhanced by a factor of 2n2, compared to a single pass 
across the device. The factor of 2 is due to the oblique propagation of light 
across the device. If the solar cell also has an ideal rear reflector, the path 
length enhancement is increased to 4n2. The derivation of the path length 
enhancement for Lambertian light trapping is readily available elsewhere, 
so it is not repeated here (Yablonovitch 1982; Green 1995).

The exact fraction of light that is coupled out for a real scattering struc-
ture will depend on the details of the structure, but we can expect that 
for a strongly scattering semiconductor structure the coupled out frac-
tion will be small (though this does not mean it is negligible!). The reason 
for the small fraction of out-coupled light is the high refractive index, or 
equivalently, the high polarizability, of semiconductor materials. This can 
be understood through the use of a simple analogy. Imagine you are stand-
ing on a large plate of jelly (or Jell-O, if you are American), and jumping 
gently up and down. You can immediately see that most of your energy 
will be going into making the jelly move, and that only a small fraction 
will go into making the air move. The reason for this is the high polariz-
ability of the jelly; i.e., it takes much more force to make jelly move than 
to make air move.

An alternative way of thinking about Lambertian light trapping, which is 
particularly useful for wavelength-scale structures, uses the concept of opti-
cal mode density. An optical mode is characterized by a frequency, ω, and 
an in-plane wavevector, kx. For thick substrates such as wafers that are many 
wavelengths thick, kx can take on a continuously varying range of values 
and there is a continuous distribution of modes, as illustrated in Figure 2.3a. 
For isotropic (Lambertian) radiation and for thick substrates with refractive 
index n, the density of optical modes is given by Boyd, 1983.
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We can see from Equation 2.12 that the density of modes is much higher 
in a semiconductor than in air. Isotropic light scattering distributes light 
equally among all the optical modes available. There are more optical modes 
available in the semiconductor than the air, so more light is scattered into 
the semiconductor. The absorption in the semiconductor is enhanced by 
a factor proportional to n2 rather than n3 because of the reduced speed of 
propagation of light in the semiconductor (Brendel 2003).

For very thin solar cells with a thickness comparable to the wave-
length of light, light that is transmitted into the semiconductor inter-
feres with itself, either constructively or destructively, depending on the 
path length across the device. As a result, only certain values of kx are 
possible for propagating waves. These values of kx correspond to certain 
effective angles of propagation, as illustrated in Figure 2.3b, although 
strictly for such a thin layer we should imagine light as a field rather than 
as a ray. Thus, the solar cell acts as a waveguide along which only cer-
tain modes may propagate, and the number of optical modes is reduced 
compared to the case for a thick substrate. Because of this reduction 
in optical mode density within the semiconductor, the fraction of light 
coupled into the solar cell is reduced under isotropic scattering; i.e., the 
effectiveness of Lambertian light trapping is reduced for very thin solar 
cells (Stuart and Hall 1997). This reduction is not very severe for silicon 
and other high-index semiconductors. For example, for a structure sup-
porting three modes (corresponding to a 165 nm thick silicon film on 
glass, for 1,000 nm wavelength light), the path length enhancement is 

(a) (b)

FIgure 2.3
A schematic illustration of the photonic modes in (a) a thick substrate and (b) a thin 
(waveguiding) layer. In a thick substrate there is a continuous distribution of modes while 
in a thin layer only a few modes can propagate.
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already within 25% of the Lambertian limit valid for thick structures. 
However, for organic materials or other nanoengineered materials that 
have a lower refractive index and which also tend to be very thin, the 
reduction in optical modes available could have a significant effect. For 
a 200-nm thick solar cell with refractive index of 2 deposited on glass, 
the maximum path length enhancement for a 800-nm light will only be 
about half that of the Lambertian limit for thick structures.

2.4 PerIodIc PhotonIc structures

Periodic structures have interesting optical properties and can provide 
very effective light trapping and antireflection. Aside from the idealized 
Lambertian case, periodic structures are the only other case of large-scale 
structure for which the optical properties can be calculated relatively eas-
ily at present. As such, periodic structures are both important in and of 
themselves and a way to start understanding more complicated aperiodic 
structures.

There are three main types of periodic photonic structures that have 
been used to enhance the efficiency of solar cells: diffraction gratings, 
Bragg stacks (also called 1D photonic crystals), and 3D photonic crys-
tals. Some of the properties of the three types of structures are illustrated 
in Figure 2.4. Diffraction gratings can trap light in the x-direction (for 
groove-type gratings) or in the x- and y-directions (for pillar-type grat-
ings). Bragg stacks are relatively simple to fabricate and can give very high 
reflectance, but this is limited to a relatively narrow range of incident 
angles. Three-dimensional photonic crystals can give very high reflectance 
for the full range of incident angles but require a more complicated fab-
rication process. These properties of periodic photonic structures occur 
over a particular wavelength range; the wavelength range can be either 
broad or narrow, depending on the design of the structure. Periodic pho-
tonic structures are also responsible for the brilliant colors of butterfly 
wings and opals (http://www.webexhibits.org/causesofcolor/).

To understand the behavior of these photonic structures, it is useful to 
look at the optical modes that can propagate within them. We consider the 
Bragg stack first, since it is the simplest case.

When light is incident on a periodic photonic structure, it interferes with 
itself to create standing waves. There are only certain types of standing 
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waves that are possible, and these are known as the modes of the struc-
ture. For example, for the two modes illustrated in the periodic structure 
in Figure 2.5a, either the nodes or the antinodes of the standing wave 
are in the high-index region (Joannopoulos et al. 1995). This leads to two 
types of modes with two different frequency ranges. Between these two 
frequency ranges is a photonic bandgap, where light interferes destruc-
tively with itself and hence cannot propagate through the material. Thus, 
photonic crystals are highly reflective within the photonic bandgap. For 
a 1D photonic crystal, or Bragg stack, this high reflectivity only occurs 
for near-normal angles of incidence, but for 3D photonic crystals it can 
occur for all angles of incidence. The optical behavior of photonic crys-
tals is related to the electronic band structure of semiconductors such as 
silicon. In semiconductors the wavefunctions of the electrons interfere to 
give energies at which electrons may travel through the semiconductor 
and energies at which they may not (the electronic bandgap).

(d)(c)

(a)

θ21
θ22

θ11

(b)

y

x

y

x

FIgure 2.4
(a) Rectangular groove diffraction grating. (b) Bragg stack. (c) Pillar diffraction grating. 
(d) 3D photonic crystal.
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The propagation of light within photonic crystals and the propagation 
of light in diffraction gratings are also closely related. Diffraction gratings 
can form a very effective structure for trapping light within solar cells, as 
well as leading to a great deal of insight into the optimization of light trap-
ping structures. We will first discuss the angles at which light is diffracted 
and the constraints this places on the optimum period of the grating. This 
will be followed by a discussion of how the fraction of light coupled into 
the solar cell can be maximized and how this is related to the modes of a 
photonic crystal.

Figure 2.4a shows an example of the type of grating under consider-
ation. The light is normally incident from a material with refractive index 
n1 and enters a material with refractive index n2. Diffracted reflected and 
transmitted light is present in regions 1 and 2 with diffracted angles θ1m 

and θ2m, respectively, where m is an integer. The diffracted angles are given 
by the well-known grating equation for normally incident light:

 n n m
Lm m1 1 2 2sin sinθ θ λ= =  (2.13)

where L is the diffraction grating period. At these diffracted angles the 
wavefronts incident on each period of the grating interfere constructively 
because their path difference is an integral multiple of the wavelength. 
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FIgure 2.5
(a) Standing waves within a 1D photonic crystal. (b) The x-component of the electric field 
for modes within a rectangular groove diffraction grating for a period of 650 nm and 
wavelength of 1,000 nm. (After Catchpole, K. R., “A Conceptual Model of the Diffuse 
Transmittance of Lamellar Diffraction Gratings on Solar Cells,” J. Appl. Phys. 102 [2007]: 
013102.) The gray region is silicon and the white region is air.
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Equation 2.13 can be rearranged to give an expression for the in-plane 
wavevector of the diffracted wave. So in region 2, for example, we have

 k n m
Lx m= =2 22

2
π
λ

θ πsin  (2.14)

Thus, another way of thinking of the action of a grating is that it can 
change the in-plane wavevector of incident light by an integral multiple of 
2π / L . The quantity ( / )ˆ2π L x  is known as the grating vector, where x̂  is 
the unit vector in the x-direction.

From Equation 2.13, we can see that light that is diffracted into a semi-
conductor layer with refractive index n2 will only be able to escape into 
air (with refractive index n1 1= ) when m Lλ / <1 . This is an important 
condition for the design of a grating on a solar cell because it is desirable 
that diffracted orders are trapped. Note that the above condition does not 
depend on the refractive index of the solar cell material (Eisele et al. 2001). 
We can also see that for λ λ/n L2 < <  there will be diffracted orders that 
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FIgure 2.6
(a) The reflectance of a sinusoidal and a rectangular grating on a silicon substrate, both 
with period 200 nm and height 200 nm, showing the reduced reflectance obtained with 
a sinusoidal profile. In both cases, the reflectance could be reduced further with a low-
index coating. The reflectance of planar silicon is shown for reference. (b) Nanopillars 
etched in silicon. (Reproduced from Inns, D., P. Campbell, et al., “Wafer Surface Charge 
Reversal as a Method of Simplifying Nanosphere Lithography for RIE Texturing of Solar 
Cells,” Adv. Optoelectronics [2007]: 60:32707. With permission.) The cone shape of the pil-
lars contributes to the antireflection effect. Here the feature size is larger, leading to scat-
tering as well as antireflection. On the tops of some of the pillars the silica nanospheres 
used as an etching mask can be seen.
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propagate within the semiconductor but no diffracted orders that propa-
gate in air; i.e., a measurement of the reflectance and transmittance of the 
structure taken in air will show no diffraction, even though light is being 
diffracted within the semiconductor. (This is also an important point for 
scattering structures; measurements taken in air give only limited infor-
mation about the scattering that occurs within the semiconductor [Krc et 
al. 2003; Stiebig et al. 2006]).

The concept of photonic modes within periodic structures is also useful 
for understanding diffraction gratings. In fact, the modes that propagate 
within a rectangular diffraction grating are the same modes that propa-
gate in a 1D photonic crystal. The only difference is that the angle of inci-
dence has changed by 90°. Figure 2.5b shows the modes that can propagate 
within the grating region of a rectangular air/silicon diffraction grating. 
Each mode has an effective refractive index that is related to the fraction of 
the energy of the mode that propagates within the high-index material. In 
Figure 2.5b, mode 0 has 97% of its energy in the silicon and has an effective 
refractive index of 3.4, close to the value for silicon of 3.7. Mode 2 has 48% of 
its energy in the silicon, and has an effective refractive index of 1.4, between 
that of silicon and air. Normally incident light can couple to both modes 0 
and 2, but not to mode 1, due to its symmetry properties. Because modes 0 
and 2 have different effective refractive indices, the modes propagate at dif-
ferent speeds, and this leads to interference. Transmission through the dif-
fraction grating is maximized when the modes within the grating interfere 
constructively. This means that the ideal height for a rectangular diffraction 
grating can be quite easily calculated (Catchpole 2007). The effective refrac-
tive indices, neff, are solutions of the photonic crystal equation:
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 (2.15)

This is a transcendental equation, but it can be easily evalu-
ated numerically. Here k0 is the wavevector of the incident wave, 
k k nx in in= =0 12sin( ) ( / ) sin( )θ π λ θ  is the x-component of the wavevector 
of the incident wave, and

 k k n n i r gxi i
eff= − =0

2 2 1 2( ( ) ) ; ,/  (2.16)
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are the x-components of the wavevectors in the ridges (r) and grooves 
(g) of the grating, respectively. τ is equal to 1 for transverse-electric (TE) 
polarization and n nr g

2 2/  for transverse-magnetic (TM) polarization, and 
L L Lr g= + . Constructive interference and hence transmission through 
the grating is maximized when the grating height is equal to an odd inte-
gral multiple of

 h
n neff eff

=
−
λ

2 2 0

 (2.17)

This leads to an optimum height for a silicon grating in air of 200 nm. 
The zeroth diffracted order tends to couple most effectively to the grating 
modes when there are few grating modes present. Using this together with 
some impedance-matching considerations (Catchpole 2007) also allows 
us to predict the optimum period for a rectangular grating. For silicon in 
air the optimum period is 650 nm. The method can also be extended to 
rectangular pillar diffraction gratings (Catchpole and Green 2007). For 
pillar diffraction gratings an approximation is made to determine the val-
ues of the effective indices in the grating region since there is no known 
analytical solution for the modes in the grating region.

There have been a number of different types of solar cells fabricated 
incorporating photonic structures. These include blazed gratings (Heine 
and Morf 1995; Morf et al. 1997) and rectangular gratings (Eisele et al. 
2001; Stiebig et al. 2006) as well as a combined grating/Bragg stack (Zeng 
et al. 2006). Blazed gratings have the advantage of an asymmetric struc-
ture, which can reduce out-coupling. Dye-sensitized cells showing absorp-
tion enhancement due to the presence of a photonic crystal have also been 
demonstrated (Nishimura et al. 2003). Fabrication methods include inter-
ference lithography (in which 3D structures such as photonic crystals have 
recently been demonstrated [Jang et al. 2007]), micromolding (Azzaroni et 
al. 2005), and nanoimprinting (Guo 2007; Heijna et al. 2008).

2.5  nanostructures For 
antIreFlectIon coatIngs

Antireflection coatings are an important way of increasing the absorp-
tion in solar cells, since the reflectance of a bare semiconductor substrate 
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is around 30%. Standard antireflection coatings are formed of a single or 
double layer of materials such as Si3N4, TiO2, and MgF2. For a thin film 
of a homogeneous material such as these on a substrate, the incident and 
reflected beams will interfere. If the thin film has a refractive index equal 
to the square root of that of the substrate, and if the film is one-quarter of 
a wavelength thick, the incident and reflected beams will cancel exactly, 
leading to no reflection at that wavelength. Multiple thin films can extend 
the wavelength range over which low reflectance can be achieved. However, 
the use of this approach is limited by the availability of materials with the 
appropriate refractive index.

The lack of suitable materials can be circumvented by the use of optical 
nanostructures. As the period of a grating is reduced, the number of dif-
fracted orders also reduces. For sufficiently small periods the grating can 
act as if it is an effective medium, which only refracts and does not diffract 
the incident light. In this way the refractive index of a nanostructured 
material can be engineered, allowing much greater flexibility in the design 
of antireflection coatings.

For a rectangular grating, such as that described in the previous section, 
there are three conditions that must be met in order for the grating to be 
able to be described as an effective medium (Lalanne and Hutley 2003). 
The first is that only the zeroth diffracted order is present, i.e., the period 
of the grating, L, satisfies

 L
n

< λ  (2.18)

where n is the refractive index of the substrate. This means that the grating 
will only refract rather than diffract the incident light. The second condi-
tion is that there is also only one mode (the zeroth grating mode) present 
in the grating region. If this condition is not met, interference between 
the different grating modes can occur, leading to additional features in 
the reflectance and transmission spectra (Lalanne et al. 2006). The index 
of the effective medium for this rectangular grating will be the effective 
index of the zeroth grating mode as described in the previous section. The 
minimum reflectance occurs at the quarter wavelength condition h = λ/
(4neff). The third condition is that the grating is thick enough that evanes-
cent waves cannot tunnel through the grating, which could be the case for 
grating thicknesses less than a quarter of a wavelength. As described in 
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the previous section, for subwavelength pillar-type gratings (for example, 
a periodic array of nanowires), there is no exact result known for the effec-
tive refractive index of the mode within the grating region. There are a 
number of approximations available that are valid under different condi-
tions (Lalanne and Lemercier 1996; Lalanne and Hutley 2003).

It is important to be careful when using approximations for the effec-
tive refractive index. Many approximations are strictly valid only in the 
long wavelength limit, where the wavelength of light is much larger than 
the period of the structure (Kikuta et al. 1995). This is usually not the case 
for nanostructures fabricated for the visible wavelengths of light, and yet 
effective medium approximations are frequently applied to these cases. 
For accurate results, Maxwell’s equations should be solved for the system 
of interest where this is possible, for example, using rigorous coupled wave 
analysis (Moharam et al. 1995) for grating structures. Software is now 
commercially available to do this.

Reflectance can also be reduced by a nanostructure that leads to a 
gradual change in refractive index between the air and the substrate. An 
example of this is the moth eye structure, which has a period and height 
of around 200 nm with an approximately sinusoidal profile (Figure 2.6). 
Similar structures have also been etched in silicon, leading to very low 
reflectance (Kanamori et al. 1999). The optimum profile for antireflection 
has been determined to be a two-dimensional Klopfenstein taper (Grann 
et al. 1995).

The effective medium approach is an important conceptual tool for under-
standing the optical properties of subwavelength nanostructures. It is impor-
tant to note, however, that the optimal surface structure for most designs of 
solar cells should have both antireflection and scattering properties.

2.6 scatterIng FroM sIngle PartIcles

At the other extreme from diffraction from a periodic array is scattering 
from a single particle. This case is also of interest because it can be calcu-
lated without too much difficulty, and can lead to insights when studying 
more complicated optical structures. The scattering and absorption for a 
single sphere surrounded by an infinite medium were solved by Mie (1908). 
The results can be expressed as scattering and absorption cross-sections, 
Cscat and Cabs. These are defined as the power scattered or absorbed by 
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a particle divided by the incident light intensity, and have units of area. 
Defining the extinction cross-section Cext = Cscat + Cabs, we can interpret 
Cext as the area over which the particle interacts with incident light. For 
particles comparable or smaller than the wavelength, Cext can be much 
larger than the area of the particle. (This may appear to be paradoxical—
see Bohren [1983] for a discussion of how a particle can absorb more than 
the light incident on it.)

It is useful to also define the scattering and absorption cross-sections 
normalized by the projected area of the particle, Qscat and Qabs. For a 
sphere, Q C rscat scat= /π 2  and Q C rabs abs= /π 2 . (These are sometimes 
rather confusingly referred to as scattering and absorption efficiencies, 
which tends to reinforce the erroneous impression that they should have 
a maximum value of 1.) For a particle of dielectric function ε1 that is 
small compared to the wavelength and embedded in a medium with 
dielectric function εm, we can make the quasi-static approximation that 
the electromagnetic field is uniform over the diameter of the particle at 
a given instant in time. This leads to the expressions

 Q Qscat abs=






=  
1

6
2 2

4
2

π
π
λ

α π
λ

α, Im  (2.19)

where α ε ε ε ε= − +3 21 1V m m( )/( )  is the polarizability of the particle with 
volume V. Qscat is proportional to the square of the polarizability because 
scattering can be viewed as a process of absorption followed by reradiation, 
both of which depend linearly on the polarizability. Because of this, larger 
particles scatter relatively more and absorb relatively less than small ones 
(up to the limit of the validity of the quasi-static approximation). We can 
also see from Equation 2.19 the well-known result that scattering increases 
as the wavelength of light decreases, leading to the red color of sunsets as 
blue light is scattered out of the direct beam from the sun.

A variety of calculation methods are available for particles of differ-
ent shapes and sizes (MiePlot; Bohren and Huffman 1983; Mischenko 
et al. 2000). Some methods can also be used for particles on a substrate 
(Mischenko et al. 2004). For other cases it is necessary to use computa-
tionally intensive but flexible techniques such as finite element and finite 
difference methods (Taflove 1995; Volakis et al. 1998). It is important to 
note that results for single particles are likely to be significantly altered 
when interactions with neighboring particles are included. Nevertheless, 
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the study of single particles is useful for obtaining an intuitive under-
standing, which may then be applied to multiparticle systems.

Examples of scattering structures currently used on solar cells are tex-
tured conducting oxides, textured metallic back reflectors, textured glass, 
and diffuse dielectric reflectors such as white paint (Cotter 1998; Krc et al. 
2004; Springer 2005; Keevers et al. 2007). Other novel types of scattering 
structures being investigated include semiconductor nanowires, which 
can show high absorptance (Tsakalakos et al. 2007) and strong scattering 
(Muskens et al. 2008). Approaches for designing optimal scattering struc-
tures are also starting to emerge (Fahr et al. 2008).

2.7 aBsorPtIon and PhotoluMInescence

For designing nanostructured solar cells, it is important to understand the 
relationship between absorption and photoluminescence, their impact on 
cell performance, and the scope for engineering these properties.

It is clearly desirable that a photovoltaic material should be a strong 
absorber. Strong absorbers reduce the amount of material required to make 
a solar cell, and also enable better carrier collection and increased voltages, 
due to decreased recombination. As an example, a strong absorber might 
have an absorption coefficient of 106 cm–1. This leads to an absorption length 
of 10 nm (where the absorption length is defined as 1/α). For comparison, 
the absorption length of Si at a wavelength of 980 nm is 100 μm.

Absorption and photoluminescence are directly related since the absorp-
tivity, A, of a body is equal to its emissivity, E, according to Kirchoff’s 
Law. The absorptivity and emissivity measure how close a body comes to a 
black body with A = E = 1. The luminescence spectrum of a semiconduc-
tor is given by the generalized Planck equation (Wurfel 1982; Smestad and 
Ries 1992):

 L n
h c kT

( ) ( ) ( )
exp[( )/ ]

 



ω ω ω

ω µ
=

− −
Ε 2

1

2
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 (2.20)

where ω  is the energy of the radiation and μ is the chemical potential. 
Here L is the spectral radiance, i.e., the power per unit area per projected 
solid angle per photon energy interval. From Equation 2.20 we can see 
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that although luminescence may seem to be a loss, it is actually desirable 
that a photovoltaic material be highly luminescent. This is because high 
luminescence implies high emissivity (and hence high absorptivity) and 
high chemical potential. Chemical potential is equal to the difference in 
quasi-Fermi levels of electrons and holes and is related to the densities of 
electrons and holes via np n kTi= 2 exp( / )µ , so a high chemical potential 
also implies high carrier densities and hence relatively low nonradiative 
recombination. This leads to high Vocs. For maximum Voc and hence maxi-
mum cell efficiency, the radiative recombination rate should be high com-
pared to other recombination rates. The photoluminescence efficiency is 
defined as the radiative recombination rate divided by the total recombi-
nation rate under open-circuit conditions. High cell efficiencies have been 
achieved with silicon even though the photoluminescence efficiency is not 
high. The photoluminescence efficiency for a 200 μm thick c-Si solar with 
Voc = 630 mV is about 10–4. However, if the photoluminescence efficiency 
were 1, the Voc would be about 850 mV (Smestad and Ries 1992). The effect 
of this can be seen in the Vocs for GaAs solar cells, which are a larger frac-
tion of the bandgap than for Si solar cells.

It is important to note that the radiative recombination rate is depen-
dent on the optical environment. This leads to scope for manipulating the 
local density of optical states to increase the radiative recombination rate, 
for example, using photonic band structures or plasmonic nanostruc-
tures. This approach has been used in light-emitting diodes (Vuckovic et 
al. 2000) and in photoluminescence enhancement (Boroditsky et al. 1999; 
Biteen et al. 2005), and so from the above discussion, may also provide 
benefits in solar cells. However, it would be necessary to develop designs 
that can provide a significant enhancement across the solar spectrum and 
over a sufficiently large region within the device.

2.8 suMMary

To summarize, there is tremendous potential for the improvement of 
the optical properties of solar cells using nanostructures. Since opti-
cal nanostructures are already everywhere, it must be possible to make 
them cheaply. Using optical nanostructures, it is possible to manipulate 
the overall absorption of nanostructured materials and even fundamental 
properties like radiative recombination rates. Because of recent advances 
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in fabrication and modeling, this is a very rapidly developing area of 
photovoltaics.
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3
Photovoltaic Device Physics 
on the Nanoscale

D. König

3.1 IntroductIon

Photovoltaic (PV) device physics on the mesoscopic scale combines quan-
tum effects and ultrafast phenomena over several “units” of the device—
quantum structures (QSs) or absorber-contact combinations—to merge 
into a classical macroscopic device behavior like a conventional p-i-n solar 
cell. Much about the energy band picture of QSs can be learned from their 
inverse counterpart as light-emitting and laser diodes based on superlat-
tices (SLs). Other concepts like the intermediate band (IB) or hot carrier 
(HC) solar cells are in principle macroscopic devices, though they can be 
arguably realized best by QSs. Although hot carrier solar cells are based 
on ultrafast carrier dynamics combining suppressed cooling of generated 
excitons with very fast energy-selective carrier extraction, their device 
physics can be described in large part by classical semiconductor physics.

After a brief historical overview, we will introduce the device struc-
tures of third-generation PV energy conversion principles with respective 
material candidates. For brevity, we shall focus on the most important 
ones, as complete coverage is beyond the scope of this chapter. Section 3.2 
evaluates the electronic and optical properties of PV QSs by investigating 
quantum dot (QD) SLs and their interdependence as a function of spa-
tial and energetic parameters. Their tunable band gap enables them to be 
used in multiple-junction tandem PV cells. Section 3.3 deals with IB solar 
cells and possible implementations via localized and de-localized states 
of the IB. Hot carrier absorbers and solar cells are treated in Section 3.4 
as a somewhat different concept to devices based on quantum confine-
ment (QC), though core-shell nanocrystals (NCs) in a matrix are useful 
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as hot carrier absorbers for phonon confinement. Multiple exciton genera-
tion (MEG) is an alternative process for harnessing the excess energy of 
free carriers above their respective band edges. Solar cell contacts are the 
most important interface to energy extraction, and thus one of the corner-
stones for achieving a maximum conversion efficiency. Section 3.5 evalu-
ates energy-selective contacts (ESCs) required for extracting high-energy 
carriers from hot carrier absorbers, low-loss contacts to QSs, and tandem 
cell interconnects.

Below, we give a brief historical summary of TG-PV, which is still a young 
and fast developing field of research. For single-junction, single-band-gap 
solar cells under nonconcentrated AM 1.5 conditions, the detailed balance 
limit of conversion efficiency is 30% (Shockley and Queisser 1961). In 1980, 
De Vos (1980) calculated the conversion efficiency of an infinite stack of 
tandem PV cells within the detailed balance limit to be 68% under 1 sun 
AM 1.5 conditions. This was closely matched in 1982 by the visionary work 
of Ross and Nozik (1982), who calculated efficiency limits of solar cells 
with the utilization of hot carrier populations, i.e., carrier extraction at 
energies prior to energy loss by phonon emission (thermalization). Their 
efficiency limit of 65% triggered some interest in nonconventional solar 
energy conversion concepts and paved the way to the concept of the hot car-
rier solar cell, which was introduced by Würfel (1997). In 1990, Barnham 
and Duggan (1990) introduced the concept of QWs into the i-layer of a 
AIGaAs p-i-n solar cell. Another concept, the intermediate band solar cell, 
was developed in the mid-1990s by Luque and Martí (1997). Both con-
cepts converge if quantum confinement exists only for one carrier type, 
leading to one miniband within the band gap (Green 2000). Martin Green 
coined the term third-generation PV (TG-PV) for all nonconventional PV 
cell concepts (Green et al. 1999) and defined its goal to reach substantially 
higher conversion efficiencies at low manufacturing costs using abundant 
and environmentally benign materials (Green 2003).

Interest emerged for QD-based absorbers in the late 1990s by prelimi-
nary works of Lee and Tsakalakos (1997) on CdS-based systems and Gal 
et al. (1998), who introduced CdS quantum wires into a CuInS2 i-layer 
and obtained higher short-circuit current densities, fill factors (FFs), and 
conversion efficiencies. Barnham et al. (2000) introduced the concept of 
a spectral QD concentrator based on a luminescent solar collector with 
InP QDs being used as optical downconverters via radiative transitions 
determined by the QD sizes and a quantum efficiency of radiation sig-
nificantly exceeding 100%. The reemitted photons in a narrow spectral 
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range are fed into a conventional solar cell having a band gap just below 
the photon energy, preventing the generation of hot charge carriers by 
high-energy photons that would dissipate their excess energy by phonon 
emission, heating up the solar cell. While this concept applies the tunable 
fundamental transition in QDs to an optical downconverter, it triggered 
research in Si-based QD-SLs due to prospective higher variability of the 
effective band gap, as opposed to QWs (Green et al. 2003). In addition 
to maximum quantum confinement given by structural constraints and 
leading to QDs as 0d systems, materials that have larger conduction and 
valence band offsets further increase the range of effective band gaps to 
higher energies. Combinations of these SLs culminate in the concept of 
the all-Si tandem solar cell (Green et al. 2005), with wide-band-gap matrix 
materials like Si3N4 or SiO2.

3.1.1 device structures

Before we have a look at different device structures of TG-PV cells, we 
briefly evaluate a conventional tandem solar cell as a reference system.

The absorber layer in a conventional solar cell is primarily the so-called 
i-region, which is usually a medium-density doped semiconductor exposed 
to a drift field of a doped or field effect p/n junction. This drift field ensures 
carrier separation. Electrons diffuse to the n+ doped region in order to 
replace electrons that have been collected. Holes diffuse to the p+ doped 
region to recombine with electrons being fed back into the solar cell. The 
tunneling interconnection of the tandem cell will be discussed in Section 
3.5. The drift field establishes a potential difference between the contacts of 
the solar cell. At maximum majority carrier concentration at the respec-
tive contacts, the majority diffusion current to the contacts is compensated 
by the drift of generated carriers back into the i-region and recombination 
losses. The solar cell has a maximum output voltage VOC and no external 
current flow, with a maximum potential difference between the majority 
quasi-Fermi levels EF,n in the n+- and EF,p in the p+-region. Gradients of the 
majority quasi-Fermi level in the respective regions ∂EF,n/∂x|i,n, ∂EF,p/∂x|p,i 
converge to zero and a minimum bending of the band edges EC, EV exists. 
With carriers being extracted from the contacts, a diffusion field is gen-
erated that drives carrier diffusion in order to refill the respective states 
emptied before by carrier extraction. This diffusion field is the cause of 
net carrier flux and works against the drift field implemented by the p/n 
junction. This is straightforward to see as the current in an illuminated 
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solar cell flows against its potential difference between the contacts, which 
manifests the transition of the p/n junction from a passive dipole (resistor) 
to an active dipole (battery). The diffusion field increases with the flux rate 
(current) density of extracted carriers, thus decreasing the drift field—we 
get a higher net current density at a lower potential difference between the 
contacts. Eventually, the diffusion field converges against the drift field, 
resulting in the maximum net carrier flux density at a very small potential 
difference between the contacts of the solar cell, which is the short-cir-
cuit case (cf. Figure 3.1). The product of net current density and potential 
difference between the contacts of the solar cell yields the power that is 
extracted from the device. It has a maximum that is called the maximum 
power point (MPP), the optimum operating condition for a solar cell. The 
major modifications in TG-PV are made to the i-layer and to the contacts, 
the latter being a partial consequence of using modified absorbers.

It is instructive to look at a simple model of the current density-volt-
age (JV) characteristics of a p/n junction solar cell in order to explore the 
macroscopic options we have in increasing conversion efficiency. A very 
detailed discussion can be found in Böer (1992) and Green (1982). The 
JV characteristics of a one-diode solar cell model under illumination are 
described by the dark current density of the p/n junction shifted into the 
fourth JV quadrant by the short-circuit current density SC
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Vbias, kB, and T stand for the bias voltage, the Boltzmann constant, and the 
temperature, respectively. The open-circuit voltage, VOC, is given by the 
Vbias of jSC exactly compensating the forward drift current of the p/n junc-
tion. A is the ideality factor, which describes the recombination behavior 
over the p/n junction and should be close to 1 for minimizing carrier losses. 
For negligible recombination within the depletion layer of the i-region, A 
converges to 1. The saturation current density 0


j  is given by
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FIgure 3.1
Band diagram of a conventional double-junction tandem solar cell with quasi-Fermi lev-
els under illumination at open-circuit conditions (top), at maximum power point (MPP, 
middle), and at short-circuit conditions (bottom). Bending of band edges and quasi-Fermi 
levels increase with decreasing drift field strength, with the increasing diffusion field 
driving electrons/holes to the n+/p+-region. Extracted carriers perturb the equilibrium, 
with carriers from the i-region diffusing to the contacts for reestablishing the equilibrium 
situation, which is reached only at open-circuit conditions (zero net current).
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where n, p, τn, τp, and Ldiff stand for the electron and hole densities, the elec-
tron and hole lifetimes, and the diffusion length, respectively. Equation 
3.2 considers the behavior of minorities—electrons in the p-region, holes 
in the n-region—and thereby constitutes an intrinsic recombination cur-
rent density of minority carriers that results in carrier loss. We obtain a 
minimum of 0


j  for possibly small minority carrier densities (high doping 

levels), long minority carrier lifetimes (low defect density), and a short 
diffusion length of minority carriers. The latter requires that one highly 
doped region is very thin. Then, Ldiff of the minority carrier type in the 
i-region (in Figure 3.1, these are electrons in the moderately p-doped 
i-region) is big enough to allow for minority carrier diffusion out of the 
depletion layer of the i-region in order to minimize recombination.

The short-circuit current density is given by the product of inpinging 
photon flux, 


Φ , and internal quantum efficiency, ηIQ, as a function of pho-

ton energy, hv, diminished by recombination losses in the bulk and at the 
interfaces of the semiconductor:

 SC IQ bulk

   
 j q h h d d= − − +( ( ) ( ) [ ])Φ ν η ν R R  (3.3)

The recombination rates for the bulk R and the interfaces R|| have to be 
integrated along the recombination path. As an approximation, we assume 
R and R|| to be constant within the respective area, whereby the integra-
tion can be replaced by the product of the recombination rate over the 
corresponding layer thickness.

What can be derived from the above considerations for a maximum 
conversion efficiency? There are two major approaches. The obvious one 
is to minimize recombination losses. This requires a minimum density of 
recombination centers with their energies near the band edges, as evident 
from the Hall-Shockley-Read (HSR) formula (Hall 1952; Shockley and 
Read 1952) (cf. Equation 3.16). The saturation current density is a function 
of the carrier product np n= i

2 , whereby we have to rearrange this equation 
for the respective minority carrier type in the doped regions (cf. Equation 
3.2). The intrinsic carrier density depends on the band gap energy, Egap, as 
n N N E k Ti C V gap B= − /exp( )2 , where NC and NV stand for the effective 
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conduction and valence band density of states (DOS), respectively. For a 
wider band gap, the saturation current density, 0


j , diminishes, resulting 

in an increased VOC. The diode characteristic is enhanced for a decreasing 
ideality factor A, requiring less recombination over the p/n junction. For a 
constant 0


j , VOC decreases with A but is outweighed by an increasing fill 

factor, FF V j V j= /( ) ( )MPP MPP OC SC

 
, so that the conversion efficiency still 

increases. Under illumination, the free carrier product is much bigger than 
the intrinsic carrier density, np n i

2 . As a consequence, the split in quasi-
Fermi levels, EF,n–EF,p, is large (cf. Figure 3.1). Recombination increases 
especially by deep recombination centers, which are located between EF,n 
and EF,p.

Carrier recombination at surfaces and contacts is described by a para-
sitic resistor in parallel (RP) to the ideal solar cell. The ideality factor con-
tains another part of RP given by recombination over the p/n junction and 
at interfaces under dark conditions. A loss in carrier energies occurs at the 
contacts, where current densities reach their maximum and an interface 
has to be penetrated. The latter results in carrier scattering and subse-
quent loss in carrier mobility. This can be compensated by a loss of carrier 
energy (potential) for acceleration into the contact metal. A similar loss 
is incurred by the finite conductivity of the solar cell, given by a carrier 
diffusion gradient and resulting diffusion potential. It increases with the 
diffusion carrier current density and occurs in regions with high diffu-
sion current densities such as highly doped layers between contacts. These 
losses are given by a parasitic resistor in series (RS) to the ideal solar cell. 
The right graph of Figure 3.2 shows the circuit model of a solar cell.

The other option for increasing the conversion efficiency is improving 
the internal quantum efficiency as a function of photon energy, ηIQ(hv), for 
increasing the product 


Φ( ) ( )h hν η νIQ . This is one basic ansatz of TG-PV. If 

ηIQ → 1 over a wider range of hv, more free carriers are generated. Optical 
up- and downconversion by external cell structures go the opposite way by 
increasing 


Φ( )hν  while keeping hv in the range of the band gap, without 

the need to change ηIQ(hv) of the actual solar cell. In order to extend the 
range of ηIQ → 1 to photon energies below the band gap of the nominal 
semiconductor, quantum structures like in Figure 3.3 or an intermediate 
band (IB) within the band gap is introduced for harvesting photons that 
otherwise would not generate free carriers.

The left graph in Figure 3.2 shows some dark and illuminated JV curves 
for A = 1.2, with 0


j , RS, and RP as parameters.
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First, we compare the solar cells with 0 1

j =  pA/cm2 (assuming same band 

gap host material), where one has SC


j = 36  mA/cm2 and negligible parasitic 

resistances, and the other has RS = 1 Ω and Rp = 10 kΩ, but a higher SC


j  

of 40 mA/cm2. This corresponds to a comparison between a mass produc-
tion high-efficiency solar cell and a solar cell that harvests more photons 
at the low-energy end, like the one depicted in Figure 3.3. The latter has a 
number of extra interfaces due to the QW-SL and was therefore deteriorated 
with a significant parasitic resistance, which can be seen in the lower fill fac-
tor. Still, the QS-SL cell arrives at a higher efficiency. Figure 3.2 shows that 
scattering losses can be overcompensated by exciton generation a few kBT 
below the band gap of the host semiconductor with subsequent thermionic 
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FIgure 3.2
Dark and active JV curves of a single-junction solar cell with different 


j0 , RS, and RP 

(left). Ideality factor is A = 1.2 for all PV cells. Symbols show respective MPPs. The table 
lists the remaining parameters. The solar cell circuit is shown on the right.
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carrier emission, resulting in an overall increase conversion efficiency. With 
an IB-SC, a bigger band gap can be used, with the IB providing the base for 
converting an appreciable part of photons with energies significantly below 
the band gap; see top graph of Figure 3.8. We consider two cases with a very 
low dark saturation current density of 0 1


j =  fA/cm2, accounting for the 

wider band gap like discussed above, and significant parasitic resistances, 
accounting for increased interface and defect scattering. One of them has 

SC


j = 36  mA/cm2 as the high-efficiency solar cell, and the other has SC


j = 40  

mA/cm2, as shown for cells 3 and 4 in the left graph of Figure 3.2. Owing to 
the low value for 0


j  due to a bigger Egap, efficiencies are much higher, while 

the extra bit of short-circuit current density can be delivered by the upcon-
version process via the IB. A larger band gap increases VOC if 0


j  decreases. 

With the above considerations about the free carrier product np n= i
2  under 

dark conditions, the ratio of minority carrier diffusion length to minority 
carrier lifetime emerges as the other main parameter. This is important in 
the context of a possible introduction of scattering and recombination cen-
ters by multiple interfaces or IB states. While these are likely to increase 
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FIgure 3.3
Band diagram of an illuminated solar cell with a QW-SL inserted into its i-region. 
(Based on Barnham, K. W. J., and Duggan, D., “A New Approach to High-Efficiency 
Multi-Band-Gap Solar Cells,” J. Appl. Phys. 67 [1990]: 3490–93.) Apart from free carriers 
generated within the barrier material (hv1), excitons confined to QWs can be generated 
at different excitation levels at lower photon energies (hv2, hv3). Quasi-elastic carrier-
carrier scattering can excite carriers to an elevated energy level or even lead to carrier 
escape from the QW. At elevated QW levels, phonon absorption leads to thermionic 
emission from the QW.
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and thereby diminish VOC in addition to the parasitic resistances, a noncon-
tinuous introduction of IB states as discussed in Section 3.3.3 may relieve 
the situation at the cost of loss in short-circuit current density, as given by 
solar cell 3 in Figure 3.2.

QS-SLs are very attractive due to their band gap varying with their spa-
tial dimensions. Alternatively, if the barrier height is rather low, as in III-V 
SLs, low-energy photons or even phonons can be exploited for reexcit-
ing carriers (dissociating exitons) generated within the QSs onto the band 
edges of the barrier material. The former process bears close resemblance 
to an IB solar cell, though in a type I SL (cf. Figure 3.3) there would be 
two IBs given by the confinement of electrons and holes. The thermionic 
dissociation of confined excitons by phonon absorption is very attrac-
tive for thermophotovoltaics (TPV), where a massive phonon population 
is provided by a heat source. Phonon absorption by confined excitons 
results in a cooling of the absorber, which then works as a heat sink, and 
additional free carriers on the band edges of the wider-band-gap material 
(barrier) due to thermal dissociation of confined excitons in the quantum 
structures. While these effects are most pronounced for QD-SLs, the pro-
cessing of QW-SLs is less difficult. Therefore, QW-SLs were of practical 
scientific interest initially. A first modification of the i-layer was discussed 
by Paxman et al. (1993), who developed the concept of inserting a AlGaAs/
GaAs QW-SL as shown in Figure 3.3.

The original idea was to increase the short-circuit current density by 
additional carriers due to sub-band-gap exiton generation within the QWs. 
These excitons would dissociate by thermionic emission or by optical reex-
citation due to low-energy photons, thereby providing additional electrons 
and holes to the carrier diffusion currents. Solar cells with strain-balanced 
growth of AlGaAs/GaAs QW-SLs were investigated experimentally by 
Barnham et al. (1996), who reported on a significant increase in open-
circuit voltage, compared to control samples without a QW-SL, exceeding 
even the value of the best GaAs single-junction device at that time. This is 
a good example of a nominally higher SC


j  combined with a significant RS, 

leading to a lower fill factor, but still maintaining a high value of VOC. The 
JV curve shift between cells 3 and 4 in Figure 3.2 depicts this situation to 
some extent. The issue of thermionic carrier emission from QW-SLs and 
its application to TPV devices was investigated in detail by Ekins-Daukes 
et al. (2003), who showed that an increase of the short-circuit current den-
sity is to be expected with an increasing number of InGaAs QWs of a SL 
included in the GaAs i-region. Recently, Oshima et al. (2008) obtained 
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a 7% increase in the short-circuit current density of GaAs solar cells by 
inserting 20 layers of InAs QDs into N-diluted GaAs, thereby achieving 
strain-compensated growth with virtually no defects in the absorber. The 
increase in short-circuit current density occurred exlusively by the gen-
eration of sub-band-gap excitons in InAs QDs and subsequent thermionic 
emission onto the GaNAs band edges.

Depending on the magnitude of the band offsets, QSs can also be inter-
preted as an intermediate band solar cell. In this device, an asymmetric 
QS-SL creates a miniband at a favorable energy for a two-photon excitation 
from the valence band of the wide-band-gap material (matrix) to the mini-
band of the QS-SL, and from there to the conduction band of the matrix. 
An additional current is supplied by sub-band-gap photons and thereby 
increases the conversion efficiency with an additional carrier flow. This 
approach practically crunches three active PV layers into one and is the 
PV analogue to an optical upconverter where two lower-energy photons 
generate a localized exciton, which subsequently recombines radiatively 
at the band gap of the host matrix, thereby emitting a photon that can be 
reabsorbed by a wide-band-gap active PV layer. The inverse approach is 
optical downconversion, where a high-energy photon generates an exciton 
that then recombines radiatively via a mid-gap defect, emitting two pho-
tons of roughly half the energy of the initial excitation.

3.1.2 Material considerations

There is an extensive range of materials applied to TG-PV devices in 
research. We classify the materials according to the device structures 
they are used for. Large-scale production of TG-PV devices has more 
restrictions, of which the abundance and toxicity of the chemical ele-
ments involved play a major role. Abundant and nontoxic materials were 
declared to be major boundary conditions for an environmentally benign 
large-scale production of TG-PV devices (Green 2003). Table 3.1 lists the 
relevant chemical elements with these properties.

If environmental concerns are ignored, Se, In, Te, and Hg are so scarce 
that a large-scale production is not feasible. These scarce materials are the 
most toxic as well, apart from In. The only element that is relatively abun-
dant and very toxic is As. The restrictions to large-scale production will 
thus affect compounds containing these elements.

In this chapter, we will concentrate on Si as a prominent group IV 
material and on III-V compounds. Generally, the results presented here 
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are transferable to other materials, though specific material properties 
may shift the significance of effects. This will be indicated in the text 
where applicable.

3.2  the Quest For oPtIMuM 
QuantuM structures: oPtIcal 
vs. electronIc ProPertIes

One advantage of a QS-SL introduced into a solar cell is its tunable band 
gap as a function of quantum confinement. While it adds flexibility in 

taBle 3.1

Abundance and Toxicity of Chemical Elements Used in Materials for TG-PV 
Devices

Chem. 
Element

Atomic 
Number

Abundance 
Weight % of 
Earth Crust Toxicity

Used

In For

B  5 0.001 – III-V QS, HCA
C  6 0.02 – IV QS
Al 13 7.7 – III-V QS, HCA
Si 14 26.3 – IV QS, HCA
P 15 0.1 ++ III-V QS, HCA
S 16 0.03 – I-VI, I-III-VI QS
Cu 29 0.005 + I-VI, I-III-VI QS
Zn 30 0.007 + II-VI QS
Ga 31 0.0016 – III-V QS, HCA
Ge 32 1.4 × 10–4 – IV QS
As 33 1.7 × 10–4 +++ III-V QS
Se 34 5 × 10–6 +++ I-VI, I-III-VI QS
Cd 48 2 × 10–5 ++ II-VI, II-III-VI QS
In 49 1 × 10–5 ++ III-V, I-III-VI QS, HCA
Sn 50 2 × 10–4 – IV QS
Sb 51 2 × 10–5 + III-V QS, HCA
Te 52 1 × 10–6 +++ II-VI, I-III-VI QS
Hg 80 8 × 10–6 +++ II-VI QS
Bi 83 2 × 10–5 – III-V, V HCA

Source: Wiberg, N., Lehrbuch der Anorganischen Chemie 101 [in German] (Berlin: De 
Guyter, 1995).

Note: N2 and O2 as nontoxic abundant gases left out for brevity. Numbers and symbols in 
boldface type show where chemical elements are likely to cause problems.
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spectral matching for QS-SL absorbers, compared to bulk-type absorb-
ers, it is a mandatory property for tandem cells based on similar or even 
identical materials, like the all-Si tandem cell (Green et al. 2005). Another 
advantage is the tunable miniband width, which determines the opti-
cal and thermionic transition rates and carrier transport between QSs. 
Unfortunately, the optimum parameters for both phenomena are at the 
different ends of SL parameter space. This section attempts to show the 
options we have and sets out on a quest to find the mutual optimum even-
tually being the best solution for a highly efficient third-generation solar 
cell (TG-SC).

3.2.1 Parameters of Quantum confinement

We briefly focus on quantum confinement of electrons, include the role of 
the barrier for quantum confinement, and investigate the DOS of quan-
tum structures as a function of confinement. Holes can be treated in anal-
ogy, with respective boundary conditions like their effective mass within 
the quantum structure and in the barrier material.

The eigen-energies, Etot,i, of confined carriers in a rectangular potential 
well of width a with finite potential barriers VB can be solved iteratively 
with the following equations (Schiff 1968):

 

ka ka ka E i n

ka

tot itan( ) ( )

cot

= − ∈ +,γ 2 2 2 1for with

(( ) ( )ka ka E i ntot i= − ∈ ,,γ

γ

2 2

2

2for with whereby

== 2 2

2
m V aW

eff B



 (3.4)

k is the 1d momentum, and meff
W  is the effective mass of the confined 

electron within the potential well. With the ka|i known, we can determine 
the eigen-energies:

 

E ka
m ai

i
Wtot
eff

, =
|2 2

22
( )

 (3.5)

The eigen-energies are obtained analytically for VB →∞  by
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 E n
m a

nx W xtot
eff

( )=






2 2
2

2
2π  (3.6)

because the electron wave function does not leak into the potential barri-
ers. For finite barrier heights, the electron wave function penetrates into 
the potential barriers and thus gets delocalized. Evaluating Equation 3.9 
for small values of the transmission probability of the electron wave func-
tion, TT ≤ 10–3, into the barrier and rearranging for the relevant param-
eters, we arrive at

 a m V E n T
qm

B
x

2

2

02 2
eff B tot

T( ( )) ln( )− ≥ −












  (3.7)

where the units for VB, Etot(nx), and meff
B  are given in [eV] and [m0], respec-

tively. Equation 3.7 gives a lower limit for the parameter combination of 
QW extension, relative energy difference to the barrier height, and effec-
tive tunneling mass of the electron for which the case of VB → ∞ deliv-
ers sufficient accuracy. For the transmission probability of the electron 
wave function TT ≤ 5× 10–4 into each barrier, the wave function is ≈99.9% 
confined within the potential well, with an error in confinement energy 
of ε(E) ≈ 10–3 Etot(nx). With these initial conditions, we use the Si/SiO2 
1d confinement system as an example, obtaining VB – Etot(nx) ≥ 0.458 eV 
for a = 20 Å and VB – Etot(nx) ≥ 0.114 eV for a = 40 Å, with m meff

B = .0 3 0  
(König et al. 2007) as the lower limit above which we can use Equation 
3.6. Other systems like GaAs/AlGaAs require much bigger values for 
a because they possess a small effective tunneling mass. The effect of 
quantum confinement decreases ∝ −[ ]meff

B 1  as the barrier gets increas-
ingly transparent to the electron wave function, counteracting electron 
confinement.

Equations 3.4 and 3.5 can be applied to 2d and 3d confinement cases 
by simple superposition due to the orthogonality of the electron wave 
functions, delivering more solutions per energy interval as confine-
ment dimensionality increases. For the case of VB → ∞, superposition 
is expressed the same way. The general case of 3d confinement can then 
be described by
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with Equation 3.6 obtained for 1d confinement. Further symmetry 
breaking of eigen-energies occurs for an anisotropic effective mass, 
m m mx y zeff,

W
eff,
W

eff,
W≠ ≠ , and noncubic QDs, ax ≠ ay ≠ az. The estimate for the 

ε(E) limit for finding out whether the case of VB → ∞ delivers results of 
required accuracy can also be applied to 2d and 3d confinement; only the 
contributions of the different spatial dimensions have to be added in anal-
ogy to Equation 3.8.

The simple 1d confinement case for infinitely high potential walls 
(Equation 3.6) shall be used now for deriving some general parameter rela-
tions of quantum confinement. The change in eigen-energies referring to 
the band edge of the bulk material is related to the extension of the poten-
tial well as E antot,

−∝ 2 , and to the effective carrier mass as E mntot eff
W

,
−∝( ) 1 . 

Some III-V materials like GaAs have very low carrier effective masses that 
shift the onset of quantum confinement to larger nanostructures. Together 
with its direct band gap, GaAs is a very good material for quantum struc-
tures, as it has a very high optical activity with a considerable active vol-
ume while still maintaining quantum confinement.

Another important magnitude for the energetics of quantum confine-
ment is the DOS. Due to reduced dimensionality, the DOS of quantum 
structures experiences considerable changes. Figure 3.4 shows the DOS of 
a free electron in a bulk material together with the DOS of 1d (QW), 2d 
(QW), and 3d (QD) quantum confinement.

Quantum confinement increases from QWs via quantum wires to QDs, 
as evident from Equation 3.8. Hence, tuning of the effective band gap is 
accomplished best by QDs. The lateral DOS decreases with an increasing 
number of confinement directions. This increasingly limits the number 
of allowed optical transitions, and consequently the spectral range and 
intensity of optical absorption. Hence, the lowest carrier generation rate 
by photon absorption occurs at QDs. We can get either good control of 
the effective band gap or a high optical activity over a broad spectrum, 
with the two extrema drifting apart as we go from QW via quantum 
wires to QDs. Coupling of quantum structures through the barriers 
results in a further loss of effective band gap control (cf. top graph in 
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Figure 3.6). However, there are two ways to tackle the somewhat small 
overlap in favorable electronic and optical properties. For III-V SLs, ter-
nary compounds can be prepared such as AlxGa1–xAs. Their electronic 
band gap varies with the ratio of cations (Al/Ga) and thereby can be 
tailored to the desired effective band gap. Very recently, it was shown by 
D’Costa et al. (2009) that the ternary group IV compound Ge1–x–ySixSny 
can be deposited by chemical vapor deposition (CVD) epitaxy as a single 
crystalline layer, whereby the electronic band gap can be tuned between 
0.8 and 1.4 eV. This seminal result adds valuable flexibility to group IV 
compound SLs as only known from III-Vs to date. The other way is the 
broadening of the discrete levels into minibands with high optical activ-
ity, which is most important for QDs, and to some degree also for quan-
tum wires. It can be tuned by the width and height of the barriers in a 
SL (see Section 3.2.2).

While the simple quantum mechanical model introduced here delivers 
valuable insight into the properties of confined structures, it should be 
mentioned that there are additional effects that cannot be treated within 
this formalism, but require density functional theory (DFT) methods 
instead. This refers to interface energetics and local defects like dangling 
bonds or atoms on interstitial or substitutional sites, vacancies, local 
stress, and modification of atomic bonds (König et al. 2008c; Ramos et al. 
2004). The energetics at the interface and the associated charge transfer 
may result in considerable energy shifts of the electron and hole confined 
levels, with quantum confinement being only a perturbation effect below 
a certain size of the quantum structure. This refers in particular to highly 
polar interfaces, such as Si/SiO2 or Si/Si3N4 (König et al. 2008a). Interface 
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k||(QWire)k||(QW)
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FIgure 3.4
Electronic DOS over energy for 1d, 2d, and 3d isotropic confinement. Parabolas describe 
the bulk phase electronic DOS. Right half of the graphs describe DOS for isolated quan-
tum structures with corresponding sets of quantum numbers; left half shows impact of 
inter-quantum structure coupling as in a SL, with minibands on the left. The DOS lateral 
to quantum confinement is shown in grey; the DOS in direction of confinement is shown 
in black.
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energetics has the biggest influence on QDs, as these have the biggest ratio 
of surface to interior atoms and can be exploited for QS-SL interconnects 
in tandem solar cells (see Section 3.5.2). III-V-based SLs are affected only 
to a minor degree, as their interface bonds have a polar nature like that of 
the bonds within the binary compounds. In addition, they can be grown 
epitaxially with strain compensation, and hence have very few defects 
(Oshima et al. 2008).

3.2.2  super lattice (sl) Properties as a Function 
of Quantum confinement

Electron delocalization is achieved by the electron wave function pene-
trating throughout the barrier between adjacent potential wells. This is the 
essential step from isolated quantum structures to a SL. Therefore, a look 
at the mechanism of carrier tunneling through barriers is mandatory. For 
brevity, we consider the 1d case at a rectangular barrier as for a QW-SL 
(see also Figure 3.4).

For QWire- and QW-SLs, the 1d case refers to carrier confinement 
in the direction of carrier transport only (normal to the barriers, ⊥


k

). Carriers can take on any energy above the confined ground level in 
the lateral direction (parallel to the barriers, 


k ). This has major conse-

quences for these SLs, as opposed to QD-SLs. In a QD-SL, there exists a 
complete separation between the minibands as long as they do not over-
lap by easing confinement in any of the directions of confinement, effec-
tively changing the QD-SL toward a QWire- or QW-SL. The complete 
miniband separation allows for a prolonged lifetime of electron-hole 
pairs (excitons), provided the energy of miniband separation is signifi-
cantly bigger than kBT. Then, a interminiband transition requires the 
simultaneous emission of one or even more phonons of both, electron 
and hole, as otherwise the spin selection rules of a transition are not ful-
filled (Kuzmany 1998), with the transition being forbidden.* Because of 
complete miniband separation, QD-SLs are the only solution for IB-SCs 
(see Section 3.3).

Equation 3.9 describes the probability of an electron tunneling through 
a rectangular barrier. Equation 3.10 describes electron tunneling over the 

* In small nanostructures, there is a slight relaxation of selection rules, resulting not in a complete 
blocking, but a suppression of these transitions on the order of 10–3 relative to the intensity of the 
allowed transitions.
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rectangular barrier. The latter case is also important for SL transport prop-
erties due to free carriers being scattered back with a probability 1 – TT (cf. 
Figures 3.5 and 3.6).
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In a detailed 2d and 3d treatment of tunneling, referring to quantum 
wires and QWs, there is a lateral electron momentum 


k  that modifies 
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FIgure 3.5
Logarithm of tunneling probability for QW with symmetric barriers and barrier of same 
thickness without QW, as shown in the right graph. Eigen-energies shown in grey. Barrier 
height is 3.2 eV, dQW = 60 Å, dB = 20 Å.
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TT (Gray 1965). The simple 1d case used here is a good approximation for 
QW-SLs. In principle, the results are also applicable to quantum wire– and 
QD-SLs, though the number of eigen-energies inceases by the increasing 
number of permutations in quantum numbers, as shown in Figure 3.4. 
Tunneling current densities are modified by the product of DOS and 
occupation probabilities on both sides of the barriers, but depend in the 
first place on TT(E) (Schenk and Heiser 1997). Therefore, we evaluate TT 
instead of the tunneling current density. For the latter one, knowledge of 
the DOS and Fermi–Dirac occupation probabilities on both sides of the 
barrier is mandatory, requiring considerations of different materials and 
bias ranges, which is beyond the scope of this chapter.

For confined electrons, Equation 3.9 shows that TT is a function of the 
barrier thickness, T dT B∝ −exp( )2 ; of the barrier height experienced by the 
confined electron (effective barrier height), T V ET B∝ − − − /exp( [ ] )8 1 2 ; and 
the electron effective tunneling mass, T mT eff

B∝ − − /exp( [ ] )8 1 2 . The domi-
nant parameter of TT is the barrier thickness, followed by the barrier 
height and electron effective tunneling mass. The dependence of TT on 
meff

B  is important for barriers with a moderate to high defect density, 

E1

E2

φ2

φ1

Ec

dB

E

FIgure 3.6
Electronic structure of a QW-SL with two confinement levels (top). With shrinking bar-
rier width, originally separated electron wave functions increasingly overlap, forming 
minibands (grey). The second electron eigenfunctions, ϕ2, show how delocalized wave 
functions (Bloch states) emerge from increasing overlap of individual wave functions. 
Broadening of discrete electron eigen-energies into minibands with decreasing barrier 
thickness (bottom). Effective band gap lowered by increasing spread of lowest miniband. 
For vanishing barriers, minibands merge into bulk conduction band.
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allowing for trap-assisted tunneling. This process increases TT, which can 
be pictured by tunneling of a carrier from an allowed state to a trap and a 
carrier tunneling from this trap into an allowed state on the other side of 
the barrier at the same time. Consequently, two carriers tunnel through 
barriers less than dB. The total tunneling process per carrier is thereby split 
into individual processes as a function of the number of traps within the 
tunneling path, whereby the reciprocal total tunneling probability is given 
by the sum of the reciprocal individual events,

 ( ) ( )T T
l

m

lT T
−

=
,

−=∑1

1

1

(Böer 1990), reflecting the simultaneous occurrence of individual tunnel-
ing processes. The maximum of TT is reached for equal partitioning of the 
barrier. This effect can be described to some extent by varying meff

B . If the 
trap DOS over energy is known, it can be used to weight meff

B  as a func-
tion of VB – E for describing the impact of traps within the barrier onto 
tunneling.

The eigen-energies concominant with quantum confinement lead to res-
onant transmission characteristics of the carrier flux if the barriers have a 
finite thickness. On a qualitative base, this is straightforward to see if we 
consider the potential well as a conductor with its discrete eigen-energies 
as preferential transmission states. These constitute the energies with a 
maximum transition probability as they effectively decrease the barrier 
thickness given by the potential well. Figure 3.5 depicts the situation.

In the discussion above it emerged that the penetration of the electron 
wave function into the barrier lowers the eigen-energies of a quantum 
structure by delocalizing the electron. SLs are formed by the periodic 
arrangement of many identical quantum structures. These behave like 
isolated quantum structures only if the barriers are thick enough to pre-
vent even a small overlap of the electron wave functions confined in two 
adjacent potential wells. With decreasing barrier thickness, TT increases, 
so that resonant tunneling due to the presence of eigen-energies becomes 
appreciable. For thin barriers, eigen-energies spread into minibands as 
shown in the top graph of Figure 3.6.
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In a real SL, a deviation in barrier thickness, in the extension of the 
confining potential well and in meff

B , exists. The latter is a consequence 
of the trap density within the barrier changing over energy and spatial 
position. Local stress is another parameter that modifies the dispersion of 
the electronic bands in reciprocal space, E k( )


, that modifies the electron 

effective tunneling mass via m E keff = / ∂ / ∂
2 2 2( ) . Processing tolerances 

induce deviations in spatial dimensions, modifying both tunneling prob-
ability and quantum confinement. The latter dominates the electronic 
behavior until the thickness ratio of barriers to confining potential well 
is ≤ 1/5 to 1/10.

The deviations discussed above shall be illustrated by an example con-
sisting of Si QWs in SiO2. We first consider a single QW, then go to ten 
QWs, accounting for a QW-SL. The results of Figure 3.7 can serve as a 
qualitative guide for other combinations of QW and barrier materials. A 
normal distribution was assumed around a nominal value, with a limit 
of ±6σ, where σ stands for the standard deviation. Any value outside 
these limits was assigned to the nominal value. From the top graphs of 
Figure 3.7 we see that the change in barrier thickness dB does not modify 
TT as heavily as discussed above. This is due to its rather large value, given 
the barrier height of VB = 3.2 eV. The QW thickness has a much bigger 
influence on the broadening of the minibands as it sets the energy values 
for resonant transport. The electron effective tunneling mass also has a 
much bigger influence on TT than dB. A closer look reveals that the tunnel-
ing events with minimum values of both dB and meff

B  are responsible for 
further broadening of the resonance. In a practical QW structure, these 
regions with minimum barrier thickness and lower meff

B  are the dominant 
paths for tunneling currents, inducing an appreciable lateral carrier flux.

In quantum wire and especially in QD-SLs, miniband broadening 
would not be as strong as for a QW-SL. On the other hand, there are more 
minibands with the dimensions of quantum confinement increasing as 
the single quantum number of a QW is replaced by doublets for quantum 
wires and triplets for QDs. This may lead to a miniband overlap, although 
electron localization is stronger than in a QW (cf. Figure 3.4).

Tunneling is the dominant but not the only transport process in QS-SLs. 
In particular for QS-SLs with an appreciable density of traps in the barrier 
material, thermal hopping exists. The current density for thermally acti-
vated hopping around T = 300 K can be described by (Sze 1967)
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FIgure 3.7
(a) TT for one Si QW in SiO2 with normal distributed uncertainty margin ∆. Average 
values and standard deviation σ(TT) obtained by one thousand runs and shown together 
with exact (zero deviation) solution for comparison. Top graph includes a ∆ on m nT,

∗

(SiO2) accounting for local deviation in defect state density. Single QW with same param-
eters, but bigger ∆ (b, top left). Normal distribution ensemble for ∆ limited by assigning 
all values beyond ∆ = 6σ(TT) to zero, corresponding to nominal value (b, bottom left). Ten 
QWs forming a SL with double QW size and ∆ referring to single QWs. While single QWs 
show a more energy-selective behavior, these SLs yield information about optical and 
electronic transport properties as a function of deviation in spatial sizes and meff

B .
Continued
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 tah
A B

A B

act

B

 
j

G F
d

E
k T

= −




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where G0 is the nominal conductance between traps A and B without hop-
ping barrier, with an intertrap distance dA –B and concominant electrostatic 
field A–B


F . The trap activation energy Eact presents the effective hopping 

barrier. The field can be interpreted as a local diffusion pressure subject 
to the charge state of the traps considered. With a net current throughout 
the device, a global diffusion field exists that results in directed thermally 
assisted hopping via the local field vector aligning to the diffusion field, 

A–B diff
 
F F↑↑ . For barrier heights less than VB ≈ 15 kBT, thermionic emis-
sion begins to modify transport properties. The thermionic emission cur-
rent is given by Sze (1981) and Böer (1992)
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with the effective Richardson constant

log[TT] log[σ(TT)] TT, no variance
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 A qm k
R

eff
B

B=
2

2 32π 

The second exponential function describes the local field 

F , which acts 

upon the emitted electron, whereby it joins the local flow of free carriers. 
The relative dielectric constant of the potential well is given by εW, and ε0 
stands for the dielectric constant in vacuum.

At thick barriers, thermionic emission current densities become more 
dominant, as they are not a function of dB in contrast to TT. Thermionic 
emission is exploited in QW-SLs as a means to excite confined free carriers 
onto the band edges of the barrier material (cf. Figure 3.3), where they join 
the carrier diffusion current of the solar cell. The coefficients in Equations 
3.11 and 3.12 show that thermally assisted hopping is proportional to the 
electrostatic field divided by intertrap distance, while the thermionic 
emission depends quadratically on the temperature. For high carrier dif-
fusion currents, the ratio of tah


j  to te


j  will increase by the increased dif-

fusion field. For a hot carrier population at a barrier, as in a NC-HC solar 
cell (cf. Section 3.4.5), the elevated carrier temperature results in a strong 
increase of te


j .

3.3 InterMedIate Band (IB) aBsorBers

Solar cells can increase the energy range in which free carriers can be 
generated by electronic states within the actual band gap (Wolf 1960). 
The resulting impurity photovoltaic (IPV) effect was discussed by Güttler 
and Queisser (1970), who found it to be detrimental to a Si absorber as 
recombination outweighs the gain in photocurrent, though they did 
not rule out a gain in conversion efficiency for wider-band-gap materi-
als such as CdS. The topic was revived in the 1990s (Keevers and Green 
1994), triggering a debate about the benefit of the IPV effect implemented 
by deep impurities for solar cell efficiency (Schmeits and Mani 1999; 
Karazhanov 2001).

The intermediate band (IB) solar cell supplies a miniband within the 
band gap of the host material by quantum structure (QS)-SLs and was 
introduced by Luque and Martí (1997), who showed that the theoretical 
efficiency limit of an IB-SC is 63.1% under ideal conditions. Experimental 
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confirmation of electron-hole generation by a two-photon absorption 
process via an IB was reported once more by Martí et al. (2006), although 
at a low rate.

3.3.1 working Principle

The IB replaces the impurity level and works as an electronic upcon-
verter. Sub-band-gap photons can excite electrons from the valence band 
to the IB and from there to the conduction band. This process competes 
with recombination, which proceeds the opposite way. The top graph of 
Figure 3.8 shows the band diagram of an IB-SC with the IB implemented 
by a QD-SL, as proposed by Green (2000).

A review of IB-SC devices based on GaAs/InAs QD-SLs has been pub-
lished by Martí et al. (2008). We focus on the device operation of IB-SCs, 
building upon Martí’s work and adding complementary aspects.

As in a conventional solar cell, there is the optical generation with its 
rate GV

C  and the carrier recombination as the reverse process with its rate 
RV

C  between the band edges of the wide-band-gap absorber. The circuit 
model of the IB-SC in Figure 3.8 shows additional parasitic resistances 
that account for carrier recombination [RP (V,C)] and potential loss for 
diffusion transport to and carrier collection at the contacts (RS[(V,C)]) (cf. 
Section 3.1.1). The electronic transitions involving the IB can be split into 
two PV subdevices, with their parasitic shunt conductances per unit area, 
◽G, and current density sources. The latter can be described by

    
G

G

j IB C q h d dz q

d

h

h

IB
C

IB

IB
C

V
IB

( ) ( ), = − ≅−∫ ∫
0 ν

ν

ν ν GG dIB for transition IB C→  (3.13)

and

 
G

G G

j V IB q h d dz q

d

h

h

V
IB

IB

V
IB

V
C

( ) ( ), = − ≅−∫ ∫
0 ν

ν

ν ν ddIB for transition VB IB→

G( ) ( ) ( )h h hz IQν ν η ν= −∇

Φ  stands for the optical generation rate, with 

∇z h

Φ( )ν  as the divergence of the photon flux throughout the IB region 
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FIgure 3.8
Band diagram of an IB-SC under illumination and VOC conditions. (Top: Based on Luque, 
A., and Martí, A., “Increasing the Efficiency of Ideal Solar Cells by Photon Induced 
Transitions at Intermediate Levels,” Phys. Rev. Lett. 78 [1997]: 5014–17, and Green, M. 
A., “Potential for Low Dimensional Structures in Photovoltaics.” Mater. Sci. Eng. B 74 
[2000]: 118–24.) The three different optical transitions, h h hν ν νV

IB
IB
C

V
C, , , are shown with 

the respective emission (generation) rates G and capture (recombination) rates R. Circuit 
model of the IB-SC with parasitic conductances presenting carrier loss mechanisms under 
illumination. (Bottom: Based on Martí, A., Antolín, E., Cánovas, E., López, N., Linares, 
P. G., Luque, A., et al., “Elements of Design and Analysis of Quantum-Dot Intermediate 
Band Solar Cells,” Thin Solid Films 516 [2008]: 6716–22.)
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and ηIQ(hv) as the internal quantum efficiency (probability for generating 
an electron-hole pair per photon); hv is the photon energy; and q is the 
elementary charge. The negative signs in Equation 3.13 indicate that elec-
trons flow against the recombination current, as is the case in a bias (drift) 
field of the p/n junction under dark conditions (cf. Section 3.1.1). The inte-
gration range of the photon energies is given by the absorption onset of 
the respective transition and the absorption onset of the transition with 
the next higher energy. In our case (cf. band diagram in Figure 3.8), the 
transition from the IB to the conduction band has the lowest energy and 
is integrated from its own minimum transition energy to the onset of the 
transition from the valence band to the IB. The latter, in return, is inte-
grated from its own onset to the onset of the transition from the valence 
band to the conduction band. The absorption extends into the valence and 
conduction band away from the band edges and also over the occupied 
and unoccupied DOS of the IB until the transition energy is reached for 
the higher-energy process. The dispersion of the IB over energy is rather 
small, so that this effect occurs to a major degree in the main bands of the 
absorber. A small energetic dispersion of the IB prevents significant energy 
loss of carriers excited to the IB, as the energy range for carrier relaxation 
within the IB is then very limited. In our considerations, we neglect energy 
losses by carrier relaxation within the IB. The integration over the region 
where the IB is implemented, dIB, in transport direction z accounts for the 
spatial variation of G for the respective transition. Assuming a constant 
(average) optical generation rate for the respective transition throughout 
the IB region, the integral over dIB can be replaced by the product of aver-
age optical generation rate and length of the IB region as shown in the 
rightmost terms in Equation 3.13.

