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Introduction

The present book is the result of the activity developed under the COST P11 Action
“Physics of Linear, Nonlinear and Active Photonic Crystals”. The Action, supported
by the European Science Foundation in the framework of the UE-FP6, operated over
the period 2003-2007 and successfully coordinated research effort in the field.

In the last decade, considerable advances have been achieved concerning the the-
oretical understanding, the technical fabrication and the experimental characteriza-
tion of photonic crystals. Photonic band-gap (PBG) structures, or photonic crystals
(PhCs) are composed of a periodic array of macroscopic dielectric and/or metal-
lic unit cells that interact with light in a manner analogous to that in which crystal
lattices interact with electrons. The essential property of these structures is the exis-
tence of allowed and forbidden frequency bands for light, in analogy to the energy
bands and band-gaps of semiconductors. The study of PBG materials is generally
considered to have its origin at the beginning of the 1970s in the pioneering work
of V. Bykov! on spontaneous emission control and was further developed in the late
1980s by Yablonovitch? and John®. Yablonovitch’s and John’s work has been the
catalyst for more than a decade of intense theoretical and experimental investiga-
tion of PBG structures. In fact, during that period a remarkable number of new
applications were proposed, including photonic crystal fibres*, photonic crystal-
based integrated optical circuits’, transparent metal-dielectric stacks®, and highly
efficient micron-sized devices for light emission and nonlinear frequency conver-

! V.P. Bykov, “Spontaneous emission in a periodic structure”, Sov. Phys. JETP 35, 269 (1972)

2 E. Yablonovitch, “Inhibited spontaneous emission in solid state physics and electronics”, Phys.
Rev. Lett. 58, 2059-2062 (1987)

3'S. John, “Strong localization of photons in certain disordered dielectric superlattices” Phys. Rev.
Lett. 58, 24862489 (1987)

4).C. Knight, T.A. Birks, P.S.J. Russell, D.M. Atkin, “All-silica single-mode optical fiber with
photonic crystal cladding”, Opt. Lett. 21, 1547-1549 (1996)

3 J.D. Joannopoulos, PR. Villeneuve, S.H. Fan, “Photonic crystals: putting a new twist on light”,
Nature 386, 143—-149 (1997)

6 MLJ. Bloemer and M. Scalora, “Transmissive properties of Ag/MgF2 photonic band gaps”,
Appl. Phys. Lett. 72, 1676-1678 (1998)
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sion’, to name but a few. An up-to-date review of recent advances in the field of
PBG structures may be found in reference®. Currently the renaissance of plasmon
optoelectronics (see, e.g.”) brings novel ideas of creating non-linear optical materi-
als by integration of metal nanoparticles with structures possessing periodicity on
the wavelength scale.

The study of the physical and optical properties of photonic crystals has gener-
ated a burst of new ideas for optical devices and systems. Special mention needs to
be made here of photonic crystal silica fibres, which are likely to become in the near
future the first application of photonic crystals to the real world of optical commu-
nications. For more than four decades, semiconductor physics has played a leading
role in almost every field of modern technology. The technologies for tailoring the
electronic properties of a number of materials are nowadays well-established. The
new frontier is the achievement of the basic knowledge and the technology that al-
lows the properties of artificial photonic structures to be tailored — and to shape their
interaction with light. Activity in this field is quite extensive, and the potential that
these structures offer is vast. One of the most demanding aspects of research on
photonic band-gap structures is the search for suitable criteria and optimum designs
for a specific need or application. Thus, the field encompasses basic aspects related
to materials research, for example the self-assembling of 3D-photonic crystals (3D-
PC), or physical aspects related to the field localizations and enhancing nonlinear
interactions in both classical and non-classical regime of interaction and propaga-
tion, including novel phenomena in the propagation of short pulses in PhC-fibres.

As mentioned above, this book summarizes the activity developed over four years
thanks to the support of European Science Foundation. The main objective of the
COST P11 Action was to unify and coordinate national efforts aimed at studying
linear and nonlinear optical interactions, including quantum optical features asso-
ciated with PhCs. Full attention was given to important aspects related to materi-
als research and the ideas and methods for realizing 3D PhCs, together with the
development and implementation of measurement techniques for the experimental
evaluation of their potential applications in different areas, for example telecom-
munication with novel optical fibres, lasers, nonlinear multi-functionality, switches,
and other potential areas of applications such as display devices, optoelectronics,
Sensors, etc.

In particular the aims of the Action were:

o Study and develop the basics aspects related to the physics of 2D- and 3D-PC re-
alization, taking into account different methods of realizations (self-assembling,
templating, nano-printing all-dielectric and metallo-dielectric PhCs), materials
and their characterization.

7M. Scalora, M.J. Bloemer, C.M. Bowden, G. D’Aguanno, M. Centini, C. Sibilia, M. Bertolotti,
Y. Dumeige, I. Sagnes, P. Vidakovic, A. Levenson, “Choose your color from the photonic band
edge: Nonlinear frequency conversion”, Opt. & Photon. News 12, 36-40 (2001)

8 M. Bertolotti, C.M. Bowden, C. Sibilia, “Nanoscale Linear and Nonlinear Optics” — AIP Con-
ference Proceeding, 560, N.Y. 2001

9 V.M. Shalaev, “Nonlinear Optics of Random Media”, Springer, Berlin, 2000
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e Study and design of active (PhC light emitters) and linear PhC structures for light
handling and detection.

e Study of the nonlinear optical interactions in 2D- and 3D-photonic crystals, tak-
ing into account both quadratic and cubic nonlinear effects, and spatio-temporal
responses and effects.

e Study of the pulse propagation in photonic crystals fibres, taking account cubic
nonlinear effects, and spatio-temporal effects.

e Experimental study in the microwave regime as a tool for optimizing designs at
optical frequencies.

e Study of quantum aspects of propagation and the interaction of fields in PhCs
(1D —-2D - 3D) related to the generation of non-classical light states and sources.

The Activity has been focused on the innovative use of technology in PhC real-
ization. It has included basic studies on material properties tied to the method of
realization, to the materials selected and their characterization, to the linear and
nonlinear optical properties of PhCs and methods to enhance and control them, in-
cluding quantum aspects of interaction.

In particular the following topics have been addressed:

e Basic studies on material properties allied to the method of realization, to the
materials selected and their characterization.

e Study and design of active (PhC light emitters) and linear PhC structures for the
generation and control of optical pulses and their detection.

e Development of theoretical models for the study of both quadratic and cubic non-
linear interactions in 1D, 2D and 3D PhCs, taking into account spatio-temporal
phenomena and effects.

e Development of theoretical models for the study of pulse propagation in PhC
circuits and fibres.

e Study of ultra-fast, all-optical processing possibilities based on cross-gain, cross-
phase and four-wave mixing (cubic nonlinear interactions) in multidimensional
PhCs — and analysis of the relative merits of these schemes, as well as compar-
isons with alternative techniques.

e Study of quantum optical aspects of linear and nonlinear propagation in PhCs, to
the generation on non-classical light states.

The activities of the COST P11 Action were divided into three working groups:

The activity of Working Group 1, led by C. Lépez and R. Houdré, was concerned
with the fabrication and characterization of properties of photonic crystal structures.
Working Group 2, led by T. Benson and P. Bienstman, concentrated on the mod-
elling and simulation of proposed structures. Working Group 3, led by K. Panajatov
and A. Zheltikov, related to the study of active and non-linear properties of photonic
crystals and photonic crystal fibres.

One of the main outcomes of the COST P11 Action has been dissemination and
training. The content of the book is, in part, based on lectures presented at the COST
P11 Training School jointly hosted in Warsaw in May 2007 by Warsaw University
and the National Institute of Telecommunications. The focus of the School was on
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the work of working groups WG1 and WG3 of the COST P11 Action, concern-
ing the active and non-linear properties of photonic crystals and the fabrication and
characterisation of photonic crystal structures. This was supported by a general in-
troduction to the topics covered within the Action and a summary of the challenges
faced by and achievements of the modelling and simulation working group, WG2.
For convenience the book is divided into five parts covering Basics Properties of
Photonic Crystals, Nonlinear Optics in Photonic Crystals, Technology Integration
and Active Photonic Crystals, Characterisation Techniques for Photonic Crystals,
and Simulation Techniques.

The Editors thank Mariusz Zdanowicz and Olga Bolszo, both attendees of the
Training School in Warsaw, for their assistance in the editing of this book.

C. Sibilia
M. Marciniak
T. Benson
T. Szoplik
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1 Introduction to Photonic Crystals
and Photonic Band-Gaps

Richard M. De La Rue! and Sarah A. De La Rue?

! Optoelectronics Research Group, Department of Electronics and Electrical Engineering,
University of Glasgow, Glasgow G12 8QQ, Scotland, U.K.
2 Readable Science, http://www.readablescience.co.uk/

Abstract. Photonic crystals continue to provide a fertile terrain for research effort around the
world. Periodic refractive-index variation in two or three spatial dimensions, with a large high-
low ratio produces a range of interesting phenomena that offer a variety of possibilities for device
functionality. This chapter will introduce some of the basic concepts and the terminology required
in order to understand the behaviour of photonic crystals.

Key words: Photonic Crystals, Photonic Band-gaps, Gap-Maps, Photonic crystal
channel waveguides

1.1 Introduction

This chapter is concerned with the propagation of light in periodic structures, in
particular structures that exhibit refractive index periodicity. It has become habitual
(though not mandatory) for researchers in the field of optical propagation within and
through such periodic structures to refer to them by the moniker ‘photonic crystal’.
Indeed, photonic crystals have been a topic of major research interest since the sem-
inal papers of Yablonovitch [1] and John [2] in 1987, although neither paper uses
the term photonic crystal. Instead, the term was coined shortly after [3] the authors
of these key papers had their first meeting, for lunch, in Princeton.

1.2 Brief Historical and Definitional Note

Photonic crystals are optical media with spatially periodic properties. However, this
definition is too general to be useful in all contexts, and there has been some de-
bate about the conditions under which it is legitimate to use the term [3]. We shall
endeavour to by-pass this controversy simply by saying that if the medium of in-
terest is predominantly periodic in either two or three space dimensions and there
is a substantial contrast in the refractive index, it may be called a photonic crys-
tal; though a further requirement is that at least one of the characteristic periods
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in the medium is comparable with the wavelength of the light involved. A charac-
teristic feature of wave propagation in spatially periodic media is the existence of
stop-bands, i.e. regions of the frequency spectrum for which, in the ideal case, prop-
agation is completely inhibited. The frequency range over which there is a stop-band
along a specific direction depends on both the spatial periodicity along that direc-
tion and, where there is a spatially varying refractive index, on the refractive index
contrast. At a single frequency, there is typically a finite angular range of directions
over which the propagation is inhibited. Yablonovitch [1] realised that it might be
possible for this angular range to be increased to cover the whole of three-space,
given the correct distribution of the refractive index and a sufficiently large range
of refractive index contrast. In that situation, it becomes appropriate to talk about
a photonic band-gap, borrowing partly from the language of solid-state physics,
and in particular the physics of semiconductors. From a historical perspective, it is
interesting to note that the paper by Yablonovitch, which was published in 1987 [1],
was anticipated to a substantial extent, and by more than a decade, in a short remark
by Bykov [4], near the end of a paper concerned with the principles of distributed
feedback (DFB) lasers.

1.3 What Does a Photonic Crystal Look Like?

Although unified by the possession of a periodic structure, which can clearly be seen
in micrographs from a scanning electron microscope (SEM), photonic crystals now
appear in a diverse range of forms. Even structures that are used in optical regimes,
i.e. at wavelengths from the mid-infrared down to shorter wavelengths, extending
as far as the ultra-violet, show a high level of diversity. In an SEM micrograph of
a cleaved section of synthetic opal (Fig. 1.1), the intrinsic regularity of the square
and hexagonal packing of the silica spheres from which opal is characteristically
created can clearly be seen, giving the fundamental explanation of its properties.
These structures are also present in naturally occurring opals, and therefore pre-date
the epoch when mankind learned how to manufacture opal synthetically by mil-
lions of years. However, while natural opal often has additional components that

Fig. 1.1 Scanning elec-
tron micrograph of bare
synthetic opal formed of
sub-micrometre (typically
~300 nm dia.) colloidal silica
spheres. The cleaved surface
shows both square packing
associated with (100) planes
and hexagonal packing asso-
ciated with (111) planes
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Fig. 1.2 Scanning Electron
Micrograph of high refractive
index contrast epitaxial 3D
photonic crystal. Note the
hexagonal array of air-holes
etched into a GaAs/high-
x(Al,Gaj_,As) DBR mirror
stack that has been selectively
oxidized
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contribute to its cosmetic appearance and appeal, mankind has improved on this
technology by controlling the conditions of the natural process. Because of its in-
trinsically invisible sub-wavelength scale structure, it was only with the advent of
electron microscopy that images such as that presented in Fig. 1.1 could be obtained
and, at the same time, provide the basis of a scientific explanation for the optical
properties exhibited by opal.

Another example of a structure with a large periodic variation of the refractive
index in all three spatial dimensions appears in Fig. 1.2. The general process by
which the 3D photonic crystal structure shown in Fig. 1.2 has been produced dif-
fers considerably from that used to form synthetic opal [5]. The selectively oxidised
structure shown is based on a periodically alternating multi-layer of material in the
epitaxially grown GaAs/AlGaAs system. Fabrication of this 3D photonic crystal
involves electron-beam lithographic (EBL) pattern definition and reactive ion etch-
ing (RIE) after the epitaxial growth stage, implying that the structure is formed by
a ‘top-down’ process that is (within the precision limits of the process) determin-
istic. The subsequent selective oxidation process is also deterministic in that it is
almost completely confined to the layers that contain a large aluminium fraction.
The chemical composition and thickness of the alternating layers are also determin-
istic, although the precision is typically no better than one per cent, and the epitaxial

growth process used involves an essentially open-loop form of control.

Nonetheless, there is an analogy with synthetic opal, at the atomic scale, in the
formation of the above structure. Epitaxial growth of single crystal layers of semi-
conductors such as gallium arsenide (GaAs) or aluminium gallium arsenide (Al-
GaAs) involves self-organisation, with the gallium, aluminium and arsenic atoms
coming together in a ratio (between the fofal number of group III atoms { Al and
Ga} and the total number of group V atoms {As}) that is very close to 1:1. These

atoms bind into regular structures that may contain millions of atoms, but have no
discernible deviation from perfect spatial periodicity.
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1.4 Photonic Band-Structure and the Electron-Photon Analogy

We have already introduced the terms ‘stop-band’ and ‘band-gap’ to describe the
properties of photonic crystals. We shall now extend the comparison between
photonic crystals and semiconductors, and indeed expose its limitations. The prop-
agation of electromagnetic waves in media with a periodic spatial variation of prop-
erties, such as the refractive index, leads to the existence of band-structure. Sin-
gle crystal solids are inherently anisotropic, and the corresponding electronic band-
structure reflects this anisotropy. The standard way to represent band-structure, in
the context of the electronic properties of solids (e.g., single-crystal sections of semi-
conducting materials such as silicon, and the III-V compounds gallium arsenide
(GaAs) and indium phosphide (InP)), is to generate a graph of energy vs. momen-
tum. Because real matter has three space dimensions and we are plotting energy vs.
momentum as it occurs in ‘three-space’, graphical representations that can easily
be assimilated by the human eye, despite being presented on a 2D surface, are es-
sentially pseudo-3D images that rely on the nature of human perception for their
effectiveness. Curves of energy are plotted against momentum along a specified di-
rection, in relation to the axes defining the crystal lattice, then multiple sections
are incorporated through rotation about the three principal axes, the orientation of
which is determined by the symmetry of the crystal.

Although conductivity in single-crystal semiconductors may exhibit anisotropy,
this anisotropy is typically unimportant and ignored in the most widely used appli-
cations of semiconductors. In the characteristic situation where a controlled amount
of current is passed through part of a semiconductor device, such as a conventional
metal oxide semiconductor (MOS) or bi-polar transistor, the electron or hole trans-
port is incoherent. The flow of the drift current is determined by the acceleration
of the electrons or holes that results from the existence of a local electric field, in
combination with an almost immediate scattering or collision event that routinely
involves lattice vibrations or phonons. The resulting, temperature-dependent, prop-
erty of the semiconductor is called the mobility, and there is a linear relationship
between this and the conductivity. In many cases, e.g. that of the transport of cur-
rent through a p-n junction, the existence of a carrier concentration gradient leads to
current flow by diffusion, but the situation is still typically mediated by phonons, as
is implied by the direct, linear relationship between the diffusion constant and the
mobility. Therefore, even though it is governed by wave mechanics (i.e., quantum
mechanics), the nature of electronic conduction is typically diffusive. However, this
is radically different from the situation sought and exploited when propagating light
(photons) through photonic crystals.

Photonic crystal structures and their corresponding band-structure are both sig-
nificantly different from and closely analogous with semiconductors. If the pho-
tonic structure that is being investigated or exploited is sufficiently regular (i.e.,
if the structure is close to perfect), the scattering of light, other than the coherent
scattering that leads to the existence of band-structure (i.e., Bragg-diffraction writ
large), should be as small as possible. The propagation of optical frequency elec-
tromagnetic waves through a photonic crystal typically shows strongly frequency-
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dependent behaviour, but is nevertheless intrinsically loss-less in the absence of
imperfections and absorption. The ability of a monochromatic source of light to
launch light into, or from within, a photonic crystal is determined by its detailed
characteristics and by the properties of the photonic crystal at the optical frequency
of interest. In general, it is not possible to match the source and the photonic crystal
structure perfectly and simultaneously over a range of frequencies, even if perfect
matching can be obtained at one or more specific frequencies. This unavoidable
connection is a characteristic aspect of Maxwell’s equations, but it also has quan-
tum consequences. In particular, when considering the amount of light that can be
transmitted through a photonic crystal device structure with a light source placed
outside the structure, there may be a substantial level of reflection, with the level of
power reflected being strongly dependent on the optical frequency. In the absence of
losses, power conservation implies that light is either transmitted into the photonic
crystal, possibly exciting optical wave propagation that is distributed over several
modes of the photonic crystal, or that light is ‘reflected’ by the crystal. In this con-
text, the reflected light includes both light that is specularly reflected by the crystal,
and light that is diffracted by the crystal back into the half-space within which it
is incident. The direction in which light is diffracted is determined by the photonic
crystal lattice periodicities, while the amount of diffracted light is determined by the
refractive index distribution in the photonic crystal, as seen through the defined sur-
face of the photonic crystal. Power and energy conservation mean that the sum total
of the power in the transmitted, reflected and coherently diffracted optical beams
equals that launched into the system.

Therefore, despite the differences between photonic crystals and semiconductors,
a direct conceptual transition between the descriptions of ‘electronic’ and ‘photonic’
band structure is possible — assuming the immediate conversion, justified by quan-
tum concepts, between energy and frequency — and between momentum and propa-
gation constant.

1.5 Propagation of Light in Periodic Media, Photonic Crystals
and Photonic Band-Gaps

Solutions of Maxwell’s Equations for propagation in loss-less periodic dielectric
media are themselves periodic, and thus provide the Bloch modes or Floquet-Bloch
modes of the periodic structure (as explored by Joannopoulos and co-authors [6]).
The Bloch modes for a photonic crystal structure at a single frequency are de-
scribed by the product of a complex exponential propagation term (for each axis
along which there is periodicity), multiplied by a term that has exactly the period-
icity of the photonic crystal structure, i.e., where u(x,y) is a function that has the
periodicities of the photonic crystal, the solution has the form (in 2-space):

exp (jkex) x exp (jkyy) < u (x,y) x exp(jor) . (1.1)

The usual convention applies of taking the real part of the whole complex solu-
tion to obtain the instantaneous field quantities. This solution has a discrete, two-



12 R.M. De La Rue, S.A. De La Rue

dimensionally periodic, Fourier-spectrum in reciprocal space (or k-space) for a 2D
photonic crystal. The equation immediately below this paragraph is a formal rep-
resentation of a Bloch mode in a 2D periodic lattice as a summation of space har-
monics. The weighting factors £, ) are the Fourier coefficients and G, are the
reciprocal lattice vectors. The magnitude and phase of the space harmonic compo-
nents forming the Bloch mode depend on the details of the periodic function spec-
ifying the refractive index distribution of the photonic crystal. In our 3D-Universe,
the function u(x,y) will also have a z-dependence that is determined by the detailed
‘vertical’ distribution of the 2D photonic crystal structure, e.g., a waveguide layer
with holes in it, typically supported by a substrate that has a refractive index greater
than that of air, but less than that of the waveguide layer:

Hy (F) = 3 by g Hoexp [i (k+ Gm) 7] (1.2)

Bloch waves are typically partial standing waves — and can therefore transport opti-
cal power. However, they become purely standing waves that transport no power at
the Brillouin-zone boundaries, i.e. at the band-edges, where the slope of the w—k dia-
gram goes to zero and the group velocity is therefore also zero. As the Brillouin-zone
boundary is approached, both the magnitude of the slope of the dispersion curve
for the Bloch mode and the group velocity decrease progressively towards zero.
In a typical situation, the shape of the Bloch-mode dispersion curve is parabolic
at the zone-boundary and the curve is, as already implied, exactly horizontal. Al-
though time does not permit us to examine the detail, the reader may be interested
to read the papers by Lombardet and co-workers [7, 8]. In these papers, calculations
are described in which the group velocity is calculated via summation, overall all
of the Brillouin zones, of the weighted space-harmonic contributions to the total
Poynting-vector of the Bloch wave, divided (for normalisation purposes) by the en-
ergy density. Although direct estimation of the group velocity as the gradient of the
w—k surface may well be a simpler process, the space-harmonic Poynting-vector
summation process could be a useful tool in solving more complex problems that
involve the presence of gain, absorption and non-linearity.

For wave propagation in a dispersive situation it is typical to consider both the
phase-velocity, v, defined as the ratio, at any point on the dispersion curve for a par-
ticular mode of propagation of the angular frequency (in radians per second) to the
propagation constant; and the group velocity, vy, defined as the local gradient of
the dispersion curve that relates photon energy to photon momentum. Multiplying
Planck’s constant by the cyclic frequency or the wave propagation constant, respec-
tively, gives the corresponding energy and momentum. Although it is natural to
think of the frequency as being the independent variable and the propagation con-
stant as being the dependent one, the standard convention is nevertheless to display
the graph of dispersion with the angular frequency forming the vertical axis and the
propagation constant forming the horizontal axis.

In a medium that has a periodically distributed refractive index (in ‘real’ space),
the propagation of the electronic/optical waves also exhibits periodicity in the space
of possible propagation constant values (‘k-space’). This periodicity in k-space is
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well understood and leads to the definition of Brillouin zones. For a crystal with
lattice constant a, the relevant wave number that defines the Brillouin zone bound-
aries is 27 /a. In addition, the size and shape of the first Brillouin zone in a two-
dimensionally periodic crystal depend on both the lattice constants and on the crys-
tal symmetry. For simple lattices, such as those with square or hexagonal symmetry,
there is a single lattice constant that is just the distance between all nearest neigh-
bour lattice points.