The shunt conductivities per square, ◽G, present the inverse process to 
the excitations and thereby describe trapping (C → IB) and recombination 
(IB → V) losses. Their description requires the carrier capture/recombina-
tion rates, RIB

C  and RV
IB , to be known. The shunt conductivities per square 

can be described by

 G q
E

dz q
E

d
d

IB
C

IB
C IB

C

IB
C IB

C
IB

IB

= ≅∫
2

0

2

R R  (3.14)

and
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 G q
E
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E

d
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V
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V
IB V
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V
IB V

IB
IB

IB
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2

0

2

R R

The transition energies between the IB and the conduction band and 
between the valence band and the IB are given by EIB

C  and EV
IB , respec-

tively. Again, the integration over the IB region can be replaced by mul-
tiplication with dIB if we assume an average rate for the carrier capture/
recombination rates, IB

C
R , V

IB
R . Integration of trapping/recombination 

rates over energy, as for the optical generation rates (cf. Equation 3.13), is 
not carried out as complete electron cooling to the respective band edge 
is assumed prior to recombination. The respective shunts are given by the 
inverse product of the shunt conductivities and the area A considered, R 
= 1/(◽G A).

The losses over the shunts per square, GIB
C  and GV

IB , can be different 
so that 

G G

 
j j( ) ( )IB,C V,IB=  does not necessarily hold as suggested by the 

series connection of the current sources (cf. Figure 3.8). However, the two-
step generation current density via the IB is determined by the smaller 
current density as a consequence of the series connection. There is an 
interdependence of 

G


j ( )IB,C  and 

G


j ( )V,IB  as a function of the IB occu-

pation probability. In steady state, the differences of the respective current 
density and its recombination current density 

R


j a b G E qa

b
a
b( )  , = /  over 

the entire IB are equal, arriving at the balance equation for the valence 
band–IB–conduction band current densities:
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dz  (3.15)

The implementation of an IB rules out quantum wire– and QW-SLs as 
they possess one and two dimensions, respectively, where no confine-
ment exists. Consequently, the DOSs in the directions without confine-
ment are continuous (cf. Figure 3.4), what connects the IB with one of the 
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two main bands. Therefore, QD-SLs are the only way to introduce an IB 
with QS-SLs. Indeed, all IB-SCs that have been prepared so far employed 
QD-SLs (Martí et al. 2008).

3.3.2 energetic Position of the Intermediate Band

Obviously, the energetic position of the IB has a great influence on the two-
step carrier generation process. We will have a brief look into recombina-
tion before we look at spectral matching of the solar photon flux, 


Φ( )hν , 

to the optical generation rates, G (hv). Then, we investigate the optimum 
energetic position of the IB.

In nondegenerate semiconductors like in the i-region of an absorber with 
an IB, the main contribution to carrier recombination occurs via defect-
assisted transitions, which can be described by the Hall–Shockley–Read 
recombination rate (Hall 1952; Shockley and Read 1952):

 RHSR
F,i

B

= −

+ 



( )+ +−

n p n

n n p n
i

p i
E E

k T n i
t

2

τ τexp eexp E E
k T
F,i t

B

−



( )  (3.16)

whereby Et and EF,i stand for the energy of the trap level and the Fermi 
energy of the undoped (intrinsic) wide-band-gap semiconductor, and τp 
and τn are the lifetimes of holes and electrons. For the IB-SC, Et has to be 
replaced by the energy of the IB EIB. Assuming constant carrier densities 
and lifetimes, RHSR increases for EIB approaching the intrinsic Fermi level, 
with its maximum at EIB = EF,i. Therefore, the IB should be possibly near 
to one of the band edges.

A midgap position of the IB is also not beneficial for optical carrier gen-
eration. It results in no optical carrier generation for photons with ener-
gies hv < Egap/2 and a split of 


Φ (hv ≥ Egap/2) into both transitions V → 

IB and IB → C. The latter decreases the internal quantum efficiency by 
50%, as one photon with hv ≥ Egap/2 can excite an electron either from the 
valence band to the IB or from the IB to the conduction band. The other 
extreme is having the IB possibly near to one of the band edges, as is ideal 
for a minimum RHSR. This would correspond to a conventional solar cell 
with a shallow dopant density so high that the majority carrier Fermi level 
is equal to the dopant energy. At such a shallow IB, the high-energy tran-
sition is only a few kBT below Egap, whereby this small energy margin is 
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also the spectral energy range absorbed exclusively by the higher-energy 
transition of the IB.

In order to find the optimum position of the IB within the band gap, we 
investigate the interdependence of the respective trapping/recombination 
rates. From Figure 3.8 we see that the recombination process via the IB 
is a serial process, with the shunt resistance R R RV

C
V
IB

IB
C= + . In the above 

discussion we stated that the shunt is related to the shunt conductivity per 
square, R = 1/(◽G A). With Equation 3.14, R RV

C
HSR= , and E EV

C
gap= , we 

can derive a relation of the recombination rates,
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from which we eventually obtain
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 (3.17)

Equation 3.17 does not provide us with a closed solution as long as we do 
not know either V

IB
R  or IB

C
R . However, the weighting with the energy 

ratio shows that the total recombination rate, HSRR , is more sensitive to 
the recombination rate over the IB transition with the higher energy. This 
recombination rate—in our case V

IB
R —is weighted in the denominator 

with the smaller ratio of transition energies. Thus, the minimization of 
the recombination rate with the higher energy is the most effective way to 
suppress recombination losses over the entire band gap via the IB.

With the assumption of a high carrier mobility within the IB, we can 
find the optimum position of the IB by matching the photon flux as a 
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function of photon energy to the optical generation rate for the respec-
tive transition. The high mobility is assumed to provide a nearly constant 
carrier density within the IB that yields nearly identical electronic condi-
tions over the IB prior to any transition. We further assume that the gen-
eration rates and trapping/recombination rates over the IB are constant, 
though this is a rather crude approximation due to 


Φ( )hν  diminishing 

with increasing penetration depth. The average values R  and G  can be 
replaced by the integration over the IB region for more accurate results. 
With G ( ) [ ( ) ( )] ( )h h h d h dν ν ν η ν= , − , /

 
Φ Φ0 IB IQ IB  and the assumptions 

mentioned above, Equation 3.15 takes the form
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Further evaluation requires the explicit use of material parameters and is 
therefore not treated in more detail. The only publication about a work-
ing IB-SC device did not show an appreciable increase in conversion effi-
ciency over its reference sample (Martí et al. 2006). Cuadra et al. (2004) 
investigated the ratio of transition energies under the constraints of the 
solar photon flux within the framework of a thermodynamic model. All 
trapping/recombination processes were assumed to be radiative, with 
complete reabsorption of the resulting photons and consequential regen-
eration of carriers. This assumption appears to be somewhat far from 
reality. Nonradiative dominates over radiative recombination and is a sig-
nificant loss mechanism in high-efficiency solar cells. Radiation efficien-
cies of these cells have been reported to be around 1% (Green et al. 2004). 
Cuadra and coworkers (2004) included the energetic overlap of absorp-
tion for the different transitions that were assumed herein to be zero, as 
in the earlier work of the group (Luque and Martí 1997). They obtained 
EIB

C = .0 77  eV, EV
IB = .1 32  eV, and Egap = 1.99 eV as the optimum transition 

energies, assuming the sun as an ideal blackbody radiator with T = 6,000 
K and a photon flux equivalent to 1,000 suns. Conversion efficiencies were 
found to be around 55% for a spectral overlap of the absorption coefficients 
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of 0.5 eV, a ratio of the absorption coefficients of α α αIB
C

V
IB

V
C: : = : :1 10 100 , 

an IB-SC with an optimum thickness of dIB = 40 μm and a perfect back 
reflector. The absorption coefficients can be related to the photon flux via 
α = / /1 0d dIB IBln[ ( ) ( )]

 
Φ Φ . For the same conditions of photon spectrum, 

photon flux, and spectral overlap, but with α α αIB
C

V
IB

V
C= =  and a result-

ing optimum thickness of dIB = 0.7 μm, the conversion efficiency drops 
to ca. 45%. The concominant increase in energy flux for this drop in effi-
ciency by increased absorption involving the IB shows a typical thermo-
dynamic phenomenon. Ultimate efficiencies are only possible at vanishing 
energy flux. Therefore, the latter case is better for solar energy conversion, 
although the conversion efficiency is lower.

3.3.3  localized vs. delocalized Intermediate 
Band density of states (dos)

In the last section it became clear that recombination losses via the IB are 
an obstacle for high conversion efficiencies of IB-SCs. The task of the IB 
is to harvest sub-band-gap photons for generating additional free carriers 
over the band gap. Carrier transport within the IB is not necessary and 
can increase carrier recombination. This section introduces a different 
concept that minimizes recombination losses: the localized IB.

IBs are implemented by miniband formation in QD-SLs with inter-QD 
coupling in all three dimensions, extending throughout the part of the 
absorber where the QD-SL is located (Martí et al. 2006). A recombina-
tion center has a spherical cross-section for electrons and holes extending 
throughout the QD-SL. This case is shown in the left picture of Figure 3.9, 
which requires some explanation about the presentation. If we consider a 
1d carrier current density along z within the x,z plane, the picture gives 
the right dimensionality of QD rows and recombination cross-sections as 
a function of energy. For the 3d case, we would have to unfold the y direc-
tion as a fourth dimension as the energy of the electronic structure was 
substituted for y in order to depict the situation. This means that one row 
of QDs along x stand for the entire QD array. For the same reason, the 
third spatial dimension of the recombination cross-section is not included. 
It would have the same extension as in the x direction, yielding a round 
sphere for the left picture, and getting increasingly flattened to an ellipsoid 
for decreasing inter-QD array coupling (see below).

© 2010 by Taylor and Francis Group, LLC



Photovoltaic Device Physics on the Nanoscale  •  105

In principle, the 3d continuity of the IB can increase conversion effi-
ciency by transporting carriers to locations of enhanced carrier genera-
tion. However, the second law of thermodynamics renders this effect to 
be outweighed by enhanced recombination as enthropy is produced in 
any realistic (irreversible) thermodynamic process. This is even more the 
case with an appreciable energy flux. Therefore, it would be beneficial to 
split the 3d miniband into sections of 2d minibands in order to limit the 
impact of recombination centers from a spherical to a very flat elliptical 
recombination cross-section (cf. Figure 3.9). For decoupled QD arrays, 
the miniband would still be continuous in 2d, which is required for a 
high optical activity in the two-step carrier generation process. For opti-
cal carrier generation, the QD arrays must be normal to the vector of 
photon flux, 


Φ . Otherwise, slabs devoid of QDs exist where sub-band-

gap photons are not absorbed. For the same reason, the logical continu-
ation of the concept to rows of QDs is not attractive, as a large number 
of sub-band-gap photons do not have a QD in their path throughout 
the absorber. The thickness of the IB absorber dIB is increased by the 
additional inter-QD array distance, with more wide-band-gap material 
between the same number of QD arrays for achieving the same absorp-
tion of sub-band-gap photons.

Electron
sub

band

Hole
sub

band

E
x

z
QD array

Recombination
(line) path

FIgure 3.9
Transition from QD-SL band structure to band structure of periodic arrangement of QD 
arrays. Recombination center in central QD array (white) shown with its cross-section for 
electrons and holes (black) together with energy bands. The remaining two dimensions 
show spatial extension of QD-SL, with one QD row shown per QD array as 


y  dropped 

for E (see text).
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3.4 hot carrIer aBsorBers and solar cells

Conventional solar cells absorb all photons with an energy exceeding 
their band gap. Carrier extraction occurs at energy levels within the band 
gap in the energetic proximity of the respective band edge (cf. Figure 3.1). 
There is a large difference in the average energy of absorbed photons and 
the average energy of extracted carriers, which is lost by carrier cooling. 
The concepts of hot carrier absorbers (HCAs) and hot carrier solar cells 
(HC-SCs) attempt to minimize these losses, thereby considerably increas-
ing the conversion efficiency of solar irradiation.

We will elaborate a bit more on this TG-SC type as the working prin-
ciple of a HC-SC is completely different from other TG approaches. Very 
little literature is available for HC-SCs compared to TG-SCs based on 
QD-SLs, owing to their novelty and rather unconventional material 
requirements.

A. J. Nozik (2001) proposed multiple exciton generation (MEG) as an 
alternative process for harnessing the excess energy of hot carriers, which 
was later confirmed by Schaller and Klimov (2004). If a hot exciton with 
its energy in the range of threefold the effective band gap of a QD is gen-
erated, it starts to interact with ground-state electrons, generating mul-
tiple excitons and thereby cooling down (Ellingson et al. 2005). So far, 
MEG has been shown experimentally only in colloidal solutions of NCs 
(Ellingson et al. 2005), which are rather unsuitable for environmentally 
robust absorbers. The QDs must be devoid of surface defects with pos-
sibly covalent bonds to attached ligand molecules (Guyot-Sionnest et al. 
2005; Nozik 2008). Hence, MEG shall only be mentioned briefly, though 
it is very attractive, because energy loss by carrier cooling is not an issue. 
Qualitatively, MEG can be interpreted as a parallel generation of carriers 
out of one hot electron-hole pair. Hot carrier solar cells attempt to extract 
the carriers at their elevated energy, which resembles a serial process 
(increased VOC) as the excess energy is not constituted in a multitude of 
cold free carriers (increased SC


j ).

3.4.1 kinetics of hot carrier cooling

Before we investigate the working principle of HC-SCs, we take a look at 
the basic kinetics of hot carrier cooling. Figure 3.10 shows the kinetics of 
carrier cooling along with the major processes involved.
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The optical generation of charge carriers is an instantaneous process, 
with the generated carrier population being an energetic blueprint of the 
photon flux convoluted with the electronic DOS in the HCA. Carriers 
have individual energies, do not undergo any interaction yet apart from 
selection rules of excitation such as Pauli blocking (spin selectivty of 
states), and do not behave like an ensemble of carriers. After ca. 100 
fs, carriers begin to interact with each other via elastic scattering. This 
occurs between excited carriers, leading to energy renormalization, or 
between excited and ground-state carriers, generating more excited car-
riers via impact ionization. Energy renormalization via elastic scattering 
and impact ionization results in a carrier population with one common 
temperature that can be described by a Fermi–Dirac distribution like 
a cold electron population, yet with a very high carrier temperature—
hence the name hot carrier. In contrast to the electron temperature, the 
lattice temperature is in equilibrium with the environment (T = 300 K) as 
no additional acoustic phonons were generated yet. At this stage, about 1 
ps has elapsed since carriers were generated.

Electron-optical phonon interaction sets in by local electrostatic lattice 
distortion around each hot carrier (polaron formation). This distortion 

~~ 1 ns~~ 20 ps~~ 1 ps~~100 fs~~10 fst: <0 = 0

EV

(0) (1) (2) (3) (4) (5) (6) (0)
EC

FIgure 3.10
Kinetics of carrier cooling in a bulk semiconductor. (Based on Green, M. A., et al., 2002 
Annual Report of the Photovoltaics Special Research Centre [University of New South 
Wales, 2002], http://www.pv.unsw.edu.au/documents/Annual%20Report%202002/
HotCarrier.pdf.) Shading of the curves corresponds to average energy/temperature of the 
carrier ensemble, from high energy or hot populations (light grey) to completely thermal-
ized carrier distributions (black). Thermal equilibrium at room temperature (0), instan-
taneous carrier distribution of noninteracting carriers (1), carrier-carrier scattering and 
impact ionization set in (2), renormalization of carrier energies and a common carrier 
temperature with Fermi–Dirac distribution (3), net energy loss by inelastic scattering of 
hot carriers (4) and decay of optical phonons into acoustic phonons and photon-polari-
tons result in considerable carrier cooling (5), further inelastic scattering decreases car-
rier temperature down to ambient conditions, with carrier recombination setting in (6).
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is dynamic and leads to an oscillating lattice in the vicinity of each hot 
carrier, which can be described as electronic energy loss due to electro-
static vibrational excitation of the lattice. Second quantization (wave → 
particle) of these lattice vibrations yields optical phonons—the electron 
undergoes energy loss by the emission of optical phonons. The reverse 
process—optical phonon absorption by a hot electron—occurs with a 
much lower probability on the same timescale. For high electron den-
sities, n, their collective oscillations (plasmons) have a frequency ωpls α

n  in the range of the optical phonon frequencies ωopt. Electron-optical 
phonon coupling becomes much stronger, with optical phonons getting 
absorbed by hot electrons, as evident by the decreasing lifetime of optical 
phonon modes at high electron densities (Srivastava 2008). The electron 
absorbs the electromagnetic momentum of the optical phonon, leaving 
its mechanical momentum (low-frequency lattice vibration with very low 
charge elongation) behind, which is described in second quantization as 
an acoustic phonon. By absorbing the electromagnetic momentum, the 
electron gains energy and is thus reheated.

The optical phonons decay further into acoustic phonons or via gen-
eration of photon-polaritons (decoupling of the electromagnetic momen-
tum from the optical phonon, leaving the mechanical momentum of the 
optical phonon behind) into an infrared (IR) photon and an acoustic 
phonon. The latter process can also be seen as quantum antennas radiat-
ing off their electromagnetic momentum. Optical phonon decay carries 
on until the carrier temperature converges against ambient conditions, 
a stage occurring ca. 100 ps after optical carrier generation. Now, the 
lattice may have been heated significantly by acoustic phonons, which 
will affect magnitudes like intrinsic carrier density increasing and carrier 
mobility decreasing.

While the carriers now lost all their excessive energy above the band 
edge, the free carrier product is still much bigger than the square of the 
intrinsic carrier density, np >> ni

2 . Free carriers yield to direct (radiative) 
and indirect (Hall–Shockley–Read) recombination, whereby the latter is 
subject to capture time constants and capture cross-sections of the defects 
providing the recombination path. The time constants of carrier recombi-
nation are in the range of a few 100 ps to few 100 μs, and thus beyond the 
scope of hot carrier kinetics.

The timescale of hot carrier cooling clearly displays the challenge of 
HC-SCs—how can we minimize the cooling process and gain enough time 
in order to allow for hot carrier extraction? For answering this question, 
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we have a brief look into the different decay mechanisms and their work-
ing principles before we work on the details of how to slow down carrier 
cooling. We choose the way from the slowest to the fastest decay mecha-
nism, as we need a description of optical phonons for electron polarons 
and photon-polaritons as well.

We evaluate phononics by investigating a 1d diatomic chain presenting 
the case of a 1d binary compound. For a detailed introduction to pho-
nonics, refer to Elliott (1998). The optical (ω+) and acoustic (ω–) phonon 
dispersion of a 1d diatomic chain in reciprocal space is given within the 
harmonic approximation by Elliott (1998)

ω γ
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where γ (Nm–1) is the force constant of the vibrating bond, mb, ms (kg) 
are the masses of the heavy and light atoms, respectively, μm (kg) is the 
reduced mass of the oscillating system, 


k  (m–1) is the wave vector in recip-

rocal space, and a  (m) is the length of the 1d unit cell—here two bond 
lengths for a diatomic chain. The first derivative of the phonon frequency 
∂ / ∂ω


k  of the 1d diatomic chain is analytical (König 2008),
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and yields the propagation speed of the vibrational mode, which is equiva-
lent to the group velocity, 


v kgr ( ) , of the corresponding phonon. The left 

graph of Figure 3.11 shows the phonon dispersion and its wave vector 
derivative in 


k  space together with the corresponding atomic vibrations 

in real space.
From Figure 3.11 we see that for optical phonon modes, the group veloc-

ity is zero at the edge and the center of the Brillouin zone. Consequently, 
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optical phonon modes at these 

k  values are standing waves. For all other 

k  values, optical phonon modes are moving waves. The atomic elongation 
of an optical phonon mode is in antiphase. This yields a period of two 
atoms for the phonon frequency that is identical to the vibration consti-
tuting an optical phonon, provided the phonon mode is a standing wave, 
i.e., gr
v = 0 . The diatomic vibration at 

 
k ≠ 0  has a periodic increase and 

decrease in amplitude moving with gr
v  through the solid, whereby the 

atomic elongations are generally smaller than the standing waves. The 
vibration unit constituting an optical phonon is thus not given by two 
atoms as for the standing waves, but by a bigger number of atoms vibrating 
with a lower amplitude. An analogue to this envelope periodicity compris-
ing several diatomic vibrations is frequency modulation in signal theory.* 
The wave packet composed of several diatomic vibrations moves through 
the solid at the speed of the group velocity and becomes a propagating 
optical phonon in second quantization. The integral of vibrational ampli-
tude over the atoms involved in a collective vibration mode constituting 
one phonon is therefore constant, as its square modulus presents the prob-
ability of one phonon to exist. This is reflected in the amplitude of atomic 
vibration in Figure 3.11, with the extension of the wave packet presenting 
a phonon shown underneath.

The absolute value of the ∂ / ∂ω

k  maxima of the acoustic branch is the 

low-frequency limit of the group velocity and presents the speed of sound 
in the solid and is typically on the order of 5 to 10 × 104 ms–1 (Adachi 
2004a, 2004b) for compounds with the heavy core having at least the 
atomic mass of Si. An important feature apparent from Figure 3.11 is the 
lower group velocity of optical modes for all 


k  except for the Brillouin 

zone edge, where gr
  
v k a( )= / =π 0 . For optical phonons, the same static 

situation occurs at the center of the Brillouin zone.
An optical phonon can decay into two acoustic phonons out of a stand-

ing optical phonon mode, as discovered by Klemens (1966). This so-
called Klemens decay is the main loss mechanism of optical phonons. 
It requires two acoustic phonon states with opposite momentum vector, 
k , for momentum conservation and the energy of the optical phonon 
matching the sum of the acoustic phonon energies for energy conserva-
tion, 




 


 
ω ω ωopt ac,1 ac,2( ) ( ) ( )k k k k k0 0 0= + + − . There are 


k  selection rules 

that allow for either a longitudinal optical (LO) phonon to decay into two 

* Transversal optical modes may be more illustrative as they relate to amplitude modulation. 
However, strictly speaking, there are no transversal modes in a 1d system.
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FIgure 3.11
Phonon dispersion of 1d diatomic chain, ω( )


k , in reciprocal space with their first 

momentum derivatives, ∂ ∂ω /

k  (top). The grey symbols show the minima and maxima 

positions of ∂ ∂ω /

k  for the optical branch, with their oscillation patterns (top-right). 

The length of vibrational wave packet equivalent to a phonon is shown as a black strip. 
Dynamics involved in diatomic vibration, shown on transversal optical (TO) modes for 
better visibility; see also page 110 (bottom). The propagating wave packet for 


k ≠ 0  is 

shown together with phonon modes at the center and the edge of the Brillouin zone.
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transversal acoustical (TA) phonons or a transversal optical (TO) phonon 
to decay into two longitudinal acoustic (LA) phonons (König 2008). For a 
1d diatomic chain, the Klemens mechanism does not exist as we only have 
longitudinal modes. With a quasi-2d expansion by allowing for amplitudes 
normal to the diatomic chain, we get a rather simple situation due to the 
symmetric dipersion curves, which allow only for the Klemens decay at 
the local extrema of the optical phonon dispersion with LO → 2 TA as the 
only possible 1d transition, as shown in the top graph of Figure 3.12. The 
Umklapp process from the ajacent Brillouin zone in the extended 


k  space 

scheme (shown as dashed arrows) is a result of periodicity and straightfor-
ward to understand if the adjacent Brillouin zone in the extended scheme 
is projected onto the reduced scheme. The Klemens decay can be prevented 
by using solids with a phononic band gap that is bigger than the maximum 
energy of acoustic phonons, Egap(ℏω) > Max. (ℏωac). In principle, this is 
achieved when mb > 4ms (see Equation 3.19). In real 3d solids, the space 

π/a–π/a
0

C

C
C

R

ω 
(a

.u
.)

0
k

hνIR

ħωacħωac2ħωac

(1b)
(2a) (2b)

(3)
ħωopt ħωopt ħωopt

(1a)

hotE

Cold

FIgure 3.12
Phonon dispersion of 1d diatomic chain in reciprocal space: Principle of Klemens (C) and 
Ridley (R) phonon decay mechanisms shown on the phonon branches (top). The Klemens 
mechanism at the Brillouin zone edge is due to an Umklapp process. Diagram showing 
the inelastic processes affecting the energy of a hot electron (bottom): Reheating of elec-
trons by optical phonon absorption (1a), cooling of electrons by optical phonon emission 
(1b), Klemens (2a) and Ridley decay (2b), decay of optical phonon into an IR photon and 
an acoustic phonon (3) (photon-polariton).
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group symmetry is another parameter, as it determines the degeneracy of 
the phononic branches. For a high-symmetry (face-centered cubic [fcc]) 
solid, this decreases the dispersion of the phonon branches and thereby 
keeps the phonon gap open.

Ridley (1989) described an optical phonon decay into an acous-
tic phonon and another optical phonon with lower energy. The Ridley 
decay obeys the same 


k  conservation and selection rules as well as 

energy conservation shown for the Klemens decay. Hence, the Ridley 
decay proceeds like 




 


 
ω ω ωTO LO TA( ) ( ) ( )0 0 0k k k k k→ + + −  or 





 


 

ω ω ωLO TO LA( ) ( ) ( )0 0 0k k k k k→ + + −  (König 2008). Again, there is no 
Ridley decay for a 1d diatomic chain, but a quasi-2d extension allowing 
for atomic elongation normal to the chain extension yields one possible 
mechanism for Ridley decay, LO → TO + LA. This decay mechanism is 
shown in the top graph of Figure 3.12. Unlike Klemens decay, a large pho-
nonic gap does not prevent the Ridley decay due to the large energetic dif-
ference in the energies of the decayed optical and acoustic phonon. Still, 
one of the decay products, the optical phonon, possesses a comparatively 
high energy and may contribute to the optical phonon population, which 
eventually can be reabsorbed by free electrons.

An electron loses energy by forming a polaron with the lattice atoms 
within its vicinity defined by the polaron radius (Böer 1990), which is 
in the range of 20 to 90 Å for most solids. The dynamic dislocation of 
the lattice atoms with their dipole moment of their atomic bonds then 
constitutes the emission of an optical phonon. The coupling strength of 
an electron to optical phonons is described by the Fröhlich interaction. 
The material-specific Fröhlich coupling constant αFrö is proportional to 
1 / /εeff polm T  (Böer 1990), which is approximately 1 / /εeff effm Tn  for 
small values of αFrö, which are the ones of interest for suppressing optical 
phonon emission. The Fröhlich interaction is small for solids with a large 
dielectric constant, εeff (small band gap), and small effective electron mass, 
mn

eff . The latter is also advantageous for generating a hot carrier popu-
lation as the free electron energy is E e k mn( ) ( )− = /


2 2 eff . Di Ciolo et al. 

(2009) recently approximated the electron-phonon interaction in a solid 
with a high electron density (strong electron correlation). Their results 
indicate that the electron-phonon interaction decreases with increasing 
electron correlation, provided the plasmon frequency is not in the range 
of ωopt. An increasing electron correlation decreases charge fluctuations 
within the electron ensemble. Smaller charge fluctuations provide a more 
homogeneous electrostatic field, which in return provides less dynamic 
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coupling to the atomic charges as required for vibrational excitation of the 
atomic lattice by optical phonon emission of an electron.

Beneath the Fröhlich interaction, the energy quantum emitted per opti-
cal phonon is another value that describes the kinetics of energy loss. 
Although the emission of an optical phonon is an ultrafast process, it 
occurs in a finite amount of time. Hence, the lower the energy of the opti-
cal phonon, ℏωopt, the more time is needed in order to radiate off the same 
amount of energy. The electron can also undergo multiphonon scattering, 
emitting a few optical phonons in a single scattering event. However, the 
transition probabilities of these multiphonon emissions are somewhat low 
due to high restrictions of the involved phononic and electronic DOS. In 
addition to cumulative energy and momentum conservations, all transi-
tions have to occur within a few femtoseconds, as given by the Heisenberg 
uncertainty relation, with the phonon energies as parameters. The mini-
mum of ωopt can be reached by binary compounds with a possibly big core 
mass of the lighter chemical element (see also Equation 3.19).

Another loss mechanism also scales with the energy of the optical pho-
nons ℏωopt and is given by the photon-polariton, the decoupling of the elec-
tromagnetic field of an optical phonon constituting a photon of the energy 
hv = ℏωopt – ℏωac, which is radiated off. The acoustic phonon describes the 
mechanical low-frequency, high-momentum vibration remaining within 
the lattice. The probability of an optical phonon to undergo photon-polari-
ton decay is given within Fermi’s golden rule by the oscillator strength fOS 
of the transition. For an optical transition, the oscillator strength depends 
quadratically on the dipole moment of the intial state (ℏωopt), f PDos ∝

2  
(Ludwig et al. 2003). The probability of photon-polariton decay is thus 
minimized for a minimum dipole moment that occurs when the atomic 
bonds are covalent.

Phonons belong to the class of particles with integer spin (bosons); 
therefore, the occupation probability of phonon states is governed by 
Bose–Einstein statistics, with occupation numbers reaching infinity for an 
infinitely large solid (Elliott 1998). In practice, and in particular for nano-
structures, this occupation probability has a thermal limit due to the num-
ber of phonons being proportional to the amplitude of lattice vibration. If 
the phonon occupation number gets very large, the solid will disintegrate, 
which is described macroscopically as melting at elevated temperature. This 
sets a practical limit to phonon confinement, subject to material properties, 
photon-polariton decay rates, phonon reabsorption by hot electrons, and 
the photon flux density absorbed within the volume of the HCA.
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3.4.2 working Principle of a hot carrier solar cell (hc-sc)

An HC-SC consists of a hot carrier absorber (HCA) with energy-selective 
contacts (ESCs) for electrons and holes and a contact material of appro-
priate electron work function for matching the extraction energy of the 
ESC. Figure 3.13 shows the schematic of the electronic band structure of a 
HC-SC. Properties and design of HCA materials and ESCs will be covered 
in detail in Sections 3.4.3 and 3.5.3, respectively. For now, we focus on 
device operation.

HC-SCs do not require a p/n junction or any doping. In fact, doping 
would accelerate carrier cooling by introducing additional scattering 
centers and by introducing an additional phononic DOS in the phononic 
band gap. Carriers are generated and diffuse to the respective ESCs. The 
effective carrier velocity of electrons/holes, rms, /n pv , can be approximated 
as (Böer 1990)

 rms
eff

, ≈ ; = ,i iv
kT

m
i n p 3  (3.21)

under the assumption that no scattering occurs. For hot carrier extraction, 
this ballistic transport is essential in order to avoid energy loss by inelastic 
scattering. With carrier cooling kinetics as observed in a GaAs bulk phase 
and in AlGaAs/GaAs QW-SLs (cf. Figure 3.15) (Nozik 2001), the estimate 
of the hot electron mean free path assuming no electron-phonon scattering 
is λmfp ≈ 1 to 3 μm in bulk GaAs and λmfp ≈ 50 to 200 μm in AlGaAs/GaAs 
QW-SLs for an electron temperature of T = 1,200 to 600 K. Carrier-carrier 

Hole
contactAbsorberElectron

contact

FIgure 3.13
Energy band structure of a hot carrier solar cell. (Based on Würfel, P., “Solar Energy 
Conversion with Hot Electrons from Impact Ionisation, Solar Energy Mater. Solar Cells 
46 [1997]: 43–52.) Within the HCA, carriers are increasingly hot at elevated energies, as 
shown by their shades of gray (see Figure 3.10).
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and inelastic scattering decrease these estimates by at least two orders of 
magnitude. In a crystalline lattice, the mean free path for electron ballistic 
transport at T = 300 K is in the range of λmfp(e–) = 80 to 200 Å for Si (Banoo 
et al. 2001; Kojima and Koshida 2005), 170 Å for InGaAs/InP SLs (Hieke 
et al. 2000), 200 Å for CdSe (Beard et al. 2002), 180 Å in InP (Teissier et al. 
1998), and 200 Å in GaAs/AlGaAs SLs (Schneider et al. 2000). HCAs have 
a very high phonon density, which increases the scattering probability of 
hot carriers with the lattice and thereby decreases the carrier mobility 
μn,p and thus λmfp. The major contribution to carrier scattering at T ≥ 300 
K originates from acoustic phonons in covalent solids and from optical 
phonons in polar solids (Yu and Cardona 2003). This is a description for 
the electron-optical phonon (Fröhlich) interaction as in Section 3.4.1, but 
in terms of scattering rates. As a consequence, acoustic phonon modes 
should not be confined to a HCA. Their potential upconversion to an opti-
cal phonon mode by a phase-coherent superposition is grossly outweighed 
by the massive increase in the electron scattering rate.

At the mean free path, 50% of the electrons underwent an inelastic 
scattering process so that for quasi-ballistic transport of the hot electron 
population, the diameter of the HCA is in the range of 100 to 150 Å. This 
ensures that the majority of hot electrons reach the ESC without inelastic 
scattering. The mean free path of ballistic transport undergoes a stronger 
decrease due to numerous interfaces normal to the current path in a SL. 
These increase the area density of inelastic scattering centers as a func-
tion of their area density of defects per energy interval, and also invoke 
electron back-scattering by changes in the conduction band energy. In 
this point, epitaxially grown III-V SLs have a clear advantage over group 
IV–based SLs, where a higher defect density exists.

Massive photon flux may result in bleaching of electronic states near 
the band edges. However, free carrier absorption—see (5) in Figure 3.17— 
will absorb a considerable part of the photon flux around the band gap of 
the HCA, so that bleaching is not a primary issue. Nozik (2008) showed 
experimentally that the absorption cross-section of free carriers at elevated 
energies is considerably larger than for carriers undergoing a fundamental 
excitation to the band edges.

Takeda et al. (2009) investigated the achievable thermodynamic efficiency 
of HCAs under realistic conditions for both material parameters and energy 
dissipation. They obtained an optimum density of hot electrons in the range 
of 1012 to 1015 cm–3 for photon fluxes of 1 and 1,000 suns, respectively. These 
rather low carrier densities are a consequence of ultra fast carrier extraction 
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and show that bleaching does not occur in an HC-SC. A conversion effi-
ciency in the range of 50 to 55% was determined under 1,000 suns concen-
trated solar irradiation, assuming a carrier thermalization time constant of 
τth = 1 ns. Carrier thermalization can also be expressed in a relative way by 
the ratio of carrier retention time, τre, within the HCA to τth. Remarkably, 
the maximum achievable efficiency under different boundary conditions is 
reached for a ratio of τre/τth = 0.1. The optimum band gap of the HCA illu-
minated with 1,000 suns was estimated to be ca. 0.8 eV.

Carrier transport through the ESCs occurs by tunneling, with negli-
gible time constants, compared to hot carrier diffusion. The ESCs work 
as a semipermeable barrier to hot carriers: only one type can penetrate 
the respective ESC, while the other one is reflected. In practice, the latter 
will penetrate the barrier with a certain probability, resulting in an energy 
loss (see Section 3.5.3). This carrier selection process is done by the p/n 
junction in conventional solar cells, requiring a change of majority carrier 
type over the device. The width and position of the energy-selective level 
(ESL) are important parameters for the energy flux and the conversion 
efficiency of the device. The position of the ESL depends on the average 
carrier temperature within the HCA. While the carrier current decreases 
with increasing energetic position of the ESL, the energetic difference of 
extracted electrons and holes increases, with an optimum located between 
these cases, in analogy to the MPP case located between the short-circuit 
and open-circuit cases. In an HC-SC, there are additional processes that 
have an influence on conversion efficiency. Quasi-elastic electron-electron 
scattering not only generates a carrier ensemble with one temperature, but 
also provides ultrafast refilling of the electronic states in the energy range 
of the ESL. Hot carrier extraction proceeds by ballistic transport within 
the same timeframe. A large width or high position (lower density of hot 
carriers) of the ESL may lead to electronic bleaching of the HCA as the 
number of extracted carriers exceeds the numbers of hot carriers with an 
energy in the range of the ESL.

A very small ESL width yields a very high conversion efficiency, as a high 
energy selectivity results in minimum cooling of charge carriers during 
their extraction from the HCA (O’Dwyer et al. 2005). On the other hand, 
the energy flux given by the current of extracted hot carriers decreases for 
a narrowing width of the ESL. An ideal HC-SC approaches the Carnot 
efficiency at zero energy flux, as opposed to a wide ESL with considerable 
energy flux but a very low device efficiency of the HC-SC due to massive 
cooling of hot carriers. Obviously, the optimum for HC-SC operation is 
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located at an appreciable energy flux through the ESC while still main-
taining a rather high conversion efficiency given by a low carrier cooling 
rate. This optimum depends on the applied materials, involved scattering 
processes, and HC distribution within the HCA as a function of the den-
sity and the spectral distribution of the absorbed photon flux. A brief dis-
cussion of this issue is presented in Section 3.5.3, though exact numbers 
require a working HC-SC, which is still a field of intense research.

Large reservoirs of carriers at ambient temperature are required at the 
outer side of ESC as macroscopic contacts. These reservoirs should have an 
empty/full (electron/hole) population, which allows for sufficient carrier 
relaxation in order to prevent carriers to tunnel back into the HCA via the 
ESL. The carrier relaxation should be limited as it presents a loss in carrier 
energy. A consideration of a resonant tunneling contact yields 6 kT, with 
ambient temperature T, as the potential difference between ESL and the 
Fermi energy, EF, of the carrier reservoir. This results in a good compro-
mise between energy loss by carriers tunneling back into the HCA and by 
cooling due to carrier relaxation. Carrier reservoirs prevent further losses 
if no allowed states exist below their relaxation level (see also Figure 3.13). 
This prevents carriers of the opposite type—hot holes at the ESC for hot 
electrons—to recombine with the carriers in the reservoir—cold electrons 
at the ESC for hot electrons—by leaking through the tunneling barrier.

3.4.3 Materials for hot carrier absorbers

Section 3.4.1 delivered the material properties for slowing down carrier 
cooling. These properties are summarized here and complemented with 
optical, electronic, and structural parameters of solids in order to come up 
with real materials fulfilling all demands of an HCA. Structural param-
eters are relevant in particular for nanostructured HCAs such as SLs.

Klemens decay of optical phonons can be prevented by having a pho-
nonic band gap exceeding the maximum energy of the acoustic pho-
nons, requiring the heavy core to possess more than a fourfold mass of 
the light one. We can directly relate the ratio of core masses to the ratio 
of phonon band gap to maximum energy of the acoustic phonon by 
E ax m mb sgap acM( ) ( ) ω ω/ = / −1  (see also Equation 3.19 and Table 3.2). 
A minimum energy of optical phonons ℏωopt requires a hot electron to 
emit more optical phonons for losing a certain amount of energy. It also 
minimizes photon-polariton losses, because the IR photon radiated off 
has a smaller energy. The electron-optical phonon (Fröhlich) interaction 
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is small for solids with a high dielectric constant, εeff, and small electron 
effective mass, mn

eff . A possibly covalent atomic bond has a minimum 
dipole moment, PD, which further decreases photon-polariton losses. The 
optimum phononic material should therefore have mb > 4ms, with ms as 
big as possible without violating the preceding statement and being a pos-
sibly covalent solid with a low direct band gap, with the latter improving 
photon absorption.

Small values for m mn p
eff eff,  are also desirable for electronic properties. 

The generation of a hot carrier population is enhanced as E∝ /1 meff , 

taBle 3.2

Properties of Material Candidates for HCAs

Solid

ħω Gap
[ħωac 

(π/a)]
ms

[mH] εopt αFrö

mn
eff

[m0]
mp

eff

[m0]

e–-Gap
[eV], 
Type

a
[Å]

Space 
Group

BAs1,3,10 1.63 10.81 ? ? 0.05 0.08 1.45, 
1.2*, i

4.78* zb*

BSb4,10 2.56 10.81 11.3 ? ? ? 0.5*, i* 5.18* zb*

BBi6,8 3.40 10.81 ? ? ? ? 0.91*, i* 5.53* zb*

AlSb1 1.12 26.98 10.2 0.02 0.14 0.13 2.24, i 6.14 zb
AlBi4,6 1.78 26.98 ? ? ? ? 0.04*, d* 6.46* zb*

GaN1,12 1.23 14.01 5.35 0.44 0.15 0.20 3.42, d 4.52 zb
InN1 1.86 14.01 6.7 0.24 0.11 0.25 0.7–0.9, 

d
3.54, 
5.74

w

InP1 0.92 30.97 9.9 0.13 0.08 0.11 1.35, d 5.87 zb
BiN5 2.86 14.01 ? ? ? ? ≈1.4 4.98* zb*

Bi2S3
9,11 1.55 32.06 10.9 ? 0.68 0.02 1.3, 1.52, 

d
11, 11, 
4

orh

AlAs1 0.67 26.98 8.18 0.13 0.12 0.16 3.01, i 5.66 zb
GaP1 0.50 30.97 8.8 0.20 0.09 0.17 2.76, i 5.45 zb
GaAs1 0.04 69.72 10.9 0.08 0.07 0.08 1.43, d 5.65 zb
SiC2 0.53 12.01 6.48 0.26 0.31 0.23 2.39, i 4.36 zb
SiGe7 0.61 28.09 14.5 ? 0.20 ≈0.3 0.99, i 5.54 zb

Note: For solids having different space groups, the data refer to the phase of highest symmetry. 
Values of band gap refer to T = 300 K, m p

eff , given for light holes. Values were obtained 
experimentally unless noticed otherwise. The bottom section contains commonplace semi-
conductors for comparison. Space groups are zinc blende (zb), wurzite (w), and orthorhom-
bic (orh).

Source: All atom masses are from (Sargent-Welch Scientific Company 1980).
  1, Adachi (2004a); 2, Adachi (2004b); 3, Kalvoda et al. (1997); 4, Wang and Ye (2002); 5, 

Carrier and Wei (2004); 6, Ferhat and Zaoui (2006); 7, Kasper and Lyutovich (2000); 8, Deligoz 
et al. (2007); 9, Pejova and Grozdanov (2006); 10, Touat et al. (2006); 11, Black et al. (1957); 12, 
Barker and Ilgems (1973).
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and carrier mobilities increase. The latter provides a longer mean free 
path to carriers before they undergo (inelastic) scattering, keeping them 
hot when diffusing to the respective ESC. As an optical property, a high 
absorption coefficient is desirable for a massive carrier generation rate. 
This refers mainly to the carriers near the band edges, as states farther 
away from the band edges have a larger excitation cross-section and free 
carriers reabsorb photons at a high rate. The former is also due to higher-
lying band minima, which start to participate in carrier generation at 
higher photon energies.

Structural properties refer to HCAs consisting of two or even three sol-
ids, as in a SL. The primary material parameters are lattice constant and 
space group symmetry for an epitaxial growth with a minimum number 
of defects. There is some tolerance to stress built up by small mismatches 
in lattice constants, which is exploited for strain-induced epitaxial growth 
of III-V QD- and QW-SLs.

We are now in a position to look at the properties of some real materials 
listed in Table 3.2. Older literature states the band gap of InN to be around 
1.7 eV. This is likely to occur due to InN quickly oxidizing in air to InOxNy 
(Shrestha and Clady 2008).

The requirement of a heavy core mass with the other core mass being 
less than one-quarter of the former points to binary solids that have not 
been subject to detailed investigation yet. Some compounds appear to be 
rather exotic as opposed to commonplace semiconductor compounds. This 
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FIgure 3.14
Phonon dispersion and DOS of GaN (Srivastava 2008). Dark full grey and dashed dark 
grey arrows show Ridley decays, and dotted grey arrow shows the Barman–Srivastava 
decay. Anticrossings of optical phonon branches around the phononic DOS maximum at 
600 cm–1 are encircled by light grey dashed lines. (Reproduced with kind permission of 
the American Physics Society.)
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is evident in particular for Bi compounds, which have a very high figure 
of merit (ZT) in thermoelectric devices due to high electrical conductiv-
ity and low thermal conductivity (Goldsmid 2006)—a good indicator that 
Bi compounds are promising candidates for HCAs. Compounds with a 
high core mass have a low melting temperature, which is advantageous for 
device processing. An example is Bi2S3, which can be deposited in acidic 
solution at 60°C and shows a low-defect nanocrystalline structure after a 
heat treatment for 3 h at 250°C (Pejova and Grozdanov 2006).

It should be noted that the phononic band gap given in Table 3.2 is 
a maximum value, as it was derived from the 1d model and should be 
used as a guide only. As an example, BSb and BAs have a phononic band 
gap derived from density functional theory (DFT)—generalized gradi-
ent approximation (GCA) calculations of Egap(ℏω)/Max(ℏωac) = 1.44 and 
0.963, respectively (Touat et al. 2006), while the 1d diatomic chain model 
yields 2.56 for BSb and 1.63 for BAs.

3.4.4 super lattice (sl) approaches for Phononic confinement

Employing phononic nanostructures is a means to delay carrier cool-
ing (cf. Figure 3.15), with several effects contributing. All of these can be 
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FIgure 3.15
Evolution of the average electron temperature in GaAs bulk and in GaAs/Al0.32Ga0.68As 
QW-SLs over time, excited with different photon flux densities (LASER powers) at 600 nm. 
(Reproduced from Nozik, A. J., “Spectroscopy and Hot Electron Relaxation Dynamics in 
Semiconductor Quantum Wells and Quantum Dots,” Annu. Rev. Phys. Chem. 52 [2001]: 
193–231. With kind permission of Annual Reviews.)
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tackled to some extent by phononic engineering. This section attempts to 
explore the different effects in phononic nanostructures and to evaluate 
their contribution to the delay of carrier cooling.

The length of the vibrational wave packet corresponding to an optical 
phonon is very small. This oscillation length can also be considered as the 
characteristic extension of the phonon (cf. Figure 3.11). For standing modes 
at the center or edge of the Brillouin zone of binary compounds, the char-
acteristic phonon extension is defined by twice the interatomic distance, 
which is roughly the distance between two adjacent lattice planes. This 
value increases to a distance over several lattice planes for traveling phonon 
modes, but is still small compared to the effective Bohr radius of a carrier 
confined to a QS. Although optical phonons have a considerable electromag-
netic momentum, the change in the electromagnetic momentum (change 
in the electromagnetic field) can only travel at the speed of the mechanical 
elongation of the polarized atoms, which presents the group velocity of the 
optical phonon, gr opt

 v ( )ω . From Figure 3.11 we see that the maximum of 
gr opt
 v ( )ω  is smaller than gr ac

 


v k( [ ])ω → 0 , and hence smaller than the 
speed of sound. This also holds in real 3d solids (cf. Figure 3.14). In an 
optical phonon mode, the change of the electromagnetic field cannot be 
detached from the elongation of the polarized atoms. If the optical phonon 
radiates off its electromagnetic momentum as an infrared photon (photon-
polariton) or excites an electron, the optical phonon decays into an acoustic 
phonon plus infrared photon or gets absorbed by an electron.

Another aspect we have to consider is the phononic DOS. We refer to a 
simple 1d picture, and then unfold the results in 3d for showing the impli-
cations. Starting from the 1d phononic dispersion of a diatomic chain (cf. 
Figure 3.11) in reciprocal (


k ) space, the first derivative of the angular fre-

quency yields the velocity of the proparating wave. With second quanti-
zation (wave → particle) this is equivalent to the phonon group velocity, 
thus ∂ / ∂ =ω ω

  k v gr( ) . Next, we find that ∂ / ∂ ∝ −ω ω


k [ ( )]DOS 1 . This is 
straightforward to see as the minimum characteristic phonon extension of 
a phonon mode is given by a standing wave ( 


vgr = 0 ), leading to a maxi-

mum number of phonon modes per unit length. The characteristic phonon 
extension increases with the group velocity, what decreases the number of 
phonon modes per unit length, and thereby DOS(ℏω) at the corresponding 
k . As a result, the DOS(ℏω) has maxima at the minima of the characteris-
tic phonon extension, which makes phononic confinement most effective 
for structures consisting of two lattice planes—a binary compound. For 
2n lattice planes, we get n minigaps in the phonon dispersion, whereby the 
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sum of these energy gaps stays constant, leading to a decreasing energy 
per minigap for an increasing number of lattice planes. In 3d spatial space, 
these minigaps also get increasingly localized in 


k  space with the number 

of lattice planes, allowing for a continuous phonon DOS over all 

k . The 

situation deteriorates for the 3d case due to the orthogonality of phonon 
momenta (

  
k k kx y z⊥ ⊥ ). This orthogonality condition delivers additional 

degrees of freedom for a phonon of a certain energy ℏω if

 ω ω
ν ν= =
, ,∑ x y z

k( )


constant

In other words, a multitude of wave vector combinations exist at a con-
stant phonon angular frequency ω. Minigaps still slow down phonon 
decay, in particular if they block ωopt ( )


k  regions where there would be 

a high degeneracy of optical phonon modes in a bulk phase of the same 
material. Figure 3.16(a) illustrates the effect of a QD-SL on the phononic 
DOS and gives an impression on the structure size required.

The current lower limit in SL engineering is ca. 10 MLs (ca. 24 Å for 
GaAs, similar for Si), which is far off from the required size for phonon 
confinement. More importantly, the required dimensions of phononic 
confinement are about one order of magnitude smaller than the range of 
quantum confinement defined by the exciton radius, which is typically in 
the range of 40 to 100 Å for the materials of interest. Phonon confinement 
and quantum confinement of charge carriers occur at different structure 
sizes, with no or very little overlap. For generating an HC population by 
photon absorption, at least a quasi-continuous carrier DOS is required. 
Otherwise, many energetic transitions are not allowed due to discrete 
energies and momenta, leading to a selective absorption of photons and 
suppressed carrier-carrier energy renormalization, impact ionization, and 
free carrier reabsorption. In fact, hot carriers with a Fermi-Dirac distribu-
tion cannot exist in a discrete carrier DOS. For these reasons, the NC-HCA 
has to be significantly bigger than the onset of quantum confinement. 
Klein et al. (1990) found out that the electron-phonon (Fröhlich) coupling 
in NCs is inversely proportional to the square root of the NC diameter. 
Therefore, the Fröhlich interaction is enhanced in small NCs, resulting 
in accelerated electron cooling by increased phonon emission. The pho-
nonic mini-Brillouin zone of an SL in the size range of NCs can have sev-
eral minigaps in the range of up to a few meV, if wide phononic band gap 
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materials are used for the NC and the matrix. While these do slow down 
carrier cooling in principle, their benefit depends strongly on where they 
are located in the mini-Brillouin zone. A local phononic band gap in a 
k  space region where many branches of the optical phonon dispersion 
overlap (high degeneracy of phononic DOS) would have the biggest effect 
on carrier cooling. These optical modes would be forbidden along with the 
phonon-polariton anticrossings, which allow for energy transfer between 
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FIgure 3.16
Effect of an SL on phononics of zero phononic band gap solids Si (NC) and Ge (matrix) 
shown on the phononic DOS (PDOS). (a) The impact of size effect shows that phononic 
minigaps exist, but are extremely small in the range of the energy of optical phonons 
and already convert to quasi-continuum for a Si QD size of 2.1 nm. (From Huang, L. M., 
Zafran, J., Le Bris, A., Olsson, P., Domain, C., and Guillemoles, J. F., “Phonon Modes in 
Si-Ge Nano-structures for Hot Carrier Solar Cells,” in Proceedings of the 23rd European 
PV Science & Engineering Conference, Valencia, Spain, September 1–5, 2008, pp. 689–91.) 
(b) The interface effect shows that optical phonon modes of Si cannot propagate into Ge 
as there are no phononic states available at this energy (frequency). (From Conibeer, G., 
Patterson, R., Huang, L. M., Guillemoles, J. F., König, D., Shrestha, S., et al., “Hot Carrier 
Solar Cell Absorbers,” in Proceedings of the 23rd European PV Science & Engineering 
Conference, Valencia, Spain, September 1–5, 2008, pp. 156–62 [1BO.6.2].) Si as NC and 
Ge as matrix only used for investigation of phononic behavior of high-space group sym-
metry solids. Continued

© 2010 by Taylor and Francis Group, LLC



Photovoltaic Device Physics on the Nanoscale  •  125

different optical modes. Such anticrossings are encircled by light grey dot-
ted lines in Figure 3.14 for the maximum DOS of optical phonons around 
the wave number of 600 cm–1 (ℏωopt = 74.4 meV).

The analogy with engineered 3d photonic SLs showing a complete gap 
(supressed photon propagation) in all spatial directions together with the 
bosonic nature of photons and phonons is often used as an argument for 
a phononic SL approach. However, the distance between two nodes of a 
photon wave function is within the range of a few hundred nanometers 
to a few micrometer, which exceeds the phononic oscillation length by 
three to four orders of magnitude. It is relatively easy to engineer an SL 
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with a periodicity of a few hundred nanometers as opposed to a few lattice 
planes. While it is clear that nanoscopic SLs are a useful means of slowing 
down carrier cooling (see also Figure 3.15), it remains to be shown to what 
extent phonon confinement by size effects, i.e., in analogy to electronic 
quantum confinement in QS-SLs, is beneficial for HCAs.

The other cause for slowed carrier cooling in QS-SLs is phonon con-
finement by material effects, where phononic modes are reflected back 
into the NC, either due to interface engineering or by a vibrationally mis-
matched matrix material. The analogy in the wave mechanics picture is 
an impedance mismatch of atomic oscillations over the interface by either 
very loose or very stiff coupling, corresponding to a very soft or very hard 
interface, respectively. The impact of such interfaces provides a powerful 
means of phonon confinement, with no strong dependence on the NC size 
and inter-NC distance. If the optical phonon frequencies of an NC are sig-
nificantly above the optical phonon frequencies of the matrix, the matrix 
atoms are unable to follow the vibrational modes of the NC, leading to 
phonon confinement by reflecting the optical phonon modes back into 
the NC. Similar to the interface effect described above, this impedance 
mismatch does not show a strong dependence on NC size. Both effects 
lift the constraint of an exact periodicity and allow for bigger tolerances 
in NC size and location. As a result, a superstructure (superlattice with 
relaxed periodicity constraints) would be sufficient. Figure 3.16(b) shows 
the phononic total and partial DOS of Si NCs in a Ge matrix. There is 
no phononic DOS in Ge that would allow Si optical modes to propagate 
(escape) from the Si NC.

The electronic structure of a QD can also be used to slow down carrier 
cooling. Discrete eigen-energies of the QD result in relaxation transitions 
limited by selection rules, as energy conservation only allows for the emis-
sion of phonons with energy matching the transition between two eigen-
energies, ℏω = En+i – En. However, a QD with a discrete energy spectrum 
only absorbs photons at these discrete states. While this can be exploited 
for IB solar cells or QS-SLs with combined low-energy photon and ther-
mionic excitation, the photons with energies not matching the allowed 
optical transitions cannot be used to heat up the carrier population in a 
QD. A compromise can be found by implementing QD-SLs with a delib-
erate deviation in QD size such that in a thick QD-SL, every photon will 
undergo absorption eventually by hitting a QD with a matching energy 
transition. However, this is not an HC-SC device, as no carrier population 
with a common temperature exists.
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3.4.5 concept of a nanodot hot carrier solar cell

From the preceding sections it has become clear that HC extraction from 
an HCA is a real challenge. Phononic material properties can be modified 
in a narrow range only, e.g., by introducing strain. Below, we have a look 
into a HC-SC concept that utilizes structural modifications and device 
design to a hybrid between NC-HC-SCs embedded in a wide-band-gap 
conventional solar cell. The concept is shown in Figure 3.17.

For hot carrier extraction, ballistic transport is essential in order to 
avoid inelastic scattering, yielding a spatial extension of the HCA in the 
range of 150 Å (cf. Section 3.4.2). NCs with such a diameter have a quasi-
continuous electronic DOS mandatory for hot carrier generation. On the 
other hand, an HCA consisting of one layer with 200 Å thickness absorbs 
only a small fraction of the solar photon flux. Even metals like Al or Cu 
are semitransparent to sunlight despite their high density of free electrons 
and zero band gap.

An obvious design is the embedding of the NC-HCAs into a shell that 
acts as an ESC. This shell can simultaneously work as an interfacial layer 
reflecting phonon modes back into the HCA. Covalent materials in which 
acoustic phonons of the NC can propagate, while optical phonon modes of 
the NC are reflected, are a good choice. The impedance mismatch for opti-
cal phonons can be increased further by a shell material that does not have 
a phononic DOS in the range of the NC (see also Figure 3.16[b]). Another 
attractive material group for the shell around the NC is porous solids. 
Their porosity does not allow for bulk phonon transport and their soft-
ness attenuates phonon modes of the HCA so that they cannot propagate 
beyond the NC. While the concominant confinement of acoustic phonon 
modes is a disadvantage for ballistic carrier transport (cf. Section 3.4.2), a 
porous intermediate layer allows for combining NC and matrix solids that 
would not be compatible in crystalline structure (lattice constant, space 
group). The ESL within the shell material can be introduced by iso-valent 
impurities like B-doped GaN, which yields a state at 0.6 eV below the 
conduction band (Jenkins and Dow 1989). Iso-valent impurities have the 
advantage over QDs that their electronic properties may be modified only 
by their first and second next neighbor atoms; size effects can be ruled out 
as they are point defects. Intrinsic Coulomb blockade effects do not exist as 
the iso-valent impurity level is neutral. The wide electronic and phononic 
band gap of GaN:B, with B being a lighter atom than N, make it a good 
candidate for an ESC shell with good phononic properties. A combination 
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FIgure 3.17
Physical picture of the ND-HC solar cell (top) with a carrier diffusion field (core-shell 
thickness ratio not to scale). The shade of the materials represents the band gap and 
absorption strength, increasing toward lower energies (higher absorption). In the same 
way, faint carriers are hot, darker carriers are cooled down. Iso-valent impurities provid-
ing an energy-selective level for electrons are shown schematically as black circles within 
the barrier. Diffusion paths are shown by white arrows. Band diagram of the ND-HC 
Solar Cell matched to the physical structure (bottom). Excitations involving photons are 
shown in black. Processes shown: Direct generation of hot exciton (1), energy-selective 
extraction of hot electron from NC-HCA (2), thermionic emission/diffusion of holes over 
the barrier (3), electron-electron scattering with renormalization of carrier energies and 
possible energy loss by phonon emission (4), free carrier reabsorption (5), impact ioniza-
tion (6), and carrier generation in the wide-band-gap matrix (7).
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with a porous inner shell like silica aerogel as used for insulating metal 
interconnects in very large-scale integration would increase the phonon 
confinement effect. On the downside, the introduction of point defects as 
ESLs would allow only for one carrier type to be extracted at an elevated 
energy. Introducing yet another impurity level at the right energy for the 
second carrier type appears to be not feasible, as both defects would have 
to exist in the same location. Table 3.2 shows that for most compounds, 
there is a great difference in the effective mass for electrons and holes. 
The carrier type with the higher effective mass does not get heated up 
as much, whereby an extraction by thermionic emission over the barrier 
becomes attractive as in a thermoelectric device (Takeda 2009). Free car-
rier reabsorption supports the emission process, which is shown for holes 
in Figure 3.17.

The core-shell NCs must be embedded into a matrix that receives the 
carriers at the elevated energy level from which they were extracted, sub-
ject to a small decrease of carrier energy. An i-region of a conventional 
wide-band-gap solar cell would provide the transport of extracted car-
riers along its band edges. Because the electronic band gap scales as the 
inverse of the dielectric constant, light trapping into the NCs is enhanced. 
A massive flux of photons with energies below the wide-band-gap solar 
cell can heat up the carrier population within the NCs due to free carrier 
reabsorption and impact ionization.

The concept bears some resemblance to the IB solar cell, but differs in a 
few important aspects. The NC-HCAs have a continuous electronic DOS 
and thereby absorb all photons with an energy bigger than their narrow 
electronic band gap. In principle, photons with an energy exceeding the 
wide electronic band gap of the matrix can still contribute to the genera-
tion of hot carriers in the NC-HCAs if they are not absorbed within the 
matrix. This may be of importance for matrix materials with an indirect 
band gap, where the absorption coefficient around the band gap energy is 
rather low.

3.5 contacts

Contacts to TG-PV conversion layers like QS-SL IB or HC absorbers have 
some additional requirements owing to the different working principle of 
the active absorber layers compared to conventional p-i-n devices. We will 
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start with contacts to IB-SCs as the most conventional case, then move 
on to tandem cell interconnects, and eventually investigate contacts to 
QS-SLs and HCAs as devices with a tunneling barrier through which one 
carrier type has to be extracted. Special emphasis is given in this last sec-
tion to the energy selectivity of the ESC for HCAs.

3.5.1 contacts to Intermediate Band (IB) solar cells

Contacts to IB-SCs have in principle the same requirements as contacts 
to conventional solar cells, though with a wider range of electron work 
functions required in order to extract carriers at the respective edges of a 
wider band gap. Tunneling of minority (nonselected) carriers through the 
n- or p-region is not a major issue, though at conventional high-efficiency 
SCs, these losses show up as minority carrier recombination around the 
contacts and present one of the tackling points by which conversion effi-
ciency can be increased. The choice of contact materials to IB-SCs is thus 
less restrictive than the choice of materials to QS-SLs and HCAs.

Metal-semiconductor (Schottky) contacts can be used under the propo-
sition that contact is established to highly doped regions (n++, p++). The 
extension of the Schottky space charge region is (Böer 1992)

 d
qNSch

SCR mat Sch

dope
= 2 0ε ε ψ  (3.22)

with εmat as the relative dielectric constant of the n++-, p++-regions, Ndope the 
respective doping density, and ψSch the work function difference between 
the highly doped region and the contact metal. Assuming typical values 
of εmat = 11, Ndope = 1020 cm–3, and ψSch = 0.8 eV, we obtain dSch

SCR = 31  Å. 
Majority carriers can easily tunnel through such an ultrathin Schottky 
barrier. This is routinely used at Al-diffused p++-regions contacted with Al 
when forming a back surface field on p-type base Si solar cells (Rohatgi et 
al. 1996). Highly doped contact regions may not be desirable for ultrahigh 
efficiency devices due to band gap narrowing (Zerga et al. 2003; Kerr et al. 
2001). The loss in carrier potential for a doping density of Ndope = 1020 cm–3 
in Si amounts to 0.1 eV, or 9% of Egap (Si) (Schenk 1998), where losses are 
doubled by the second highly doped region at the other contact. Though 
band gap narrowing can become a significant loss mechanism, the relative 
contribution to band gap narrowing decreases with increasing band gap 
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for a fixed value of carrier density. This is due to the exchange-correlation 
energy of the carrier-carrier interaction depending only on the majority 
carrier density, but not on the energetic position of the dopant. Hence, a 
very shallow dopant in a wide-band-gap material decreases band gap nar-
rowing relative to the band gap of the highly doped semiconductor.

As an alternative, metals of appropriate electron work function can be 
used on doped regions where band gap narrowing does not become sig-
nificant. This is the case for Ndope not exceeding 10% of the DOS of the 
respective band edge, yielding Ndope ≈ 5 × 1016 to 3 × 1018, with the lower 
and upper limits set by GaAs and Si, respectively. For electron extraction, 
Mg with EWF = 3.77 eV or Hf with EWF = 3.89 eV (Halas and Durakiewicz 
1998) are abundant and nontoxic candidates. A layer thickness of ca. 100 
nm, establishing a metallic phase, will provide the electron work function 
required. Therefore, Mg or Hf layers can be capped with a metal less prone 
to oxidation so that the contact can withstand deterioration by aging. The 
capping of Mg should be carried out under vacuum in situ for preventing 
oxidation of the Mg layer directly at the IB absorber (evaporation/sputter-
ing of capping metal within the same deposition system). Hf is less prone 
to oxidation and should not require such precautions. At the upper end, Ni, 
Ir, and Pt with the respective work functions of EWF = 5.15, 5.31, and 5.55 
eV (Halas and Durakiewicz 1998) are good candidates for hole extraction, 
with Ni being a good compromise between cost and required energetics. 
Again, a layer of ca. 100 nm will provide the metallic phase, which can be 
reinforced by other, less expensive metals. The difference in electron work 
function of ∆EWF = 1.26 to 1.78 eV gives us an idea about the maximum 
band gap, which must exceed this work function difference, as the carriers 
require some drift velocity to be pushed from the absorber into the contact 
metal. With ∆EWF = 1.78 eV, the estimate for the total band gap of the IB 
absorber Egap

tot  is ca. 2 eV, which covers Egap
tot = .1 93  eV found for the maxi-

mum efficiency of an IB-SC (Luque and Martí 1997). Metal contacts on 
semiconductors introduce dipole states at the interface (interface dipoles), 
which may alter ∆EWF between the contact metal and the IB absorber by 
up to a few 100 meV (Ibach 2006). For a moderately doped semiconduc-
tor, the resulting Schottky space charge region is too thick for being pen-
etrated by tunneling carriers. For this reason, the interface properties of 
metal-semiconductor contacts have to be included in the experimental 
investigation. The reverse effect—a decrease in ∆EWF between the con-
tact metal and the IB absorber—is also possible. The impact of interface 
dipoles on contact properties requires a detailed evaluation of concrete 
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material combinations and crystal planes of the semiconductor surface 
and is beyond the scope of this chapter.

3.5.2 tandem cell Interconnects

The task of tandem cell interconnects is a possibly smooth transition between 
the energy levels of electrons and holes of adjacent single-junction solar cells 
(cf. Figure 3.1). In conventional tandem cells based on III-Vs, this is achieved 
by a n++/p++ tunnel junction, usually deposited monolithically in a molecu-
lar beam epitaxy (MBE) (Sugiura et al. 1988) or a metal-organic chemical 
vapor deposition (MO-CVD) process (Seidel et al. 2008). Holes from the 
p++ region of one solar cell recombine with electrons from the n++ of the 
adjacent solar cell, thereby passing on the carrier flux—the single-junction 
solar cells are connected in series. A potential difference in the involved 
band edges does not hamper carrier recombination as long as carriers gain 
energy by moving toward the antipolar doped region for recombination, 
and the potential difference is small enough for promoting carrier tunnel-
ing. However, a potential step promoting carriers to recombine by tunneling 
is a loss of the potential energy for the carriers. In device performance, this 
decreases the open-circuit voltage VOC, but promotes diffusion currents to 
the recombination at the tunnel junction. Another loss mechanism due to 
the required massive doping is band gap narrowing (see also section 3.5.1).

For III-V-based QS-SC interconnects, a few monolayers (MLs) with mas-
sive doping can be grown in the epitaxial process of SL formation. This 
so-called δ (delta) doping can be done by MBE along with the deposition 
of the SL (Cheng and Ploog 1985). For SLs based on group IV compounds, 
namely Si, the situation is different. QS and matrix materials are not com-
patible in lattice constants and space group symmetry. In fact, the relevant 
matrix materials SiO2 and Si3N4 are amorphous. Only SiC annealed at very 
high temperatures or deposited at very high plasma powers around 1,200 
to 1,300°C develops a nanocrystalline structure (Wagner et al. 2003; Seo et 
al. 2002). Thin layers with high doping densities cannot be used for several 
reasons. Group IV semiconductors give much less variability in the band 
gap than binary, ternary, or even quarternary III-V compounds for align-
ing the electron/hole transport level to the respective miniband or discrete 
energy level of the SL. As an example, the band edges of AlxGa1–xAs can 
be shifted over a wide range as a function of composition (Barnham and 
Vredensky 2001). Si-based SL precursor layers have to undergo a segrega-
tion anneal in order to form Si NCs within the SiC, Si3N4, or SiO2 matrix, 
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typically carried out in the range of 1,000 to 1,200°C over 15 to 240 min. 
Thin bulk layers with a degenerate doping density result in a massive out-
diffusion of the dopants for the temperature-time integrals mentioned 
above. A n++/p++ tunnel junction cannot be prepared with the required 
steep junction profile.

Si-based QSs have a polar interface to the surrounding matrix as a func-
tion of the anion of the matrix compound (C, N, O). This effect is more 
significant than in III-V compounds, as the latter have an intrinsic polar-
ity included by the very existence as a binary compound. Extensive den-
sity functional theory (DFT) calculations showed that interface polarity 
results in a charge shift from the Si NC to the interface anion as a function 
of the ionicity of the interface bond (IOB) (König et al. 2008a). As a conse-
quence, the electronic structure of the Si NC experiences a large shift, with 
the highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO). This energetic shift as a function of the anion 
in the matrix compound was estimated to govern the electronic struc-
ture to a NC diameter of up to ca. 40 Å (König et al. 2008a). Figure 3.18 
illustrates the effect for Si core approximants completely terminated with 
functional groups presenting the dielectric.

A complementary method to the DFT bottom-up aproach is the semi-
classical theory of interface dipoles (Ibach 2006). Louie and Cohen (1976) 
found out that a dominant impact of an Al layer on the Si DOS exists for 
a few MLs by electron wave functions decaying into the adjacent mate-
rial. Evaluation of Si/SiO2 interfaces within the Airy function formal-
ism of decaying electron wave functions from Si into the SiO2 band gap 
yields similar characteristic lengths of the interface dipole. Moreover, its 
impact is increased by a factor of 6 when going from a bulk interface to a 
QD, arriving at a QD diameter of ca. 45 Å (König 2007), which is in close 
agreement to above DFT results. Experimental verification is currently 
being pursued, though not easy to accomplish (Zimina et al. 2006).

The interface energetics has potential to be employed as a tunnel junc-
tion between p- and n-type QS-SLs if appropriate doping achieves a fur-
ther increase of the energetic shift. In this case, Si QDs in SiO2 require 
electrons and Si QDs in Si3N4 require holes as majorities.

3.5.3 energy-selective contacts and contacts to Qs-sls

Contacts to QS-SLs and HCAs have in common that the carrier reser-
voir of the opposite type to be extracted—unoccupied states for taking 
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up electrons, occupied states for injecting electrons into holes—is needed 
adjacent to a tunneling barrier. Simultaneously, a suppression of tunneling 
for the carrier type not to be extracted has to be accomplished, providing 
the carrier selectivity realized by p+- and n+-regions in p-i-n solar cells. 
This has several consequences that apply to both types of contacts. We will 
evaluate these and subsequently focus on the particular requirements of 
the energy-selective level (ESL) of the ESC.

For QS-SLs and HCAs, the thin tunneling barriers require wide-
band-gap semiconductors with low electron affinities or high ionization 
energies for electron or hole extraction, respectively. This also refers 
to QS-SLs and NC-HCAs in the i-region of a conventional p-i-n solar 
cell; only there the contact material is constituted by the i-region as the 
embedding matrix. IB-SCs have this embedding by employing p- and 
n-regions of a wide-band-gap material, which take over the roll of car-
rier selection. The band gap of the contact material must be big enough 
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FIgure 3.18
(a) HOMO and LUMO levels of Si core approximants completely terminated with 
functional groups. Computations were carried out with the B3LYP hybride DF and an 
all-electron Gaussian 6-31G(d) molecular orbital basis set. (From König, D., Rudd, J., 
Green, M. A., and Conibeer, G., “Role of the Interface for the Electronic Structure of 
Si Quantum Dots,” Phys. Rev. B 78 [2008a]: 035339 1–9, and König, D., Rudd, J., Green, 
M. A., and Conibeer, G., “Critical Discussion of Computation Accuracy,” EPAPS article 
to [57], 2008b, ftp://ftp.aip.org/epaps/phys_rev_b/E-PRBMDO-78-101827/EPAPS_Rev3.
pdf) OH-, NH2-, and CH3-groups emulate SiO2, Si3N4, and SiC as a dielectric matrix. 
(b) Example of optimized Si165(OH)100 approximant, corresponding to a Si NC diameter of 
18.5 Å. O, Si, and H atoms are shown in dark grey, grey, and light grey, respectively. (See 
color insert following page 206.) Continued
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to extend beyond the energy level of the carrier type not to be extracted 
(cf. Figure 3.19).

Selective carrier extraction proceeds around the miniband ionization 
energies and electron affinities found in common QS-SLs, which are in 
the range of 3 to 6 eV below the vacuum level. For electron extraction at 
elevated energies, AlAs are a good candidate as a wide-band-gap semi-
conductor, with the energetic difference of the band edges to the vacuum 
level, Evac, being Evac – EC = 3.5 eV (Milnes and Feucht 1972) and Evac 
– EV = 6.5 eV, the latter value obtained by EV = EC + Egap from Adachi 
(2004a). Another good candidate is AlSb, with an electron affinity of 
Evac – EC = 3.65 eV (Milnes and Feucht 1972). With a band gap of 3.01 eV 
(Adachi 2004a), we obtain Evac – EV = 5.87 eV. GaN with 3.3 eV and 6.72 
eV, respectively, is also a suitable compound for electron extraction at 
elevated energies. A wide-band-gap semiconductor that has a low bind-
ing energy of the valence band states and an electron affinity close to the 
vacuum level is needed for extracting confined holes, reflecting confined 
electrons back into the QS-SL. Nitrides with a possibly covalent bond to 

(b)

FIgure 3.18
Continued.
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the cation are a favorite group of materials for hole extraction.* As an 
example, Ge3N4 has Evac – EC = 1.78 eV and Evac – EV = 5.77 eV (Wang et 
al. 2006), as derived by relating the band offsets to the band edges of Ge 
(Böer 1990).

ESCs have an additional energy selectivity on top of the carrier selec-
tivity. In addition, they must reflect the phonon modes of the HCA. The 
ESL can be accomplished by QDs or by doping. Arrays of small QDs 
have one discrete energy level, which can be used for energy-selective 
carrier extraction. The ESL should have a certain width in order to allow 
for a high carrier (energy) flux through the ESC with a small decrease 
of conversion efficiency. The latter is due to carriers thermalizing to the 
minimum energy of the ESL during extraction. For the spread of the 
originally discrete energy level per QD, a miniband formation by close 
inter-QD spacing is not required. Instead, the unavoidable deviation of 
QD sizes delivers a finite width of the ESL in analogy to a low disper-
sion miniband (see Figure 3.7(a)). This requires a precise engineering of 
the QD size, though the deviation from a nominal inter-QD distance is 
more forgiving.

Energy-selective extraction of hot carriers has been accomplished at 
room temperature by optically assisted IV (König et al. 2008d). A 40-nm 
thick nanocrystalline n+ Si layer was excited with a photon flux of ca. 100 

* Unfortunately, an evaluation of the quantum chemical nature of the bond N atom–cation is 
beyond the scope of this book.
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FIgure 3.19
Contact to a QD-SL established by a metal (left). Carrier selectivity is destroyed by holes 
being able to recombine with electrons of the metal. Contact to a QS-SL established by 
a wide-band-gap semiconductor, with the hole miniband being located within the band 
gap of the semiconductor contact (right). Carrier selectivity given by a high ratio of trans-
mission probabilities due to holes having no occupied counterpart to undergo recombi-
native tunneling. Principle shown for electron extraction applies also to holes and for the 
ESC to an HCA—only there, carriers are allowed to escape from HCA within a narrow 
energy range (cf. Figure 3.13).
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suns in the spectral range of 950 to 500 nm (1.3 to 2.5 eV). Samples were 
not heated above 20°C, referring to ambient (room) temperature. Electrons 
were extracted through a QD array embedded into SiO2. An n+ Si wafer 
served as counterelectrode, deliberately aligning the polarity and the dop-
ing density to the nanocrystalline Si top layer for eliminating the influence 
of space charge region effects on the IV characteristics. The faint resonance 
under dark conditions could be increased by a factor of 14 under intense 
illumination, with the resonance feature shifted down to 60% of the bias 
voltage, and its bias range decreased to 50% of its original value under 
dark conditions (König et al. 2006). This experiment showed that a hot 
carrier population can exist at room temperature within the range of bal-
listic transport even in a semiconductor with very unfavorable phononic 
properties such as Si, and that an energy-selective extraction is feasible 
with an ESC based on a Si QD array consisting of ca. 2 × 1010 QDs.

An easier and more elegant way of introducing an ESL is the use of dop-
ants, which form a defect level within the band gap of the ESC barrier 
(Conibeer et al. 2003). Further examination of this concept shows that 
iso-valent dopants are the optimum type of defect. They are neutral and 
thus do not show any Coulomb or exchange-interaction effects that would 
hamper carrier transport. Their iso-valent configuration does not create 
dangling bonds presenting scattering centers. Both effects ensure opti-
mum ballistic transport over the ESC. An example is given by GaN:B in 
Section 3.4.5. The phononic properties can be realized either by a porous 
solid or by a material with a wide phononic band gap and strong mismatch 
to the optical phonon modes of the HCA (see Section 3.4.5). A modifica-
tion of the latter approach can be realized with a free-standing QD array 
sandwiched between SiO2 barriers, as shown by Takeda et al. (2006). The 
sparse mechanical contact to the HCA results in a high suppression of 
phonon propagation.

The energy spread ∆E of the ESL has been discussed in detail by O’Dwyer 
et al. (2005). Their work confirms the statement that systems with 3d con-
finement such as QDs or atomic impurities show the best energy selectivity 
compared to quantum wires or QWs where one, 


xk , or even two, 


xk  and 




yk , momenta in lateral direction to the ESC allow for carrier cooling. For 

the same reason, QD-based ESCs are more sensitive to carrier cooling if 
∆E increases, once more showing that iso-valent impurities are superior.

Tunneling barriers without an ESL achieve carrier extraction with a 
lower limit and are thus only half selective. This results in an energy loss by 
cooling of the carriers with energies above the lower limit. Thermoelectric 
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devices work with such semiselective energy contacts. For HC-SCs an ESL 
integrated into an otherwise inpenetrable barrier is mandatory for reflect-
ing hot carriers with energies other than the range of the ESL back into 
the HCA. A contact as to a thermoelectric device would result in a con-
siderable energy loss, with a concominant serious degradation of conver-
sion efficiency. For HCAs with very different effective carrier masses, an 
exception is given by the thermionic escape of the carrier type with a high 
effective mass over the barrier, as discussed in Section 3.4.5. The energy of 
a free carrier is E i k mi

i( ) ( )= /


2 2 eff , whereby i = n, p, with the excitation 
energy passed on to the electron/hole in the inverse ratio of the effective 
masses, E n E p m mp n( ) ( )/ = /eff eff . If this ratio is large, it leaves one of the 
generated carrier types with little excess energy. These “warm” carriers 
can then be extracted with little energy loss over a low barrier by thermi-
onic emission or thermal diffusion, as shown for holes in Figure 3.17.

3.6 suMMary

In this chapter, we have analyzed the physics relevant for nanoscale solar 
cells. Starting from a conventional solar cell, we identified two approaches 
for increasing the conversion efficiency ηtot. The carrier recombination 
rate, R, can be diminished by lowering the dark saturation current, 0


j , 

over the junction, increasing the open-circuit voltage, VOC. This can be 
achieved with a wider-band-gap material and high-quality interfaces. The 
other approach is to maximize the optical generation rate Gopt by utiliz-
ing sub-band-gap photons, increasing the short-circuit current density, 

SC


j . Implementations of TG-PV structures were done into i-regions of 

conventional solar cells with the attempt to increase both VOC and SC


j . 

Minimum carrier scattering/recombination rates and maximum carrier 
mobilities minimize efficiency losses by parasitic resistances.

GaAs/AlGaAs QW-SLs inserted into an i-region led to an increase of 
VOC (Barnham et al. 1996). Inclusion of an InAs QD-SL into an N-diluted 
GaAs matrix of a GaAs solar cell led to an increase in SC


j  of 7%, exclu-

sively due to the generation of sub-band-gap excitons and subsequent 
thermionic emission (Oshima et al. 2008). The concept of carrier genera-
tion by two-photon absorption in intermediate band solar cells (IB-SCs) 
was proven experimentally by Martí et al. (2006), although the genera-
tion rate was rather low. An implementation of a neutral (half-filled) IB 
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by quantum structures requires QD arrays or SLs, as these are the only 
quantum structures that have a full miniband separation. Deep dopants 
used for the realization of the IB in an IB-SC were found to be detrimen-
tal to solar cell performance due to carrier recombination outweighing 
the two-step generation process. The working principles of both QS-SLs 
for sub-band-gap carrier generation with thermionic emission and car-
rier generation by two-photon absorption via an IB are qualitatively the 
same (Green 2000). In terms of optical generation rates, the IB-SC should 
have a better efficiency regarding the utilization of sub-band-gap photons. 
Unfortunately, the carrier recombination rate increases with the energetic 
distance of the IB from the band edges, while thermionic carrier emission 
decreases. Both effects render the achieved conversion efficiency inferior 
to QW-SLs with minibands close to the conduction band. The scheme of a 
local IB implemented by isolated QD arrays was proposed for limiting the 
recombination cross-section of defects and thereby the carrier recombina-
tion rate.

For QS-SLs, a trade-off between the controllability of the effective band 
gap and the miniband dispersion for improved optical activity and trans-
port exists, increasing with the dimensionality of quantum confinement 
(wells → wires → dots). It can be relieved by choosing ternary III-V or 
group IV compounds, with their band gap depending on their chemical 
composition. Another way to increase the miniband dispersion is given by 
the lowering of the barrier height, which also increases the carrier mobil-
ity. Stacks of electrically interconnected QW- and QD-SLs are attractive 
for TG tandem solar cells, especially if they consist of similar compounds 
like III-V or group IV solids. Appropriate cell interconnects require the 
blocking of the minority carrier type so that the majorities recombine 
with the (antipolar) majorities of the adjacent cell. The electronic structure 
of Si-QDs below dQD = 40 Å depends to a major part on the polar bonds 
to the dielectric matrix, an effect that does not lead to appreciable changes 
for III-V QDs due to their intrinsic polar nature as a binary compound. 
This modification of Si-QDs can be exploited for QD array-based tandem 
cell interconnects. For III-V compounds, delta doping of contact layers is 
applied to tandem cell interconnects.

Hot carrier solar cells work after a different principle, namely, the 
extraction of free carriers at their initial (nonthermalized) energetic posi-
tion. They require an absorber that delays carrier cooling by a minimum 
electron-phonon coupling and a low decay rate of optical phonons. Binary 
covalent solids with a maximum atomic mass of the heavy core and a 

© 2010 by Taylor and Francis Group, LLC



140  •  D. König

mass ratio of ≥1/4 between the light and heavy core are candidates for a 
low decay rate of optical phonons. For a minimum energy loss per opti-
cal phonon emitted by the electrons, the light core mass must be possibly 
heavy without violating the ratio given above. Bi compounds like Bi2S3, 
BiN, or BBi are promising candidates. Bi compounds have a high ther-
moelectric figure of merit and are applied very successfully at thermo-
electric devices—another hint that Bi-based compounds are a good choice 
for HCAs. Super structure approaches can be applied for improving pho-
non confinement, whereby interface and material engineering in terms of 
a vibrational mismatch at the HCA surface are very promising. Phonon 
confinement by size effects in analogy to electron confinement in QS-SLs 
does not improve a HCA, because the structures required are too small 
to be engineered and the electronic properties of such small structures 
would preclude any existence of a hot carrier population. The timescale of 
carrier cooling requires the HCA to be operated within the quasi-ballistic 
transport regime, allowing only for carrier-carrier scattering and impact 
ionization. This limits the extension of the HCA to about 200 Å, with NC 
of this size as the only option, because carrier cooling must be suppressed 
also in lateral directions. Based on the observations above, a core-shell 
NC-HC-SC embedded into a wide-band-gap semiconductor is proposed, 
with the shell also working as an ESC. Multiple exciton generation (MEG) is 
another approach to harvest the excess energy of electron-hole pairs. MEG 
has been shown experimentally only in colloidal solutions of NCs, which 
are rather unsuitable for environmentally robust absorbers. Evidence of 
MEG was measured indirectly by photoluminescence, leaving carrier col-
lection as another hurdle to be overcome. Nevertheless, MEG is a very 
attractive method as energy loss by carrier cooling is only a minor issue.

Contacts to TG structures must be carrier selective in order to prevent 
carrier recombination by minorities tunneling through a contact bar-
rier and then recombine with the majorities. This can be achieved by 
employing heavily doped wide-band-gap semiconductors of appropriate 
conduction and valence band energies. These can extract majority car-
riers and have no states at the minority energy level. Minority carriers 
cannot tunnel into the contact, but are reflected back into the SL instead. 
For ESCs, an energy-selective level (ESL) is required for extracting car-
riers only within a narrow energy range. QD arrays are a means for 
introducing such an ESL. Experimental proof of a hot carrier population 
and energy-selective carrier extraction at room temperature has been 
obtained with a Si QD array embedded in SiO2 and Si as a somewhat 
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nonideal HCA (König et al. 2006). A more attractive implementation is 
the use of iso-valent dopants in a barrier. As a candidate we mentioned 
B-doped GaN for energy-selective extraction of hot electrons.
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4
Nanostructured Organic Solar Cells

James T. McLeskey Jr. and Qiquan Qiao

4.1 IntroductIon

Existing single-crystal silicon (c-Si) solar cells require sophisticated high-
temperature processing, high-quality silicon, and complex engineering, 
and therefore are not cost-effective as an energy source for most applica-
tions (Sun and Sariciftci 2005). In addition, these cells have no or very 
limited mechanical flexibility. Organic polymer solar cells and dye-sen-
sitized solar cells have become a low-cost alternative to silicon solar cells 
because they can be fabricated using solution-based processing such as 
inexpensive painting (K. Kim et al. 2007; Reyes-Reyes et al. 2005a). Other 
advantages of these cells are their significant flexibility and their ability 
to be directly fabricated onto most surfaces, including plastics. The most 
efficient of these devices use a polymer or dye as an electron donor and a 
second material as the electron acceptor. This chapter describes the appli-
cation of bulk nanostructured materials to two closely related devices: 
organic polymer solar cells and dye-sensitized solar cells. The focus is on 
the successful device structures, important material electronic properties, 
and nanoscale morphology.

4.2 Background

The first organic solar cells were fabricated in the late 1960s and early 1970s 
and often consisted of a single organic layer (e.g., tetracene) sandwiched 
between a low-work-function metal layer (aluminum) and a high-work-
function metal (gold) (Figure 4.1) (Fang et al. 1970; Ghosh and Feng 1973; 
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Lyons and Newman 1971; Mukherjee 1970; Reucroft et al. 1968, 1969). 
Thanks to the growth of a thin oxide layer on the low-work-function mate-
rial, these Schottky-type devices formed metal-insulator-semiconductor 
(MIS) structures that acted as photodiodes (Chamberlain 1983) and dem-
onstrated a photovoltaic effect. The efficiencies, however, were extremely 
low (~10–5%) (Ghosh and Feng 1973). Over the next several years, a wide 
array of materials was tried by different research groups, but efficiencies 
for these homojunctions remained below 1% (Chamberlain 1983).

A major advance occurred in the mid-1980s when first Harima et al. 
(1984) and later Tang (1986) reported on a two-component organic pho-
tovoltaic cell (Figure 4.2). Harima’s device utilized thin films of zinc 
phthalocyanine (ZnPc) and a porphyrin derivative (TPyP). Tang’s device 
consisted of thin films of copper phthalocyanine (CuPc) and a perylene 
tetracarboxylic (PV) derivative and achieved power conversion efficiency 
of 1% under AM2 illumination. These devices showed that at the interface 
between two materials with different electron affinities, charge transfer 
is energetically favorable (Huynh et al. 1999). This discovery led to the 

Au

Al

Semiconductor (tetracene)

Glass

FIgure 4.1
Early homojunction solar cells consisting of a single organic layer between metal elec-
trodes with different work functions.

In2O3

Ag

PV

CuPc

Glass 

FIgure 4.2
Early two-component organic solar cell demonstrating the importance of having an 
interface between materials with different electron affinities to enhance charge transfer. 
(After Tang, C. W., “Two-Layer Organic Photovoltaic Cell,” Appl. Phys. Lett. 48 [1986]: 
183–85.)
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development of heterojunction polymer solar cells consisting of distinct 
electron donor and acceptor layers.

Since this breakthrough, successful organic solar cells have been based 
on the use of two different materials. This concept is much the same as 
that found in photosynthesis in plants, algae, and bacteria. In photosyn-
thesis, light is first absorbed by chlorophyll and an electron is released. The 
chlorophyll donates that electron to an electron acceptor (pheophytin) 
(Klimov 2003). This process starts the flow of electrons down the electron 
transport chain. In photovoltaic cells, the organic semiconductor acts as 
the light-absorbing and electron-donating material.

Since 1986, continuous efforts have been made to raise the efficiency of 
organic solar cells while taking advantage of the potential for lower costs. 
In this chapter, we review the progress made since that time in the applica-
tion of bulk nanostructured materials to organic solar cells. After review-
ing the basic operating principles, we will look at the different device 
structures that have been fabricated with a focus on the materials, nano-
scale morphology, and characteristics of each structure.

4.3  oPeratIng PrIncIPles oF 
organIc solar cells

As introduced above, the most successful organic solar cells utilize two 
different materials, where at least one of these materials is an organic 
semiconductor. In order to understand the challenges facing organic solar 
cells and some of the methods being envisioned to overcome these chal-
lenges, the typical operation is outlined in Figure 4.3 and consists of the 
steps described below.

4.3.1 light absorption and charge generation

In organic solar cell structures, absorption of light occurs primarily in 
the organic material. Unlike traditional semiconductors (and solar cells) 
where light absorption results in the generation of a free electron, light 
absorption in organic semiconductors results in the formation of a mobile 
excited state consisting of a tightly bound electron-hole pair known as a 
Frenkel exciton (Gregg 2005).
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4.3.2 exciton diffusion and separation

Once the exciton is formed by photon absorption, it must be separated into 
free electrons and holes. This occurs primarily at the interface between two 
materials with different electron affinities (Hoppe et al. 2004). Therefore, 
the exciton must move (by diffusion) to an interface.

4.3.3 charge carrier transport and collection at the electrodes

Once the excitons have been separated into distinct electrons and holes, 
these charge carriers must move to the electrodes. In polymer devices, the 
polymer itself typically acts as the electron-donating layer and the hole 
transport layer while the nanostructured material is generally an electron-
accepting and transport layer. In dye-sensitized solar cells (DSSCs), a sep-
arate electrolyte serves as the hole transport material.

In photovoltaic applications under the short-circuit conditions, the 
electric field in Schottky devices (often referred to as homojunctions) is 
caused by the difference between the work functions of the electrodes 
when no external voltage is applied. The excitons need to diffuse to the 
organic-metal interface to be dissociated by charge transfer. The electric 
field then causes the separated photogenerated charges to be transported 
to their corresponding contacts (Figure 4.4b). In two-component devices 
(or donor/acceptor heterojunctions), the differences in potential energy 
between two materials, if larger than the exciton binding energy, causes 
the exciton dissociation and charge transfer (Figure 4.4d).
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4.4 challenges

Based on the previous section, we can better understand the challenges to 
achieving higher efficiencies in organic solar cells.

4.4.1 Poor light harvesting

Although organic semiconductors have strong absorption coefficients 
(>105 cm–1), most have relatively large band gaps (>2 eV) (Hoppe and 
Sariciftci 2004) (Figure 4.5). Therefore, light harvesting is efficient for blue 
photons but poor for red. In order to improve absorption in the red and 
increase the overall efficiency of the devices, the band gap of these materi-
als must be reduced to approach the optimal value of 1.4 eV (Shaheen et al. 
2005). In theory, it should be possible to tune the absorption spectrum of 
organic photovoltaic devices by modifying the chemistry of the polymers 
or the absorbing dyes. There have been some successes in introducing 
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red-shifted dyes (Nazeeruddin et al. 2001) but relatively few for polymers. 
Some of the efforts to incorporate materials with lower band gaps are dis-
cussed below.

4.4.2 limited Photocurrent generation

The excitons in most organic semiconductors (singlet excitons) have 
a lifetime of approximately 10–9 s (Greenham et al. 1997a). During that 
time, the exciton can diffuse over a length of 4 to 20 nm (Greenham et al. 
1997a). If the exciton is not dissociated within that time, it will recombine 
and the energy will be lost. In addition, the exciton binding energies in 
these materials range from 0.1 to 1eV (Gregg and Hanna 2003; Pope and 
Swenberg 1999), which is too large to be overcome by the built-in elec-
tric field. Therefore, organic devices must have an interface between two 
disparate materials within one diffusion length of exciton generation in 
order to effectively separate the exciton into holes and electrons. In simple 
bilayer devices (see Figure 4.2), this presents a challenge because of the 
limited interfacial area between the electron-donating and -accepting lay-
ers. Many of the nanostructured devices have been designed to increase 
the interfacial surface area.

4.4.3 Poor charge transport

In most organic solar cells, the hole mobility in the polymer (e.g., polythio-
phene polymers ≅ 0.00001–0.1 cm2 V–1 s–1) (Coakley et al. 2005; Mozer and 
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Schematic showing the absorption spectra of typical organic semiconductors and the red-
shifted organic semiconductors currently under investigation.
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Sariciftci 2004; Mozer et al. 2005; Sirringhaus et al. 1998, 1999) is much 
lower than the electron mobility in the electron-accepting layer (e.g., TiO2 
≅ 0.001–10 cm2 V–1 s–1) (Hendry et al. 2004; Konenkamp 2000) so that the 
holes are often the bottleneck to fast transport. Most polymers are p-type 
hole-conducting materials, although some organic materials (e.g., perylene 
[Hoppe and Sariciftci 2004]) are n-type electron conductors. The mobility 
of the materials is dependent not only on the chemistry, but also on the 
nanomorphology (Choulis et al. 2003; Sirringhaus et al. 1999, 2000). This 
means that both the structure of the device and the preparation methods 
can influence the transport.

4.4.4 additional challenges

The inherent instability of organic materials, transitioning to large-scale 
manufacturing processes, and improving the theoretical understanding 
of device function and limits to performance are all areas that must be 
addressed in order for organic solar cells to penetrate the market.

4.5 devIce structures

4.5.1 dye-sensitized solar cells

4.5.1.1 DSSC Structure

The device often associated with the photosynthetic process is the dye-
sensitized solar cell (DSSC) first reported by O’Regan and Gratzel (1991). 
First introduced in 1991, these devices initially achieved relatively high 
power conversion efficiencies (η) of 7.1 to 7.9%, with open-circuit voltages 
(Voc) of 0.65 to 0.7 V, short-circuit current densities (Jsc) of 1.1 to 1.3 mA/
cm2, and fill factors (ff ) of 0.68 to 0.76. Due in part to the very promis-
ing first reports, the DSSC has been the subject of a great deal of research 
(~3,000 articles) and several commercial ventures (e.g., Konarka [2008], 
DyeSol [2008], and G24i [2008]) since that time.

Fabrication of DSSCs begins with a conducting glass substrate that 
acts as a transparent front electrode (Figure 4.6). The conducting layer is 
typically a coating of some form of tin oxide (SnO2)—either indium tin 
oxide (ITO) or fluorine-doped tin oxide (FTO) (Qiao et al. 2006a). These 
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transparent conducting oxides (TCOs) are used in photovoltaic devices 
made from a variety of materials.

The electron-accepting material in most DSSCs is titanium dioxide (tita-
nia or TiO2). TiO2 is nontoxic, low cost, and can be deposited simply by 
a variety of techniques. For DSSCs, a 5- to 20-μm thick (Gratzel 2003) 
nanocrystalline layer is formed by suspending TiO2 nanoparticles with a 
diameter of 10 to 80 nm (Gratzel 2001) in a solvent such as water or acetic 
acid and spreading the viscous blend onto the substrate. The device is then 
annealed at 450 to 500°C to fuse the particles and form a porous nanocrys-
talline network of interconnected TiO2 particles (see Figure 4.7). This inter-
connection allows electrical conduction to the electrode (Gratzel 2003).

As in photosynthesis, light absorption in DSSCs is performed by a 
monolayer of charge transfer dye that is deposited on the surface of the 
nanocrystalline TiO2. The porosity of the TiO2 is 50% and results in a sur-
face area more than a thousand times greater than that of a flat surface of 
the same dimensions. The porosity enhances adsorption of the dye onto 
the surface, which in turn enhances light absorption. Upon absorption of 
a photon, the dye transfers an electron to the conduction band of the TiO2, 
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FIgure 4.6
Structure and operation of a typical dye-sensitized solar cell. (With permission from 
Hagfeldt, A., and Gratzel, M., “Molecular Photovoltaics,” Acc. Chem. Res. 33 [2000]: 
269–277.)
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but the dye itself is not responsible for charge transport (Li et al. 2006). 
Although many dyes have been investigated (including polypyridines, 
indolines, squaraines, perylenes, xanthenes, flavonoid anthocyanins, 
polyenes, coumarins, and polypyridyl derivatives [Burfeindt et al. 1996; 
Burke et al. 2007; Burrell et al. 2001; Campbell et al. 2004; Ehret et al. 2001; 
Hagfeldt and Gratzel 2000; Horiuchi et al. 2004; Howie et al. 2008; Mozer 
et al. 2006; Smestad 1998]), the most successful devices use dyes based on 
a ruthenium (Ru) complex (Figure 4.8).

An electrolyte solution restores the electrons to the dye through a redox 
reaction. The most common and successful electrolyte is an iodide/triio-
dide I–/I3

– solution (Saito et al. 2004). This electrolyte solution presents one 
of the greatest challenges to commercialization of DSSCs because the use 
of liquid electrolytes requires encapsulation to prevent evaporation or the 
reaction of water or oxygen with the electrolyte (Bai et al. 2008; Li et al. 
2006). A back counterelectrode of gold or platinum on glass completes the 
circuit and closes the device.

4.5.1.2 DSSC Materials

The initial success of the first devices was due to the integration of the 
highly absorbing dye with the high surface area metal oxide. Since 1991, 
efforts have been made to improve the devices through the use of differ-
ent materials.

FIgure 4.7
Scanning electron microscope image of a porous nanocrystalline network of intercon-
nected TiO2 particles.
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Nanocrystalline TiO2 has been the wide-band-gap semiconductor of choice 
since the fabrication of the first DSSC device. However, other metal oxides 
have been investigated. For example, zinc oxide (ZnO) (Kakiuchi et al. 2006; 
Keis et al. 2000; Quintana et al. 2007; Redmond et al. 1994; Rensmo et al. 1997; 
Tennakone et al. 1999) has a higher mobility and different morphologies can 
be synthesized more easily than for TiO2 (Quintana et al. 2007). ZnO can be 
readily made into nanorods, wires, and tubes, which may lead to improved 
efficiencies. Nanorods and wires are discussed in Chapter 6. The best DSSC 
made to date with nanocrystalline ZnO had power conversion efficiency on 
the order of 4.1% (Kakiuchi et al. 2006)—significantly lower than the 10% 
that is readily obtained for TiO2 devices. Other electron-accepting materials 
have been investigated, including Nb2O5 (Sayama et al. 1998) (η ≅ 2%) and 
tin oxide (SnO2) (Ferrere et al. 1997) (η ≅ 1%), but none has approached the 
efficiency of TiO2. Further improvement in device performance has been 
shown through the introduction of the concept of haze (Chiba et al. 2006), 
where larger (400 nm) particles were added to the TiO2 electrodes to increase 
the ratio of diffuse transmittance to total optical transmittance.

Although many materials have been investigated for use as the dye in a 
DSSC, including blackberry juice (Cherepy et al. 1997; Gupta et al. 1999), and 
chlorophyll (Kay and Graetzel 1993; Kay et al. 1994), the best performance 
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FIgure 4.8
Chemical structure of the N3 ruthenium dye used in dye-sensitized solar cells. (With 
permission from Gratzel, M., “Dye-Sensitized Solar Cells,” J. Photochem. Photobiol. C 4 
[2003]: 145–53.)
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has been achieved using ruthenium complexes. Since 1993 (Nazeeruddin et 
al. 1993), the standard has been a dye referred to as N3 or cis-RuL2-(NCS)2, 
where L stands for 2,2′-bipyridyl-4,4′-dicarboxilic acid (Figure 4.8). The 
absorption onset of N3 occurs at approximately 800 nm, with a peak near 
560 nm (Gratzel 2003), resulting in devices with a conversion efficiency of 
10%. Only one variation of this dye, known as the black dye, or (tri(cyanato)-
2,2′2″-terpyridyl-4,4′4″-tricarboxylate) Ru(II) (Nazeeruddin et al. 2001) has 
been found to provide better performance with an absorption onset at 920 
nm and a peak at 630 nm (Figure 4.9). The highest confirmed efficiency for a 
DSSC is 11.1%, and this was achieved using the black dye (Chiba et al. 2006).

The iodide/triiodide I–/I3
– electrolyte solution provides high efficiency, 

but as a liquid, it requires encapsulation and is not stable. A number of 
alternatives have been investigated to overcome these challenges (Li et al. 
2006), with most based on the incorporation of a solid-state electrolyte to 
create a so-called solid-state dye-sensitized solar cell. The most promising 
solid-state hole conductors are generally one of two types. The first, p-type 
organic semiconductors such as copper iodide (CuI) (Meng et al. 2003; 

1000800600400
0

20

In
ci

de
nt

 P
ho

to
n 

to
 C

ur
re

nt
 E

ffi
ci

en
cy

40

60

80

TiO2

RuL´(NCS)3

RuL2(NCS)2

Wavelength (nm)

L = 4,4´-COOH-2,2'-bipyridine
L´ = 4,4',4''-COOH-2,2':6',2''-terpyridine

FIgure 4.9
IPCE curves for the N3 and “black” ruthenium dyes used in dye-sensitized solar cells. 
(With permission from Nazeeruddin, M. K., Pechy, P., Renouard, T., et al., “Engineering 
of Efficient Panchromatic Sensitizers for Nanocrystalline TiO2-Based Solar Cells.” J. Am. 
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Tennakone et al. 1999), have achieved efficiencies of about 3.8% (Meng et 
al. 2003) but are still unstable. The second, polymer electrolytes such as 
2,2′,7,7′-tetrakis-(n,N-di-p-methoxyphenyl-amine)-9,9′-spirobifluorene 
(or spiro-MeOTAD) (Johansson et al. 1997; Salbeck et al. 1997), have 
been introduced into DSSCs (Bach et al. 1998) and achieved efficiencies of 
greater than 4% (Schmidt-Mende et al. 2005).

4.5.2 Polymer devices

4.5.2.1 Planar (Bilayer Heterojunction) Devices

As described above, the first modestly successful organic solar cells were 
fabricated in the 1980s by evaporating layers of two different organic semi-
conductors to form a heterojunction. In parallel with the work on DSSCs 
described above, investigation of the use of soluble semiconducting poly-
mers in photovoltaic devices began in the early 1990s (Sariciftci et al. 1993). 
Since that time, a number of different bulk nanostructured materials have 
been incorporated into the devices as electron acceptors in planar or bilayer 
heterojunctions (Figure 4.10) in an effort to increase the efficiency.

One of the strongest electron acceptors is the buckminsterfullerene 
form of carbon, or C60, which can accept up to six electrons per molecule 
(Ohsawa and Saji 1992). This material was first applied to photovoltaic 
devices by Sariciftci et al. (1993). Their device started with a glass substrate 
coated with indium tin oxide. ITO is a transparent conducting oxide that 
is popular in photovoltaic devices made from a variety of materials (Qiao 
et al. 2006a) and is commonly used in organic solar cells. Sariciftci et 
al. (1993) spin-coated a layer of poly[2-methoxy-5-(2′-ethyl-hexyloxy)-
1,4-phenylene vinylene], or MEH-PPV, onto the ITO. The C60 was then 
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FIgure 4.10
Schematic of a bilayer heterojunction organic solar cell incorporating bulk nanostruc-
tured materials as the electron-accepting layer.
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evaporated on top, forming a bilayer p-n heterojunction. Unfortunately, 
these first C60 devices had low power conversion efficiencies (only 0.02%) 
under monochromatic illumination at 514.5 nm. These low efficiencies 
were likely due to narrow width of the interface between the polymer and 
the C60, resulting in a limited interfacial area and low exciton separation.

In order to increase the interfacial area in C60-based bilayer devices, 
Drees et al. (2002) used “thermally controlled interdiffusion.” In this tech-
nique, 90-nm-thick films of MEH-PPV were deposited by spin coating. A 
100 nm layer of C60 was sublimed on top (Figure 4.11a). The device was then 
placed on a hot plate at 250°C in an N2 atmosphere for five minutes, caus-
ing the C60 and the MEH-PPV to interdiffuse (Figure 4.11b). Analysis of 
transmission electron microscopy (TEM) images and studies of the effect 
of polymer thickness on device performance (Drees et al. 2004) indicate 
that the C60 has diffused by tens of nanometers into the polymer. This 
interdiffusion greatly decreases the distance that the exciton must travel in 

100 nm 100 nm 

(a) (b)

FIgure 4.11
TEM images of an MEH-PPV/C60 bilayer heterojunction (a) before and (b) after heating. 
Heating causes interdiffusion of the C60 into the polymer to increase the interfacial area 
and facilitate charge separation and transport. (With permission from Drees, M., Davis, 
R. M., and Heflin, J. R., “Thickness Dependence, In Situ Measurements, and Morphology 
of Thermally Controlled Interdiffusion in Polymer-C60 Photovoltaic Devices, Phys. Rev. 
B 69 [2004]: 165320.)
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order to reach a material interface, and therefore increases the amount of 
exciton separation. The efficiency of these devices reached a maximum of 
0.30% under monochromatic illumination at 470 nm (Drees et al. 2004).

The success of DSSCs led to the investigation of TiO2 as the electron 
acceptor in polymer photovoltaic devices (Figure 4.12). In 1998, Savenije 
et al. (1998) deposited the TiO2 onto an ITO-coated substrate using chemi-
cal vapor deposition (CVD). The polymer was again MEH-PPV, and they 
utilized a mercury (Hg) drop as the back contact. The power conversion 
efficiency was 0.15% under AM1.5 illumination. Shortly thereafter, other 
groups reported similar devices but with TiO2 deposited by various means 
and using different materials for the back electrodes. In 1999, Arango et al. 
(1999) formed a nanocrystalline layer by spreading a viscous blend of TiO2 
nanoparticles in a water solution onto the substrate and then annealing 
it at 500°C to fuse the particles and form a nanocrystalline film (similar 
to Figure 4.7). Arango’s device used calcium or aluminum back contacts. 
In 2001, Fan et al. (2001) formed a TiO2 layer by using a sol-gel technique 
with titanium isopropoxide (TIP) as the titania precursor. Their device 
utilized a gold back contact and achieved a power conversion efficiency of 
1.6% under monochromatic illumination at 500 nm.

Studies (Ravirajan et al. 2005) have shown that deep polymer/TiO2 infil-
tration can be obtained by various approaches, such as in situ growth of 
TiO2 from an organic precursor (van Hal et al. 2003) or spin coating of 
the polymer on ultrathin dip-coated TiO2 films (Fan et al. 2001). It is gen-
erally agreed that the penetrating depth of polymer is dependent on the 
pore size. The pore size is in turn determined by the nanoparticle size. In 
addition, the infiltration depth has also been found to be a function of 
the polymer type. This infiltration greatly increases the interfacial area 
between the electron donor (polymer) and acceptor (TiO2) and potentially 
leads to improved exciton separation.

Polymer Au

TiO2
Layer Transparent

conducting oxide  

Glass 

FIgure 4.12
Schematic of a bilayer heterojunction solar cell utilizing porous nanocrystalline TiO2 as 
the electron-accepting layer.
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A variety of different polymers have been used with TiO2 and some of the 
most successful are listed in Table 4.1. In addition to polyphenylene vinylene, 
polymers such as MEH-PPV, and MEH-PPV with TPD groups (TPD is 
N,N′-diphenyl-N,N′-bis(3-methylphenyl)-(1,1′-biphenyl)-4,4′-diamine), 
the polymers utilized include several polythiophenes: poly(3-undecyl-
2,2′-bithiophene) or P3UBT, poly(3-hexylthiophene) or P3HT, and 
sodium poly[2-(3-thienyl)-ethoxy-4-butylsulfonate or PTEBS.

PTEBS is especially interesting because it is water soluble. Using water as 
the solvent has numerous potential benefits. For example, acidic solutions 
of the PTEBS polymer develop a new absorption band in the near infrared 
(IR) (Figure 4.13) and films made from the self-acid form of the polymer 
show the same optical characteristics (Tran-Van et al. 2004). In addition 
to improved light harvesting from single-junction cells, this increased 
absorption also opens the possibility for building tandem-junction cells 
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FIgure 4.13
Absorption spectra of the PTEBS water-soluble polymer in (A) acidic and (B) basic solu-
tions. Acidic solutions develop a new absorption band in the near-IR region. (See color 
insert following page 206.)

taBle 4.1

Photovoltaic Parameters for the Best Reported TiO2 Devices with Different Polymers

Polymer
JSC

(mA cm–2)
VOC 
(V) FF

η 
(%) Reference

P3UBT 0.45 0.67 0.29 0.10 Grant et al. (2002)
MEH-PPV 0.40 1.1 0.42 0.18 Breeze et al. (2001)
TPD(4M)-MEH-M3EH-
PPV

0.96 0.86 0.50 0.41 Ravirajan et al. (2005)

P3HT 2.76 0.44 0.36 0.42 Kwong et al. (2004a)
PTEBS 0.17 1 0.8 0.17 Qiao et al. (2008)
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with layers made using both acidic and basic solutions in order to match 
a greater portion of the solar spectrum. Because water is part of the fabri-
cation process, devices made from this polymer can show improved sta-
bility under atmospheric conditions. Obviously, water is environmentally 
friendly and nontoxic, which is not only compatible with the renewable 
aspects of solar energy, but also reduces the need for expensive waste con-
tainment and disposal. Furthermore, solvent evaporation rates have been 
shown to have a strong influence on film morphology and device perfor-
mance (Kwong et al. 2004b, Strawhecker et al. 2001), and the evaporation 
of water can be carefully controlled using heat.

Other materials have been reported for nanostructured organic poly-
mer bilayer heterojunctions. For example, zinc oxide (ZnO) nanorods can 
be readily grown using wet chemistry techniques and have yielded effi-
ciencies (η ≅ 0.20%) (Peiro et al. 2006) comparable to those achieved with 
nanocrystalline TiO2. Nanowires and nanorods are discussed more fully 
in Chapter 6.

4.5.2.2 Blended (Bulk Heterojunction) Devices

In order to overcome the limitations of bilayer devices and increase the 
interfacial surface area polymer solar cells, Halls et al. (1995) and Yu et 
al. (1995) introduced the bulk heterojunction in 1995. In a bulk (or dis-
persed) heterojunction, the electron acceptors are blended into the polymer 
to create a heterogeneous composite (Figure 4.14). By blending a p-type 
(electron donor) and an n-type (electron acceptor) material together in the 
solution and controlling the morphology of the devices, a high interfacial 
area throughout the bulk can be achieved resulting in enhanced exciton 
dissociation and charge transfer. The device fabricated by Halls et al. (1995) 
consisted of a blend of two different polymers (MEH-PPV and CN-PPV), 
while the device fabricated by Yu et al. (1995) was a blend of MEH-PPV and 
PCBM (a soluble form of C60) and achieved an efficiency of 2.9%. Since that 
time, PCBM has become the first choice as an electron acceptor in bulk het-
erojunction devices, with the highest-efficiency single-junction cell hav-
ing an independently confirmed efficiency of 4.8% (Schilinsky et al. 2006) 
under AM1.5 illumination at 100 mW/cm2. These devices utilized P3HT.

As described above, in the electron acceptor material is distributed 
throughout the electron donor material bulk heterojunctions. In this way, 
excitons are always generated less than one diffusion length from an inter-
face providing outstanding charge separation. However, the discontinuous 
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nature of the electron acceptor material leads to a new problem. In order 
to move from the point of exciton separation to the electrode, an electron 
must pass through the polymer. This often results in recombination and 
limits the photocurrents.

To help overcome this challenge, Alivisatos et al. fabricated a cell using 
CdSe nanorods imbedded in the polymer (Figure 4.15) to achieve an overall 
efficiency of 1.7% in simulated AM1.5 light (Huynh et al. 2002). The longer 
the nanorods, the more electron transport was influenced by band conduc-
tion rather than by hopping, and the longer nanorods showed a much higher 
external quantum efficiency (EQE). Carroll et al. annealed a device con-
taining PCBM so that the C60 formed single-crystal “nanowhiskers” (Reyes-
Reyes et al. 2005b) oriented from the anode toward the cathode (Figure 4.16). 
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FIgure 4.14
Schematic illustrations of the (a) structure as well as the band diagrams in (b) open-circuit 
mode and (c) short-circuit mode for bulk (dispersed) heterojunctions. In these devices, 
the nanostructured electron acceptors are blended into the polymer for enhanced charge 
separation.
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These devices achieved efficiencies of approximately 5.2%, approximately 
120% of the value before annealing. Integrating nanowires and nanorods 
into both bilayer and blended to polymer devices should allow for improved 
exciton separation while also increasing carrier mobility. Finding ways to 
manipulate these nanorod materials and build macroscale devices is the 
subject of extensive research and is discussed in Chapter 6.

In 2000, Forrest et al. introduced the double heterostructure organic 
solar cell (Peumans et al. 2000; Peumans and Forrest 2001) incorporat-
ing an exciton-blocking layer to prevent electron trapping and mitigate 
quenching effects caused by cathode deposition damage. These devices 
had an efficiency of 3.6%. Forrest et al. later extended this concept to build 
tandem cells made from a connected series of two stacked cells, each opti-
mized to absorb in a specific region of the solar spectrum (Yakimov and 
Forrest 2002). This device had an efficiency of 5.7%.

50 nm 50 nm

100 nm100 nm

C D

A B

FIgure 4.15
TEM images of thin-film CdSe nanocrystals in P3HT. (A, B) Top views of 7 × 7 nm nano-
crystals and 7 × 60 nm nanocrystals, respectively. (C, D) The films in cross-section and 
the distribution of the nanocrystals in the film. The 7 × 60 nm nanocrystals are par-
tially aligned perpendicular to the substrate plane. (With permission from Huynh, W. U., 
Dittmer, J. J., and Alivisatos, A. P., “Hybrid Nanorod-Polymer Solar Cells,” Science 295 
[2002]: 2425–27.)
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In order to reduce the spectral mismatch leading to incomplete absorp-
tion of low-energy photons, the tandem-multijunction hybrid organic-
inorganic solar cell has been studied (Chen et al. 2005; Dennler et al. 
2006b; Gilot et al. 2007; Hadipour et al. 2007; Janssen et al. 2007; Kawano 
et al. 2006; J. Y. Kim et al. 2007; Peumans and Forrest 2001; Peumans et 
al. 2003; Uchida et al. 2004a; Xue et al. 2004; Yakimov and Forrest 2002). 
In a tandem cell consisting of multiple subcells in series, the open-circuit 
voltage (Voc) is equal to the sum of the Vocs of individual cells. Different 
subcells will absorb different regions in the solar spectra, enabling the 
absorption of a broader range than for a single-junction device. Typically, 
the wide-band-gap subcell will reside at the front side to harness high-
energy photons, while low-band-gap cells are used on the back end to har-
vest low-energy photons. The interfacial middle electrode serves as both 
a protecting layer for bottom subcell and an electrical contact between 
the two subcells (via efficient electron-hole recombination). This middle 
electrode has been made by dc megnetron sputtering (e.g., ITO) (Kawano 
et al. 2006), thermal evaporation (e.g., Sm, Au, Ag, WO3) (Gilot et al. 2007; 
Hadipour et al. 2007), dip coating (e.g., TiOx) (J. Y. Kim et al. 2007), and 
spin coating (e.g., ZnO) (Gilot et al. 2007). The contact layer must be trans-
parent so that the lower-energy photons can penetrate through, but does 
not need to have a low sheet resistance since it does not carry current in 
the lateral direction. Figure 4.17 shows an example of a tandem polymer 
solar cell, achieving a highest power conversion efficiency of about 6.5% 
(J. Y. Kim et al. 2007).

5 nm

0.44 nm

FIgure 4.16
HRTEM image showing C60 “nanowhiskers” after annealing. (With permission from 
Reyes-Reyes, M., Kyungkon, K., Dewald, J., et al., “Meso-Structure Formation for 
Enhanced Organic Photovoltaic Cells,” Organic Lett. 7 [2005b]: 5749–5752.)
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FIgure 4.17
Tandem solar cell. (a) This device is based on two polymers with different absorption 
coefficients and two different C60 derivatives. (b) The device structure consists of two bulk 
heterojunction cells separated by a TiOx layer. The front cell absorbs the high-energy pho-
tons. Low-energy photons pass through the device to be absorbed by the back cell. (c) A 
diagram showing the energy levels for each component material. (With permission from 
Kim, J. Y., Lee, K., Coates, N. E., et al., “Efficient Tandem Polymer Solar Cells Fabricated 
by All-Solution Processing,” Science 317 [2007]: 222–25.)

© 2010 by Taylor and Francis Group, LLC



Nanostructured Organic Solar Cells  •  167

4.6 nanoscale MaterIals For PolyMer devIces

As described above, thanks to the development of nanotechnology and 
various nanoscale materials, polymer solar cells have evolved from a sin-
gle-layer structure (homojunction) to a heterojunction geometry includ-
ing bilayer and bulk heterojunctions.

4.6.1 types of nanomaterials

Electron acceptors have been fabricated from a number of materi-
als, including TiO2 (Arango et al. 2000; Breeze et al. 2001; Kwong et al. 
2004a; Qiao et al. 2005a, 2006b), ZnO (Beek et al. 2004, 2005a,b), CdSe 
(Greenham et al. 1997a; Huynh et al. 1999), CdS (Greenham et al. 1996), 
carbon fullerenes and its derivatives (Aernouts et al. 2002; Brabec et al. 
2002; Konkin et al. 2009; Krebs et al. 2009; Martens et al. 2003; Melzer et 
al. 2004; Mihailetchi et al. 2003; Munters et al. 2002; Nelson et al. 2004; 
Riedel et al. 2004; Sahin et al. 2009; Svensson et al. 2003; van Duren et 
al. 2002, 2004; Wienk et al. 2006a,b; Zhokhavets et al. 2003), and carbon 
nanotubes (Kymakis et al. 2003; Lee et al. 2001). Solvent-based conjugated 
polymers such as PPV [poly-(phenylene-vinylene)] (Piok et al. 2001) and 
its derivatives (e.g., MEH-PPV [Breeze et al. 2001], MDMO-PPV [Rispens 
et al. 2003], etc.) have been widely studied as photovoltaic materials in 
recent years (Mattoussi et al. 1998). Other groups have reported on results 
using the thiophene derivatives P3HT [poly(3-hexylthiophene)] (Kim et 
al. 2005a,b; Lee et al. 2001; Mozer and Sariciftci 2004; Zhokhavets et al. 
2006a), P3OT [poly(3-octylthiophene)] (Gebeyehu et al. 2001; Kymakis 
and Amaratunga 2003; Landi et al. 2005; Qiao et al. 2006; Zafer et al. 2005; 
Zhokhavets et al. 2004), and PTEBS (Qiao et al. 2005a,b,c, 2006b).

4.6.1.1 Properties of Nanomaterials for Use in Photovoltaics

For heterojunction solar cell applications, nanomaterials need to have a 
higher electron affinity than the polymer. In other words, the conductance 
and valence bands of most semiconductor nanoparticle materials lie well 
below the related HOMO and LUMO of various polymers, making them 
energetically favorable for exciton dissociation and charge transfer at the 
interfaces. In addition, a high electron-accepting ability is also required for 
nanomaterials to be used in solar cells. For example, buckminsterfullerene 
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is capable of taking up to six electrons (Ohsawa and Saji 1992). Another 
property is high electron mobility, which works as a “speed limit” for elec-
tron transport.

4.6.1.2  Conductance and Valence Bands and Band 
Gaps for Typical Nanomaterials

The conductance bands, valence bands, and band gaps of nanomaterials 
commonly used as electron acceptors are shown in Table 4.2.

4.6.2 conjugated Polymers

4.6.2.1 Commonly Used Polymers

Three classes of conjugated polymers, including poly(p-phenylenevinylene) 
(PPV) and its derivatives (CN-PPV [Yu and Heeger 1995], MEH-PPV 
[Breeze et al. 2001], MEH-CN-PPV [Becker et al. 1997], and MDMO-

taBle 4.2

The Conductance Bands, Valence Bands, and Band Gaps of Nanomaterials Commonly 
Used as Electron Acceptors

Nanoscale 
Materials

Conductance 
Band (eV)

Valence
Band (eV)

Band
Gap (eV) Reference

C60 –3.83 –6.1 2.27 Sun and Sariciftci (2005)
PCBM-C61 –3.75 –6.1 2.35 Sun and Sariciftci (2005)
SWNT –4.5 Kymakis et al. (2003), Kymakis 

and Amaratunga (2002)
BM-C60  –3.51 –6.1 2.59 Sun and Sariciftci (2005)
TiO2 –4.2 –7.4 3.2 Breeze et al. (2001), Qiao et al. 

(2005a,b,c, 2006a,b)
CdS –4.2 –6.45 2.25 Sun and Sariciftci (2005)
CdSe –4.4 –6.1 1.7 Gratzel (2001), Greenham et al. 

(1997a, 1997b), Huynh et al. 
(1999, 2002)

CdTe –4.12 –5.85 1.73 Gur et al. (2005)
SiC –3.0 –6.0 3 Gratzel (2001)
SnO2 –4.95 –8.75 3.8 Gratzel (2001)
WO3 –4.6 –7.2 2.6 Gratzel (2001)
GaAs –4.2 –5.6 1.4 Gratzel (2001)
GaP –3.6 –5.85 2.25 Gratzel (2001)
ZnO –4.4 –7.6 3.2 Beek et al. (2004)
Fe2O3 –4.85 –6.95 2.1 Gratzel (2001)
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PPV [Martens et al. 2003]), polythiophene (PT) and its derivatives (P3HT 
[Bettignies et al. 2005] and PTEBS [Qiao et al. 2005a,b,c, 2006a,b]), and 
the polyanilines (PAn [Tan et al. 2004]) have attracted attention and are 
being investigated widely for use in solar cells. The chemical structures 
of PPV and PT and their derivatives are shown in Figures 4.18 and 4.19, 
respectively. The chemical structure of PAn is shown in Figure 4.20.
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FIgure 4.18
Chemical structure of poly(p-phenylenevinylene) (PPV) and its derivatives.
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FIgure 4.19
Chemical structure of polythiophene (PT) and its derivatives.
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Conjugated polymers are semiconducting due to their framework of 
alternating single and double carbon–carbon bonds. Single bonds are 
called σ-bonds, and double bonds include a σ-bond and a π-bond. The 
σ-bonds can be found in all conjugated polymers. However, the π-bonds 
are formed from the remaining out-of-plane pz orbitals on the carbon 
atoms overlapping with neighboring pz orbitals. The π-bonds are the 
source of the semiconducting properties of these polymers. First, the 
π-bonds are delocalized over the entire molecule; then, the overlap of 
pz orbitals actually produces two orbitals, a bonding (π) orbital and 
an antibonding (π*) orbital. The lower-energy π-orbital serves as the 
highest occupied molecular orbitals (HOMOs), while the higher-energy 
π*-orbital forms the lowest unoccupied molecular orbitals (LUMOs). The 
difference in energy between the two levels produces the band gap that 
determines the optical properties of the material, such as photon absorp-
tion and emission.

Most conjugated polymers have a band gap between HOMO and 
LUMO in the range of 1.5 to 3 eV and a high absorption coefficient of ~105 
cm–1. Therefore, an incident visible-light photon has sufficient energy to 
excite an electron from the HOMO to LUMO of the conjugated polymers. 
This makes them well suited to absorb the visible light for photovoltaic 
devices. However, the optical absorption range is relatively narrow across 
the solar spectrum because most conjugated polymers only absorb light 
in the blue and green, and absorption in the red is difficult to accomplish. 
The incomplete light absorption in the solar spectrum limits the photo-
current generation.

4.6.2.2 Recently Developed Low-Band-Gap Polymers

As stated above, most conjugated polymers have a band gap larger than 
1.9 eV, and accordingly only absorb light with wavelengths less than 650 nm. 
Recently, low-band-gap polymers (Eg < 1.8 eV) have been reported as an 
alternative for better light harvesting of the solar spectrum (Campos et al. 

NH
n

PAn

FIgure 4.20
Chemical structure of the polyanilines (PAn).
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2005; Wang et al. 2004). Research has been done to synthesize low-band-
gap polymers such as poly[5,7-bis-(3-octylthiophen-2-yl)thienopyrazine] 
(PB3OTP) (Sharma et al. 1995; Campos et al. 2005), poly-N-dodecyl-2,5,-
bis(2′-thienyl)pyrrole,2,1,3-benzothiadiazole (PTPTB) (Brabec et al. 2002), 
side-chain-substituted poly(di-2-thienylthienopyrazine)s (PBEHTT and 
PTBEHT) (Wienk et al. 2006b), polymers based on alternating electron-
donating 3,4,3′,4′-tetrakis[2-ethylhexyloxy]-2,2′-bithiophene and elec-
tron-deficient 2,1,3-benzothidiazole units along the chain (PBEHTB), and 
alternating polyfluorene copolymers with a green color (APFO-Green 1 or 
APFO Green 2) (Wang et al. 2004, 2005; Zhang et al. 2005). Some of these 
low-band-gap polymers have been reported to absorb from 300 to 850 nm 
(Wang et al. 2005).

4.6.2.3 HOMO/LUMO Levels and Band Gaps for Typical Polymers

The HOMO/LUMO levels and band gaps of various polymers, including 
PPV, PT, and recently developed low-band-gap polymers, are summarized 
in Table 4.3.

taBle 4.3

HOMO/LUMO Levels and Band Gaps of Various Polymers

Conjugated 
Polymers

LUMO 
(eV)

HOMO 
(eV)

Band
Gap (eV) Reference

P3OT –2.85 –5.25 2.4 Kymakis and Amaratunga (2002, 
2003)

MEH-PPV –3 –5.3 2.3 Breeze et al. (2001)
MDMO-PPV –2.8 –5.0 2.2 Brabec et al. (2003)
PTEBS –2.8 –5 2.2 Qiao et al. (2005a,b,c, 2006b)
P3HT –3.2 –5.2 2.0 Kwong et al. (2004a)
PPE-PPV(DE21) –3.6 –5.6 2.0 Sun and Sariciftci (2005)
APFO Green 2 –3.6 –5.6 2.0 Zhang et al. (2005)
PPE-PPV(DE69) –3.56 –5.46 1.9 Sun and Sariciftci (2005)
PTBTB –3.73 –5.5 1.77 Brabec et al. (2002), Dhanabalan 

et al. (2001b)
P3DDT –3.55 –5.29 1.74 Sun and Sariciftci (2005)
PBEHTB –3.6 –5.3 1.7 Wienk et al. (2006a)
PB3OTP –2.75 –4.2 1.45 Campos et al. (2005)
PBEHTT –3.6 –5.0 1.4 Wienk et al. (2006b)
APFO Green 1 –3.9 –5.14 1.24 Wang et al. (2004, 2005)
PTBEHT –4.0 –5.2 1.2 Wienk et al. (2006b)
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4.6.2.4 Properties of Polymers for Use in Photovoltaics

A singlet exciton is a bound electron-hole pair generated by photoexcitation. 
When illuminated under the light, electrons are pumped to the LUMO level 
by the absorbed photons, leaving the corresponding holes in the HOMO. 
However, electrostatic attraction keeps them together. The exciton binding 
energy of the conjugated polymers has been the subject of debate in the lit-
erature over the past decades. Reporters have proposed the values between 
a few kbT (kbT in the order of 10–5 eV) and 1 eV for the binding energy 
(Chandross et al. 1994; Lee et al. 1994; Marks et al. 1994). The common 
accepted value for the exciton binding energy of most conjugated polymers 
is about 0.3 to 0.4 eV (Barth and Bassler 1997; Marks et al. 1994). This means 
strong driving forces such as an electric field are needed to dissociate the 
photogenerated excitons into separate electrons and holes. These excitons 
need to be dissociated before the carriers can be transported and then col-
lected at the electrodes. The diffusion range of singlet excitons of conjugated 
polymers is approximately 5 ~ 15 nm, and their radiative or nonradiative 
decays take place in the time of 100 ~ 1,000 ps (Greenham et al. 1997b).

Compared to those in the inorganic semiconductors, the charge mobili-
ties are low (0.01 to 0.001 cm2-V–1-s–1) (Zen et al. 2005) because charge 
transport takes place through hopping between the localized states in the 
polymer. In addition, the photocurrent is susceptible to temperature vari-
ation through hopping transport. This limits the useful thickness of the 
devices. Most conjugated polymers are vulnerable to degradation in the 
air with the presence of oxygen or moisture. For this reason, glove boxes 
are generally needed to make polymer solar cells (Dennler et al. 2006a).

The conjugated polymers described here are mainly p-type semiconductors 
in the sense that they can be partially oxidized to become p-doped (Wallace 
et al. 2000). A corresponding reduction or n-doping will destabilize the poly-
mers (Brabec et al. 2003). Figure 4.21 shows an example for the oxidation 
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FIgure 4.21
Oxidation and reduction of a polythiophene. P-type semiconductors can be partially oxi-
dized to become p-doped. (With permission from Too, C. O., Wallace, G. G., Burrell, A. K., 
et al., “Photovoltaic Devices Based on Polythiophenes and Substituted Polythiophenes,” 
Synthetic Metals 123 [2001]: 53–60.)
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and reduction of a polythiophene (Too et al. 2001). N-type polymer semicon-
ductors are also available (Huang et al. 1999; Janietz et al. 2001), however, less 
effort has been gone into synthesizing and characterizing them.

4.6.2.5 Energy Matching for Polymers and Nanomaterials

In heterojunction solar cells, the polymers work as p-type semiconductors 
and nanomaterials serve as n-type semiconductors. However, their energy 
structures must be energetically favorably matched to form an effective 
heterojunction. Figure 4.22 shows how a polymer and a nanomaterial 
match based on energy band structure, in which most of the common 
polymers and nanomaterials have been included.

4.7 nanoscale structure

As discussed above, in order to achieve exciton separation, the exciton must 
be formed within one diffusion length of the donor-acceptor interface. Any 
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Matching of nanomaterials and polymer for use in solar cells based on energy band. The 
top squares represent the LUMO and conductance bands, and the bottom squares rep-
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and gold; those shown on the left are FTO and aluminum. (This figure is based on a con-
cept presented in Gratzel, M., “Photoelectrochemical Cells,” Nature 414 [2001]: 338–44.)
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farther and the exciton will recombine before reaching the interface. In 
an effort to overcome this challenge, other investigators have built devices 
with covalently attached supramolecules where the donor and accep-
tor molecules are in direct contact. Somewhat surprisingly, these dyads 
(Dhanabalan et al. 2001a; Eckert et al. 2000; Loi et al. 2003; Possamai et al. 
2003) have yielded low efficiencies, implying that domain size can actually 
be too small and can result in enhanced recombination and poor-charge 
carrier transport. This indicates that an optimal domain size is needed in 
organic photovoltaics to balance exciton diffusion and charge transport.

The domain size depends on a number of factors. Most obvious is the 
relative concentrations of the donor and acceptor materials. For polymer/
fullerene devices, the most efficient devices have high fullerene loading 
with weight ratios of 4:1 (fullerene:polymer) (Aernouts et al. 2002; Kroon 
et al. 2002; Munters et al. 2002; Shaheen et al. 2001). This seems to be nec-
essary for electron transport.

Domain size also depends on the choice of solvent and solvent evap-
oration time (heating). Hoppe et al. (2004) conducted a comparison of 
toluene and chlorobenzene in MDMO-PPV:PCBM devices (MDMO-PPV 
is (poly[2-methoxy-53,7-dimethyloctyloxy)]-1,4-phenylenevinylene). The 
toluene resulted in grain sizes of 200 to 500 nm, while the chloroben-
zene grain size was closer to 50 nm (Figure 4.23). The grain size when 
using toluene is too large to ensure exciton separation, and therefore the 

A B

FIgure 4.23
Effect of solvent on domain size. Domain size in MDMO-PPV:PCBM devices for (A) tolu-
ene and (B) chlorobenzene solvents. Toluene results in grain sizes of 200 to 500 nm, while 
the chlorobenzene grain size is closer to 50 nm (Figure 4.23). The grain size when using 
toluene is too large to ensure exciton separation, and therefore the devices made using 
chlorobenzene showed a higher efficiency. (With permission from Hoppe, H., Niggemann, 
M., Winder, C., et al., “Nanoscale Morphology of Conjugated Polymer/Fullerene-Based 
Bulk-Heterojunction Solar Cells,” Adv. Funct. Mater. 14 [2004]: 1005–11.)
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devices made using chlorobenzene showed a higher efficiency. Other stud-
ies (Kwong et al. 2004a) indicate that solvents with lower vapor pressure 
result in better mixing of the polymer and the electron acceptor material, 
and thus improved efficiency. Correspondingly, solvent evaporation times 
can impact the morphology and efficiency of the devices (Halls et al. 2000; 
Strawhecker et al. 2001).

In Section 5.2.2, the use of annealing to form C60 nanowhiskers (Reyes-
Reyes et al. 2005b) was discussed. Other studies (Camaioni et al. 2002; 
Dittmer et al. 2000; Hoppe and Sariciftci 2004; Padinger et al. 2003; 
Schmidt-Mende et al. 2001) have shown that annealing can change the 
nanostructure of the device and can either enhance or degrade the effi-
ciency of the device, depending on how long the annealing takes place and 
how much change there is in the size of the domains.

4.8 suMMary

The materials and devices of organic polymer solar cells and dye-sensi-
tized solar cells have been discussed. The nanoscale donor and acceptor 
materials are very important in achieving highly efficient organic polymer 
solar cells and dye-sensitized solar cells. In the former device, conjugated 
polymers with a high absorption coefficient and high electron affinity are 
typically used as donors, including PPV, PT, and PAn and their deriva-
tives. In the latter, Ru-based complexes and other all-organic dyes, includ-
ing polypyridines, indolines, squaraines, perylenes, xanthenes, flavonoid 
anthocyanins, polyenes, coumarins, and polypyridyl derivatives, are cur-
rently used. Acceptor materials, including metal oxide (TiO2, ZnO, etc., 
in the form of particle, rod, or wire), fullerene, and carbon nanotubes, 
are being studied. The electrical and optical properties of these materials 
affect directly the photon absorption, exciton generation, exciton dissocia-
tion, charge transfer, and charge transport.

4.9 Future PersPectIve

Since visible light only accounts for 50% of the solar energy, near-infra-
red light needs to be harvested for significant improvement of device 
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efficiency. Low-band-gap polymers and dyes and near-infrared quantum 
dots are strongly needed in the future. Also, efficient multiexciton genera-
tion using quantum dots, quantum rods, and quantum wires is currently 
gaining extensive attention and is expected to play a role in increasing the 
PV device efficiency. Another approach to increasing device efficiency is to 
incorporate films with a meso-macroporous structure (Ito et al. 2000). In 
addition, in order to increase use of excitons generated in the donor mate-
rials, new materials with longer exciton diffusion lengths are also worthy 
for future research. Most of these future approaches are discussed in other 
chapters of this book (e.g., nanowires, etc.).
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5
Recent Progress in Quantum 
Well Solar Cells

Keith W. J. Barnham, I. M. Ballard, B. C. Browne, 
D. B. Bushnell, J. P. Connolly, N. J. Ekins-Daukes, 
M. Fuhrer, R. Ginige, G. Hill, A. Ioannides, 
D. C. Johnson, M. C. Lynch, M. Mazzer, 
J. S. Roberts, C. Rohr, and T. N. D. Tibbits

5.1 IntroductIon

This chapter reviews recent work by the Quantum Photovoltaic Group 
(QPV) at Imperial College London and their collaborators in the applica-
tion of quantum wells (QWs) to photovoltaics (PV). The group has been 
working on the application of such nanostructures to PV for nearly two 
decades, but this chapter will focus on work since the last review.1 The 
QPV group work on the quantum dot concentrator (QDC) is described 
elsewhere in this book (Chapter 9).

We will discuss the potential advantages of QW cells over lattice-matched 
(LM) and metamorphic (MM) multijunction solar cells in high-optical-
concentration (CPV) systems. A wide variety of such high-concentration 
systems are currently being developed in response to concerns about 
global warming and stimulated by feed-in tariffs in a growing number of 
countries.2 The concentrators are designed to bring down the cost of the 
III-V multijunction technology, which has already been deployed in space, 
to levels below flat-panel PV.

We will introduce the quantum well cell and discuss recent progress in 
exploiting the radiative domination of recombination at concentrator cur-
rent levels by photon recycling, the performance of the QWSC as a con-
centrator cell, and new deep-well structures of particular application to 
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multijunction solar cells. A new spin-out company from Imperial College 
London, QuantaSol Ltd., is close to commercializing the tandem QWSC.

5.2  coMParIson oF straIn-Balanced 
QuantuM well cells wIth Bulk cells

The highest-efficiency single-junction solar cells under both 1-sun condi-
tions and concentration are GaAs cells. Both single-junction records have 
held for two decades.3 The GaAs band gap (1.42 eV) is, however, rather 
high for terrestrial applications, as optimal efficiency in an AM1.5 direct 
spectrum requires a band gap around 1.1 eV at both 1 sun and high con-
centration.4 Since those records were established, the main effort to raise 
efficiency has gone into developing tandem- and triple-junction cells. As 
will be discussed in Section 5.5, for terrestrial concentrator applications 
multijunction would also benefit from lowering the band gap of the con-
ventional GaAs cell. The problem in doing so, which III-V cell designers 
have had to face for at least two decades, is that, while there are higher-band-
gap alloys such as GaInP and AlGaAs, that can be grown lattice matched 
to GaAs, there are no LM binary or ternary III-V compounds with a lower 
band gap than GaAs. To increase the GaInP/GaAs/Ge triple-junction 
cell efficiency, considerable effort is going into studying the quaternary 
GaInNAs that can be grown lattice matched to GaAs.5 However, it dem-
onstrates poor minority carrier lifetimes, resulting in insufficient current 
to avoid limiting the multijunction performance. The approach favored 
by most triple-junction manufacturers has therefore been to grow on a 
relaxed InGaAs “virtual” substrate, which increases the lattice constant 
and lowers the band gap of both the middle and top junction cells. As will 
be discussed below, this metamorphic approach achieves lower band gaps, 
but at the expense of a number of residual dislocations, however effective 
the buffering of the virtual substrate.6

The strain-balanced quantum well solar cell (SB-QWSC), which is 
illustrated schematically in Figure 5.1a, is an alternative approach to the 
problem of lowering the GaAs band gap.7 The low-band-gap, higher-lattice-
constant (a2) alloy InxGa1–xAs wells (with In composition x ~ 0.1 to 0.25) are 
compressively strained. The higher-band-gap, lower-lattice-constant (a1) 
alloy GaAs1–yPy barriers (with P composition y ~ 0.1) are in tensile strain. 
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We find that the zero-stress condition gives the best material quality8 and 
enables at least sixty-five wells to be grown without relaxation.9

One feature of the SB-QWSC that is of particular significance for concen-
trator cells is that the dark current of the GaAs/GaAsP/InGaAs SB-QWSC 
has ideality factor n = 1 at current levels above around 200 suns concentra-
tion.1 We believe this is a result of the complete absence of dislocations in 
zero-stress material. It is in contrast to the situation with the best InGaAs 
metamorphic cells, which have n ~ 1.2 at concentrator current levels.10

There are two contributions to the n = 1 dark current. The first is radia-
tive recombination, which can be described in terms of the generalized 
Planck model.11 The highest probability for radiative recombination 
occurs between the electron in the lowest energy state in the conduction 
band well and the hole at the top of the valence band well; i.e., the recom-
bination results in a photon corresponding to energy Ea in Figure 5.1b. The 
bulk p- and n-regions of the cell, which are formed from higher-band-
gap material such as GaAs, are transparent to such photons. Hence, if the 
SB-QWSC structure is grown on some type of mirror, such as a distrib-
uted Bragg reflector (DBR), the phenomenon of photon recycling can be 
observed,12 as discussed further in Section 5.4.

The higher-band-gap p- and n-regions are important in another respect, 
to be discussed in the next section. There is a second contribution to the 
n = 1 dark current, in addition to the radiative recombination from the 
quantum wells, namely, the ideal Shockley injection current. The magni-
tude of this contribution is determined by the minority carrier recombi-
nation in the GaAs p- and n-regions (Figure 5.1b), and hence is suppressed 
relative to the radiative recombination across the lower energy gap, Ea. A 
back mirror in combination with the total internal reflection at the top 
surface of the cell can, in principle, trap a major fraction of the radiative 
recombination from the wells in the cell apart from the loss through the 
top surface escape cone. The light trapping cannot be complete if incident 
sunlight is to enter the cell and detailed balance requires some photon 
loss.12 However, a significant fraction of the radiative loss can be trapped 
by a back mirror and, if reabsorbed in the wells, contribute to the out-
put current and enhance efficiency.13 The first practical demonstrations of 
photon recycling are discussed in Section 5.4.

The SB-QWSC approach also enables one to achieve absorption edges 
and effective band gaps that can only be achieved by conventional bulk cells 
in metamorphic systems, which of necessity involve some residual disloca-
tions. The further the lattice constant of the relaxed bulk system is from the 
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FIgure 5.1
(a) Schematic of SB-QWSC with compressively strained InxGa1–xAs wells and tensile-
strained GaAs1–yPy barriers. (b) Energy band edge diagram of p-i-n SB-QWSC. Note that 
the band gap of the GaAs in the n- and p-regions is significantly higher than the absorp-
tion threshold Ea in the QWs. Hence they are transparent to radiative recombination from 
the bottom of the wells, and recombination due to ideal Shockley injection is suppressed 
compared to radiative recombination.
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lattice constant of the substrate, the more the residual dislocations. Hence, 
the comparison of a dislocation-free strain-balanced multiquantum well 
(SB-MQW) with a relaxed bulk alloy with the same band edge will be dom-
inated by the extra recombination centers in the MM case.