Because of the periodic nature of the medium, the allowed solutions of the
appropriate wave equation are Bloch waves. Bloch waves are made up of space-
harmonics — and the consequence is that there is not a single unique phase velocity
that describes the propagation of the Bloch wave. In contrast, the group velocity
is defined by the slope of the dispersion surface, which is unique, i.e. the same
value is obtained for the group velocity at any point that is equivalent between Bril-
louin zones. Bloch modes at a single frequency and along a specified propagation
direction typically have both forward and reverse travelling space-harmonic compo-
nents. Situations where the space-harmonic components in corresponding negative
and positive parts of the Brillouin zones all have equal magnitude are possible — and
there is then no net transport of energy. Such situations are clearly pure standing-
wave situations, and the following Bragg condition applies:

k =kp = £ (m/a) x (non-zero integer) . (1.3)

At the Brilloun-zone boundary, there is a region of frequencies where the dispersion
curves are separated by a gap, i.e. there is a band-gap region in which propaga-
tion along the specified direction is forbidden. It is usual to talk about the stop-band
edges and to label the upper frequency limit of the stop-band as the conduction-band
and the lower frequency limit as the valence band. Although these terms only have
an immediate physical meaning for the electron probability waves of the solid-state
physical theory of semiconductors, they are nonetheless also used for optical fre-
quency electromagnetic waves. On the other hand, for electromagnetic wave propa-
gation in regular arrays of high dielectric constant pillars in air or air-holes in a high
dielectric constant background, the bands are more usefully labelled as the air-band
and the dielectric band, respectively. The two distinct Bloch modes that can be sup-
ported by the photonic crystal may have the same value for their k-vector, but their
modal power/energy distributions, and the resulting average energies in each mode,
are quite different.

1.6 Quantum Energy-Frequency Relations

In quantum language, the photon energy E (Joules) and the optical frequency f or
v are related by:
E=hf=hv=(h/2n)0 =ho . (1.4)

In this equation, f and v are alternative symbolic representations of the cyclic fre-
quency in Hertz, @ is the angular frequency in radian/second, and % is Planck’s
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constant (~6.6 x 1073 Joules /second). Again using quantum language, there is the
relationship between momentum, p, and propagation constant, k, that:

p=hk. (1.5)

Plots (in principle) in three-space of the relationship between @ and k describe the
properties of a medium from the point of view of wave propagation. For periodic
media, there are specific repetitive relationships that are important for an under-
standing of the properties of the medium. Given an w—k diagram, it is the ratio of
the value of w along the y-axis to the value of k along the x-axis, in a plot of @
versus k, that gives the phase velocity, i.e.:

— (16)

where o is the angular frequency (in radians per second) and k is the wave vector
magnitude, which has dimensions of inverse length. Group velocity is then defined
as the slope of the dispersion curve, i.e.:

ve=w/dk . (1.7)

Under conditions of so-called ‘normal dispersion’ it is usually legitimate to asso-
ciate the group velocity with the energy velocity. But group velocity and phase
velocity are both vectorial properties of a medium (in three-space). So the group
velocity definition should be understood as implying the use of the gradient opera-
tor from vector calculus.

In considering the propagation of optical waves in media such as photonic crys-
tals, it is often useful to use the free-space (‘air’) light-line as a reference marker —
or, alternatively, the substrate light-line (e.g. when considering situations such as
2D photonic crystals fabricated in planar waveguides). The light line is a straight
line through the origin of an w—k diagram. The slope of the light line for a given
medium is simply given by ¢/n, where n is the refractive index of the medium.
For free-space, the slope of the light line is ¢, i.e. 3 x 103 ms~!. In typical semi-
conductor media such as silicon and gallium arsenide, the slope is more than three
times smaller, i.e. below 108 ms~!. For the layered open waveguide photonic crys-
tal structures that are used in much of photonic crystal device research, the strictly
guided Bloch modes must have an effective refractive index that is larger than the
external media refractive indices. So the guided Bloch mode dispersion curves must
lie below all the relevant light-lines. The term ‘heavy photon’ has been coined [9]
for situations where the group velocity is significantly smaller than the modal phase
velocity —and is based on the standard association of particle-like behaviour in wave
mechanics with the group-velocity of the waves. However, it is not appropriate to
assign mass to such heavy photons. Instead, one may talk about photons that have
modified values for their momentum.



1 Introduction to Photonic Crystals and Photonic Band-Gaps 15

1.7 Light Confinement in One Spatial Dimension:
The Slab Waveguide

Let us now consider the simple planar slab waveguide, which has a uniformly thick
core layer occupying the whole of 2-space and having a characteristic thickness a in
the y-direction, i.e. the direction of the normal to the two surfaces that define the slab.
The simplest case, but one that is of practical relevance, is a dielectric slab with a re-
fractive index (ng,p) that is greater than one, with air (refractive index n = 1) above
and below the slab (Fig. 1.3). The high refractive index dielectric slab waveguide is
a simple example of a structure that provides strong confinement for light. For high
refractive index values at optical frequencies (e.g. refractive index n = 3.5), the slab
has the desirable property of supporting only a single fully confined guided mode
of each polarisation type (see below) at thicknesses up to approximately 0.3 wm.
The dispersion equation that describes the propagation of strictly guided elec-
tromagnetic waves in an infinite dielectric slab, with lower refractive index media
above and below it, is based on solution forms for the field distributions of the dis-
crete mode that have simple trigonometric function dependence in the slab (i.e. the
waveguide core) and exponential decay outside. Boundary conditions in the form of
continuity of parallel field components across the slab boundaries lead to the dis-
persion equations for two distinct classes of modes, typically characterised in engi-
neering electromagnetic notation as transverse electric (TE) and transverse magnetic
(TM) modes. TE modes have no electric field component parallel to the propagation
direction and TM modes have no magnetic field component parallel to the propaga-
tion direction. Of greater physical importance, is the fact that the single electric field
component in the TE modes is characteristically normal to the propagation direction
and parallel to the surfaces of the slab, while for the TM modes, the single magnetic
field component is parallel to the surfaces of the slab. Correspondingly, the main (but
not the only) magnetic field component of the TE modes is oriented normally to the
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Fig. 1.3 Simple dielectric slab optical (electromagnetic) waveguide
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surfaces of the slab, while the main (but not the only) electric field component of the
TM modes is normal to the surfaces of the slab. The convention just stated is that
used in Joannopoulos et al. [6], as well as the standard electromagnetic engineering
textbooks. Unfortunately this is not a universally applied convention, and care must
be taken when using popular software packages for modelling of photonic crystal
structures, since at least one such package has used exactly the opposite convention!

Although the functions used to describe the modal field distributions for the di-
electric slab waveguide are simple trigonometric ones, and the resulting dispersion
equation is quite compact, it is a transcendental equation. Therefore the solutions for
the propagation constants of the guided modes at a given slab thickness, with given
refractive indices and with given wave frequency, have to be found numerically, i.e.
by a simple root-solving process. In contrast, it is useful to note that specification of
the wave frequency and the propagation constant value can be used, with the same
equation, to compute multiple waveguide thicknesses that correspond to the succes-
sive modes of the waveguide. (The equation is not a transcendental one as far as the
waveguide thickness is concerned.)

An important practical point is that thin slab waveguides are the base for the air-
suspended high-index membranes that have been used in many of the 2D photonic
crystal structures described in the recent literature, in particular for the realisation of
high Q-factor photonic crystal micro-cavities. The weighted average refractive index
of a thin dielectric slab with a regular pattern of air holes in it can readily be much
larger than that of air, making it possible to support guided and well-confined Bloch
modes with a range of effective refractive index values. In particular, the effective
guided mode Bloch index can have a value as large as 3, making it possible for full
photonic band-gap behaviour to be obtained for in-plane guided propagation.

The mode structure of a uniform dielectric slab that is symmetrically enclosed
by half spaces having equal refractive index is shown schematically in Figure 1.4.
The vertical axis is a dimensionless normalised frequency, (wa/2nc) = a/Ay, and
the horizontal axis is a normalised in-plane wave-vector or propagation constant,
(ka/2m) = (a/Aer). The fundamental mode of the symmetric slab exists, for a given
frequency, down to zero thickness. This property is closely related to that of the
fundamental mode of a circular fibre, which also does not exhibit a low-frequency
cut-off. In the asymmetric situation, e.g. of a thin layer of silicon with air above and
supported by a sufficiently thick layer of silica (refractive index n = 1.45), the lowest
order mode at a given wavelength, e.g. the free-space wavelength of 1.55 um that is
widely used in fibre-optical telecommunications, is cut-off below a finite thickness
value that is determined by the refractive index of the slab. The cut-off thickness,
at a given wavelength, is slightly different for a TE mode and its corresponding
TM mode, implying that there is a narrow range of conditions for which only the
lowest order TE mode is supported by the asymmetric slab waveguide. The vertical
confinement is characteristically weak for this specific condition.

There are two distinct regions that should be noted in Fig. 1.4. The guided
modes (identified with the label n) form a discrete spectrum that always lies be-
tween a steeper straight line that corresponds to the velocity of light in air or, to
a good approximation, in vacuum, and a less steep straight line that corresponds to
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Fig. 1.4 Schematic mode structure of dielectric slab waveguide

the velocity of plane waves in the unconfined (bulk) dielectric medium. (The rel-
atively modest contribution of material dispersion is ignored in this diagram.) The
permitted states that are labelled as ‘radiation continuum’ in Fig. 1.4 have phase
velocities that are greater than the free-space velocity of light, and are therefore
radiative modes of the slab. Unlike the guided-modes, which have a discrete spec-
trum, the radiative modes have a continuous spectrum. They may have any phase
velocity (along the guide) that is greater than the velocity of light in free-space. If
a plane wave is launched in air onto a dielectric slab at an angle that corresponds to
an extended state, the wave will be partially transmitted and partially reflected by
the slab, emerging at the same angle as the angle of incidence, if the slab has air on
both sides. That this behaviour is nevertheless characteristically modal in nature is
shown by the fact that the amount of reflected and transmitted light depends on both
the angle of incidence and the thickness of the slab, relative to the free-space wave-
length and the refractive index of the slab. With the correct choice of parameters, the
coupling between a free-space beam and the modes in a photonic crystal structure
embedded in a slab waveguide may be sharply resonant in nature, corresponding to
large and complementary variations in reflection and transmission.

The partial description that we have given of the dielectric slab modal proper-
ties connects back to classic papers on dielectric waveguides, such as that of Mar-
cuse [10], which discussed the propagation losses resulting from a specified level of
roughness. In the context of 1D or 2D photonic crystal structures composed of holes
etched into slab waveguides, the earlier work on the scattering of light (mainly into
radiation modes) due to roughness in a slab waveguide provides a useful starting
point, with the roughness treated by Marcuse (and in subsequent work by Payne
and Lacey [11]) now being replaced by structural aspects of the photonic crystal. In
passing, we may note that the scattering of light due to roughness and irregularity is



18 R.M. De La Rue, S.A. De La Rue

a continuing concern in the evolution of nano-photonic waveguides such as photonic
wires [12] and photonic crystal channel guides [13].

Experiments designed to estimate the characteristic band-structure of planar
photonic crystal structures [14, 15] frequently use finite (but large enough) cross-
sectional area light beams incident at known angles on the photonic crystal region.
Measurements of the reflection and transmission coefficients as a function of fre-
quency then enable identification of the free-space coupled or leaky Bloch modes of
the planar photonic crystal. Such measurements are subsequently used to construct
the band-structure of the photonic crystal. This technique can be extended to allow
identification and characterisation of the guided Bloch modes, via the use of the
prism-coupler technique or by illuminating the edge of a finite area photonic crystal
region with the probe light beam [16]. The angle of incidence of the light beam im-
mediately identifies the in-plane propagation constant (wave-vector), while rotation
of the planar photonic crystal structure around an axis that is normal to the plane of
the crystal identifies the direction of propagation with respect to the defining axes
of the photonic crystal lattice. The polarisation of the incident light beam must be
specified, and the polarisation content of the reflected, transmitted and diffracted
light beams must be measured.

Another nomenclature-related discrepancy in the analysis of the guided modes
of a dielectric slab is that one standard convention labels the lowest order, strictly-
guided, mode as n = 0. This is because it associates n with the multiple solutions
of the dispersion equation, which are in turn directly associated with the multiple
branches of the tan and cotan functions — and the multiple angles that give the same
values of the tan and cotan functions. Our convention here is not the one used in
Joannopoulos et al. [6].

1.8 Band-Structure in Periodic Media, the 1D Case

Despite the desire of some researchers in the field to restrict the use of the words
‘photonic crystal’ to media that are periodic in either two or three spatial dimen-
sions, there is much to be gained from understanding the behaviour of optical waves
in media that are only periodic along one spatial axis. In this 1D situation, the peri-
odic variation of the electromagnetic properties, e.g. the refractive index, guarantees
that there will be band structure, i.e. there will be curves in w—k space that describe
the propagation of electromagnetic waves over a specified range of photon energies,
i.e. optical wave frequencies, despite the spacing between the curves implying that
propagation is not possible (in the ideal case of a perfect, infinitely repeating lattice).

The representative band structure that can be observed in or calculated for a one-
dimensionally periodic dielectric structure with large refractive index contrast be-
tween the two constituent layers that form a single spatial period is shown in Fig. 1.5.
This pattern is, in principle, merely the first section of a graph that is repeated
infinitely-many times along the horizontal (wave-vector) axis in both the positive
and the negative directions. The diagram is therefore a representation of the electro-
magnetic wave dispersion of the periodic system in the first Brillouin zone. Note,
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Fig. 1.5 Schematic dispersion (w—k) diagram of large refractive-index contrast 1D periodic struc-
ture

again, that the dispersion curves describing the band structure must intersect the
Brillouin-zone edges exactly horizontally.

Brillouin zones are readily defined in w—k space, even for situations that are only
periodic in one space dimension. All Brillouin zones have the same extent along the
k-axis, because it is possible to add on a reciprocal lattice vector and obtain a solu-
tion that is formally indistinguishable, i.e. unchanged. The Floquet—Bloch modes for
a particular lattice are characteristic of that lattice, as their behaviour is determined
by the detailed properties of the lattice. These properties include the exact refractive
index distribution for optical waves, or the potential distribution for electron waves.

Built-in to the band-structure diagram of a periodic medium are the possibil-
ities of both slow-wave propagation and backward waves. It is important for all
researchers currently working in the field of slow light phenomena (and slow elec-
tromagnetic wave propagation more generally) to have a proper awareness of key
historical aspects of their field. A good introduction to this is found as the web-site:

http://en.wikipedia.org/wiki/Backward_wave_oscillator

It has long been recognised that slow electromagnetic-wave-propagation behaviour
on periodic electrode structures could be used as a means of extracting microwave
frequency electromagnetic power from a high velocity electron beam in a vacuum,
typically with the periodic electrode structure wrapped helically around a cylindri-
cal electron beam. In Amerenglish, devices that exploit this interaction are known
as microwave tubes. With appropriate construction and choice of parameters, this
interaction between electromagnetic waves and electron beam charge oscillations
can produce backward wave oscillation, in which the group and phase velocity of
the electromagnetic waves have opposite signs. Feedback mechanisms then allow
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the classic build-up from noise into a characteristic oscillation. A key aspect of
travelling-wave type microwave tubes, which may yet find a modern counterpart
at optical frequencies, is that the wave propagation is radically modified from that
of Bloch waves in a loss-less, gain-free medium. In microwave frequency electron-
tubes, the presence of gain enables a useful interaction to take place that involves
only a single space harmonic of the periodic structure, i.e. all the important action
may be crowded into a single Brillouin zone. Present day microwave tubes are able
to operate at frequencies up to 1 THz.

1.9 Band-Structure in Periodic Media, the 2D Case

Moving to photonic crystals with two-dimensionally (2D) periodic lattices radically
increases the scope for engineering of the photonic band-structure. A variety of lat-
tice symmetries becomes available, of which the ‘triangular’ lattice shown schemat-
ically in Fig. 1.6 is merely the simplest example. The triangular lattice is so called
because the smallest group of holes that defines it has a triangular arrangement.
But the lattice has six-fold rotationally symmetry that allows the circular building
blocks, in principle, to be close-packed, so it may also be described as ‘hexagonally
close-packed’.

Included among the possible arrangements of interest for creating photonic crys-
tal structures in two-space are: (i) rectangular lattices with different periodicities
along two orthogonal axes; (ii) photonic quasi crystal structures that are strictly not
periodic but have rotational symmetries higher than six; and, (iii) ‘graphite’ lattices
that also have six-fold rotational symmetry, but are more open than the triangular
lattice and therefore cannot be close-packed.

Practical 2D photonic crystal structures are typically based on planar waveg-
uides, in order to provide confinement along the third spatial dimension. The use
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Fig. 1.6 Schematic of section of a ‘triangular’ photonic crystal lattice of circular air holes in a solid
medium. The section has been chosen in order to emphasise the hexagonally close packed sym-
metry of the lattice. The two darker arrows indicate symmetrically equivalent directions, while the
lighter arrow indicates a direction that exactly is half-way between
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of air holes in a continuous high refractive-index medium, rather than high-index
pillars in a low index (air) background, provides much better ‘vertical’ (waveguide)
confinement, as well as simple mechanical integrity. The waveguide used may, de-
pending on circumstances, take the form of a suspended membrane in air, e.g. of
silicon or an epitaxial III-V semiconductor structure, of a high index core layer
on a low index cladding layer, e.g. SOI (silicon-on-insulator) or a low-contrast, but
high-index waveguide layer, with holes etched to a sufficient depth, ‘from the top’,
through the waveguide core and into the lower cladding layer.

In contrast to the hexagonal (triangular) lattice, a square photonic crystal lattice
has the simple advantage, both for computational modelling purposes and for pattern
definition purposes, of being easier to specify in a rectilinear coordinate geometry.
For some purposes, the greater degree of anisotropy, i.e. the smaller symmetry level,
of the square lattice may even be a useful feature.

Figure 1.7 shows schematically the band-structure of a particular triangular lat-
tice 2D photonic crystal structure. The parameters of the crystal, such as the re-
fractive indices and the hole filling-factor, have been chosen so that there is a full
photonic band-gap (PBG), i.e. (as indicated) there is a range of energies where no
propagation band is available. As the figure suggests and as will emerge in sub-
sequent chapters of this book, exploiting fully the potential of a band-structure
as complex as that which is automatically provided by a 2D periodic lattice of
strong light scatterers is a serious challenge — and is an on-going one in research,
world-wide. Even if there is no region where a full photonic band-gap or a sub-
stantial angular range of photonic band-gap behaviour, many interesting proper-
ties become available, e.g. slow-propagation, super-prism, hyper-lens behaviour and
auto-collimation, strongly polarisation-dependent effects and largely polarisation-
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Fig. 1.7 Schematic of band-structure for 2D lattice
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independent effects. Changes in the band-structure and the introduction of useful
‘states-in-the band-gap’ add to the possibilities.

Figure 1.7 follows standard conventions [6] in terms of showing the disper-
sion along the two high-symmetry directions of a hexagonal photonic crystal lat-
tice, together with the change in the frequency (or, equivalently, photon energy)
encountered in moving along the Brillouin-zone boundary between the two high-
symmetry directions. Effectively this representation is made up from three chosen
cross-sections of the frequency surface in reciprocal lattice space.

1.10 Gap Maps

Gap maps [17] are a representational tool that show graphically, for a given lat-
tice form and a given combination of the high and low refractive-indices of a two
material based photonic crystal, regions of the spectrum over which the polarisation-
determined phenomenon of ‘full’ photonic band-gap (‘full-PBG’) behaviour occurs.
These are the regions where propagation in any direction encounters a stop-band.
The low index medium involved is usually air, but this is not a mandatory condition.
The other variable involved, for circular holes in a high-index solid medium or for
high-index pillars in air, is the ratio of the cylinder radius r to the lattice constant a,
i.e. the normalised radius. This ratio is directly related to the filling factor, which
is defined as the fraction of the total area of the 2D lattice (in plan view) that is
occupied by the cylinders. The regions where fully polarisation independent PBG
behaviour is obtained simultaneously for both TE and TM polarisations can then

. ™
[ Both
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Frequency (wa/2nc)

Normalised Radius (r/a)

Fig. 1.8 Schematic gap-map
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be identified as the characteristically much smaller overlap zones between the PBG
regions for the two different polarisations. As Fig. 1.8 shows, such overlap, which
may be very desirable for some applications, does not always occur. The other side
of the coin, polarisation selectivity, is clearly also potentially useful.

1.11 Channel Waveguides Through Photonic Crystals

The presence of deliberately induced ‘defects’ in a photonic crystal region is an es-
sential tool for their exploitation in device structures. Associated with such defects,
in a manner closely analogous to the effects of doping on the electronic properties
of semiconductors, is the creation of ‘states in the band-gap’. One specific type of
defect of interest is the channel waveguide, which may be obtained, for example, by
filling in one row of holes in a photonic crystal lattice — forming a W1 channel, as
illustrated in Fig. 1.9. But channel waveguides can also be formed, conceptually, by
moving blocks of crystal, making it possible to produce channel waveguides with
fractional spacing, e.g. W0.7 or W1.3.

Figure 1.10 shows a possible dispersion curve for a photonic crystal channel
wave waveguide, set in the framework of the first Brillouin zone along the main
propagation axis and the band structure of the perfectly regular lattice. Although
only a single modal dispersion curve is shown in the band-gap region of the band-
structure, in general there will be a discrete set of guided modes. The guided-mode
dispersion curve is not shown as continuing above the upper band beyond the point
where it intersects with it, but this is possible. The guided modal dispersion curve
is also shown as continuing for k-vectors down to zero, corresponding to an infinite
phase velocity. At the same time, the dispersion curve must be exactly horizontal at
its intersection with the frequency axis, corresponding to zero group velocity, with
slow propagation behaviour occurring in this neighbourhood.

Fig. 1.9 Schematic of W1

channel guide in triangular
(hexagonal) lattice of cylin-
ders
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Fig. 1.10 Photonic crystal band-structure for lattice with channel-waveguide type defect state

1.12 Concluding Remarks

This introductory chapter has provided a brief overview of the topic of photonic
crystals and the concept of the photonic band-gap; however, there are many more
aspects of the topic that have not even been touched on. The chapter [18] immedi-
ately following this one provides the reader with an excellent continuation of much
of what has been set out in this introductory chapter. In addition, 3D photonic crys-
tals have only been described by implication through the images in Figs. 1.1 and 1.2.
The committed reader should look to the book by Joannopoulos and co-workers [6]
for a more general understanding of the properties of photonic crystal structures that
should suffice to support an odyssey into the research literature, whether the topic
is full PBG 3D PhCs, PhC channel waveguides, PhC micro-cavities or photonic
quasi-crystal light extraction structures for LEDs. Further recommended reading is
exemplified in references [19-21].
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2 Physics of Slow Bloch Modes
and Their Applications

Pierre Viktorovitch
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Abstract. The unique confinement properties of photonic crystals allow for the storage of photons
in confined space (in the wavelength range), for a long time (compared to the period of oscillation).
Different confinement schemes can apply for the production of a variety of very compact, spec-
trally as well as spatially resolved, microphotonic devices, depending upon the regime of opera-
tion of the photonic crystal microstructures (photonic band-gap regime, slow Bloch mode regime
around an extreme of the dispersion characteristics, or a combination of both). This chapter fo-
cuses on two dimensional photonic crystals and on their exploitation along the slow Bloch mode
regime.