We have recently answered one important question about QW solar 
cells: whether an MQW system is superior in its photovoltaic properties 
to bulk material with the same thickness and band edge, if the material 
quality of both is similar. As part of a study of thermophotovoltaic cells14 
we studied the performance of MQW cells with lattice-matched QWs 
wells and barriers formed from the quaternary InGaAsP lattice matched 
to InP substrates. We compared these MQW cells with similar double-
heterostructure (DH) cells with the same emitter and base, but with an 
i-region composed entirely of a lattice-matched InGaAsP quaternary with 
the same absorption edge as the QWs and the thickness equal to the total 
thickness of the QWs and the barrier. Both the MQW and DH cells were 
lattice matched and of similar material quality. It is important that the 
thickness of the i-region was the same in both cases, namely, 1 μm of bulk 
InGaAsP in the DH case compared to 1 μm of transparent barrier plus 
absorbing wells in the MQW case.

Despite having considerably less low-band-gap material in the i-region than 
the DH cell, under narrow band illumination in the QW region the short-
circuit current (Isc) is higher in the QW cell than in the DH cell, as shown in 
Figure 5.2, resulting from enhanced QE at the absorption threshold.14

The dark current of the MQW is lower than for the DH structure with 
the same band edge.14 Furthermore, the open-circuit voltage (Voc) is higher 
for the MQW even when the short-circuit current is corrected for the extra 
absorption, as shown in Figure 5.2. We conclude that in addition to the 
other advantages discussed in this chapter, an MQW has better current, 
voltage, and efficiency properties than the same thickness of bulk absorber 
with the same band edge and similar material quality. In this test both 
cells were operating at relatively low bias where nonradiative recombina-
tion dominates.

One more important advantage of the QW cell is the ability to tune the 
absorption threshold by changing the width and depth of the quantum 
well without introducing dislocations. This is a particularly useful prop-
erty for the optimization of monolithic, multijunction cells given the series 
current constraint, as will be discussed in Section 5.5.

A number of research groups are investigating the replacement of quan-
tum wells in a p-i-n cell by epitaxially grown quantum dots (for example, 
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Luque et al.15 and Hubbard et al.16). We have investigated this option. Given 
the practically achievable areal density of QDs and their lower absorption 
coefficient (compared to QWs), it is very difficult to incorporate enough 
dot layers in a p-i-n structure to increase the photocurrent sufficiently to 
overcome the voltage loss. The latter is likely to be higher in a QD cell than 
a QW cell due to unavoidable nonradiative recombination arising from 
relaxation resulting from residual, unbalanced strain in the QDs.

QD material of sufficient quality may be achievable by stress balancing, 
but the effective absorption coefficient appears to be at least an order of 
magnitude too small. A feature of both strain-balanced and strained epi-
taxially grown QDs is the presence of a wetting layer, which is, in fact, a 
quantum well of around 1.8 nm width. Quantum efficiency data with epi-
taxial dots in p-i-n structures15,16 show features that correspond to absorp-
tion at the level to be expected in such shallow wells at an energy just 
below that of the bulk regions. The longer wavelength signal from the QDs 
is a further order of magnitude down. The short-circuit current enhance-
ment observed in Hubbard et al.16 is primarily due to the QW wetting layer 
rather than the QDs.
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FIgure 5.2
Measured current and voltage characteristics of a GaInAsP quaternary MQW cell 
(MR1180) compared to a quaternary DH cell (MR1091) with the same absorption thresh-
old and i-region width under 1,500 nm narrow band illumination. Also shown is the QW 
cell MR1180 light IV shifted down to the same short-circuit current as MR1091 (dotted 
line). (Reprinted with permission from Rohr, C. et al. American Institute of Physics. J. 
Appl. Phys. 2006. 100:14510.)
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5.3  radIatIve recoMBInatIon doMInance 
at concentrator current levels

We have developed a detailed simulation model SOL at Imperial for both 
the spectral response and the dark current behavior of LM, strained, and 
strain-balanced MQW quantum wells.1,13,17 Figures 5.3a and b show typical 
examples of fits to the internal quantum efficiency (IQE) and dark current of 
a fifty-shallow-well SB-QWSC. The cell is a p-i-n diode with an i-region con-
taining fifty QWs that are 7 nm wide of compressively strained InxGa1–xAs 
with x ~ 0.1 inserted into tensile-strained GaAs1–yPy barriers with y ~ 0.1.

The IQE in the neutral regions of the cell is fitted in the conventional 
way in terms of minority carrier diffusion lengths in p- and n-regions.17 
The energy levels in the quantum wells are calculated on a first-principles 
quantum mechanical approach, and either the absorption level is adjusted 
to fit the data at the first continuum in the well or allowance is made for 
reabsorption following reflection at the back substrate, as described in 
Section 5.5.

The shape and height of the dark current in Figure 5.3b in the low-bias 
ideality n ~ 2 region is well reproduced by a model in terms of one param-
eter, an effective lifetime defined as follows. SOL solves for the variation 
in the carrier distributions n(x) and p(x) with position x throughout the 
i-region using the QW density of states based on the energy levels in 
the QE calculation, assuming the depletion approximation holds.17 This 
approach gives similar results to a self-consistent calculation up to the 
voltages at which the n = 1 contribution dominates. From carrier densities 
a recombination rate is determined assuming the Shockley–Hall–Read 
(SHR) approach.17 This requires the nonradiative lifetimes of the carriers. 
The evidence suggests we can equate the electron and hole lifetimes, so we 
are left with two parameters that depend on material quality, the carrier 
lifetimes in the barrier and well, τB and τW, respectively. As bulk material 
of comparable band gap to the QW and barrier does not exist, we assume 
that, for low P and In fractions, the well and barrier quality are sufficiently 
similar that lifetimes are equal. This leaves one effective lifetime for SHR 
recombination, τ = τW = τB. We find that reasonable fits can be obtained to 
the shape and height of the SRH dark current over a wide range of quan-
tum well samples with the single parameter τ.

As discussed in Section 5.2, there are two distinct contributions to 
the n = 1 current. First, the ideal Shockley injection current assumes no 
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FIgure 5.3
(a) Measured internal quantum efficiency (IQE) of a fifty-shallow-well SB-QWSC and the 
fit made with program SOL. The separate contributions of p-, intrinsic, and n-regions are 
also shown. (b) Measured dark current for the cell in (a) showing the single-parameter fit 
to the nonradiative SRH contribution in the n ~ 2 region and the predictions for the two 
contributions to the n = 1 region based on IQE fits in the bulk and well region of (a).
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recombination in the depletion region but does assume the radiative and 
nonradiative recombination of injected minority carriers with majority 
carriers in the field-free regions. This contribution depends in a standard 
way on the minority carrier diffusion lengths, doping levels, and the surface 
recombination in the neutral regions. We can estimate this current from the 
minority carrier parameters obtained when fitting the spectral response in 
the neutral regions, which are the p- and n-regions in Figure 5.3a.

The second contribution to the n = 1 current results from the recombi-
nation of carriers in the QWs and barriers in the depletion region. Like 
the ideal Shockley injection current, this is expected to have both radiative 
and nonradiative contributions. However, we assume that the nonradiative 
contribution in the i-region is described by the SHR n ~ 2 model discussed 
above. The radiative recombination contribution to the QW recombination 
can be estimated by a detailed balance argument. This relates the photons 
absorbed to the photons radiated, as discussed in Nelson et al.11 and refer-
ences cited therein. The radiated spectrum as a function of photon energy, 
E, in an electrostatic field F, L(E,F)dE, is determined by the generalized 
Planck equation:

 L E F dE n L
h c

E F E
e

dEW
E E k TF B

( , ) ( , )
( )/=

−−
2

1

2

3 2

2π α
∆  (5.1)

We integrate this spectrum over the energy and the cell geometry as 
described in Nelson et al.11 to give a total radiative current. This will 
depend on the quasi-Fermi level separation ∆EF and the absorption coef-
ficient α(E,F) as a function of energy and field. In general, we assume that 
∆EF = eV where V is the diode bias. However, in Section 5.5 we discuss 
evidence that in deep-well samples, ∆EF < eV.

The absorption coefficient α(E,F) is calculated from first principles as 
discussed above when fitting the spectral response of the QWs, assuming 
unity quantum efficiency for escape from the wells.

It is important to note that the important parameters for both n = 1 con-
tributions, the ideal Shockley injection (minority carrier diffusion lengths 
in p- and n-regions), and the QW radiative current levels (absorption coef-
ficient α(E,F)) are therefore determined by the spectral response fits in the 
bulk and QW regions, respectively. Hence, the fit in Figure 5.3b depends 
on only one parameter, and yet reproduces the data over six decades of 
dark current. This suggests we have a good understanding of the factors 
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influencing the dark current. We have compared a wide range of well num-
bers and well depths, and as long as we can fit the internal quantum effi-
ciency, we have found good agreement with the measured dark current, 
apart from the deep-well n = 1 contribution discussed in Section 5.5.18 
These quantitative results confirm the observation discussed in Section 5.2, 
that radiative recombination dominates over the ideal Shockley injection.

5.4  dark current reductIon and Voc 
enhanceMent By Photon recyclIng

As a result of the dislocation-free material, the high-band-gap bulk 
regions of the cell, and the application of SOL to a wide range of samples 
as discussed above, we know that radiative recombination dominates in 
SB-QWSCs at high current levels. This makes possible the exploitation of 
radiative recycling, which we first observed as a reduction of the dark cur-
rent and confirmed by a model for the electroluminescence.13,19

We studied three SB-QWSC designs that varied in the number and 
depth of the QWs, each grown on both a distributed Bragg reflector (DBR) 
and a GaAs substrate. To ensure that the SB-QWSCs were similar, a pre-
grown DBR wafer and an n-type GaAs substrate were placed down- and 
upstream, respectively, in the metal organic vapor phase epitaxy (MOVPE) 
reactor and both overgrown in the same gas flow. The QWs consisted of 
three depths of InXGa1–XAs wells, with x = 0.11, 0.17 and x = 0.22. The 
widths of the wells and barriers (GaAs1–yPy, where y = 0.1) were adjusted to 
satisfy the zero-stress condition.8

The DBRs consisted of 20.5 periods of alternating layers of material with 
low (Al0.8Ga0.2As) and high (Al0.13Ga0.87As) refractive indices. To reduce 
series resistance, intermediate layers of Al0.5Ga0.5As were grown between 
each DBR layer. Layer thicknesses were designed to double the pass of 
normal incidence light and incident sunlight within ~20° of normal. This 
resulted in a significant enhancement of the IQE in the QW, as can be 
seen in Figure 5.4 for two-shallow fifty-well devices. The DBR also acts as 
a good reflector for radiative recombination at angles greater than 60°, as 
can be seen in Figure 5.5.

The dark currents of ~15 fully metallized mesa structures were mea-
sured using the four-point method and pulsed current sourcing to reduce 
heating. All measurements were taken at 25°C using a Peltier cooled stage. 
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FIgure 5.4
Internal quantum efficiency (IQE) of a fifty-shallow-well SB-QWSC overgrown on either a 
GaAs substrate (device B) or a distributed Bragg reflector (DBR) on a GaAs wafer (device 
C). Both wafers were loaded side by side in the MOVPE reactor. The modeled reflectivity 
of the DBR is also shown.
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FIgure 5.5
Calculated angular reflectivity for the DBR with peak reflectivity at a wavelength of 980 
nm. Reflectivity is high for near-normal incidence sunlight as well as at angles greater 
than 60°.
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As shown for the shallow-well samples, for example, in Figure 5.6, the dark 
current is significantly lower in all the DBR cells at high bias.

The measurements were fit with a two-exponential model:

 J J e J eq V J R n k T q V J Rs s= ⋅ + ⋅⋅ − ⋅ ⋅ ⋅ ⋅ − ⋅
01 02

1( )/( ) ( )/(( )n k T2⋅ ⋅  (5.2)

where J01 and J02 are reverse saturation currents, n1 and n2 are ideality factors, 
RS is the series resistance, k is Boltzmann’s constant, and T is the tempera-
ture. The ideality factor n1 is fixed at 1. The first term in Equation 5.1 domi-
nates at high bias and corresponds to QW radiative recombination, which, 
as discussed in Section 5.3, dominates over the ideal Shockley injection.

Fits to the data were made by varying J01, J02, n2, and RS. The average J01 
values obtained from ~15 devices for each design are listed in Table 5.1. 
The ideality n = 1 reverse saturation current is reduced by between 18 and 
33%, depending on design.

To confirm that this reduction in J01 is a result of photon recycling, a 
model has been developed to provide for the shape and the integral of the 
electroluminescence (EL) emitted as a function of high forward bias in the 
device. The net photon flux exiting the surface of the device is described 

1.151.101.051.000.95

100

1000

Control ideality n = 1
DBR ideality n = 1

Control

DBR

Ideality n = 1
reduction

Cu
rr

en
t D

en
sit

y (
m

A
/c

m
2 )

10000

Bias (V)

FIgure 5.6
Measured dark currents at high bias of ~15 fully metalized devices from fifty-shallow-
well SB-QWSCs grown on a DBR or control GaAs substrate. The predictions are shown of 
the electroluminescence (EL) model. (Reprinted with permission from Johnson, D. C. et 
al. 2007. American Institute of Physics. Appl. Phys. Lett. 90:213505.)
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using the generalized Planck equation (Equation 5.1). Integrating the 
photon flux density over energy, one obtains the radiative dark current 
in absolute units for a given bias or quasi-Fermi-level separation, assum-
ing radiative recombination dominates. This method requires calcula-
tion of device absorptivity, which is determined by a complex refractive 
index calculated from the measured internal quantum efficiency. A matrix 
method is used to calculate the absorption of a stack of thin films, includ-
ing antireflection coatings, the window layer, active layer, and DBR, tak-
ing into account multiple passes of photons and interference effects in the 
structure. Further details are given in Johnson et al.19

EL spectra were measured by driving 1-mm-sized concentrator devices 
into forward bias while maintaining the device at 25°C with the Peltier stage. 
Emission spectra are measured using a computer-controlled monochroma-
tor and charge-coupled device. Figure 5.7 compares the measured and mod-
eled EL spectra of a SB-QWSC grown on a DBR (design 1 in Table 5.1). In 
both spectra one can see Fabry-Perot cavity oscillations, and the EL model 
fits the shape of these experimental measurements quite well.

The EL calculation is in absolute units. Hence, by integrating the pre-
dicted EL spectrum over energy, we can calculate the expected radiative 
contribution to the dark current and compare with the measured dark 
currents. Examples of the predictions of this EL model for the n = 1 radia-
tive contributions to the dark current are shown for the control and DBR 
devices in Figure 5.6.

The reduction of the dark current is evident in both the measurements 
and the calculated values from our model. Table 5.1 compares the reverse 

taBle 5.1

Measured Reverse Saturation Currents and Predictions from EL Model

Design No.
In Fraction

X
Number of 

Wells

EL Model Measured

J01

10–21A
J02

10–13A
J01

10–21A

1 control 0.11 50 1.7 3.2 ± 0.4 1.5 ± 0.2
1 DBR 0.11 50 1.2 2.9 ± 0.7 1.0 ± 0.2
2 control 0.17 30 6.8 4.5 ± 0.5 8.9 ± 0.3
2 DBR 0.17 30 5.1 5.1 ± 0.2 6.7 ± 0.1
3 control 0.22 30 1.8 18 34 ± 1
3 DBR 0.22 30 1.3 13 28 ± 2

Source: Reprinted with permission from Johnson, D. C. et al. 2007. American Institute of 
Physics. Appl. Phys. Lett. 90:213505.
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saturation currents predicted from the EL model with the average values 
fitted to dark current measurements for all three device designs. The model 
quite accurately describes the ideality n = 1 component of the measured 
dark currents in relative terms. Further details can be found Johnson et 
al.19 and references therein.

In order to demonstrate that the reduction in dark current due to pho-
ton recycling leads to efficiency enhancement, 1-mm concentrator cells 
were processed from the shallow fifty-well devices and extensively stud-
ied under concentrated light. Measurements were made using a shuttered 
system, with the devices mounted on a Peltier element temperature-con-
trolled copper stage and illuminated through a high-speed Uniblitz shut-
ter by a Xe light source.

The procedure used is to measure the external quantum efficiency (EQE) 
of the cell and convolute the EQE with the known standard spectrum (e.g., 
AM1.5D low AOD) to find the short-circuit current density (Jsc) that the 
cell should have in this spectrum. The cell position is adjusted until the 
Jsc achieves this value illuminating within the designated area, and the 
light IV measured as described above. The cell is then moved closer to the 
source, the position reoptimized, the light IV repeated, and the concentra-
tion defined as the ratio of the new Jsc to the standard Jsc.
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FIgure 5.7
Measured electroluminescence (EL) spectrum for the fifty-shallow-well device grown on 
a DBR showing evidence for Fabry–Perot cavity oscillations. The full line is the EL model 
discussed in the text and in Johnson et al.19 (Reprinted with permission from Johnson, 
D. C. et al. 2007. American Institute of Physics. Appl. Phys. Lett. 90:213505.)
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A similar pair of shallow-well SB-QWSC concentrator devices was mea-
sured with uniform illumination over the mesa at the Fraunhofer ISE 
standards laboratory, producing performance parameters very similar to 
those measured with the procedure described above when allowance is 
made for the different areas illuminated in the two systems.

Pairs of fifty-shallow-well wafers grown as above side by side on GaAs 
substrates and DBRs were processed as 1-mm concentrator cells and 
measured under this system.20 Figure 5.8 shows how the VOCs of both a 
DBR SB-QWSC and a non-DBR SB-QWSC vary with solar concentration 
(assumed to be proportional to short-circuit current), and clearly shows an 
enhancement of the VOC in the DBR device as the concentration is increased 
corresponding to the fall in dark current. We believe this is the first time in 
which the VOC of an illuminated solar cell has been shown to increase as a 
result of direct enhancement of photon recycling by adding a DBR.20,21

With the increase in JSC and VOC due to the DBR, we achieved an efficiency 
of 27.0% (AM1.5 low-AOD spectrum at 328 suns).20,21 Subsequently this has 
been increased significantly above 27% at 500 suns22 and is now close to the 
world single-junction record in AM1.5D of (27.8 ± 1.0)% at 216 suns.3
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FIgure 5.8
Open-circuit voltage as a function of short-circuit current, which is assumed to be pro-
portional to the concentration of the light, for fifty-shallow-well concentrator cells with 
and without a DBR. (From T. N. D. Tibbits, I. Ballard, K. W. J. Barnham, D. C. Johnson, 
M. Mazzer, J. S. Roberts, R. Airey, and N. Foan, in Proceedings of the 4th World Conference 
on Photovoltaic Energy Conversion (WCPEC4), Hawaii, 2006, IEEE. p. 861.)
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The efficiency of a similar fifty-shallow-well DBR device has been mea-
sured as a function of concentration at different temperatures using the 
apparatus described above as further discussed in Ballard et al.23 The 
results are shown in Figure 5.9. A reduction in efficiency with increasing 
temperature is expected because of the shrinkage of the band gap. However, 
it can be seen that the reduction is smaller at higher concentrations. The 
behavior is also expected, as the dark current ideality factor reduces from 
n ~ 2 at low current levels to n = 1 at high concentrator current levels.2

We can be more quantitative about the temperature dependence at high 
current levels, as we have shown in Section 5.4 that SOL can predict the 
absolute dark current levels of the two n = 1 components. The level of the 
radiative recombination contribution will be determined from detailed-
balance by the level of absorption in the well and the ideal Shockley injec-
tion recombination by the minority carrier diffusion lengths in the bulk 
p- and n-regions.

In Figure 5.10 we show the measurements of the reverse saturation cur-
rent density of the fifty-shallow-well DBR cell in Figure 5.9 compared with 
the absolute predictions of SOL for the radiative recombination and ideal 
Shockley injection contributions determined from the IQE fits. It can be 
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FIgure 5.9
Measured AM1.5D efficiency of a fifty-shallow-well concentrator cell as a function of con-
centration (assumed proportional to short-circuit current) at different device tempera-
tures measured on the system described in the text and in Ballard et al.23
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seen that the radiative recombination contribution reproduces the mea-
sured data in level and temperature dependence. The ideal Shockley injec-
tion contribution is significantly lower due the higher band gap in the 
bulk regions of the cell. Were a higher proportion of the EL to be recycled, 
as discussed in Section 5.3, then the saturation current density would be 
lower and the efficiency higher.

5.5  deeP-well sB-Qwsc and tandeM 
QuantuM well cells

The current world record PV cells are triple-junction cells grown by 
Spectrolab3,5 consisting of two variants of the GaInP/GaAs tandem on 
active Germanium (Ge) substrates. The first has a high-band-gap GaInP 
top cell grown lattice matched (LM) to the GaAs bottom cell. In the sec-
ond approach, the metamorphic (MM) cell, a relaxed InGaAs buffer layer 
(often called a virtual substrate), is grown on the Ge substrate to increase 
the lattice constant so that InGaAs with lower band gap than GaAs can 
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FIgure 5.10
Measured reverse saturation current density of the ideality n = 1 dark current from a fit 
to the dark current with Equation 5.2 of the shallow fifty-well DBR cell in Figure 5.9. The 
measurements are shown as a function of temperature compared with the absolute pre-
diction of SOL for the radiative recombination and ideal Shockley contributions.
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be grown. However good the buffer layer, there will always be significantly 
more dislocations in this cell than with a good GaAs substrate, and as 
noted in Section 5.2, the lowest ideality factor of the Spectrolab InGaAs 
cell is n = 1.2.10

Electrical connection between the subcells is provided by two tunnel 
junctions. As the cells are in series the same current passes through all 
three cells and is limited by the current generated in the poorer cell. In 
the LM case this turns out to be the GaAs middle cell in most spectra, 
again because of the relatively high GaAs band gap. In both the LM and 
MM cases the Ge cell overproduces current in many spectra of interest. 
Therefore, optimizing the Ge-based triple-junction cell simplifies to con-
sidering the optimum top and middle cell band gaps. The parameter space 
can be represented as contours on a two-dimensional plot of the two band 
gaps for a given spectrum. Figure 5.11 shows the tandem plot taken from 
Browne et al.,24 which is similar to the triple-junction plot in King et al.6 
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FIgure 5.11
Ideal efficiency contour plot for a tandem cell under 500× concentration in AM1.5D low 
AOD. Dark lines show the band gaps of GaInP and GaAs. The red cross shows the band 
gap of a deep-well SB-QWSC and the blue star a tandem cell with this lower cell and a QW 
top cell. (From B. Browne, A. Ioannides, J. Connolly, K. Barnham, J. Roberts, R. Airey, 
G. Hill, G. Smekens, and J. Van Begin. 2008. Proceedings of the 33rd IEEE Photovoltaic 
Specialists Conference, IEEE, San Diego, CA.) (See color insert following page 206.)
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The strong correlation between the band gaps implied by the contours 
reflects the series current constraint and the need to ensure the same cur-
rent in the top and middle cells.

It is clear from Figure 5.11 that reducing the bottom cell band gap of 
the GaInP/GaAs tandem as indicated by the SB-QWSC point has the 
potential to significantly increase the tandem- or triple-junction effi-
ciency. Furthermore, an MQW top cell (dual SB-QWSC) would make 
it possible to independently optimize both band gaps without introduc-
ing dislocations and potentially to get close to the summit of the con-
tours. In contrast, growth on virtual substrates as in MM cells results 
in the band gap reductions of the top and bottom cells being correlated. 
The MM cells can be optimized along diagonal lines for the two options 
of ordered and disordered top cells,5 but only at the expense of adding 
residual dislocations.

The ability of a double QWSC, whether as a tandem or on an active Ge 
substrate, to independently optimize the top and middle cell absorption 
edges, as, for example, in Figure 5.11, is a very significant advantage for 
the QW approach. Note also that in different spectra, for different tem-
peratures of operation and for nonideal transmission coefficients in a 
high-concentration system, the maximum point of the contour plot will 
be different from that in Figure 5.11. The QW approach gives one the abil-
ity to optimize the energy harvest over a year for spectral and temperature 
variation, and concentrator transmission, simply by changing the number 
or depth of the quantum wells. This advantage will be worth at least 1 to 
2% absolute in terms of average electrical energy harvested over one year. 
Both the Imperial QPV group and QuantaSol have the aim to demonstrate 
this advantage as their highest priority.

The first stage of the tandem optimization, namely, the ability to pro-
duce a bottom cell of good quality with an absorption edge longer than 1 
μm or below 1.2 eV, with good material quality, has been achieved. Some 
interesting physics has emerged in these deep strain-balanced wells. A 
study along the lines of the analysis of the contributions to the n = 1 dark 
current discussed in Section 5.3 has been conducted as a function of well 
depth. Figure 5.12 shows the experimental J01 values determined by fits 
with Equation 5.2 to the dark currents measured in fully metalized diodes, 
for different well depths in samples with between thirty and fifty SB wells. 
The well depth is given by the position of the first exciton peak.

It can be seen from Figure 5.12 that the ideal Shockley contribution to the 
n = 1 dark current is indeed independent of well depth as expected, since 
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the contribution is determined by the GaAs band gap in all cases. On the 
basis of the detailed balance condition described by Equation 5.1, SOL pre-
dicts two values for the J01 of the n = 1 contribution, depending on whether, 
as discussed in Section 5.3, one raises the absorption parameter in the well 
to fit the measured quantum efficiency at the first continuum or fixes the 
absorption at the theoretical value and fits a back-reflectivity. In the latter 
case the photon recycling (allowed for in this calculation) will make a more 
significant contribution, thus reducing the predicted n = 1 level.

This ambiguity of interpretation is indicated by the error bars in 
Figure 5.12. However, whichever limit one takes, the experimental val-
ues of J01 obtained from the fits to the dark currents are below the pre-
diction for all the deep-well data points above 970 nm. We interpret this 
reduction as being further evidence in support of the observation made 
in low-well-number devices, that radiative recombination is reduced in 
QW solar cells.11,25 We parameterize this radiative recombination sup-
pression in terms of a reduction in the quasi-Fermi-level separation ∆EF 

from the expected value of eV, where V is the bias. The quasi-Fermi-level 
reductions that explain the lower J01 values in Figure 5.12 are presented in 
Figure 5.13.

A further interesting effect has been observed in SB-QWSCs of medium 
well depth and low well number. A change in shape of the electrolumi-
nescence from the QW as a function of voltage has been observed at 
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FIgure 5.12
Experimental values of J01 plotted as a function of band edge given by the first exciton 
position compared to modeled predictions described in the text. Note the modeling pre-
dictions for the ideal Shockley component of J01 for each device.
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biases above about 1 V. Examples for one and ten medium-depth wells 
(In ~ 0.17, exciton ~ 970 nm) are shown in Figure 5.14. There is also some 
evidence for exciton suppression at high bias in fifty-well samples.26 As 
shown in Figure 5.14, the bulk GaAs EL signal around 870 nm does not 
change shape, but there is evidence that the EL signal at the exciton peak 
falls and the peak widens with increasing voltage as bias increases above 
around 1 V bias.

As in the depth dependence of J01 in Figure 5.12, this effect corresponds 
to a suppression of radiative recombination at high bias. We are studying 
two possible explanations for this effect: first, that there is a temperature 
difference between the carriers and the lattice, and second, that this is 
some form of screening effect at high carrier concentrations in the well.26 
The first of these explanations would have the advantage of providing a 
thermodynamic force between well and barrier.27 This could explain the 
observed nonzero quasi-Fermi-level separation suppression that has been 
identified at lower biases and in the deep-well samples in Figure 5.13.

5.6 conclusIons

QWSCs have some interesting novel properties that we have only 
recently uncovered:
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The quasi-Fermi-level reduction that would be required to explain the radiative dark cur-
rent reduction in Figure 5.12, plotted as a function of the lowest energy exciton peak.
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The radiative dominance of the ideality •	 n = 1 dark current at high 
concentrator currents can now be understood in terms of the excel-
lent material quality (better than MM) and ideal Shockley injection 
current into high-band-gap neutral regions.
Radiative recombination means one can recycle waste photons add-•	
ing approximately a few percent absolute to efficiencies.
The 50+ deep wells ideal for tandem- and triple-junction applica-•	
tions appear to display a similar radiative recombination suppres-
sion to that observed in the electroluminescence of low-well-number 
devices. The change in shape of the electroluminescence signal at the 
first exciton may be a related phenomenon.
A double QW tandem- or triple-junction cell would make it pos-•	
sible to tailor a cell for spectral and temperature conditions and for 
concentrator transmission variations, so as to optimize the electrical 
energy harvesting over a year.
QDs have problems of significantly lower absorption and residual •	
dislocations as replacement for QWs. However, colloidal QDs have a 
significant potential in luminescent concentrators (Chapter 9), which 
are complementary to the high-concentrations system currently 
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FIgure 5.14
Electroluminescence from one and ten medium-well-depth SB-QWSCs. The single-well 
device (bottom) was biased between 1.0 and 1.1 V, and the ten-well device (top) was biased 
between 1.016 and 1.066 V. (From Führer, M. F. et al. 2008. Proceedings of the 33rd IEEE 
Photovoltaic Specialists Conference, San Diego, CA.)
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being developed, for which the SB-QWSC in tandem- and multi-
junction configurations is particularly suited.
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6
Nanowire- and Nanotube-Based 
Solar Cells

Loucas Tsakalakos

6.1 IntroductIon

Wire-like nano- and microstructures are increasingly of great interest 
for photovoltaics. This geometry provides several distinct advantages for 
PV that may in the future lead to low-cost, high-efficiency modules. For 
example, it has been shown that nanowire/tube arrays possess excellent 
antireflective and light-trapping/absorption properties compared to pla-
nar thin-film or bulk materials (Tsakalakos et al. 2007a; Xi et al. 2007). 
Nanowires/tubes also provide a direct path for transport of minority and 
majority charge carriers, hence providing the potential to minimize losses 
associated with surface/interface recombination (Haraguchi et al. 1992; 
Chung et al. 2000). Doping of nanowires can be controlled during their 
synthesis (Cui et al. 2000), and both homojunctions and heterojunctions 
have been shown (Haraguchi et al. 1992; Peng et al. 2004; Dick et al. 2007; 
Paladugu et al. 2008). Regarding nanowire synthesis, it is indeed possible 
to grow nanowire arrays over large areas using well-established, scalable 
processes such as chemical vapor deposition (including plasma enhanced 
and metal-organic based), wet etching, and solution-based chemical syn-
thesis. The above features make (quasi-) one-dimensional nanostructures 
such as nanorods, wires, and tubes particularly attractive for photovoltaics. 
The elongated geometry also allows the nanorod/tube structures to be dis-
persed in an interpenetrating network such that they may be used as trans-
parent conducting layers. These applications of nanorods (NRs), nanowires 
(NWs), and nanotubes (NTs) will be explored in more detail below.
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6.2 Background

6.2.1 nanowire and nanotube synthesis

One-dimensional nanostructures have been synthesized in numerous 
compositions, including metals (Valizedeh et al. 2006; Navas et al. 2008), 
elemental semiconductors (Cui et al. 2000; Heath and LeGoues 1993; 
Morales and Lieber 1998), compound semiconductors (Persson et al. 2004), 
ceramics such as oxides (Park and Yong 2004; Fang et al. 2004), carbides 
(Tsakalakos et al. 2005, 2007b), nitrides (Duan and Lieber 2000; Zhao et al. 
2005), and polymers (Kemp et al. 2007). Due to this tremendous wealth of 
compositional space, a wide variety of applications have been envisioned in 
the fields of electronics, optoelectronics, photonics, chemistry, mechanics, 
and biotechnology. Furthermore, multiple techniques have been employed 
in the synthesis of one-dimensional nanostructures, including wet (Peng 
et al. 2004) and dry etching (Melosh et al. 2003; Chang et al. 2007); vapor 
(Kong et al. 1998; Huang et al. 2001b), liquid (Greene et al. 2003), or critical 
point phase growth (Hanrath and Korgel 2003); electrochemical (Toimil 
Morales et al. 2001b); and by lithographic means (Z. Li et al. 2005). Each 
method provides advantages and disadvantages with regard to control of 
the nanostructure geometrical features (mean size and distribution), orien-
tation control with respect to the substrate, stoichiometry, ability to form 
homo- or heterojunctions, and ability to deposit on large area substrates.

Perhaps the most widely used synthetic method for 1D nanostructures 
is chemical vapor deposition (CVD). The origins of this growth process 
can be traced to the work of Wagner and Ellis (1964) at Bells Labs in the 
early 1960s, who first showed that elongated crystals of silicon with lat-
eral dimensions ranging from submicron to centimeter dimensions could 
be grown using the vapor-liquid-solid (VLS) mechanism of single-crystal 
growth. In this prototypical reaction, Au is used as a catalyst for the decom-
position of silane or dichlorosilane precursor gas (often provided with a 
simultaneous hydrogen, helium, or argon flow). Upon decomposition of 
the Si precursor as Si, atoms dissolve in the liquid Au catalyst, forming a 
binary liquid phase that is expected to be present above the eutectic point 
of the Au-Si equilibrium phase diagram (Figure 6.1). Upon further addi-
tion of Si into the liquid alloy particle supersaturation occurs, at which 
point a Si single-crystal nucleates either homogeneously (if unsupported) 
or heterogeneously from the surface of a substrate supporting the particle 
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(Figure 6.2). The lateral size of the nucleated crystal is proportional to that 
of the original metal particle (Cui et al. 2001). Growth of the crystal con-
tinues by further supply of precursor gas to the particle and ends when the 
supply is stopped or when the catalyst particle falls off.

The crystal growth rate, V, for the VLS mechanism is impacted by sev-
eral parameters, such as temperature (T), precursor flow rate, and diam-
eter (d). This latter parameter can be understood by the Gibbs–Duheim 
effect and is qualitatively derived as (Y. Wu et al. 2002)

 V
kT

b
kT

b
d

n o n VS n= −∆ Ωµ α4 1

in which ∆μo is the effective difference between the chemical potentials 
of growth in the nutrient phase and the nanowire at a plane interface. 
It has been shown that the growth rate decreases as the diameter nano-
wire is reduced. Recent work has also shown that the surface energies 
of the nanowires are critical in determining their surface morphology 
(Ross et al. 2005), and diffusion of atoms on the surface and in between 
nanowires also plays a critical role in the ensemble growth of nanowire 
arrays (Hannon et al. 2006). The minimal diameter that can be grown by 
VLS has been addressed by thermodynamic arguments and shown that 
there is no inherent minimum diameter for nanowire growth by the VLS 
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mechanism, yet kinetics may ultimately limit the growth of very fine wires 
(Tan et al. 2003). Silicon nanowires as small as ~3 nm have been demon-
strated experimentally by VLS growth (Wu et al. 2004). Achieving such 
small diameters requires careful control of the catalyst particle, yet also 
of the relative longitudinal and lateral growth rates. It is generally known 
that higher temperatures lead to an enhanced sidewall or lateral deposi-
tion rate that can lead to nanowires with a tapered morphology (Wang 
et al. 2006), though other mechanisms, such as catalyst etching, can also 
contribute to tapering of nanowires (Bae et al. 2008).

A critical question for application of VLS-grown nanowires and tubes 
to photovoltaic applications is whether the metal catalyst is incorporated 
into the nanowire crystal. It is well known that even small levels of cer-
tain metal impurities can lead to deep-level trap states in a semiconductor 
crystal that reduces the minority lifetime (Sze 1969). Based on equilib-
rium arguments, i.e., consideration of the segregation coefficients, it has 
been postulated that one can expect a residual concentration of Au in 
Si nanowires of the order of 1015 cm–3 (Kayes et al. 2006), even though 

SiH4

SiH4 Si + 2H2

Si Si

Si Si

SiH4

Substrate

Si
nanowire

Catalyst

FIgure 6.2
Schematic of prototypical nanowire growth (silicon) on a substrate and a corresponding 
scanning electron microscope (SEM) image of epitaxially grown Si NWs by VLS on a 
<111> Si substrate.
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the equilibrium phase diagram suggests complete immiscibility of solid 
Au and Si at room temperature (Massalski 1990). Such concentrations 
are enough to significantly reduce minority carrier lifetimes in the bulk 
(Bemski 1958; Schmid and Reiner 1982). Experimental data measuring 
such concentrations are quite limited owing to the difficulty in measuring 
such low concentrations in small-volume nanostructures. Some groups 
have reported the presence of catalyst metal in semiconducting nanowires 
by secondary ion mass spectrometry (SIMS) or laser-enhanced atom probe 
(LEAP) methods (Putnam et al. 2008; Allen et al. 2008), whereas others 
have not measured the presence of catalyst metal particles in nanowires 
but have measured other impurities, such as carbon that is postulated to 
be related to dopant precursor gases (e.g., from trimethylboron) (Prosa et 
al. 2008). Since the growth rates for VLS are significantly higher than the 
thin-film growth rates, often by two to three orders of magnitude, and 
growth is often system dependent, it is difficult at present to arrive at a 
universal conclusion to this issue.

There are several related growth mechanisms that rely on a catalyst-
mediated nanoparticle seed. The vapor-solid-solid (VSS) mechanism 
has been shown to occur in the synthesis of Ti-catalyzed Si nanowires 
(Kamins et al. 2001), as well as certain III-V nanowire systems (Persson et 
al. 2004). In this case, the nanoparticle remains solid (as dictated by the 
phase diagram) and diffusion to the growth front is dominated by surface 
diffusion on the nanoparticle. Another mechanism that has been postu-
lated for certain nanowire material-synthetic method combinations is the 
oxide-mediated growth mechanism (Zhang et al. 2003).

Carbon nanotubes (CNTs) are also typically grown by a catalytic CVD 
process. Catalysts used for CNT growth include Fe, Ni, and Co. However, 
rather than leading to a well-defined crystal structure as in the case of 
inorganic nanowires, the nanotube chirality cannot be precisely con-
trolled. Indeed, the exact mechanism of CNT growth by catalytic CVD is 
not known, though it has been addressed theoretically (Reich et al. 2005; 
Bolton et al. 2006) and experimentally via in situ electron microscopy 
measurements (Hofmann et al. 2007). Preferential control of semicon-
ducting CNTs has been shown by modifying the precursor energy with 
plasmas (Li et al. 2004).

Plasma-enhanced chemical vapor deposition (PECVD) is a related CVD 
method that has been used to synthesize nanowires and nanotubes. The 
nanostructure morphologies obtained by PECVD are generally different 
from those obtained by thermal CVD since the temperature of growth 
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is often lower and the presence of the plasma can influence the growth 
morphology. Silicon nanowires synthesized by PECVD are generally less 
aligned and have a wider diameter distribution (Hofmann et al. 2003). 
However, it is possible to grow Si NWs using catalysts such as indium that 
lead to shallow, impurity states, since the plasma is able to minimize oxi-
dation of the catalyst by creating atomic hydrogen (Sunkara et al. 2001; 
Iacopi et al. 2007). CNTs grown by PECVD tend to be better aligned 
owing to the presence of the electric field, yet they tend to form bundled 
fiber morphologies (Chhowalla et al. 2001; Griffiths et al. 2007).

Metal-organic chemical vapor deposition is another method widely used 
to grow III-V thin films and nanowires. Both catalyst-mediated (Persson 
2004) and catalyst-free (Motohisa et al. 2004) growth of III-V nanowires 
has been demonstrated. This method is particularly suited for growth of 
nanowires containing heterostructures in either the longitudinal direction 
(Paladugu et al. 2008) or radial direction (Mohan et al. 2006). Nanowires 
are particularly useful for heterostructure growth since buildup of strain 
energy associated with lattice mismatch and subsequent thermal expan-
sion mismatch is better relieved in nanowires than in thin films that are 
by definition biaxially constrained; i.e., the critical thickness for introduc-
tion of strain energy-relieving defects such as dislocations is essentially 
increased (Alizadeh et al. 2004; Ertekin et al. 2005), hence allowing for the 
growth of nearly defect-free (nonequilibrium planar and linear defects) 
crystals (Tambe et al. 2008). It is for this reason that is also possible to 
grow III-V nanowires on substrates that are not possible in thin-film form, 
e.g., GaAs on Si (Bao et al. 2008). Jagadish and coworkers have shown 
that the density of defects in III-V nanowires is reduced to nearly zero by 
increasing the precursor flow rate (and hence NW growth rate), which is 
opposite of what is encountered in conventional bulk and thin-film epi-
taxial crystal growth (Joyce et al. 2009).

Pulsed laser ablation (PLA), a technique that is well known for the 
deposition of thin-film materials (Chrisey and Hubler 2003; Ashfold et al. 
2004), was among the early methods used to grow one-dimensional nano-
structures. PLA is particularly noted as a means of growing multicompo-
nent materials such as perovskite oxide ceramics, since the laser enables 
rapid ablation of all constituents in the target material and subsequent 
deposition on the growth substrate (Singh and Kumar et al. 1998). Smalley 
and coworkers used PLA to grow single-wall carbon nanotubes (SWNTs) 
and multiwall carbon nanotubes (MWNTs) that led to pioneering and 
Nobel Prize–winning work in understanding the fundamental properties 
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of CNTs (Guo et al. 1995). Subsequent in situ spectroscopy analysis of 
CNT synthesis by PLA showed that indeed the CNTs form by nucleation 
of metal catalyst in the gas phase followed by subsequent nucleation and 
growth of CNTs that are then transported to colder regions of the reactor 
and deposited in a random fashion on a suitable substrate or on the reactor 
walls (Puretzky et al. 2000). Lieber and coworkers subsequently applied 
PLA to the synthesis of semiconducting nanowire materials (Morales and 
Lieber 1998). As in the case of CNTs, metal catalyst powder is mixed with 
a precursor powder to form a compact pellet that is then used as the PLA 
source. CNTs and NWs nucleate in the gas phase. It is apparent that PLA is 
not well suited, therefore, for controlled growth of nanostructures on sub-
strates, though combining PLA with CVD does allow for controlled syn-
thesis of multilayer nanowires such as Si-SiGe heterostructures, as shown 
in Figure 6.3 (Y. Wu et al. 2002).

The concept of catalytic growth has also been applied to the use of 
critical point synthesis of nanowires. In this method, precursor materials 
(e.g., organosilane or organogermane) that also contain catalyst metal are 
placed in a reactor that is heated under high pressure to drive the reaction 
products to the critical point in the phase diagram (Holmes et al. 2000). 
This allows for fabrication of a high volume of nanowires in a random 
morphology (Figure 6.4), though it is difficult to create one-dimensional 
nanostructures on substrates using this approach. III-V nanowires have 
also been obtained using this so-called supercritical fluid-liquid-solid 
(SFLS) process (Schricker et al. 2006).

Wet etching has recently been applied to the fabrication of nanowire 
materials. One such method is metal-assisted galvanic etching of sili-
con (Peng et al. 2004), leading to large-scale arrays of vertically aligned 
silicon NWs (Figure 6.5). The mechanism for formation of the Si nano-
wires has been definitively explained as such (Benoit et al. 2008): (1) a 
silicon wafer or thin film is placed in a bath containing HF and AgNO3; 
(2) Ag nanocrystals precipitate onto the Si surface as nanoparticles; (3) 
the nanocrystals locally catalyze oxidation of the Si surface, the oxide 
of which is subsequently etched by the HF; (4) Ag dendrites continue 
to deposit in the nanopores created by the local catalysis; and (5) a 
simple Ag etch removes metal from the nanopores, leaving an array of 
nanowires. There is a clear crystallographic anisotropy to the etching 
process, with <100> Si leading to vertically aligned nanowires and etch-
ing of <111> Si yielding to slanted nanowire arrays (Figure 6.6). This is 
also manifested in the etching of polycrystalline Si films (Figure 6.7). It 
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FIgure 6.3
(a) Schematic of a combined CVD and PLA system for Si-SiGe heterostructure nanowire 
synthesis and (b) representative SEM and TEM images of such nanostructures. (With 
permission from Y. Wu et al. [2002]. Copyright of the American Chemical Society.)
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FIgure 6.4
TEM and SEM images of GaAs nanowires synthesized by supercritical fluid solid syn-
thesis showing random deposition of nanowires. (With permission from Schricker, A. 
D., Davidson, F. M., Wiacek, R. J., and Korgel, B. A., “Space Charge Limited Currents and 
Trap Concentrations in GaAs Nanowires,” Nanotechnology 17 [2006]: 2681–88. Copyright 
of the American Institute of Physics.)
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should be noted that to date this method has been demonstrated only 
for silicon.

Electrochemically assisted wet etching is another method of forming 
nanowire/pillar arrays on conducting materials. This is particularly useful 
for microcrystalline silicon thin films, for which the reflectance may be 
reduced using such an approach (Rappich et al. 2000).

Electrochemical deposition (ECD) is another widely used nanowire fab-
rication technique (Whitney et al. 1993; Yin et al. 2001). This is almost 
exclusively coupled with a nanoscale dielectric template into which nano-
wires are electrochemically deposited. Typical templates include track-
etched polycarbonate (Schonenberger et al. 1997) or anodized aluminum 
oxide (AAO) (Masuda and Fukuda et al. 1995; Routkevitch et al. 1996) 
as well as nanoscale templates formed by block copolymer nanolithogra-
phy (Thurn-Albrecht et al. 2000). ECD has been applied to metallic sys-
tems, including Au (Liu et al. 2006) and Ni (Whitney et al. 1993), and 
magnetic intermetallic Co-Pt or Fe-Pt nanowires (Huang et al. 2002). 

1 µm

3 µm

FIgure 6.5
Si NWs fabricated by metal-assisted wet etching on <100> Si substrates.
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Semiconducting systems such as CdS (Xu et al. 2000) and CdTe (CdTe 
NWs) have been deposited in nanotemplates. Nanotemplates can be fabri-
cated on substrates (Rabin et al. 2003), or may be free standing (Whitney 
et al. 1993). Regardless, of particular importance is the electrical contact 
to the underlying metal layer such that uniform deposition in the nanop-
ores can occur. In general, nanowires grown by ECD contain a polycrys-
talline microstructure, though in specific materials systems it is possible 
to post-anneal the nanowires and form single-crystalline (or primarily 
single-crystalline) nanowires (Toimil Morales et al. 2001).

Solution-based chemical synthesis without the use of electrochemistry has 
also been used to fabricate small aspect ratio nanorods (defined here as hav-
ing an aspect ratio of approximately less than 10) as well as nanowires and 
nanotubes. II-VI semiconductors such as CdSe and CdTe are synthesized by 
surfactant-mediated growth that promotes growth along a specific crystal-
lographic axis, while nanorod sidewall crystal faces preferentially adsorb the 
surfactant molecules (Peng et al. 2000). These nanorods nucleate in solution, 

1 µm

1 µm

FIgure 6.6
Si NWs fabricated by metal-assisted wet etching on <111> Si substrates showing titled 
orientation of the nanostructures.
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leading to a colloidal suspension of nanorods. Specific materials systems, 
e.g., ZnO, can, however, be seeded on a template layer to yield well-aligned 
nanowire arrays (Greene et al. 2003). Perovskite oxide nanowires/rods such 
as barium and strontium titanate have also been synthesized by solution 
phase decomposition methods (Urban et al. 2002). It must be noted, how-
ever, that elemental semiconductors such as Si and Ge have not been grown 
using a solution-grown (nonsupercritical) or ECD technique, since aqueous 
precursors are not possible (due to oxidation) and would thus require exotic 
organic solvents amenable to high-temperature synthesis.

Dry etching methods are also available for fabrication of nanowires. 
Vertically aligned arrays of nanowires can be fabricated by application of 
nanolithography to form a suitable etch mask material (e.g., a metal such as 
Ni) followed by reactive ion etching (Lewis et al. 1998). Similarly, nanosphere 
lithography (Figure 6.8) can be used to form nanoscale metal patterns on a 
substrate by self-assembly of nano/microspheres on the surface followed by 
evaporation of the metal through the interstices of the nominally ordered 
nanosphere array (Hulteen and Van Duyne 1995; Cheung et al. 2006). After 
removal of the nano/microspheres by wet processing, reactive ion etch-
ing is used to create the nanowire/pillar arrays. In-plane nanowires can be 
formed by applying electron beam lithography (Vieu et al. 2000), standard 
photolithography (Tong et al. 2009), or nanoimprint lithography (Melosh et 
al. 2003; Jung et al. 2004) followed by dry etching (Figure 6.9).

10 µm

100 µm

FIgure 6.7
Si NWs fabricated by metal-assisted wet etching from a polycrystalline Si film on alumina 
showing multiple orientations of the nanostructures due to the various crystal planes 
available to the HF:AgNO3 etch solution.
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Physical vapor deposition (PVD) methods such as sputtering or thermal/
electron beam evaporation can be modified to produce aligned to slanted 
nanorod/wire/pillar arrays. This is achieved by the so-called glancing 
angle deposition (GLAD) method, in which the vapor source is applied 
at a high angle coupled with rotation of the substrate (which is kept at a 
relatively low temperature) such that a self-shadowing of the atom flux 
occurs. In this manner one can create relatively well-defined nanopillars 
(typically polycrystalline) or cork-screw-type structures that are either 
vertically aligned or at an angle to the substrate (Zhao et al. 2003). Carbon 
nanotubes were also first demonstrated using PVD, in particular arc melt-
ing and related methods (Iijima and Ichihashi 1993).

Finally, molecular beam epitaxy (MBE) and related processes (e.g., chem-
ical beam epitaxy [CBE]) have also been used to form nanowire arrays of 
Si (Schubert et al. 2004), GaAs, and other III-V materials (Z. H. Wu et al. 
2002; Jensen et al. 2004; Bertnessa et al. 2006; Debnath et al. 2007). MBE 
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nanobeads

O2 RIE Deep-RIE

Substrate
SubstrateSubstrate
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After O2 etch

O2 etch: 0 s O2 etch: 30 s O2 etch: 60 s O2 etch: 90 s O2 etch: 120 s

Row B
Top view

After Si etch

Row C
Side view

After Si etch

Step 2. Step 3.

FIgure 6.8
Use of nanosphere lithography to form etch masks for reactive ion etching of Si nanopil-
lars. (With permission from Cheung, C. L., Nikoli, R. J., Reinhardt, C. E., and Wang, T. 
F., “Fabrication of Nanopillars by Nanosphere Lithography,” Nanotechnology 17 [2006]: 
1339–43. Copyright of the American Institute of Physics.)
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FIgure 6.9
Schematic of the SNAP process showing (a) growth of multi-quantum wells on a GaAs 
substrate, (b) selective etching of the Al0.8Ga0.2As at the edge of the wafer, (c) oblique 
angle deposition of a metal film on the etched edges, (d) and (e) transfer of the metal 
film to the device substrate of interest containing a thin film of the nanowire materials 
to be formed, (f) formation of the nanowire features in the thin film by dry etching. A 
representative in-plane nanowire array formed by SNAP is also shown. (With permission 
from Melosh, N. A., Boukai, A., Diana, F., et al., “Ultrahigh-Density Nanowire Lattices 
and Circuits,” Science 300 [2003]: 112–15. Copyright of American Association for the 
Advancement of Science [AAAS].)
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has been extensively applied to the growth of epitaxial thin films by cre-
ating an atomic flux in a Knudsen cell, often with multiple cells to form 
multicomponent stoichiometries, which allows for precise control of the 
growth rate down to the submonolayer level (Panish and Temkin 1989). 
While MBE is not particularly suited to mass production, it allows for the 
fabrication of novel crystal structures and heterostructures. By use of the 
catalytic growth processes described above, one can form nanowires in a 
manner similar to that for CVD or metal-organic chemical vapor deposi-
tion (MOCVD).

6.2.2 nanowire and nanotube applications

One-dimensional nanostructures are currently being explored for a 
vast array of potential applications beyond photovoltaics. In the field of 

(b)

(a)

200 nm

200 nm

FIgure 6.10
(a) Plan view and (b) cross-sectional view of ~18 nm diameter InSb NWs fabrication by 
electrodeposition in an anodized aluminum oxide nanotemplate.

© 2010 by Taylor and Francis Group, LLC



226  •  Loucas Tsakalakos

electronics, NWs and NTs are being considered as replacements for conven-
tional transistors owing to the fact that their mobility and other scaled per-
formance parameters, such as transconductance and subthreshold slope, 
perform on par or, in many cases, better than those of Complementary 
Metal Oxide Semiconductor (CMOS) fabricated devices (Marchi et al. 
2006). A key technical challenge with this concept is related to the inte-
gration of such nanostructures over large area wafers with precise control 
of position, alignment, and ultimately electronic properties. In the area of 
vacuum microelectronics NWs and NTs are being explored as field emis-
sion devices in logic (Kang et al. 2006) or display applications (Teo et al. 
2004) since their high aspect geometry is well suited to efficient extrac-
tion of electrons from exposed tips by the Fowler-Nordheim field emission 
mechanism (Bonard et al. 1998; Frederick et al. 1999). The superconducting 
properties of nanowires have also been explored (Michotte et al. 2003).

Optoelectronic applications (beyond PV) are another topic of intense 
research for NTs and NWs. Nanowires have been demonstrated as lasers 
and light-emitting diodes (LEDs) with potential for enhanced efficiency 
and light output. Lasers have been fashioned by optical pumping to yield 
UV emission from GaN or ZnO NWs (Huang et al. 2001b), as well as by 
electrically excited lasing from CdS nanowire devices in the optical regime 
(Duan et al. 2003). LEDs have been demonstrated in nanowires (Huang et 
al. 2005), and electroluminescence in the IR from CNT devices has been 
observed (Misewich et al. 2003).

In the area of energy technologies, nanowires and tubes are being explored 
for batteries and thermoelectrics. Silicon nanowires have been shown to 
produce a higher-energy density in Li-ion batteries while increasing the 
electrode lifetime since the structural changes that occur by Li interca-
lation into the Si lattice are better tolerated in nanowires than in bulk 
electrodes (Chan et al. 2008). High discharge current densities were also 
shown for composite gold-cobalt oxide nanowire electrodes fabricated by 
a virus-templated method (Nam et al. 2006). Nanowires of Bi2Te3 (Sander 
et al. 2002), Si/SiGe (D. Li et al. 2005), and other compositions have also 
been explored as thermoelectrics, as it has been postulated that thermal 
conductivity (k) can be reduced in quantum confined 1D nanowires by 
sidewall scattering of phonons that also allows effective electronic charge 
transport for a high electrical conductivity (σ). This is of central impor-
tance to the problem of thermoelectrics since the relevant figure of merit 
is the ZT value that is proportional to the ratio of σ/k. To date nanowires 
have not been effectively utilized to produce a full thermoelectric device, 

© 2010 by Taylor and Francis Group, LLC



Nanowire- and Nanotube-Based Solar Cells  •  227

though promising results toward such a device have been reported (Wang 
et al. 2005).

6.3 state oF the art

6.3.1 nanowire solar cells

The device physics of nanowire photovoltaic devices employing p-n junc-
tions has been analyzed in detail by Kayes et al. (2005) for the case of a 
single nanowire with top illumination; i.e., no light trapping or other sub-
wavelength optical effect was assumed. This author has also analyzed the 
expected efficiency for silicon nanowire devices and compared two fun-
damental geometries accessible in a nanowire geometry: conformal p-n 
junctions and longitudinal p-n junction devices (Tsakalakos et al. 2008). 
A minority carrier lifetime of 1 μs, a Shockley–Read–Hall trap density of 
1018 cm–3, and a surface recombination velocity of 105 cm/s were assumed in 
the calculations, which were performed in a standard device physics pack-
age. Lengths ranging from 100 to 103 microns were explored, as were radii 
ranging from 10–1 to 101 microns. Longitudinal nanowire devices showed 
a maximum efficiency of ~13% for the design space explored, whereas for 
conformal nanowire devices the maximum efficiency was 21.5%. The lower 
efficiency for the longitudinal devices is related to a higher probability for 
surface recombination. Therefore, it can be concluded that in general, a 
conformal device configuration is preferable for nanowire devices, and by 
assuming realistic recombination parameters and defect densities within 
the nanowires, a more realistic expected efficiency is in the range of 15 to 
18% for silicon nanowire solar cells.

These results agree with the broad conclusions of the study by Kayes et al. 
(2005), who discuss further qualitative insights into the device operation. 
It can be expected that the Jsc is independent of nanowire diameter as long 
as the diameter is less than minority carrier diffusion long, after which Jsc 
decreases. Jsc increases with nanowire length, reaching a constant value 
once the length is greater than the optical thickness of the nanowire mate-
rial. Voc has an opposite trend in that it decreases with nanowire/rod length 
yet increases with nanowire diameter. It is also very sensitive to the den-
sity of mid-gap traps (Shockley–Read–Hall type) in the depletion region, 
degrading rapidly above a specific material-dependent trap concentration.
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Key design parameters are that the radius of the nanowire be approxi-
mately equal to the minority carrier diffusion length for optimal perfor-
mance, the doping should be relatively high on both sides of the junction 
to minimize the depletion width, and the trap density within the depletion 
region should be as low as possible. These general design rules suggest that 
the semiconductor recombination parameters are known in nanowires; only 
recently have measurements on the minority carrier diffusion length and 
lifetime been performed on specific materials. These data have shown that in 
large-diameter nanowires the diffusion length is relatively long (Kelzenberg 
et al. 2008), i.e., on the order of a few microns, yet in smaller-diameter wires 
(80 to 200 nm) the diffusion length is short due to surface recombination 
(Allen et al. 2008). This suggests that relatively large-diameter wires are 
required, yet this leads to a trade-off between optimal lateral charge trans-
port properties and achieving good antireflective properties in nanowire 
arrays, another key feature of nanowire solar cells (see below). Finally, the 
length of the nanowire should approximately be equal to the optical thick-
ness of the materials in question, though it is noted this is the case for a sin-
gle nanowire device and not the case of a nanowire array where strong light 
trapping occurs (Tsakalakos 2007a). These design rules are also of general 
relevance to organic-based devices that utilize nanowires, with the benefit 
being the same, namely, that it is possible with nanowire devices to effec-
tively decouple light absorption from charge transport by using a conformal 
geometry that allows for lateral extraction of charge. A review of the major 
nanowire- and nanotube-based solar cell designs is provided below.

6.3.1.1 Hybrid Nanowire/Rod Devices

Among the first solar cells to be demonstrated with a 1D nanostruc-
ture were hybrid organic-inorganic devices by Alivisatos and coworkers 
(Huynh et al. 2002). CdSe nanocrystals were embedded in a regioregu-
lar P3HT organic semiconductor matrix and showed a maximum power 
conversion efficiency of 1.7% (Figure 6.11). It was shown that the external 
quantum efficiency of the devices increased dramatically as the aspect 
ratio was increased from 1 to 8.5, and the authors argued this was related 
to enhanced charge transport through the random nanorod network. Of 
particular significance is that these devices have the potential to offer flex-
ible photovoltaic modules.

Integration of organic matrices with aligned nanowire arrays is also a 
strategy of active research. Si nanowire arrays have been integrated with 

© 2010 by Taylor and Francis Group, LLC



Nanowire- and Nanotube-Based Solar Cells  •  229

(a)

(b)

(c)

External
circuit

ITO

CdSe/P3HT Blend
Al

SubstratePEDOT:PSS

0.80.60.4
Voltage (V)

0.2

A.M. 1.5 Global

0.0

Cu
rr

en
t (

m
A

/c
m

2 )

–6

–3

3

0

6

50 nm

FIgure 6.11
Hybrid organic-inorganic nanorod solar cells demonstrated by Alivisatos and coworkers 
showing (a) the structure of these devices, (b) the typical microstructure of such layers as 
viewed in a TEM, and (c) a typical I-V characteristic under AM1.5 illumination with an 
efficiency of ~1.7%. (With permission from Huynh, W. U., Dittmer, J. J., and Alivisatos, 
A. P., “Hybrid Nanorod-Polymer Solar Cells,” Science 295 [2002]: 2425–27. Copyright of 
the American Association for the Advancement of Science [AAAS].)
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organics such as P3HT. Planar devices were fabricated as a first step in 
demonstrating such a device concept, with efficiency of 1.6%, Voc of 704 
mV, and Jsc of 4.22 mA/cm2 (Alet et al. 2006). Si nanowire-based devices 
were fabricated by Goncher and Solanki (2008), showing a power conver-
sion efficiency of less than 0.1%. Hybrid PV devices based on InP nano-
wires and P3HT have also been demonstrated by Novotny et al. (2008), 
who showed that the forward bias current is increased by six to seven 
orders of magnitude in the nanowire devices, and found a relatively low 
ideality factor of 1.31, with the photovoltaic effect yielding a fill factor of 
44%. The InP nanowires were grown directly on indium tin oxide (ITO).

6.3.1.2 Inorganic NWs

All inorganic nanowire devices have also been the subject of growing 
research interest in recent years. The impetus in using all-inorganic struc-
ture is the potential concern regarding the long-term stability of organic 
semiconductors, an area that is currently being studied in detail. Alivisatos 
and coworkers demonstrate an all-inorganic nanorod solar cell with an effi-
ciency of ~2.9%. CdTe nanorods were spin-cast onto ITO/glass substrates to 
yield a dense layer of nanorods, followed by spin casting of CdSe nanorods 
and evaporation of a thin Al top contact. The charge-separating heterojunc-
tion is formed at the interface between the two nanorod layers, and it was 
shown that the device performance improved by sintering of the bilayer 
nanocrystal films. These solar cells were also found to be stable after expo-
sure to ambient atmosphere and light for up to thirteen thousand hours.

Large area silicon nanowire-based solar cells grown by chemical vapor 
deposition were demonstrated by Tsakalakos et al. (2007a) on stainless steel 
substrates. There are several advantages in using Si NWs for photovoltaics. 
The most important feature of such devices is the fact that one can create 
conformal p-n junctions on the nanowires in order to allow for efficient 
lateral extraction of charge carriers, as discussed above. Furthermore, it 
has been shown that NW arrays possess excellent antireflective and light-
trapping optical properties (Tsakalakos et al. 2007b), hence allowing for 
enhanced absorption of incoming solar photons in a broadband fashion. 
This is clearly evident in Figure 6.12, in which the effective optical absorp-
tion is increased across the full spectrum compared to a planar thin film. 
This can be explained as being due to subwavelength scattering, followed 
by strong light trapping within the nanowire ensemble. In general, aligned 
nanowire arrays lead to a higher absorption than randomly oriented 
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nanowire films since the latter tend to scatter/diffract/refract a higher 
portion of the light out of the top of the structure, which is evident in a 
higher total reflection (Tsakalakos et al. 2007b; Street et al. 2008; Muskens 
et al. 2009). Silicon nanowires are also of interest for PV since Si is the sec-
ond most abundant material in the earth’s crust (Skinner 1979), making 
it an appealing choice for low-cost, environmentally friendly photovoltaic 
modules. Si NWs can be grown over large areas using CVD, hence making 
them strong candidates for low-cost PV devices.

The growth of Si NWs on alternative, low-cost substrates is particularly 
appealing for terrestrial PV applications. Goncher et al. (2006) demon-
strated Si NW growth on transparent indium tin oxide/glass substrates. 
Growth on metal substrates, which also enables flexible modules, is par-
ticularly challenging, as multiple materials constraints are placed on the 
grower. This includes (1) formation of nanoscale catalyst islands, (2) assur-
ance that the nanocatalyst will not react with underlying substrate mate-
rial, and (3) limiting reactions between the nanowire material and the 
substrate. It is also desirable to form an ohmic contact between the nano-
wires and the metal substrate. It was found that attempts to grow Si NWs 
on stainless steel substrates did not produce nanowires due to the forma-
tion of iron silicide. Silicon oxide was found to be an effective diffusion 
barrier but does not allow electrical back contact for the nanowire, though 
after an extensive materials evaluation Ta2N thin films were found to act 
as an effective diffusion barrier that enabled the growth of high-density Si 
NW arrays (Figure 6.13).
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FIgure 6.12
Optical absorption spectra of a solid Si film, a wet-etched Si NW film of same thickness, 
and a CVD-grown (randomly oriented) Si NW film on glass showing enhanced absorp-
tion of the Si NW films above and below the Si bandgap (~1,100 nm).
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Using this basic materials technology, it is possible to fabricate large area 
solar cells in the following manner (details can be found in Tsakalakos 
2007a):

 1. p-Type single-crystalline silicon (c-Si) NWs are grown by CVD on 
large area substrates (stainless steel or Si).

 2. The nanowires are partially oxidized at >700°C.
 3. The top portion of the nanowire is etched in buffered HF after appli-

cation and etch back of a photoresist layer in order to leave a dielec-
tric film at the base of the nanowire to minimize shunts.

 4. A conformal n-type hydrogenated amorphous Si (a-S:H) thin film is 
deposited on the nanowire array in order to form a p-n junction.

 5. The NW array is coated with a thin, conformal layer of ITO to elec-
trically tie together the nanowires on the top side of the device.

 6. Metal fingers are shadow evaporated on the top of the nanowire array.

A schematic of the device structure is shown in Figure 6.14, along with 
the most promising device data. A power conversion efficiency (under an 
AM1.5-simulated light spectrum) on the order of 0.1% was obtained with a 
promising Jsc of 2 mA/cm2 and a broad external quantum efficiency curve. 
A particular concern was whether the presence of Ta at the back contacts 
led to incorporation of Ta in the NWs or a reaction layer that could limit the 
device performance. Detailed transmission electron microscopy (TEM) 

FIgure 6.13
Picture of large area Si NW film grown by CVD (VLS mechanism) on a stainless steel foil. 
(See color insert following page 206.)
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analysis did not yield any evidence of such a reaction layer (Figure 6.15), 
and it is believed that at the process temperatures employed, Ta diffusion 
into the NWs is minimal.

Such hybrid a-Si/c-Si nanowire devices were also fabricated on bulk Si 
wafers into which large area nanowire arrays were fashioned using metal-
assisted galvanic wet etching (Tsakalakos et al. 2008). The best-perform-
ing devices obtained power conversion efficiencies of ~1.3%, whereas 
control samples had an efficiency of ~13%, and based on external quan-
tum efficiency data it was concluded that front surface recombination 
limited device performance. The nanowire array density is very high for 
wet-etched nanowires, and as a result it was shown by microscopy studies 
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FIgure 6.14
(a) Cross-sectional SEM and inset of CVD-grown amorphous-crystalline Si NW solar 
cell. (b) Representative J-V data with an inset of the device EQE.
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FIgure 6.15
Cross-sectional TEM image of a CVD-grown amorphous-crystalline Si NW solar cell on 
a Ta2N-coated Si substrate, and energy-dispersive spectroscopy (EDS) data from location 
5 (base of NW) just above the Ta2N film showing no evidence of a reaction layer or Ta 
contamination.
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(Figure 6.16) that the a-Si:H film did not coat the full length of the nano-
wires in the array. Due to the harsh chemical treatment of the nanowire 
surface, this lack of suitable a-Si passivation led to a significant residual 
density of nonradiatively recombining surface states that degraded device 
performance. This is the case even though for both the CVD grown and 
wet-etched devices the optical reflectance was reduced compared to con-
trol samples by one to two orders of magnitude (Figure 6.17).

Silicon nanowire solar cells have also been demonstrated by several other 
groups. Peng et al. (2005) fabricated Si nanowire solar cells by galvanic wet 
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FIgure 6.16
(a) Cross-sectional SEM image of a-Si:H-coated Si NW array fabricated by metal-assisted 
wet etching. (b) TEM image of such a nanowire showing partial coverage by the a-Si:H 
film. The inset shows a high-resolution TEM micrograph of the interface between the 
amorphous Si film and the crystalline Si nanowire.
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etching and formed the p-n junction using a conventional POCl3 diffusion 
process at 930°C for 30 minutes. The devices achieved a power conversion 
efficiency of 4.73% on polycrystalline Si substrates, and 9.31% on single-
crystal Si substrates. The devices showed relatively high short-circuit current 
densities (~20 mA/cm2), but low fill factors and Voc. It was shown that the 
minority carrier lifetime of the substrates, as measured by photoconductive 
decay, was reduced by as much as 10 times after etching of the nanowires 
and decreased as the nanowire lengths increased. Si NW PV cells fabricated 
by galvanic wet etching were also fabricated by Garnett and Yang (2008). 
The p-n junction was formed by depositing a polycrystalline Si layer (p-type 
on n-type nanowires), which yielded a maximum efficiency of 0.5%. Falk 
and coworker (Sivakov et al. 2009) demonstrated a wet-etched polycrystal-
line p+nn+ nanowire device on glass with a current density as high as 40 
mA/cm2 (metal point contact) and an overall power conversion efficiency of 
4.4%. The same group fabricated CVD-grown Si NW solar cells on Si sub-
strates and polycrystalline Si-coated glass substrates, demonstrating a Voc of 
up to 280 mV and Jsc of ~2 mA/cm2 (Stelzner et al. 2008). Finally, it is noted 
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FIgure 6.17
Specular reflectance spectra for (a) a planar Si solar cell and a CVD-grown Si NW solar 
cell. (b) A planar Si solar cell and a wet-etched fabricated Si NW solar cell showing signifi-
cantly reduced reflectance for both types of nanowire PV devices.
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that several works have targeted the use of Si NWs in photoelectrochemical 
cells, most notably those at the California Institute of Technology (Maiolo et 
al. 2007) and Pennsylvania State University (Goodey et al. 2007).

In addition to silicon-based nanowire PV devices, research in III-V-
based nanowire devices is emerging. LaPierre and co-workers (Czaban et 
al. 2009) demonstrated GaAs nanowire solar cells in which the nanostruc-
tures where synthesized by molecular beam epitaxy (MBE). Longitudinal 
and radial p-n junctions were fashioned. It was found that radial junctions 
yielded the best device performance, but the shadowing effects (due to 
the directional nature of MBE) degraded performance. The best devices 
provided an efficiency of ~0.8% for low Te-doped growth times, and it 
was argued that longer growth times degraded performance due to dopant 
outdiffusion and the aforementioned shading effects.

InP nanowire devices were reported by Goto et al. (2009). The nano-
wires were grown on a single-crystal substrate using a catalyst-free epitax-
ial growth method in which a nanotemplate assists in preferentially axial 
growth (Motohisa et al. 2004). The nanowires were p-type with the n-type 
shell layer formed by growth at a lower temperature of 600°C (Figure 6.18). 
The solar cells provided a power conversion efficiency of 3.37% under 
AM1.5G illumination with Jsc = 13.7 mA/cm2, Voc = 0.43 V, and FF = 0.57.