Key words: Two dimensional photonic crystals, slow Bloch modes, photon con-
finement

2.1 Introduction

The principal motivations for the emergence of photonic crystals can be summarized
in one single word, that is “A-Photonics”, which means the control of photons at the
wavelength scale.

Generally speaking, the harnessing of the light consists in structuring the space
where it is meant to be confined: but there are intrinsic limitations which are related
to the undulatory nature of the light and which have been formulated in the famous
equations of Maxwell in 1873, providing a consistent picture of the experimental
data available then. These limitations are in the heart of the A-Photonics, whose
definition could be the control of photons within the tiniest possible space during
the longest possible time: this implies to structure space at the wavelength scale,
which is the sub-micron range for the optical domain.

The next section (2.2) will present a brief overview of the basic concepts which
underlie photonic crystals, with a special emphasis on two-dimensional photonic
crystals (2D PhC), which have been the matter, so far, of most of the new appli-
cations in terms of device demonstrations. Focus is put on the deep changes of the
spatial-temporal characteristics of photons as a result of their “immersion” in the
periodic medium formed by the photonic crystal. Section 2.2 will conclude with
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the presentation of the essential building blocks of the 2D PhC based Integrated
Micro-Nano-photonics, which is presently developed along planar technological
schemes and is considered as the principal domain of applications of photonic crys-
tals.

It will be shown in Sect. 2.3 that 2D PhC have definitely entered within the realm
of practical devices: although 2D PhC have not yet reached the maturity allowing
for the mass production and transfer to the market of devices, it must be pointed out
the extraordinary flourishing of laboratory demonstrations of Micro-Nano-photonic
devices, at a rate which had not been anticipated a few years back. A special atten-
tion will be given to surface addressable devices, which have been the matter of very
recent developments. In that respect, the concepts of 2.5 Microphotonics based on
2D PhC, which can be considered as a major extension of planar technology through
exploitation of the third (‘vertical’) dimension, will be presented in Sect. 2.4, which
will be followed by the concluding section.

2.2 Photonic Crystals: A Brief Overview of Basic Concepts

2.2.1 What Are Photonic Crystals?

A photonic crystal is a medium which the optical index shows a periodical modula-
tion with a lattice constant on the order of the operation wavelength. The specificity
of photonic crystals inside the wider family of periodic photonic structures lies in
the high contrast of the periodic modulation (generally more than 200%): this spe-
cific feature is central for the control of the spatial-temporal trajectory of photons at
the scale of their wavelength and of the their periodic oscillation duration.

Figure 2.1 shows schematic views of a variety of photonic crystals with dimen-
sions ranging from 1 to 3.

1D

Fig. 2.1 Schematic view of photonic crystals with different dimensionalities
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We will restrict the rest of this paper to 2D PhC, which have been the matter of
most of the recent developments in the field of Micro-Nano-Photonics and are far
more accessible than 3D PhC (initially introduced by E. Yablonovitch in 1987 [1]),
from the fabrication point of view.

A real 2D PhC consists in considering a 2D structuring of a planar dielectric
waveguide where photons are “index guided”, that is to stay vertically confined
by the vertical profile of the optical index. Figure 2.2 shows schematic and SEM
views of a real typical 2DPC, consisting in a triangular lattice of holes formed in
a semiconductor slab.

In the rest of this chapter we will concentrate on the so called membrane ap-
proach, where the vertical confinement is strong: guiding of light is achieved in
a high index semiconductor membrane surrounded with low index cladding or bar-
rier layers (for example an insulator like silica or simply air: see Fig. 2.3). In single
mode operation conditions the thickness of the membrane is very thin, around a frac-
tion of wm; it results that low loss coupling schemes with an optical fibre are not
easily achievable, but, the positive counterpart lies in the relaxed technological con-
straints for the fabrication of the 2D PhC (holes with a shape ratio around unity).
Also, the strong vertical confinement, leading to a reduced volume of the optical
modes, leads itself to the production of very compact structures, which is essential
for active devices to operate at the cost of very low injected power. Another essen-
tial asset of the membrane approach will be fully appreciated in Sect. 2.3, where
the attention of the reader will be strongly driven to the fact that a brilliant future
should be promised to 2D PhC provided that they are not strictly restricted to in-
plane waveguided operation and that they may be opened to the third dimension,
particularly along the so called 2.5D microphotonics schemes.

2D Photonic crystal
in a SC slab waveguide

a~0.5um for A ~1.5um

Fig. 2.2 Schematic and SEM views of a real 2D PhC, consisting in a triangular lattice of holes
formed in a semiconductor slab
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Fig. 2.3 The basic building blocks of the membrane approach

2.2.2 Why Photonic Crystals?

The principal motivation for high index contrast periodical structuring of space,
thus resulting in the formation of a photonic crystal, lies in the general objective
of Micro-Nano-Photonics, which is the control of optical modes/photons within
the tiniest space V during the longest possible period of time 7.

According to the above definition of Microphotonics, it appears natural to grant
the optical mode with a merit factor F', which quantifies the properties of the optical
mode in terms of the ratio of the time 7 during which it remains under control (or
its lifetime from the observer/user view-point), over the average real space volume
which it fills up during its lifetime.

To put it differently and more precisely, the lifetime 7 is the time interval when
the user may count on a coherent mode, whose phase remains deterministic, within
the volume where he tries to control and confine it. The merit factor can be made
dimensionless if normalized to the ratio %, where T is the period of oscillation and
A is the wavelength in vacuum.

T A3
with: )
T
= 2.2
Qo T (2.2)

where Q is the traditional quality factor of the mode.

The reader will have noticed that F' is proportional to the Purcell factor, which
expresses the relative increase of the spontaneous recombination rate of an active
medium as a result of its coupling to the optical mode, as compared to the non
structured vacuum [2].

It should be pointed out that there exists a variety of ways for the structuring
of space, consisting in preventing the propagation of photons along one or several
directions, thus resulting in photonic structures with reduced “dimensionality” and
optical mode confinement. Refraction phenomena, for example, have been widely
used in optoelectronics for the guiding of photons or for their trapping within micro-
cavities. The control of photon “trajectory” is based upon the total internal reflec-
tion that they experience at the boundary between the external world and the higher
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index medium where they are meant to be confined. Photonic crystals offer a new
strategy for optical mode confinement based on diffraction phenomena. The new av-
enue opened up by photonic crystals lies in the range of degrees of freedom which
they provide for the control of photon kinetics (trapping, slowing down), in terms of
angular, spatial, temporal and wavelength resolution.

2.2.3 Photonic Crystal: How Does It Work?

The principal characteristics of the photonic crystal manifest themselves in the
so called dispersion characteristics of the periodically structured medium, relating
the pulsation @ (eigen-value) to the propagation constants k (eigen-vector) of optical
modes, which are the eigen-solutions of Maxwell equations, corresponding to a spa-
tial distribution of the electromagnetic field which is stationary in the time scale. It
is appropriate here to speak in terms of dispersion surfaces (k) = @(ky,ky), real
space being two-dimensional.

In a non structured homogeneous dielectric membrane, the dispersion surfaces
relate classically to the guided modes of the slab waveguide and show a circular
symmetry.

For photonic crystals, which are strongly corrugated periodic structures, strong
diffraction coupling between waveguide modes occurs; these diffraction processes
affect significantly the dispersion surfaces, or the so called band structure, according
to the solid state physics terminology. The essential manifestations of these distur-
bances consist in:

e The opening of multidirectional and large photonic band-gaps (PBG)
e The presence of flat photonic band edge extremes (PBE), where the group veloc-
ity vanishes, with low curvature (second derivative) o ~ %.

These are the essential ingredients which are the basis of the two optical confinement
schemes provided by photonic crystals (PBG/PBE confinement schemes) and which
make them the most appropriate candidates for the production of a wide variety of
compact photonic structures.

© A

PBG | PBE (o)
Fig. 2.4 Schematic represen-
tation of a photonic band-gap U
(PBG) and of related pho-
tonic band edges (PBE) in the : >
dispersion characteristics of k0 k

a photonic crystal
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PBG Confinement Scheme Using Localized “Defect” or Cavity Modes

In the PBG scheme, the propagation of photons is forbidden at least in certain direc-
tions. This is in particular true when they are trapped in a so called localized defect
or microcavity and the related optical modes are localized: in this case the propa-
gation of photons is fully prohibited. Opening of large PBG (in the spectral range)
provided by the photonic crystal, allows for a very efficient trapping of photons,
which can be made strongly localized in free space.

PBE Confinement Scheme Using Delocalized Slow Bloch Modes

In the PBE scheme, the photonic crystal operates around an extreme of the disper-
sion characteristics where the group velocity of photons vanishes. It should be noted
however that the dispersion characteristics apply strictly for infinite periodic struc-
ture and time and that the concept of zero group velocity is fully true only under
these particular extreme conditions. The real common world is actually finite and
transitory. It is therefore more appropriate to speak in terms of slowing down of opti-
cal modes (so called Bloch modes for a periodical structure), which remain however
de-localized.

It can be shown that the average group velocity of optical slow Bloch modes in
a photonic structure operating around an extreme of the dispersion characteristics

decreases with time ¢ like v, ~ \/g (assuming that the dispersion characteristics

are isotropic at the extreme whose curvature is ¢). If we put it in a different way, the
lateral extension of the area S of the slowing down Bloch mode during its lifetime
T is proportional to ot [3]. It can then be straightforwardly derived that the merit
factor of the Bloch mode is simply proportional to él. As mentioned above, one
essential virtue of photonic crystals is to achieve a very low curvature o at the band
edge extremes, thus resulting in very efficient PBE confinement of photons and large
merit factor of the corresponding slowed down optical modes.

The most efficient confinement of photons can be achieved with the PBG scheme.
Record merit factors have been reported in the literature in this way.

The PBE scheme provides weaker confinement efficiency than with the PBG
approach, while resulting in an improved control over the directionality or spa-
tial/angular resolution.

It has been explained earlier in this chapter that the vertical confinement of pho-
tons is based on refraction phenomena. However, full confinement of photons in the
membrane waveguiding slab is achieved only for those optical modes which operate
below the light-line (see Fig. 2.5a). This mode of operation is restricted to devices
which are meant to work in the sole waveguided regime, where guided modes are
not allowed to interact or couple with radiated modes. This is the territory of 2D
micro-photonics.

For guided modes whose dispersion characteristics happen to lie above the light
line, coupling with the radiated modes is made possible, the guided ““state” of the re-
lated photons is transitory, and the photonic structure can operate in both waveguide

! Which is also proportional to the density of photonic modes at the band edge extreme



and free space regimes (see Fig. 2.5b). This is the world of 2D-3D microphotonics,
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which we will quote later in this paper as 2.5D microphotonics.

The Issue of Vertical Confinement in 2D PhC: Below and Above Light-Line

Operation
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Fig. 2.5 Below (a) and above (b) light-line operation of photonic structures based on 2D photonic

crystals
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2.3 Photonic Crystals: Slow Bloch Modes and Related Devices

Following the pioneering and triggering contributions of S. John (1987) [4] and
E. Yablonovitch (1987) [1], it took quite a few years for the modelling and techno-
logical tools to reach the degree of maturity requested by the production of the first
elementary building block devices, essentially based on 2D PhC. This gradual start
has been followed, around 2000, by an ever growing wave of new device demon-
strators, so much so that it may be stated, to day, that photonic crystals have entered
within the realm of practical devices.

In order to help the reader to find his way within this jungle, we choose to classify
the wide range of devices produced so far into four main categories, depending upon
whether they operate singly in the waveguide regime or not, and upon whether they
make use of the PBG or of the PBE confinement scheme.

This classification is further detailed in the table of Fig. 2.6, which provides
a non-exhaustive list per category of the principal device structures demonstrated
so far. In the following sections we emphasize devices making use of slow Bloch
modes along the PBE confinement scheme and specifically those devices belonging
to the fourth category, that is to say devices operating in the waveguide regime
while being also opened to the third direction of space: these devices include in
their functionality the coupling of guided to radiated modes, which has been the
matter of attractive new developments in the recent literature.

It should be mentioned, at this stage, that most of the recent reported achieve-
ments, in the literature in terms of device demonstrations, are based on the mem-
brane approach. For passive devices silicon is often used for the membrane material,
especially in the silicon on insulator (SOI) configuration, which is fully available in

* Micro-cavities (QED) * Drop filters
* Micro-lasers ...
g * Guiding / bends
A, | « Cavity-guide cascading
(add-drop filters)
* Directional add-drop filters | , ~ ompact reflectors/filters
= : Mlcro—la§ers * Non-linear optics: fully
g | * Super-prism . optical micro-switches
B~ | » Pulse compression * Surface emitting Micro-lasers
R * ... and other devices

Fig. 2.6 Classification of 2D PhC based devices in four main categories
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the world of microelectronics. For active devices, III-V semiconductor membranes
have been principally used so far: the thin membrane is generally bonded by the
molecular bonding procedure on the low index material, such as silica on silicon
substrate [5]. This approach presents the definite advantage of lending itself to het-
erogeneous integration of active III-V optical devices with silicon based passive
optical devices and microelectronics.

Photonic devices based on 2D PhC have been principally aimed, so far, at form-
ing the basic building blocks of integrated photonics and are usually designed for
in plane waveguided operation. We remind that the operation of photonic integrated
circuits based on 2D PhC may be deeply affected by optical losses resulting from
unwanted diffractive coupling of guided modes with the radiation continuum.

This problem of optical losses can be approached from a completely different
perspective: instead of attempting to confine the light entirely within waveguide
structures, the 2D structures can be deliberately opened to the third space dimension
by controlling the coupling between guided and radiation modes. In this approach,
the exploitation of the optical power is achieved by accurately tailoring the optical
radiation into free space.

A simple illustration of this approach is the use of a plain Photonic Crystal Mem-
brane as a wavelength selective transmitter/reflector: when light is shined on this
photonic structure, in an out-of-plane (normal or oblique) direction, resonances in
the reflectivity spectrum can be observed. These resonances, so called Fano reso-
nances [6], arise from the coupling of external radiation to the guided modes in the
structures, whenever there is a good matching between the in-plane component of
the wave vector of the incident wave and the wave vector of the guided modes (see
Fig. 2.7). Accurate tailoring of the spectral characteristics of the Fano resonances
(shape, spectral width) is made possible by the design of the 2D PhC membrane
(type of 2D PhC, membrane thickness, ...). If the lateral size of the illuminated
membrane is infinite, the spectral width of the resonance is like the inverse of its
lifetime 7, that is the lifetime of the guided mode, with T = 7., where 7. is simply
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Fig. 2.7 Illustration of the resonant coupling between a guided mode and a radiated mode
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the coupling time constant between guided and radiated plane-wave modes”. In real
devices, the lateral size of the illuminated area is limited, and the lifetime of the
resonance is also controlled by the lateral escape rate r_lg of the guided mode out of

this area; this escape rate can be considered as a loss mechanism for devices which
are designed and meant to operate “vertically”. In these real conditions the lifetime
of the resonance can be written, under certain conditions as:

1 1 1
—=—+— =0 (2.3)
T T T

where d® is the spectral widening of the resonance. The ability of high index con-
trast PhC to slow down photons and to confine them laterally, especially at the high
symmetry points (or extremes) of the dispersion characteristics allows for a very
good control over the lateral escape losses and results in very compact devices.

A variety of passive as well as active devices has been demonstrated in the recent
literature. For example, very compact passive reflectors showing a large bandwidth
(a few hundreds of nanometres) and consisting in a plain 2D PhC membrane formed
in Silicon on silica have been reported [7]. The large bandwidth is obtained for
specific designs of the 2D PhC which allow for a very strong coupling rate rlc of
guided modes with the radiation continuum.

The 2DPC membrane can be also designed in such a way as to result in very
strong Fano resonances, that is for weak coupling rate —-. Use of such strong Fano
resonances has been made for the demonstration of Very low threshold and very
compact surface emitting Bloch mode laser [8]. The photonic crystal consists in

0.8
L
Graphite crystal 4 .
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Exploitation of flat bands in T' (k,=0)
(above the “light-line”)

Fig. 2.8 Band structure of a surface emitting Bloch mode laser formed in a graphite type 2D PhC

2 Various factors contribute to the control of the coupling time constant, such as the strength of
the periodic corrugation, the membrane thickness, the symmetry of the guided mode, ...
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a graphite lattice (Fig. 2.8), which can be viewed as an array of H; coupled cavities,
formed in a triangular lattice.

This particular 2D PhC exhibits band edge extremes at the I'" point with very low
curvature (Fig. 2.8). One of these extremes is exploited for vertical laser emission.
The coupling between wave-guided slow Bloch modes and radiated modes is autho-
rized, but its rate is controlled accurately, allowing for the vertical emission, while
retaining the strength of the resonance and, therefore, achieving a weak threshold
power.

Emission spectra of the laser are shown in Fig. 2.9 for different hole filling fac-
tors f, as well as the spontaneous emission spectrum of the non-structured mem-
brane. The device is optically pumped in a quasi-steady state regime and operates
at room temperature. The peak intensity for the optimum filling factor (f = 19%) is
larger than the spontaneous emission power by 5 orders of magnitude. For increas-
ing f, as expected, the emission peak is blue shifted as a result of the reduction of
the effective optical index of the membrane; in the same time, the emission yield
drops rapidly due to the decrease of the modal gain (not shown in the figure). The
effective threshold pumping power, for the optimized device, is very weak and does
not exceed 40 uW. The pumped area where the stimulated emission process takes
place is very limited and does not exceed 2 to 4 um in diameter: this is a clear
demonstration of the outstanding ability of 2D PhC to confine laterally slow Bloch
modes, along the PBE scheme.

The graphite lattice 2D PhC active membrane used for surface laser emission is
extremely generic and can apply for a large variety of other types of active devices,
at the very cheap expense of slight changes in the design of the 2D PhC. Along this
line spectacular demonstrations of diverse devices have reported recently, including
optical amplifiers and fully optical micro-switches [9-12] for the latter it is made
use of electronic Kerr effect, via photo-injection of carriers in quantum wells, to
manipulate Fano resonances in the spectral domain (the design of the 2D PhC results
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Fig. 2.9 Emission spectra of the surface emitting laser formed in a graphite lattice 2D PhC, for
different hole filling factors (f). The plot of the emitted power versus the pumping power indicates
a threshold power of 40 uW for = 19%
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in Fano resonances lying in the Urbach tail of the quantum wells, instead of the gain
maximum as in the case of micro-lasers).

All these devices are convincing illustrations of a planar technological approach
resulting in 2D PhC devices freed from the bi-dimensional universe.

2.4 Towards 2.5D Micro-Nano-Photonics

It has been proposed recently a major extension of planar technology, through
exploitation of the third (“vertical”’) dimension by using a so-called multi-layer ap-
proach, where the lateral high index contrast patterning of layers would be combined
with the vertical 1D high index contrast patterning: it is here more appropriate to
think in terms of “2.5 dimensional” photonic structures, in which an interplay be-
tween wave-guided-confined photons and radiated photons propagating through the
planar multilayer structure occurs [3].

The simplest illustration of this approach is the use of a plain Photonic Crystal
Membrane as discussed in the previous Sect. 2.3. If one considers now a multi-
layer structure, the strong vertical 1D modulation of the optical index, allows for
a fine and efficient “carving” of the density and vertical field distribution of radiated
modes, using a limited number of layers. As a result the variety of coupling schemes
between optical modes is considerably widened, thus opening large avenues toward
new photonic functionality.

In summary, 2.5D Microphotonics, combining lateral 2D PhC and vertical 1D
PhC, should provide a very good control over the electromagnetic environment, that
is over the distribution of optical modes in 3D real space and time, at a much lower
cost than the full 3D approach in terms of technological feasibility: the technology
schemes to be adopted are compatible with technological approaches which are nor-
mally describable as planar. This multi-layer or multi-level approach is familiar to
the world of silicon microelectronics, when it comes, for example, to fabricate the
multiple levels of electrical inter-connections; its use for microphotonics extends far
beyond, from the viewpoint of widening considerably the range of new accessible
functionality and performances.

The 2.5D Microphotonics approach has been successfully applied recently for
the production of very low threshold power microlasers [13, 14] and of a new class
of optical bistable devices based on the Kerr effect [15]. The basic common building
block for these devices is shown is Fig. 2.10. It consists in a graphite lattice 2D PhC
active membrane, similar to that presented in the previous section, bonded on to the
top of a Bragg reflector formed by high index contrast SiO,-Si quarter wavelength
pairs. It can be shown that the thickness 7g of the top SiO, “gap” layer, which
supports the bonded 2D PhC membrane, is essential for the performances of both
types of devices, in terms of the requested threshold power. This is due to the fact
that the resonant coupling rate at the I" point of the wave-guided slow Bloch mode
which is used in these devices, is strongly dependent on 7g: the coupling rate is
inhibited for g on the order of an odd integer number of quarter wavelength, which
results in an increased strength of the slow Bloch mode resonance and, therefore, in
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Fig. 2.10 Photonic crystal membrane bonded on top of a Bragg

a significantly reduced threshold power of the device (and vice versa for tg on the
order of an integer number of half wavelength).

This is illustrated in a spectacular manner in Fig. 2.11, which shows the gain char-
acteristics of the micro-laser for the two (quarter-wavelength or half wavelength) 7g
values. Optical bistabity could be demonstrated for the sole quarter-wavelength 7g
case (see Fig. 2.12), corresponding to the strongest mode confinement (inhibition of
coupling to the radiation continuum). It should be pointed out that the only differ-
ence between these two categories of devices lies in the particular design of the 2D
graphite PhC: for the micro-laser, it is managed that the slow Bloch mode resonance
wavelength at the I'" point lies close to the gain maximum of the active quantum well
medium, whereas, for the bistable device, it is located within the Urbach tail of the
quantum well material. Needless to say, therefore, that the building block shown in
Fig. 2.10 is very generic.

Other domains of photonics should take advantage of the 2.5D microphotonics
approach. For example, the introduction of 2D PhC in MOEMS (Micro Opto Electro

60000+
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= .
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100004 |
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0 20 40 60 80 100 120 140 160
Effective Pump Power (uW)

Fig. 2.11 2.5D Photonic crystal micro-laser: the thickness of the top silica “gap” layer has a wide
impact on the threshold power of the micro-laser
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Fig. 2.12 Optical bistability effect in a 2.5D PhC structure as shown in Fig. 2.10

Mechanical) devices shows great promises in terms of widening of the spectrum of
(electromechanically actuable) optical functions, achievable with further enhanced
compactness structures.

Figure 2.13 shows examples of such 2.5 dimensional MOEMS structures. These
new types of photonic structures should be applied in various domains, including
optical telecommunications (tuneable or switchable wavelength selective devices,
taking advantage of the extra angular resolution provided by the in-plane 1D-2D
PhC). Highly selective and widely tuneable 2.5D MOEMS filters have been demon-
strated very recently [16]. Also, a new family of hybrid VCSEL, where one of the

Fig. 2.13 New class of MOEMS devices: structures including several InP membranes suspended
in air, with a 1D and 2D PhC formed in the top membrane (SEM view)
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traditional Bragg reflector is replaced by PhC membrane reflector has been reported
both in the GaAs and InP systems [17].

2.5 Conclusion

The flow of innovations whose threshold has been initiated in the late 1980 by the
introduction of the concept of photonic crystals [1,4] is still very close to its source
and will inflate in the future to an extent which is certainly beyond our full con-
sciousness: it was simply proposed to extend to the three dimensions of space the
field of optics, which was rather confined, yet with very successful outcomes, to the
one dimensional world of multilayer optical structures. It is now established that
the emergence 3D microphotonics based on full 3D PhC will be significantly de-
layed, as a result of technological constraints. We hope that the reader will have
been convinced that, on the other hand, 2D PhC are fully engaged in the process
of innovation and that we are living, in that respect, a true microphotonic revolu-
tion. We have shown, in particular for the so called 2.5D microphotonics, where 2D
PhC are deliberately opened to the third dimension of space, convincing demonstra-
tions of their ability to generate, in the short run, a wide range of photonic devices
(“killer applications”), combining compactness, spatial (angular) and spectral reso-
lution, and whose fabrication meets the standards of the planar technology, familiar
to the world of microelectronics.

It appears that the rising trajectory of photonic crystals will not be inhibited in
the long range, provided that appropriate tools are made available for their evolution.
In that respect, bottlenecks are still to be eliminated and important R&D will have
to be deployed for that purpose: this is true for the modelling and design aspects
(especially 3D), whose fast and convivial tools are yet to be built; the technolog-
ical constraints, dictated by the necessity to control the size of the devices at the
nanometre scale, are far from being overcome. From the latter point of view, it can
be stated that one has really entered within the Nanophotonic era.

Acknowledgements This work was partly supported by the EC FP6 network of excellence
ePIXnet.
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3 Quasi Phase Matching in Two-Dimensional
Quadratic Nonlinear Photonic Crystals
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Abstract. We analyze quasi-phase-matched conversion efficiency of the five possible types of
periodic two-dimensional nonlinear structures: Hexagonal, square, rectangular, centred rectangular
and oblique. The frequency conversion efficiency, as a function of the two-dimensional quasi-
phase-matching order, is determined for the general case. Furthermore, it is demonstrated for the
case of a circular motif. This enables to determine the optimal motif radius for achieving the highest
conversion efficiency. As an example for experimental techniques, we discuss the fabrication and
nonlinear optical characterization of a rectangularly-poled stoichiometric LiTaO3 crystal.

Key words: Quasi phase matching, nonlinear photonic crystals, nonlinear fre-
quency conversion, second harmonic generation

3.1 Introduction

Quadratic nonlinear photonic crystals are materials in which the second order sus-
ceptibility x(? is modulated in an ordered manner, while the linear susceptibility
remain constant. They are fundamentally different from the more common linear
photonic crystal, in which the linear susceptibility xm is modulated. One dimen-
sional quadratic nonlinear photonic crystals have been studied for many years, in
particular for quasi-phase-matched (QPM) frequency conversion. In recent years,
since the introduction of two-dimensional nonlinear photonic crystals (2D NLPhC)
by Berger [1], there has been a growing interest in these structures and in their
potential applications. They were studied for non-collinear second harmonic gener-
ation (SHG) [2], for simultaneous wavelength interchange [3], for third and fourth
harmonic generation [4, 5], and proposed for realization of all optical effects, e.g.
all optical deflection and splitting [6]. Various methods have been tested for fabri-
cation of 2D NLPhC, including electric field poling [2, 3, 7, 8] and electron beam
irradiation [9] of LiNbOj3. Recently, two-dimensional nonlinear structures with
quasi-periodic modulation have been analyzed [10] and experimentally demon-
strated [11-13].

As is well known from solid-state physics [14], 2D periodic structures can be
classified by five Bravais lattices: hexagonal, square, rectangular, centred rectangu-

45



46 A. Arie, N. Habshoosh, A. Bahabad

lar and oblique, as can be seen in Fig. 3.1. Also shown is the honeycomb lattice,
Fig. 3.1f, which is not a Bravais lattice. In order to convert a lattice into a 2D
NLPhC, we convolve each one of the lattice points with a nonlinear motif — i.e.
some geometrical shape in which the nonlinear coefficient sign is different from the
background sign. For example, in ferroelectric crystals, e.g. LiNbO3 and LiTaOs3,
the sign of the nonlinear coefficient can be locally inverted by a domain reversal.
In the first experimental demonstration of 2D NLPhC by Broderick [2], hexagonal
lattice was used in LiNBOs3, and the motif was also hexagonal. Usually, in other
materials, like glasses [15], only the motif is poled thus having a non-zero nonlinear
coefficient, whereas the remaining background is un-poled and therefore has a zero
nonlinear coefficient.

In order to optimally design and use a 2D NLPhC, one needs to know the con-
version efficiency for any given lattice, its dependence on the shape and size of the
motif, and its dependence on the QPM orders. Although part of the cases have been
discussed in previous works [1, 16], in this work we provide a systematic study on
the efficiency dependence of all the structure parameters. We calculate the conver-
sion efficiency of structures made of the five different Bravais lattices and explicitly
analyze it for a circular motif. Analysis of additional motifs, e.g. rectangular [17],
triangular and hexagonal [18] motifs has been also performed by us recently. An-
other recent work discussed the effect of elliptical motif, as well as motif orientation,
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Fig. 3.1 Six lattice types, five of them are different types of Bravais lattices: (a) hexagonal,
(b) square, (c¢) Rectangular, (d) centered-rectangular, where the dashed lines form a rectangle,
(e) oblique. Panel (f) is a honeycomb lattice. The gray area in each lattice refers to the unit cell
area
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but only in the case of a square lattice [19]. We also determine the optimal radius of
the circular motif for some QPM orders in each lattice.

The conversion efficiency for two of the five possible lattices (hexagonal and
square), for the case of a circular motif was previously studied by Wang and Gu [16],
with identical results for the present analysis of square lattice, but some differences
appear for the case of hexagonal lattice. In addition they also analyze a triangular
structure. We note that in the photonic crystals community, a “triangular” lattice is
what we refer to as hexagonal lattice, while “hexagonal” or “honey-comb” lattice is
a hexagonal lattice with a missing point in the middle of each hexagon, as shown in
Fig. 3.1f. This “honey-comb” lattice was recently analyzed using the tools presented
in this chapter [18], by writing the lattice as the difference between one hexagonal
lattice with a base vector of length a, and a second hexagonal lattice with a base
vector of length v/3a. Our results for the hexagonal lattice are different than those
of [16] for the “triangular” as well as the “hexagonal” lattices.

A general analysis of quasi-phase-matched interactions in 2D NLPhC is given in
Sect. 3.2. This includes a mathematical description of the real and reciprocal lattice,
and analysis of the effect of the lattice, motif and interaction area on the generated
electric field and intensity. In Sect. 3.3, the normalized conversion efficiency of the
five 2D Bravais lattices with a circular motif is described, followed by a specific
study of the motif optimum radius for some specific QPM orders. Part of this work
was presented in a recent journal publication [17]. An experimental example on
production and characterization of two-dimensionally poled stoichiometric LiTaO3
nonlinear photonic crystal is given in Sect. 3.4. The results are discussed and sum-
marized in Sect. 3.5.

3.2 General Analysis of a Periodic Two-Dimensional Nonlinear
Photonic Crystal

3.2.1 The Real Lattice

A two-dimensional nonlinear lattice is defined by two primitive, non-parallel vectors
aj, ay, so that each lattice point is given by

Fon = may +na; . 3.1
The lattice is represented by a set of distributed Dirac delta functions:

u(r):25(r7rmn):25(r7ma17na2) . (3.2)

m,n

Note that this is a generalization of the more common one-dimensional periodic lat-
tice, which is represented by u(x) =Y, 0 (x — mAZX), where A is the 1D period. The
lattice can be converted into a nonlinear photonic crystal by convolving the lattice
points with a suitable nonlinear optical motif. In the 1D case, the motif is a strip
having a nonlinear coefficient with a different sign that the background, whereas in
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the 2D lattice, we can have for example a circular pattern, defining a positive value
for the nonlinear coefficient, centred at each one of the lattice points. These motifs
are surrounded by a background with a different nonlinear coefficient. The pattern
outside the circular motifs, may be linear (zero nonlinearity, as for example is the
case for patterns made of poled and un-poled glass), or, may have an opposite sign
of the nonlinear coefficient (as is the case in domain inverted ferroelectric crystals).
For the case of circular motif, the motif function s(r) is given by

s(r) = circ (i) = { I r<r (3.3)

R 0 elsewhere

where r = |r|. Other shapes that were studied for use in nonlinear photonic crystals
include rectangular [17], triangular, hexagonal [18] and elliptical [19] motifs.

If the background is nonlinear (with opposite sign to the motif nonlinear coeffi-
cient) the motif function has values of 1 and (—1) instead of 1 and 0. This amount
in a DC shift in the Fourier transform of the overall structure function (the result,
as implied through Sect. 3.2.3, is doubling of the electric field conversion efficiency
for a QPM process). To simplify the following analysis we shall assume first that
the background has a zero nonlinear coefficient, and later (in Sect. 3.3) adjust the
final results in order to account for non-zero background.

The lattice area is restricted by the crystal physical size and by an effective in-
teraction area. Let us denote the area function as a(r). Let us assume that the area
function is rectangular with a length L and width W. In that case, the area function
is:

a(r)=a(x,y) =rect (%) -rect (%) . (3.4)

The relevant Cartesian component of the nonlinear dielectric tensor as a function of
position in a nonlinear photonic crystal can be therefore expressed mathematically
as
2
xifi) (r)=2dijx g(r)=2dijxa(r)x [u(r)@s(r)] (3.5)

where d;; is the value of the nonlinear susceptibility tensor for the Cartesian indices
i and j, and ® is the convolution operator. g(r) is a normalized and dimensionless
function that represents the space dependence of the nonlinear coefficient function.

3.2.2 The Reciprocal Lattice

Similar to the analysis of crystals in solid-state physics [14], it is useful to define
a reciprocal lattice for u(r) using two primitive vectors that together with the direct
lattice primitive vectors obey the following orthogonality relation:

a; 'bj = 27'65ij . (3.6)

For the 1D case, the lattice points are given by b = (27/A)%, whereas in the 2D
case, they are given by
K,,, = mb| +nb, . (3.7)
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The reciprocal lattice function is the two-dimensional Fourier transform of the direct
(or “real”) lattice function:

_ 2( mb ’;_';2) CT 5 5 (K — mby —nby)

C 2 Auc

(27r
= 0 (K—Ky) . (3.8)
Auc mz,‘, )
Here Ayc = |a1xagy — alyagx| is the area of the unit cell [20], f is the spatial
frequency in the two-dimensional Fourier space, K = 2nf and a; = (aiy,aiy),
a; = (612)(’“2)1)-
For the following discussion, it is also useful to calculate the Fourier transform

of g(r):
G(f)=FT{g(r)} =U{)®AF)xS(f) , (3.9)

where A(f) and S(f) are the Fourier transform functions of the area function and mo-
tif function, respectively. For some specific motif functions, S(f) is known analyti-
cally. For example, in the case of circular motif of radius R, the Fourier transform is:

S(f) = —11(27er) F=I=(2+R2)". (3.10)

The effects of other shapes of motifs were studied in [17-19]. Similarly, the Fourier
transform of a rectangular area function of dimensions L x W is:

A(f) =A(fr.fy) =LWsinc(fiL)sinc (W) . (3.11)

For the case of infinite area, (L, W much larger than the unit cell dimensions), the
space-dependent part of the nonlinear susceptibility can be expressed as the follow-
ing sum:
r) = Gunexp(—iKmnr) . (3.12)
m,n
This equation shows clearly the relation between the reciprocal lattice vectors and
the nonlinear susceptibility as a function of space.
In this case the Fourier coefficient becomes
1 K

Gpn = —S .
mn AUC 2r

(3.13)

As will be shown in the next section, the conversion efficiency in a 2D NLPhC
is proportional to |G,,|*. Equation (3.16) shows the combined effect of the lattice
(through the unit cell area), the motif (through its Fourier transform function §) and
the QPM orders m, n on the nonlinear process.

3.2.3 Wave Equations in 2D NLPhC

We consider now the case of second harmonic generation in a 2D NLPhC. The re-
sults shown here can be easily generalized to other second-order nonlinear pro-
cesses, e.g. sum frequency generation and difference frequency generation. We as-
sume that a plane wave at the frequency @ propagates in the transverse plane of
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a 2D NLPhC. This wave generates a second harmonic wave owing to the second
order susceptibility of the material. We assume that the fundamental frequency is
linearly polarized along one of the 2D NLPhC axes, and we concentrate only in
a specific linear polarization of the generated second harmonic wave. The coupling
between the two beams is given by the appropriate element of the nonlinear suscep-
tibility tensor d;;.

Let us write the relevant component of the second harmonic wave as

Ere (r,t) = 1E2 (r)expli ot — ko -1)] +c.c. (3.14)

We assume that the nonlinear conversion efficiency is low, hence the pump ampli-
tude can be assumed constant throughout the entire interaction length (non-depletion
approximation). We further assume that the slowly varying envelope approximation
applies for the second harmonic wave. Under these assumptions it can be shown
that:

2
O
Kz VEsq (r) = —1C—2E§,x§j>( r)exp [i (koo — 2ko) 1] . 3.15)

If the 2D NLPhC is large enough we can use Eq. (3.12) for the second order suscep-
tibility, and so:

kaw-VEx, (r) = 21 Ezd,szm,,exp[(ka 2ky —Kp)-r].  (3.16)

Note that these results can be easily adapted for the 1D case, by simply replac-
ing the 2D Fourier coefficients and reciprocal lattice vectors by their 1D counter-
part. Significant build-up of the second harmonic wave requires phase matching,
ie. kygy —2ky — Ky = 0.

This phase-matching condition is just a crystal-momentum conservation law: the
required momentum balance for the interaction is accomplished through a reciprocal
lattice vector (RLV). Usually we can assume that if the phase matching condition
is achieved by some order (m,n), it would be the only order which contributes to
the build-up of the second harmonic while all the other orders contributes negligible
oscillating terms.

This process can also be analyzed in Fourier space by integrating Eq. (3.15)
above over a rectangular area of width W and length L (see an example [21]). The re-
sult is the second harmonic amplitude after an interaction length of L:

721a)2E2
Ex (8k) = 2! e G Xl //g r)exp(—iAk-r)da (3.17)
w

where Ak =k, — 2k, is the phase-mismatch vector. If the integration area is given
through the function a(r) defined in Sect. 3.2.1, we can use g(r) = a(r) x (u(r) ®
s(r)) and set the integration limits to infinity and so:

Exo (Ak) = -G (8k) (3.18)
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where G(Ak) is just the two-dimensional Fourier transform of g(r) and x is a con-
stant defined as:
_ 2i0%ELd;  —i0E}d;;
B kyoc? B Mec

(3.19)

From Eq. (3.18) we can see that the field amplitude evaluation for some specific
phase mismatch value Ak = Ak is proportional to |G(Akg)|. If phase matching con-
dition is achieved by some order (m,n)then the integral above is dominated by this
order and we can write:

Akl Ak W
Ero (Ak =~ K,ypy) =2 KLG i €Xp {i ( AT Y ﬂ

2 2

Ak L Ak W
x sinc [ —= ) sinc [ —=—=2— | , (3.20)
2n 2

where Ak, = Ak — Ky = Ak 1%+ Ak y 9.
For perfect quasi-phase-matching Ak, » = Ak, = 0 and so:

Eze (A = Kpp) = KLG - (3.21)

The fundamental and second harmonic amplitudes are related to the corresponding
intensities by:

1 & 1 &
lo = 310, /% Eol>, ho= 2o\ |Ezol . (3.22)

Hence, the intensity of the second harmonic for the case of perfect quasi-phase-
matching after an interaction length L is:

20°d% |G|
bo(L) = —45——I L 3.23
2m ( ) nzwn%) C380 [0} ( )
and so the interaction efficiency is proportional to the absolute square of the rel-
evant Fourier coefficient |G,,,|>. We shall now relate to |G| as the normalized
efficiency.

3.3 Conversion Efficiency for Specific Types of 2D Periodic
Structures

3.3.1 General Expressions for Fourier Coefficients

Without loss of generality, we can define the coordinate system so that one of its
axes is in the same direction as that of the a; primitive vector. Denoting the angle
between the two primitive vectors as 7, the primitive vectors of the real and recipro-
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cal lattice are:

a; = (a1,0), a = (axcosy,asiny)

2 (1,—L) b= 2T (o,#) . (3.24)
a tany a smy

We shall now analyze the conversion efficiency of the five possible 2D lattices. For
each one of them we present in Table 3.1 the primitive vectors, reciprocal lattice
vectors (RLVs) and the unit cell areas.

As was shown in the previous section, the nonlinear conversion efficiency de-
pends on the Fourier coefficient G,,, of the normalized nonlinear susceptibility.
These Fourier coefficients are presented in Table 3.2 for each one of the lattice
types in the case of circular motif. Nearly circular motifs have been demonstrated
experimentally in two-dimensionally poled LiNbO3 [7,9]. A numerical optimiza-
tion procedure for general shapes of motifs was given by Norton and de-Sterke [22],
however its experimental implementation requires to modulate the nonlinear coeffi-
cient with high spatial resolution.

by

Table 3.1 Primitive vectors, RLVs and unit cell area for the five lattice types

Lattice types Primitive vectors RLVs Unit cell area
2 1 2\/3
Hexagonal a; = (a,0) b = e 1,— Ayc = a’v3
y=120° a \"V3 2
. 1 V3 b, — AT ©.1)
=al|l—=,— = (0,
: 2’72 RV
2r 2
Square a; = (a,0) b =—(1,0) Ayc =a
v=90 o
a2:(07a) b2: 7(071)
2
Rectangular a; = (a;,0) b =—(1,0) Ayc = ayap
— 90° a
Y=90 5
b1
ay = (0,a2) by = e (0,1)
2 —1 2
Centered-rectangular a; = (a,0) b = el <1, —_ Ayc = %tany
ye [007900} a tany

a, = l ltan b _am
2=a 2772 Y 2=
y € [0°,180°] @

a) =ap(cosy,siny) by, =

Oblique a; = (a;,0) b = 2% (1,—) Auc = ayap siny
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Table 3.2 Fourier coefficient of a circular motif

Lattice types Fourier coefficient of a circular motif
2R 4nR
Hexagonal G = ———o-—or-—1 <— m? +n? 4 mn)
avm?+n?+mn aV/3
2R 2r
S Gun = ————=J1 | —RVm?+n?
quare ‘mn a\/nml<a m+n>
IR 2 2
Rectangular Guyn=————-J, |27R (ﬁ> + <£>
(maz)? + (na; ) a a2
2R-2cosy
G = ay/m? +4n? cos? y — dmncos?
Centered-rectangular rR ¥ v
T
x J, 2 1 An2 cos2y— 4 2
1 (asiny\/m +4n< cos*y —4mncos y)
2R
Gun = = >
q/alaz\/'"afz + =4 —2mncosy
Oblique
27R m2ay  nla;
S| ———— — =2
X Jy siny\/m\/ @ + o mncosy

According to Eq. (3.10), the Fourier transform of a circular motif with a radius R,
depends on a 1st order Bessel function. In Table 3.2 we present the Fourier coeffi-
cients for all five Bravais lattice types with a circular motif as function of R, the
primitive vectors magnitude and the QPM orders (m,n).

Note that the Fourier coefficients in Table 3.2 are suitable for the case in which
the background has an opposite nonlinear coefficient with respect to the motif.
This is the case for domain-inverted ferroelectrics. If the background has zero-
nonlinearity, the Fourier coefficients in the two tables should be multiplied by 1/2.

3.3.2 Efficiency for Specific QPM Orders

We shall now examine in more detail the efficiency as a function of the ratio between
the motif size and the primitive vectors magnitude, for specific QPM orders. This
enables to determine the highest possible efficiency for a given structure and the
required dimensions and shape of the motif. Furthermore, it allows determining
motif shapes that will completely null the nonlinear conversion efficiency (which,
for example, can be useful to nullify unwanted processes). We concentrate on three
out of the five lattice types, namely the hexagonal, square and rectangular lattices.
For the other two lattices (centred rectangular and oblique), the motif dimension and
the efficiency will depend on the angle y between the two primitive vectors.

We chose two specific QPM orders: (m,n) = (1,0) and (m,n) = (1,1). The first
one is usually the most efficient process in a 2D nonlinear structure, however it
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relies on only one of the two primitive vectors. The second order is usually the most
efficient process that relies on both primitive vectors although, as shown below, in
some cases one may get higher efficiency with a different choice of (m,n) order.

The normalized efficiency is given as a function of the ratio between the circle ra-
dius and a primitive vector length. We limit the motif size, in order to avoid overlap
between motifs of adjacent lattice points. For each lattice, this sets the maximum
allowed motif size. For the hexagonal and square lattices, the radius of the circu-
lar motif has possible values from zero to half the primitive vector magnitude a,
whereas for the rectangular lattice, the radius of the circular motif has possible val-
ues from zero to half the shortest primitive vector, a;.

In the drawings of 2D NLPhCs in Figs. 3.2 to 3.4, the grey areas represent a cer-
tain sign of the nonlinear coefficient, whereas the white areas represent the opposite
sign. As can be seen, the order (m = 1, n = 0) is more efficient than the (m = 1,
n = 1) in all 3 lattices, as expected. In the case of hexagonal lattice, the maximum
efficiency (0.118) is achieved when R/a = 0.331, whereas for (m = 1, n = 1), the
maximum efficiency is 0.03 when R/a = 0.439. In the case of a square lattice, the
maximum efficiency of the (1,0) order is 0.158 when R /a = 0.383, and for the (1,1)
order the maximum efficiency is 0.04 when R/a = 0.271. Note that in both cases,
the square lattice is more efficient than the hexagonal lattice.

For a rectangular lattice, and for the (1,0) QPM order, the Fourier coefficient is
composed of two independent functions:

2R [27R
Gio= =7, (L) . (3.25)
a

ap

The left expression on the right hand side depends only on R/a,, whereas the right
expression is a Bessel function which depends only on R/a;. The maximum value of
G is therefore achieved when R/aj is set to the maximum value of 0.5. In this case,
the motifs of adjacent lattice points along the a, direction are just touching each
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other. Figure 3.4 shows the normalized efficiency |Gyo|* as function of R/a;, when
R/ay = 0.5. Note that in this case, the rectangular lattice is the most efficient struc-
ture, and provides significantly higher efficiency with respect to the hexagonal and
rectangular lattice. Also note that the shape of the optimal lattice (for phase match-
ing a single process), see inset of Fig. 3.4, is similar to that of a one-dimensional
periodic structure. If a rectangular motif is used instead of a circular motif, the op-
timal lattice shape becomes identical to a one-dimensional structure [17].