6.3.1.3 Nanowire Dye-Sensitized Solar Cells

Inorganic nanowires have also been applied to dye-sensitized solar cells 
(DSCs). The first DSCs were based on TiOx nanoparticles (O’Regan and 
Grätzel 1991), and indeed most DSCs studied in academic laboratories 
or under consideration for commercialization are based on nanoparti-
cles. Nanowire-based DSCs have been demonstrated by both Aydil and 
coworkers (Baxter and Aydil 2005) and Yang and coworkers (Law et al. 
2005). It was argued that the use of nanowires helps in charge transport 
relative to a nanoparticle electron-transporting layer that has signifi-
cantly more interfaces/surfaces. The roughness of the nanowires is also 
expected to assist in providing enhanced absorption (and hence Jsc) rela-
tive to nanoparticle assemblies. Law et al. (2005) demonstrated a twofold 
increase in the short-circuit current density of titania nanowire-based 
DSCs compared to a nanocrystalline titania-based DSCs. The maximum 
power conversion efficiency under AM1.5 light was found to be ~1.5%. 
On the other hand, Baxter and Aydil fabricated dendritic ZnO nanowire-
based dye-sensitized cells and showed an improvement of approximately 
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100 times in photocurrent and efficiency compared to smooth nanowires, 
with a power conversion efficiency of 0.5%. Titania nanotubes have also 
been fabricated and applied to DSCs (Paulose et al. 2006).

6.3.2 carbon nanotube–Based solar cells

Carbon nanotubes, another prototypical one-dimensional nanostructured 
materials system, are well known to possess unique optical and electrical 
properties, which may be of great interest to PV applications. One of the 
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FIgure 6.18
(a) Structure of an InP nanowire device grown by catalyst-free MOCVD in an ordered sili-
con oxide template. (b) Representative current-voltage data. (With permission from Goto, 
H., Nosaki, K., and Tomioka, K., “Growth of Core-Shell InP Nanowires for Photovoltaic 
Application by Selective-Area Metal Organic Vapor Phase Epitaxy,” Appl. Phys. Express 2 
[2009]: 035004. Copyright of the Japanese Society of Applied Physics.)
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first demonstrations of a CNT p-n diode was by J. U. Lee et al. (2004), and 
they were found to be ideal junctions from the perspective of the ideality 
factor being equal to 1 under light illumination (Lee 2005). Due to various 
technological challenges (discussed below), it is difficult to configure large 
area arrays of CNTs for PV devices that take advantage of the highly ideal 
junctions within an undoped, electrostratically controlled CNT junc-
tion. Nevertheless, other configurations are possible; for example, Wei et 
al. (2007) fabricated a hybrid device in which a parallel in-plane array of 
double-walled CNTs formed a charge-separating junction with n-type Si 
(Figure 6.19). The exact nature of this junction requires further under-
standing; however, it was possible to obtain relatively high photocurrents 
(13.8 mA/cm2) and an efficiency of 1.31%. The fill factor was found to be 
particularly low, ca. 19%.

CNTs have also been studied as fillers for improving the performance of 
organic photovoltaics (OPV). Kymakis and Amaratunga (2002) fabricated 
poly(3-octylthiophene) (P3OT)–single-wall carbon nanotube composite 
solar cells on ITO/glass substrates and found the presence of SWNTs to 
increase the Jsc by two to three orders of magnitude and the FF from 0.3 
to 0.4. The Voc was in the range of 0.7 to 0.9 V, and though the power 
conversion efficiency was low, it was concluded that indeed the CNTs 
increase electron transfer between the polymer and nanotube, leading to 
the higher observed Jsc. Similarly, Landi et al. (2005) fabricated composite 
P3OT-SWNT solar cells in a bilayer design in which a pristine P3OT layer 
was first formed on ITO followed by a 1 wt% loaded CNT-P3OT compos-
ite layer. These devices showed a Voc of 0.97 V and a Jsc of 0.12 mA/cm2. The 
presence of CNTs increases the absorption of the polymer layer, which had 
a positive effect on the Jsc and also increased the Voc.

6.3.3 nanowire and nanotube transparent conductors

One-dimensional nanostructures also hold potential in improving the 
performance of conventional solar cells by improving charge collection 
and absorption. CNTs have the potential to replace transparent conduc-
tors since one can form a thin CNT network layer with relatively low sheet 
resistance and high transparency (Du Pasquier et al. 2005). Sheet resis-
tance on the order of 200 Ω/◽ (typical ITO sheet resistance is < 100 Ω/◽) 
was obtained and the transmission was ~85% at 550 nm. At present these 
coatings are most relevant to organic photovoltaics, and a critical issue is 
the nonuniform charge extraction by such layers. Metal nanowires have 
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FIgure 6.19
(a) Structure and fabrication process of a hybrid double-wall carbon nanotube film-sili-
con PV device grown. (b) Representative electrical data. (With permission from Wei, J., 
Jia, Y., Shu, Q., et al., “Double-Walled Carbon Nanotube Solar Cells,” Nano Lett. 7 [2007]: 
2317–21. Copyright of the American Chemical Society.)
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also been studied as replacements for ITO. Lee et al. (2008) fabricated sil-
ver nanowire meshes and applied them to an OPV device. The Ag nano-
wire mesh layers achieved sheet resistances as low as ~10 Ω/◽ with optical 
transmission of ~75% and were found to obey the general transmission 
sheet resistance trade-off behavior as observed with indium tin oxide 
thin films. Finally, similar to Si nanowires showing enhanced absorp-
tion relative to thin films (Tsakalakos et al. 2007a), transparent nanowire/
rod arrays have also been shown to act as excellent omnidirectional and 
broadband antireflective layers with high optical transmission (Xi et al. 
2007; Chang et al. 2009; Kennedy and Brett 2003).

6.4  BasIc scIentIFIc and 
technologIcal challenges

The use of nanowires in PV device poses numerous scientific and tech-
nological challenges for future development of novel photovoltaic mod-
ules with high performance. It is critical that the design of nanowire PV 
devices with respect to the major geometrical parameters of the cell be 
considered in light of the material properties of the nanowire material. 
The nanowire length and diameter should be optimized based on the opti-
cal absorption of the array as well as the diffusion length of the material. 
Indeed, techniques for characterizing the relevant material properties of 
nanowire materials in a repeatable manner are in their infancy; there are 
few measurements of minority carrier lifetime/diffusion length or surface 
recombination velocity in semiconducting nanowires in the literature. 
These measurements suggest that in large-diameter nanowires the diffu-
sion length is quite large (Kelzenberg et al. 2008), i.e., on the order of a few 
microns, whereas in smaller-diameter wires (ca. 80 to 200 nm) the diffu-
sion length is smaller and is dominated by surface recombination (Allen et 
al. 2008). While at present such data may be somewhat dependent on the 
synthesis method and conditions used, these data suggest relatively large-
diameter wires are required in the case of Si nanowire PV cells.

It is also evident that nanowire solar cells possess reasonable short-circuit 
current densities, yet their open-circuit voltages and fill factors are gener-
ally low. Among the factors that may be attributed to this observation is 
the potential for areas of local shunting in the devices. Furthermore, there 
may be higher series resistance losses in the thin layers used to form the 
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p-n junction, due to contact resistance (nonohmic contacts), or in the TCO 
used. The inherent quality of the p-n junction in nanowire devices is also 
unexplored, since other array-level features often mask this. Inadequate 
passivation and a high density of recombination centers due to unin-
tended impurities or line defects are also features that must be considered 
as potentially limiting performance of nanowire devices. Of particular 
significance is that the few single-nanowire PV measurements performed 
to date (Tian et al. 2007; Kelzenberg et al. 2008) yield higher power con-
version efficiency values, and the efficiencies extracted from well-ordered 
arrays (Goto et al. 2009) are higher than the array values (~12% estimated 
for a single nanowire compared to ~3.4%). This points to the device-level 
issues described above as playing a prominent role in limiting the perfor-
mance of nanowire solar cells.

Use of carbon nanotube–based solar cells also requires further research. 
A critical challenge is the ability to create CNTs with a well-defined band-
gap. At present this is not possible, though efforts to separate CNTs based 
on their semiconducting or metallic nature have met with some success 
(Campidelli et al. 2007). Further research is necessary to provide full sepa-
ration based on bandgap (not merely diameter, since similar diameter CNTs 
can have a different band structure). Indeed, the bandgap of most CNTs is 
relatively small (<0.8 eV), and based on the established empirical equations 
of the inverse proportionality of CNT bandgap to diameter, the diameter of 
CNTs with a bandgap of 1.1 eV or greater is required to be less than 0.8 nm 
(Weisman et al. 2003). The abundance of CNTs with such small diameters 
obtained by conventional methods at present is relatively low; hence, meth-
ods to enhance such diameters or select the correct chiralities are needed. 
Another basic materials challenge for CNTs is control of doping. Work on 
p-n junctions has focused on electrostatic doping, though a more likely 
practical device would require chemical doping. Control of chemical dop-
ing in CNTs has proven to be challenging; dopants such as potassium that 
have typically been used are generally unstable (Zhou et al. 2000).

6.5 suMMary

One-dimensional nanostructures such as nanowires, nanorods, and nan-
otubes have recently been shown to be of great interest for future solar 
cells and modules. Nanowires device form a new class of PV devices that 
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are gaining in interest by the solar energy and broader applied phys-
ics/materials communities. Nanowire devices offer several advantages, 
including enhanced light trapping, potential for low-cost PV cells on flex-
ible substrates, and the ability to separate optical absorption from charge 
transport in indirect bandgap materials by allowing for lateral extrac-
tion of photogenerated charge carriers. Nanowires have been used in all-
inorganic solar cells based on silicon and III-V materials, as well as in 
organic and dye-sensitized solar cells. Similarly, carbon nanotubes have 
been applied to organic photovoltaics and shown to improve the short-
circuit current density by two to three orders of magnitude. Finally, one-
dimensional nanostructures are being applied to conventional solar cells 
as novel transparent conductors or antireflective layers.

6.6 Future outlook

Nanowire- and nanotube-based solar cells are in the early stages of devel-
opment. There are numerous fundamental materials and device challenges 
that must be solved in order to improve the performance of these novel 
devices. Indeed, these new device structures were only demonstrated in 
the last few years, yet there is growing interest in the research community, 
including from the broader photovoltaic community (Tsakalakos et al. 
2008). It is noted that thin-film solar cells have been known for over thirty 
years, but it has only been in the last five or so years that thin-film solar 
cells, and in particular those based on CdTe, have become a significant 
part of the PV market. Nanowire/tube solar cells should have a shorter 
time to market than thin-film cells owing to the concurrent growth of the 
PV industry, though concerted efforts are required to address the basic 
materials, devices, and manufacturing challenges of solar cells based on 
one-dimensional nanostructures.
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7
Semiconductor Nanowires: 
Contacts and Electronic Properties

Emanuel Tutuc and En-Shao Liu

7.1 IntroductIon

Semiconductor nanowires, namely, highly anisotropic crystals with diam-
eters of the order of a few tens of nanometers and aspect ratio of 1:100 to 
1:1,000, have gained increased scrutiny recently, motivated in part by issues 
associated with complementary metal-oxide-semiconductor device scal-
ing. Depending on device design and host semiconductor, semiconductor 
nanowires can potentially serve as high-speed and low-power transistors 
for high-performance electronics, flexible electronics, and sensors, and 
can also serve as a test bed to study the electron physics at the nanoscale.

Semiconductor nanowire array-based photovoltaic devices have also 
attracted interest recently. Such devices may enable more efficient pho-
togenerated carrier collection, which is particularly relevant for thin-film 
materials with low minority-carrier diffusion length.

The fabrication of semiconductor nanowires is based on two main 
approaches: bottom up using self-assembled growth, or top down using a 
combination of lithography and etching. The bottom-up approach employs 
the vapor-liquid-solid (VLS) growth mechanism (Wagner and Ellis 1964). 
Here, metal nanoparticles are used as catalysts to decompose a precur-
sor gas (e.g., SiH4). The semiconductor atoms then form a eutectic alloy 
with the metal catalysts, which is generally liquid at the growth tempera-
tures. The semiconductor atoms condense at the metal-substrate inter-
face, resulting in acicular growth. Gold is most commonly used as metal 
catalyst, although VLS growth using other metal catalysts, e.g., Ni, Cu, Pt, 
and Co, is also possible (Givargizov 1987). The chemical precursor varies 
depending on the desired semiconductor nanowire growth. Examples of 
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precursors used for group IV nanowire growth are SiH4, Si2H4, and SiCl4 
for silicon, and GeH4 and Ge2H6 for germanium nanowire growth. For 
III-V compound semiconductor nanowire growth, mixtures of metal-
organic and hydride precursors are used, such as trimethylindium (TMI) 
and arsine (AH3) for InAs growth, TMI and phosphine for InP growth, 
trimethylgallium and AsH3 for GaAs nanowires, etc.

While the VLS growth mechanism provides a very versatile and rel-
atively inexpensive method for semiconductor device fabrication at the 
nanoscale, there are also drawbacks associated with uncertainty in nano-
wire placement, metal incorporation into the nanowire (Hannon et al. 
2006), and potential metal cross-contamination. In particular, Au impu-
rities are deep traps in Si, and reduce the minority carrier recombination 
time (Bemski 1958; Abbas 1984). This in turn increases the ideality factor 
and reverse current in a p-n junction, and can adversely affect the effi-
ciency of a nanowire-based photovoltaic device.

The second, top-down approach relies primarily on advanced lithogra-
phy and etching to define nanowires from a bulk substrate. Vertical nano-
wire arrays can be defined using deep reactive ion etching out of bulk 
substrates, and horizontal nanowires can be fabricated using silicon-on-
insulator substrates (Wang et al. 2006), and potentially other semicon-
ductor-on-insulator substrates. Figure 7.1 data illustrate two examples of 
semiconductor nanowires fabricated using bottom-up (a) and top-down 
(b) approaches.

Semiconductor nanowires represent an interesting platform for photo-
voltaic applications, as they can enable nonplanar device geometries where 
the photon absorption and minority carrier diffusion length are decou-
pled. Figure 7.2 illustrates an example, consisting of an array of radial p-n 
junction nanorods. Kayes et al. (2005) have theoretically examined the 
performance of such a photovoltaic device and shown that in certain con-
ditions this device geometry can outperform a planar solar cell fabricated 
using the same host semiconductor. In light of the potential applications 
of semiconductor nanowires for electronic and photovoltaics devices, it is 
therefore relevant to ask: How do we make electrical contacts to a semi-
conductor nanowire? What is the underlying physics governing the car-
rier (electron or hole) injection into a semiconductor nanowire? How do 
we realize low-resistance electrical contacts to semiconductor nanowires? 
Indeed, despite the relatively mundane aspect of the topic, the performance 
of nanowire devices has been, with a few exceptions, largely determined 
by electrical contacts rather than their intrinsic electronic properties. The 
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FIgure 7.1
(a) Scanning electron micrograph of Si nanowire grown epitaxially on a Si substrate using 
the vapor-liquid-solid growth mechanism. The nanowires are grown using SiCl4 as pre-
cursor and Au nanoparticles as metal catalyst. (From Goldberger, J., Hochbaum, A. I., 
Fan, R., et al., “Silicon Vertically Integrated Nanowire Field Effect Transistors,” Nano 
Letters 6 [2006]: 973–77.) (b) Scanning electron micrograph of silicon nanowires with 
different lengths defined using reactive ion etching along with a self-assembled layer 
of polystyrene spheres, which serves as mask. (From Huang, Z., Fang, H., and Zhu, J., 
“Fabrication of Silicon Nanowire Arrays with Controlled Diameter, Length and Density,” 
Advanced Materials 19 [2007]: 744–48. With permission.)

FIgure 7.2
Schematic cross-section of a radial p-n junction solar cell. Light is incident on the top 
surface. The light (dark) grey area represents the n-type (p-type) doped semiconductor. 
The photogenerated carriers are collected radially, while the incident light is absorbed 
along the nanorod. The device geometry allows the photogenerated carriers to be col-
lected on a distance much shorter than the absorption length, which in turn provides 
an efficiency enhancement by comparison to a planar cell. (Reproduced from Kayes, 
B. M., Atwater, H. S., and Lewis, N. S., “Comparison of the Device Physics Principles 
of Planar and Radial p-n Junction Nanorod Solar Cells,” Journal of Applied Physics 97 
[2005]: 114302. With permission.)
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purpose of this chapter is to shed light on some of the questions regarding 
contact engineering in semiconductor nanowires.

Section 7.2 describes the metal-nanowire contact resistance measure-
ment and a simple transmission line model that allows the extraction 
of the specific contact resistance. Section 7.3 is focused on the impact 
of the metal-semiconductor Schottky barrier on carrier injection in 
semiconductor nanowires, and its dependence on nanowire doping and 
metal profile into the nanowire. Section 7.4 presents a simple recipe for 
achieving low contact resistance to nanowires by doping, and existing 
experimental approaches to electrically dope nanowires. Sections 7.3 
and 7.4 will be focused primarily on the germanium nanowire, a sys-
tem the authors are most familiar with, but the conclusions are generally 
applicable to most semiconductor nanowire systems. Lastly, Section 7.5 
summarizes the specific contact resistances reported thus far for semi-
conductor nanowires.

7.2  nanowIre-sPecIFIc contact resIstance: 
MeasureMent and Model

A relatively simple method to investigate the electron transport through 
a semiconductor nanowire is to fabricate a back-gated nanowire field 
effect transistor (FET) with metal contacts. The nanowires are typically 
“harvested” in a solvent solution, which is subsequently dispersed onto 
a substrate. To serve as a gate, the substrate consists of a dielectric layer 
grown on a conducting substrate, e.g., SiO2 thermally grown on a doped Si 
substrate. Once dispersed, the contacts are defined using aligned electron 
beam lithography, metal deposition, and lift-off. An example of a single 
nanowire back-gated FET with metal contacts is shown in Figure 7.3a.

Once fabricated, two types of measurement can be performed on such 
devices. In a two-terminal, gate-dependent measurement, the current is 
measured across two adjacent terminals as a function of the applied volt-
age. This probes the nanowire intrinsic resistance (Rch) in series with the 
contact resistances, Rc1 and Rc2 of Figure 7.3b:

 R R R
V
Ich c c

p

p
+ + =1 2

2

2

∆
 (7.1)
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The nanowire intrinsic resistance (Rch) is determined by the carrier con-
centration and mobility:

 R L
n ech

L
=

µ
 (7.2)

where L is the nanowire length, nL is the electron (or hole) concentration 
per unit length, μ is the electron (hole) mobility, and e is the electron 
charge. The carrier concentration dependence on the back-gated bias (Vbg) 
is given by

 n e C V VL L bg T= ⋅ −( )−1  (7.3)

where CL is the back-gated nanowire capacitance per unit length, and VT 
represents the threshold voltage, at which the carrier concentration in the 
nanowire is zero. A measurement of the intrinsic nanowire resistance R 
vs. Vbg allows the extraction of the carrier mobility via

 µ = ⋅−
−

LC dR
dVL

ch

bg

1
1

 (7.4)

We note that the mobility extraction requires the CL values to be 
known. While individual nanowire capacitance measurements have been 

(a)

500 nm

(b)

Ge NW
∆V4p ∆V2p

Rc2

Rc1
Rc1

I2p
d

I2p

I4p

I4p

Back-gate

n-type Si (100)
SiO2

FIgure 7.3
(a) Scanning electron micrograph (SEM) of a Ge nanowire multiterminal device with Ni 
contacts. (b) Schematic representation of the two-point and four-point current-voltage 
measurements on a nanowire.
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reported (Tu et al. 2007), CL typical values for back-gated NW devices are 
~100 aF/μm, and accurate measurements of this capacitance are difficult. 
Alternatively, CL can be calculated using commercial device simulators 
(e.g., Sentaurus© Synopsis, Q3D Extractor© Ansoft).

The contact resistances, Rc1 and Rc2 of Figure 7.3b, consist of the metal 
lead resistance in series with the metal-nanowire junction resistance. The 
latter is characterized by a Schottky barrier and depends on multiple fac-
tors, such as metal-semiconductor Schottky barrier height, applied back-
gated bias, metal protrusion into the nanowire, nanowire doping, etc. 
Consequently, it is desirable to eliminate the contact resistance contribu-
tions, which can be accomplished by performing a four-point resistance 
measurement. A current (I4p) is forced between the outer terminals of 
the Figure 7.3b device, and the voltage drop across the inner terminals is 
measured (∆V4p). Because no current flows through the inner contacts, the 
four-point measurement probes the intrinsic nanowire resistance, without 
contact resistance contributions:

 R
V
Ich

p

p
=
∆ 4

4
 (7.5)

By performing a two-point and a four-point measurement, both the 
nanowire and contact resistances can be determined. In the following we 
describe a simple transmission line model (Mohney et al. 2005), which 
relates the measured contact resistance to the specific contact resistance, 
and in the next section we examine in more detail the underlying physics 
of electron injection at the metal-nanowire junction. Let ρ be the nano-
wire resistivity, ρc the specific contact resistance, Lc the nanowire length 
covered by the metal contact, and d the nanowire diameter. ρ is related 
to the nanowire resistance via R L dch = ρ π/( / )2 4  and can be determined 
from a four-point measurement and using the nanowire dimensions 
(Figure 7.4a).

The nanowire section under the metal contact can be decomposed into 
infinitesimal longitudinal segments (Figure 7.4b). A segment of length dx 
has a resistance ρ πdx d/( / )2 4  and is connected to the metal contact by 
a resistance 2ρ θc d dx/( )⋅ ⋅ ; θ is the angle covered by the metal contact 
on the nanowire circumference, and to a good approximation θ ≈ π (see 
Figure 4a). When a voltage V0 is applied on the metal contact, current will 
flow through the resistor network of Figure 7.4b. The voltage drop and the 
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current flow at position x along the nanowire section under the contact can 
be related to the nanowire resistivity and contact resistance as follows:

 dV
dx d

I x= − 4
2
ρ

π
( )  (7.6)

 V V x
d

dI
dx

c
0

2− =( ) ρ
π

 (7.7)

Equations 7.6 and 7.7 along with the boundary condition I x( )= =0 0  
provide the following solution for the current:

 I x I x L
L L

T

c T
( ) sinh( / )

sinh( / )
= ⋅0  (7.8)

where the transmission length LT is given by L dT c= ⋅ρ ρ2 . Using 
Equations 7.7 and 7.8, along with the boundary condition V x Lc( )= = 0 , 
the relation between the contact resistance (Rc) and the specific contact 
resistance (ρc) and nanowire resistivity (ρ) is readily obtained:

(a) (b)
x = 0 x = Lc

4ρ dx
πd2

2ρc
πd • dx

V (x)

Vo

I (x)SiO2

π

FIgure 7.4
(a) Cross-sectional representation of a metal-nanowire contact. The transmission line 
model employed here assumes the metal covers roughly half the nanowire circumfer-
ence. (b) Resistor network model and current flow along a metal-nanowire contact. The V0 
potential line represents the metal contact. The vertical resistances are determined by the 
specific contact resistance, and the horizontal resistances are determined by the nano-
wire resistivity. The metal contact covers a nanowire section of length Lc. (Reproduced 
from Mohney, S. E., Wang, Y., Cabassi, M. A., et al., “Measuring the Specific Contact 
Resistance to Semiconductor Nanowires,” Solid-State Electronics 49 [2005]: 227–32. With 
permission.)
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Since Rc and ρ can be measured experimentally, Equation 7.9 provides a 
method for extracting ρc.

One note on the applicability of the model presented here: in deriving 
Equation 7.9, we assumed that the contact can be partitioned into infini-
tesimal sections, and Ohm’s law applied along each of these sections. 
Consequently, the carrier mean free path in the nanowire should be much 
smaller than Lc. Furthermore, the contact resistance Rc should be much 
larger than the quantum limit, ( / )/ . /e h N N k2 2 12 9= Ω , where N is the 
number of subbands occupied by the electrons in the nanowire, and h is 
Planck’s constant (Datta 1989).

7.3  role oF schottky BarrIer In Metal-
to-nanowIre contacts

In this section we will examine in more detail the physics of the metal-
nanowire contact. The metal-nanowire junction is characterized by a 
Schottky barrier, common for any metal-semiconductor interface, and the 
carriers are injected primarily by tunneling through this barrier. Unlike 
a bulk sample, however, an applied gate bias can also change the width of 
the Schottky barrier, which results in a gate-dependent metal-nanowire 
contact resistance.

Let us first examine the device characteristics of a back-gated Ge 
nanowire with metal (Ni) contacts. The device, shown schematically in 
Figure 7.5, consists of an undoped Ge nanowire on a 10-nm thick SiO2 
dielectric grown on an n-type Si substrate. The source and drain Ni con-
tacts are fabricated using e-beam lithography and lift-off. The nanowire 
diameter is d = 35 nm and the channel length is L = 600 nm. Two types 
of device characteristics are measured: (1) the drain current (Id) vs. the 
applied drain-source bias (Vds) measured at fixed values of the back-gated 
bias (Vgs) (output characteristics), and (2) Id vs. Vgs measured at fixed values 
of Vds (transfer characteristics). The data are shown in Figure 7.5a. The 
transfer characteristics of Figure 7.5a show ambipolar behavior: as Vgs 
is changed at constant Vds, Id decreases, goes through a minimum, and 
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increases for both large negative or positive Vgs values. The data can be 
explained as follows: at large negative Vgs values, holes are induced in the 
nanowire, and the Fermi level (EF) is close to the valence band (EV). For 
large positive values of Vgs, electrons are the majority carriers in the nano-
wire. In both cases, the nanowire conductance is large. For a gate bias of 
Vgs ~ 2V the nanowire conductance reaches a minimum, the Fermi level 
in the nanowire is close to mid-gap, neither type of carrier (electrons or 
holes) dominates, and their concentration is close to the intrinsic carrier 
concentration in the host semiconductor (~2 × 1013 cm–3 for Ge).

While the data of Figure 7.5 can be understood in this simple picture, 
quantitatively the nanowire conductance is more than one order of mag-
nitude lower than expected. Indeed, the measured resistance at Vgs = –4 V 
is ~ 3 MΩ. Using Equations 7.2 and 7.3, and assuming a typical mobility of 
~100 cm2/Vs, and a dielectric capacitance per unit length of CL ~ 0.1nF/m, 
the estimated nanowire resistance should be 0.2 MΩ. Clearly, the contact 
resistance of the metal-nanowire Schottky barrier is much larger than the 
intrinsic nanowire resistance.

To better understand the transport in back-gated nanowire FETs, in 
Figure 7.6 we present self-consistent device simulations of back-gated Ge 

(a)

Vgs (V)
–4

10–12

10–11

10–10

10–9

I d
 (A

)

10–8

10–7

10–6

–2 0

0

50

100

I d (
nA

)

150

2 4

(b)

Back-gate
Si (100) substrate

Ni contacts
Ge nanowire

SiO2

–0.6 –0.4
Vds (V)

Vds = –0.1 V

Vds = –0.5 V

–0.2 0.0

EV

EF

EC
DS

FIgure 7.5
(a) Id-Vgs of an undoped, back-gated Ge nanowire FET. Different symbols represent data 
measured at Vds from –0.1 V to –0.5 V in steps of –0.1 V. The inset shows the output charac-
teristics of the hole injection branch, measured at Vgs from –4 V to 0 V in steps of 1 V. (Data 
reproduced from Tutuc, E., Chu, J. O., Ott, J. A., et al., “Doping of Germanium Nanowire 
Grown in Presence of PH3,” Applied Physics Letters 89 [2006]: 263101.) (b) Schematic repre-
sentation of the back-gated Ge nanowire FET with Ni contacts. (With permission.)
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field effect transistors with Ni contacts, using the numerical simulator 
Sentaurus (copyright Synopsis, Version A-2007.12). The device structure 
consists of a planar back-gated Ge FET with metal (Ni) contacts (Figure 7.6 
inset), with the back-gate consisting of a highly doped Si substrate sepa-
rated from the Ge channel by a 10-nm thick SiO2 dielectric layer. The device 
characteristics are simulated for different metal contact depths (ldiff), while 
keeping other device structure parameters constant. The carrier trans-
port model used is drift diffusion assuming bulk mobilities for Ge, and 
the simulator solves the Poisson and carrier continuity equations self-
consistently. The carrier injection is modeled using nonlocal tunneling at 
metal-semiconductor Schottky contacts (Ieong et al. 1998). The Schottky 
barrier height for the Ni to Ge valence band was chosen as 0.17 eV (Sze 
1981). The thermionic emission over the barrier is negligible and thus not 
considered in the simulation. For simplicity, the simulations shown here 
are for a two-dimensional structure with the channel width and thickness 
similar to the NW diameter. These data, however, capture the essential 
device physics of a back-gated NW device and reproduce qualitatively and 
semiquantitatively the experimental results of Figure 7.5.

Several observations can be made about Figure 7.6 data. The device 
characteristics are ambipolar, consistent with electron and hole injection 
from the metal contact. The current (ID) does depend on the metal con-
tact protrusion (ldiff) into the semiconductor channel, which in turn can 
be controlled by thermal diffusion during annealing. Moreover, the cur-
rent dependence on ldiff is nonmonotonic. For small ldiff values, the current 
increases with ldiff. This observation explains a general experimental find-
ing, namely, that annealing reduces the nanowire contact resistance. ID 
reaches a maximum for an optimum ldiff value, in our case ldiff = 30 nm, and 
then decreases as ldiff is further increased. We examine in the following the 
underlying physics of the ID vs. ldiff nonmonotonic dependence, but a key 
conclusion we can readily draw is that the carrier injection is highly sensi-
tive to the contact metal profile, which in turn translates into significant 
contact resistance variability (Cui et al. 2003).

Figure 7.7 data show the calculated current density (a) and energy band 
diagram (b) along the device of Figure 7.6. These data were calculated for 
ldiff = 30nm, the optimum value of Figure 7.6, and for VGS = –4 V and VDS 

= –1 V. Figure 7.7a data show that current flows primarily near the bot-
tom oxide-semiconductor interface, where the hole inversion layer forms. 
The energy band profile along the device reveals an interesting finding. 
The applied VDS bias falls primarily on the Schottky barrier at the source 
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contact, which controls the hole injection in the channel. This in turn makes 
the device characteristics highly dependent on the electric field along the 
source contact Schottky barrier, controlled by VGS and ldiff, and relatively 
insensitive to the carrier mobility in the channel. In Figure 7.8 we show 
the calculated energy band vs. depth profile at the metal-semiconductor 
source contact for the device of Figures 7.6 and 7.7, for different VGS values, 
and at VDS = –1 V and ldiff = 30 nm. These data clearly show that the elec-
tric field along the source contact Schottky barrier increases at higher gate 
biases, which in turn increases the tunneling rate through this barrier, 
reducing the contact resistance.

Lastly, let us examine the impact of contact metal depth on carrier 
injection. In Figure 7.9b we show the valence band profiles at the source 
contact in a back-gated Ge FET with Ni contacts, for different metal con-
tact depth values, ldiff = 5, 30, and 34 nm. At small ldiff values (Figure 7.9b, 
lower left panel), holes tunnel through a relatively wide Schottky barrier 
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FIgure 7.6
Simulated ID-VGS data for a planar, back-gated Ge FET with Ni contacts, at different metal 
contact depth values (ldiff), and at VDS = –1 V. The channel length is 700 nm, and the chan-
nel width and thickness are both 35nm. Inset: Schematic representation of the simulated 
device structure. (Reproduced from Liu, E. S., Jain, N., Varahramyan, K. M., et al., “Role 
of Metal-Semiconductor Contact in Nanowire Field-Effect Transistors,” to appear in 
IEEE Transactions on Nanotechnology, 2010. With permission.)
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FIgure 7.7
(a) Cross-sectional contour plot showing the current density in a back-gated Ge FET with 
Ni contacts, and with ldiff = 30 nm, VGS = –4 V, and VDS = –1 V. The conduction in the Ge 
channel takes place primarily near the bottom oxide interface, where the holes accumu-
late. (b) Conduction (EC) and valence (EV) energy band profile along the dashed path 
shown in the upper panel. Note that the applied VDS = –1 V bias falls primarily across the 
metal-semiconductor barrier at the source contact, which in turn renders the device cur-
rent highly dependent on the tunneling through the Schottky barrier at the source con-
tact, and relatively insensitive to the carrier mobility in the channel. (Reproduced from 
Liu, E. S., Jain, N., Varahramyan, K. M., et al., “Role of Metal-Semiconductor Contact in 
Nanowire Field-Effect Transistors,” to appear in IEEE Transactions on Nanotechnology, 
2010. With permission.) (See color insert following page 206.)
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before entering the channel. This translates in reduced carrier injection 
efficiency, and a low drive current. This situation is labeled as the injec-
tion-limited regime in Figure 7.9a, where we summarize the ID vs. ldiff 
dependence for two types of nanowire FETs, using Ge and Si as channel 
materials. As the contact metal protrudes into the semiconductor, at the 
same VDS and VGS values, the electric field at the source contact metal-NW 
interface increases. This reduces the Schottky barrier width, which leads 
to an increase of carrier tunneling rate and ID. At an optimized ldiff value 
the electric field across the junction is high and there is also a large den-
sity of states (DOS) in the semiconductor aligned with the metal Fermi 
level. In this regime, labeled as optimum in Figure 7.9, the hole injection 
efficiency and ID reach a maximum. For larger ldiff, however, as illustrated 
in the lower-right panel in Figure 7.9b, despite a high electric field at the 
metal-semiconductor Schottky barrier, the injection is restricted only to 
the high-energy holes in contact metal, because the DOS in the nanowire 

0.5

VGS

– 1 V
– 2 V
– 3 V
– 4 V

0
S

5
Position (nm)

Ev

Ec

E 
(e

V
)

Ni

FIgure 7.8
Conduction (EC) and valence (EV) energy band profile along the metal-nanowire Schottky 
barrier at the source contact, for different back-gated biases. The profile is taken along the 
dashed line of Figure 7.7, in the vicinity of the source contact. The drain-source bias and 
metal contact depth values are VDS = –1 V and ldiff = 30 nm, respectively, consistent with 
Figure 7.7 data. As VGS becomes more negative, the electric field along the Schottky barrier 
increases. This in turn increases the carrier tunneling through the Schottky barrier and 
reduces the contact resistance. The device characteristics are dominated by the carrier 
injection at the source contact, which in a simple picture acts as a gate-tunable contact 
resistance. (Reproduced from Liu, E. S., Jain, N., Varahramyan, K. M., et al., “Role of 
Metal-Semiconductor Contact in Nanowire Field-Effect Transistors,” to appear in IEEE 
Transactions on Nanotechnology, 2010. With permission.)
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aligned with the Fermi level of the metal contact is zero. Consequently, 
the tunneling rate decreases, and ID is reduced (DOS-limited regime of 
Figure 7.9a).

To conclude this section, the carrier injection through the metal-semi-
conductor Schottky barrier is the primary factor controlling the electrical 
characteristics of nanowire FETs with metal contacts. The electric field at 
the source contact Schottky barrier depends on gate bias and metal contact 
depth, which in turn is highly sensitive to anneal conditions. In particular, 
the drain current displays a nonmonotonic trend as a function on metal 
contact depth. This behavior can be explained by considering the inter-
play between carrier injection efficiency through the metal-NW Schottky 
barrier, which increases with the metal contact depth, and the number of 
available states in the NW between contact and the bottom oxide, which 
decreases with the metal contact depth. At small contact depth the current 
is limited by a low carrier tunneling rate through the metal-semiconductor 
junction, and at large contact depth by the reduced density of states in the 
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(a) Simulated ID values at fixed VDS and VGS values for back-gated Ge and Si FET as a 
function of metal contact depth (ldiff). The simulated structure has a channel width and 
thickness of 35 nm for both the Ge and Si FET. VGS = –4 V in both cases, and the VDS 

biases are –1 and –1.5 V for Ge and Si FETs, respectively. In both cases ID shows a non-
monotonic dependence on ldiff. Depending on the ldiff value, three different regimes are 
defined: injection-limited, optimum, and DOS-limited regime. (b) Valence band vs. 
depth profile at the metal-semiconductor source contact for a Ge FET, corresponding 
to the three regimes of panel (a). The arrows indicate the carrier tunneling through the 
Schottky barrier. (Reproduced from Liu, E. S., Jain, N., Varahramyan, K. M., et al., “Role 
of Metal-Semiconductor Contact in Nanowire Field-Effect Transistors,” to appear in 
IEEE Transactions on Nanotechnology, 2010. With permission.)
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NW. The device current reaches a maximum at an optimum metal con-
tact depth characterized by a high enough tunneling rate and a sufficient 
number of states in the NW. These observations imply that small varia-
tions in the metal contact profile or device geometry induce a significant 
variability in the observed device characteristics. These conclusions mir-
ror similar findings related to the device physics of carbon nanotube field 
effect transistors, where the metal contact geometry and metal-nanotube 
Schottky barrier critically impact the carrier injection (Heinze et al. 2002; 
Chen et al. 2005).

Finally, we note that although in our study we use Ge and Si NWs as 
channel materials, our conclusions apply broadly to back-gated FETs with 
metal contacts using either two-dimensional or one-dimensional device 
geometries, and are qualitatively independent of the host semiconductor.

7.4  nanowIre doPIng: a recIPe For 
low contact resIstance

In light of the conclusions reached in the previous section, namely, 
reduced carrier injection at the metal-nanowire junction because of the 
metal-semiconductor Schottky barrier, and also significant variability 
because of the Schottky barrier width dependence on gate bias and con-
tact metal profile, it becomes highly desirable to immunize nanowire-
based electrical or electro-optical devices against these issues. As we show 
here, one straightforward solution is to electrically dope the nanowires. 
The width of a metal-semiconductor Schottky barrier is proportional to 
1/ ,ND A , where ND and NA represent the donor and acceptor concentra-
tions, respectively (Sze 1981, Chapter 5). For very high doping levels, this 
width is reduced and the barrier becomes transparent, i.e., allows high 
tunneling current and low contact resistance. Indeed, the transmission 
coefficient through the barrier increases exponentially with ND A,  (Sze 
1981, Chapter 5).

In situ doping of self-assembled Si and Ge NWs grown using the VLS 
mechanism can be achieved by adding a dopant agent, e.g., B2H6 or PH3, in 
the growth chamber along with the growth precursor (Greytak et al. 2004; 
Wang et al. 2005; Tutuc et al. 2006). High doping levels, up to 1 to 4 × 1019 
cm–3, can be achieved using this approach. In the case of phosphorous-doped 
Ge NWs with Ni contacts, the metal-NW contact resistance determined 
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using two-point and four-point measurements becomes as low as ~500 Ω, 
for doping levels of ~1 to 4 × 1019 cm–3. However, the dopant atoms incorpo-
rate primarily via conformal growth during in situ doping, with a doping 
concentration proportional to the exposure to the doping agent (Tutuc et al. 
2006). This, in turn, prevents axial doping modulation or the realization of 
uniform and high doping concentrations using in situ doping.

Ho et al. (2008) demonstrated controlled nanoscale doping of Si nano-
ribbons using high temperature diffusion from molecular monolayers 
containing dopant (phosphorous or boron) atoms. Using this approach, 
doping concentrations as high as 2 × 1020 cm–3 have been demonstrated 
in Si, for both phosphrous and boron dopants. The doping is controlled 
by thermal diffusion, which requires a relatively high (~1,000°C) thermal 
budget, and concentration-dependent dopant diffusivities can affect the 
doping profile.

Ion implantation, a doping technique widely used in the microelec-
tronics industry, allows for precise control of the doping concentration 
and depth. The main drawback associated with ion implantation is the 
ion beam-induced damage, which can cause nanowire amorphization. 
For bulk samples the amorphized region can be recrystallized using solid 
phase epitaxial regrowth, with the substrate acting as template (Narayan 
1982). However, if the nanowires are fully amorphized during ion implan-
tation, the solid phase regrowth is no longer possible (Greene et al. 2000). 
This sets upper boundaries for the dose and implant energy. Recent stud-
ies (Cohen et al. 2007; Colli et al. 2008) showed successful doping of Si 
NWs by ion implantation.

Using low-energy ion implantation, Nah et al. (2008) demonstrated Ge 
NW doping with levels up to 2 × 1020 cm–3. In this study the nanowires 
are dispersed on a HfO2 substrate, and implanted with boron at an energy 
of 3 keV and at different doses. Following activation at relatively low tem-
peratures (400 to 600°C), multiterminal back-gated devices are fabricated 
in order to determine the doping concentration (Figure 7.10). Figure 7.11 
data show the four-point current-voltage characteristics measured for 
B-implanted Ge nanowires. Figure 7.11a data indicate the nanowires have 
a high, up to ~10–4 S, conductance, which is roughly proportional to the 
implant dose. The gate dependence of Id vs. ∆V4p data of Figure 7.11b allows 
the extraction of the mobility and carrier concentration, using Equations 
7.2 to 7.4. This study showed that doping concentrations up to 2 × 1020 
cm–3 can be achieved using low energy ion implantation, and that the ion-
beam-induced damage can be removed using a reduced, as low as 400°C, 
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(a) Schematic representation of a Ge-SixGe1–x core-shell nanowire dispersed on a HfO2/
Si substrate for ion implantation. (b) SEM of a multiterminal NW device. The outer ter-
minals (S, D) are used to flow current, and the inner terminals (V1, V2) probe the voltage 
drop (∆V4p = V2 – V1) along the nanowire. (Reproduced from Nah, J., Varahramyan, K., 
Liu, E.-S., et al., “Doping of Ge-SixGe1–x Core-Shell Nanowires Using Low Energy Ion 
Implantation,” Applied Physics Letters 93 [2008]: 203108. With permission.)
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Implantation,” Applied Physics Letters 93 [2008]: 203108. With permission.)
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thermal budget. By combining two-point and four-point measurements, 
the contact resistance (Rc) was determined. The Rc values for the Ni-Ge 
NW contact were as low as 300 Ω ± 200 Ω for doping levels above 1019 

cm–3, and ~2,200 Ω ± 2,000 Ω for doping levels below 1019 cm–3. The cor-
responding specific contact resistance is 1.1 × 10–9 ± 2.2 × 10–10 Ω·cm2 for 
doping levels above 1019 cm–3, and 3.4 × 10–8 ± 2.2 × 10–8 Ω·cm2 for doping 
levels below 1019 cm–3.

One key benefit of achieving high doping levels in nanowires is that it 
enables the realization of high-performance, namely, high-current and 
high-on-off ratio, nanowire transistors with highly doped source (S) and 
drain (D). The highly doped S/D terminals allow for efficient, unipolar car-
rier injection into the NW and also for a low contact resistance. Figure 7.12 
outlines the process flow for the fabrication of Ge-SixGe1–x core-shell NW 
FETs with highly doped source and drain (Nah et al. 2009). The nanowires 
are first dispersed onto a HfO2/Si substrate (Figure 7.12a). Next an 8.5-nm 
thick HfO2 film is grown by atomic layer deposition (Figure 7.12b). The top 
gate is patterned using e-beam lithography, metal deposition (TaN), and 
lift-off, followed by top-gated dielectric etching using hydrofluoric acid 
(Figure 7.12c). The device then undergoes a low energy boron implant, 
with a dose of 1 × 1015 cm–2. This step results in highly doped nanowire 
regions outside the TaN gate, which can subsequently serve as source/
drain, while the relatively thick (~100 nm) TaN metal gate prevents the 
nanowire doping, and maintains the FET channel undoped. After dopant 
activation, the metal (Ni) terminals are defined using e-beam lithogra-
phy, metal deposition, and lift-off (Figure 7.12d). An SEM of a Ge NW 
FET with highly doped S/D is shown in Figure 7.12d; the nanowire sec-
tions outside the TaN gates (darker areas) are highly doped, while the FET 
channel under the gates remains undoped.

To illustrate the benefit of using highly doped source and drain in 
Figure 7.13, we compare the device characteristics of top-gated Ge-SixGe1–x 
core-shell NW FETs using both doped (Figure 7.13a) and undoped 
(Figure 7.13b) source and drain. The main panels show the output char-
acteristics, and the insets show the transfer characteristics. Both devices 
have similar (720 nm) channel lengths. Two noteworthy observations can 
be made from Figure 7.13 data. First, the current measured at given drain 
and gate bias values in the NW FET with highly doped source and drain 
is two orders of magnitude larger than the device with undoped source 
and drain. Second, the on/off-state current ratio, defined for an operating 
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widow of 1 V, is enhanced by an order of magnitude. Clearly, the device 
performance is greatly enhanced after S/D doping.

Using the data of Figure 7.11, the resistance of the nanowire sections 
outside the top gate, which represents the external contact resistance, is 
estimated to be Rc ≅ 22 kΩ, which is small compared to the measured total 
device resistance, Rm = 130 kΩ at Vg = –1 V. This implies that the channel 
resistance, Rch = Rm – Rc ≅ 108 kΩ at Vg =  –1 V, is now the dominant compo-
nent of the device resistance, unlike the case of NW FET with metal con-
tacts, where the contact resistance is the dominant component. Such NW 
FETs with highly doped source and drain, where the channel resistance 
determines the device characteristics, also allows for an accurate mea-
surement of the intrinsic mobility (μ) using R L C V Vch g L g T= − −[ ( ) ]µ 1 ; CL 
is the dielectric capacitance per unit length, and VT the threshold voltage 
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FIgure 7.12
Schematic representation of a Ge-SixGe1-x core-shell NW dispersed on a HfO2/Si sub-
strate. (b) ALD of HfO2 on the NW. (c) Gate metal (TaN) deposition and HfO2 layer 
etching, followed by B ion implantation. (d) B activation anneal and Ni deposition on 
the S/D regions. (e) SEM of a NW dual-gated FET with Ni contacts. The darker areas (G) 
represent the top gates, and the lighter areas represent the S/D. (Reproduced from Nah, J., 
Liu, E.-S., Shahrjerdi, D., et al., “Realization of Dual-Gated Ge-SiGe Core-Shell Nanowire 
Field Effect Transistors with Highly Doped Source and Drain,” Applied Physics Letters 94 
[2009]: 063117. With permission.)
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defined by linearly extrapolating the Id vs. Vg data (Figure 7.13b) to zero 
Id. For the device considered in Figure 7.13a, the capacitance value of CL 

= 1.56 nF/m was calculated using a finite element method (Ansoft Q3D 
Extractor®); the extracted hole mobility using this CL value was μ = 60 
cm2/Vs.

7.5  suMMary oF rePorted sPecIFIc 
contact resIstances

In this chapter we have attempted to shed light on a number of issues 
regarding electrical contacts to and intrinsic electronic properties of 
semiconductor nanowires. The main message can be summarized as fol-
lows. The electrical properties of semiconductor nanowire devices can 
be, depending on the device design and geometry, easily dominated by 
the contact resistance rather than the intrinsic nanowire resistance. The 
metal-nanowire resistance is controlled by the height and width of the 
Schottky barrier at the metal-nanowire junction. Unlike a bulk sample, 
however, where the Schottky barrier width depends only on the semicon-
ductor doping level, the metal-nanowire Schottky barrier width depends 
on the metal profile in the nanowire and the electric field that can be 
applied using a gate. These factors can lead to a significant variability in 
contact resistance, depending on the device design. Consequently, the 
intrinsic electronic properties such as carrier mobility can no longer be 
extracted by assuming simple device models, unless the contact resistance 
becomes lower than the intrinsic nanowire resistance. A simple recipe to 
obtain low-contact resistances is to electrically dope the nanowires. This 
can be done either in situ, during growth, or ex situ using ion implanta-
tion or high-temperature diffusion. The metal-nanowire Schottky barrier 
becomes highly transparent when the nanowires are doped, allowing for 
low contact resistance.

In Table 7.1 we summarize the metal-semiconductor nanowire contact 
resistances reported so far in the literature for a variety of semiconductors 
and metal contacts. While the contact resistances vary, these data con-
firm that the higher the doping level for a given semiconductor nanowire, 
the lower the contact resistance. Lower-band-gap semiconductors tend to 
show lower contact resistances as well.
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Drain current (Id) vs. drain bias (Vd) data measured at different top-gated bias (Vg) values 
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illustrate that doping the source and drain increases the device current by two orders of 
magnitude. (Reproduced from Nah, J., Liu, E.-S., Shahrjerdi, D., et al., “Realization of 
Dual-Gated Ge-SiGe Core-Shell Nanowire Field Effect Transistors with Highly Doped 
Source and Drain,” Applied Physics Letters 94 [2009]: 063117. With permission.)
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taBle 7.1

Summary of Metal-Semiconductor Nanowire Contact Resistances

Nanowire 
Semiconductor

Doping 
Type 

(Impurity)
Doping Level/

Resistivity
Contact 
Material

Contact 
Type

Contact 
Resistance 

(kΩ)

Specific Contact 
Resistance 

(Ω·cm2) 
Schottky Barrier 

Height (eV) Reference

Si p (B) 1 × 1019 cm–3 Ti/Au Ohmic 260–400 4.5–5 × 10–4 
Ω·cm2

Mohney et al. (2005)

Si n (P) 2 × 1019 cm–3 Ti/Au Ohmic 1.6 5 × 10–7 Ω·cm2 Bjork et al. (2008)
Si p (B) 1 × 1018 cm–3 bulk Si Ohmic 80 3.7–5 × 10–6 

Ω·cm2
Chaudhry et al. (2007)

Si Undoped Al/Au Ohmic 2.4 2 × 10–2 Ω·cm2 Richter et al. (2008)
Si n (P) 0.01 Ω·cm Ni Schottky 0.38 eV Woodruff et al. (2008)
Si n (P) 0.1 Ω·cm Ni Schottky 0.49 eV Woodruff et al. (2008)
Si n (P) 0.3 Ω·cm NiSi Schottky 0.69 eV Woodruff et al. (2008)
Ge/SiGe p (B) 0.4–2 × 1020 cm–3 Ni Ohmic 0.3 ± 0.2 0.9–1.3 × 10–9 

Ω·cm2
Nah et al. (2008)

Ge/SiGe p (B) 1–5 × 1018 cm–3 Ni Ohmic 2.2 ± 2 2.2 –4.6 × 10–8 
Ω·cm2

Nah et al. (2008)

GaN n 2 × 1017 cm–3 Ti/Au Schottky 0.019 eV Chang et al. (2006)
GaN n 6.9 × 10–3 ± 3 × 

10–4 Ω·cm
Ti/Au Ohmic 3.8 0.6–1.6 × 10–6 

Ω·cm2
Hwang et al. (2008)
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GaN n 6.9 × 10–3 ± 3 × 
10–4 Ω·cm

Al Schottky 0.38 eV Hwang et al. (2008)

GaN n 6.9 × 10–3 ± 3 × 
10–4 Ω·cm

Ti Schottky 0.4 eV Hwang et al. (2008)

GaN n 6.9 × 10–3 ± 3 × 
10–4 Ω·cm

Cr Schottky 0.32 eV Hwang et al. (2008)

GaN n 6.9 × 10–3 ± 3 × 
10–4 Ω·cm

Au Schottky 0.42 eV Hwang et al. (2008)

InN n 4.4 × 10–4 
±1.5×10–4 Ω·cm

Pd/Ti/
Pt/Au

Ohmic 1.1 × 10–7 Ω·cm2 Chang et al. (2006)

SiC n 3 × 1019 cm–3 Ni/Au Ohmic 8.2 5.9 × 10–6 ± 8.8 × 
10–6 Ω·cm2

Jang et al. (2008)

SiC n 3 × 1019 cm–3 Ni/Au Ohmic 104 2.6 × 10–6 ± 3.4 × 
10–6 Ω·cm2

Jang et al. (2008)

ZnSe 1 Ω·cm Ti/Au Ohmic 9,000 2.4 × 10–2 Ω·cm2 Salfi et al. (2006)
SnO2 n 1.8 × 1018 cm–3 Pt Schottky 0.28 ± 0.02 eV Hernandez-Ramirez 

et al. (2007)
In2O3 Undoped 1 × 1018 cm–3 Ti/Au Ohmic 500 Jo et al. (2007)
ZnO n(Ga) 3.9 × 1018 cm–3 Ti/Au Ohmic 6.2–8 × 10–6 

Ω·cm2
Yuan et al. (2008)

ZnO n(Ga) 3.0 × 1019 cm–3 Ti/Au Ohmic 7–9 × 10–7 Ω·cm2 Yuan et al. (2008)
ZnO n(Ga) >1 × 1020 cm–3 Ti/Au Ohmic 5.3–6.8 × 10–8 

Ω·cm2
Yuan et al. (2008)
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8
Quantum Dot Solar Cells

Seth M. Hubbard, Ryne Raffaelle, and Sheila Bailey

8.1 IntroductIon

The first rigorous treatment of the limiting efficiencies of solar photovol-
taic energy converters was given by Shockley and Queisser (1961). The 
authors made use of the fact that radiative recombination within the solar 
absorber will place the ultimate limit on efficiency. Their initial limit was 
near 44% for a single material solar absorber operating in an absolute zero 
ambient and illuminated with a 6,000K blackbody spectrum. This num-
ber has since been revised to 33% for an AM1.5 spectrum and the cell 
operating near room temperature (De Vos and Pauwels, 1981; Wuerfel and 
Ruppel, 1980).

Since the initial inception of the Shockley–Queisser (SQ) limit in 1961, 
various techniques have been proposed to increase it. These range in scope 
from simply more efficiently splitting the solar spectrum among multiple 
energy gap absorbers (e.g., tandem or multijunction cells) to advanced 
third-generation techniques such as hot carrier effects, impurity band 
absorption, and multiexciton generation (Green, 2003). The goal of all 
these advanced techniques is reducing one or both of the loss mechanisms 
inherent in the SQ model (i.e., transmission and carrier thermalization).

As more has been understood about the science and technology of 
quantum confined materials, it has been theorized that their unique prop-
erties could present a practical mechanism to implement many of the 
next-generation techniques. Quantum confinement refers to the fact that 
a dimension or dimensions associated with a given material are smaller 
than the Bohr exciton radius for that material. This confinement results in 
the electronic states associated with the material to deviate from the ordi-
nary band theory of solids and begin to show discrete-like optoelectronic 
behavior (Singh, 1993).
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The quantum dot (QD) is a specific type of quantum nanostructure with 
confinement potentials in all three Cartesian dimensions. The idealized QD 
can be considered to behave similarly to the famous quantum mechanical 
particle-in-a-box problem. This confines both the electrons and holes in 
three-dimensions (3D), allowing zero dimensions (0D) in their degrees of 
freedom, thus creating atom-like levels with discrete (Dirac delta) densities 
of states (see Figure 8.1) (Cress, 2008). In the simplest case, the confined 
energy levels, and thus the optical absorption energy, will be determined 
simply by the confining potential and the QD size. The minimum size of 
a spherical QD is determined by allowing for at least one confined energy 
level. This depends on the conduction band offset and effective mass and 
is given by (Bimberg et al., 1999)

 d
m Ee C

min *
= π

2 ∆
 (8.1)

For typical InAs QD in GaAs this is in the 2 to 3 nm range. The maxi-
mum size of a QD is dictated by limiting the thermal population of higher 
energy levels to ~5%. This can be expressed as (Bimberg et al., 1999)

 kT E E≤ −( )1
3 2 1  (8.2)

where E1 and E2 are the first and second quantum confined energy levels. 
For InAs QD at room temperature, this value is near 20 nm.

While there is not a single definition or type of quantum dot solar cell, 
the main thrust of all QD approaches seeks to use the quantized absorption 
or the 0D density of states of QD systems to provide means to implement 
“beyond the SQ limit” type solar conversion techniques. The basic physics 
behind the SQ limit lies in the fact that semiconducting solar cells are able 
to absorb light over much of the broad solar spectrum, but emit light (due 
to spontaneous emission) in only a narrow band near the bandgap. The 
detailed balance between the absorption and emission process results in 
the solar cell short-circuit current. A number of additional assumptions are 
also key to the SQ limit. The most important are that one electron-hole pair 
is produced for each absorbed photon, both electron and hole populations 
quickly lose energy and thermalize with the lattice temperature, and only 
photons with energy above the semiconductor bandgap (Eg) are absorbed. 
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As seen in Figure 8.2, the result is that much of the sun’s energy is lost to 
both transmission of photons with energy E < Eg and thermal loss (heat) 
for carriers with energy E >> Eg. In fact, these two processes account for 
loss of 23 and 33% of the sun’s total power, respectively (Nelson, 2003).

The QD (and nanostructures in general) provides an enabling technol-
ogy, allowing the possibility for both increasing below-bandgap (subgap) 
absorption and reducing thermal dissipation loss. The exact nature of how 
QD technology may improve upon the SQ limit depends on the nature 
and design of the solar converter used. In this chapter we will first review 
the various cell designs where QD technology could be implemented. The 
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FIgure 8.1
Schematic showing structure and the density of states (DOS) in the conduction band 
(CB) and valence band (VB) for (a) bulk, (b) quantum well, (c) quantum wire, and (d) 
quantum dot heterostructures. (Courtesy of Dr. Cory Cress; Cress, C., “Effects of Ionizing 
Radiation on Nanomaterials and III-V Semiconductor Devices” [PhD dissertation, 
Rochester Institute of Technology, Rochester, New York 2008].)
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basics of the QD, growth mechanisms, and structure will then be pre-
sented. We will conclude with specific experimental behavior from cur-
rent state-of-the-art cells implementing QDs.

8.2 tyPes oF QuantuM dots solar cells

As was discussed in the previous section, the QD solar cell does not refer to 
any single type of cell or cell design, but is a general term describing solar 
technology using QDs to implement advanced solar conversion techniques 
that go beyond the single-junction SQ limit. However, there are generally two 
broad classes of QD-based solar cells: (1) inorganic colloidal quantum dots 
in an organic host matrix and (2) epitaxial or vapor phase grown crystalline 
QDs. Examples of the first class are CdSe quantum dots, used for multiex-
citon generation (MEG) in electrolyte-based and dye-sensitized solar cells. 
The second class of QD solar cells use group III-V materials, such as InAs 
and GaSb, or group IV materials, such as Si and Si-Ge. The group III-V mate-
rials are typically grown epitaxially (usually using the Stranski–Krastanow 
technique or similar methods), while Si/Si-Ge QD can also be formed from 
chemical vapor deposition or laser ablation methods. Discussion of the lat-
ter QD growth mechanisms will be presented in Section 8.3.

8.2.1 Impurity and Intermediate Band solar cells

The idea of using an impurity state for improving photovoltaic energy con-
version originated in the work of Martin Wolf (1960). Wolf theorized that 
by placing impurity states within the bandgap of the solar cell, multilevel 
absorption would be possible, thereby reducing transmission loss and thus 
increasing efficiency. The downside of this method is that impurities typi-
cally lead to increased nonradiative recombination due to the localized 
nature of the electron eigenfunctions within the impurity (Luque et al., 
2006a). This increase in nonradiative recombination would negate any 
improvements to the operation of the cell. However, recent work by Brown 
and Green (2002) does suggest possibilities for true impurity band photo-
voltaics operating at the radiative limit.

A quite profound extension of the impurity effect was proposed by Luque 
and Marti (1997). In this approach, if the impurities were physically ordered 
and brought close enough that the individual wavefunctions begin to 
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overlap, a continuum “miniband” would be formed. This is a similar mech-
anism that results in the electronic band structure in a solid and the well-
known Esaki–Tsu superlattice effect (Esaki and Tsu, 1970). Nonradiative 
recombination into the intermediate band is suppressed due to the continu-
ous nature of the impurity band and a SQ type analysis can be applied.

The setup for this type of intermediate band solar cell is shown in 
Figure 8.3. The standard single-junction solar cells’ absorption (ECV) is 
still present. The intermediate band formed as above provides two addi-
tional absorption pathways, EIV and EIC. The electronic states in the inter-
mediate band should only be accessible via direct transitions. Absorption 
of photon energy, EIV, will pump an electron from the valence band to 
the intermediate band. A subsequent photon of energy, ECI, then pumps 
an electron from the intermediate band to the conduction band. The 
increased performance of this design in comparison to the standard solar 
cell is a result of both reduced transmission loss and spectrum splitting 
(reduced thermalization).

In performing a detailed balance analysis of the intermediate band solar cell, 
there are a number of assumptions that must be applied to the SQ analysis:

 1. No overlap of energy transitions for a given photon energy. In other 
words, referring to Figure 8.3, if EI is placed arbitrarily closer to EC 
than to EV, there are only three energy ranges of interest: EIC → EIV, 
EIV → ECV, and ECV → ∞. This analysis is similar to what is done for 
multijunction solar cells where each subcell is analyzed only from 
that subcell’s band edge to that of the next highest energy sub cell’s 
band edge.

 2. Current is extracted from the intermediate band only by optical 
pumping; i.e., electrons enter the intermediate band only by pump-
ing from the valence band, and they leave only by subsequent pump-
ing to the conduction band.

µC

µI

EIV

EIC

EC

EI

EV

ECV
µV

FIgure 8.3
Energy band diagram showing the operation of the intermediate band solar cell.
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 3. The valance, conduction, and intermediate bands each have a sepa-
rate quasi-Fermi level. The difference in chemical potentials between 
any two bands is simply the difference between the quasi-Fermi lev-
els of the two bands.

The spectral photon flux from the sun giving rise to the cells’ short-circuit 
current can be found from the blackbody distribution as (Nelson, 2003)

 N f
h c

E
e

dEs s E kT
E

s

g

•
∞

=
−∫2

13 2

2π
/  (8.3)

where fs is a geometrical factor accounting for solar concentration and Ts 
is the temperature at the surface of the sun (6,000K). The values of fs range 
from 2.1646 × 10–5 at 1 sun to 1 under full solar concentration (46,198 
suns). Similarly, the spectral fluxes entering the cell from the ambient and 
leaving the solar cell due to spontaneous emission, thus giving rise to the 
dark current, are
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where μ is the chemical potential, TC is cell temperature, and TA is ambient 
temperature. For the intermediate band solar cell, the current from each 
absorption process can be found from detailed balance as

 
J V

q
f N E E f N E E N Eij

s s i j s A i j C
( )

( , ) ( ) ( , ) (= + − −
• • •

1 ii j ijE u, , )  (8.5)

where i and j indicate the specific absorption process(JIV, JIC, or JCV). The 
integration in Equations 8.3 and 8.4 should be carried out over the appro-
priate energy rages (EIC → EIV, EIV → ECV, and EC → Y∞). The IBSC analy-
sis has no restrictions on JCV. However, as electrons or holes pumped into 
the intermediate band must also leave by removal to the conduction or 
valence bands, the currents JIV and JIC must be equal (JIV = JIC). The total 
cell current is then just JCV + JIV. Additionally, since each band must main-
tain a separate quasi-Fermi level,
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 µ µ µCV IV IC qV= + =  (8.6)

where V is the applied voltage. Solving Equation 8.5 under these con-
straints and then calculating the maximum power point gives a maxi-
mum efficiency of 63.2% for fs = 1 (full concentration), ECI = 0.7 eV, and EIV 
= 1.2 eV. Table 8.1 gives additional values for solar concentration factors 
from 1 to 1,000 (Aguinaldo, 2009).

Under the terrestrial AM1.5d spectrum, the water and CO2-based 
absorption bands (see Figure 8.2) give rise to a number of local maximum 
points in IBSC bandgap vs. efficiency. Detailed balance efficiency can be 
found for AM1.5D by replacing the blackbody distribution in Equation 
8.3 with the numerical AM1.5D spectrum given by the American Society 
for Testing and Materials (ASTM). The contour plots in Figure 8.4 show 
the 1-, 10-, 100-, and 1,000-sun AM1.5D maximum efficiency of the IBSC 
design for various values of ECI and EIV (note that the host bandgap ECV = 
ECI + EIV).

Quantum dots have been both theoretically and experimentally evalu-
ated as the practical implementation of this IBSC design. It was theorized 
that quantum dots could be coupled with each other to form a short period 
superlattice (Martí et al., 2002b, 2006b, 2008). The superlattice structure is 
realized by making an array of closely spaced quantum dots (Lazarenkova 
and Balandin, 2001). If sufficient wavefunction overlap occurs (coupling 
between adjacent well regions), then miniband formation occurs. Modeling 
results for miniband width of various size InAs QDs (modeled as truncated 
pyramids) in a GaAs matrix have been calculated by Tomic et al. (2008) 
and are shown in Figure 8.5. As can be seen, reducing the space between 
successive InAs QDs leads to stronger splitting of the energy bands.

These minibands form because the quantum wells or quantum dots form 
a periodic potential for charge carriers not unlike the periodic potential 

taBle 8.1

Maximum Efficiency and Corresponding Energy Values for 
Solar Concentration from 1 to 1,000 Using a 6,000K Source

Solar Concentration 1 10 100 1,000

Efficiency limit 46.8% 50.1% 53.6% 57.3%
EIV (eV) 1.49 1.43 1.36 1.31
ECI (eV) 0.92 0.87 0.81 0.77
ECV (eV) 2.41 2.30 2.17 2.08
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FIgure 8.4
Efficiency contours for the IBSC design using AM1.5D spectrum and concentration fac-
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formed by the crystal lattice. So just as the crystal lattice induces the for-
mation of the usual energy bands, the superlattice induces the formation 
of additional minibands. The miniband formation occurs within the oth-
erwise forbidden region of the bandgap of the host material. For an IBSC 
design, the QD must be doped, to allow for half filling of the IB with car-
riers in order to enhance the IB-to-CB absorption process.

A number of distinct advantages are apparent in a QD vs. a QW struc-
ture for IBSC operation. The strongly quantized absorption coefficient 
and ability to vary both materials and size would allow the use of QD 
superlattice arrays to form the IB at the appropriate level. The QD sys-
tem provides a 0D density of states between the conduction band and the 
quantum confined levels. This would allow a discrete optical absorption 
process to occur between VB to IB and IB to CB. Additionally, this may 
prevent fast relaxation of carriers from the CB into the quantum confined 
IB levels (i.e., phonon-bottleneck effect) (Heitz et al., 2001). Finally, the 
symmetry selection rules for the QD system are relaxed, allowing absorp-
tion between confined states and the conduction band for normally inci-
dent light (e.g., intraband transitions in QW are forbidden for light normal 
to the QW stack) (Singh, 1993). Additional theoretical analysis regarding 
IBSCs may be found in Chapter 3.
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Miniband energy and width for truncated pyramidal InAs quantum dots. Split lines 
show position of the lower and upper limits of the fundamental (e0) and excited (e1, e2) 
confined states measured from the top of GaAs VB as they change with the spacer layer 
distance dz. Quantum dot size is (a) 3 × 6 nm, (b) 6 × 12 nm, (c) 10 × 20 nm. In (a) the 
dashed line is the lower boundary of the WL-induced miniband. (Reprinted from Tomic, 
S., Jones, T. S., and Harrison, N. M., “Absorption Characteristics of a Quantum Dot Array 
Induced Intermediate Band: Implications for Solar Cell Design,” Applied Physics Letters 
93, p. 263105–2 [2008]. Copyright 2008, American Institute of Physics.)
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The majority of experimental work for the intermediate band solar cell 
makes use of an InAs quantum dot array placed in the space charge region 
of a bulk GaAs solar cell (Popescu et al., 2008; Hubbard et al., 2007; Norman 
et al., 2005; Luque et al., 2006b). The InAs dot array induces the interme-
diate band by coupling of confined electronic states in the InAs conduc-
tion band; the design scheme for this system will be discussed in detail in 
Section 8.4. The InAs/GaAs system has the advantage that it is relatively 
well studied, it makes use of only binary semiconductors (as opposed to 
ternary or quaternary alloys), and it uses a commercially utilized solar 
cell material (GaAs). This InAs/GaAs (dot/host) system, however, is dis-
advantaged in that ECI and EIV are removed from the aforementioned effi-
ciency maxima with values of approximately ~0.3 to 0.4 eV and 0.9 to 1.0 
eV, respectively (Tomic et al., 2008). Additionally, the band offset is about 
40% in the conduction band, leading to multiple confined hole levels. A 
proposed solution is to use a QD system of antimonide-based ternaries 
(Levy and Honsberg, 2008). These systems may have a more favorable IB 
energy in addition to a type II band alignment, leading to the lack of either 
confined hole or electron levels.

Although the InAs/GaAs system represents a nonideal material system 
with respect to the maximum detailed balance limits, this system may still 
represent an advantage over the efficiency limits of the single-junction cell. 
The detailed balance efficiency limits for the InAs/GaAs system, using ECI 
= 0.4eV and EIV = 1.0 eV, are determined and listed in Table 8.2 (Aguinaldo, 
2009). Results are shown for a 6,000K blackbody and numerical ASTM val-
ues of both the space (AM0) and direct terrestrial (AM1.5D) spectrum.

8.2.2 spectral tuning using Qds

The single-junction limiting efficiency of a solar cell is given by the 
detailed balance calculations of Shockley and Queisser (1961). Shown in 
Figure 8.6 are calculations of maximum efficiency vs. bandgap for various 

taBle 8.2

Detailed Balance Efficiency Limits for the InAs/GaAs 
System at Several Solar Concentrations

1× 10× 100× 1,000×
Blackbody 36.4% 41.4% 46.4% 51.0%
AM0 36.6% 41.6% 46.7% 51.3%
AM1.5d 38.6% 44.1% 49.6% 55.0%
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concentration levels under AM1.5D illumination. As can be seen, the 
maximum efficiency ranges from 33 to 41% for concentration from 1 sun 
up to 1,000 times (a typical operation point for concentrator photovoltaic 
systems). At the same time, the optimal bandgap energy varies from near 
1.2 eV at 1 sun to near 1.0 eV at 1000 suns. Thus, obtaining maximum effi-
ciency from a solar cell under concentration will require tuning the materi-
als to match the optimal bandgap.

The spectral tuning approach to nanostructured concentrator photovol-
taics can make use of the fact that the electrical and optical properties of 
nanomaterials can be controlled by changing the particle size. Quantum 
dots (QDs) and quantum wells (QWs) serve as potential wells for electrons 
(or holes) with dimensions on the order of a few nanometers, resulting 
in quantized discrete energy levels for electrons and holes. The energies 
of these levels are inversely related to the size of the particles, meaning 
the size of the particle will dictate the light energy that can be emitted or 
absorbed. Thus, insertion of QDs or QWs into a standard single-junction 
GaAs solar cell (Eg = 1.4 eV) can be used to tune the cell for operation 
under various concentration levels.

A second, slightly more sophisticated, approach involves application of 
nanomaterials to the current state of the art in III-V high-concentration 
photovoltaic systems, the lattice-matched triple-junction solar cell (TJSC). 
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Calculated maximum efficiency vs. bandgap using AM1.5D spectrum. Various concen-
tration levels are shown.
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The TJSC is essentially three different cells grown epitaxially on top of one 
another with connecting tunnel junctions in between. It is the equivalent 
of three individual cells connected in series. To provide efficient operation 
and low defect densities, each of the subsequent layers of the device are 
grown lattice matched to the previous layer. Figure 8.7a shows the basic 
device structure for a lattice-matched triple-junction solar cell. The con-
ventional lattice-matched approach to multijunction solar cell development 
puts a constraint on the available bandgaps (see Figure 8.7b), and therefore 
how the solar spectrum is divided between the junctions (see Figure 8.8a). 
Optimization of the device design is done through the current-matching 
requirement that must be maintained through the structure.