For the (1,1) order, the maximum efficiency is similar to the case of a square
lattice (|G1|> = 0.04 when R/a; = R/ay = 0.271).

3.4 Experimental Results

One dimensional nonlinear photonic crystals, as well as two-dimensional nonlin-
ear photonic crystals are usually prepared by electric field poling of ferroelectric
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Fig. 3.5 Microscope picture of the C+ (left) and C— (right) planes of a two-dimensional nonlinear
photonic crystal with a rectangular lattice. The lengths of the two base vectors are 8.5 um and
9.4 um, respectively

crystals. Other methods, such as poling by electron-beam [9] or atomic force mi-
croscope [23] have also been studied, and have shown to provide very high reso-
lution. However, in these methods, the time needed to pole a reasonable area (say
10 mm?) is quite long, and in addition it is hard to maintain the exact period. Hence,
most demonstrations of nonlinear photonic crystals were made by electric field pol-
ing.

In Fig. 3.5 we show a scan of the C+ and C— surfaces of two-dimensionally
poled stoichiometric LiTaOs3 crystal. The 0.5 mm thick z-cut crystal was grown by
the double—crucible Czochralski method at Oxide Co. and doped with 0.5 mol%
MgO. A structured pattern of photoresist was contact printed on the C+ face of
the sample from a lithographic mask, and uniformly coated by a metallic layer.
A rectangular lattice was chosen, with orthogonal base vectors of 8.5um and
9.4 um, respectively. The electrical poling was achieved by applying 1kV pulses
to the crystal surfaces. The total switching charge was 45uCb/cm?. The photore-
sist and the metallic coatings were removed after poling. Although the poling does
not change the refractive index of the material, it is possible to distinguish between
the positive and negative domains by selectively etching the surface by HF etch-
ing.

Nonlinear optical characterization of a nonlinear photonic crystal can be done
by measuring the angular dependence of a selected nonlinear process, e.g. second
harmonic generation. In Fig. 3.6 we show the dependence of the output angle of
the second harmonic of a 780 nm Ti:Al,O3 pump laser, as a function of the pump
input angle. The extraordinary polarized pump wave was sent to the crystal that was
shown in Fig. 3.5. The crystal was mounted on a rotation stage and held at a temper-
ature of 100 °C. When the crystal wais rotated, at several specific angles in which
a reciprocal lattice vector compensated for the phase mismatch of the interactive
waves, one observed strong second harmonic signal, as shown for one specific an-
gle in Fig. 3.7. By recording those angles and comparing them to the theoretical
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Fig. 3.6 Dependence of the second harmonic output angle as a function of the pump input an-
gle. The theoretical and experimental results are marked by circles and crosses, respectively. The
two values in parenthesis are the coefficients of the two reciprocal lattice vectors. This figure is
reproduced from the thesis of Nili Habshoosh, Tel-Aviv University (2007)

SHG order (-3,-2) SHG order (-3,2)

Fig. 3.7 Pump and two simultaneous second harmonic signals from rectangularly poled stoichio-
metric LiTaO3 crystal. The pump enters nearly parallel to the (1,0) RLV, and two second harmonic
beams correspond to the (—3,2) and (—3, —2) QPM orders. This figure is reproduced from the the-
sis of Nili Habshoosh, Tel-Aviv University (2007)



58 A. Arie, N. Habshoosh, A. Bahabad

expectation, one can evaluate the quality of the crystal, and retrieve the reciprocal
lattice [9]. The conversion efficiency, as well as spectral and thermal tolerances are
obtained by adjusting the input angle of the fundamental to match a specific QPM
order, and measuring the second harmonic power as a function of the fundamental
power, fundamental wavelength and crystal temperature.

3.5 Conclusion

In this chapter, we have presented a general analysis of quasi-phase-matched con-
version efficiency in all possible periodic two-dimensional structures. This analysis
enables to design and analyze structures for two-dimensional quasi-phase-matched
frequency conversion, in any given periodic lattice and in any chosen QPM or-
der.

We have shown that the conversion efficiency for optical intensities of a QPM
process of some (1, n) order scales as |G, |>. The value of the Fourier coefficient
G, depends both on the choice of the periodic lattice and on the shape and di-
mensions of the nonlinear motif. A general expression that includes the effects of
lattice, motif and QPM order was derived in Eq. (3.13). The conversion efficiency
is also determined by the interaction area, defined by the 2D NLPhC area and beam
parameters. Specifically, we have analyzed a circular motif, but other motifs have
been studied in [17-19]. The values of G, for all five possible periodic lattice
structures are given in Table 3.2.

Some specific examples of conversion efficiency were considered for two QPM
orders, namely (m,n) = (1,0) and (m,n) = (1, 1), for the cases of hexagonal, square
and rectangular lattices. The rectangular lattice is the best choice in terms of effi-
ciency for the (1,0) order, and the optimal condition is such that the circular motifs
of adjacent lattice points just touch one another.

An example of experimental fabrication and characterization of nonlinear pho-
tonic crystals was given in Sect. 3.4. Currently, the method of electric field poling,
which was used to fabricate the stoichiometric LiTaO3 crystal shown in Sect. 3.4, is
the most mature technology for making nonlinear photonic crystals. Since it is based
on planar techniques, it enables to modulate the nonlinear coefficient in either one or
two dimensions. It is desirable to reach three-dimensional modulation as well, which
will open new possibilities for applications such as nonlinear beam shaping [24] and
generation of vortex beam by nonlinear wave-mixing [25]. A possible solution for
constructing such devices is by electric-field poling of ferroelectric materials into
thin 2D-nonlinear modulated planar plates and bonding them together [25].
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Abstract. The potential of nonlinear optical phenomena in adding functionality to nanostructures
like nanoparticles or photonic crystal waveguides are presented. The role of field localization and
system resonances is discussed in the light of few examples in which harmonic generation is being
drastically enhanced by these effects. In particular the results on single nanoparticle harmonic re-
sponse are discussed as the basic example of nonlinear interaction of intense radiation with a single
nanoparticle. Here the driving resonance mechanism of nonlinear interaction is proven to be due to
surface plasmon oscillations that give rise to strong harmonic enhancement when proper resonance
conditions are established. This response in further enriched when assemblies of nanoparticles are
considered next, illustrating the role of the surrounding medium, particle shape and orientation
and temperature. Switching from metals to semiconductors leads to exploitation of photonic res-
onances as opposed to plasmonic ones of previous examples. In photonic planar structures the
nonlinear response gains also from the notion of quasi-phase matching introduced by the period-
icity of the system and from exploiting leaky (or quasi-guided) optical modes that considerably
expand the possibilities for an optimised output. Examples based on second and third harmonic
generation from such systems are discussed in details. Finally, potential new routes for exploiting
higher harmonic efficiencies or very broad-band resonance conditions are briefly mentioned.

Key words: metal nanoparticles; photonic crystals; harmonic generation; plas-
monic resonances; photonic resonances

4.1 Introduction

The research towards compact and efficient nonlinear (NL) photonic devices has
greatly improved in recent years in view of potential applications in integrated pho-
tonics. The technological requirements are for optimisation of NL processes to-
gether with miniaturization and device integration. Given the general structure of
the NL interaction between an electrical field E and the material response, in terms
of polarization P = yVE + y®: EE + y3): EEE, one may act on susceptibilities
%, local fields and propagation in order to enhance a particular NL process. This
translates into a research oriented towards new materials and new geometries. In
particular, novel effects can be obtained when material properties are modulated
at the sub-wavelength scale, that is by exploiting nanostructures. Two different ap-
proaches in this respect are represented by metal nanoparticles (NP) and patterned

61
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optical waveguides. They have been extensively studied [1,2] and their NL proper-
ties will be briefly presented and discussed here. Metal NP aggregates show optical
properties that are substantially different from individual isolated particles or bulk
materials. By controlling the aggregation and the geometry (size, shape, distance)
in which NP are organized, a full range of new materials can be assembled. Indeed,
NP linear and nonlinear [3—8] optical properties have been found to depend strongly
on these parameters. A second class of novel NL materials is obtained by modify-
ing optical waveguides by patterning a photonic structure thus changing linear and
nonlinear optical characteristics. In both cases system specific mechanisms for en-
hancing the optical response enter into play that can be exploited and optimised in
several applications.

In this chapter the accent is on harmonic generation in metal NP systems and
in photonic waveguides. The purpose is here to illustrate the complementary fea-
tures of the microscopic mechanisms involved, i.e. plasmonic versus photonic res-
onances. The nanometre size of the relevant elements makes them particularly at-
tractive for integration in compact devices providing novel functionalities. In the
following section the origin of the NL response in the simplest nanostructure, an
isolated nanosphere, is described and the main features of the corresponding sec-
ond harmonic scattering intensities are briefly reviewed. Random aggregates of NPs
in monolayers are then described in Sect. 4.3. Here, the NL interaction gives rise
to a macroscopic polarization vector and therefore the coherence properties of the
pump are replicated in the harmonic field in reflection and transmission. Section 4.4
is devoted to harmonic generation in patterned waveguides giving rise to a pho-
tonic crystal (PhC) structure. Optimisation of harmonic generation can be achieved
in different geometries by the use of quasi-guided modes and multiple resonances
with the photonic structure. Moreover NL diffraction can be exploited and provides
extra harmonic conversion. Finally, recent developments of harmonic generation in
multiple microcavities and studies on broadband phase matching will be briefly de-
scribed.

4.2 Metallic Nanospheres

Let us consider first a collection of metallic nanospheres dispersed into a liquid,
so that their mutual distance is of the order of several wavelengths. The expected
NL harmonic signal originating from such a system is made by the superposition
of the contributions from the isolated particles, since no correlation between them
occur [9]. For this reason the effect is described by a Hyper Rayleigh scattering co-
efficient rather than by NL susceptibilities. The latter are instead used to describe
effects dealing with a macroscopic polarization in condensed systems. In isolated
NP the nonlinearity of the response is described by a Rayleigh scattering dipole
moment (; = o;E; + BjxEE that is quadratic in the pump field through a first
hyper-polarisability f3;j; coefficient responsible for second harmonic [SH] genera-
tion [10]. For Nxp NPs per unit volume in solution this leads to an intensity of the
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Fig. 4.1 Polar diagrams of the dipole (/eft) and quadrupole (right) second harmonic emission from
a nanosphere. Arrows indicate direction and polarization of the exciting radiation

second harmonic signal given by
b = GI} (B2N; + BpNp) exp (— G Nxpl) 4.1)

where the subscript s refers to solvent, ¢ is the absorption cross section, / the
path length and G a constant. The signal therefore exhibits the usual quadratic
dependence with pump I, and is linear with NP number density. Experiments on
metallic NP indicate for Bnp values largely exceeding those of superfluorescing
molecules [11-14].

To proceed into the details of the NL mechanisms a model has been recently put
out [15, 16] by using the multipole expansion of the NL macroscopic polarization
of the scattered fields leading to a comprehensive picture of the second harmonic
generation from a metallic sphere embedded into a uniform dielectric. In particu-
lar, it turns out that the emission from the sphere arises from both induced electric
dipole and electric quadrupole moments at the second-harmonic frequency. The for-
mer requires a nonlocal excitation mechanism in which the phase variation of the
pump beam across the sphere is considered, while the latter is present for a local-
excitation mechanism. In contrast to the ®* dependence in the linear scattering case
the second-harmonic intensity is found to scale as ®® and is determined by a com-
bination of surface and bulk nonlinearities. The two contributions are shown [17],
for the pure dipole and quadrupole cases in Fig. 4.1 where angular distributions of
the irradiated SH power are drawn. The direction of both incident propagation and
polarization vectors are shown. While the non-local dipole term results in a polar-
ization independent pattern with maxima in the plane perpendicular to the incident
direction, for the quadrupole case zeros are present both in the polarization direction
and perpendicularly to it. These characteristic features exhibit different intensity de-
pendence with NP size and can be used for diagnostic purpose [18, 19].

4.3 Nanoparticles in Monolayers
A second system to be discussed is a single monolayer of NP deposited on a sub-

strate. These monolayers can be readily obtained by evaporation—condensation in
the Vollmer—Weber mode and subsequently embedded in transparent substrates [20].
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Fig. 4.2 AFM images of Gallium nanoparticles on Sapphire (left) and Graphite (right) substrates

The particle density distribution is self-determined by the wetting between the lig-
uid metal and the substrate. Fairly monodispersed size distributions, determined by
the amount of evaporated material, can be obtained, as Fig. 4.2 shows.

Laser pumping of these systems gives rise to coherent SH signals in the trans-
mitted direction as well as in reflection [21]. By changing the NP size one obtains
a resonant behaviour for the NL transmittance/reflectance. Similar evidence of an
increase in the optical NL response is obtained when these metal NP’s are subject to
temperature cycling across the liquid (at room temperature) to solid phase transition
at ~150K [22,23]. Here the effects of hysteresis are amplified by significant factors
with respect to the linear case [24]. All these observations concur to the notion of an
enhanced optical response in the NL domain for materials structured on a nanometre
scale. The main mechanism for this behaviour turns out to occur when the incident
radiative field resonates with surface plasmons on the metal NP. The electric field
E; on a NP can be written in terms of the impinging field £y and dielectric constants
of the material, (®), and of the medium &p,:

3&m

Ei=FEy——.
T % () + 26m

(4.2)

E; is maximized when €(w) + 2&y, = 0. The resulting resonance frequency, occur-
ring when

2

,

2 p
, = — 4.3
142y (4.3)

is derived from the plasma frequency m, of the metal through which the real part of
the dielectric constant can be expressed as €, ~ 1 — a)g /®?. Since plasma frequen-
cies occur in general in the ultraviolet, the resonance condition falls more naturally
in the range of the generated second harmonic when near IR laser pulses are used.
Figure 4.3 illustrates this point by showing the linear optical absorbance of a Ga NP
monolayer embedded in TiO, for different average NP sizes. The peak wavelength
position shifts from 360 nm for 3 nm radii to 420 nm for 40 nm radii.
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The position of the resonances can be reached with the second harmonic signal
generated by a Ti sapphire laser tuned between 750 and 850 nm. These resonance
peaks are observed in the second harmonic signal. Furthermore, the harmonic signal
exhibits a strong dependence on the angle of incidence and on the orientation of the
sample, e.g. the angle of rotation of the sample around its normal [25]. These facts
indicate a complex and yet not completely explored interplay of shape, orientation
and patterning of nanoparticles on observed nonlinearities.

Figure 4.4 shows the observed NL transmittance T, = I(2w)/I(®)? as a function
of the NP radius and with two different matrices. The curves are strongly affected
by the cover material confirming the plasmonic origin of the effect [26].

Several models for the NL interaction in nanostructured materials have appeared
in the literature [27] using different levels of approximation. In particular, explicit
expressions for the SH amplitudes in reflection from semi-infinite centro-symmetric
bulk materials [28], from continuous thin films, and from spherical NPs embed-
ded in homogeneous dielectrics [29] have been derived. In the present case, for
a detailed description of the interaction one should take into account the effects of
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non-symmetric shape of the NPs and evaluate explicit expressions for the dipolar
contribution at the NP surface. An alternative approach [30] consists instead of in-
troducing a field enhancement factor F(®,2®) accounting for the increased field at
the surface in the expression of the SH intensity /(2m)

120) = ‘x(z)‘zF(w,Zw) (o) “.4)

where I(®) and I(2) are the fundamental and SH intensities, y(?) is the NL sus-
ceptibility of the system. F (®,2®) can be expressed as:

F(0,20) = Q4p(®)Onr(20)R? 4.5)

where Onp(®) and Onp(20) are averaged local fields at NPs boundary, at funda-
mental and SH frequency respectively and R is the (average) NP radius. The two
factors Q can be calculated in the frame of the Mie theory of scattering by using an
effective dielectric function for the whole medium obtained in a Maxwell-Garnett
approach. The model is in this way independent on the particular modelling of the
NL interaction, the material properties being determined by the effective dielectric
function used. Satisfactory agreements have been obtained for Ga NP monolayers
embedded in SiO, using dielectric constant data form the literature [26].

4.4 Planar Photonic Structures

A third example of the ability of guiding and localizing radiation in materials is
provided by structures evolving from e.g. planar waveguides in which a layer of
high refraction index is sandwiched between two low index materials, one of them
possibly air. In general, these structures are made by high refraction index materials
that provide the necessary index contrast for the guiding effect. In contrast to pre-
vious cases, semiconductors are being used in place of metals. Therefore the main
resonances one expects are not of plasmonic origin. These in fact would rely on
the generation of electron oscillations in e.g. an electron—hole plasma, a condition
requiring very strong and transient photoexcitation of the material. The appropriate
approach for semiconductor-based structures is then exploiting resonances originat-
ing from spatial modulation of the medium through the notion of photonic crystal.
One- and two-dimensional photonic crystals can be readily obtained from planar
waveguides. Starting from such structures a spatial modulation of the in-plane index
of refraction can be introduced by engraving into the waveguide patterns of holes,
valleys, pillars or fences [31,32]. The flexibility of this design allows one to exploit
NL effects in the resulting PhC and further enhance them by tailoring the photonic
mode dispersion. A considerable effort throughout the years has been devoted to the
optimisation of the design of such structures for harmonic generation [33]. More
generally, enhancement of the harmonic/nonlinear response has been reported in
experiments on photonic systems in one [34, 35], two [36,37] and three dimen-
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Fig. 4.5 Schematic diagram w/C
of a photonic band structure
in 1D. The shaded area
represents the light cone
that can be accessed by the
exterior via quasi-guided
modes

sion [38]. Several media have been explored, from crystalline semiconductors (Si,
GaAs, GaN, InP, ZnO) to amorphous and organic materials.

As far as photonic waveguides are concerned, an important feature of this exper-
imental approach is that the photonic band structure can be studied and resolved by
employing waves that do not propagate along the waveguide itself. These radiation
modes were initially described in terms of vertical cavity resonances of an optically
active patterned photonic slab [39]. By impinging on the surface of the waveguide
with radiation of angular frequency @ above the light line (or light cone) defined as
® > ckj|, with k| the component of the wavevector parallel to the waveguide, quasi-
guided modes [40] may be excited inside the waveguide (see Fig. 4.5). Conversely,
the enhanced signal emitted after the interaction with the optically active material
can be collected outside the structure. Thus reflectance from the leaky modes above
the light line carries information on the photonic band structure of the patterned
waveguide.

As shown in Fig. 4.6 below, the frequency and momentum matching between im-
pinging field and photonic modes marks the reflectance spectrum with characteristic
modulations. This fact allows the experimental determination of the photonic band
structures across most of the Brillouin zone by rotating the waveguide around the
normal and repeating the measurements [36]. This technique offers substantial ad-
vantages in flexibility over the direct evaluation of the transmitted spectrum across
the waveguide that requires a careful polishing of the sides and becomes critically
dependent on surface finish and optical coupling of the radiation into the system.
Figure 4.6 illustrates an example of variable angle reflectance measurements taken
in a 1D SOI (Silicon On Insulator) PhC and the derived band system accessible with
this technique [42]. These measurements have also been extended below the light
line by using attenuated total reflection techniques that allow direct coupling from
above of the probing radiation into the modes of the waveguide [43].

The shape of the photonic bands of a particular patterned waveguide can also be
obtained via NL interaction by detecting i.e. the SHG or THG signals in reflection
from the waveguide. For materials with a nonzero NL susceptibility the reflected
harmonic signal appears modulated at the same angular positions of incidence as
the linear reflectance due to the interaction with the quasi-guided modes.

In Fig. 4.7 the case of a GaAs/AlGaAs 2D photonic waveguide patterned with
a square lattice of square air holes is reported [44] at fixed angle of incidence
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Fig. 4.6 a) Variable angle reflectance spectra for a 1D SOI PhC. The dispersion of spectral features
with angle of incidence is clearly visible. b) Calculated (continuous lines) photonic bands of a SOI
1D PhC and experimental values (points) as derived from variable angle reflectance measurements
above the (air) light line. Lines corresponding to fixed values of the angle of incidence are also
shown. Figures taken from [41] (©) 2005 IEEE
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(45 degrees) by varying the azimuth, i.e. by rotating the sample around the normal
to the face.

The NL reflectance Ryy defined as 12@) /(1(®))2 contains the superposition of
two components. The first one is originated by the structure of the GaAs second
order susceptibility x(?) and the other is due to the interaction with the photonic
modes of the structure. The latter appears substantially more pronounced than the
corresponding one measured in linear reflectivity. The deeper modulation in the
nonlinear case may be of use in the derivation of photonic band structures. In fact
one can derive the band information by exploring the NL reflectance above the light
cone at different photon energies. The peaks observed reveal the occurrence of a res-
onance between the pump and/or harmonic radiation with a particular photonic band
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of the waveguide. An example of this is shown in Fig. 4.8 that depicts the SHG in-
tensity versus azimuth angle at different laser wavelengths. The diagram is fully
equivalent to that of Fig. 4.6a in the variation in position of the resonant peaks with
photon energy. The position of the peaks uniquely determines the photonic band in
the Brillouin zone. This procedure can fully explore the band structure when also
the dependence on angle of incidence is exploited.

Another effect worth mentioning in the NL interaction between radiation and the
photonic structures is the appearance of NL diffraction effects due to the periodicity
of the medium. In the NL case, however, a special form of Bragg condition for
diffracted beams occurs for the nth harmonic component [45]:

Here k’H (nw) is the diffracted in-plane component at the nth harmonic, k| (®) is
the parallel component of the incident wavevector and G is a 1D reciprocal lattice
vector of the photonic structure. When the PhC is of 1D type the reciprocal vector
G is made to coincide with the plane of incidence. In this case the above equation
reduces to the familiar, though NL, grating equation:

sin@’ =sin O eri 4.7
na

connecting the mth order angle of diffraction 8’ to the angle of incidence 6, pump
wavelength A, harmonic order n and grating constant a. m = 0 corresponds to reflec-
tion while n = 1 to linear diffraction. This kinematic law has been well verified in
the case of 1D SOI PhCs made by Silicon parallel stripes on a SiO, substrate with
a 1 um period and 0.24 um thick (air filling factor f = 0.7) using 100 fs, 810nm
laser pulses. Figure 4.9 illustrates the experimental points obtained from spectral
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30

Fig. 4.9 Diffraction orders for the third harmonic signal at 270 nm in the (6, 0”) plane generated
by the 1D SOI photonic crystal discussed in the text. Picture taken from [42] with kind permission
from Springer Science and Business Media

orders m = —4 to m = +1 and well matching the theoretical behaviour. It is to be
noted that the number of diffracted orders for the harmonic signal outnumbers that
of fundamental radiation by a factor n.

The presence of higher order harmonic components diffracted at high diffraction
orders becomes more complicated when dealing with a 2D patterning of a plane
waveguide. Images of the diffraction patterns observed are quite suggestive and il-
lustrative of all diffraction occurrences since a direct and complete visualization of
the diffraction pattern is revealed. Figure 4.10 for instance refers to a triangular pat-
tern of air holes drilled in a SOI waveguide in which a line defect (of W1 type) made
by a missing hole line every ten in the I'X direction is present. The panel at right
illustrates the NL diffraction pattern generated by the third harmonic of 810nm fs
laser pulses impinging at normal incidence on the sample. The diffracted beams are
intercepted in reflection by a paper screen in front of the sample that emits fluores-
cence radiation in the blue upon excitation by the 270 nm diffracted radiation. Two
sets of diffraction patterns are present. The bright, well-separated spots are gener-
ated by the triangular patterning while the W1 defect gives rise to the more finely
spaced lines. The image appears distorted by the very slanted position of the camera.

A more immediate application of optical harmonics in PhCs is efficient frequency
conversion, a property that preludes to significant extension of functionalities in PhC
devices. As already mentioned, a natural way to improve conversion efficiency is
to exploit resonances between pump radiation and photonic bands. In this case an
enhanced pump field provides extra excitation to the NL process. This scheme is
sometimes referred to as resonant—nonresonant (RNR) process [46]. A similar situ-
ation may also occur when the harmonic signal generated inside the PhC becomes
resonant with a photonic mode, giving rise to a nonresonant-resonant (NRR) pro-
cess. The simultaneous occurrences of both resonances gives rise to the optimised
resonant—resonant (RR) process. In this case the search of the optical conditions
for double resonances can be eased by the so-called quasi-phase matching condi-
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Fig. 4.10 Image of third harmonic signal generated by a W1 waveguide with the line defect along
I'M in the vertical direction and with the pump impinging at normal incidence. The pattern is
created on a screen parallel to the sample surface. The bright spot at the centre is the aperture for
the pump beam. Besides the line defect diffraction along I"M, different diffraction spots due to the
triangular PhC lattice are visible. On the left and on the right a curved line of weak spots between
the prominent first order diffraction represents the mixed diffraction orders between triangular
pattern and defects

tion [47] in which the phase matching in the propagation of pump and harmonic
signal in the periodic NL medium may be satisfied through a reciprocal lattice vec-
tor, i.e. k'H (nw) = nk| (@) + G, as Fig. 4.11 shows. The RR process has been pre-
dicted and calculated [48] for a 2D PhC made in a 130 nm thick GaAs waveguide
patterned with a square array of air holes. Extremely high (>10°) enhancements in
specular reflection in the quasi-guided mode regime have been predicted.

In fact, experiments performed on GaN 1D PhCs pumped at 795 nm have demon-
strated [46] an enhancement factor close to 10* for SHG with respect to the non-
patterned waveguide. Further experiments on the same kind of samples produced
with a different growing technique have produced enhancement factors as high as
10° [49].

When material symmetry does not allow a nonzero second order susceptibil-
ity, then third order effects become the leading ones in the NL interaction. This
is the case with centre-symmetric structures like Si based systems. As Fig. 4.10
shows, considerable amounts of third harmonic signal in the UV range starting from
~810nm can be obtained. It is worth noting that at this third harmonic wavelength
(270 nm) the absorption coefficient of Si amounts to <3 x 10%cm ™! leaving a very
small fraction of the 26 nm thickness of the Si waveguide to emit radiation escap-
ing outside. The improvement in NL reflectivity from the simple SOI waveguide is
measured to be ~100 times. Such an increase is attributed to the effect of field en-
hancement at the edges of the walls of the pattering that increase the amplification
of the NL process. Using IR radiation at 1.55 um, instead, only a fraction of the en-
ergy of the pump pulse is stored into the material. Conversely, the entire thickness



72 A.M. Malvezzi

Fig. 4.11 Scheme of the s w/C
quasi-phase matching in G
a photonic band system for it
SHG
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2k (w)+G

of the waveguide participates to the emission process. The enhancements observed
in the IR with respect to the plane waveguide are of the order of 200 as compared
to factor of 100 found for the visible-UV case, a result probably due to the reduced
effect of surface scattering that scales as A*. The dispersion of the resonances in the
TH reflectance as a function of the angle of incidence are shown in Fig. 4.12 below
and appear qualitatively well described by model calculations using the scattering
matrix method of Whittaker and Culshaw [50] implemented with a NL extension for
the evaluation of electric field and NL polarization in space. Needless to say that the
dispersion of the observed TH peaks closely follows the calculated photonic band
structure.
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Fig. 4.12 Experimental dispersion of TH nonlinear reflectance as a function of angle of incidence.
Note the logarithmic vertical scale. Picture taken from [42] with kind permission from Springer
Science and Business Media
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Wide band-gap semiconductors bypass the problem of transparency at both fun-
damental and harmonic wavelengths from the IR into the UV. Therefore, they cer-
tainly are materials of choice in this photon energy range, especially since they
exhibit substantial NL effects. As an example, GaN exhibits a NL second order sus-
ceptibility ¥(®) a factor of 10 smaller than that of GaAs, however it is known to
have it enhanced by the presence of piezo-electric fields generated at the walls of
the photonic patterning [51]. Moreover GaN is known to have a very high optical
damage threshold and a good mechanical stability. Resonant conditions for SHG in
GaN waveguides made of a triangular lattice of air holes have been found both the-
oretically and experimentally for 900 nm excitation [52, 53]. The occurrence of the
resonance is marked by a distinctive peak that exceed by a factor ~250 the SH sig-
nal of the bare waveguide. Due to the rotation symmetry of the triangular lattice, the
matching occurs at 16 degree incidence every 60 degrees in azimuth rotation along
the I'M direction. At the very same position an extremely high UV peak at 300 nm
is observed due to third harmonic resonant generation. This occurrence shows that
resonant conditions for both second and third harmonic generation hold simulta-
neously in this configuration. In fact, the resonance conditions reached refer to the
single photon pump absorption, a process that is common to both kinds of NL pro-
cesses. x(3> has been measured in the near IR in connection with GaN/AIN quantum
well transitions. Values around 2 x 10~!® m? V~2 have been obtained [54, 55]. The
measured conversion in THG with respect to the unpatterned waveguide amounts to
a factor ~3400.

The pumping scheme adopted here, with a photon energy smaller than half the
gap energy of GaN naturally induces in the material three-photon luminescence
from band-gap recombination of the carriers, accompanied by the characteristic yel-
low band attributed to inter-gap structural defects in GaN. Due to the strong resonant
excitation of the third harmonic signal the fluorescence signal closely follows the
angular pattern of the pump and exhibits a clear cubic intensity dependence. With
the simultaneous presence of x(z) and 1(3) in GaN the question whether the origin
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of the cubic resonance is due to a direct third order or to a cascaded of two second
order effects requires a more detailed study of the resonances occurring in the PhC.

A further strategy for increasing the strength of the interaction between radiation
and photonic structure can arise from a reduced group velocity of light within the
NL crystal. This consideration naturally leads to devise schemes in which the reso-
nance occurs at photonic band positions that exhibit little dispersion, i.e. an horizon-
tal dependence versus momentum. Starting from the various patterning geometries
applied to 2D waveguides, a method to introduce in the photonic Brillouin zone sim-
ilar bands is by adding periodic defects into the structure. The resulting superlattice
can be tailored to interact with the existing band system to produce low group veloc-
ity additional bands. In particular the so-called W1 waveguide, based on a periodic
missing row every n in the I'M direction, has been modelled theoretically [56] in
the case of a triangular pattern of air holes in a SOI waveguide. In agreement with
theoretical predictions, optical linear measurements [43] indicate the presence of
such bands, suggesting this possibility. Indeed, as illustrated in Fig. 4.10 strong NL
effects in the third harmonic signals are observed originating from diffraction from
such defects. Similar results have been observed also by using 1.55 um pump radi-
ation. Taking into account the experimental condition of a limited laser beam size
that illuminates only few periods of the superlattice structure, added to the consid-
eration of a (strongly absorbing) vertical cavity of one-wavelength size, the yield in
harmonic crystal appears to be remarkably high.

4.5 Conclusions

NL optics represents one of the key elements of novelty among the properties of
nanostructures. It is instrumental in the research aiming at the optical control and
conditioning of optical signals. This challenging goal can be now pursued at the
nanoscale level thanks to the development in design and fabrication of photonic and
plasmonic structures. The knowledge of the microscopic mechanisms governing the
interaction of radiation fields with matter in various geometries and periodicities has
guided the research and the technology towards integrated NL systems. Restricting
now our views to the harmonic generation in nanosystems, we see that both photonic
and plasmonic devices introduce resonant NL response in the nanoscale. The inten-
sity of the harmonic signal and its specificity in terms of width of the resonance,
sensitivity to surface conditions, geometry of the generation and spatial character-
istics are all interesting features in a number of potential applications. In particular,
harmonic generation can be used as a diagnostic tool for the determination of the
photonic band structure of PhC. The sensitivity of this diagnostic method relies on
the high discrimination in intensity of the signal and in the intrinsic dependence on
perturbing effects such as structural and geometrical imperfections and on the pho-
tonic surface conditions. This latter aspect can be used for devising schemes for the
detection of e.g. bio-molecules through selective functionalisation of nanostructure
surfaces. By exploiting the superior sensitivity of the NL response towards surface
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conditions efficient detection techniques can be at hand. Several other aspects have
however still to be fully explored.

Two developments that are outside the topics described here are nevertheless
worth mentioning, based on the knowledge acquired in PhC waveguides. The first
refers to the extrapolation of the concept of photonic resonance to NL propagation.
The idea is based on coupled microcavities made up by stacks of Bragg resonators.
They can be also considered as one-dimensional PhCs. This system can benefit from
two resonance conditions to be simultaneously fulfilled, i.e. photonic resonances
and phase matching. The former can be made to occur when pump and/or harmonic
fields are resonant with band-edge states being formed by the periodic structure.
The latter may occur when the pump is tuned to the nth order stop band while the
harmonic field is in resonance with the 2 nth order stop band. This configuration has
been demonstrated theoretically and experimentally to scale as N® with the number
of periods of the structure [35,57]. Very recently, however evidence of even faster
scaling have been numerically obtained for non-phase matched structures [58, 59].
A second recent development is in the direction of extending phase matching con-
dition in planar photonic waveguides for all directions of propagation for a suitably
designed patterning of the system [60]. The scaling of the lattice constant provides
a broad tuning of the harmonic emission. These findings can open the way to com-
pact frequency converter devices without phase matching limitations.

In summary, harmonic studies conducted on NPs and photonic structures have
shown interesting potential for nanophotonic devices. Developments in theory and
in device technology will bring fully guided NL optics into reality with true in-
tegration of different functionalities on the same device. Further topics of interest
include coupling together plasmonic and photonic resonance mechanisms and ex-
tend the investigations in the field of parametric NL effects. This latter aspect is of
extreme interest in the development of compact and efficient sources of entangled
photon pairs.
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Abstract. We analyze different possibilities to control and modify the optical response of a pho-
tonic crystal via nonlinear effects induced by an external optical control beam. We consider two
different nonlinear schemes in which such active optical control may be achieved. The first one
is based on the second order nonlinear interaction within a one-dimensional photonic structure
with a defect. We show that using a control beam at the second harmonic frequency we can in-
duce important changes in the reflection and transmission of a signal at the fundamental frequency.
In the second scheme, the nonlinearity is achieved via electronically resonant optical Kerr effect,
through optical injection of carriers. We report on wide wavelength tuning of a non defective two-
dimensional photonic crystal resonance observed in reflectivity. Moreover, we prove that the same
structure shows different optical functions such as frequency shifting, switching, amplification and
lasing, if it is used under appropriate stimulus. These very fast effects may be used for the design
of an ultra-fast all-optical modulator or switching device to be integrated in a photonic circuit.

Key words: photonic crystals; nonlinear optics; integrated photonic circuits

5.1 Introduction

It is believed that future developments in optical networks will rely crucially on all-
optical processing and on its inherent potential to provide improved high speed data
transmission and processing with lower power consumption. Photonic integrated
circuits have the potential to be as important in the 21st century as electronic in-
tegrated circuits have been in the 20th century. The interaction-free nature of light
enables completely new switching architectures that are not possible in electrical
communication. In the search for all-optical devices, photonic crystals (PhC) [1]
are increasingly evoked. These special optical materials, with their periodic lattice
dimensions of the order of the wavelength of light provide a very elegant way of
controlling the light propagation. They offer new possibilities of engineering the
dispersion properties of materials, which yield photonic band-gaps of forbidden
transmission frequencies and determine both the phase and group velocities. Near
the high symmetry points of the photonic band structure, or within the resonances
introduced by the presence of defects, the group velocity approaches zero and the
photons experience an increased lifetime within very small distances [2]. This leads
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to a strong localization of the electromagnetic field that may be used to enhance the
nonlinear interactions between light and matter or between light and light. This im-
mediately suggests the means of fulfilling many of the promises of nonlinear optics
through nonlinear interactions in PhCs.

Since the initial proposition of the PhC concept, an increasing amount of research
has been dedicated to its design and fabrication, leading to innovations both in optics
and in material science. After pioneering work in the microwave domain, it’s trans-
position to the optical frequencies was slowed down by the technological difficulties
in the fabrication of three-dimensional (3D) optical PhCs. This led researchers to
divert their efforts essentially towards one-dimensional (1D) and two-dimensional
(2D) PhC where one could greatly profit from the tremendous advances made in
nano-technology. Besides, 2D PhCs form the most practical platform for a com-
pact integration of all-optical circuits comprising elements such as micrometer size
lasers, filters, modulators, etc.

By combining the capability of 2D PhCs to manipulate light with the nonlinear
material response, versatile reconfigurable multifunctional devices may be envis-
aged. By “reconfigurable” we mean, for example, that we may modify the optical
response of a PhC, or that a single element may be attributed different functions such
as slowing down of pulses, pulse shaping, active filtering or frequency shifting by
changing the optical characteristics of the external stimulus. The final aim is to arrive
at all-optical functions and achieve efficient all-optical signal processing. For this,
two principal ingredients are needed: firstly, well defined photonic states, guided
modes or cavity resonances, capable of carrying or stocking the optical information
are required; secondly, a strong nonlinear response, able to optically manipulate
the information with reasonable optical consumption is needed. 2D semiconductor
PhCs give an independent handle on both these aspects and allow a fine tuning of
both the photonic modes and the electronic or intrinsic nonlinear response. Usually
nonlinear operation is hampered by high-power requirements.

Several passive operations have already been achieved exploiting sharp bends
and guide-microcavity coupling and are opening the way to passive micro-photonic
applications. Low-threshold laser operation has also been demonstrated in active
2D PhC dielectric membranes with embedded quantum wells (or boxes), exploit-
ing either confinement in high-Q microcavities [3], or field localization at band-
edge singularities both for in-plane emission [4], and for vertical surface emis-
sion [5].

Although nonlinear effects like gain and absorption saturation are the main in-
gredients for laser operation, these nonlinearities or their refractive counterpart have
been used only very recently in PhC’s for modifying or controlling the response of
these structures to an external stimulus. A fair number of theoretical and a few ex-
perimental studies have dealt with optical Kerr effect in 2D PhCs [6] They predict
a dependence of the photonic band-gap position on the stimulus intensity [7], self
trapping and solitonic wave generation [8] for sufficiently high incident intensities.
As an alternative to the devices that rely on intensity dependent changes induced in
cubic materials, it has been demonstrated recently that the phase-shift induced via
intrinsically fast quadratic cascaded nonlinear interaction is capable of performing
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all-optical processing. In both cases, a new effective dispersion relation is induced
in the medium resulting in a shift of the effective index of refraction.

5.2 Ultra-fast Optical Tuning of a Photonic Crystal Response via
Quadratic Nonlinearities

In the last decade, the search for optical phenomena capable to perform efficient all-
optical processing lead to the proposal of several all-optical switching devices based
on the phase shift induced via intrinsically fast and low loss second order cascading
nonlinearity [9-12]. In such quadratic nonlinear interaction a wave at the second
harmonic (SH) frequency induces a coherent change in the wave at the fundamental
frequency detuned from phase matching. This nonlinear effect is capable to perform
all-optical processing that could replace the one obtained in devices that rely on
intensity dependent changes induced in cubic nonlinear materials.

In 1999 we proposed theoretically an active nonlinear mirror with a quadratic
nonlinearity [13]. The device was designed as a 1D microcavity implemented with
two parallel mirrors highly reflecting at the fundamental wavelength, and filled with
a quadratic nonlinear material. The performance of such a device relies on the opti-
cally induced changes in the reflection and transmission of a weak beam at a given
frequency @wr (considered as signal in an optical network), via quadratic nonlinear
interaction with a control beam at its second harmonic (SH) frequency wsy. Ref-
erence [13] shows numerically that this nonlinear mirror can operate from almost
full transmission when the SH is turned off, to a high reflectivity when the control
SH signal is turned on. If materials with high enough second order nonlinear co-
efficients (x(z)) and strong control beam intensities are implemented, about 100%
changes in the reflection of the signal would be achievable. However, the develop-
ment of a device based on such phenomenon is limited by the coherent nature of the
cascaded quadratic nonlinear interaction because in a real device this input phase
difference would be very difficult to control. Reference [13] shows that we may re-
duce, or even eliminate this phase dependence of the induced nonlinear reflectivity
either by increasing the linear reflectivity of the cavity’s mirrors, or the SH beam
intensity.

Using realistic values for the () coefficients corresponding to the available ma-
terials that could be implemented in such a microcavity, we would need extremely
high control beam intensities in order to induce more than 50% reflectivity changes.
In 2001 we have done an experimental study using a microcavity filled with a very
thin KTP crystal. Using reasonable control beam intensities changes of the order of
10% have been induced in the PhC response [14]. A further increase in the mag-
nitude of this effect would suppose either higher control intensities (which is not
acceptable from the practical point of view), the use of materials with higher non-
linear coefficients, or design of better geometries that would allow the enhancement
of the nonlinear effect.

We propose here a new configuration for the device described above that, com-
bined with a high nonlinear semiconductor material, increases considerably the non-
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linear effect. The structure is a 1D periodic photonic crystal etched onto a semi-
conductor waveguide that consists of a bottom layer of Alsoq, GaAs (low refractive
index) epitaxially grown on a GaAs substrate and a top layer of Alzpg,GaAs (high
refractive index). A transverse periodic 1D lattice is patterned perpendicular to this
waveguide, as represented schematically in Fig. 5.1. This structure may be seen as
a 1.5D PhC because the light is confined in z direction by the periodic structure and
in the vertical direction by the waveguide. There are three reasons that make us to
chose Alzpg,GaAs: (i) it is a highly nonlinear material; the maximum value of its
nonlinear tensor (¥ 2 =120 pm/V) corresponding to [110] crystallographic direc-
tion, which is exactly the direction of the beam propagation in our geometry; (ii) it
is transparent around the wavelengths of 1550 nm and its second harmonic, which
we choose for the nonlinear interaction; (iii) there is an advanced fabrication PhC
technology based on AlGaAs devices and our device could be easily integrated as
a block in a photonic circuit.

Our structure consists of six periods of two alternating layers of Alzoq,GaAs
(118 nm thick) and air (399 nm thick). The optical length of each layer is taken to be
equal to a quarter of the fundamental wavelength (Apr = 1550 nm). Such structure
is known as a quarter-wave Bragg mirror and it has a bang-gap centred at 1550 nm,
but no gap appears at its SH frequency. The periodicity of the structure is broken
by a central defect (1704 nm thick) to excite a transmission mode within its first-
order Bragg reflection band. The geometry of the structure (number and thickness
of the vertical layers and of the defect) has been chosen in order to provide a narrow
photonic resonance around 1.55um and a low reflectivity at the SH wavelength.
The length of the defect has been selected, as will be stated later, to optimize the
nonlinear effect.

We consider a low-intensity fundamental wave (“signal”) at Agr and a high in-
tensity SH (“‘control beam”) simultaneously propagating through the structure de-
scribed above. To study their propagation and cascaded nonlinear interaction we
first study the nonlinear optical response of the structure using a simplified 1D
analytical model based on the transfer matrix method. We start with the coupled
complex amplitude nonlinear wave equations for both fundamental and SH electric

Al GaAs Al GaAs

[001]

z =[110]

Fig. 5.1 Schematic representation of the one-dimensional periodic structure
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where: Ey(z) and E»(z) are the complex amplitudes of the fundamental and of the
SH waves propagating in z-direction, respectively, k¢ and ky, are the wave num-
bers of the fundamental and of the SH waves, respectively, while ny and nyg are
the refractive indices of the nonlinear material corresponding to the fundamental
and SH frequencies, respectively. y 2) is the quadratic nonlinear susceptibility of
the nonlinear material. We assume that both fundamental and SH are plane waves
propagating in z-direction, normal to the layers of the structure. To properly account
for all reflections of the fundamental and SH fields at all linear and nonlinear in-
terfaces, we keep all second order spatial derivatives in Egs. (5.1a) and (5.1b). In
our numerical solution, we consider the energy transfer from the SH to the fun-
damental wave or vice-versa in both forward and backward directions. We also
assume that the absorption of the material is negligible. The two coupled equa-
tions for the fundamental and SH fields are numerically integrated in steps much
shorter than a wavelength, using the method of variation of constants described in
detail in Ref. [13]. This solution is propagated through rest of the periodic struc-
ture using the transfer matrix method and setting the usual boundary conditions
at either end of the structure, that consider the fields incident from the right to
be zero and the fields incident from the left having fixed amplitudes and phases.
The amplitude and phase of both electric fields can be calculated at any point
within the structure. We may derive then the reflectivity and transmission coef-
ficients, the effective refractive index of the structure and the group velocity for
both fundamental and SH waves, accounting for the cascading nonlinear interac-
tion between the two beams. The output of this model gives the changes induced
by the nonlinearity in all these parameters and consequently in the PhC optical re-
sponse.

We apply this method to the structure described above (see Fig. 5.1). When the
signal is incident only into the structure, the linear reflectivity in the neighbour-
hood of 1550 nm and 775 nm is shown in Fig. 5.2a and 5.2b, respectively. One can
see that a very narrow symmetric resonance appears at 1557.8 nm which we will
consider as fundamental wavelength. The full width at half maximum (FWHM)
of this resonance is equal to 0.1 nm, indicating a high quality factor of the res-
onator, Q = 15,500. At this wavelength, multiple reflections within the cavity lead
to a strong localization of the field and to an important increase of the optical density
of the fundamental beam. At the same time, the control beam at Agy is almost com-
pletely transmitted, since the structure has no gap and it is not resonant at the SH
wavelength (Fig. 5.2b).

When both control and signal beams are simultaneously incident onto the struc-
ture the quadratic nonlinear interaction between the fundamental and the SH beams
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Fig. 5.2 Linear reflectivity of the structure as a function of wavelength in the neighbourhood of
Arr (a) and of Agy (b)

within the PhC induces changes both in the effective index of refraction and in the
effective group velocity in the neighbourhood of the resonance [15]. The strength
of such effect is governed by the product (1/ny4)x®|E2e| between the quadratic
nonlinear susceptibility ¥ (?) and the value of the SH field amplitude |Ere| and it will
not depend on the intensity of the fundamental field. The combination of these two
nonlinear effects leads to a shift of the resonance and at the same time to a change
of its amplitude, as can be seen in Fig. 5.3, where the intensity of the control beam
is 2.3 GW/cm?. The shift of the resonance can occur to either side of the linear
resonance because, as expected from a cascaded nonlinear interaction, the induced
changes in the optical parameters of the structure show a strong dependence on
the input phase difference (A¢ = 2¢(®w) — ¢(2w), where ¢(®) and ¢(2) are the
phases of the fundamental and SH waves, respectively).