In this particular design the middle InGaAs junction is current limit-
ing, and therefore it is the efficiency limiting junction. Figure 8.8b shows 
calculations of theoretical efficiency contours based on the middle and 
top cell bandgap (given a fixed bottom cell bandgap of 0.66eV). This figure 
demonstrates how the current lattice-matched triple-junction solar cell 
can be improved by lowering the effective bandgap of the middle junction 
(Raffaelle et al., 2006).

Lowering the effective bandgap of the InGaAs middle cell in a lattice-
matched triple junction can be achieved through the incorporation of an 
InAs QD array into the depletion region of an InGaAs cell. The InAs QDs 
in the InGaAs cell will provide subgap absorption and thus improve the 
short-circuit current of this junction. This cell could then be integrated 
into the three-cell stack to achieve a concentrator solar cell whose effi-
ciency exceeds not only current state of the art (40% at 200 suns) but even 
the theoretical values for a quadruple-junction stack. A theoretical esti-
mate predicts that a triple-junction cell with an improved middle cell cur-
rent could have an efficiency exceeding 47% (1 sun) and even higher under 
concentration (52% at 200 suns) (Sinharoy et al., 2005).

8.2.3 hot carrier solar cells

The hot carrier solar cell has been theoretically studied by Würfel (1997) 
and Ross and Nozik (1982). The principle behind the operation of these 
cells involves extraction of carriers with energy E > Eg before they are 
able to thermalize with the lattice. Thermalization of hot carriers repre-
sents a loss of 33% of the sun’s energy in typical single-junction solar cells. 
Efficient extraction of hot carriers could lead to single-junction cell effi-
ciency over 60% (1 sun).
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Thermalization of carriers to the lattice temperature occurs on a times-
cale of picoseconds. Therefore, in order to efficiently extract hot carriers, 
either carrier cooling must be slowed or carriers must be extracted at a very 
short collection distance before thermalization can occur. In addition, as 
the ohmic contact of the semiconductor is in thermal equilibrium with the 
bulk lattice, carriers extracted using conventional contacts would be cooled 
and the hot carrier advantage negated. Selective energy ohmic contacts 
must be employed to prevent carrier cooling. If these requirements can be 
met, the hot carrier cell offers limiting efficiency under full concentration 
near 86% and under 1-sun illumination near 65% (Conibeer et al., 2008b).

The use of quantum dots in hot carrier solar cells has been proposed 
both for the absorber and as a selective energy contact. The so-called pho-
non bottleneck in QD allows for long lifetime excited states and increased 
thermalization time. In addition, the discrete energy levels of the QD 
could be used for selective energy contacts employed in a resonant tun-
neling scheme (see Figure 8.9). Experimental work using Si-based QDs 
for resonant tunneling contacts has been recently reported by Cho et al. 
(2008) and Conibeer et al. (2008a). Theoretical work on using QD absorb-
ers has been reported by Conibeer et al. (2008b). Additional theoretical 
analysis regarding hot carrier solar cells may be found in Chapter 3.

8.3 growth oF QuantuM dots

Synthesis and fabrication of quantum dots can take place either through 
epitaxial growth or chemical synthesis (colloidal). Epitaxial III-V quan-
tum dots have been grown using either molecular beam epitaxy (MBE) 
or metal organic vapor phase epitaxy (MOVPE). Crystalline group IV 
quantum dots are also grown using simple CVD or sputter deposition. 
Colloidal quantum dots are formed from chemical synthesis of either 
inorganic or organometallic precursors. In order to implement the QD 
cell designs of Section 8.2, epitaxial quantum dots are necessary and thus 
are the focus of this section.

8.3.1 epitaxial grown Quantum dots

There have been numerous reported methods to grow epitaxial III-V quan-
tum dots, such as e-beam lithography, nanoindentation, and epitaxial self-
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assembly. In the e-beam methods, electron beam lithography is used to form 
nanometer size patterns above a quantum well, and then the well is etched 
away to leave 3D quantum dots (Ils et al., 1993; Wang et al., 1992). This has 
been extended to using e-beam lithography to pattern openings in a SiO2 
mask, thus allowing later epitaxial regrowth only in the open areas (Lebens 
et al., 1990; Lan et al., 1999). Nanoindentation uses atomic force micros-
copy (AFM) or scanning probe microscopy (SPM) to locally strain an area 
of the substrate and thus force later growth of the quantum dots (Sleight 
et al., 1995; McKay et al., 2007). These techniques have the advantage of 
allowing growth of highly ordered and dense (>1011 cm–2) arrays of quan-
tum dots, potentially free of a 2D wetting layer. However, these techniques 
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FIgure 8.9
Schematic and band diagram of an ideal hot carrier solar cell. The absorber has a hot 
carrier distribution at temp TH. Carriers cool isoentropically in the monoenergetic con-
tacts to TA. The difference of the Fermi levels of these two contacts is manifested as a 
difference in chemical potential of the carriers at each contact, and hence an external 
voltage, V. (Reprinted from Conibeer, G. J., Jiang, C. W., Nig, D., et al., “Selective Energy 
Contacts for Hot Carrier Solar Cells,” Thin Solid Films 516 [2008a]: 6968–73. Copyright 
2008, Elsevier.)
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generally tend to produce less coherent quantum dots. Additionally, nei-
ther technique is self-organized and requires ex situ processing to form a 
single layer of quantum dots. While the above techniques may eventually 
be applied to the QD solar cell, current work in experimental demonstra-
tion of the designs of Section 8.2 relies on in situ epitaxy of self-organized 
QDs grown using the Stranski–Krastanov (SK) growth mode.

Thermodynamic diffusion-driven growth modes can be separated into 
the three categories shown in Figure 8.10: Volmer–Webber (3D), Frank–
van der Merwe (2D), and Stranski–Krastanov (2D to 3D) (Ohring, 2002). 
Volmer–Webber growth occurs to minimize the total surface energy by 
increasing the surface area over the interfacial area. This is due to weak 
bonding between the substrate and the thin film. The result is immediate 
formation of coherent island-like structures with both vertical and lateral 
growth adding to the island size. Heteroepitaxy on a highly lattice-mis-
matched substrate usually results in Volmer–Webber type growth with 
a high density of misfit dislocations at the interface. On the other hand, 
when bonding between the substrate and film is high, the growing film 
will spread across or “wet” the surface. This leads to Frank–van der Merwe 
(2D) growth, where successive 2D layers are added one after the other. 
This method is typical of growth in lattice-matched materials resulting in 
2D dislocation-free epitaxial layers.

The final growth mode (SK) occurs for strained layer epitaxy involving 
materials with low interface energy. Due to the low interface energy, lay-
ers start with 2D type growth. As the layer becomes thicker and strain 
increases, energy is minimized by formation of 3D islands in which strain is 

Volmer-Webber (3D)
Island growth

Stranski-Krastanov
(2D to 3D)

Frank-van der Merwe (2D)

Layer-by-layer growth Step-flow growth

FIgure 8.10
Epitaxial growth modes.
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relaxed. It was initially thought that these islands were dislocated and thus 
noncoherent to the substrate. However, research in the mid-1980s found 
that using the correct growth conditions, InAs islands on GaAs could be 
grown coherent with the substrate (Goldstein et al., 1985). Thus began the 
last two decades of intensive research into QD formation by self-organized 
SK epitaxy (Leonard et al., 1993; Bimberg et al., 1995). The SK technique is 
ideal, as it can be done in situ, is reproducible, and may be repeated mul-
tiple times to create vertically stacked layers of QD heterostructures. This 
lends itself to the QD solar cell designs of Section 8.2 in that QD growth 
can be more easily added to an existing cell growth process, and in addi-
tion, QDs can be vertically stacked to increase absorption.

One of the most heavily studied systems of QDs grown by SK epitaxy 
is the InAs on GaAs system. The lattice constant of bulk InAs is 6.0583 Å 
(see Figure 8.7b) while that of bulk GaAs is 5.653 Å. This leads to a 7.8% 
compressive mismatch between the two lattice constants. The stress intro-
duced by this large compressive mismatch will drive the SK growth pro-
cess. Epitaxial growth initially results in a 2D wetting layer; however, after 
1ML-2ML 2D growth, formation of coherent InAs islands (QDs) begins 
(Heitz et al., 1997; Leonard et al., 1994). Investigation of the InAs islands 
by transmission electron microscopy (TEM) or atomic force microscopy 
(AFM) has shown QD sizes between ~3 and 10 nm in height and ~20 and 
30 nm in base diameter (Liao et al., 1998; Zou et al., 1999; Bimberg et 
al., 1994). The average saturation QD density ranges from 5 × 1010 to 1 × 
1011 cm–2 (Chang et al., 2003). Surface facets of the QD vary depending on 
growth conditions (Ledentsov et al., 1995; Moll et al., 1998). Typical MBE 
growth conditions reveal the islands to be pyramidal or lens shaped with 
four [137] facets and two smaller [111] B facets (Eisele et al., 2008). A high-
resolution scanning tunneling micrograph (STM) of a typical QD is shown 
in Figure 8.11 along with the surface facets derived from the micrograph.

Initial work on InAs-based QDs was done using MBE (Goldstein et al., 
1985). The QD size, density, and optical properties are highly sensitive to 
growth conditions (Phillips, 1998). The final dot density will be highly 
dependent on both growth temperature and InAs coverage. Indium has 
a high surface diffusion length; thus, growth temperature is usually kept 
in the range of 470 to 530°C in order to limit this diffusion and enhance 
formation of InAs islands. Additionally, the InAs coverage is critical: low 
InAs coverage will not give the required strain energy for the 2D to 3D 
transition, while high InAs surface coverage leads to QD coalescence 
and large values of strain, resulting in defect formation. The parameter 
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window for high-density and good-optical-quality QDs is typically quite 
small (few MLs) with values highly dependent on related growth condi-
tions (Bimberg et al., 1999).

Larger QDs can be grown using reduced strain values achieved by 
growth of InGaAs on GaAs. QDs can be formed with InGaAs to about 
30% In content, below which the 2D to 3D transition will not occur. The 
lower the In content, the thicker the wetting layer, with thickness ranging 
from 1 ML for InAs to over 20 ML for In0.30Ga0.70As (Berger et al., 1988).
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FIgure 8.11
(a) STM image of an uncapped InAs on GaAs QD. (b) Shape model showing surface facets 
derived from analysis of the STM image. (Reprinted from Eisele, H., Lenz, A., Heitz, R., et 
al., “Change of InAs/GaAs Quantum Dot Shape and Composition during Capping,” Journal 
of Applied Physics 104, p. 124301  [2008]. Copyright 2008, American Institute of Physics.)
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Most commercial producers of space solar cells use MOVPE for growth 
of cell structures. While QDs were first grown by MOVPE in the mid-1990s 
(Heinrichsdorff et al., 1996), progress in QD growth by MOVPE has only 
begun to accelerate over the last few years (El-Emawy et al., 2003; Cederberg 
et al., 2004; Hubbard et al., 2006); most QD optoelectronic devices are still 
grown by MBE. To address the need for viable production mechanisms for 
QD-based solar cells, growth of QDs by MOVPE is crucial.

In MOVPE, to initiate the SK growth mode, growth temperatures must 
be reduced to well below the values typically associated with mass trans-
port limited growth. Thus, incomplete disassociation of the chemical 
precursors and kinetically limited growth tend to complicate QD forma-
tion. The net result is that QD nucleation, growth, and uniformity become 
much more sensitive toward MOVPE growth parameters, such as growth 
temperature, substrate off-cut, and V/III ratio.

The InAs growth temperature has a strong effect on overall luminescent 
intensity and also on peak position (see Figure 8.12). Peak intensity of QDs 
is increased over two orders of magnitude by increasing growth tempera-
ture from 450 to 500°C. Higher growth temperature leads to increased dot 
density and also reduced QD size dispersion.

At the temperatures used for InAs QD growth, the In adatom surface dif-
fusion and growth kinetics are strongly influenced by growth temperature 
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FIgure 8.12
PL spectra for InAs QD with growth temperature variations between 435 and 510°C. 
(Reprinted Hubbard, S. M., Wilt, D., Bailey, S., Byrnes, D., and Raffaelle, R., “OMVPE 
Grown InAs Quantum Dots for Application in Nanostructured Photovoltaics,” in 
Proceedings of the IEEE World Conference on Photovoltaic Energy Conversion, 118. [IEEE, 
Waikoloa, Hawaii, 2006]. Copyright 2006, IEEE.)
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(El-Emawy et al., 2003). At low growth temperatures, the reduced surface 
energy lowers the diffusion length of adatoms. This in turn limits redis-
tribution of In, which would otherwise favor one or two dot sizes, thus 
leading to polydispersion in dot size. Higher growth temperatures give the 
In adatom sufficient energy to redistribute into coherent (defect-free) InAs 
QD. Further increasing the growth temperature will lead to In desorption 
and a resulting decrease in PL intensity.

In addition, the V/III ratio plays a strong role in nucleation of adatoms 
onto the growth surface (Sears et al., 2006). In fact, the V/III ratio plays 
a key role in affecting the uniformity of QD nucleation across an entire 
wafer. As shown in Figure 8.13, the reduction in V/III has a dramatic effect 
on the PL uniformity of the wafer. At higher V/III ratios, PL variations 
indicate that both QD size and radiative efficiency (i.e., QD coherence) 
are highly nonuniform. Using a reduced V/III ratio leads to improved dot 
nucleation across the wafer. AFM micrographs of samples grown at both 
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FIgure 8.13
PL maps of QD luminescence for (a) peak wavelength at V/III = 58, (b) peak intensity at V/
III = 58, (c) peak wavelength at V/III = 12, and (d) peak intensity at V/III = 12. (Reprinted 
Hubbard, S. M., Wilt, D., Bailey, S., Byrnes, D., and Raffaelle, R., “OMVPE Grown InAs 
Quantum Dots for Application in Nanostructured Photovoltaics,” in Proceedings of the 
IEEE World Conference on Photovoltaic Energy Conversion, Waikoloa, Hawaii, 118. [IEEE, 
2006]. Copyright 2006, IEEE.)
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low and high V/III ratios are shown in Figure 8.14. The low V/III sample 
shows a single distribution of dot size near 7 × 30 nm with a dot density of 
5 × 1010 cm–2 (Hubbard et al., 2006).

One of the other main advantages of the SK technique is the ability to 
vertically stack the QD structures, thus increasing the filling of QD mate-
rial to host material, increasing the absorption cross-section and allowing 
for the vertical wavefunction overlap necessary for miniband formation. 
In the SK technique this is achieved inherently by way of the underlying 
strain field of the previous dot layer (Tersoff et al., 1996; Ledentsov et al., 
1996; Darhuber et al., 1997). For thin barriers (usually less than 20 nm), 
QD layers can be almost perfectly vertically aligned from layer to layer. 
Stacks of up to twenty-five layers of InAs vertically aligned InGaAs QDs 
have been achieved by MBE, while MOVPE has been typically limited 
to stacking numbers less than 10 times (Bimberg et al., 1999). However, 
increasing QD stacks lead to buildup of residual net strain in the sys-
tem and to defect formation unless properly strain balanced. In order to 
achieve the absorption necessary for the QD solar cells, multiple stacks of 
QD will be necessary, with low misfit dislocation density.

In addition to InAs, QD systems have been implemented in InP on GaAs 
(Manz et al., 2003; Georgsson et al., 1995), Si and SiGe systems (Schmidt et 
al., 1997; Brunner, 2002), InSb and GaSb on GaAs and InP (Bennett et al., 
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FIgure 8.14
AFM micrographs near wafer center for samples grown using (a) V/III = 58 and (b) V/
III = 12. (Reprinted Hubbard, S. M., Wilt, D., Bailey, S., Byrnes, D., and Raffaelle, R., 
“OMVPE Grown InAs Quantum Dots for Application in Nanostructured Photovoltaics,” 
in Proceedings of the IEEE World Conference on Photovoltaic Energy Conversion, Waikoloa, 
Hawaii, 118. [IEEE, 2006]. Copyright 2006, IEEE.)
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1997; Tatebayashi et al., 2006), and ternary and quaternary compounds of 
InAlGaAs (Leon et al., 1998; Liu et al., 2002; Schlereth et al., 2008). As dis-
cussed previously, while extensively studied, the InAs/GaAs and InGaAs/
GaAs QD systems do not typically give the optimal band lineup for IBSC 
solar cells. Other material systems have been proposed for the IBSC and 
are shown in Table 8.3 (Levy and Honsberg, 2008). These systems have IB 
levels closer to the theoretical optimum, allow for strain balancing, and 
are all type-II heterostructures (confining potential in only one band).

8.3.2 strain Balancing

As discussed in Section 8.3.1, the SK technique results in accumulation 
of residual compressive strain as the number of QD layers in the array is 
increased. Above a critical thickness, the compressive strain will result in 
misfit dislocations and degradation of solar cell properties. The use of an 
additional strain-balancing layer with tensile strain (e.g., GaP) will offset 
compressive strain from the InAs QDs, leading to an overall strain-neu-
tral stack. This strain-balanced technique has been effectively employed 
for a number of devices, including QD laser diodes and quantum well and 
quantum dot solar cells (Lever et al., 2004; Nuntawong et al., 2004; Ekins-
Daukes et al., 2002).

In direct analogy to quantum wells, the compensation of compressive 
strain intrinsic to SK QD systems can be realized by introducing a layer 
of tensile strained material. This has been implemented using GaAs1–xPx 
of varying P content (Popescu et al., 2008; Hubbard et al., 2008b). As seen 
in Figure 8.7b, this system has a lattice constant ranging from 5.653 Å 
(GaAs) to 5.451 Å (GaP). In order to maintain strain neutrality, the stress 
introduced by the GaAs1–xPx layer should balance that of the compres-
sively strained QD structures. Increasing the P content of the balancing 

taBle 8.3

Material Systems Proposed for the QD IBSC Design

Confined Barrier ηopt (%) εCV (eV) εΔCB (eV)
InP0.85Sb0.15 GaAs 53 1.42/1.52 0.49/0.51
InA0.40P0.60 GaAs 53 1.42/1.52 0.49/0.52
InAs GaAs0.88Sb0.12 48 1.18/1.28 0.83/0.86
InP GaAs0.70P0.30 49 1.79/1.89 0.43/0.46

Source: Reprinted from Levy, M., and Honsberg, C., “Nanostructured 
Absorbers for Multiple Transition Solar Cells,” IEEE Transactions 
on Electron Devices 55 (2008): 706. Copyright 2008, IEEE.

© 2010 by Taylor and Francis Group, LLC



304  •  Seth M. Hubbard, Ryne Raffaelle, and Sheila Bailey

layer, thus reducing its lattice constant, will reduce the required thickness 
for proper strain balancing.

Initially, GaP was chosen for this layer, as its more aggressive tensile 
mismatch allows for the thinnest layers of GaP, facilitating electronic 
transport and possible miniband formation (Hubbard et al., 2008b). The 
strain balancing is implemented using a layer of InAs QDs followed by a 
thin GaAs capping layer, a GaP strain compensation layer, and another 
thin layer of GaAs, as seen in Figure 8.15.

High-resolution x-ray diffraction has been used to investigate the effects 
of strain-balancing layer and superlattice periodicity in QD-enhanced solar 
cell structures (Hubbard et al., 2008a). Scans of a nonbalanced QD solar 
cell show weak intensity and wide full width half maximum (FWHM) at 
the zero-order InAs peak, as well as low-clarity satellite peaks, indicating 
both lower crystalline and interface quality and disruption in superlattice 
periodicity. The effects of strain balancing can be seen in Figure 8.16a as 
improved clarity of satellite peaks, indicating improved interface quality 
and superlattice periodicity compared to nonbalanced samples.

The average perpendicular strain in the structure can be determined 
by examining the position of the zeroth-order superlattice peak (SL0) 
with respect to the substrate Bragg peak (Nuntawong et al., 2004). The 
scan of the cell without strain balancing shows the SL0 peak to the left 
of the substrate with a calculated net compressive strain of 6,000 ppm, 
consistent with the compressive nature of the SK growth mechanism. 
The scan of a 7ML thick strain-balancing layer shows the 0th-order SL 
peak now to the right of the GaAs Bragg peak, indicating an average 
tensile strain in the lattice (4,500 ppm). Finally, the scan of the 5ML 
strain-balancing sample shows no SL0 peak and both SL–1 an SL+1 peaks 

InAs QD Region

GaAs
GaP
GaAs
InAs

Substrate

FIgure 8.15
Strain-balancing scheme used for InAs QDs and GaP strain-balancing layer.
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FIgure 8.16
(a) Symmetric [004] 2-theta HRXRD scan of a 5 × Q0 solar cell showing GaAs Bragg peak 
and resulting superlattice peaks. Zeroth-order SL peak can be seen buried by the shoulder 
of the GaAs Bragg peak. (b) Raw HRXRD, simulated HRXRD data plotted with the aver-
age lattice method as a function of out-of-plane and in-plane strain.
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symmetric about the substrate Bragg peak. This is a typical result for 
lattice-matched or strain-compensated SL structures, indicating the low 
residual strain.

The position of the zeroth-order superlattice peak varies with the aver-
age out-of-plane strain. The differential form of Bragg’s formula is used to 
extract the strain (in ppm). Figure 8.16b identifies this strain in parts per 
million as a function of GaP thickness in ML obtained from the x-ray dif-
fraction data. An average lattice method theory is employed to determine 
an optimal GaP thickness (Ekins-Daukes et al., 2002). The thickness of 
GaP is given as

 t t a a
a a2 1

0 2

1 0
= −

−






where t1 is taken as an effective thickness of the InAs, a0 is the lattice con-
stant of GaAs, and a1 and a2 are the lattice constants of InAs and GaP, 
respectively. Allowing t2 to vary depending on the strain (effective a0 

value) gives the dashed curve in Figure 8.16b.
A more rigorous method of calculating t2 involves the continuum elas-

ticity theorem (Ekins-Daukes et al., 2002). This method takes into account 
the elastic stiffness coefficients for the involved layers. The thickness of the 
GaP for this method is determined by

 t t
a a A a A
a a A a A2 1

2 1 1 0 1

1 0 2 2 2

=
−( )
−( )











where all constants are the same as the first method, but with Ai indi-
cating a combination of stiffness coefficients for the ith layer/material. 
Further details of this method can be found in Ekins-Daukes et al. (2002) 
or Popescu et al. (2008). The solid curve in Figure 8.16b represents results 
of a modified version of this method, which incorporates the geometry 
and density of the QD layers (Bailey et al., 2009).

Recently, Popescu et al. (2008) demonstrated strain balancing using 
GaAs1–xPx layers with lower P content. This approach allows the barrier 
between dots to be completely composed of the strain-balance mate-
rial, eliminating the need for the GaAs spacer layers. Calculations of the 
strain-balanced condition using both continuum elasticity and atomistic 
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elasticity theory are shown in Figure 8.17 (Popescu et al., 2008). Vertical 
stacks of QDs (Figure 8.18) using these conditions show no misfit disloca-
tions and high uniformity for stacks up to fifty periods (Popescu et al., 
2008).

8.4  BehavIor and characterIzatIon 
oF Qd solar cells

As has been discussed, a practical implementation of the IBSC design 
involves incorporation of a multiple quantum dot superlattice (QD-SL) 
into standard single-junction solar cells in order to form an isolated inter-
mediate band (IB) within the bandgap of the host (Marti et al., 2002a, 
2006b). The proposed band diagram for the IBSC is shown in Figure 8.19 
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FIgure 8.17
Thickness of GaAs1−xPx layer necessary to attain a strain-balance condition in In0.47Ga0.53As/
GaAs1−xPx quantum well system on GaAs (001) substrate, as calculated from both contin-
uum elasticity and atomistic elasticity theory. Vertical lines mark the natural lattice con-
stants of GaAs (a0) and In0.47Ga0.53As (aL). (Reprinted from Popescu, V., Bester, G., Hanna, 
M. C., Norman, A. G., and Zunger, A., “Theoretical and Experimental Examination of the 
Intermediate-Band Concept for Strain-Balanced (In,Ga)As/Ga(As,P) Quantum Dot Solar 
Cells,” Phys. Rev. B 78, p. 205321 [2008]. Copyright 2008, American Physical Society.)
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(Marti et al., 2006b). In this design, the QD superlattice is located between 
the emitter and base of the solar cell. An intermediate band would form 
due to wavefunction overlap and coupling between the QDs. Absorption 
of photons with energy below the host bandgap occurs from host valence 
band to IB and from IB to host conduction band. Additionally, the QD 
region is doped, in order to provide a separate quasi-Fermi level for the 
intermediate band, one of the requirements of the IBSC.

A design by Alonso-Alvarez et al. (2008) for such a cell is shown in 
Figure 8.20a. In this design, a 50 times superlattice of InAs QD is grown 
using solid source MBE. The QD-SL is added between the emitter and the 
base of a standard GaAs solar cell. In order to provide electrons to half fill 
the intermediate band (i.e., QD levels), Si δ doping is applied directly above 
the QD region. The δ doping directly above the QD region ensures that Si 
adatoms do not interfere with the sensitive QD nucleation and growth 
phase, while also supplying excess electrons in close proximity to the QD 
confining potential. A strain-balanced approach using GaP has also been 
employed, allowing for a low-defect-density vertically ordered 50 times 
QD array (see Figure 8.20b).

Figure 8.21a shows the external quantum efficiency for the cell struc-
ture grown in Alonso-Alvarez et al. (2008). The cell QE measures the 
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FIgure 8.18
Left: 220 dark-field transmission electron microscopy image showing the generation of 
misfit dislocations in fifty-period InGaAs/GaAsP (0.8% P) QD superlattice grown on 
(113)B GaAs without strain balance. Right: Bright-field TEM image showing highly uni-
form fifty-period InGaAs/GaAsP (14% P) QD superlattice containing no misfit disloca-
tions grown on a similar substrate. (Reprinted from Popescu, V., Bester, G., Hanna, M. 
C., Norman, A. G., and Zunger, A., “Theoretical and Experimental Examination of the 
Intermediate-Band Concept for Strain-Balanced (In,Ga)As/Ga(As,P) Quantum Dot Solar 
Cells,” Phys. Rev. B 78, p. 205321 [2008]. Copyright 2008, American Physical Society.)
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Band diagram of an IBSC given by Marti et al. (Reprinted from Marti, A., Lopez, N., Antolin, 
E., et al., “Novel Semiconductor Solar Cell Structures: The Quantum Dot Intermediate 
Band Solar Cell,” Thin Solid Films 511–12 [2006b]: 638. Copyright 2006, Elsevier.)

© 2010 by Taylor and Francis Group, LLC



310  •  Seth M. Hubbard, Ryne Raffaelle, and Sheila Bailey

δ-doping
n-GaAs 3 × 1016 cm–3

AlGaAs Window

Emitter

Field damping layer

Stacked QDs layers

Barrier

Base

Back surface field

n-type GaAs substrate

GaAs 3.33 nm
GaP

50× GaAs 12.6 nm

InAs QDs

GaAs 1.53 nm
GaP

Emitter
FDL 170 nm, n-GaAs 1017 cm–2

Barrier 100 nm, Undoped GaAs
Base 3 µm, n-GaAs 5 × 1017 cm–2

BSF 1 µm, n-GaAs 2 × 1018 cm–2

900 nm, p-GaAs 2 × 1018 cm–2

(b)

(a)

300 nm

FIgure 8.20
(a) Structure of a fifty-stacked QD solar cell with strain-balancing layers. (b) Cross-
sectional TEM image of the fifty stacked QD layers. (Reprinted from Alonso-Alvarez, 
D., Taboada, A. G., Ripalda, J. M., et al., “Carrier Recombination Effects in Strain 
Compensated Quantum Dot Stacks Embedded in Solar Cells,” Applied Physics Letters 93 
[2008]: 123114. Copyright 2008, American Institute of Physics.)
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(a) Quantum efficiency at RT for the IBSC. (b) Photocurrent measurements at low tem-
perature as a function of the applied bias. (Reprinted from Alonso-Alvarez, D., Taboada, 
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photocurrent produced by the cell per incident photon, as a function of the 
photon wavelength. The quantum efficiency for a standard GaAs cell will 
rapidly fall off at the GaAs band edge near 870 nm. In this case, the QD 
cell shows an extended absorption spectrum comprised of wetting layer 
absorption near 900 nm and QD-related absorption up to 1,150 nm. This 
indicates that a portion of the short-circuit current is being generated from 
below bandgap absorption in the QD region, indicative of the VB to IB 
transition. Additionally, Marti et al. (2006a) have recently demonstrated 
photocurrent production solely due to the intermediate-to-conduction 
band transitions.

A complementary approach to the IBSC design takes advantage of the 
extended absorption spectrum of the lower-bandgap heterostructures 
(QDs) inserted into the current limiting junction of a multijunction solar 
cell (Raffaelle et al., 2006). In this approach, the extended absorption 
spectrum of the nanostructures allows for an enhancement of the over-
all short-circuit current and a global efficiency improvement of the triple-
junction cell. As discussed in Section 8.2, modeling of an InGaP/GaAs/Ge 
triple-junction cell, in which QDs are used to extend the middle-junction 
absorption spectrum, has indicated that the efficiency could be improved 
to 47% under 1-sun AM0 illumination (Sinharoy et al., 2005). Recently, 
there have been various experimental demonstrations of QD photocur-
rent production in this type of solar cell using InAs (Hubbard et al., 2008b; 
Laghumavarapu et al., 2007; Oshima et al., 2008) and GaSb (Moscho et al., 
2007) QDs in a GaAs host. These devices may also have additional ben-
efits, such as enhanced radiation tolerance (Cress et al., 2007).

Figure 8.22 shows a simplified band diagram in the i-region of the 
QD-enhanced solar cell. The extended absorption spectrum (and thus 
enhanced short-circuit current) of the SC-QD solar cell is predicted to 
occur in two steps. First, incident photons with energy below the host 
(GaAs) bandgap result in absorption to the quantum-confined region 
(IB), creating a separate thermal distribution of electrons. Second, pro-
motion (and subsequent collection) of these carriers from the IB to the 
conduction band can occur by either thermal (thermal-assisted extrac-
tion), tunneling, or optical (photon-assisted extraction) means. It is cur-
rently a topic of debate if purely thermal-assisted extraction can lead to 
an overall cell efficiency greater than the Shockley-Queisser limit for the 
quantum-confined material alone (Wei et al., 2007). However, for the QD 
tuning approach, the primary goal is enhancement of short-circuit cur-
rent; some loss of voltage (and thus single-junction efficiency) may be 
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acceptable while still leading to global efficiency enhancement in a triple-
junction cell.

Figure 8.23 shows the design of the QD-enhanced solar cell. In this 
method QDs are inserted within the intrinsic region of a standard GaAs 
p-i-n solar cell. The high field region allows for enhancement of QD carrier 
collection once the electron or hole escapes from the QD either thermally 
or optically. This method also employs the strain-balancing technique to 
allow growth of a larger number of vertically ordered QDs.

Figure 8.24 shows the illuminated 1-sun AM0 current density-voltage 
(JV) curves for a baseline GaAs cell without QD and for a five-layer QD 
cell with and without strain-balance layers (Hubbard et al., 2008a). The 
addition of the uncompensated QD array produced substantial degrada-
tion in all device characteristics. Degradation in both short-circuit cur-
rent density (Jsc) and open-circuit voltage (Voc) are likely due to increased 
dark current resulting from nonradiative minority carrier recombination. 
Both reduction in carrier lifetime and mobility degradation in the emitter 
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FIgure 8.22
Schematic of band structure in the i-region of the SC-QD p-i-n solar cell. (Reprinted from 
Hubbard, S. M., Bailey, C., Cress, C. D., et al., “Short Circuit Current Enhancement of 
GaAs Solar Cells Using Strain Compensated InAs Quantum Dots,” in Proceedings of the 
33rd IEEE Photovoltaic Specialists Conference [IEEE, 2008a]. Copyright 2008, IEEE.)
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have been shown to be related to misfit dislocations originating at the QD 
layer and producing threads that create nonradiative traps and limit car-
rier mobility (Marti et al., 2007).

The addition of a GaP strain-balanced layer produced a dramatic improve-
ment in all of the device characteristics. The enhancement in short-circuit 
current using 5ML GaP is clearly visible. Additionally, the open-circuit 
voltage for the 5ML SC device improved to 0.89 V. The increased Jsc of the 
device is a direct result of both photogenerated current contributed by the 
QDs and improved lifetime in the emitter region. The increase in Voc can 
be related to a reduction in nonradiative recombination-driven current. 
Increased GaP thickness (7ML) leads to overcompensation (tensile strain) 
and degradation of device performance.

The QE measured for a number of QD-enhanced solar cells is shown 
in Figure 8.25 (Hubbard et al., 2008a). The quantum efficiency for a stan-
dard GaAs cells will rapidly fall off at the GaAs band edge near 870 nm. 
However, all of the QD cells show an extended QD spectrum at wave-
lengths below 870 nm. As in the IBSC case, this indicates that a portion of 
the short-circuit current is being generated from below bandgap absorp-
tion in the QD region.

Although the QD cells show an increase in QE at wavelengths above 
870 nm, the effect of adding uncompensated dots to the cell structure 
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degrades the QE over the λ < 870 nm portion of the spectrum. The reduc-
tion in QE below 870 nm would be consistent with increased nonradiative 
recombination in the emitter region of the nonbalanced QD solar cell. The 
QE for the strain-balanced QD cells does not show degradation in the λ 
< 870 nm spectral range. The QE for the strain-balanced solar cells shows 
that strain balancing leads to a higher-quality coherent QD superlattice. 
Also seen in Figure 8.25, as the number of QD layers in the superlattice 
is increased from 5 to 20 times, the spectral response in the QD region 
is increased. This is a clear indication that increasing the number of QD 
layers improves absorption and can thus lead to a further increase in the 
short-circuit current.

Room-temperature electroluminescence (EL) spectra of strain-balanced 
QD solar cells give further evidence of QD-related absorption and emis-
sion. As can be seen in the EL spectra of Figure 8.26, carrier injection 
through the i-region leads to multiple quantum dot–related peaks. Those 
near the GaAs emission are likely due to the wetting layer, while those 
at lower energy are due to radiative recombination in the QDs. Each of 
the EL peaks corresponds to peaks in the cell quantum efficiency. This 
is further evidence of light absorption and subsequent carrier collection 
occurring in the InAs QDs.
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8.5 conclusIons and Future dIrectIves

While quantum dot solar cells are currently at the early stages of research 
and development, the authors believe this technology will play an impor-
tant role in the next generation of solar cells. There is great potential in the 
multiple approaches available using QD technology. However, it is also 
clear that further work is necessary in order to improve design, material 
quality, and theory for QD-based solar cell systems.

Areas requiring further work involve both growth of the QD and design 
of the QD cell. Growth of QD systems using strain balancing to extend 
the number of defect-free vertically stacked QDs and thus increase the 
absorption of low-energy photons is crucial. Additionally, specific QD cell 
designs are necessary to maximize the percent of carriers removed from 
the QD superlattice. As was seen in the previous section, the heavily stud-
ied InAs on GaAs QD does not provide an intermediate band with proper 
bandgap for maximum IBSC efficiency. Thus, research into additional 
material systems with both proper intermediate band level and strain bal-
ancing will be necessary.

While the theory of nanostructured photovoltaics has been developed, 
there is still a tremendous amount of effort needed in terms of materials 
development and device design. This is a situation similar to that expe-
rienced by experimentalists in the early years of semiconductor device 
development. As was the case then, the hard work and dedication of many 
talented scientists was necessary to expand the field. The authors believe 
this could also be the case for the field of nanostructured photovoltaics. 
In years to come, the nanostructured solar cell may lead to a truly revolu-
tionary shift in the power industry, leading to a potentially affordable and 
carbon-free bulk energy source.
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Luminescent Solar Concentrators

Amanda J. Chatten, Rahul Bose, Daniel J. Farrell, Ye Xiao, 
Ngai L. A. Chan, Liberato Manna, Andreas Büchtemann, 
Jana Quilitz, Michael G. Debije, and Keith W. J. Barnham

9.1 IntroductIon

This chapter reviews recent work by the Quantum Photovoltaic Group 
(QPV) at Imperial College London and their collaborators in the applica-
tion of nanostructures to efficiently harvest light within the luminescent 
solar concentrator (LSC). In addition, the work of other groups and their 
means for optimizing the efficiency of the LSC are reviewed, as it is most 
likely that a combination of approaches will lead to the increases in system 
efficiency required for the commercialization of the LSC. Concentrating 
light with relatively inexpensive devices onto photovoltaic (PV) cells is a 
promising route to reducing the cost of PV energy generation and may be 
achieved using LSCs, which were first proposed about thirty years ago.1,2 A 
LSC (see Figure 9.1) generally consists of a transparent plate or slab doped 
with luminescent centers. Incident light is absorbed by the luminescent 
centers and reemitted approximately isotropically, ideally with high 
luminescence quantum efficiency (LQE). While some of the emission is 
lost through the escape cones, a large fraction of the emission is trapped 
within the plate by total internal reflection (TIR) and wave guided to the 
concentrator edges, where it can be converted by PV cells. Concentration 
is achieved due to the geometrical ratio between the large surface area 
and the small edge areas. The LSC also converts the broad incident spec-
trum into a narrow emission spectrum that can be matched to the band 
gap of the PV cell such that the cell is operating at optimal efficiency and 
thermalization occurs in the LSC rather than in the more expensive cell, 
where the heat would reduce cell efficiency.
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Major advantages of the LSC over geometric concentrators such as 
lenses or mirrors are that the LSC does not require expensive solar track-
ing and that it collects diffuse as well as direct light. The latter point is 
discussed in further detail in Section 9.3.3. More solar energy strikes the 
earth in a single hour than is consumed by all the activities of mankind 
in an entire year.3 Solar energy is therefore an underused resource, and 
the attraction of the LSC is not that it can compete with conventional 
PV panels on a watt-for-watt basis, but that it offers a route to reducing 
the price per watt of solar-generated power. The LSC is therefore well 
suited to applications where generated power density can be exchanged 
for large area modules. This is the case for buildings, and even in the UK 
over seven times as much solar energy falls on buildings as is consumed 
inside. Because it is flat and static, the LSC is of particular interest for 
building-integrated PV (BIPV) applications, where it could replace con-
ventional building materials.

The different configurations of the LSC that have been investigated in 
order to either optimize the efficiency or reduce costs are reviewed in the 
remainder of this section.

9.1.1 stacked lscs

A stacked arrangement of LSCs can be used to utilize the broad solar 
spectrum more efficiently, as proposed by Goetzberger2 by spectrally sep-
arating the light and guiding it to appropriate PV cells. The principle of 
stacked LSCs is analogous to that of multijunction PV cells. LSCs with 
different absorption spectra are arranged on top of each other, as shown 
in Figure 9.2, with PV cells attached to the edges with band gaps (Eg) that 
match the respective emission spectra.

Incident radiation

PV cell
Escaping ray

Ray trapped by TIR

Luminescent center

FIgure 9.1
A typical luminescent solar concentrator with a photo voltaic cell attached, under 
illumination.

© 2010 by Taylor and Francis Group, LLC



Luminescent Solar Concentrators  •  325

With single LSCs there is a trade-off between absorbing a large part of 
the incident solar spectrum and emitting more energetic light. In general, 
radiation with energy lower than the excitation energy or band gap of the 
absorber cannot be absorbed, while radiation with higher energies can, 
to a certain extent. This means that a LSC with luminescent centers that 
absorb all the way to the low-energy regime can collect a large portion of 
the solar spectrum. The emission spectrum of such an absorber would, 
however, also be restricted to low energies. This means that although the 
photon current into an attached PV cell would be higher, the voltage gen-
erated by these photons would be lower, limiting the power generated. 
The stack solves this problem by absorbing the high-energy photons in 
a high-energy LSC layer. This layer would be transparent to the lower-
energy photons because their energy would not be sufficient to create an 
excitation. These lower-energy photons can then be absorbed in another 
LSC with appropriate luminescent centers. Several successive layers can be 
prepared following this principle, so that overall, the majority of the spec-
trum can be absorbed without energetically downgrading the photons 
too much. In addition to the higher fabrication costs, the constraints on 
stacked LSCs are the availability of appropriate luminescent centers and 
PV cells with matching absorption spectra. We have investigated stacks 
of both dye- and quantum dot–doped LSCs4,5 and confirmed that they 
utilize the broad solar spectrum more efficiently.

9.1.2 Mirrors and number of attached cells

If only one solar cell is attached to the LSC, then without mirrors, emit-
ted light at angles less than that required for TIR would be lost through 

(a)

λ1

λ2

λ3

Wavelength λ

3

(b)
Absorption Emission

Eg2

Eg3

Eg1

2

Collectors

Solar radiation

PV
solar
cells

1

3

2

1

FIgure 9.2
(a) Schematic of stacked LSCs with idealized absorption and emission spectra, as in (b).
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all the other surfaces through the escape cones. These losses can be miti-
gated for all surfaces other than the top surface by the use of mirrors. An 
air gap is required between the LSC and any mirrors in order to conserve 
TIR. Specular and Lambertian reflectors have been investigated within 
the EC framework VI integrated project FULLSPECTRUM, and the 
results are presented in van Sark et al.6 For a square LSC with only one 
cell attached, having both an air-gap diffuse Lambertian back reflector 
such as the material used within integrating spheres, which has a reflec-
tivity of 97%, and air-gap specular edge mirrors such as 3M reflective foil, 
which also has a reflectivity of 97%, gives the highest efficiency.6 As well 
as moderating escape cone losses, a back surface mirror provides a sec-
ond pass for absorption and a diffuse reflector is advantageous because 
the reflected rays at wide angles have a longer path length through the 
LSC and are more likely to be absorbed than would be the case for a 
specular reflector.

The power conversion efficiency is defined as the electrical power from 
the attached PV cell divided by the optical power incident on the LSC. 
When attaching multiple PV cells to the edges, the top surface area of the 
LSC does not change, and thus the incident optical power remains the 
same. The electrical power from the PV cells, however, is increased, as 
more cells are delivering power and the efficiency increases. The cost of 
the attached cells obviously increases, but a simple geometric argument 
for a square LSC proves the efficiency and cost benefits of having cells 
attached to all four edges over having PV cells attached to two adjacent 
edges and mirrors on the other two. A square LSC with perfect mirrors 
(with a reflectivity of unity) on two adjacent sides is identical with respect 
to all internal processes to a square LSC of four times the area with PV 
cells attached to all four sides. Having the air-gap mirrors, however, leads 
to additional costs, and furthermore, in practice no perfect mirror mate-
rial exists and the mirrors also lead to additional reflection losses, thereby 
degrading the LSC efficiency.

9.1.3 thin-Film lscs

The thin-film LSC consists of a layer of heavily doped material, such as a 
polymer, on top of a transparent substrate, such as glass (see Figure 9.3). 
The dopant concentration in the film has to be much higher than in a 
comparable homogeneous plate in order to achieve similar absorption. 
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Typically, the film and the substrate have matching refractive indices such 
that the luminescence is trapped in the entire composite.

Thin-film LSCs were originally suggested as a method to reduce reab-
sorption losses7,8 with the reasoning that all reabsorption losses occur 
merely in the film while the trapped luminescence gains a long path length 
in the substrate. This effect has been debated,9 arguing that the gain in 
path length in the substrate is compensated by the loss within the optically 
dense film. Our experimental measurements and computational simula-
tions10 support this view, showing no noticeable difference in performance 
between conventional, homogeneously doped LSCs and thin-film LSCs, 
and are discussed in greater detail in Section 9.5.

The main motivation now to pursue thin-film LSCs is that they are 
more convenient to fabricate, allowing flexibility in the choice of sub-
strate. For example, glass that is durable and relatively inexpensive in 
addition to absorbing harmful UV may be utilized in the bulk of the 
LSC. Furthermore, the small separation between luminescent centers in 
the doped layer can be utilized for Förster energy transfer. This has been 
achieved in the work of Currie et al.11 on thin-film organic dye-doped 
LSCs. This work highlights the need to consider geometric and flux gains, 
related to the size of the LSC. Having projected power conversion efficien-
cies for this system of up to 6.8%, the above factors were used to calculate 
commercial power generation costs and illustrate the viability of solar 
power generated by LSCs. This work also highlights the need to choose 
dyes with little overlap between the absorption and emission spectra, 
thereby minimizing the reabsorption that leads to both LQE and escape 
cone losses. Recently, efficient Förster transfer has been demonstrated 
between organic polymers and colloidal QDs,12 and a critical radius of 
about 8 nm was deduced. The transfer was studied in the solid phase and 
took place from the polymer to the QDs.

(i)

(ii)

FIgure 9.3
(i) A thin-film LSC consisting of a thin doped layer (shaded) on a transparent substrate 
with light rays trapped in the entire film/substrate composite. (ii) A homogeneously 
doped LSC of the same thickness.
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9.1.4 alternative geometries

Whilst most fabricated LSCs today take the form of a cuboid, other geom-
etries have been considered, including an array arrangement of cylinders. 
Theoretical ray-trace modeling13 found that the optical concentration for 
cylindrical LSCs can reach 1.9 times that of square-planar LSCs, with iden-
tical volume and PV cell surface area. The model, however, assumes that 
emission occurs only at the cylindrical axis and very close to the surface, 
and predicts that the maximum benefit occurs only for a certain range of 
absorption coefficient.

The effect of varying the flat-plate geometry on LSC performance has 
also been analyzed using ray-trace modeling.6,14 Square, right-angled tri-
angular and hexagonal QD-doped LSCs of increasing top surface aper-
tures (Atop) were considered and concentration ratios (CRs) predicted for 
increasing Atop for each geometry type.14 The hexagonal geometry gave 
the highest CRs in the range of Atop considered, but for a given Atop, each 
geometry type has a different area of attached PV cells and hence different 
costs. Therefore, to determine the optimum geometry, relative costs per 
unit power output were calculated, as detailed in Kennedy et al.,14 with the 
relative costs of the LSC plate and PV cells factored in. The results indi-
cated that all geometries can attain the same minimum relative cost per 
unit power, and it was concluded that while the flat-plate geometry is not 
critical, selecting the appropriate size is.

9.2 luMInescent sPecIes

The original LSC utilized organic dyes as the luminescent species, which 
turned out to degrade in sunlight, posing a major obstacle to the production 
of commercially viable concentrators. There has recently been a renewed 
interest in the LSC resulting from a number of factors, including the avail-
ability of photostable organic dyes15 with high-luminescence quantum 
efficiency, new dyes that function in the red region of the spectrum, and 
polymer materials with low background absorption. In addition, novel 
luminescent centers such as core-shell QDs have been proposed,16 and 
higher-efficiency PV cells are available with more appropriate band gaps.

We are currently evaluating the performance of both colloidal nanocrys-
tals (QDs and nanorods) and organic dyes as the luminescent species in 
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the LSC. Nanocrystals have advantages over organic dyes in that (1) their 
absorption spectra are far broader, extending into the UV; (2) their absorp-
tion properties may be tuned simply by the choice of nanocrystal size, and 
(3) they are inherently more stable than organic dyes. Moreover, there is a 
further advantage in that the red shift between absorption and lumines-
cence is quantitatively related to the spread of nanocrystal sizes, which may 
be determined during the growth process, providing an additional strategy 
for minimizing losses due to reabsorption.16,17 However, the LQE of nano-
crystals cannot yet match the near-unity values achieved for some dyes, but 
encouraging results of LQE ~ 0.8 have been reported for core-shell QDs18 
and nanorods.19 The properties of the luminescent species that have been 
utilized in the LSC are reviewed in the remainder of this section.

9.2.1 light harvesting

The advantages of nanocrystals over dyes for harvesting the solar spec-
trum can be illustrated by considering otherwise identical LSCs doped 
with typical colloidal QDs and a typical dye, respectively, with matching 
absorption thresholds. A 0.5-cm thick LSC illuminated by the standard 
AM1.5 global spectrum and doped with the QDs illustrated in Figure 9.4 
would absorb 42.3% of the incident photons out to the band gap (Eg 700nm) 
of an InGaP cell attached to one edge, whereas one doped with the fluo-
rescent dye illustrated in Figure 9.4 would only absorb 23.5%. Assuming 
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FIgure 9.4
Spectral overlap between the standard AM1.5 global spectrum and the absorption spectra 
of a Bayer fluorescent red dye and core-shell QDs with matched absorption thresholds.
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the record LQE of 0.8417 for the QDs is achievable in a polymer plate and 
a LQE of 0.95 for the dye, thermodynamic modeling of a 10 × 10 cm LSC 
predicts that the short-circuit current in the attached InGaP cell of the 
QD-doped LSC would be almost 30% higher than that for the dye-doped 
LSC despite the higher LQE losses. Specular reflectors with a reflectivity of 
97% on the other three edges and back surface and a PMMA host material 
were assumed in these calculations.

9.2.2 nanorod-doped lscs

The use of nanorods (NRs) in the LSC is a novel approach for which the 
major motivation is that the optical characteristics of NRs are expected to 
further minimize reabsorption losses.

Several properties of the NRs depend on the aspect ratio. We have stud-
ied nanorod-doped LSCs20 (see Figure 9.5a) in which the rods used had a 
diameter of about 5 nm and a length of about 20 nm (see Figure 9.5b), and 
thus an aspect ratio of 4. The LQE in solution was about 70%,21 and the 
corresponding LQE in the homogeneous LSC has also been determined 
to be 70 ± 1%. Moreover, the nanorods are expected to exhibit anisotropic 
emission, with a maximal emission in the plane perpendicular to the long 
axis. This effect, however, is only visible when the rods collectively align 
along a preferred orientation. Spontaneous alignment occurs at high con-
centrations (see, e.g., Carbone et al.21), and alignment may also be achieved 
at lower concentrations by stretching polymer films.22

(a) (b)

100 nm

FIgure 9.5
(a) Photograph of a homogeneous LSC containing nanorods under UV illumination. (b) 
TEM image of CdSe/CdS nanorods in a polymer nanocomposite LSC. (See color insert 
following page 206.)
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The absorption and photoluminescence (PL) spectra of the nanorods 
in the concentrators were measured and found to be comparable to the 
spectra in solution.20 The absorption spectrum features a peak at longer 
wavelengths, which arises from excitons in the core and overlaps strongly 
with the emission peak (see Figure 9.6). However, the overall absorption is 
dominated by excitons in the shell, such that the self-absorption that leads 
to reabsorption losses is relatively suppressed.

Our calculations show that these typical NRs double the fraction of 
absorbed photons emitted from the edges of the LSC, which could be con-
verted in attached PV cells compared with comparable typical QDs.20

9.2.3 Multiple dyes

As discussed in Section 9.1.1, it is important to utilize as much of the solar 
spectrum, at high efficiency, as possible. An alternative method for har-
vesting more of the solar spectrum that does not have the additional fabri-
cation costs of a stack is to combine organic dyes in a single plate.

The idea of incorporating multiple dyes in a single LSC was presented in 
a letter submitted by Swartz et al.23 The aim was to extend the conventional 
LSC absorption range of 300 to 600 nm to the near infrared (NIR), which 
would effectively double the photon flux in the collector. Swartz proposed 
combining dyes with different absorption spectra in a single LSC in order 
to achieve this, as illustrated in Figure 9.7.

400

Absorption

Emission

500
Wavelength (nm)

600 700

FIgure 9.6
Absorption and emission spectra of a homo geneous nanorod-doped LSC. There is an 
exciton peak near the luminescence peak, but the major part of the absorption occurs at a 
significant shift from the luminescence. (From Bose, R. et al. 2008. Proceedings of the 33rd 
IEEE Photovoltaics Specialist Conference. With permission.)
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Cascaded emission occurs as a result of such mixing of dyes, in which 
photons are absorbed and emitted in series by dyes of increasing wave-
length. This results in an emission spectrum dictated by the NIR dye. 
In effect, the system achieves a broad absorption spectrum with a single 
emission peak, but there are LQE losses associated with each step in addi-
tion to the thermalization losses discussed in Section 9.1.1.

Richards and McIntosh achieved a power conversion efficiency of 4.4% 
with a mixture of violet, yellow, orange, and red dyes.24 Their report stated 
that the efficiency of the LSC depended largely on the LQE of the NIR dyes 
added to the collector. Due to cascaded emission, the system becomes bot-
tlenecked by the NIR dyes, which typically have lower LQEs, at best ~0.5. 
As a result, a compromise must be made between extending the absorp-
tion range and maintaining a high LQE for dyes added. It was suggested 
that by combining visible dyes in one collector and NIR dyes in a second 
collector (in a stacked configuration; see Section 9.1.1), the LQE of the NIR 
dyes would not hinder the system efficiency as much.24

It is a single LSC containing two organic dyes fabricated and tested 
within FULLSPECTRUM that holds the current world record power con-
version efficiency for a LSC.25 A power conversion efficiency of 7.1% was 
achieved for a PMMA-based 5 × 5 × 0.5 cm LSC doped with Lumogen F 
Red 305 from BASF and Fluorescent Yellow CRS 040 from Radiant Colour. 
The LSC had GaAs cells attached to all four edges and connected in paral-
lel and a diffuse back surface reflector. In practice this size is too small and 
GaAs cells too expensive for this design to be commercially viable, but the 
work provides a benchmark figure useful for illustrating the possibilities 
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FIgure 9.7
The basic concept of a two-mixed-dye-based collector. The absorption ranges (lighter 
line) of both dye 1 and dye 2 combine to cover a wider range of the solar spectrum. This 
results in a single emission (darker line) peak characterized by the lowest-energy dye. 
Cascaded emission occurs as the emission spectrum of dye 1 corresponds to the absorp-
tion spectrum of dye 2.
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of this technology. The yellow dye used in this work has been found to be 
unstable, whereas the red dye is stable.6,15 It has been shown, however, that 
single LSCs doped with Lumogen F Red 305 at a higher concentration 
than used in Slooff et al.25 to compensate for the lack of a yellow dye to 
efficiently absorb the blue region of the solar spectrum can still yield rea-
sonable efficiencies of around 4% for 1-mm thick LSCs of length about 30 
cm with attached mc-Si cells,26 which render them commercially viable.

9.2.4 rare earth Materials

Rare earth materials (REMs) present an alternative to the limitations of 
NIR organic dyes. REMs have the advantage of both being chemically sta-
ble and demonstrating large Stokes shifts.27 However, REMs had exhibited 
low absorption coefficients while only making use of narrow bands of the 
solar spectrum.28 To address these issues, Reisfeld and Kalisky proposed 
a collector doped with Nd3+ and Yb3+,27 similar to the multiple-dye collec-
tor. The Nd3+ ion acted as an absorber given its broad absorption range, 
while the Yb3+ ion would emit at a NIR peak of around 970 nm, in a nature 
similar to that of cascaded emission. Implementing this design resulted 
in a collector that absorbed 20% (in tellurite glass) of the solar spectrum 
with a LQE of ~90%.26 Like nanocrystals, LSC designs based on REMs are 
a novel idea, and initial results have been promising.

9.3 ModelIng aPProaches

It is essential to have robust models of the LSC that have been verified by 
comparison with experimental results in order to optimize the efficiency 
and cost of the LSC as well as provide insight into the processes that limit 
its performance. The two modeling approaches are outlined in this sec-
tion, their application reviewed, and finally results using both approaches 
to investigate the conversion of direct and diffuse light are discussed.

The thermodynamic approach is based on the radiative transfer of 
angularly averaged trapped and escaping fluxes between mesh points in 
the concentrator plate, whereas in the ray-trace approach, which is based 
on Monte Carlo techniques, every incoming photon is tracked and its fate 
determined. The fundamental thermodynamic approach requires a mini-
mum of input data and is quick to run, but it is limited to rectangular 
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flat-plate LSCs homogeneously doped with a single luminescent species. 
The ray-trace approach is more flexible, allowing multiple dopants, thin 
films, and different geometries to be investigated. However, a limiting 
emission spectrum of the luminescent species as the concentration tends 
to zero is required in the ray-trace approach as the point of emission inten-
sity distribution. In the thermodynamic approach this is taken care of by 
the luminescent brightness, which itself depends on the photon chemical 
potential distribution. If experimental results are not available, this spec-
trum can be reconstructed by comparison with the red-shifted emission 
spectra measured from the surfaces of test LSCs, but this procedure can 
be time-consuming. Because of the statistical nature of the ray-tracing 
process, large numbers of rays also need to be traced to obtain data with 
sufficiently small noise.

Both modeling approaches determine the spectrum of the lumines-
cent light incident on the PV cell (and that escaping from all surfaces). 
If the PV cell spectral response (also often termed the external quantum 
efficiency [EQE]) is known, the electrical output of the LSC can be deter-
mined. The predicted electrical and spectral outputs using the two model-
ing approaches have been shown to be in excellent agreement,6,20 despite 
the many differing processes involved in each approach. The predictions 
of both approaches are also in agreement with the measured electrical and 
spectral output of the fabricated devices. The agreement between the ther-
modynamic model and ray-trace models of single dye-doped test LSCs is 
better than 1% absolute in all cases.6,20 This is a high level of agreement, giv-
ing confidence in using either approach as a tool for optimizing the LSC.

Owing to the greater flexibility of the ray-trace approach and its relative 
computational simplicity, this method for modeling the LSC has been more 
widely applied than the thermodynamic method. Results already presented 
earlier in this chapter utilize this approach,6,10,13,14,20,26 and furthermore, it 
has also been used to explore the efficiency limits of the LSC.29

9.3.1 ray-trace Modeling of the lsc

We have developed a ray-trace model, which similar to the others described 
above,6,10,13,14,20,26,29 uses Monte Carlo techniques and geometrical optics to 
trace the path of individual photons. Intersections with surfaces are com-
puted, and experimentally measured absorption spectra are substituted 
into the Beer-Lambert law to determine the free path of a photon in a given 
direction. At each surface the reflection coefficient is calculated from the 
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Fresnel equations. In the case of transmission through a surface, Snell’s 
law is applied to determine the refraction. A photon can be absorbed by 
the host background or by a luminescent species and reemitted, depend-
ing on the LQE. The wavelength of a reemitted photon is ideally randomly 
generated based on an experimental PL spectrum, as discussed above. This 
PL is measured by illuminating a sample with low optical density from the 
front and detecting the luminescent output from the back, thus minimiz-
ing the red shift due to reabsorptions such that the spectrum obtained is 
close to the PL emitted by a single luminescent center.

9.3.2 thermodynamic Modeling of the lsc

We have developed self-consistent 3D flux models for planar LSCs17,30 
modules31 and stacks4 that show excellent agreement with experiments on 
test devices. Detailed balance arguments relate the absorbed light to the 
emission using 3D fluxes, and a Schwartzchild-Milne32 type sampling of 
Chandrasekhar’s radiative transfer equation33 is performed. The resulting 
differential equations are integrated over the volume of the concentrator, 
and appropriate reflection boundary conditions are applied, giving inte-
gral equations that are applied over a mesh sampling the concentrator vol-
ume. The thermodynamic approach provides equations from which the 
photon chemical potential as a function of position within the concentra-
tor may be determined by iteration. An optimal, self-consistent lineariza-
tion of the depth dependence of the chemical potential for a single planar 
concentrator that results in only analytic expressions has also been devel-
oped. This linearized 3D flux model34 has been validated by comparison 
with the results of the original 3D flux model, and the linearization is 
accurate to within approximately 2% of the total luminescent intensities 
and peak values.

9.3.3 direct vs. diffuse Irradiation

One of the advantages of the LSC is that it can harness diffuse radiation in 
addition to direct. The solar irradiance has a diffuse component that can 
be as high as the direct component in regions like the UK. Figure 9.8 (plot-
ted in arbitrary units of irradiation) shows how the spectra of the direct 
and diffuse components of AM1.5 differ, where the diffuse is defined as the 
difference between the AM1.5 global spectrum and the direct. The diffuse 
spectrum is more blue rich, since blue light is more effectively scattered 
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in the atmosphere. This could be advantageous if the LSC is used with a 
high-band-gap PV cell.

We modeled a 1 × 1 m thin-film LSC doped with Lumogen Red 300 dye 
from BASF under direct and diffuse irradiation, separately using the ray-
trace approach. For the direct irradiation, a normal angle of incidence was 
assumed, which is not obtainable without solar tracking, but gives an upper 
bound for the performance. For the diffuse irradiation, a hemispherical 
angular distribution was assumed. Furthermore, we assumed an equal 
ratio between direct and diffuse components, which is typical of Northern 
European latitudes.35 Table 9.1 shows some characteristics for both cases. 
The concentration ratio of the edge emission is only slightly higher (less 
than 10% relative) in the direct case. Though significantly more light (by 
a factor of about 5) is reflected from the top surface in the diffuse case due 
to the shallower angles, the total fraction of light absorbed in the concen-
trator is almost the same, since the shallower angles lead to longer path 
lengths and higher absorption probabilities. These simulations show that 
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AM1.5 standard solar irradiation.
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the diffuse irradiation has a significant impact on the performance of even 
red dye-doped LSCs, which do not efficiently harvest the blue light that is 
abundant in the diffuse spectrum, and could be a valuable resource.

We have also examined the utilization of direct vs. diffuse light in 
QD-doped LSCs using the thermodynamic approach. A 40-cm long, 0.5-
cm thick idealized LSC doped with CdSe/ZnS core-shell QDs with emis-
sion matched to an InGaP cell was considered. In the idealized LSC a LQE 
of unity was assumed as well as a perfectly transparent host material and 
perfect mirrors. The QD-doped LSC was again modeled under diffuse and 
direct AM1.5 irradiation separately, and the idealized LSC assumed for 
these calculations is discussed in more detail in the following section with 
respect to top surface escape cone losses. As in the ray-tracing work, the 
direct irradiation is assumed to be at normal incidence and the diffuse is 
assumed to be isotropic over a hemisphere. The results of this study predict 
that this QD-doped LSC, which owing to the high absorption coefficient 
in the blue region of the spectrum harvests diffuse light more efficiently 
than red dye-doped LSCs, would absorb 20% of the incident photons 
under AM1.5 direct irradiation, resulting in a power conversion efficiency 
of 3.9%, whereas under AM1.5 diffuse irradiation it would absorb 42% of 
the incident photons and achieve a power conversion efficiency of 4.7%. 
The spectral response (SR) or EQE of this QD-doped LSC and the inci-
dent light fluxes under direct and diffuse irradiation, respectively, are 
presented in Figure 9.9, where the area between the incident flux and the 
flux lost through the top surface illustrates the fraction of the solar spec-
trum harvested in the two cases. Although the efficiencies are modest, this 
QD-doped LSC would produce 7.3× and 12.2× the power of the cell alone 
under AM1.5 direct and diffuse irradiation, respectively. All nanocrystals 
have absorption spectra that continue to increase at high energies, and 
therefore it is concluded that nanocrystal-doped LSCs that can efficiently 
harvest the blue-rich diffuse solar spectrum will be particularly advanta-
geous at high latitudes where significant fractions (>0.5) of the insolation 
are diffuse.

9.4 losses

Escape cone losses, absorption losses in the host material, and reabsorp-
tion losses owing to a LQE less than unity limit the efficiency of the LSC. 
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As described in the preceding section, we have developed complementary 
thermodynamic4,17,30,31,34 and ray-trace10,20 models of the LSC that allow 
us to investigate quantitatively the luminescent species, the doping densi-
ties, and the geometries that minimize these loss mechanisms. As dis-
cussed in Section 9.1.2, escape cone losses can be largely removed, for all 
the surfaces not covered by PV cells bar the top surface using conventional 
mirrors. However, escape cone losses through the illuminated top surface 
constitute the most significant loss mechanism in the LSC. In the remain-
der of this section the magnitude of these losses is illustrated for the ideal-
ized QD-doped LSC also used for the calculations in Section 9.3.3, and the 
strategies for alleviating these are reviewed. Finally, the selection of host/
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The spectral response of the idealized QD-doped LSC and incident light fluxes under (a) 
AM1.5 direct and (b) AM1.5 diffuse irradiation, respectively.
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substrate materials that minimize parasitic absorption by the bulk trans-
parent component of the LSC are discussed.

9.4.1 Idealized Qd-lsc and top surface escape cone losses

We have utilized the thermodynamic approach to study an idealized, mir-
rored, 40 × 0.5 cm LSC doped with CdSe/ZnS QDs with emission matched 
to a GaInP cell.36 These calculations illustrate the importance of reducing 
the top surface escape losses that occur through the escape cone through 
both primary emission and subsequent reabsorption and reemission. As 
described earlier, the idealized LSC has perfect mirrors on three edges 
and the bottom surface, a perfectly transparent host material, and a LQE 
of unity. The LSC absorption, incident AM1.5g spectrum, and the average 
concentrated flux escaping the bare right-hand edge of the idealized LSC 
are illustrated in Figure 9.10. Note that a logarithmic scale is necessary to 
compare the narrow concentrated escaping flux and the incident flux. This 
idealized LSC absorbs 24% of the incident photons in the AM1.5 global 
solar spectrum.

The CR is 4.18, but since the concentrated flux escaping the right-hand 
surface is a narrow band matched to the spectral response of the cell, it 
can all be converted and the idealized LSC would produce eight times the 
current of the cell alone exposed to AM1.5g. However, 78% of the lumi-
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Absorption of the LSC material used in the calculations for the idealized system together 
with the flux incident on the top surface and the predicted concentrated average lumi-
nescent flux escaping the right-hand surface of the idealized LSC that would be coupled 
into the PV cell.
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nescence is lost through the large top surface area, and only 22% may be 
collected in an attached PV cell.

Therefore, there is a need to reduce these large top surface losses in order 
to design more efficient devices. An idealized notch filter on the top sur-
face, which has a reflectivity of 99.9% in the notch (covering the lumi-
nescence between 1.8 and 2.2 eV) and a reflectivity of 0.01% everywhere 
else, would increase the output by a factor of 3.1 times. Such a top coating 
reflects a portion of the incident light before it can be absorbed in the LSC, 
so the coated idealized LSC absorbs only 21% of the incident light but has 
a predicted CR of 12.98. Real coatings do not have the idealized proper-
ties used in these predictions, but these calculations serve to illustrate the 
maximum gains that could be achieved.

The idealized notch filter described above has the properties of a photo-
nic band stop (PBS) layer and, in their paper exploring the efficiency limits 
of the LSC, Rau et al.29 state that it is essential to use a PBS layer to maxi-
mize the theoretical power conversion efficiency. Using their ray-trace 
model, they calculate a maximum power conversion efficiency of 23.9% 
when a PBS layer is included.

9.4.2 distributed Bragg reflectors

One candidate for a PBS layer or wavelength-selective coating is a dis-
tributed Bragg reflector (DBR). It comprises layers of dielectric material 
alternating with a high–low refractive index profile. Fresnel reflection 
occurs at the layer interfaces, causing forward and backward propagat-
ing electromagnetic waves. When the layer thickness is one-quarter of 
the propagating wavelength destructive interference occurs. This results 
in light, centered around a designated wavelength referred to as the stop 
band, being reflected. At oblique angles, different wavelengths satisfy the 
interference condition because of the changing optical path length through 
the layers. For this reason DBRs have an angular-dependent reflectivity.

Richards et al.37 first proposed reducing top surface escape losses by 
using a DBR with a NIR stop band. In this design the DBR, or hot mir-
ror, was placed on the top surface of a plate containing multiple dyes and 
a rare earth metal. The rare earth, Nb3+:Yb3+, is the primary emitter and 
has a luminescent quantum efficiency of 75% and emission at 970 nm, 
slightly below the absorption edge of a silicon cell. The dye ensemble 
absorbs the incident spectrum and fluorescently pumps the rare earth, 
causing the majority of the propagating luminescence to be in the NIR 
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such that it is reflected by the coating. A 25% performance gain and sys-
tem efficiency of 6.5% were predicted due to elimination of top surface 
escape cone losses.

9.4.3 rugate Filters

A rugate filter is essentially a DBR with a sinusoidally varying periodic 
refractive index profile through the structure. This structure and subse-
quent index matching to the external media suppress side lobes that occur 
on either side of the stop band.38 Rugate filters are good candidates for 
top surface coatings because they strongly reflect luminescence while not 
reflecting the incident solar irradiation in the part of the spectrum where 
the luminescent species absorbs.

Goldschmidt et al.39,40 have proposed stacked and multiple-species 
LSCs with a bottom surface silicon cell and a top surface rugate filter. 
Experimental results on a small 2 × 2 cm test device, containing a single 
red emitting dye, showed an 11% increase in optical efficiency. However, 
the rugate filter was not optimized because a significant proportion of the 
incident light was rejected. As a result, no overall system efficiency gain 
was achieved.

9.4.4 cholesteric coatings

Recently, use has been made of wavelength-selective cholesteric liquid 
crystal coatings applied to the top surface in order to reduce escape cone 
losses.41 These coatings, which also act as PBS layers, have been considered 
by a number of workers,6,26,30 and our detailed evaluation of the ability of 
real cholesteric coatings to produce performance gains30 is described in 
greater detail in Section 9.6.

9.4.5 aligned dyes

Escape cone losses may also be reduced by a larger Stokes shift (as illustrated 
for NRs in Section 9.2.2) or directional emission. Through the alignment 
of dye layers using a liquid crystalline host material, directional emission 
has been achieved in thin-film LSCs.42 It was found that the preferred axes 
of emission and absorption were the same. Therefore, a layer with dyes 
at a tilted angle was suggested as a trade-off between reduced absorption 
and increased directional emission. In a planar alignment 25% more light 
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was emitted from the edge perpendicular to the dye alignment than from 
the edge parallel, and 15% more light was emitted from an aligned sample 
than from an isotropic one.42

9.4.6 host losses

As well as optimizing the luminescent species, the optimization of the 
host material is also of great importance. Ideally the host material should 
be transparent throughout the spectral range of both the absorption and 
emission of the luminescent species, but transparency over the spectral 
range of the emission is critical owing to the long path lengths in the LSC 
for collection of this light in the attached solar cells. PMMA has emerged as 
a leading contender for use with organic dyes, being cheap, optically inac-
tive, and chemically stable.43 However, it can be difficult to disperse nano-
crystals at sufficient concentrations to efficiently harvest light in PMMA, 
and we have found that PLMA is advantageous in this respect. A recent 
study by Gallagher et al.44 has also shown epoxy resin to be a suitable host 
for QDs, with the QDs retaining 77.5% of their LQE. In addition, the thin-
film architecture allows the use of glass as a substrate, and high-quality 
solar glass has absorption properties comparable to those of commercial 
PMMA (absorption coefficient ~ 0.3 m–1) in the visible region of the spec-
trum. Polymer optical fibers can achieve absorption coefficients as low as 
0.001 m–1, and if such low host absorption could be achieved in the LSC, 
significant performance gains on the order of 20% could be achieved.

9.5 ray-trace ModelIng oF thIn-FIlM lscs

In Section 9.1.3 we stated that our simulations and experiments compar-
ing the thin-film and homogeneously doped architectures10 indicated that 
no performance gains were achieved through reduced reabsorption losses 
using thin films. This work is described in greater detail in this section.

9.5.1 samples

Two sets of homogeneous and thin-film LSCs, fabricated at the Fraunhofer 
IAP, were examined. The dimensions were 50 × 50 × 3 mm and the lumi-
nescent species was Lumogen Red 300 dye manufactured by BASF. The 
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homogeneous concentrators consisted of PMMA made from Plexit, and 
the thin films were prepared from a PMMA/CHCl3 solution that was drop 
cast with a thickness of approximately 50 μm onto Plexiglas GS233 sub-
strates. For comparison, the two kinds of concentrators in each set were 
required to be doped with approximately identical amounts of dye. The 
close match of the respective absorbance (see Figure 9.11) shows that this 
was achieved to a suitable degree and implies precise control over the fab-
rication process.

9.5.2 experimental Measurements

A short-circuit current measurement technique was applied,17 in which 
the top surface of the sample was illuminated uniformly using a lamp with 
a broad spectrum (400 to 700 nm). For calibration, a solar cell of known 
spectral response was used to map out the light intensity reaching the top 
surface. The same cell was used to scan one of the short edges of the con-
centrator and detect the luminescent output. The arising short-circuit cur-
rent was registered and the associated current density (JSC) deduced.

Based on the incident intensity on the front surface, the experimental PL 
leaving the edge, and the spectral and angular responses of the PV cell, the 
photon concentration ratio (CR) was calculated and used for comparison. 
The CR is defined as the photon flux leaving the detection edge divided by 
the incident flux. The experiment yielded similar performances, to within 
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approximately equal dopant amounts, respectively. The absorbencies for each set are rea-
sonably similar.

© 2010 by Taylor and Francis Group, LLC



344  •  Chatten et al.

experimental error, between the homogeneous and thin-film LSCs (see 
Table 9.2).

9.5.3 ray-trace simulation

The ray-trace model was applied to the first set of samples. In order to 
provide for an accurate comparison, the ray-trace simulation was based 
on identical absorbencies within each set of samples (using the absorbance 
spectrum of the homogeneous sample). The model was found to be in 
agreement with the experimental results (see Table 9.3) and indicated no 
significant difference between the two different LSC configurations.

9.6  therModynaMIc ModelIng oF 
cholesterIc coatIngs

As outlined earlier in Section 9.4.4, wavelength-selective cholesteric liq-
uid crystal coatings41 have been designed to reduce escape cone losses 
through the top surface of the LSC, and our studies to evaluate the per-
formance of such coatings are discussed in greater detail in this section. 
The thermodynamic approach may be used to quantify the effects of such 
coatings36 by using the measured reflectivities of the liquid crystal coat-
ings as the boundary conditions for the incident and luminescent light at 
the coated surfaces.

taBle 9.2

Experimental Measurement

CR Error

Homogeneous LSC (H1) 0.81 0.08
Thin-film composite (F1) 0.90 0.09
Homogeneous LSC (H2) 1.61 0.13
Thin-film composite (F2) 1.60 0.13

taBle 9.3

Ray-Trace Model

CR Uncertainty

Homogeneous LSC (H1) 0.81 0.05
Thin-film composite (F1) 0.80 0.05
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9.6.1 test coatings

Two dye-doped LSCs were characterized both with and without appropri-
ate focal-conic cholesteric coatings36 and with and without back surface 
air-gap 3M multilayer dielectric foil mirrors. The two dye-doped test LSCs 
were comprised of Plexit doped with red and yellow Coumarin fluorescent 
dyes purchased from Bayer. In order to predict the luminescence, the energy 
dependence of the absorption of each dye at threshold is fitted to a Gaussian.17 
These fits represent the experimental data very well for both dyes, as seen in 
Figure 9.12, which also shows good agreement between the shape and posi-
tion of the predicted and observed luminescence for both dyes.

The cholesteric coatings have a reflectivity band that is highly angular 
dependent. The band positions for each applied coating were tuned to give 
the maximum cos(θ) weighted overlap integral between the reflectivity (R 
~ 1 − T) of the coating and the luminescence of each test LSC. Figure 9.13 
illustrates the angularly dependent transmission of one such right-handed 
cholesteric coating exposed to right-circularly polarized light.

Short-circuit currents, JSC, resulting from the radiation escaping the 
right-hand surfaces of the dye and QD-doped test LSCs, both with and 
without the coatings (tested on the top and bottom surfaces) and with and 
without a 3M multilayer dielectric foil back surface air-gap mirror, were 
measured and compared with the values predicted by the thermodynamic 
model.36 The model and predictions showed excellent agreement for both 
concentrators, and the results for the yellow dye concentrator are illus-
trated in Figure 9.14.

At this time the cholesteric coatings tested led to a predicted reduction 
in output owing to both coating transmission losses (~10%) and reflec-
tion of the incident light by the coatings. This was not compensated for by 
the increase in trapping of the luminescent light inside the test LSCs by 
the coatings. The increase in trapping was seen in the modeling through 
a higher average photon chemical potential.36 Cholesteric coatings with 
much reduced transmission losses and improved spectral coverage are 
now available and will be evaluated shortly.

9.7 conclusIons

We have presented an overview of the recent development of LSCs at our 
laboratories and by other workers in the field. The renewed interest in 
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LSCs, since the pioneering work in the late 1970s, has led to the develop-
ment of thermodynamic and ray-trace models, which equally well describe 
the performance of LSCs. The models provide tools for both the analysis of 
experimental work on test devices and the optimization of practical con-
centrators. Furthermore, detailed cost analyses indicate that Fluorescent 
Red 305 doped LSCs are already competitive with other conventional PV 
panels, and this system is ripe for commercial development if the stability 
of the dye over the timescales (>15 years) required for practical application 
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can be confirmed. Moreover, new dyes and semiconductor nanocrystals 
have been developed and included in homogeneous and thin-film concen-
trators. In addition, many different approaches are currently under inves-
tigation in order to reduce the losses that currently limit the performance 
of LSCs, and it is likely that a combination of these will lead to further 
increases in performance and reductions in costs. The ability of the LSC 
to utilize the often large diffuse component of solar irradiation and its 
suitability for building integration should lead to the exploitation of this 
promising technology in the near future.
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10
Nanoparticles for Solar 
Spectrum Conversion

W. G. J. H. M. van Sark, A. Meijerink, and R. E. I. Schropp

10.1 Introduction

In this chapter a review is presented on the use of nanometer-sized par-
ticles (including quantum dots) in the conversion of parts of the solar 
spectrum incident on solar cells to more usable regions. The modifica-
tion of the solar spectrum ideally would lead to a narrow-banded inci-
dent spectrum at a center wavelength corresponding to an energy 
that is slightly larger than the band gap of the semiconductor material 
employed in the solar cell, which would lead to an enhancement of the 
overall solar energy conversion efficiency. Modification of the spectrum 
requires down- or upconversion or -shifting of the spectrum, meaning 
that the energy of photons is modified either to lower (down) or higher 
(up) energy. Nanostructures such as quantum dots, luminescent dye mol-
ecules, and lanthanide-doped glasses are capable of absorbing photons at 
a certain wavelength and emitting photons at a different (shorter or lon-
ger) wavelength. We will discuss down- and upconversion and shifting by 
quantum dots, luminescent dyes, and lanthanide compounds, and assess 
their potential in contributing to ultimately lowering the cost per kWh of 
solar-generated power.

10.2 Background

10.2.1 general

Conventional single-junction semiconductor solar cells only effectively 
convert photons of energy close to the semiconductor band gap, Eg, as a 
result of the mismatch between the incident solar spectrum and the spectral 
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absorption properties of the material (Green 1982; Luque and Hegedus 
2003). Photons with an energy, Eph, smaller than the band gap are not 
absorbed and their energy is not used for carrier generation. Photons with 
energy, Eph, larger than the band gap are absorbed, but the excess energy, 
Eph – Eg, is lost due to thermalization of the generated electrons. These fun-
damental spectral losses in a single-junction silicon solar cell can be as 
large as 50% (Wolf 1971), while the detailed balance limit of conversion 
efficiency for such a cell was determined at 31% (Shockley and Queisser 
1961). Several routes have been proposed to address spectral losses, and all 
of these methods or concepts obviously concentrate on a better exploitation 
of the solar spectrum, e.g., multiple stacked cells (Law et al., 2009), inter-
mediate band gaps (Luque and Marti 1997), multiple exciton generation 
(Klimov 2006; Klimov et al. 2007), quantum dot concentrators (Barnham 
et al., 2009; Chatten et al. 2003a), down- and upconverters (Trupke et al. 
2002a, 2002b), and downshifters (Richards 2006a; Van Sark 2005). In gen-
eral they are referred to as third- or next-generation photovoltaics (PV) 
(Green 2003; Luque et al. 2005; Martí and Luque 2004). Nanotechnology is 
essential in realizing most of these concepts (Soga 2006; Tsakalakos 2008), 
and semiconductor nanocrystals have been recognized as building blocks 
of nanotechnology for use in next-generation solar cells (Kamat 2008). 
Being the most mature approach, it is not surprising that the current world 
record conversion efficiency is above 40% for a stack of GaInP/GaAs/Ge 
solar cells (Green et al. 2009), although this is reached at a concentration of 
about two hundred times.

As single-junction solar cells optimally perform under monochromatic 
light at wavelength λopt ~ 1240/ Eg (with λopt  in nm and Eg in eV), an 
approach “squeezing” the wide solar spectrum (300 to 2,500 nm) to a sin-
gle small-band spectrum without too many losses would greatly enhance 
solar cell conversion efficiency. Such a quasi-monochromatic solar cell 
could in principle reach efficiencies over 80%, which is slightly depen-
dent on band gap (Luque and Martí 2003). For (multi)crystalline silicon 
((m)c-Si) solar cells, λopt = 1100 nm (with Eg =1 12. eV ); for hydrogenated 
amorphous silicon (a-Si:H), the optimum wavelength is λopt = 700 nm 
(with Eg = 1.77 eV). However, as amorphous silicon solar cells only contain 
a thin absorber layer, the optimum spectrum response occurs at about 550 
nm (Schropp and Zeman 1998; Van Sark 2002).

Modification of the spectrum by means of so-called down- or upcon-
version or -shifting is presently being pursued for single-junction cells 
(Richards 2006a), as illustrated in Figure 10.1, as a relatively easy and 
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cost-effective means to enhance conversion efficiency. In addition, so-
called luminescent solar converters (LSCs; see Chapter 9 for more details) 
employ spectrum modification as well (Goetzberger 2008; Goetzberger 
and Greubel 1977). Downconverters or -shifters are located on top of solar 
cells, as they are designed to modify the spectrum such that UV and vis-
ible photons are converted, leading to a more red-rich spectrum that is 
converted at higher efficiency by the solar cell. Upconverters modify the 
spectrum of photons that are not absorbed by the solar cell to effectively 
shift the infrared (IR) part of the transmitted spectrum to the near-IR 
(NIR) or visible part; a back reflector usually is applied as well.

In the case of downconversion (DC), an incident high-energy photon 
is converted into two or more lower-energy photons, which can lead to 
quantum efficiency of more than 100%; therefore, it is also termed quan-
tum cutting (Timmerman et al. 2008; Wegh et al. 1999); for upconver-
sion (UC), two or more low-energy photons (sub-band gap) are converted 
into one high-energy photon (Strümpel et al. 2007); see also Figure 10.2. 
Downshifting (DS) is similar to downconversion, where an important dif-
ference is that only one photon is emitted and that the quantum efficiency 
of the conversion process is lower than unity (Richards 2006a), although 
close to unity is preferred to minimize losses. Downshifting is also termed 
photoluminescence (Strümpel et al. 2007). DC, UC, and DS layers only 
influence solar cell performance optically. As DC and DS both involve 
one incident photon per conversion, the intensity of converted or shifted 
emitted photons linearly scales with incident light intensity. UC involves 
two photons; therefore, the intensity of converted light scales quadrati-
cally with incident light intensity.

Solar
cell

Up converter

Down converter

FIgure 10.1
Schematic drawings of (left) a solar cell with downconverter layer on top and (right) a 
solar cell on top of an upconverter layer.
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10.2.2 downconversion

Downconversion was theoretically suggested first by Dexter in the 1950s 
(Dexter 1953, 1957), and shown experimentally twenty years later using 
the lanthanide ion praseodymium, Pr3+, in an yttrium fluoride, YF3, host 
(Piper et al. 1974; Sommerdijk et al. 1974). A VUV photon (185 nm) is 
absorbed in the host, and its energy is transferred into the 1S0 state of the 
Pr3+ ion, from where two photons (408 and 620 nm) are emitted at higher 
than unity quantum efficiency. Another frequently used ion is gadolinium, 
Gd3+ (Wegh et al. 1997), either single or co-doped (Wegh et al. 1999). These 
lanthanide ions are characterized by a rich and well-separated energy-
level structure in the so-called Dieke energy diagrams (Dieke 1968), and 
have been identified as perfect “photon managers” (Meijerink et al. 2006). 
The energy levels arise from the interactions between electrons in the 
inner 4f shell. Trivalent lanthanides have an electronic configuration of 
[Xe]4fn5s25p6. Inside the filled 5s and 5p shells, there is a partially filled 
4f shell where the number of electrons (n) can vary between 0 and 14. The 
number of possible arrangements for n electrons in 14 available f-orbitals 
is large (14 over n), which gives rise to a large number of different energy 
levels that are labeled by so-called term symbols. The energy-level dia-
grams for the different lanthanides are shown in Figure 10.3. Transitions 
between the energy levels give rise to sharp absorption and emission lines. 
Energy transfer between neighboring lanthanide ions is also possible and 
helps converting photons that are absorbed to photons of different energy. 
Based on their unique and rich energy-level structure, lanthanide ions 
are promising candidates to realize efficient downconversion, and recent 
research in this direction will be discussed below.

Downconversion in solar cells was theoretically shown to lead to a 
maximum conversion efficiency of 36.5% (Trupke et al. 2002a) for non-
concentrated sunlight when applied in a single-junction solar cell configu-
ration, such as shown in Figure 10.1. These detailed balance calculations 
(Shockley and Queisser 1961) were performed as a function of the band 

Downconversion UpconversionDownshifting

FIgure 10.2
Energy diagrams showing photon absorption and subsequent downconversion, down-
shifting, and upconversion.
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gap and refractive index of the solar cell material, for a 6,000K blackbody 
spectrum. The efficiency limit is reached for a band gap of 1.05 eV, and 
asymptotically approaches 39.63% for very high refractive indices larger 
than 10. For c-Si, with refractive index of 3.6, the limit efficiency is 36.5%. 
Analysis of the energy content of the incident standard air mass 1.5 global 
(AM1.5G) spectrum (ASTM 2003) and the potential gain DC can have 
shows that with a DC layer, an extra amount of 32% is incident on a silicon 
solar cell (Richards 2006a), which can be converted at high internal quan-
tum efficiency. Figure 10.4 illustrates the potential gains for DC and UC.

10.2.3 downshifting

Downshifting or photoluminescence is a property of many materials, and 
is similar to downconversion; however, only one photon is emitted and 
energy is lost due to nonradiative relaxation (see Figure 10.2). Therefore, 
the quantum efficiency is lower than unity. DS can be employed to over-
come poor blue response of solar cells (Hovel et al. 1979) due to, e.g., 
noneffective front surface passivation for silicon solar cells. Shifting the 
incident spectrum to wavelengths where the internal quantum efficiency 
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Potential gains for down- and upconversion for a silicon solar cell, depicted as fractions of 
the AM1.5G spectrum. A silicon cell effectively utilizes only 468 W/m2 (58% of the energy 
between 300 and 1,150 nm); the available extra fractions for DC and UC are 149 and 164 
W/m2, respectively. (Based on Richards, B. S., 2006a. “Enhancing the Performance of 
Silicon Solar Cells via the Application of Passive Luminescence Conversion Layers,” Solar 
Energy Materials and Solar Cells 90:2329–37. With permission.)
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of the solar cell is higher than in the blue can effectively enhance the over-
all conversion efficiency by ~10% (Van Sark et al. 2005). Improvement of 
front passivation may make downshifters obsolete, or at least less benefi-
cial. Downshifting layers can also be used to circumvent absorption of 
high-energy photons in heterojunction window layers, e.g., CdS on CdTe 
cells (Hong and Kawano 2003).

Downshifting was suggested in the 1970s to be used in so-called lumi-
nescent solar concentrators (LSCs) that were attached on to a solar cell 
(Garwin 1960; Goetzberger and Greubel 1977; Rapp and Boling 1978; 
Weber and Lambe 1976). In these concentrators (Figure 10.5), organic 
dye molecules absorb incident light and reemit this at a red-shifted wave-
length. Internal reflection ensures collection of all the reemitted light in 
the underlying solar cells. As the spectral sensitivity of silicon is higher in 
the red than in the blue, an increase in solar cell efficiency was expected. 
Also, it was suggested to use a number of different organic dye molecules 
of which the reemitted light was matched for optimal conversion by dif-
ferent solar cells. This is similar to using a stack of multiple solar cells, 
each sensitive to a different part of the solar spectrum. The expected high 
efficiency of ~30% (Smestad et al. 1990; Yablonovitch 1980) in practice 
was not reached as a result of not being able to meet the stringent require-
ments to the organic dye molecules, such as high quantum efficiency and 
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FIgure 10.5
Schematic 3D view of a luminescent concentrator. AM1.5 light is incident from the top. 
The light is absorbed by a luminescent particle. The luminescence from the particle is ran-
domly emitted. Part of the emission falls within the escape cone (determined by the angle, 
θc) and is lost from the luminescent concentrator at the surfaces (1). The other part (2) of the 
luminescence is guided to the solar cell by total internal reflection. (From Van Sark, W. G. 
J. H. M., K. W. J. Barnham, L. H. Slooff, et al., 2008. “Luminescent Solar Concentrators—A 
Review of Recent Results,” Optics Express 16:21773–92. With permission.)
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stability, and the transparency of collector materials in which the dye mol-
ecules were dispersed (Garwin 1960; Goetzberger and Greubel 1977; Rapp 
and Boling 1978; Weber and Lambe 1976).

Nowadays, new organic dyes can have extremely high luminescence 
quantum efficiency (LQE) (near unity) and are available in a wide range 
of colors at better reabsorption properties that may provide necessary UV 
stability. Quantum dots (QDs) have been proposed for use in luminescent 
concentrators to replace organic dye molecules: the quantum dot concen-
trator (Barnham et al. 2000, 2009; Chatten et al. 2003a, 2003b; Gallagher 
et al. 2007). Quantum dots are nanometer-sized semiconductor crystals 
of which the emission wavelength can be tuned by their size, as a result 
of quantum confinement (Alivisatos 1996; Gaponenko 1998). Recently, 
both QDs and new organic dyes have been evaluated for use in LSCs (Van 
Sark et al. 2008a). QDs have advantages over dyes in that (1) their absorp-
tion spectra are far broader, extending into the UV; (2) their absorption 
properties may be tuned simply by the choice of nanocrystal size; and (3) 
they are inherently more stable than organic dyes (Bruchez et al. 1998). 
Moreover, there is a further advantage in that the red shift between absorp-
tion and luminescence is quantitatively related to the spread of QD sizes, 
which may be determined during the growth process, providing an addi-
tional strategy for minimizing losses due to reabsorption (Barnham et al. 
2000). However, as yet QDs can only provide reasonable LQE: a LQE > 0.8 
has been reported for core-shell QDs (Peng et al. 1997). Performance in 
LSCs has been modeled using thermodynamic as well as ray-trace models 
(Burgers et al. 2005; Chatten et al. 2003b, 2004a, 2004b, 2005; Gallagher 
et al. 2004; Kennedy et al. 2008), and results are similar and also com-
pare well with experimental values (Kennedy et al. 2008; Van Sark et al. 
2008a). Calculated efficiencies vary between 2.4% for an LSC with mc-Si 
cell at certain mirror specifications and 9.1% for an LSC with InGaP cell 
for improved specifications.

Alternatives for dye molecules used in LSCs are luminescent ions. 
Traditionally, efficient luminescent materials rely on the efficient lumines-
cence of transition metal ions and lanthanide ions. In the case of transi-
tion metal ions intraconfigurational 3dn transitions are responsible for the 
luminescence, while in the case of lanthanide ions both intraconfigura-
tional 4fn-4fn transitions and interconfigurational 4fn-4fn–15d transitions 
are capable of efficient emission. In most applications efficient emission in 
the visible is required and emission from lanthanide ions and transition 
metal ions is responsible for almost all the light from artificial light sources 
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(e.g., fluorescent tubes, displays [flat and cathode ray tube] and white 
light-emitting diodes [LEDs]) (Blasse and Grabmaier 1995). For LSCs to 
be used in combination with c-Si solar cells, efficient emission in the NIR 
is needed. The optimum wavelength is between 700 and 1,000 nm, which 
is close to the band gap of c-Si and in the spectral region where c-Si solar 
cells have their optimum conversion efficiency. Two types of schemes can 
be utilized to achieve efficient conversion of visible light into narrow band 
NIR emission. A single ion can be used if the ion shows a strong broad 
band absorption in the visible spectral range followed by relaxation to the 
lowest excited state from which efficient narrow band or line emission in 
the NIR occurs (see Figure 10.6, top left). Alternatively, a combination of 
two ions can be used where one ion (the sensitizer) absorbs the light and 
subsequently transfers the energy to a second ion (the activator), which 
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Schematic representation of energy-level diagrams for spectral conversion of the full solar 
spectrum into red/infrared radiation in an LSC involving a single activator (left-hand 
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absorption and emission spectra are shown corresponding to the two processes. (Artwork 
courtesy of L. Aarts, Utrecht University.)
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emits efficiently in the NIR as shown in Figure 10.6 (top right). Both con-
cepts have been investigated for LSCs by incorporating luminescent lan-
thanides and transition metal ions in glass matrices. The stability of these 
systems is not a problem, in contrast to LSCs based on dye molecules; 
however, the quantum efficiency of luminescent ions in glasses appeared 
to be much lower than in crystalline compounds, especially in the infra-
red, thus hampering use for LSCs.

10.2.4 upconversion

Like DC, upconversion was suggested in the 1950s, by Bloembergen 
(1959), and was related to the development of IR detectors: IR photons 
would be detected through sequential absorption, as would be possible 
by the arrangement of energy levels of a solid. However, as Auzel (2004) 
has pointed out, the essential role of energy transfer was only recognized 
nearly twenty years later. Several types of upconversion mechanisms 
exist (Auzel 2004), of which the APTE (addition de photon par transferts 
d’energie) or, in English, ETU (energy transfer upconversion) mechanism 
is the most efficient; it involves energy transfer from an excited ion, named 
sensitizer, to a neighboring ion, named activator (see Figure 10.7). Others 
are two-step absorption, being a ground-state absorption (GSA) followed 
by an excited-state absorption (ESA), and second harmonics generation 
(SHG). The latter mechanism would require extremely high intensities, of 
about 1010 times the sun’s intensity on a sunny day, to take place (Strümpel 
et al. 2007). This may explain why research in this field with a focus on 
enhancing solar cell efficiency was started only recently (Shalav et al. 2007; 
Strümpel et al. 2007).

Upconverters usually combine an active ion, of which the energy-level 
scheme is employed for absorption, and a host material, in which the 
active ion is embedded. The most efficient upconversion has been reported 
for the lanthanide ion couples (Yb, Er) and (Yb, Tm); the corresponding 
upconversion schemes are shown in Figure 10.8. The first demonstration 
of such an UC layer on the back of solar cells comprised an ultra-thin (3 
μm) GaAs cell (band gap 1.43 eV) that was placed on a 100-μm thick vitro-
ceramic containing Yb3+ and Er3+ (Gibart et al. 1996): it showed 2.5% effi-
ciency upon excitation of 256 kW/m2 monochromatic sub-band-gap (1.391 
eV) laser light (1 W on 0.039 cm2 cell area), as well as a clear quadratic 
dependence on incident light intensity. Successful application for silicon 
solar cells has been reported as well: 2.5% efficiency was determined at 
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1,523-nm monochromatic laser light for a cell attached to a 1.5-mm-thick 
layer of sodium yttrium fluoride (NaYF4) containing 20% Er3+ mixed with 
a transparent acrylic medium (Shalav et al. 2005).

Upconversion in solar cells was calculated to potentially lead to a maxi-
mum conversion efficiency of 47.6% (Trupke et al. 2002b) for nonconcen-
trated sunlight using a 6,000K blackbody spectrum in detailed balance 
calculations. This optimum is reached for a solar cell material of ~2 eV band 
gap. Applied on the back of silicon solar cells, as in Figure 10.1, the effi-
ciency limit would be about 37% (Trupke et al. 2002b). The analysis of the 
energy content of the incident AM1.5G spectrum presented in Figure 10.3 
revealed that cells with an UC layer would benefit from an extra amount of 
35% light incident in the silicon solar cell (Richards 2006a).
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FIgure 10.7
Schematic representation of two upconversion processes and the characteristic time 
response of the upconverted emission after a short excitation pulse. (a, b) Ground-state 
absorption (GSA) followed by excited-state absorption (ESA). This is a single-ion process 
and takes place during the excitation pulse. (c, d) Upconversion is achieved by GSA fol-
lowed by energy transfer between ions, and the delayed response is characteristic of the 
energy transfer upconversion (ETU). (Reproduced from Suyver, J. F., A. Aebischer, D. 
Biner, et al., 2005a. “Novel Materials Doped with Trivalent Lanthanides and Transition 
Metal Ions Showing Near-Infrared to Visible Photon Upconversion,” Optical Materials 
27:1111–30. With permission.)
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10.3 state oF the art

In this section we will describe a selection of recent developments 
regarding theoretical and experimental work on down- and upconver-
sion and downshifting.

10.3.1 Modeling

An extension to the models described above was presented in a study by 
Trupke et al. (2006), in which realistic spectra were used to calculate lim-
iting efficiency values for upconversion systems. Using an AM1.5G spec-
trum leads to a somewhat higher efficiency of 50.69% for a cell with a 
band gap of 2.0 eV. For silicon, the limiting efficiency would be 40.2%, or 
nearly 10% larger than the value of 37% obtained for the 6,000K blackbody 
spectrum (Trupke et al. 2002b). This increase was explained by the fact 
that absorption in the earth’s atmosphere at energies lower than 1.5 eV 
(as evident in the AM1.5G spectrum) leads to a decrease in light intensity. 
Badescu and Badescu (2009) have presented an improved model, which 
according to them now appropriately takes into account the refractive 
index of solar cell and converter materials. Two configurations are stud-
ied: cell and rear converter (C-RC), the usual upconverter application, and 
front converter and cell (FC-C). They confirm the earlier results of Trupke 
et al. (2002b) in that the limiting efficiency is larger than that of a cell 
alone, with higher efficiencies at high concentration. Also, the FC-C com-
bination, i.e., upconverter layer on top of the cell, does not improve the 
efficiency, which is obvious. Further, by studying the variation of refrac-
tive indexes of cell and converter separately, as opposed to Trupke et al. 
(2002b), it was found that the limiting efficiency increases with refractive 
index of both cell and upconverter. In practice, a converter layer may have 
a lower refractive index (1.5, for a transparent polymer, viz. polymethyl-
methacrylate [PMMA] [Richards and Shalav 2005]) than that of a cell (3.4). 
Using a material with similar refractive index as the cell would improve 
the efficiency by about 10%.

In a series of papers the groups of Badescu, De Vos, and co-workers 
(Badescu and De Vos 2007; Badescu et al. 2007; De Vos et al. 2009) have 
reexamined the model for downconversion as proposed by Trupke et 
al. (2002a) and have added the effects of nonradiative recombination 
and radiation transfer through interfaces. Analogous to the model for 

© 2010 by Taylor and Francis Group, LLC



364  •  W. G. J. H. M. van Sark, A. Meijerink, and R. E. I. Schropp

upconverters, they studied FC-C and C-RC configurations, with down-
conversion or -shifting properties. First, neglecting nonradiative recom-
bination, Badescu et al. (2007) qualitatively confirm the results presented 
by Trupke et al. (2002a). For both configurations, the efficiency of the 
combined system is larger than that of a single monofacial cell, albeit 
that the efficiency is smaller (~26%) due to inclusion of front reflections. 
Second, including radiative recombination for both converter and cell 
only increases the efficiency for high (near-unity) radiative recombi-
nation efficiency values. Interestingly, they report in this case that the 
C-RC combination cell–rear converter yields a higher efficiency than 
the FC-C combination for high-quality solar cells, while for low-qual-
ity solar cells, this is reversed. More realistic device values and allow-
ing for different refractive indices in cell and converter was studied in 
Badescu and De Vos (2007), leading to the conclusion that in reality 
downconverters may not always be beneficial. However, extending the 
model once more, with the inclusion of antireflection coating and light 
trapping texture, showed a limiting efficiency of 39.9%, as reported by 
De Vos et al. (2009).

Del Cañizo et al. (2008) presented a Monte Carlo ray-tracing model, 
in which photon transport phenomena in the converter/solar cell system 
are coupled to nonlinear rate equations that describe luminescence. The 
model was used to select candidate materials for up- and downconversion, 
but was set up for use with rare earth ions. Results show that for both con-
verters, the potential gain in short-circuit current is small, and may reach 
6 to 7 mA/cm2 at intensities as high as 1,000 suns, in correspondence with 
earlier work by Shalav et al. (2007).

Modeling downshifting layers on solar cells was also extended for non-
AM1.5G spectra, including varying air mass between 1 and 10, and dif-
fuse and direct spectra (Van Sark 2005). Here, the PC1D model (Basore 
and Clugston 1996) was used to model quantum dots dispersed in a 
PMMA layer on top of a multicrystalline silicon cell (mc-Si) as a function 
of the concentration of quantum dots. Figure 10.9 shows the enhancement 
of short-circuit current as a function of air mass for the global, direct, 
and diffuse AM1-10 spectra, at an optimum quantum dot concentration 
of 100 μM. Spectra were modeled using SPCTRAL2 (Bird and Riordan 
1986). Annual performance has been modeled by using modeled spectra 
from the model SEDES2 (Houshyani Hassanzadeh et al. 2007; Nann and 
Riordan 1991); these spectra can be considered realistic, as actual irradia-
tion data are used as input. It was found that the simulated short-current 

© 2010 by Taylor and Francis Group, LLC



Nanoparticles for Solar Spectrum Conversion  •  365

enhancement, which varies between about 7 and 23%, is linearly related 
with the average photon energy (APE) of the spectra from considering 
hourly spectra of four typical and other randomly selected days through-
out the year, and of monthly spectra. The annual short-circuit increase 
was determined at 12.8% using the annual distribution of APE values 
and their linear relation (Van Sark 2007), which is to be compared with 
the 10% increase in case of the AM1.5G spectrum. For mc-Si cells with 
improved surface passivation and a concomitant improved blue response, 
the relative short-current increase has been calculated to be lower (Van 
Sark 2006).

Modeling large area LSCs has indicated the importance of top-surface 
losses that occur through the escape cone (Chatten et al. 2007) both through 
primary emission and through emission of luminescence that has been 
reabsorbed and might otherwise have been trapped via total internal reflec-
tion or by mirrors. As an example, for an idealized (perfectly transparent 
host, LQE = 1), mirrored (perfect mirrors on one short and two long edges, 
and the bottom surface), 40 × 5 × 0.5 cm LSC doped with CdSe/ZnS core-
shell QDs with emission matched to a GaInP cell (Figure 10.10a), 24% of 
the AM1.5G spectrum is absorbed. The LSC absorption, incident AM1.5G 
spectrum, and the average concentrated flux escaping the bare right-hand 
edge of the idealized LSC are depicted in Figure 10.10b. This idealized 
LSC absorbs 24% of the incident photons in the AM1.5G spectrum. The 
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(a) Quantum efficiency (spectral response) of the GaInP cell used in modeling the ideal-
ized LSC together with the modeled luminescence escaping the right-hand surface (RHS) 
of the LSC that would be coupled into the cell. (b) Absorption of the LSC material used in 
the calculations for the idealized system together with the flux incident on the top surface 
and the predicted concentrated average luminescent flux escaping the right-hand surface 
of the idealized LSC. (From Van Sark, W. G. J. H. M., K. W. J. Barnham, L. H. Slooff, et al., 
2008a. “Luminescent Solar Concentrators—A Review of Recent Results,” Optics Express 
16:21773–92. With permission.)
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photon concentration ratio, C, which is the ratio of the concentrated flux 
escaping the right-hand surface of the LSC to the flux incident on the top 
surface, is 4.18. However, since the concentrated flux escaping the right-
hand surface is a narrow band matched to the spectral response of the cell, 
it can all be converted and the idealized LSC would produce eight times 
the current compared to the cell alone exposed to AM1.5G. However, 78% 
of the luminescence is lost through the large top-surface area, and only 
22% may be collected at the right-hand surface. This leads to the use of 
wavelength-selective cholesteric liquid crystal coatings applied to the top 
surface in order to reduce the losses (Debije et al. 2006), as these coatings 
are transparent to incoming light but reflect the emitted light.

Ray tracing for LSCs uses basic ray-tracing principles, which means 
that a ray, which represents light of a certain wavelength traveling in a 
certain direction, is traced until it leaves the system, e.g., by absorption 
or reflection at the interface (Burgers et al. 2005; Gallagher et al. 2004). 
The main extension to the standard ray-tracing model is the handling of 
the absorption and emission by the luminescent species in the LSC. Ray 
tracing has been used to perform parameter studies for a 5 × 5 cm2 pla-
nar LSC to find attainable LSC efficiencies. The concentrator consists of 
a PMMA plate (refractive index n = 1.49, absorption 1.5 m–1) doped with 
two luminescent dyes, CRS040 from Bayer and Lumogen F Red 305 from 
BASF, with a FQE of 95% (Slooff et al. 2006). With the ray-tracing model 
the efficiency of this plate together with a mc-Si solar cell was determined 
to be 2.45%. Results for attaining efficiencies for other configurations are 
shown in Table 10.1 (Van Sark et al. 2008a). Replacing the mc-Si cell by a 
GaAs cell or an InGaP cell will increase the efficiency from 3.8 to 6.5 and 

taBle 10.1

Calculated Efficiencies (in Percent) for an LSC for Various Optimized 
Configurations and Parameters

mc-Si GaAs InGaP Parameters

2.4 4.2 5.9 Fixed mirrors, 85% reflectivity, dyes with 95% LQE
2.9 5.1 7.1 97% reflectivity “air-gap mirrors” on sides, and 97% 

reflectivity Lambertian mirror at bottom
3.4 5.9 8.3 Reduce background absorption of polymer matrix 

from 1.5 to 10–3 m–1

3.8 6.5 9.1 Increase of refractive index from 1.49 to 1.7

Source: Van Sark, W. G. J. H. M., K. W. J. Barnham, L. H. Slooff, et al., “Luminescent 
Solar Concentrators—A Review of Recent Results,” 2008a. Optics Express 
16:21773–92. With permission.
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9.1%, respectively (based on Voc [FF] values of 0.58 [0.83], 1.00 [0.83], and 
1.38 [0.84] V, for mc-Si, GaAs, and InGaP, respectively). Thus, the use of 
GaAs or InGaP cells will result in higher efficiencies, but these cells are 
more expensive. A cost calculation must be performed to determine if the 
combination of the luminescent concentrator with this type of cells is an 
interesting alternative to mc-Si-based solar technology.

Currie et al. (2008) projected conversion efficiencies as high as 6.8%, 
for a tandem LSC based on two single LSCs that consist of a thin layer of 
organic dye molecules deposited onto a glass plate to which a GaAs cell 
was attached. Using CdTe or Cu(In,Ga)Se2, solar cell conversion efficien-
cies of 11.9 and 14.5%, respectively, were calculated.

Annual performance has been modeled using an LSC of which the 
properties and geometry resulted from a cost-per-unit-of-power opti-
mization study by Bende et al. (2008). A square plate of 23.7 × 23.7 × 
0.1 cm3 was used and in the ray-trace model attached to four c-Si solar 
cells (18.59% efficiency) on all sides. Using a Lumogen F Red 305 (BASF) 
dye, it was calculated that 46.5% of all photons in the wavelength range 
of 370 to 630 nm was collected, leading to an LSC efficiency of 4.24% 
(Van Sark et al. 2008b). The annual yield of this LSC was determined 
using realistic spectra representative for the Netherlands (Houshyani 
Hassanzadeh et al. 2007) and amounted to 41.3 kWh/m2, not taking into 
account temperature effects; this is equivalent to an effective annual effi-
ciency of 3.81%.

10.3.2 experimental

10.3.2.1 Downconversion

The most promising systems for downconversion rely on lanthanide ions. 
The unique and rich energy-level structures of these ions allow for efficient 
spectral conversion, including up- and downconversion processes medi-
ated by resonant energy transfer between neighboring lanthanide ions 
(Auzel 2004; Wegh et al. 1999). Considering the energy levels of all lan-
thanides, as shown in the Dieke energy-level diagram (Dieke 1968; Peijzel 
et al. 2005; Wegh et al. 2000), it is immediately evident that the energy-
level structure of Yb3+ is ideally suited to be used in downconversion for 
use in c-Si solar cells. The Yb3+ ion has a single excited state (denoted by 
the term symbol 2F5/2) some 10,000 cm–1 above the 2F7/2 ground state, cor-
responding to emission around 1,000 nm. The absence of other energy 
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levels allows Yb3+ to exclusively “pick up” energy packages of 10,000 cm–1 
from other lanthanide ions and emitting ~1,000 nm photons that can be 
absorbed by c-Si. Efficient downconversion using Yb3+ as acceptor requires 
donor ions with an energy level around 20,000 cm–1 and an intermediate 
level around 10,000 cm–1. From inspection of the Dieke diagram one finds 
that potential couples are (Er3+, Yb3+), (Nd3+, Yb3+), and (Pr3+, Yb3+) for a 
resonant two-step energy transfer process. Also, cooperative sensitization 
is possible where energy transfer occurs from a high excited state of the 
donor to two neighboring acceptor ions without an intermediate level.

The first report on efficient downconversion for solar cells was based on 
cooperative energy transfer from Tb3+ to two Yb3+ ions in YbxY1–xPO4:Tb3+ 
(Vergeer et al. 2005), as shown schematically in Figure 10.11. The 5D4 state 
of Tb3+ is around 480 nm (21,000 cm–1), and from this state cooperative 
energy transfer to two Yb3+ neighbors occurs, both capable of emitting a 
980-nm photon.

The same efficient downconversion process was observed in other host 
lattices: Zhang et al. (2007) observed cooperative quantum cutting in 
(Yb,Gd)Al3(BO3)4:Tb3+, and quantum efficiencies up to 196% were reported. 
Cooperative downconversion for other couples of lanthanides was also 
claimed. For the couple (Pr, Yb) and (Tm, Yb) co-doped into boroger-
manate glasses, a decrease of the emission from higher energy levels of Pr 
and Tm was observed (Liu et al. 2008). In case of Pr3+ the starting level for 

5D4

2F5/2

2F7/2

Yb3+ Tb3+ Yb3+

2F5/2

2F7/2
7FJ

FIgure 10.11
Cooperative energy transfer from Tb to two Yb ions. From the 5D4 state of one Tb ion, 
two neighboring Yb ions are excited to the 2F5/2 state from where emission of 980 nm 
photons can occur. (From Meijerink, A., R. Wegh, P. Vergeer, and T. Vlugt, “Photon 
Management with Lanthanides,” Optical Materials 28 [2006]: 575–81, and Vergeer, P., T. 
J. H. Vlugt, M. H. F. Kox, et al., 2005. “Quantum Cutting by Cooperative Energy Transfer 
in YbxY1−xPO4:Tb3+,” Physical Review B 71:014119-1–11. With permission.)
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the cooperative downconversion is the 3P0 level, while for Tm3+ the 1G4 is 
at twice the energy of the 2F5/2 level of Yb3+ (see also the Dieke diagram, 
Figure 10.3). The efficiency of the downconversion process was estimated 
from the decrease of the lifetime of the donor state. For the Tm3+ emission 
a decrease from 73 μs (for the sample doped with Tm only) to 45 μs (for a 
sample co-doped with 20% of Yb) was observed, giving a transfer efficiency 
of 38%. For the same glass co-doped with Pr and Yb a 65% decrease of the 
lifetime was observed, implying a 165% quantum yield. Similar results were 
found for the (Pr, Yb) couple in aluminosilicate glasses (Lakshminarayana 
et al. 2008). More recent work on the (Pr, Yb) couple confirmed the pres-
ence of downconversion, but the mechanism involved was pointed out to 
be a resonant two-step energy transfer rather than a cooperative energy 
transfer (Van der Ende et al. 2009). For the (Pr, Yb) couple an intermediate 
level (1G4) is available around 10,000 cm–1, which makes a two-step reso-
nant energy transfer process possible. This first-order process will have 
a much higher probability than the second-order (cooperative) transfer 
process. The results demonstrated efficient quantum cutting of one visible 
photon into two NIR photons in SrF2:Pr3+, Yb3+. Comparison of absorption 
and excitation spectra provided direct evidence that the downconversion 
efficiency is close to 200%, in agreement with a two-step energy transfer 
process that can be expected based on the energy-level diagrams of Pr3+ 
and Yb3+. This first-order energy transfer process is effective at relatively 
low Yb3+ concentrations (5%), where concentration quenching of the Yb3+ 
emission is limited. Comparison of emission spectra, corrected for the 
instrumental response, for SrF2:Pr3+ (0.1%) and SrF2:Pr3+ (0.1%), Yb3+ (5%) 
revealed an actual conversion efficiency of 140%.

Downconversion of two near-infrared photons per absorbed blue pho-
ton was reported by Chen et al. (2008a) in transparent glass ceramics with 
embedded Pr3+/Yb3+:β-YF3 nanocrystals. The Pr3+ ions are excited with a 
visible photon (482 nm), and subsequently two near-infrared photons (976 
nm) are emitted by the Yb3+ ions through an efficient cooperative energy 
transfer from Pr3+ to Yb3+, with quantum efficiency close to 200%.

Quantum cutting downconversion was shown in borate glasses using 
co-doping of Ce3+ and Yb3+ (Chen et al. 2008b). A UV photon (330 nm) 
excites a Ce3+ ion, and cooperative energy transfer between the Ce3+ and 
Yb3+ ion leads to the emission of two NIR photons (976 nm), at 174% quan-
tum efficiency, owing to the 74% efficiency energy transfer.

Timmerman et al. (2008) demonstrated so-called space-separated quan-
tum cutting within SiO2 matrices containing both silicon nanocrystals and 
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Er3+. Energy transfer from photoexited silicon nanocrystals to Er3+ had 
been observed earlier (Fujii et al. 1997), but Timmerman et al. (2008) show 
that upon absorption of a photon by a silicon nanocrystal, a fraction of the 
photon energy is transferred, generating an excited state within either an 
erbium ion or another silicon nanocrystal. As also the original silicon NC 
relaxes from a highly excited state toward the lowest-energy excited state, 
the net result is two electron-hole pairs for each photon absorbed.

10.3.2.2 Downshifting

Chung et al. (2007) reported downshifting phosphor coatings consisting of 
Y2O3:Eu3+ or Y2O2S:Eu3+ dispersed in either polyvinyl alcohol or polymeth-
ylmethacrylate on top of mc-Si solar cells: an increase in conversion effi-
ciency was found of a factor of 14 under UV illumination by converting the 
UV radiation (for which the response of c-Si is low) to 600-nm emission 
from the Eu3+ ion. The solar cells used were encapsulated in an epoxy that 
absorbs photons with energy higher than ~3 eV. This protective coating can 
remain in place and downconverters or -shifters can easily be added.

Svrcek et al. (2004) demonstrated that silicon nanocrystals incorporated 
into spin-on-glass (SOG) on top of c-Si solar cells are successful as down-
shifters, leading to a potential efficiency enhancement of 1.2%, while they 
experimentally showed an enhancement of 0.4% (using nanocrystals of 7 
nm diameter with a broad emission centered around 700 nm). McIntosh 
et al. (2009) recently presented results on encapsulated c-Si solar cells, of 
which the PMMA encapsulant contained downshifting molecules, i.e., 
Lumogen dyes. These results indicate a ~1% relative increase in the mod-
ule efficiency, based on a 40% increase in external quantum efficiency 
for wavelengths of <400 nm. Mutlugun et al. (2008) claimed a twofold 
increase in efficiency applying a so-called nanocrystal scintillator on top of 
a c-Si solar cell; it comprises a PMMA layer in which CdSe/ZnS core-shell 
quantum dots (emission wavelength 548 nm) are embedded. However, the 
quality of their bare c-Si cells was very poor.

Stupca et al. (2007) demonstrated the integration of ultra-thin films (2 to 
10 nm) of monodisperse luminescent Si nanoparticles on polycrystalline 
Si solar cells. One-nanometer-sized blue emitting and 2.85 nm red emit-
ting particles enhanced the conversion efficiency by 60% in the UV, and 3 
to 10% in the visible for the red and blue emitting particles, respectively. 
These numbers are similar to what has been predicted (Van Sark et al. 
2005). Van Sark et al. (2004) failed to observe their predicted 10% increase 
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of conversion efficiency in their experiments using drop-casted PMMA in 
which CdSe/ZnS core-shell quantum dots (emission wavelength 603 nm) 
are embedded on top of mc-Si cells. This was explained by the fact that 
most of the shifted light did not enter the solar cell, but escaped from the 
sides and top, and proper use of mirrors could have prevented that.

An 8% relative increase in conversion efficiency was reported (Maruyama 
and Kitamura 2001) for a CdS/CdTe solar cell, where the coating in which 
the fluorescent coloring agent was introduced increased the sensitivity in 
the blue; a maximum increase in efficiency was calculated to be 30 to 40%. 
Others showed results that indicate a 6% relative increase in conversion 
efficiency (Maruyama and Bandai 1999) upon coating a mc-Si solar cell. 
The employed luminescent species has an absorption band around 400 
nm and a broad emission between 450 and 550 nm. As QDs have a much 
broader absorption, it is expected that potentially the deployment of QDs 
in planar converters could lead to relative efficiency increases of 20 to 30%. 
Downshifting employing QDs in a polymer composite has been demon-
strated in a light-emitting diode (LED), where a GaN LED was used as an 
excitation source (λm) for QDs emitting at 590 nm (Lee et al. 2000). Besides 
QDs, other materials have been suggested, such as rare earth ions (Wegh 
et al. 1999) and dendrimers (Serin et al. 2002). A maximum increase of 
22.8% was calculated for a thin-film coating of KMgF3 doped with Sm on 
top of a CdS/CdTe solar cell, while experimental results show an increase 
of 5% (Hong and Kawano 2003).

Recent efforts to surpass the historical 4% efficiency limit of LSCs 
(Goetzberger 2008; Wittwer et al. 1984; Zastrow 1994), albeit for smaller 
area size, have been successful. For example, Goldschmidt et al. (2009) 
showed that for a stack of two plates with different dyes, to which four 
GaInP solar cells were placed at the sides, the conversion efficiency is 6.7%; 
the plate was small (4 cm2), and the concentration ratio was only 0.8. It 
was argued that the conversion efficiency was limited by the spectral range 
of the organic dyes used, and that if the same quantum efficiency as was 
reached for the 450- to 600-nm range could be realized for the range 650 
to 1,050 nm, an efficiency of 13.5% could be within reach. They also dis-
cuss the benefits of a photonic structure on top of the plate, to reduce the 
escape cone loss (Goldschmidt et al. 2009). The proposed structure is a 
so-called rugate filter; this is characterized by a varying refractive index in 
contrast to standard Bragg reflectors, which suppresses the side loops that 
could lead to unwanted reflections. The use of these filters would increase 
the efficiency by ~20%, as was determined for an LSC consisting of one 

© 2010 by Taylor and Francis Group, LLC



Nanoparticles for Solar Spectrum Conversion  •  373

plate and dye. Slooff et al. (2008) presented results on 50 × 50 × 5 mm3 
PMMA plates in which both CRS040 and Red305 dyes were dispersed at 
0.003 and 0.01 wt%, respectively. The plates were attached to either mc-Si, 
GaAs, or InGaP cells, and a diffuse reflector (97% refection) was used at 
the rear side of the plate. The highest efficiency measured was 7.1% for four 
GaAs cells connected in parallel (7% if connected in series).

As stated above, quantum dots are potential candidates to replace 
organic dye molecules in an LSC, for their higher brightness, better sta-
bility, and wider absorption spectrum (Barnham et al. 2000; Chatten et 
al. 2003a, 2003b; Gallagher et al. 2007). In fact, the properties and avail-
ability of QDs started renewed interest in LSCs around 2000 (Barnham 
et al. 2000), with the main focus on modeling, while more recently some 
experimental results have been presented. Schüler et al. (2007) proposed 
to make LSCs by coating transparent glass substrates with QD-containing 
composite films, using a potentially cheap sol-gel method. They reported 
on the successful fabrication of thin silicon oxide films that contain CdS 
QDs using a sol-gel dip-coating process, whereby the 1- to 2-nm sized CdS 
QDs are formed during thermal treatment after dip coating. Depending 
on the anneal temperature, the colors of the LSC ranged from green for 
250°C to yellow for 350°C and orange for 450°C.

Reda (2008) also prepared CdS QD concentrators, using sol-gel spin 
coating, followed by annealing. The annealing temperature was found 
to affect absorption and emission spectrum: luminescent intensity and 
Stokes’ shift both decreased for four weeks’ outdoor exposure to sunlight, 
which probably was caused by aggregation and oxidation. It is known that 
oxidation leads to blue shifts in emission (Van Sark et al. 2002). Blue shifts 
have also been observed by Gallagher et al. (2007), who dispersed CdSe 
QDs in several types of resins (urethane, PMMA, epoxy), for fabrication 
of LSC plates.

Quilitz et al. (2009b) have addressed several problems regarding incor-
poration of QDs in an organic polymer matrix, viz. phase separation, 
agglomeration of particles leading to turbid plates, and luminescence 
quenching due to exciton energy transfer (Koole et al. 2006). They have 
synthesized QDSCs using CdSe core-multishell QDs (Koole et al. 2008) 
(QE = 60%) that were dispersed in laurylmethacrylate (LMA) (see also Lee 
et al. 2000; Walker et al. 2003). UV polymerization was employed to yield 
transparent PLMA plates with QDs without any sign of agglomeration. To 
one side of this plate, a mc-Si solar cell was placed, and aluminum mirrors 
to all other sides. Compared to the bare cell (5 × 0.5 cm2) that generated a 
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current density of 40.28 mA/cm2 at 1,000 W AM1.5G spectrum, the best 
QDC made generated a current of 77.14 mA/cm2, nearly twice as much. 
The QDC efficiency is 3.5%. In addition, exposure to a 1,000 W sulfur lamp 
for 280 hours continuously showed very good stability: the current density 
decreased by 4% only, on average. However, reabsorption may still be a 
problem, as is demonstrated by a small red shift in the emission spectrum 
for long photon pathways; also, absorption by the matrix is occurring. 
Besides QDs, nanorods (NRs) have also been dispersed in PLMA, show-
ing excellent transmittance of 93%; for long rods (aspect ratio of 6) a QE 
of 70% is observed, which is only slightly smaller than the QE in solution, 
implying that these rods are stable throughout the polymerization process 
(Quilitz et al. 2009a). In addition, these NRs have also been dispersed in 
cellulosetriacetate (CTA), and a ~10-μm thin film on a glass substrate was 
made showing bright orange luminescence (Quilitz et al. 2009a).

Hyldahl et al. (2009) used commercially available CdSe/ZnS core-shell 
QDs with QE = 57% in LSCs, both liquid (QDs dissolved in toluene, 
between two 6.2 × 6.2 × 0.3 cm glass plates) and solid (QDs dispersed 
in epoxy), and they obtained efficiencies of 3.98 and 1.97%, respectively. 
They also used the organic dye Lumogen F Red300, and obtained an effi-
ciency of 2.6% in toluene. They conclude that QDSCs outperform LSCs 
with organic dyes.

10.3.2.3 Upconversion

Lanthanides have also been employed in upconverters attached to the 
back of bifacial silicon solar cells. Trivalent erbium is ideally suited for 
upconversion of NIR light due to its ladder of nearly equally spaced energy 
levels that are multiples of the 4I15/2 to 4I13/2 transition (1,540 nm) (see also 
Figure 10.3). Shalav et al. (2005) have demonstrated a 2.5% increase of 
external quantum efficiency due to upconversion using NaYF4:20% Er3+. 
By depicting luminescent emission intensity as a function of incident 
monochromatic (1,523 nm) excitation power in a double-log plot, they 
showed that at low light intensities a two-step upconversion process (4I15/2 
→ 4I13/2 → 4I11/2) dominates, while at higher intensities a three-step upcon-
version process (4I15/2 → 4I13/2 → 4I11/2 → 4S3/2 level) is involved.

Strümpel et al. (2007) have identified the materials of possible use in up- 
(and down-) conversion for solar cells. In addition to the NaYF4:(Er, Yb) 
phosphor, they suggest the use of BaCl2:(Er3+, Dy3+) (Strümpel et al. 2005), 
as chlorides were thought to be a better compromise between having a low 
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phonon energy and a high excitation spectrum than the NaYF4 (Gamelin 
and Güdel 2001; Ohwaki and Wang 1994; Shalav et al. 2007). These lower 
phonon energies lead to lower nonradiative losses. In addition, the emission 
spectrum of dysprosium is similar to that of erbium, but the content of Dy3+ 
should be <0.1%, to avoid quenching (Auzel 2004; Strümpel et al. 2007).

NaYF4 co-doped with (Er3+, Yb3+) is to date the most efficient upcon-
verter (Suyver et al. 2005a, 2005b), with ~50% of all absorbed NIR pho-
tons upconverted and emitted in the visible wavelength range. However, 
the (Yb, Er) couple is not considered beneficial for upconversion in c-Si 
cells, as silicon also absorbs in the 920 to 980 nm wavelength range. These 
phosphors can be useful for solar cells based on higher-band-gap mate-
rials such as the Grätzel cell (O’Regan and Grätzel 1991), a-Si(Ge):H, or 
CdTe. In that case, the 2F5/2 level of Yb3+ would serve as an intermediate 
step for upconversion (Shalav et al. 2007), and IR radiation between ~700 
and 1,000 nm that is not absorbed in these wider-band-gap solar cells can 
be converted into green (550 nm) light that can be absorbed.

A typical external collection efficiency (ECE) graph of a standard single-
junction p-i-n a-Si:H solar cell is shown in Figure 10.12. These cells are 
manufactured on textured SnO2:F-coated glass substrates and routinely 
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have >10% initial efficiency. Typically, the active Si layer in the cell has a 
thickness of 300 nm and the generated current is 14.0 to 14.5 mA/cm2, 
depending on the light-trapping properties of the textured metal oxide 
and the back reflector. After light-induced introduction of the stabilized 
defect density (Staebler-Wronski effect [Schropp and Zeman 1998]), the 
stabilized efficiency is 8.2 to 8.5%. From Figure 10.12 it can be seen that the 
maximum ECE is 0.8 at ~550 nm, and the cutoff occurs at 700 nm, with a 
response tailing toward 800 nm. The response is shown with and without 
the use of a buffer layer at the front of the cell. The buffer layer already 
causes an improvement at the short wavelengths, and a downconverter or 
-shifter may not be beneficial. The purpose of an upconverter should be to 
tune the energy of the emitted photons to the energy where the spectral 
response shows a maximum. If the energy of the emitted photons is too 
close to the absorption limit (the band gap edge), then the absorption coef-
ficient is too low and the upconverted light would not be fully used.

The photogenerated current could be increased by 40% if the spectral 
response was sustained at a high level up to the band gap cutoff at 700 nm, 
and by even more if light with wavelengths λ > 700 nm could be more fully 
absorbed. These two effects can be achieved with the upconversion layer, 
combined with a highly reflecting back contact. While the upconversion 
layer converts sub-band-gap photons to super-band-gap photons that can 
thus be absorbed, a nonconductive reflector is a much better alternative than 
any metallic mirror, thus sending back both the unabsorbed super-band-gap 
photons and the “fresh” super-band-gap photons into the cell. It is estimated 
that the stabilized efficiency of the 8.2 to 8.5% cell can be enhanced to ~12%.

When applying an upconverter, it is thus actually advantageous to use 
it with a cell that has a rather high band gap, such as protocrystalline Si 
(1.8 eV) (instead of amorphous Si [1.7 eV]) (Trupke et al. 2002b). Another 
important property of protocrystalline Si is that it is more stable under 
prolonged light exposure (performance stability is within 10% of the ini-
tial performance) and that the band gap is slightly higher (1.8 eV). Other 
frequently used materials in thin-film solar cells have a much lower band 
gap, such as CIGS (1.5 eV) or CdTe (1.4 eV).

For NaYF4 co-doped with (Er3+, Yb3+), absorption of 980 nm (by the 
Yb3+ ion) leads to efficient emission of 653 nm (red) and 520 to 540 
nm (green) light (by the Er3+) after a two-step energy transfer process. 
Figure 10.13 schematically shows at which wavelengths the processes take 
place, relative to the absorption regime (in blue) of the a-Si cell. The nar-
row absorption band around 980 nm for Yb3+ limits the spectral range 
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of the IR that can be used for upconversion. By using a third ion (for 
example, Ti3+) as a sensitizer, the full spectral range between 700 and 980 
nm can be efficiently absorbed and converted to red and green light by 
the Yb-Er couple. The resulting light emission in the green and red region 
is very well absorbed by the cell with very good quantum efficiency for 
electron-hole generation.

Upconversion systems consisting of lanthanide nanocrystals of YbPO4 
and LuPO4 have been demonstrated to be visible by the naked eye in 
transparent solutions, but at an efficiency lower than than for solid-state 
upconversion phosphors (Suyver et al. 2005a; Heer et al. 2003). Other 
host lattices (NaXF4, X = Y, Gd, La) have been used and co-doping with 
Yb3+ and Er3+, or Yb3+ and Tm3+ appeared successful, where Yb3+ acts as 
sensitizer. Nanocrystals of <30 nm in size, to prevent scattering in solu-
tion, have been prepared, and they can be easily dissolved in organic sol-
vents forming colloidal solutions, without agglomeration. Figure 10.14 
demonstrates visible upconversion in transparent 1 wt% colloidal solu-
tions in dimethylsulfoxide (DMSO) excited by moderate-intensity NIR 
laser light, thus illustrating the high luminescence efficiency. Further effi-
ciency increase is possible by growing a shell of undoped NaYF4 around 
the nanocrystal; in addition, surface modification is needed to allow dis-
solution in water, for use in biological labeling.
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FIgure 10.13
Part of the solar spectrum that is transmitted and can be converted by NaYF4 upconverter 
doped with Er and Yb as sensitizer around 980 nm. The blue part of the solar spectrum 
is the absorption region of a protocrystalline silicon single-junction solar cell. (Figure 
courtesy of J. de Wild, Utrecht University.)
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Porous silicon layers are investigated for use as upconverter layers as 
host for rare earth ions, because these ions can easily penetrate the host 
due to the large surface area and porosity. A simple and low-cost dipping 
method has been reported (Díaz-Herrera et al. 2009), in which a porous 
silicon layer is dipped into a nitrate solution of erbium and ytterbium in 
ethanol, (Er(NO3)3:Yb(NO3)3:C2H5OH), which is followed by a spin-on 
procedure and a thermal activation process at 900°C. Excitation of the 
sample at 980 nm revealed upconversion processes as visible and NIR 
photoluminescence is observed; co-doping of Yb with Er is essential, and 
doping only with Er shows substantial quenching effects (González-Díaz 
et al. 2008).

Sensitized triplet-triplet annihilation (TTA) using highly photostable 
metal-organic chromophores in conjunction with energetically appro-
priate aromatic hydrocarbons has been shown to be another alternative 
upconversion system (Singh-Rachford et al. 2008). This mechanism was 
shown to take place under ambient laboratory conditions, i.e., low light 
intensity conditions, clearly of importance for outdoor operation. These 
chromophores (porphyrins in this case) can be easily incorporated in a 
solid polymer so that the materials can be treated as thin-film materials 
(Islangulov et al. 2007).

(a) (b) (c) (d)

FIgure 10.14
Photographs of the upconversion luminescence in 1 wt% colloidal solutions of nanocrys-
tals in dimethylsulfoxide excited at 10,270 cm–1 (invisible) with a laser power density of 
5.9 kW/cm2. (a) Total upconversion luminescence of the NaYF4:20% Yb3+, 2% Er3+ sample. 
(b, c) The same luminescence through green and red color filters, respectively. (d) Total 
upconversion luminescence of the NaYF4: 20% Yb3+, 2% Tm3+ sample. (Courtesy of Prof. 
M. Haase.) (See color insert following page 206.)
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10.4 dIscussIon

Two issues remain to be solved before downconverters can be applied in 
solar cells: the absorption strength needs to be increased as the transitions 
involved for the trivalent lanthanides are sharp and weak (parity forbid-
den). A second issue is concentration quenching. High Yb concentrations 
are needed for efficient energy transfer, as every donor (Tb, Pr, or Tm) 
needs to have two Yb neighbors for energy transfer. For these high con-
centrations, energy migration over the Yb sublattice occurs and trapping 
of the migrating excitation energy by quenching sites strongly reduces the 
emission output.

At present, research is conducted to resolve these issues. The limited 
absorption can be solved by the inclusion of a sensitizer for the 3P0 level 
of Pr3+, which is able to absorb efficiently over a broad wavelength range 
(300 to 500 nm) and subsequent energy transfer to the 3P0 level of Pr3+ (see 
Figure 10.15). In principle, such sensitization can be realized in an efficient 
and cost-effective manner by the inclusion of a sensitizer ion. The 4f-5d 
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FIgure 10.15
Energy levels and quantum cutting mechanism for the Pr3+-Yb3+ couple. Two-step energy 
transfer occurs upon excitation into the 3PJ (J = 0, 1, 2) and 1I6 levels of Pr3+. A single vis-
ible photon absorbed by these levels is thereby converted into two ~1,000 nm photons. 
Solid arrows are optical transitions, dotted arrows represent nonradiative energy transfer 
processes, while curved arrows symbolize nonradiative relaxation.
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luminescence of Ce3+, for example, is often used to sensitize the Tb3+ lumi-
nescence in phosphors for fluorescent tubes. Concentration quenching 
may be limited by optimization of the synthesis conditions (less quench-
ing sites), while the synthesis of nanocrystals may also be beneficial. In 
nanocrystals the volume probed by energy migration is limited (due to 
the small size of the nanocrystal), and for defect-free nanocrystals high 
quantum yields can be expected, similar to the increase in quantum yield 
observed for quantum dots vs. bulk semiconductors.

For upconverters based on lanthanides also, absorption strengths need 
to be increased and quenching decreased. In addition, upconversion could 
be useful for solar cells with a band gap higher than that of crystalline 
silicon, and presently, research is directed toward optimum matching of 
NIR absorption and visible emission with the band gap of the solar cell to 
which the upconverter is attached.

Modeling studies on incorporation of conversion layers on top (down-
converter or downshifter) or at the bottom (upconverter) of single-junc-
tion solar cells have shown that the conversion efficiency may increase by 
about 10% (Glaeser and Rau 2007; Richards 2006b; Strümpel et al. 2007; 
Trupke et al. 2006; Van Sark 2005; Van Sark et al. 2005). This is still an 
experimental challenge. Also, stability of converter materials is a critical 
issue, as their lifetime should be >20 years to comply with present solar 
module practice.

Notwithstanding the impressive progress that is evident, the useful-
ness of down- and upconversion and downshifting depends on the inci-
dent spectrum and intensity. While solar cells are designed and tested 
according to the ASTM standard (ASTM 2003), specifying intensity of 
1,000 W/m2 and the AM1.5G global spectrum, and temperature of 25°C, 
these conditions are rarely met outdoors, where clear skies are inter-
changed with (partly) overcast skies, in addition to diurnal and seasonal 
variations. Spectral conditions for solar cells vary from AM0 (extrater-
restrial) via AM1 (equator, summer and winter solstice) to AM10 (sun-
rise, sunset). The weighted average photon energy (APE) (Minemoto et 
al. 2007) can be used to parameterize this; the APE (using the range 300 
to 1,400 nm) of AM1.5G is 1.674 eV, while the APEs of AM0 and AM10 
are 1.697 and 1.307 eV, respectively (see also Figure 10.16.) Further, over-
cast skies cause higher scattering leading to diffuse spectra, which are 
blue rich; e.g., the APE of the AM1.5 diffuse spectrum is calculated to be 
2.005 eV—indeed much larger than the APE of the AM1.5 direct spec-
trum of 1.610 eV.
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As DC and DS effectively red-shift spectra, the more blue an incident 
spectrum contains (high APE), the more gain that can be expected (Van 
Sark 2005, 2008). Application of DC layers will therefore be more beneficial 
for regions with high diffuse irradiation fraction, such as Northwestern 
Europe, where this fraction can easily be 50%. Here also LSCs are expected 
to be deployed successfully (Van Sark et al. 2008b). In contrast, solar cells 
with UC layers will be performing well in countries with high direct irra-
diation fractions, such as around the equator, or in early morning and 
evening due to the high air mass, but to a lesser extent due to the nonlinear 
response to intensity.

The variation of the incident spectra is of particular concern for series-
connected multiple-junction cells, such as triple a-Si:H (Krishnan et al., 
2009) and GaAs-based cells. Current-mismatch due to spectral differences 
with respect to the AM1.5G standard leads to lowering of the conversion 
efficiency, as the cell with the lowest current determines the total cur-
rent. It has been shown that the calculated limiting efficiency of a GaAs-
based triple cell is reduced to 32.6% at AM5, while its AM1.5G efficiency 
was 52.5% (Trupke et al. 2006). A single cell with an UC layer, having an 
AM1.5G efficiency of 50.7%, does not suffer that much from an increase 
in air mass: at AM5 the efficiency is lowered to 44.0% (Trupke et al. 2006). 
This so-called spectral robustness is due to the current-matching con-
straints, which are much more relaxed in the cell/UC layer case.
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10.5 suMMary

Spectrum modification by means of down- and upconversion and down-
shifting for application in solar cells has been reviewed. Nanoparticles, 
based on semiconductors or lanthanides, embedded in predominantly 
polymer layers on top or at the back of solar cells are an essential ingredi-
ent in attaining higher conversion efficiencies.

Progress in material synthesis has been fast in the past years, as impli-
cations for solar cell efficiency improvement became clearer, not only to 
the R&D community that traditionally focused on lighting applications. 
It is imperative for our future on earth that renewable energy is used, in 
particular solar energy due to its vast resource. Increasing the conversion 
efficiency, while keeping manufacture cost as low as possible, thus is the 
main R&D target in solar photovoltaic energy for the coming decades. 
Nanotechnology will play a key role in this.

10.6 Future PersPectIve

Successfully optimizing absorption strength and quenching in lanthanide-
based downconverters will bring the theoretical limits within reach. This 
also holds for upconversion, where, in addition, TTA and mixed transi-
tion metal-lanthanide systems (Suyver et al. 2005a) constitute new mate-
rial systems.

Future use of DS layers on top of solar cells may be limited as blue 
response of present cells will advance to higher levels (Van Sark 2006). On 
the other hand, these improvements might require additional expensive 
processing, while application of a DS layer is expected to be low cost, as it 
involves coating of a plastic with dispersed luminescent species only.

LSC development will focus on material systems that should (Rowan et 
al. 2008) (1) absorb all photons with a wavelength of >950 nm, and emit 
them red shifted at ~1,000 nm, for use with c-Si solar cells; (2) have as 
low as possible spectral overlap between absorption and emission spec-
tra to minimize reabsorption losses; (3) have a near-unity luminescence 
quantum yield; (4) have low escape cone losses; (5) be stable outdoors 
for longer than ten years; and (6) be easy to manufacture at low cost. 
Much progress has occurred, which is illustrated by the recent efficiency 
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record of 7.1% (Slooff et al. 2008) for organic dyes in PMMA. The present 
lack of NIR dyes will prohibit further increase of conversion efficiency 
toward the 30% limit. Here, quantum dots or nanorods may have to be 
used, as their broad absorption spectrum is very favorable. However, they 
should be emitting in the NIR at high quantum efficiency, larger than 
the present ~70 to 80%, and their Stokes’ shift should be larger. The latter 
would be possible as the size distribution of a batch of QDs influences 
the Stokes’ shift (Barnham et al. 2000). Another strategy could be the use 
of so-called type-II QDs, as their Stokes’ shift could be very large (~300 
nm); however, their stability and QE are not good enough yet. Stability 
could be improved using multishell QDs (Koole et al. 2008), while inter-
facial alloying can be optimized to obtain type II QDs with desired prop-
erties (Chin et al. 2007), i.e., a Stokes’ shift of ~50 to 100 nm, without 
spectral overlap. Alternatively, the originally proposed three-plate stack 
(Goetzberger and Greubel 1977) could be further developed using per-
haps a combination of organic dyes and nanocrystals, or even rare earth 
ions (Rowan et al. 2008), with optimized dedicated solar cells for each 
spectral region. Additional details regarding quantum dot– and rod-
based LSCs are provided in Chapter 9.
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11
Nanoplasmonics for 
Photovoltaic Applications

E. T. Yu

11.1 IntroductIon

The last several years have witnessed an explosion of interest in under-
standing and exploiting the optical properties of metals and metal-
lic nanostructures, most specifically those associated with plasmonic 
resonances that can give rise to pronounced optical absorption, field 
localization, and scattering effects. For example, surface plasmon reso-
nances and related phenomena in metallic nanostructures are currently 
being exploited for a variety of applications, including molecular sens-
ing1–3 and tagging,4,5 focusing of light,6 near-field optical microscopy,7,8 
subwavelength photonics,9 and optical metamaterials.10 The appeal of 
plasmon excitations for such applications typically arises from the large 
electromagnetic field enhancement that occurs in the vicinity of the 
metal surface, and the dependence of the resonance wavelength on the 
nanoparticle’s size, shape, and local dielectric environment, or from very 
strong scattering effects that occur at wavelengths in the vicinity of plas-
monic resonances.