However, even if the shift depends on the relative phase difference, if we look
what happens at the wavelength of the signal, we observe that the reflectivity
changes from almost 0% when the control beam is not present, to a value that ranges
between a minimum and a maximum limits, depending on the value of A¢ when the
control beam acts onto the structure. This effect can be seen in Fig. 5.4a where
the nonlinear reflectivity changes at the signal frequency are shown as a function
of the relative phase difference for different intensities of the control beam. For
a control beam intensity of 0.5 GW /cm? (at the focal point) the reflectivity changes
from nearly O in the linear case to a value between 53% and 260%. Note that there
is a range of A¢ where the reflectivity is higher that 100%. For these input phase
differences there is a transfer of photons from the SH to the fundamental field.

Normally, in a real device based on this effect it would be very difficult to control
and to keep constant the input phase difference between the signal and the control
beams. This is why we would like to decrease as much as possible this input phase
dependence of the nonlinear response of our structure, and trying to obtain similar
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is equal to: 1.5 rad (dashed line), 3 rad (dashed dot dot line), 4.5 rad (continuous line), 6 rad (dotted
dashed line). The dotted line corresponds to the linear reflectivity

responses for all possible A¢ values. This input phase dependence can be decreased
and even eliminated it we decrease the resonance width, and/or if we increase the
value of the product x<2)|E2w|. If we think in a future application of this effect in
a switching device, make the resonance narrower means to work with longer pulses
which is not interesting for such applications.

In order to find the optimum value of the defect length we have made a study of
the difference between the minimum and maximum values of the nonlinear reflec-
tivity obtained when the relative phase difference is changed (maxima and minima
in Fig. 5.4a) as we modify the thickness of the defect while keeping fixed the con-
trol beam intensity. The result, shown in Fig. 5.5 for the particular case when the
intensity of the control beam was set to 0.5 GW/ cm?, shows that there are a cer-
tain values for the defect thickness where the maximum and minimum values of



86 C. Cojocaru et al.

3,0
T ~
2,5 B N
Re \,
/.’ N\
. \
204 7 \
/ N ,
PR RN \ /
1,51 -7 \\\ N ’

Reflectivity (norm. units)

R e SRR R e ]
0,0 0,5 10 1,5 2,0
0(20)-20(w) (r units)
(a)

1,0
@ 08
=
>
£ 064
[e]
S
c
S o04d
w - ~.
o | - ~.
1S b N -
2 021 S e
(IE \‘\ /,/’
e R T T S - .

00— ==t

00 05 10 15 20
6(20)-20(w) (x units)
(b)

Fig. 5.4 (a) Reflectivity and (b) transmission of the signal (App = 1557.8 nm) as a function of the
relative phase difference between fundamental and SH waves. The dashed dot line corresponds
to a SH intensity of 0.5 GW /cm?, the dashed line to 1.3GW /cm? and the continuous one to
5GW /cm?. Dotted line corresponds to the linear case

the reflectivity change are very close each other. The minimum phase dependence
is obtained for L = 1703 nm (for higher values of the defect length the change in
reflectivity is similar but the resonance width decreases so as commented before it
is not suitable for short pulse propagation). Setting the defect thickness to this value
we show in Fig. 5.4a and b the changes induced in the reflectivity and in the trans-
mission, respectively, for three different values of the SH intensity. One may see that
using a control beam of 1.3 GW /cm? the PhC response in reflection and in transmis-
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Fig. 5.5 Maximum and minimum changes induced in the reflectivity of our structure at 1557 nm
by a control beam of 0.5 GW /cm? (dashed dot line in Fig. 5.4) as a function of the defect thickness

sion becomes much less sensitive to the input phase difference. If we could further
increase the control beam intensity up to 5 GW /cm? the reflectivity would change
from 0% to a value between 80% and 120%, which means that we would have dras-
tically reduced the input phase dependence of the reflectivity changes, obtaining at
the same time a very good contrast between the linear and nonlinear cases. If we
consider the modification of the transmission of the PhC we see that for the same
value of the control beam we practically switch the transmission between 100% in
the linear case to less than 5% for any value of the input phase difference.

The time duration of such optical modification of the PhC response is only lim-
ited by the resonance width or by the pulse duration, since the nonlinear interaction
that produces the effect is intrinsically fast.

Once we have found the best configuration of the structure and we have improved
the nonlinear induced response of the PhC using the 1D model we have to take into
account the whole structure as it should be constructed in a real device. This means
that we have to consider the 1D PhC but also the waveguide in which it is etched.
This guided PhC structure may be seen as a 1.5D PhC. Waveguiding in 1D or 2D
PhC, offers a twofold advantage: it allows a supplementary field enhancement due to
transverse field confinement and it reduces problems related with the spatial walk-
off between the interacting fields. Nevertheless, guiding operation introduces new
drawbacks associated, in particular, with the need to achieve guiding at two very
distant wavelengths such as those of the fundamental and the SH. Also, the use of
periodic media with high index contrast of indices between the linear and nonlinear
layers induce an additional source of losses. These intuitive arguments show that
special care should be taken to avoid or at least minimize radiation losses. Recently,
a study concerning the optimization of the losses at 1.5 um and at it’s SH has been
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done in a similar structur [16]. This study shows that losses sensibly depend on
the thickness of the Alzgg,GaAs layer and on the etching deepness. This study ap-
plied to our structure shows that the configuration that provides the minimum losses
consists in a 1 um thick AlzpqGaAs layer and a 3 um deep etching. We have used
a commercial FDTD code to perform the simulation of the linear propagation of
these two beams trough the structure. After an optimization of the parameters of the
structures that reduces as much as possible the losses, we have obtained a quality
factor for the photonic resonance at Apg = 1557 nm of 15,000, which is equivalent
to the one considered in the 1D simulation results obtained previously with the sim-
plified model. The transmission of the SH non-resonant field was also calculated.

5.3 Multifunction Operation in Two-Dimensional Semiconductor
Photonic Crystal Slabs

Here we present experimental results on lasing operation, dramatic frequency shifts
(up to 19 times the line-width of a PhC resonance) via Kerr nonlinear optical effect
and the potential to obtain ultra-fast switching speeds using a 2D PhC slab with just
kW level pump powers. The theoretical model we developed, based on a nonlin-
ear coupled mode theory accurately explains the experimentally observed nonlinear
phenomena.

The 2D PhC slab is made of high index contrast InP-based material with pat-
tern lattice of cylindrical holes. The maximum optical confinement obtained in PHC
structures is in the suspended membrane configuration where the structure is flanked
by air layers offering maximum index contrast. However, in order to efficiently man-
age the thermal budgeting, we opted for an alternative configuration designed for
a maximum evacuation of heat, where the membrane is in contact with a thermally
draining medium. The active membrane is a hetero-structures incorporating quan-
tum wells. In 2D PhC slabs without defect in periodicity, the coupling between the
quasi-continuum of states of radiation modes of the Fabry—Perot resonator formed
by the air/PhC slab/substrate and the low group velocity photonic modes sharp res-
onances occur in the reflectivity spectrum for light incident normal to the plane of
periodicity. Such resonances, signature of the coupling between a discrete mode
and a continuum of states, are of a general nature and known as Fano resonances
(FR) [17]. In PhCs these resonances are used in the linear optical regime as a means
of investigating optical modes above the light line [18]. In our work, we use one of
these FRs to explore the nonlinear optical response in a 2D PhC slab. Even though
the PhCs are designed for in-plane guided operation it is more practical to address
them normal to the patterning not just for experimental comfort but more impor-
tantly for 2D matrix array signal processing. The narrow spectrum of the FRs attests
to the enhancement of the optical mode density. Hence the use of FRs is particularly
interesting in that it can be used for obtaining efficient laser effect and increased
nonlinear interactions because of the high Q factor. The narrow spectrum is also
well adapted for switching operation as a shift of one full width at half maximum
(FWHM) of 0.5nm with high contrast may be activated rapidly.
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The 2D PhC slab used in our experiments is a graphite-lattice structure pat-
terned on an InP membrane incorporating an active medium composed of four
InAsg.65P0.35/InP (50 A/ 200 A) quantum wells with its photoluminescence spec-
trum centered at 1450 nm. The A /2n optical thickness of the membrane is chosen to
ensure a high photon lifetime and hence an increased in-plane nonlinear interaction
time due to a strong field confinement in the vertical direction. The heterostructure
is transferred onto a heat sinking silicon wafer by Si0,-SiO, wafer bonding. The
20 x 20um? 2D graphite lattice of cylindrical air holes was patterned through a sil-
ica mask into the semiconductor by electron beam lithography followed by reactive
ion etching. The period of the etched PhC was 791 nm with an air filling factor
of 20%. A scanning electron micrograph (SEM) picture of the fabricated structure
is shown in the left side of Fig. 5.6. The photonic band structure corresponding to
the sample described above is calculated using a three-dimensional plane-wave ex-
pansion method and is shown in Fig. 5.6 (right). Around the I" point (point A in
the Fig. 5.6) where the flatness of the band indicates a very small average group
velocity a distinct FR occurs at the desired wavelength. The structure was designed
to have a FR far into the electronic Urbach tail, at 1540 nm that is about 90 nm from
the maximum of the luminescence peak.

The sample was excited by 120fs-long pump pulses at 810 nm provided by
a Ti:Sapphire laser. The nonlinear response was elucidated using 150 fs-long probe
pulses around 1540nm obtained from an Optical Parametric Oscillator (OPO).
The repetition rate of both pulses was 80 MHz. Both pulses were incident normal to
the PhC surface and focused via an achromatic microscope objective (MO) down to
5 um spot diameter, addressing ~7 periods of the PhC. In order to optimally couple
the light into the FR, the probe beam was linearly polarized. We collected the retro
reflected probe beam in the direction perpendicular to the PhC through the same mi-
croscope objective and focused it onto a single mode optical fibre (SMF) connected
to an optical spectrum analyzer (OSA). A schematic representation of the set-up is
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Fig. 5.6 A SEM picture of the fabricated 2D PhC slab (left); calculated band structure of our
graphite lattice PhC (right). At high energy (grey area) the bands cannot be determined accurately
due to the complexity of the interactions with the radiation modes
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Fig. 5.7 Experimental pump and probe set-up

shown in Fig. 5.7. The pump is rejected prior to the injection into the fibre. The
probe beam mean power was set at 0.2mW (1 kW /cm? intensity). Since the sam-
ple is almost transparent around the probe wavelength, this intensity is sufficiently
small to be unperturbative. The pump wavelength was chosen to be 810 nm in order
to excite the electronic states high into the conduction bands.

When only the probe beam is incident onto the sample, a symmetric resonance,
shown in Fig. 5.8a, appears at 1543.2nm, very close to the expected wavelength
predicted by the band structure calculation (see Fig. 5.6b). The shape of FR depends
on the relative positions of the resonant 2D PhC discrete mode with respect to the
continuum of radiation modes. In our structure, the resonant wavelength of the PhC
coincides with a reflectivity minimum of the continuum determined by the A /2n
Fabry—Perot. For this configuration, the coupling between the PhC and radiation
modes leads to a symmetric resonance [19]. The FWHM of the linear resonance is
0.42 nm, corresponding to a high quality factor of Q = 3700. When the sample is
excited only by the pump at the electronically resonant wavelength (8§10 nm), we
obtain the laser effect for a threshold intensity of 4.5 kW /cm?. The laser intensity
as a function of the pump intensity is shown in Fig. 5.8b.

When the sample is excited by the pump beam in the presence of the probe,
the FR experiences a strong blue shift due to the pump induced nonlinear refrac-
tive index. The reflectivity spectra around the FR wavelength measured for differ-
ent values of the pump power are shown in Fig. 5.9. Note that a shift due to ther-
mal effect would be towards the red. A shift of one FWHM is obtained for a low
(0.13kW /cm?) pump intensity. This shift is accompanied by a small decrease of
reflectivity. As the pump beam is increased, the reflectivity increases and a strong
shift, up to 4.5 nm, that is 10 times the FR FWHM, is observed! If the pump power
is further increased up to the laser threshold value of 4.58kW/ cm?, the shift satu-
rates and ends at a value of 8 nm, due to carrier depletion. The shift as a function of
pump intensity is depicted in Fig. 5.10.
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Fig. 5.8 (a) Linear resonance of the 2D PhC slab measured in reflection when only the probe
signal is incident onto the sample. (b) Laser intensity as a function of the pump intensity. The inset
shows several laser spectra corresponding to different pump intensities
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Fig. 5.9 Experimental reflectivity spectra around the FR wavelength for several pump powers. The
bold line represents the linear reflectivity, when only the probe is incident on the sample. The thin
line spectra correspond to the probe reflectivity at different pump intensities: 0.19kW /ecm? (a),
0.43kW /ecm? (b), 0.74kW /cm? (c), 1.13kW /cm? (d) and 1.78 kW /cm? (e). All spectra are nor-
malized to the maximum value of the linear reflectivity

Then we conducted measurements on the dynamics of the nonlinear response. We
explored the possibility of basing a switching operation on the shifting of the wave-
length of a PhC resonance via electronically resonant optical Kerr effect. A con-
trolled temporal delay is introduced between pump and probe pulses by changing
the probe optical path using a translation stage.

The dynamics of the shift is studied by measuring the reflectivity spectra for
different values of the pump-probe delay time Az. The external intensity of pump
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Fig. 5.10 Nonlinear wave- 10
length shift of the FR as

a function of the pump in-
tensity. The square dots cor-
respond to the experimental
measurements and the solid
curve represents the wave-
length shift predicted by our
theoretical model, for the
pump intensity used in the
experiment
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and probe are fixed at 1.6kW /cm? and 1kW /cm?, respectively. In Fig. 5.11 the
curve (a) represents the linear reflectivity, obtained for Az < 0 i.e. when the probe
arrives before the pump. At Ar = 0 a 2.6 nm blue shift of the resonance is observed
(curve (b)). The onset time of the shift is extremely fast and is determined by the
establishment of the stationary regime in the cavity (~1 ps). The curves (c)—(j) cor-
respond to measurements at increased pump-probe delays. It is clear that as At
increases, the resonance shift diminishes due to carrier population relaxation and
a consequent reduction in the induced nonlinear index. The total time that the reso-
nance requires to return to its linear wavelength is of course directly related to the
carrier population total lifetime 7.

Figure 5.12 shows the temporal evolution of the resonance shift for two dif-
ferent pump intensities. As expected, the maximum nonlinear shift increases with
the pump intensity. The resonance shift versus delay time decays exponentially for
all the pump intensities. The shift decay time 7, at 1/e from the maximum value
it is a measure of the carrier population relaxation time in the quantum wells.
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The decrease in 7 from 162 ps to 91 ps as the pump power increased from 1.1 to
7.4kW /cm? is mainly due stimulated emission. Moreover, as observed in Fig. 5.12
the resonance never reaches its linear wavelength, because a certain number of car-
riers remain trapped at the etched interfaces and do not relax completely in the in-
vestigated Ar.

The fast initial change in the shift of the resonance depicted in Fig. 5.12 may
be used very efficiently for operating a fast all-optical switching device. In such
a device a shift of the order of one FWHM of the resonance would be enough, to
switch with high contrast. For example, pumping the structure with an intensity of
1.17kW/cm? shifts the PhC resonance by 1.6nm with respect to its linear wave-
length. A small supplementary pump intensity of 0.43 kW /cm? moves the central
wavelength of the resonance by one FWHM (i.e. 0.6 nm) from its former position.
The reflectivity spectra corresponding to these two values of the pump intensities are
shown as curve (a) and (b) in Fig. 5.13a. We determine the rapidity of this shift by
studying the time dependence of the differential reflectivity AR /R at A; = 1523.6 nm
and at A, = 1523 nm as shown in Fig. 5.13b. A very large change, higher than 85%,
is obtained in 20 ps. Further, for higher pump intensities a faster switching time can
be obtained between two other wavelengths. A change in reflectivity of the order
of 80% was observed with a time response as short as 7.3 ps. To simplify further,
we can imagine the use of a CW laser at 810 nm to maintain the shifted resonance
at A;. Then a switch may be operated between A; and A, separated by one FWHM
by sending very low energy pump pulses.

The total time response (rise and recovery) of the resonance shorter than 10 ps
can be obtained with reflectivity contrasts higher than 80%. These results confirm
that an optically controlled nonlinear 2D PhC is an excellent platform for a versatile
switching device. This may constitute one of the building blocs in the all-optical
circuits envisaged with 2D PhCs.

The possibility of tuning photonic band-gaps at very short time scales by an ex-
ternal parameter opens the way to perform several functions, such as switching,
routing, temporal demultiplexing, etc. Some “tuneable” PhCs based on non-optical



Ne)
e

C. Cojocaru et al.

127 1523 nm 1523.6 nm 1525.2 nm 10{0-0 o -
n [ B .
= - " ;
g 1.0 (b) (a) (linear) 084 .. !
E 0384 e,
o 06 :
£ 0.6 x @ \=1523 nm "
g o A \=1523.6 nm o
< o
b3 044 .
S 0.4
= .
[$] A ..
@ 0.2 02 ’ ;
(= °
& 0_0< y . . - ) A A A... A
1521 1522 1523 1524 1525 1526 1527 1528 0 2 4 6 8 10 12 14 16 18 20
Wavelength (nm) At (ps)
(@) (b)

Fig. 5.13 (a) Reflectivity spectra around the PhC resonance wavelength for two different pump
powers: 1.17 kW/Cm2 for curve (a) and 1.6 kW/cm2 for curve (b). Dashed line represents the
linear reflectivity. All spectra are normalized to the maximum of the linear reflectivity; (b) Dif-
ferential reflectivity AR/R as function of the pump-probe delay at: 1523.6 nm (triangular dots)
1523 nm (circle dots)

processes using infiltrated liquid crystals, thermo-optic semiconductors, ferroelec-
tric, ferromagnetic or II-VI materials have also been proposed. But the time scales
of these processes are in the micro to millisecond range and they fall short of the
requirements for certain telecommunication applications. Electronically, resonant
optical third order nonlinear effect gives faster tuneability of the photonic band-
gaps especially when the switching time is not based on the return to equilibrium of
carriers and seems a more appropriate candidate for applications when picosecond
round clock responses are required.

5.4 Conclusions

In conclusion, we have shown that semiconductor based 1D and 2D PhC struc-
tures can bring about second order and third order nonlinear optical phenomena that
could be used for all-optical information transmission and processing. Specifically,
we have investigated two different nonlinear phenomena. First, we have studied
how quadratic dispersive effects brought about by an intense control pulse at fre-
quency 2® can change the transmittance and reflectance characteristics of the mate-
rial structure for a signal beam at frequency . Several 1D configurations involving
different materials and geometries have been investigated. We have found that the
best efficiency can be achieved with a waveguide modulated transversely with al-
ternating Al3gq, GaAs — air layers. In this case, control-beam intensities of the order
of one or a few GW /cm? would be necessary, for pulses of duration above 30 ps.
Further improvements would probably require considering 2D or 3D structures.
Second, we have investigated third-order nonlinearities at the probe-field fre-
quency brought about by carrier density changes in the conduction and valence
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bands induced by an optical control pulse. Here the control pulse can have any fre-
quency connecting the valence and conduction bands and its intensity can be very
low, below kW /cm?, since the carrier-induced effects are strong, especially at points
where the density of states defined by the PhC structure is large. The response time
is short, of the order of 10 ps. Thus, 2D PhC slabs are shown to be an efficient plat-
form to obtain enhanced nonlinear Kerr response. When the nonlinearity is turned
on, the effective index increases and moves the photonic bands of the structure. In-
deed, the nonlinear response can be engineered and substantially enhanced through
tailoring the photonic modes and through spatial and spectral field localization. Un-
der moderate pumping powers — today typically 100 W /cm? — the PhC resonances
can be dynamically manipulated at will and the spatial, spectral and/or temporal
PhC response can be modified. Improvements on design and fabrication procedures
should further lower the pumping powers by at least two orders of magnitude. These
experimental demonstrations towards reconfigurable PhCs bring the prospect of all
optical reconfigurable circuits a little closer to reality.

Numerous applications can be envisioned for highly nonlinear micro/nanostruc-
tured devices in the field of information and communication technologies. An
all-optical approach for basic functions such as probe regeneration, switching and
routing can significantly reduce the systems complexity. In the field of optical
telecommunications, WDM-compatible microcavity-based devices [20] have been
successfully used to demonstrate efficient 2R (1R is reamplify; 2R is 1R+reshape;
3R is 2R+-retime) all-optical regeneration in a 40 Gbit/s long-haul transmission [21].
The benefit of this device was to increase the errorless transmission distance. Signif-
icant improvements are expected from the use of 2D PhCs in nonlinear devices due
to their ability to obtain an increased photonic confinement. This should lead to a re-
duction of switching energy to < kW /cm?, that would allow operation at still higher
bit rates. For 3R all-optical regeneration, the existing technologies require the use
of semiconductor optical amplifiers (SOA), which suffer from relatively high power
consumption, and hence cannot easily be extrapolated to WDM systems. The com-
bination of narrow resonance shifts and amplification could lead to the development
of entirely novel switching gates with high switching contrast and low insertion
losses, useful for 3R all-optical regeneration and routing or multiplexing in WDM
systems.
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Abstract. Breakthroughs in photonic crystal fibre technologies push the development of a new
class of fibre-optic frequency converters, broadband light sources, and short-pulse lasers. The fre-
quency profile of dispersion and the spatial profile of electromagnetic field distribution in waveg-
uide modes of photonic crystal fibres can be tailored by modifying the core and cladding design
on a micro- and nanoscale, suggesting the ways of creating novel fibre-optic devices for highly
efficient spectral and temporal transformation of laser pulses with pulse widths ranging from tens
of nanoseconds to a few optical cycles (several femtoseconds) within a broad range of peak pow-
ers from hundreds of watts to several gigawatts. In new fibre lasers, microstructure fibres provide
a precise balance of dispersion within a broad spectral range, allowing the creation of compact
all-fibre sources of high-power ultrashort light pulses.

Key words: photonic-crystal fibers; nonlinear optics

6.1 Introduction: Photonic-Crystal Fibre Components
for Advanced Optical Technologies

Photonic-crystal fibres (PCFs) [1-3], also referred to as microstructure, or holey,
fibres, are optical waveguides of a new type. In PCFs, radiation can be transmitted
through either a solid (Fig. 6.1a—e) or hollow (Fig. 6.1f,g) core, surrounded with
a microstructured cladding, consisting of an array of cylindrical air holes running
along the fibre axis. Such a microstructure is usually fabricated by drawing a pre-
form composed of capillary tubes and solid silica rods.