A variety of studies have also been directed toward the incorporation 
of such effects into the performance of semiconductor-based photovoltaic 
devices, both for organic semiconductors in which absorption and field 
localization effects are most prominent, and more recently for solid-state 
inorganic semiconductors, in which scattering effects are more likely to be 
of greatest utility. In this chapter we review various approaches that have 
emerged, starting in the mid-1990s, for the exploitation of plasmonic and 
related effects in solid-state nanostructures in high-performance photo-
voltaic devices.
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11.2  PlasMonIc FIeld localIzatIon and 
Forward scatterIng eFFects

11.2.1  Plasmonic Field localization and 
amplitude enhancement

Localization, and the accompanying amplitude enhancement, of elec-
tromagnetic fields associated with the excitation of surface plasmon 
polariton resonances in metal nanoparticles has been employed exten-
sively in surface-enhanced Raman spectroscopy (SERS),1–3 in which the 
very large field amplitudes resulting from excitation of surface plasmon 
polaritons in Au nanoparticles are exploited to increase signal strength 
in Raman scattering experiments to a level sufficient to enable detection 
of signals from an individual molecule. The wavelength of the surface 
plasmon polariton resonance in an isolated metal nanoparticle depends 
on the inherent dielectric response of the metal, and for a metal sphere 
of radius a the free-space resonance wavelength λ for the lowest-order 
normal mode, also referred to as the Fröhlich mode, is determined by 
the condition11

 ε π
λ

ε= − +










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where ε is the dielectric function of the metal, εm is the dielectric function 
of the surrounding medium, and nm is the index of refraction of the sur-
rounding medium. For nanoparticles that are small compared to the free-
space wavelength, this condition reduces to ε = –2εm, and the frequency 
at which this condition is satisfied is referred to as the Fröhlich frequency. 
The electric field amplitude at the surface of such a metal particle can be 
increased, compared to the amplitude of the incident field exciting the 
surface plasmon polariton resonance, by nearly two orders of magnitude 
for a low-loss metal such as Ag.12 The corresponding increase in optical 
transition rate, and consequently signal intensity, can be much larger: the 
signal intensity in a SERS measurement is proportional to

 E E( ) ( )ω ω
2 2

′
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where E(ω) is the local electric field at the excitation frequency ω, ω′ is the 
Stokes-shifted frequency, and the angle brackets indicate an average over 
the surface of the nanoparticle.

In analogous fashion, attempts have been made starting over a decade 
ago to exploit field amplification in the vicinity of metal nanoparticles to 
increase optical transition rates, and consequently photon absorption and 
photocurrent generation, in semiconductor-based photovoltaic devices, 
with initial efforts focusing on organic semiconductors. In a typical semi-
conductor, adopting the terminology associated with solid-state inorganic 
semiconductors, efficiency in photon absorption is determined by the elec-
tronic band structure, and consequently the absorption coefficient, of the 
semiconductor, and the electromagnetic field distribution created within 
the semiconductor by the incident electromagnetic radiation. Specifically, 
the optical transition rate, W, in a semiconductor is given, using Fermi’s 
golden rule, by13

 W E d k E Ec v∝ × ⋅ × ( )− ( )−( )∫0
2 2 3e p k kcv δ ω  (11.2)

where E0 is the electric field amplitude, e is the field polarization unit 
vector, pcv is the momentum operator matrix element between the initial 
(valence band) and final (conduction band) states, k is a wave vector, Ec(k) 
and Ev(k) are the conduction band and valence band dispersion relations, 
respectively, ħ is the reduced Planck’s constant, and ω is the frequency 
of the incident photon. Of the factors present in Equation 11.2, the band 
structure and matrix element can be engineered via techniques such as 
semiconductor heterostructure and nanostructure design, while the elec-
tric field amplitude and spatial distribution can be tailored through the 
use of structures such as waveguides, resonant cavities, thin-film coat-
ings, etc. Most approaches for exploiting plasmonic effects in photovoltaic 
devices have focused on altering local field amplitudes and distributions 
to increase optical absorption in appropriate device regions.

11.2.1.1 Application to Organic Semiconductor Photovoltaics

Initial efforts in this regard focused on the integration of metal nano-
particles into phthalocyanine-based organic semiconductor photovoltaic 
devices, specifically at the interface between the organic semiconductor 
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and a transparent conducting indium tin oxide (ITO) contact, as illus-
trated schematically in Figure 11.1a. Incorporation of Ag, Au, and Cu 
metal nanoclusters in a copper phthalocyanine-based (CuPc) organic 
photovoltaic device in this manner resulted in an observed increase in 
photocurrent generation by as much as a factor of 2.7, with increased 
photocurrent response measured over a wide range of incident photon 
energies, ranging from 1.75 eV to over 4 eV; these observations were attrib-
uted to a combination of interband transitions in the metal clusters and 
surface plasmon polariton resonance excitation.14,15 A later study of zinc 
phthalocyanine-based (ZnPc) solar cells in which Ag metal clusters were 
incorporated at the interface between the organic semiconductor and a 
transparent ITO contact also revealed significant improvements in pho-
tocurrent generation, over a broad range of wavelengths, upon incorpora-
tion of the Ag clusters; in this case, the increased photocurrent response 
was attributed to electron-hole pair excitation at the semiconductor-ITO 
interface mediated by surface plasmon polariton excitations in the metal 
cluster, as illustrated schematically in Figure 11.1a.16 A key observation 
supporting this interpretation was that a large enhancement in photocur-
rent response was observed at wavelengths of ~400 to 550 nm, at which 
the ZnPc is not absorbing, suggesting that a direct increase in absorption 
in the ZnPc layer due to field enhancement in the vicinity of the metal 
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FIgure 11.1
(a) Schematic diagram of metal phthalocyanine (CuPc or ZnPc) organic photovoltaic 
device formed by a Schottky ITO-organic contact, without (left) and with (middle) metal 
nanoclusters formed at the ITO-organic interface by thin-film deposition and thermal 
processing. The schematic band diagram (right) illustrates the mechanism proposed in 
Westphalen et al.16 for photocurrent enhancement at incident photon energies below the 
bandgap of the metal phthalocyanine. (b) Schematic diagram of tandem organic photo-
voltaic device of Rand et al.17 in which Ag nanocluster formation at the tunnel junction 
between two organic photovoltaic cells leads to photocurrent enhancement.
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nanoparticle was not the dominant mechanism for the observed increase 
in overall photocurrent in the device.

The presence of Ag nanoclusters has also been exploited, more 
recently, to increase photocurrent response in tandem organic solar cells. 
Incorporation of an array of Ag nanoclusters ~5 nm in diameter at the 
interface between the individual junctions constituting the tandem cell, 
as illustrated schematically in Figure 11.1b, was observed to substantially 
increase experimentally measured photovoltaic power conversion effi-
ciency, with increased photocurrent response being observed over a broad 
range of wavelengths. On the basis of detailed numerical simulations for 
chains of Ag nanoparticles, these effects, including the broad observed 
spectral response and a predicted spatial extent of optical absorption 
enhancement of ~10 nm—considerably greater than that expected for 
isolated Ag nanoparticles, were attributed to surface plasmon polariton 
resonance excitation in the Ag nanoparticles combined with interparticle 
coupling effects that increase the spectral range and spatial extent of the 
increased electromagnetic field arising from the plasmonic excitations.17

11.2.1.2  Application to Inorganic Solid-State 
Semiconductor Photovoltaics

While these studies focused primarily on the influence of plasmonic field 
localization and amplitude enhancement in organic semiconductors, pre-
sumably due to the very limited spatial extent of significant amplitude 
increases (typically ~10 nm or less), related effects can give rise to photocur-
rent response enhancement in solid-state inorganic semiconductor photo-
diodes and solar cells. However, bulk absorption coefficients for solid-state 
inorganic semiconductors are typically ~105 cm–1 or smaller at most wave-
lengths, corresponding to absorption lengths that are very large compared 
to the distances over which plasmonically enhanced fields are present. 
Because of this disparity and other factors, such as surface and interface 
recombination effects in these materials, the plasmonic field localization 
and amplitude enhancement effects exploited in organic materials and 
molecular spectroscopy are likely to be effective in only limited circum-
stances, e.g., for high-quality semiconductor nanostructures in extremely 
close proximity to a metal nanoparticle. However, strong optical scattering 
associated with metal (and dielectric) nanostructures can enable local field 
enhancement to be combined with scattering to engineer photon propa-
gation into and within a solid-state semiconductor device for improved 
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performance; indeed, optical scattering by nanoparticles is likely in many 
circumstances to dominate over local field enhancement in influencing 
solid-state semiconductor photodetector or solar cell performance.

Elementary calculations reveal a strong dependence of nanoparticle 
cross-sections for optical absorption and scattering on particle size. The 
cross-sections for absorption and scattering of incident radiation by a 
spherical nanoparticle, Cabs and Csca, respectively, are given (assuming the 
particle size is very small compared to the incident wavelength) by18
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The relative importance of absorption and scattering processes induced 
by the nanoparticle, as quantified by the size of the scattering cross-sec-
tions Cabs and Csca given by Equations 11.3 and 11.4, can play a substantial 
role in determining the efficacy of these processes in increasing optical 
absorption in solid-state semiconductor structures and devices. For Cabs 
>> Csca, the dominant process induced by the nanoparticles is absorp-
tion of photons and excitation of surface plasmon polaritons in a metal 
nanoparticle, accompanied by a large increase in the electromagnetic field 
amplitude in a volume within a distance of ~10 nm or less of the nano-
particle. This effect results in an increase in electron-hole pair photogene-
ration, but only in semiconductor material that is within a few tens of 
nanometers or less of the nanoparticle. Thus, it is likely to be of limited 
effectiveness in most solid-state semiconductor photodetector or solar cell 
structures, which have considerably larger dimensions both laterally and 
in depth. For Csca >> Cabs, the dominant process induced by metal nano-
particles is strong forward scattering of incident radiation at wavelengths 
near and somewhat longer than the surface plasmon polariton resonance 
wavelength. This forward scattering can increase the electromagnetic 
field amplitude for a considerable distance, i.e., a micron or more, below 
the particle, and also increases the overall transmission of electromag-
netic energy into semiconductor material beneath the metal particle—an 
effect similar to that of an antireflection coating. This effect increases the 
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electron-hole pair generation rate per unit volume to a more moderate 
degree than the absorption and surface plasmon polariton excitation pro-
cess, but within a much larger volume of semiconductor material—poten-
tially extending a few micrometers or more below the metal nanoparticle. 
Thus, for most solid-state inorganic semiconductor devices it is likely to be 
desirable to operate in a regime of particle size and with particle materials 
for which the scattering cross-section Csca is comparable to or larger than 
the absorption cross-section Cabs.

Figure 11.2 shows values of Cabs and Csca, normalized to the particle 
cross-sectional area πa2, computed as a function of particle radius for 
Au and Ag nanoparticles using Equations 11.3 and 11.4 combined with 
values for the dielectric function, ε, obtained from the published litera-
ture.19 All values are computed at the Fröhlich frequency in vacuum, 
corresponding to the condition Re(ε)= –2. From the figure we see that 
Csca becomes dominant for larger nanoparticles, typically a few tens 
of nanometers or larger in radius. Thus, it is expected to be advanta-
geous for many solid-state inorganic semiconductor device structures 
to employ particles in this size regime. However, it is also necessary to 
avoid particles that are substantially larger in size—~100 nm or more 
in radius—as such large particles typically suffer from the presence of 
multiple nearly degenerate modes that reduce the strength of the funda-
mental surface plasmon polariton resonance. As noted above, the scat-
tering amplitudes tend to be largest in the forward direction, i.e., for 
propagation of the scattered wave in the same direction as the incident 
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Computed values for scattering and absorption cross sections for (a) Au and (b) Ag nano-
particles in vacuum, as functions of particle radius a, at the Fröhlich (resonant) wave-
length. Values are normalized to the physical particle cross-section πa2.
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wave. Furthermore, the forward scattering peak tends to become more 
tightly focused as the size of the scattering nanoparticle increases, due to 
the inclusion of higher-order spherical harmonics in the scattered field 
amplitudes for larger particles.

The nature of localized field enhancement and scattering effects aris-
ing from plasmonic excitations in metal nanoparticles on the behavior of 
inorganic, solid-state semiconductor photodetector and solar cell device 
structures has been elucidated in a series of experiments in which pho-
tocurrent response in Si pn junction photodiodes has been characterized 
with and without Au nanoparticles of various sizes deposited on the device 
surface. On the basis of the preceding discussion, it would be anticipated 
that effects related to localized field enhancement in the vicinity of the 
metal nanoparticles would be most prominent in devices on which smaller 
nanoparticles were deposited, and for which photocurrent response arises 
predominantly from the semiconductor region near the device surface, 
e.g., for a device with a shallow pn junction and high dopant concentra-
tions, which would tend to minimize minority carrier diffusion lengths, 
and therefore confine contributions to photocurrent response to the near-
surface volume of the device. For devices with deeper junctions (~100 nm 
or deeper) and lower dopant concentrations, which should correlate with 
increased minority carrier diffusion lengths, the forward scattering effects 
described above would be expected to dominate.

Initial experiments in this regard were performed using Si pn junction 
photodiodes on which colloidal Au nanoparticles of varying diameter 
were deposited from solution.20 Figure 11.3 shows a schematic diagram 
of the device structure and experimental configuration, scanning elec-
tron micrographs of Au nanoparticles, with diameters of 50, 80, and 100 
nm, deposited on the Si photodiode surfaces, and photocurrent response 
spectra for a reference Si pn junction photodiode without nanoparticles, 
and for photodiodes functionalized with nanoparticles of varying diam-
eter. The pn junction photodiode was fabricated by diffusion of B into an 
n-type Si wafer with donor concentration ~5 × 1018 cm–3, resulting in an 
estimated junction depth of 80 nm and a B concentration at the device 
surface of ~1.1 × 1020 cm–3. Due to the high dopant concentrations and rel-
atively shallow junction depth in this device structure, one would expect 
that localized field enhancement effects arising from the presence of Au 
nanoparticles on the device might play a significant role in alteration of 
the device photocurrent response. In addition, field enhancement effects 
would be expected to be more prominent, relative to scattering effects, for 
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the smallest (50-nm diameter) nanoparticles, than for the larger (100-nm 
diameter) nanoparticles.

Extinction spectra measured for 50, 80, and 100 nm diameter Au col-
loidal nanoparticles in solution confirm the existence, and particle size 
dependence, of the surface plasmon polariton resonances in the nanopar-
ticles. Figure 11.4 shows extinction spectra measured for particles of these 
sizes suspended in aqueous solution. The spectra have been normalized 
to account for the extinction response of the aqueous environment and 
the rectangular optical glass cell containing the solution. The extinction 
efficiency is defined as log(Tc/TAu), where Tc and TAu are the light intensities 
transmitted through cells containing de-ionized water and the colloidal 
Au solution, respectively. Maxima in the extinction spectra are clearly vis-
ible at wavelengths corresponding to surface plasmon polariton excitations 
in the Au nanoparticles, with negligible extinction activity at wavelengths 
above 800 nm. As expected, the surface plasmon polariton resonance peak 
increases in wavelength and broadens with increasing particle size.

As shown in Figure 11.3a, deposition of colloidal Au nanoparticles 
results in the presence of predominantly isolated nanoparticles on the 
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FIgure 11.3
(a) Schematic diagram of device geometry and experimental configuration for measure-
ment of nanoparticle-induced photocurrent enhancement in Si pn junction photodiodes, 
and scanning electron micrographs of 50, 80, and 100 nm diameter Au nanoparticles 
deposited on device surface. The estimated pn junction depth is ~80 nm. All scale bars 
are 1 μm. (b) Photocurrent response spectra for a reference Si pn junction photodiode 
without surface nanoparticle functionalization, and for photodiodes upon which 50, 80, 
and 100 nm diameter Au nanoparticles have been deposited (upper plot), and ratio of 
photocurrent response for nanoparticle-functionalized devices to that for the reference 
device (lower plot).
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device surface, at particle densities of approximately 6.6 × 108, 1.6 × 108, 
and 7.7 × 107 cm–2 for, respectively, 50-, 80-, and 100-nm diameter par-
ticles. These particle densities correspond to surface coverages of ~0.6 to 
1.3%. The photocurrent response spectra shown in Figure 11.3b clearly 
reveal the influence of the Au nanoparticles on optical absorption and 
photocurrent generation in the device. For 50- and 80-nm diameter par-
ticles, a pronounced enhancement in photocurrent response is evident at 
wavelengths from below 450 nm to approximately 600 nm, suggesting 
that nanoparticle absorption and surface plasmon polariton excitation, 
accompanied by localized field enhancement in the immediate vicinity of 
each Au nanoparticle, play a significant role. For the 100-nm diameter Au 
nanoparticles, the maximum magnitude of photocurrent enhancement is 
reduced, but the enhancement extends to substantially longer wavelengths 
than for the smaller nanoparticles. This is consistent with an increased 
role, for the 100-nm diameter nanoparticles, of forward scattering, and 
consequently increased transmission of electromagnetic power into the 
semiconductor, as this effect is expected to increase in prominence for 
larger nanoparticles and to extend to substantially longer wavelengths 
than the field localization effects, consistent with the experimental obser-
vations shown in Figure 11.3.

These effects have also been extended to Au nanoparticles deposited on 
a-Si:H p-i-n thin-film solar cell devices.21 Based on the results shown in 
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increase in wavelength and width with increasing nanoparticle diameter.
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Figure 11.3, colloidal Au nanoparticles 100 nm in diameter were employed. 
Figure 11.5 shows a schematic diagram of the experimental device geometry 
employed, a scanning electron micrograph of colloidal Au nanoparticles 
deposited on the device surface, results of a numerical simulation of the 
electric field amplitude in the vicinity of the nanoparticle, and current 
density-voltage and power output characteristics for a-Si:H devices with 
and without Au nanoparticle functionalization. The nanoparticle densi-
ties in these devices were, as may be deduced from Figure 11.5b, typically 
in the range of 2 to 4 × 108 cm–2.

Finite-element numerical simulations of field distributions for electro-
magnetic plane waves incident on an Au nanoparticle atop the ITO/a-Si:H 
device structure, as shown in Figure 11.5c, confirm the increased field 
amplitude below the nanoparticle arising from scattering of the incident 
wave, which is expected to result in increased optical absorption and pho-
tocurrent generation. As is evident from Figure 11.5d, the incorporation 
of Au nanoparticles into the device does indeed result in experimental 
observation of substantially higher short-circuit photocurrent and also 
higher maximum power output. Specifically, for the device results shown 
in Figure 11.5, the short-circuit photocurrent is increased by 8.1% in the 
devices functionalized with Au nanoparticles, while the maximum power 
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(a) Schematic diagram of a-Si:H p-i-n thin-film solar cell device with transparent ITO 
contact, functionalized with Au nanoparticles. (b) Scanning electron micrograph of 100 
nm diameter colloidal Au nanoparticles deposited on device surface. (c) Electric field 
amplitude for Au nanoparticle atop ITO contact on a-Si:H, computed using finite-ele-
ment numerical simulation for electromagnetic plane wave at 600 nm wavelength. (d) 
Current density-voltage and power output curves for a-Si:H photovoltaic reference device 
(without nanoparticles) and with 100 nm diameter Au nanoparticles on device surface.
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output is increased by 8.3%. The measured energy conversion efficiency of 
devices separately fabricated from the same amorphous Si:H material was 
~5%. Furthermore, detailed diagnostic studies conducted on these devices 
have shown that the process used to deposit Au nanoparticles degrades the 
characteristics of reference devices, resulting in a decrease in short-circuit 
photocurrent typically of 3 to 5%. Thus, it is reasonable to conclude that 
the actual increase in short-circuit photocurrent and maximum power 
output arising from the presence of the Au nanoparticles is significantly 
higher than 8.1% and may approach 13% or more, even at the relatively low 
particle concentrations employed in these experiments.

The basic analysis of absorption and scattering effects associated with 
metal nanoparticles is sufficient to explain the major features observed in 
studies of photoresponse enhancement via integration of metal nanopar-
ticles with semiconductor photodiode structures, and photodetectors gen-
erally. However, additional aspects of the observed device behavior can 
be accounted for only in a more detailed examination of the interaction 
between the electromagnetic field distribution arising from scattering or 
absorption by the nanoparticle and that arising from the presence of the 
semiconductor below. Figures 11.6a and b show a Si pn junction device 
structure, and 100-nm diameter Au nanoparticles deposited on the device 
surface, for a study in which some of these aspects have been elucidated.22 
The pn junction depth in the devices employed in these investigations 
was large, at ~0.5 μm, and the dopant concentration in the n-type Si sub-
strate was quite low, at ~1015 cm–3, resulting in significantly reduced pho-
tocurrent enhancement effects compared to those shown in Figure 11.3. 
Figure 11.6c shows the ratio of photocurrent response, as a function of 
wavelength, for a device upon which Au nanoparticles were deposited at 
a density of ~3.5 × 108 cm–2, relative to that for a reference device without 
nanoparticles. Calculated ratios of photocurrent response, obtained via 
finite-element numerical simulations of electromagnetic field distribu-
tions for the device and experimental geometry shown in Figure 11.6a, are 
shown in Figure 11.6d. It is evident from the figure that the simulations 
are in very good, quantitative agreement with the experimental results, 
allowing the former to serve as a sound foundation for interpretation of 
our experimental observations.

In both the experimental and simulated photocurrent response ratios, 
we observe enhanced photocurrent response at wavelengths of ~600 to 
~1,100 nm, as expected based on the forward scattering cross-section for 
Au nanoparticles in the size range employed here. Simulations confirm 
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that this effect should be diminished for smaller nanoparticles, as can be 
seen in Figure 11.6d. At shorter wavelengths, however, a reduction in pho-
tocurrent response is observed. Specifically, substantially reduced photo-
current response occurs for wavelengths of ~430 to 500 nm and below, 
such that the presence of the Au nanoparticles leads to a decrease, rather 
than an increase, in photocurrent response at these wavelengths. This 
behavior is present in both the experimental data and numerical simula-
tion results shown in Figure 11.6.

We attribute this behavior to the properties of the Au nanoparticle 
polarizability at these wavelengths, specifically a pronounced change in 
the phase of the polarizability, leading to a phase shift in the wave scat-
tered by the nanoparticle, at ~500 to 550 nm. We note that, in the limit 
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(a) Schematic diagram of Si pn junction photodiode and experimental geometry for 
detailed studies of nanoparticle-semiconductor scattering and photocurrent effects. The 
estimated pn junction depth is ~0.5 μm. (b) Scanning electron micrograph of 100 nm 
diameter Au nanoparticles deposited on device surface. (c) Experimental and (d) numeri-
cally simulated ratios of photocurrent response for Si pn junction photodiodes function-
alized with Au nanoparticles, relative to that for a reference Si pn junction device without 
nanoparticles.
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of a nanoparticle with a small radius a compared to the wavelength, the 
incident electric field E induces a dipole moment p in the nanoparticle 
given by

 

p E=

= −
+

ε α

α π ε ε
ε ε

m

m

m
a4

2
3

 (11.5)

where εm is the dielectric function of the medium surrounding the nano-
particle, ε is the dielectric function of the nanoparticle, and α is the nano-
particle polarizability. The wave component scattered by the nanoparticle 
may be considered to be that radiated by the dipole moment given by 
Equation 11.5. A simple analysis shows that the imaginary component of 
the polarizability is maximized near the surface plasmon polariton reso-
nance condition (ε = –2εm), so that the phase of the polarizability should 
be maximized near this condition as well.

Figure 11.7a shows a plot of the Au nanoparticle polarizability magni-
tude and phase, normalized to the particle volume and computed in the 
limit in which the particle radius is much smaller than the wavelength. For 
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FIgure 11.7
(a) Magnitude and phase of Au nanoparticle polarizability, computed for a particle radius 
a small compared to wavelength, normalized to the particle volume 4πa3/3. At right are 
shown electric fields obtained via numerical simulation for a plane wave incident on a 
100-nm diameter Au nanoparticle on Si at wavelengths of (b) 500 nm and (c) 575 nm. In 
the lower left quadrant of each plot is the component of the incident wave scattered by 
the nanoparticle, and in the lower right quadrant is the component of the incident wave 
transmitted across the air-semiconductor interface. A clear phase shift between the two 
components, which we attribute to the nonzero phase of the particle polarizability, is 
apparent at 500 nm, but absent at 575 nm. This phase shift, and the resulting destructive 
interference between the two components, is responsible for the reduction in photocur-
rent response observed at shorter wavelengths.
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wavelengths longer than the surface plasmon polariton resonance wave-
length at ~550 nm, the phase of the Au nanoparticle polarizability is very 
small, ~0.1 rad or less. Thus, within the semiconductor, the electromag-
netic wave arising from scattering by the nanoparticle is approximately 
in phase with that arising from direct transmission of the incident wave 
across the semiconductor-air interface, and these components will inter-
fere constructively in the vicinity of the nanoparticle. For shorter wave-
lengths, however, the phase of the nanoparticle polarizability increases to 
a maximum of ~0.6 rad, resulting in a substantial phase shift, and par-
tially destructive interference, between the electromagnetic field compo-
nents arising from nanoparticle scattering and from direct transmission 
into the semiconductor.

The behavior of these phase shifts as a function of wavelength has 
been confirmed in finite-element numerical simulations, as shown in 
Figure 11.7b and c. Shown in each figure are electric field amplitudes for 
the incident wave component transmitted directly across the air-semicon-
ductor interface (lower right quadrant in each plot), and for the component 
of the incident wave scattered by the nanoparticle (lower left quadrant in 
each plot). At a wavelength of 500 nm, for which the phase of the polariz-
ability shown in Figure 11.7a differs substantially from zero, we see from 
Figure 11.7b that the wave component scattered by the nanoparticle is sig-
nificantly out of phase with the directly transmitted wave. This leads to 
partial destructive interference between the scattered and directly trans-
mitted wave, and consequently to a reduction in electromagnetic field 
intensity, optical transition rate, and photocurrent response at this wave-
length. At a wavelength of 575 nm, for which the polarizability is close to 
zero, we see from Figure 11.7c that the wave component scattered by the 
nanoparticle and that directly transmitted across the interface are nearly 
in phase with each other, leading to constructive interference between 
these wave components, an increase in electromagnetic field intensity, and 
enhanced photocurrent response at this wavelength. As can be seen from 
Figure 11.6, the resulting suppression in photocurrent response at short 
wavelengths predicted from these simulations, and explained in terms of 
interference effects between the scattered and directly transmitted waves, 
matches very well with experimental observations.

The existence of such interference effects for wavelengths at or below 
the surface plasmon polariton resonance, and their undesirable conse-
quences for photocurrent response, suggests that it would be beneficial 
to implement the concept of nanoparticle-induced photocurrent response 
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enhancement in semiconductor photodiodes using either metal nano-
particles for which the surface plasmon polariton resonance is shifted to 
wavelengths shorter than those at which response is desired, or to employ 
dielectric nanoparticles, for which the desired scattering effects are still 
present (although with smaller cross-sections than for metal nanoparti-
cles), but for which surface plasmon polariton resonances do not occur. 
This concept has been explored in detail for silica nanospheres on Si pho-
todiodes both through near-field optical studies of photocurrent response 
associated with the presence of individual nanoparticles23 and for large 
area Si photodiode devices through characterization and analysis of cur-
rent-voltage characteristics in Si pn solar cell structures functionalized 
with silica nanoparticles.24 In the latter studies, increases in short-circuit 
current density of ~8.8% were observed in commercial Si solar cell struc-
tures upon introduction of silica nanoparticles on the device surface.

Specifically, the utility of these effects for optimized crystalline Si pn 
junction solar cells and the effectiveness of both dielectric and metal 
nanoparticles in producing the desired scattering effects have been inves-
tigated. Figure 11.8a shows a schematic diagram of a commercial Si solar 
cell device obtained from Silicon Solar, Inc. with front-side surface textur-
ing, from which the preexisting antireflection coating and metal contacts 
were stripped. Ohmic contacts were then refabricated on the device sur-
face, and then current-voltage characteristics and photocurrent response 
spectra measured on devices with and without nanoparticles deposited 
on the surface. Figure 11.8a also shows a scanning electron micrograph of 
Au nanoparticles, 100 nm in diameter, deposited on the device surface at 
a concentration of 1.4 × 109 cm–2. The effects of both Au and silica nano-
particles were studied: while, as noted above, silica and other dielectric 
nanoparticles do not support surface plasmon polariton excitations, Mie 
scattering behavior characteristic of all nanoparticles can still give rise to 
pronounced forward scattering effects and hence photocurrent enhance-
ment in semiconductor photodiodes and photodetectors with dielectric 
nanoparticle functionalization.

Figure 11.8b shows photocurrent response spectra measured for these 
commercial Si solar cell devices functionalized with 150 nm diameter 
silica nanoparticles at concentrations of 1.03 × 109 cm–2 (dashed line) and 
1.92 × 109 cm–2 (solid line), shown as ratios relative to reference response of 
the same devices prior to nanoparticle deposition. A clear increase in pho-
tocurrent response is evident over wavelengths ranging from ~500 to over 
1,000 nm. The photocurrent enhancement effect is not as sharply peaked 
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FIgure 11.8
(a) Schematic diagram of crystalline Si photovoltaic device and experimental geometry, 
along with a representation of the forward scattered wave produced by nanoparticles on 
the device surface, and a scanning electron micrograph of 100 nm diameter Au nanopar-
ticles deposited on the device surface at a concentration of 1.4 × 109 cm–2. (b) Photocurrent 
response spectra for two devices with silica nanoparticles at concentrations of 1.03 × 109 
cm–2 (dashed line) and 1.92 × 109 cm–2 (solid line), shown as ratios relative to reference 
response of the same devices prior to nanoparticle deposition. At right are shown plots of 
current density vs. voltage, under AM1.5 filtered illumination, for crystalline Si photovol-
taic devices before (dashed lines) and after (solid lines) deposition of (c) 100 nm diameter 
Au nanoparticles at a density of 9.9 × 108 cm–2 or (b) silica nanoparticles at a density of 1.9 
× 109 cm–2. Enhancements in short-circuit current density of 2.8 and 8.8% are observed 
for Au and silica nanoparticles, respectively.
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as that for Au nanoparticles, as shown in Figure 11.3b, which we attribute 
to the lack of a surface plasmon polariton resonance excitation in the silica 
nanoparticles. The size of the enhancement is also smaller, which may be 
due to the combination of the smaller scattering cross-section of the silica 
nanoparticles compared to that of an Au nanoparticle, and the different 
device structure employed in these experiments compared to those of 
Figure 11.3.

Figures 11.8c and d show current density vs. voltage, under AM1.5-
filtered illumination, for these commercial crystalline Si photovoltaic 
devices before (dashed lines) and after (solid lines) deposition of either 
100 nm diameter Au nanoparticles at a density of 9.9 × 108 cm–2 or 150 nm 
diameter silica nanoparticles at a density of 1.9 × 109 cm–2. Enhancements 
in the short-circuit current density of 2.8 and 8.8% are observed for the 
Au and silica nanoparticles, respectively. The particle concentrations 
employed are close to the optimal values, based on results of numerical 
finite-element simulations of electromagnetic field distributions, and con-
sequently optical transition rates, for various particle densities on Si semi-
conductor substrates in the presence of normally incident electromagnetic 
radiation. Indeed, numerical simulations have been found to yield quanti-
tatively accurate predictions of observed enhancements in photocurrent,24 
and have confirmed the validity of the understanding of these and related 
effects as described here.

It is anticipated that these concepts can be readily extended beyond Si 
and a-Si:H to other photovoltaic materials. In general, nanoparticles can 
be considered to act as coupling devices to scatter incident light both in the 
forward direction and, for suitable device geometries, laterally into thin-
film optical modes. While the demonstrations described above employ 
crystalline or amorphous Si solar cells and photodiodes, the universal 
nature of Mie scattering with small particles implies that particles of a 
wide range of materials can be engineered to increase the optical trans-
mission of light regardless of the underlying absorbing substrate. Because 
this increased forward transmission is similar in its effect on overall pho-
tocurrent response to the effect of a conventional antireflection coating, 
it is worthwhile to assess its utility in this context. For Si solar cells, and 
especially those based on bulk crystalline Si, the increase in photocurrent 
attainable via nanoparticle scattering effects is smaller than that achievable 
with conventional antireflection coating technologies. However, numeri-
cal simulations we have performed indicate that nanoparticle-based scat-
tering for light trapping may be beneficial for lower-index absorbers, such 
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as organic semiconductors, where traditional antireflection technologies 
are difficult to apply. For example, the projected short-circuit current 
enhancement for silica nanoparticles on an organic semiconductor sub-
strate, specifically poly-3-hexylthiophene, at concentrations of 4 × 108 and 
2 × 109 cm–2 are 1.87 and 7.86%, respectively. Furthermore, nonabsorb-
ing particles, such as silica, should scatter light more efficiently within the 
AM1.5 spectrum both in the forward direction and into lateral waveguide 
modes in thin-film organic photovoltaic cells when compared with most 
metallic nanoparticles.

11.3  nanoPartIcle scatterIng eFFects In 
thIn-FIlM waveguIde structures

11.3.1 application to silicon-on-Insulator device structures

Optical scattering by nanoparticles atop a semiconductor photodetector 
device structure can also lead to coupling of photons incident normal to 
the device surface into lateral optical propagation paths, i.e., paths par-
allel to the device surface, within appropriately designed semiconductor 
thin-film device structures, due to the introduction of a lateral wave vec-
tor component in the scattered wave. Figure 11.9 shows a schematic dia-
gram of a basic device geometry in which scattering of incident light by 
nanoparticles (or other nanostructures) on the surface of the device leads 

n1

n2

n3

hv

k

FIgure 11.9
Schematic diagram of scattering of normally incident light into optical waveguide modes 
within an underlying device structure. The resulting lateral propogation of photons within 
a thin waveguiding layer can dramatically increase the efficiency of photon absorption.
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to coupling of normally incident light into lateral optical propagation 
paths associated with a slab waveguide structure formed by an appropri-
ately designed device. The resulting lateral propagation of photons within 
a thin waveguiding layer can dramatically increase the efficiency of pho-
ton absorption: normally incident photons may have a low probability of 
absorption while passing through the thin waveguiding layer, whereas lat-
eral propagation provides a large increase in path length within that layer, 
and a corresponding increase in photon absorption probability. This con-
cept can be particularly effective in photovoltaic or other photodetector 
devices in which thin layers are required, for example, to enable efficient 
collection of photogenerated carriers, satisfy critical-thickness constraints 
in epitaxial growth, or enable integration of devices with other materials 
or in form factors dictated by system-level requirements.

The validity and effectiveness of this concept was initially demonstrated 
over a decade ago in studies of photocurrent response in silicon-on-insu-
lator photodetectors on which metallic nanoparticles were synthesized by 
thin-film deposition on a low-surface-energy dielectric followed by ther-
mal annealing.25 For Ag nanoparticles with a mean diameter of 108 nm 
on a silicon-on-insulator structure, an increase in photocurrent response 
by nearly a factor of 20 was observed at a wavelength of approximately 800 
nm, for which a reference silicon-on-insulator device without nanoparti-
cles would absorb approximately 1% of incident light.26 Subsequent analy-
sis indicated that coupling of radiation from a particle-like dipole at the 
device surface into optical modes confined by the silicon-on-insulator layer, 
which forms a slab waveguide structure due to the high refractive index of 
Si relative to the surrounding material, can exceed 80%.27 Recent studies, 
combining experiment and numerical simulation, have also resulted in 
demonstration of nanoparticle-induced enhancement of both absorption 
and electroluminescence in silicon-on-insulator structures, with experi-
mentally observed absorption enhancement at long wavelengths (1,050 
nm) reaching a factor of 16 for Ag nanoparticles on a silicon-on-insulator 
photodetector structure with a 1.25 μm thick Si layer.28,29

The aforementioned studies exploited the presence of metal nanopar-
ticles randomly distributed over the device surface, and with a substantial 
variation in size. A periodic arrangement of identical nanoparticles, how-
ever, can enable constructive interference among wave components scat-
tered by individual nanoparticles in close proximity, thereby leading to 
substantially larger photocurrent enhancements, but over relatively nar-
row ranges of wavelength. Such behavior could be useful in photodetectors 
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for which high sensitivity is desired over a relatively narrow range of wave-
lengths, e.g., ~50 to 100 nm in width or less, or for photovoltaic devices 
employed in systems for which only similarly narrow ranges of wavelength 
response are required for a given device.

We have employed silicon-on-insulator photodetector structures to 
investigate the influence of nanoparticle periodicity on coupling of nor-
mally incident light into the silicon-on-insulator waveguide. Figure 11.10a 
shows a schematic diagram of the basic device structure employed, and 
Figure 11.10b and c shows scanning electron micrographs of Au nanodots, 
created by electron beam lithographic patterning and a liftoff process, 
arranged in either a periodic or a random array atop the active region of 
the silicon-on-insulator photodetector. For the random array, enhance-
ments in photocurrent response are observed that agree well with pre-
viously published reports; enhancement in photocurrent response by a 
factor of up to ~2.5 is observed in a broad enhancement peak centered 
at a wavelength of ~1,000 nm, consistent with the relatively low nanodot 
density of ~2.8 × 108 cm–2 in these structures. For the periodic array, much 
sharper peaks in photocurrent enhancement, with increases in photocur-
rent response by factors as large as 5 to 6, are observed at wavelengths 
corresponding to confined waveguide modes of the silicon-on-insulator 
structure and constructive interference of electromagnetic wave compo-
nents scattered by adjacent or nearby nanodots. These results indicate that 
pronounced enhancements in photocurrent response at specific wave-
lengths can be engineered by appropriate design of metal nanodot arrays 

Si

SiO2

1 µm 1 µmSi substrate

(a)

A
l/A

u

(b) (c)

FIgure 11.10
(a) Schematic diagram of silicon-on-insulator photodetector device structure. Also shown 
are scanning electron micrographs of (b) periodic and (c) random arrays of Au nano-
dots patterned by electron beam lithography on the surface of the active device region. 
Patterned dots enable constructive interference among wave components scattered by 
the nanoparticle, leading to large enhancements on photocurrent response in specific 
wavelength ranges.
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combined with thin-film semiconductor structures with corresponding 
waveguiding behavior.

11.3.2  application to Quantum well solar 
cell device structures

We have also extended this concept to engineer, and improve, photocurrent 
response and photovoltaic power conversion efficiency in quantum well 
solar cell devices, in which low-bandgap quantum well layers are incor-
porated into a p-i-n photovoltaic device structure constituted primarily 
of material with a larger bandgap.30–33 Incorporation of the quantum well 
layers enables absorption of long-wavelength photons to which the larger 
bandgap material would be transparent. However, efficient absorption of 
photons necessitates incorporation of a large number of quantum well lay-
ers constituting a thick (>1 μm) multiple-quantum-well layer, while effi-
cient collection of the resulting photogenerated carriers mandates use of 
a thin (~300 nm or less) multiple-quantum-well layer to facilitate carrier 
escape from the quantum wells. These conflicting requirements have hin-
dered the realization of quantum well solar cells with the very high power 
conversion efficiencies theoretically attainable by such devices: quantum 
well solar cells and related device concepts, such as intermediate band solar 
cells, have been predicted to yield maximum theoretical power conver-
sion efficiencies ranging from 44.5%32 to over 63%,34 well in excess of the 
maximum theoretical single-junction device power conversion efficiency 
of ~31%.35 To address this conflict, it is possible to exploit the fact that 
introduction of the multiple-quantum-well region, in addition to enabling 
long-wavelength photon absorption, also results in formation of a slab 
waveguide structure due to the higher refractive index of the quantum 
well layers relative to the surrounding material, in the manner indicated 
schematically in Figure 11.9.

The concept of nanoparticle-induced scattering into waveguide modes 
of a quantum well solar cell structure has been demonstrated in lattice-
matched InP/In1−xGaxAsyP1−y (y ≈ 2.2x) multiple-quantum-well p-i-n solar 
cell structures,36 illustrated schematically in Figure 11.11a. Devices incor-
porated ten-period multiple-quantum-well structures within the intrinsic 
region of the epitaxial layer structure, with each period consisting of 10 
nm In0.91Ga0.09As0.2P0.8 barriers alternating with 10 nm In0.81Ga0.19As0.4P0.6 
quantum wells. Incorporation of the multiple-quantum-well layer enables 
the absorption spectrum of the device to extend to longer wavelengths 
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than that of a homojunction cell consisting entirely of the electrode 
material (here, InP), yielding an increase in short-circuit current density 
Jsc.37 The resulting maximum power delivered for a quantum well solar 
cell device can therefore exceed that of a corresponding homojunction 
device,37,38 despite a drop in open-circuit voltage (Voc) resulting from less 
than unity efficiency in collection of photogenerated carriers from the 
multiple-quantum-well layer.

However, optimization of the collection of photogenerated carriers 
from the multiple-quantum-well region requires that the intrinsic region 
of the device be sufficiently thin that a substantial electric field, typically 
~30kV/cm or more, be maintained even at the maximum power operat-
ing point of the device, corresponding to a moderate forward bias. This 
requirement severely restricts the acceptable range of thicknesses of the 
intrinsic multiple-quantum-well region, limiting it to ~250 nm or less for 
InP-based devices. Intrinsic layer thicknesses sufficiently small to ensure 
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FIgure 11.11
(a) Schematic diagram of InP-based quantum well solar cell device with nanoparticles on 
the device surface. (b) Refractive index profile of the quantum well solar cell device, with 
a slab waveguide region, 225 nm thick in this device structure, defined by the refractive 
index contrast between the material of the multiple-quantum-well region and the sur-
rounding InP layers. (c) Scanning electron micrographs of 100 nm diameter Au nanopar-
ticles (top) and 150 nm diameter SiO2 nanoparticles (bottom) deposited on a quantum well 
solar cell device surface, at densities of 2.7 × 109 cm–2 and 2.1 × 109 cm–2, respectively.
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efficient carrier collection are generally also small compared to the optical 
absorption length at wavelengths between the quantum well and barrier/
electrode absorption edges, resulting in poor efficiency in photon absorp-
tion at these wavelengths.

This intrinsic conflict between the necessity for thin multiple-quan-
tum-well regions to enable efficient photogenerated carrier collection and 
thick multiple-quantum-well regions for efficient photon absorption can 
be resolved by exploiting the nanoparticle scattering behavior illustrated 
schematically in Figure 11.9. Scattering of incident light by the nanopar-
ticles enables both improved transmission of photons into the semicon-
ductor active layers and coupling of normally incident photons into lateral 
optically confined paths within the multiple-quantum-well waveguide 
layer, resulting in increased photon absorption, photocurrent, and power 
conversion efficiency.

Figure 11.12a shows the photocurrent response spectrum measured for 
InP homojunction, p-InP/i-In0.91Ga0.09As0.2P0.8/n-InP barrier only, and 
p-i-n quantum well solar cell devices. We see clearly in the figure that the 
photocurrent response for the InP control sample extends only to the InP 
absorption edge at 960 nm, while for the barrier-only control and quan-
tum well devices the photocurrent responses extend to the absorption 
edges of In0.91Ga0.09As0.2P0.8 (1,040 nm) and In0.81Ga0.19As0.4P0.6 (1,160 nm), 
respectively. Figure 11.12b shows the maximum-power curves for a very 
similar set of InP homojunction, p-InP/i-In0.91Ga0.09As0.2P0.8/n-InP bar-
rier-only, and p-i-n quantum well solar cell devices. Despite the drop in 
Voc from 0.63 to 0.64 V for the homojunction and barrier-only devices to 
0.53 V for the quantum well devices, the quantum well devices exhibit an 
increase in maximum power output of 7.4 and 4.6% relative to the homo-
junction and barrier-only devices, respectively. These results confirm that 
incorporation of lower-bandgap material in the quantum well solar cell 
structure indeed enables absorption of photons, and consequently genera-
tion of photocurrent, at wavelengths beyond the absorption edge of the 
InP electrode regions, thereby improving power conversion efficiency.

The effectiveness of nanoparticle scattering in improving photocurrent 
response over a broad range of wavelengths is illustrated in Figure 11.12c. 
Shown in the figure are photocurrent response spectra for quantum well 
solar cell devices with either 100-nm diameter Au or 150-nm diameter 
SiO2 nanoparticles deposited on the surface, plotted as ratios relative to the 
spectrum for the same device without nanoparticles. Surface particle den-
sities of ~2.7 × 109 cm–2 and ~2.1 × 109 cm–2 were employed for Au and SiO2 
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FIgure 11.12
(a) Photocurrent response spectra for InP p-i-n control device (dashed line), p-InP/i-
In0.91Ga0.09As0.2P0.8/n-InP barrier material control device (dotted line), and p-i-n ten-well 
In0.91Ga0.09As0.2P0.8/In0.81Ga0.19As0.4P0.6 quantum well solar cell device (solid line). The 
expected absorption edges for InP, In0.91Ga0.09As0.2P0.8, and In0.81Ga0.19As0.4P0.6 are indi-
cated by the arrows. (b) Power output curves for InP p-i-n control device (dashed line), 
p-InP/i-In0.91Ga0.09As0.2P0.8/n-InP barrier material control device (dotted line), and p-i-n 
ten-well In0.91Ga0.09As0.2P0.8/In0.81Ga0.19As0.4P0.6 quantum well solar cell device (solid line). 
The quantum well device yields increases of 7.4 and 4.6% over the homojunction and 
barrier-only control devices, respectively. (c) Photocurrent response spectra of p-i-n 
In0.91Ga0.09As0.2P0.8/In0.81Ga0.19As0.4P0.6 quantum well solar cells with either 100-nm diam-
eter Au nanoparticles (dashed line) or 150-nm diameter SiO2 nanoparticles (solid line) 
deposited on the surface, plotted as ratios relative to the spectrum for the same devices 
without nanoparticles. (d) J-V and output power curves measured for quantum well solar 
cell devices without SiO2 nanoparticles (dashed lines), and for the same devices after 
deposition of 150 nm diameter SiO2 nanoparticles (solid lines). Short-circuit current den-
sity and maximum power increase by 12.9 and 17.0%, respectively, for devices incorporat-
ing SiO2 nanoparticles.
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nanoparticles, respectively. Scattering of incident light by Au nanoparticles 
yields a reduction in photocurrent response at wavelengths of ~570 nm and 
below, and a broad increase from ~570 nm to >900 nm. This behavior arises 
from strong forward scattering of light by the nanoparticles combined with 
interference between the scattered wave and the waves directly transmit-
ted across the semiconductor device surface, as described in the context of 
nanoparticle-induced forward scattering for photocurrent enhancement in 
crystalline Si pn junction photodiodes and illustrated in Figures 11.6 and 
11.7.22 Scattering of incident light by SiO2 nanoparticles yields increased 
transmission and photocurrent response over the entire 400 to 1,200 nm 
range of wavelengths, as no surface plasmon polariton resonance is pres-
ent. This is consistent with the behavior illustrated in Figure 11.8.

For devices functionalized with Au nanoparticles we also observe a pro-
nounced increase in photocurrent response between 960 nm and cutoff at 
~1,200 nm. We attribute this behavior to the scattering of incident radia-
tion into optical propagation modes associated with the slab waveguide 
formed by the multiple-quantum-well region and surrounding layers. A 
textbook analysis39 of the slab waveguide structure shown in Figure 11.11a 
reveals that two confined modes are supported at wavelengths of 960 to 
1,200 nm. The improved photocurrent response in this wavelength range 
is interpreted as arising from coupling of incident photons into the guided 
and substrate radiation modes of the waveguide structure, enabling the 
marked increase in photon path lengths within the multiple-quantum-well 
region associated with lateral, rather than vertical, photon propagation 
paths to be exploited to achieve greater efficiency in photon absorption.

Figure 11.12d confirms the effectiveness of nanoparticle scattering 
effects in improving short-circuit current density and power conversion 
efficiency in quantum well solar cell devices. Shown in the figure are cur-
rent density-voltage characteristics and the corresponding power output 
for a quantum well solar cell device before and after deposition of SiO2 
nanoparticles on the device surface. For a SiO2 nanoparticle surface den-
sity of ~2.1 × 109 cm–2, a 12.9% increase in Jsc, an increase in the fill fac-
tor from 58 to 59%, and a 17.0% increase in maximum power conversion 
efficiency were observed relative to the same device prior to nanoparticle 
deposition. For an Au nanoparticle surface density of ~2.7 × 109 cm–2, a 
7.3% increase in Jsc and an increase of 1% in maximum power conversion 
efficiency relative to the same device prior to nanoparticle deposition were 
measured. The more modest improvements in performance associated 
with the presence of Au rather than SiO2 nanoparticles are taken to be 
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indicative of the detrimental effect of interference between scattered and 
directly transmitted waves on propagation of photons into the active semi-
conductor device region. This factor appears to outweigh the increased 
scattering cross-section of the Au nanoparticles relative to SiO2.

A key issue in such structures is the effectiveness of coupling between 
the scattered wave and the waveguide modes within the device structure. 
For a nanoparticle that is small compared to the wavelength, the scat-
tered wave can be approximated as radiation from the dipolar resonant 
mode excited in the nanoparticle, and coupling of this scattered wave into 
device waveguide modes can be modeled by considering the coupling of 
radiation from a dipole at the surface of the device into the waveguide. 
The electric field for dipole oscillations corresponding to light at normal 
incidence is in the horizontal direction, i.e., parallel to the device surface. 
Calculations of this coupling can be performed by computing the dipole’s 
total dissipated power in terms of the vector field amplitudes of the dipole 
moment and local electric field, modified due to the presence of the device 
structure below.40 The influence of the device layers, expressed in terms 
of Fresnel reflection coefficients, can be computed using a transfer-matrix 
method.39 It is then possible to calculate the resulting power spectrum, 
S(u), for the dipole above the device structure, where u is a normalized 
wave vector component in a direction parallel to the waveguide layers and 
to the oscillating dipole moment.

For a waveguide structure such as that shown in Figure 11.9, three types 
of optical modes, corresponding to differing values of u, can be consid-
ered. For u∈[0,1], the optical mode is propagating both above the wave-
guide (into air) and below (into the substrate with refractive index n3). For 
u∈[1,n3], the optical mode is evanescent above the waveguide, and propa-
gating into the substrate; these are so-called leaky or substrate radiation 
modes. For u∈[n3,∞], the optical mode is evanescent both above and below 
the waveguiding layers; these correspond to fully guided modes.

Figure 11.13 shows the power spectrum S(u) computed in the man-
ner described above for the quantum well solar cell structure shown in 
Figure 11.11a. The portion of the spectrum corresponding to u > 1 consti-
tutes the fraction of power radiated by the dipole that couples into either 
leaky or guided modes of the quantum well solar cell device structure, 
with u > nInP corresponding to coupling into true guided modes. While 
coupling into guided modes for this structure occurs with an efficiency 
typically less than 10%, coupling into the combination of leaky and guided 
modes occurs with efficiency in the vicinity of 90%, even for the low level 
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of refractive index contrast present in the quantum well solar cell device 
structures. While the effectiveness of propagation within leaky modes in 
improving photon absorption efficiency in the multiple-quantum-well 
region remains an open question, these analytical approaches provide 
useful guidance in the design of device structures in which nanoparticle 
scattering into lateral optical propagation paths can be most effectively 
exploited. Indeed, earlier studies of silicon-on-insulator structures provide 
proof of principle that very high coupling efficiencies, in the range of 80%, 
to guided modes in appropriately designed devices can be realized.27

11.4 suMMary

A variety of approaches have been explored, and continue to emerge, for 
coupling the optical properties of metal and dielectric nanoparticles to 
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FIgure 11.13
Calculated power spectrum, S(u), for a horizontal electric dipole located above a multiple-
quantum-well solar cell. In the plot at left, computed for a wavelength of 1,150 nm, the 
vertical dashed lines delineate the three regions that light can couple into (from left to 
right): propagating, leaky, and guided. The magnified view in the plot at right shows S(u) 
for wavelengths ranging from 1,000 to 1,150 nm. The symbols near the top of the upper 
plot indicate the value of nInP and consequently the onset of guided mode coupling (for u 
> nInP) at wavelengths of 1,150 nm (squares), 1,100 nm (triangles), 1,050 nm (stars), and 
1,000 nm (circles). The peaks present in the plots for u ≥ nInP indicate strong coupling into 
the guided optical modes of the multiple-quantum-well waveguide region. The greatest 
coupling occurs at 1,150 nm as indicated by the sharp peaks on the left (TM0 mode) and 
right (TE0 mode). As the wavelength decreases, the modal peaks merge together due to 
increasing absorption in the material.
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the behavior of semiconductor photodetectors and photovoltaic devices 
to improve broad-spectrum photosensitivity or wavelength-specific pho-
toresponse. For applications involving optical absorption in molecules or 
organic semiconductors, approaches based on exploitation of surface plas-
mon polariton excitation in metal nanoparticles, and associated increases 
in local field amplitudes, have dominated. In contrast, for devices based 
on solid-state inorganic semiconductors, the disparity between the length 
scales for plasmon-induced field amplitude increases in the vicinity of 
metal nanoparticles, and those for optical absorption in bulk semiconduc-
tors suggest that greater emphasis on nanoparticle-induced optical scat-
tering is likely to be most effective.

Studies of plasmonic field enhancement and forward scattering effects 
arising from the presence of metal nanoparticles on the surface of crys-
talline Si and a-Si:H pn junction photodiodes and solar cell structures 
have provided insight into the relative significance of local field enhance-
ment effects and scattering, the very significant role of phase shifts in 
wave components scattered by nanoparticles, and the potential for, and 
limitations of, approaches for improving photodetector and photovol-
taic device performance based on these effects realized using both metal 
and dielectric nanoparticles. Additional approaches for improving per-
formance of photodetectors and photovoltaics based on nanoparticle-
induced scattering of incident light into lateral optical propagation 
paths offer the potential to realize large increases in efficiency of photon 
absorption by dramatically increasing the optical path length for pho-
tons in thin layers, which in more conventional device geometries would 
yield only very low photon absorption efficiency. Very high efficiencies 
in coupling of incident radiation into waveguide modes in very thin 
device layers or complete device structures could enable not only very 
high power conversion efficiencies in photovoltaics, but also increased 
flexibility in device design and material utilization over a range of effi-
ciencies, and in design of photovoltaic devices compatible with a variety 
of system-driven form factors.
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Epilogue: Future 
Manufacturing Methods 
for Nanostructured 
Photovoltaic Devices

Loucas Tsakalakos and Bas A. Korevaar

Nano is a beautiful new science and technology world. We have seen excit-
ing new physics at play in generation III band structures, novel device 
architectures employing nanostructures, as well as the application of nano-
structures to new module concepts (e.g., luminescent solar concentrators) 
and even conventional modules. These potential future applications are 
all enabled by the fascinating world of structures that are only visible by 
scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM). However, going from very small to very large is a huge step. 
For example, from single nanowire solar cell efficiencies to 1 cm2 devices, 
and from 1 cm2 devices to modules takes significant effort. Quarterly, the 
journal Progress in Photovoltaics: Research and Applications publishes a 
list of record efficiencies at the cell level and at the module level, and even 
on those scales large differences in performance can be observed. Larger 
differences will be present when discussing the quantum efficiency in a 
single wire vs. an array of wires, or charge transport in a sheet of quantum 
dots vs. a fully integrated quantum dot device.

The environment in which one does his or her research drives choices, 
and both basic and applied aspects of the work have enormous value. Basic 
mechanisms need to be understood to successfully develop and design 
high-efficiency cells, and costly technology should not be avoided during 
this stage. However, in the back of one’s mind one always has to think 
about manufacturability on larger scale, particularly for those colleagues 
who happen to work in an industrial research setting.

Solar is driven by a huge energy demand, from both a resource and a 
global environmental perspective. Many nano-features will fit in 1 m2, 
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whereas many square meters are needed for a terawatt energy generation. 
In this concluding section we summarize various manufacturing tech-
nologies and their applicability to making nanoscale devices over large 
areas. We will discuss both technologies that are currently being used and 
technologies that might have future applicability within this area. The 
list is not assumed to be complete; future technology development can 
also change this picture a lot, and of course, we are well aware that many 
basic science and engineering discoveries are required to bring the vari-
ous approaches discussed in the preceding chapters to full fruition. This 
discussion is therefore a snapshot in time, trying to discuss the state of 
the art, which might be considered old for future generations in this fast-
developing technology area.

Prior to discussion of various potential nanostructure-specific manu-
facturing technologies, it is instructive to review the major criteria that are 
often used in selecting a manufacturing approach. These are almost always 
accompanied by detailed cost analyses that are beyond the scope of this 
book. A major criterion is the capital expenditure (CAPEX) cost, which is 
paid up front and depreciates over time. A high CAPEX can have a strong 
impact on the decision of whether to pursue a given technology. The over-
all manufacturing/process cost is also critical, as it will decide the direct 
$/Wp cost of a technology, as well as impact the levelized cost of electricity 
(LCOE) in $/kWh. Many factors impact the manufacturing cost, includ-
ing process size, throughput, yield, materials costs, electrical power, waste 
treatment, and others. We will highlight some of these dependent features 
in our discussion, with a focus on scalability (to large areas, e.g., >1 m2), 
throughput, and the environmental friendliness of the process. The lat-
ter aspect can have a direct cost impact since less environmental control 
measures will be required. Throughput may be associated with a batch 
process or a continuous roll-to-roll process, each having advantages and 
disadvantages. Another key feature of a process is the ability to control 
the structures of interest at the nano (e.g., diameter distribution, doping, 
etc.) and macro (e.g., thickness, area uniformity) scales, with technologies 
requiring minimal process controls (sensors/feedback) being preferred.

The decision to choose a specific manufacturing technology is not an 
easy one, yet it can often be a critical deciding factor in the ultimate suc-
cess or failure of a product or company. It is perhaps apparent that each 
manufacturing technology has its advantages and disadvantages. Of 
course, it is early in the field of nano-PV to select a leading manufacturing 
approach, since this must be considered in light of a specific PV approach 
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that provides high performance. Nevertheless, it may be instructive to 
consider the major approaches known today and their attributes with 
regard to the manufacturing requirements discussed previously, as an 
abbreviated example of how one makes such decisions in an industrial 
setting. Table 1 shows the major processing approaches that are possible 
for various classes of nanostructures relevant to PV and provides such 
an analysis at a cursory level. This is based not only on our experience in 
studying nanoscale process technologies from an industrial perspective, 
but also on detailed analysis of numerous thin-film and silicon manufac-
turing approaches in the PV industry. This is by no means meant to be 
authoritative, and many of the points are open to debate, but it is exactly 
such debate we wish to stimulate such that in coming years, as nano-PV 
technologies mature and reach more advanced stages, such factors are 
considered by researchers in academia and industry alike. Our objective 
is not to select a leading process approach, or condemn others, since we 
are well aware that advances will be made in the future. Rather, we wish 
to highlight the thought processes often used in industry. We now briefly 
summarize our thoughts behind such a table.

nanocoMPosItes

Nanocomposite solar cells, including dye-sensitized solar cells and organic 
solar cells, rely on a nano-featured network of intertwined continuous 
nanoscale features. When considering fabrication methods, one has to 
make sure that the conducting part, in most cases the semiconducting 
polymer or TiO2, is continuous while at the same time highly porous such 
that a large surface area is obtained. Various techniques may be used to 
deposit TiO2 and ZnO, which are widely used materials in nanocompos-
ite hybrid organic-inorganic solar cells. The main target is a high porous 
network of TiO2 with a large surface area, enclosing continuous porosity, 
accessible by dye or another secondary phase. One of the important aspects 
of choosing a certain technology for the deposition is the choice of the 
right precursor that allows for large area deposition, high throughput, and 
low CAPEX. This may entail forming small particles in a solution, which 
then are placed on a substrate. Potential methods include tape casting, 
spray coating, spin coating, or using a thermal/plasma spray method. 
Spray coating has many advantages, including scalability and low cost, 
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taBle 1

Example of a Trade-off Analysis Matrix for Leading Process Techniques for the Major Classes of Nanostructured Photovoltaics with Regard to the 
Critical Manufacturing Requirements*

Technology/Process CAPEX
Scalability 

(Large Areas)
Structure 
Flexibility

Environmentally 
Friendly Throughput

Combined 
Manufacturing Cost

nanocomposites
Spray coating ++ ++ + + ++ ++
Tape casting + +/– + + + ++
Spin coating ++ – – + – +
Thermal spray/flame hydrolysis – + – – + +

Quantum wells
MOCVD – – +/– + – – +/– –
MBE – – – – ++ – – – – –

nanowire/tubes
CVD/PECVD – ++ + +/– + +
Templated electrochemical deposition + + ++ +/– – +
Solution deposition ++ +/– +/– +/– +/– +

Quantum dots—nanoparticles
Sputtering + ++ +/– +/– ++ +
Plasma processing +/– + +/– – +/– +/–
Dip coating/Langmuir-Blodgett ++ + + +/– +/– +

* Relative comparisons are made between processes for each type of nanostructure, not by comparing all processes in the table.
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with perhaps the one drawback being the need for an additional anneal-
ing step. Tape casting has similar advantages, though thickness control to 
less than 10 microns is difficult to achieve. Spin coating is also a low-cost 
process, yet generally not feasible for a large area substrate or a continu-
ous process. Thermal/plasma spray is also of great interest for nanocom-
posite manufacturing, since the desired sintering between the particles 
will either happen within the heat zone or on the substrate. However, the 
choice for the one-step process like thermal spray or flame hydrolysis may 
not be obvious, as the multistep process using a cold process can be less 
capital intensive from an equipment perspective and furnaces are typi-
cally capable of very high throughput.

QuantuM wells

Quantum well solar cells are almost exclusively fabricated using III-V mate-
rials by metal-organic chemical vapor deposition (MOCVD) or molecular 
beam epitaxy (MBE) methods. MBE has the advantage that one can con-
trol the structure of matter at the submonolayer and atomic level. However, 
scale-up, throughput, and cost continue to be challenges for MBE. These 
issues must be addressed for future large-scale manufacturing in the major 
terrestrial markets. MOCVD is more amenable to scale-up, yet still allows 
for good control of thickness and stoichiometry. Cost associated with pro-
cess gases is of concern with MOCVD, however. Throughput is also usually 
low due to reactor designs limited to smaller-area substrates in batch mode, 
as well as the need to grow slowly to minimize defect formation in het-
eroepitaxial materials systems. At present these processes are well suited 
for space, defense, and terrestrial concentrator applications.

nanowIres/tuBes

Solar cells based on nanowires are a very new area of research and many 
new groups are entering this field. Most groups have started working 
on Si nanowires, demonstrating both single-wire efficiencies and even 
large area functionality. More exotic materials are also investigated, with 
groups working on InGaN nanowires and even CIGS nanowires. Many 
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manufacturing methods are possible for future nanowire/tube solar cells, 
including plasma-enhanced chemical vapor deposition (PECVD), elec-
trodeposition, vapor-liquid-solid (VLS)/CVD, sputtering, etching, etc.

Chemical vapor deposition and related processes (e.g., plasma-enhanced 
CVD) are perhaps the most widely used method for growing nanowires and 
tubes. Advantages of such methods, particularly when combined with cata-
lytic growth processes (e.g., VLS), include the fact that such manufacturing 
equipment has a well-established base in the electronics industry, is read-
ily scalable, and has orders of magnitude higher growth rates for catalytic 
growth relative to noncatalyzed thin-film growth. Disadvantages include 
the high CAPEX required for high throughput in-line CVD systems, as well 
as relatively hazardous process gases that are often utilized. CVD of carbon 
nanotubes suffers from a lack of chirality control, as discussed previously.

Templated electrodeposition (ECD) is another potential manufacturing 
route to nanowire/tube-based devices. This method allows for good control 
over key geometrical parameters such as diameter and length, low CAPEX, 
and low manufacturing costs. ECD suffers from relatively low through-
put (deposition rates in nanopores) and difficulty in scale-up due to elec-
tric field and diffusion nonuniformity within nanopores across a large 
area substrate. Surfactant-mediated solution-based growth has also been 
used to grow certain types of nanowires (e.g., ZnO) and has many of the 
same advantages of ECD. This process is easy to scale up and requires low 
CAPEX, yet to date also requires long reaction times to achieve long nano-
wire arrays. It is also possible to grow nanowire/tubes by a vapor process, 
harvest the wires in solution, and then deposit them on a solid substrate.

Processing challenges that must be addressed for all nanowire/tube 
manufacturing processes include cleaning and handling of nanostructures 
from a mechanics perspective, oxidation, the ability to dope nanowires/
tubes reproducibly, physical strength, junction direction, and orientation 
control (physical and crystallographic), among others. More environmen-
tally friendly processes should be developed for all nanowire/tube struc-
ture fabrication.

QuantuM dots/nanoPartIcles

Nanoparticles can be formed in many different ways. One can form them 
separately and then store them in solution, or one can form them directly, 
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where one needs them within a device structure. Methods vary from 
plasma dust to annealing of continuous films. For example, an equilib-
rium plasma like the expanding thermal plasma technique developed at 
the Eindhoven University of Technology generates charged particles con-
taining up to ten atoms. Based on mass and charge, these particles could 
be extracted from the plasma into a second chamber, where they could, 
for example, be incorporated in a growing film. The yield of generating 
these particles within the plasma would need to be increased significantly, 
though, to make it useful for manufacturing. On the other hand, thin lay-
ers of gold, silver, aluminum, or copper could be annealed such that the 
films break up and a surface covered with particles is left, which could, for 
example, be used for plasmonic effects.

When considering nanoparticles based on precious metals such as gold 
or exotic materials compositions, a first question to address is the cost 
impact of such structures. A simple cost calculation is illustrative: assum-
ing a 1 m2 module and, for example, a 50-nm-thick gold film, we multiply 
by the density (assuming 10 g/cm3 for this example) to obtain a required 
mass of 5 × 10–4 kg/m2. At a gold price of $6,000/kg, that means a cost of 
$3/m2. An efficiency of 10% would result in $0.03/Wp. This is well within 
the ranges of the materials cost of the other components of the solar cell. 
While this serves as an illustrative example, it is exactly this type of first-
order analysis, coupled with more extensive cost models, that is required 
when considering such technologies.

Most quantum dot particle systems are synthesized by solution-
based colloidal methods that are readily amenable to mass production. 
Dispersion of such particles into functional layers may be achieved by dip 
coating and related methods (e.g., Langmuir–Blodgett deposition). These 
processes are relatively low in required CAPEX and manufacturing costs, 
though they may require additional engineering to improved large area 
deposition/uniformity and throughput if one wishes to achieve techno-
logically relevant film thicknesses.

suMMary and Future outlook

In summary, there are several manufacturing approaches that one can 
implement depending on the desired nanostructure type and device struc-
ture. Each of these has advantages and disadvantages that with proper 
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analysis and engineering may be alleviated through further research and 
development. It is early in the field of nanotechnology for photovoltaics, 
and many exciting basic science and technological developments remain 
to be demonstrated and ultimately implemented. While we are cautiously 
optimistic that these developments will find their way into PV products, 
we believe the future of nanophotovoltaics is bright!
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FIgure 1.9
Images of ground-mounted PV systems in (a) Halbergmoss, Germany (Courtesy of O. 
Stern and O. Mayer) and (b) Aichi Airport, Japan (From Ichiro Araki et al. 2009. “Bifacial 
PV system in Aichi Airport-site demonstration research plant for new energy power gen-
eration,” Solar Energy Materials & Solar Cells. Elsevier. 911–916.)
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FIgure 3.18
(a) HOMO and LUMO levels of Si core approximants completely terminated with 
functional groups. Computations were carried out with the B3LYP hybride DF and an 
all-electron Gaussian 6-31G(d) molecular orbital basis set. (From König, D., Rudd, J., 
Green, M. A., and Conibeer, G., “Role of the Interface for the Electronic Structure of 
Si Quantum Dots,” Phys. Rev. B 78 [2008a]: 035339 1–9, and König, D., Rudd, J., Green, 
M. A., and Conibeer, G., “Critical Discussion of Computation Accuracy,” EPAPS article 
to [57], 2008b, ftp://ftp.aip.org/epaps/phys_rev_b/E-PRBMDO-78-101827/EPAPS_Rev3.
pdf) OH-, NH2-, and CH3-groups emulate SiO2, Si3N4, and SiC as a dielectric matrix. 
(b) Example of optimized Si165(OH)100 approximant, corresponding to a Si NC diameter of 
18.5 Å. O, Si, and H atoms are shown in dark grey, grey, and light grey, respectively.
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FIgure 4.13
Absorption spectra of the PTEBS water-soluble polymer in (A) acidic and (B) basic solu-
tions. Acidic solutions develop a new absorption band in the near-IR region.
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FIgure 5.11
Ideal efficiency contour plot for a tandem cell under 500× concentration in AM1.5D low 
AOD. Dark lines show the band gaps of GaInP and GaAs. The red cross shows the band 
gap of a deep-well SB-QWSC and the blue star a tandem cell with this lower cell and a QW 
top cell. (From B. Browne, A. Ioannides, J. Connolly, K. Barnham, J. Roberts, R. Airey, 
G. Hill, G. Smekens, and J. Van Begin. 2008. Proceedings of the 33rd IEEE Photovoltaic 
Specialists Conference, San Diego, CA.)
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Figure 6.13
Picture of large area Si NW film grown by CVD (VLS mechanism) on a stainless steel foil.
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Figure 7.7
(a) Cross-sectional contour plot showing the current density in a back-gated Ge FET with 
Ni contacts, and with ldiff = 30 nm, VGS = –4 V, and VDS = –1 V. The conduction in the Ge 
channel takes place primarily near the bottom oxide interface, where the holes accumulate. 
(b) Conduction (EC) and valence (EV) energy band profile along the dashed path shown in 
the upper panel. Note that the applied VDS = –1 V bias falls primarily across the metal-
semiconductor barrier at the source contact, which in turn renders the device current 
highly dependent on the tunneling through the Schottky barrier at the source contact, and 
relatively insensitive to the carrier mobility in the channel. (Reproduced from Liu, E. S., 
Jain, N., Varahramyan, K. M., et al., “Role of Metal-Semiconductor Contact in Nanowire 
Field-Effect Transistors,” to appear in IEEE Transactions on Nanotechnology, 2010.)
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Figure 9.5
(a) Photograph of a homogeneous LSC containing nanorods under UV illumination. (b) 
TEM image of CdSe/CdS nanorods in a polymer nanocomposite LSC.
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Figure 10.14
Photographs of the upconversion luminescence in 1 wt% colloidal solutions of nanocrys-
tals in dimethylsulfoxide excited at 10,270 cm–1 (invisible) with a laser power density of 
5.9 kW/cm2. (a) Total upconversion luminescence of the NaYF4:20% Yb3+, 2% Er3+ sample. 
(b, c) The same luminescence through green and red color filters, respectively. (d) Total 
upconversion luminescence of the NaYF4: 20% Yb3+, 2% Tm3+ sample. (Courtesy of Prof. 
M. Haase.)

© 2010 by Taylor and Francis Group, LLC