Along with conventional waveguide regimes, provided by total internal reflec-
tion, PCFs under certain conditions can support guided modes of electromagnetic
radiation due to the high reflectivity of their cladding within photonic band-gaps
(PBGs) or regions of low densities of photonic states [4—7], as well as by the anti-
resonance mechanism of waveguiding [3, 8]. Such regimes can be supported by fi-
bres with a hollow [5-7,9] or solid [10] core and a two-dimensionally periodic (pho-
tonic crystal) cladding. A high reflectivity provided by the PBGs in the transmission
of such a cladding confines radiation in a hollow core, substantially reducing the
loss, which is typical of hollow-core-guided modes in conventional, capillary-type
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Fig. 6.1 Cross-section images of photonic-crystal fibres: (a—c) fibres with a high optical nonlin-
earity provided by a small fibre core and a high refractive-index contrast between the core and the
cladding, (d) dual-cladding PCF, (e) large-mode-area PCF, and (f,g) hollow-core PCFs
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hollow waveguides and which rapidly grow with a decrease in the diameter of the
hollow core [11,12].

Unique properties of PCFs open up new routes for a long-distance transmission
of electromagnetic radiation [1-3], as well as for nonlinear-optical transformation
of laser pulses [13]. As shown by Knight et al. [14], PCFs can support single-mode
waveguiding within a remarkably broad frequency range. Photonic-crystal fibres
offer new solutions for laser physics, nonlinear optics, and optical technologies, as
they combine dispersion tuneability and a high degree of light-field confinement in
the fibre core. Dispersion of such fibres is tailored by changing their core—cladding
geometry [15,16], while a strong light-field confinement is achieved due to the high
refractive-index step between the core and the microstructure cladding [17]. Con-
trolled dispersion of PCFs is the key to new solutions in optical telecommunica-
tions and ultrafast photonics. The high degree of light-field confinement, on the
other hand, radically enhances the whole catalogue of nonlinear-optical processes
and allows observation of new nonlinear-optical phenomena. Figure 6.1a—c display
the cross-section views of PCFs with a high refractive-index step from the fibre
core to the fibre cladding, controlled by the air-filling fraction of the microstructure
cladding. The fibres of this type can strongly confine the electromagnetic field in the
fibre core, providing high optical nonlinearities, thus radically enhancing nonlinear-
optical interactions of light fields. Highly efficient fibre-format frequency converters
of ultrashort light pulses [13] and PCF supercontinuum sources [18-22] based on
highly nonlinear PCFs (Fig. 6.1a—c) are at the heart of advanced systems used in
optical metrology [23-26], ultrafast optical science [27,28], laser biomedicine [29],
nonlinear spectroscopy [30-32], and nonlinear microscopy [33-35].

The possibility of dispersion tailoring makes PCFs valuable components for dis-
persion balance and dispersion compensation in fibre-optic laser oscillators intended
to generate ultrashort light pulses with a high quality of temporal envelope. Lim
et al. [36] have demonstrated an ytterbium-fibre laser source of 100-fs pulses with
an energy of about 1nJ with dispersion compensation based on a PCF instead of
free-space diffraction gratings. A highly birefringent hollow-core PCF [37] provides
a robust polarization-maintaining generation of 70-fs laser pulses with an energy of
about 1 nJ in a fibre laser system [38]. Isomiki and Okhotnikov [39] have achieved
dispersion balance in an ytterbium femtosecond fibre laser using an all-solid PBG
fibre [10]. In contrast to silica—air index-guiding microstructure fibres, including sil-
ica and air holes, an all-solid PBG fibre guides light along a silica core surrounded
with a two-dimensional periodic lattice of high-index glass inclusions. Dispersion
tailoring and a high nonlinearity of small-core PCFs, on the other hand, allow effi-
cient optical parametric oscillation and amplification due to the third-order optical
nonlinearity of the fibre material [40-42]. Optical parametric oscillators based on
PCFs can serve as efficient sources of correlated photon pairs [43, 44].

The maximum laser fluence in an optical system is limited by the laser damage
of material of optical components. An increase in a fibre cross section is a standard
strategy for increasing the energy of laser pulses delivered by fibre lasers. Standard
large-core-area fibres are, however, multimode, making it difficult to achieve a high
quality of the transverse beam profile. This difficulty can be resolved by using PCFs
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with small-diameter air holes in the cladding, which filter out high-order waveguide
modes [14,45]. This strategy can provide single-mode waveguiding even for large-
core-area fibres [46,47] (Fig. 6.1d). A dual-clad PCF design helps to confine the
pump field in the microstructured cladding and to optimize a spatial overlap between
the pump field and laser radiation. In this type of PCFs, the microstructured part
of the fibre is isolated from the cladding by an array of large-diameter air holes
(Fig. 6.1d). Large-mode-area ytterbium-doped PCFs [48, 49] are employed for the
creation of high-power lasers [47, 50, 51]. Large-mode-area silica PCFs are also
used for the compression of high-power subpicosecond laser pulses [52] and the
generation of supercontinuum with an energy in excess of 1 uJ [53,54].

Photonic-crystal fibre design presented in Fig. 6.1e is of special interest also
for the development of novel fibre-optic sensors [55-57]. In sensors of this type,
excitation radiation is delivered to an object along the fibre core. The inner part
of the microstructured cladding features micrometer-diameter air holes and serves
for a high-numerical-aperture collection of the scattered or fluorescent signal from
the object, as well as for the fibre delivery of this signal to a detector. With such
a scheme of sensing, a detector can be placed next to a radiation source [56, 57].
This fibre design is advantageous for sensing chemical and biological samples by
means of one- and two-photon luminescence. A microstructured cladding of PCF
can be also conveniently filled with a liquid-phase analyte. Radiation propagating
along the fibre core will then induce luminescence of the analyte, allowing the de-
tection of specific types of molecules from the minimal amount of analyte [57].
Such fibre sensors can be integrated into chemical and biological data libraries and
data analyzers, including biochips, suggesting an attractive format for the readout
and processing of the data stored in such devices.

The energy of laser pulses in fibre-optic devices can be radically increased
through the use of hollow-core fibres. For standard, capillary-type fibres, however,
the loss rapidly grows (as o< a~3) with a decrease in the core radius a [11, 12]. Be-
cause of this problem, such fibres cannot provide single-mode guiding or help to
achieve high intensities for pulses with moderate peak powers. The loss of core-
guided modes in hollow fibres can be radically reduced if the fibre has a two-
dimensionally periodic (photonic crystal) cladding [5-7, 9] (Fig. 6.1f,g). A strong
coupling of incident and reflected waves, occurring within a limited frequency
range, called a photonic band-gap, leads to a high reflectivity of a periodically struc-
tured cladding, allowing low-loss guiding of light in a hollow fibre core. Hollow
PCF compressors in fibre-laser systems [58,59] allow the generation of output light
pulses with a pulse width on the order of 100 fs in the megawatt range of peak pow-
ers.

Thus, PCFs play the key role in the development of novel fibre-laser sources of
ultrashort light pulses and creation of fibre-format components for the control of
such pulses. In what follows, we examine the physical mechanisms behind super-
continuum generation in such fibres, analyze various scenarios of spectral broaden-
ing and wavelength conversion, and discuss applications of PCF white-light sources
and frequency converters in nonlinear spectroscopy and microscopy, as well as in
optical metrology.
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6.2 Supercontinuum Generation in Photonic-Crystal Fibres

Supercontinuum (SC) generation — a physical phenomenon leading to a dramatic
spectral broadening of laser pulses propagating through a nonlinear medium — was
first demonstrated in the early 1970s [60, 61] (see [62] for an overview of early
experiments on supercontinuum generation). As a physical phenomenon, supercon-
tinuum generation involves the whole catalog of classical nonlinear-optical effects,
such as self- and cross-phase modulation, four-wave mixing, stimulated Raman scat-
tering, solitonic phenomena and many others, which add up together to produce
emission with extremely broad spectra, sometimes spanning over more than an oc-
tave.

Presently, more than three decades after its discovery, supercontinuum generation
is still one of the most exciting topics in laser physics and nonlinear optics [20-22],
the area where the high-field science in the most amazing way meets the physics
of low-energy unamplified ultrashort pulses. The advent of photonic-crystal fibres,
capable of generating supercontinuum emission (Fig. 6.2) with unamplified, nano-
and even subnanojoule femtosecond pulses, has resulted in revolutionary changes in
frequency metrology [23-26] opened new horizons in ultrafast science [27, 28, 63]
and allowed the creation of novel wavelength-tunable and broadband fibre-optic
sources for spectroscopic [30-32] and biomedical [29] applications. Rainbow of
colours produced by a laser beam became an optical instrument and a practical tool.

The key concept underlying the latest breakthroughs in optical metrology in-
volves using frequency combs [64-66] generated by mode-locked femtosecond
lasers for the measurement of frequency intervals. Mode-locked femtosecond lasers
deliver sequences of light pulses separated by a time interval T equal to the round-
trip time of the laser cavity. In the frequency domain, such pulse trains are repre-
sented by equidistant frequency combs with a total spectral width determined by
the time width of the laser pulses in the train and a frequency interval Aw between

Fig. 6.2 Supercontinuum generation in a photonic-crystal fibre
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the adjacent spectral components equal to Aw = 27/T. Such a frequency comb
can be calibrated against an atomic frequency standard and employed as a ruler
measuring spectral and, hence, temporal and spatial intervals. Thus, while optical
spectroscopy conventionally deals with wavelength measurements, the new concept
in optical metrology involves the measurement of frequency intervals by using fre-
quency rulers, improving the precision of optical measurements by many orders of
magnitude and allowing the creation of a new generation of frequency standards
and optical clocks [26]. The significance of this concept for optical metrology and
high-precision laser spectroscopy has been highlighted by the statement of the No-
bel Committee on the 2005 Nobel Prize in physics, which specifically mentions the
frequency-comb measurement technique [67].

The idea of using mode-locked laser sources of short pulses for high-precision
optical measurements was proposed in the late 1970s [68,69]. Hansch’s group were
the first to experimentally demonstrate high-precision fine-structure measurements
on atomic energy levels using frequency combs generated by picosecond mode-
locked lasers. With the total width of the frequency comb being inversely propor-
tional to the pulse width, picosecond pulses cannot provide a sufficiently broad
range of measurements — picosecond frequency combs turn out to be too short.
Sources of much shorter, femtosecond laser pulses were needed to make frequency
combs a practical tool for optical metrology. The advent of PCFs provided an op-
portunity to directly link such frequency combs to atomic frequency standards.

Convenient, reliable, and compact solid-state femtosecond laser systems, which
have become available in the early 1990s (see [70] for a review), can generate
frequency combs with a bandwidth sufficient for practical applications in opti-
cal metrology and high-precision spectroscopy. The intermode interval A®w can be
locked to a radio-frequency reference source, such as an atomic cesium clock [26],
for example. However, even with this task fulfilled, the frequency comb is still not
fully linked to a reference frequency standard. The main source of difficulties is that
the frequency of the nth spectral component in the frequency comb is not an exact
multiple of the intermode interval A®, but is given by @, = nA® + @y, where @y is
the offset frequency. One of the physical factors giving rise to this frequency offset is
the dispersion of optical elements inside the laser cavity, making the phase velocity
up of laser radiation different from the group velocity ug of laser pulses. Because of
the difference in up and ug, the phase of the light field (the carrier phase) is system-
atically shifted relative to the pulse envelope from one pulse to another in a pulse
train generated by a mode-locked laser. As a result, a femtosecond mode-locked
laser delivers a sequence of pulses separated by equal time intervals 7', but having
anonzero offset Ag of the carrier phase relative to the envelope phase. Fourier trans-
form of such a field gives a spectrum in the form of an equidistant comb of spectral
components with frequencies @, = nA® + @y, where wy =A@ /T.

To make a frequency comb suitable as a ruler for high-precision frequency mea-
surements, the frequency @y needs to be measured and stabilized relative to an exter-
nal frequency standard. This problem is solved through supercontinuum generation
in a PCF [23-25] or a tapered fibre [71,72]. A fraction of a light beam produced
by a femtosecond laser source of a frequency comb is coupled into a PCF. The re-
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maining part of the laser beam is frequency-doubled in a nonlinear crystal. The key
requirement to supercontinuum generation in a PCF is that the spectrum of the su-
percontinuum at the output of the fibre should span over an octave [26]. If this con-
dition is satisfied, then, for any spectral component n picked from the low-frequency
part of the frequency comb, the supercontinuum PCF output contains a frequency
component m,, = 2nAm + wy, close to the spectral component 2, = 2nAw + 2wy
in the spectrum of the second harmonic from the nonlinear crystal. The beat signal
produced by the second-harmonic field and the PCF output then contains a compo-
nent 2@, — wy, = @), allowing the offset frequency @y to be measured and stabi-
lized. This operation enables an accurate locking of all the spectral components in
the femtosecond frequency comb with respect to a frequency standard using a single
laser source.

Systems of optical metrology using frequency combs can measure frequency in-
tervals with a relative accuracy at the level of 5 x 1076 [26]. The method of mea-
surement and stabilization of the carrier—envelope phase offset based on supercon-
tinuum generation in a PCF suggests the possibility of phase control of few-cycle
laser pulses [73,74]. Light pulses with a stabilized carrier—envelope phase offset are
necessary for a controlled above-threshold ionization [75], high-order optical har-
monic generation [76], and the generation of attosecond pulses [77]. Due to its sim-
plicity, compactness, and reliability, the frequency-comb technique is gaining a wide
acceptance for the measurement of fundamental physical constants and creation of
practical optical-clock systems [26]. Applications of frequency-comb methods for
satellite navigation and a high-precision synchronization of optical networks are un-
der consideration. Through high-order harmonic generation, femtosecond frequency
combs are being extended to the UV and X-ray ranges [78].

6.3 Photonic-Crystal Fibre Sources
for Nonlinear Raman Microspectroscopy

Through the past two decades, nonlinear-optical techniques have proven to be pow-
erful tools for the investigation of ultrafast dynamics in physical, chemical, and
biological systems [79-82]. Adaptively shaped and optimally time-ordered ultra-
short laser pulses have given the key for understanding potential surfaces of com-
plicated molecular systems, providing efficient means to control vibrational wave
packets and steer chemical reactions [79, 83—87]. Since ultrafast nonlinear-optical
methods of time-resolved studies and coherence control typically involve a resonant,
sometimes multiphoton, optical excitation of a quantum system, wavelength-tunable
sources of ultrashort light pulses have been in great demand in ultrafast optical sci-
ence. Femtosecond dye lasers, as well as optical parametric oscillators and ampli-
fiers have gained a wide recognition as practical and highly efficient light sources
for the investigation of ultrafast processes in matter [70, 88], giving an access to
a remarkably broad variety of atomic and molecular systems, including molecu-
lar aggregates [89, 90] and complexes of biological significance [91]. Femtosecond
dye lasers and optical parametric oscillators and amplifiers, however, inevitably in-
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crease the cost of laser experiments and make the laser system more complicated,
unwieldy, and difficult to align.

Fibre-optic technologies suggest a new, compact and cost-efficient way of adding
wavelength tunability to a laser system. This novel concept of a wavelength-tunable
source is based on highly efficient nonlinear-optical transformations of ultrashort
laser pulses in a photonic-crystal fibre. Light sources based on PCFs have been
recently shown to offer attractive fibre-optic solutions for simplification and com-
pactization of nonlinear-optical microscopes [33] and spectrometers [32,92]. In par-
ticular, Paulsen et al. [33] have demonstrated microscopy based on coherent anti-
Stokes Raman scattering (CARS) using a blue-shifted dispersive-wave emission
from a PCF as a pump field and employing Ti:sapphire laser pulses as a Stokes
field. Efficient frequency conversion and supercontinuum generation in PCFs have
been shown to enhance the capabilities of chirped-pulse CARS [93] and coherent
inverse Raman spectroscopy [94]. Efficient spectral broadening of ultrashort pulses
in PCFs with carefully engineered dispersion profiles makes these fibres ideal light
sources for pump—supercontinuum probe time- and frequency-resolved nonlinear-
optical measurements [95]. Novel light sources based on frequency shifting in PCFs
provide a useful tool for the measurement of second-order optical nonlinearities in
organic materials [96] and offer interesting new options for multiplex CARS mi-
croscopy [34,97]. The capabilities of time-resolved four-wave-mixing spectroscopy
with PCF sources can be enhanced by the pulse shaping of the frequency-shifted
PCF output [98]. In recent experiments by Motzkus’ group [99], a single-beam
CARS approach [100-102] has been implemented in a new and elegant way through
the generation of supercontinuum in a PCF followed by a compression and pulse
shaping of this supercontinuum with the help of a pulse shaper based on a spatial
light modulator.

Coherent anti-Stokes Raman scattering [103-106] involves two laser fields with
frequencies @, and m,, referred to as the pump and Stokes fields, providing a coher-
ent excitation of a Raman-active mode in a medium under study with a frequency
Q = @ — ;. The third field with a frequency ;3 is then scattered off these co-
herently excited Raman vibrations, giving rise to the anti-Stokes signal at the fre-
quency @, = @] — M, + @3, which provides spectroscopic information on the system
or serves to image Raman-active species in a medium. Sidorov-Biryukov et al. [31]
have employed a specifically designed PCF to provide a wavelength-tunable Stokes
field for two-colour time-resolved CARS with w; = w3 and @, =2®; — @;. In these
experiments, a Ti:sapphire laser oscillator pumped with a second-harmonic output
of a diode-pumped Nd:YVOy laser generated light pulses with a typical temporal
width of about 30fs, an energy up to 3nJ, and a central wavelength of 800 nm at
a pulse repetition rate of 100 MHz. The Ti:sapphire laser output was divided into
two beams with a 70:30 beam splitter. The laser pulses of the first beam had an
energy of about 2 nJ, providing pump and probe photons for CARS measurements.
The Ti:sapphire laser pulse width increased up to 50 fs as the beam was transmitted
through the delay line and focusing optics.

The laser pulses of the second beam from the beam splitter were coupled
into the fundamental mode of a fused silica PCF with a core diameter of 1.8 um
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Fig. 6.3 (Filled circles) CARS signal measured as a function of the delay time between the probe
pulse and the pump-Stokes pulse dyad. (Open circles) Cross-correlation of the red-shifted PCF
output and a 50-fs Ti:sapphire laser pulse measured through sum-frequency generation in a BBO
crystal. An SEm image of PCF is shown in inset 1. The spectrum of the red-shifted PCF output
reflected off a diffraction grating is presented in inset 2

(shown in inset 1 to Fig. 6.3). For the fundamental mode of the fibre, the group-
velocity dispersion (GVD) vanishes at 754 nm, providing anomalous dispersion for
800-nm Ti:sapphire laser pulses. The effective area of the fundamental mode at
800 nm is 2.1 um?, corresponding to the nonlinearity coefficient y~ 110 W~ km~!.
Ti:sapphire laser pulses tend to form optical solitons as they propagate through the
PCF. These solitons undergo a continuous frequency down-shift due to the soliton
self-frequency shift.

The central wavelength of the red-shifted soliton at the output of the fibre is
controlled by the input peak power and the fibre length. With the peak power of
input laser pulses increased from 1 to 6 kW, the central wavelength of the red-shifted
soliton at the output of a 12-cm PCF is tuned from 840 to 930 nm. As the soliton is
shifted toward longer wavelengths, its dispersion changes and effective mode area
increases. With the input peak power ranging from 3 to 11 kW, the SSFS in the PCF
with a length of 5-20 cm can provide the wavelength tunability range from 870 to
1180 nm for the red-shifted soliton at the output of the fibre. For the w, = 2w; —
CARS process with Ti:sapphire laser pulses used as a pump field (®;) and the red-
shifted soliton from the PCF used as a Stokes field (@), the demonstrated tunability
range gives an access to the 1000-4025-cm ™! region of wavenumbers characteristic
of fingerprint Raman transitions in a broad variety of molecular systems.

In contrast to dispersive waves, which sense the normal dispersion and tend to
spread out in time, solitons are well-localized in the time domain, suggesting the
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way of achieving a femtosecond time resolution in CARS spectroscopy and mi-
croscopy. To assess the pulse width of the red-shifted PCF output, we mixed this
signal with 50-fs 800-nm pulses of the Ti:sapphire laser in a 4-mm BBO crystal and
measured the intensity of the resulting sum-frequency signal as a function of the de-
lay time between the pulses. Open circles in Fig. 6.3 display such a cross-correlation
trace for the red-shifted PCF output centered at A; &~ 870 nm (see inset 2 in Fig. 6.3).
The pulse width of this soliton at the output of the fibre is estimated as 160 fs. The
uncertainty in the time-domain localization of the red-shifted soliton PCF output,
originating from the timing jitter of the soliton induced by fluctuations in the input
peak power, was estimated as 30 fs.

To demonstrate time-resolved CARS with a Stokes field provided by the red-
shifted solitonic output of a PCF, we performed time-delay CARS measurements
on a doublet of Raman transitions in liquid-phase pyridine with Raman wave num-
bers Q/27c (c being the speed of light) of 988 and 1028 cm™!. These transitions
have close Raman cross sections, giving rise to well-pronounced quantum beats in
the nonlinear response [107]. Experiments in [31] were performed with 50-fs pulses
of 800-nm Ti:sapphire laser radiation as a pump (w;) and the 8§70-nm solitonic
PCF output as a Stokes field (m,). The spectrum of the Stokes pulse reflected off
a diffraction grating is presented in inset 2 to Fig. 6.3. The 8§70-nm solitonic PCF
output gives an access to both 988- and 1028-cm~! Raman modes, as the Stokes
wavelengths corresponding to the exact 2 = w; — @, Raman resonance with these
Raman modes are equal to 868.7 and 871.7 nm, respectively. Time-delayed 50-fs
Ti:sapphire laser pulses were employed to probe the Raman vibrations excited by
the pump and Stokes fields in the folded CARS geometry, allowing the CARS signal
to be spatially separated from the pump, Stokes, and probe fields.

In Fig. 6.3, we plot the intensity of the w, = 2@w; — @, CARS signal measured as
a function of the delay time 7 between the probe pulse and the pump—Stokes pulse
dyad. The sharp peak observed in the region of small 7 represents the nonresonant
CARS signal related to electronic transitions in the medium. Since both the response
time of the nonresonant part of cubic nonlinearity and the pulse width of the pump
are much shorter than the duration of the Stokes pulse, the time response in the re-
gion of small 7 (filled circles in Fig. 6.3) closely follows the cross-correlation of the
Stokes and probe pulses (open circles). For delay times T exceeding the duration
of this cross-correlation, nonresonant CARS is suppressed, and the time-domain
CARS response displays a characteristic oscillatory behavior, visualizing the quan-
tum beats of the 988- and 1028-cm~! Raman modes. Red-shifted soliton output
provided by the PCF has been also applied to probe stretching C—H vibrations in
ethanol (Q/2mc ~ 2930cm ™!, A; ~ 1.045um) and the 1210-cm~! Raman reso-
nance in toluene (A; &~ 886nm). In both cases, the nonresonant background was
efficiently suppressed in time-domain CARS, similar to the result of Fig. 6.3, by
introducing a time delay between the probe pulse and the pump—Stokes pulse dyad.

Experiments discussed in this section thus demonstrate time-resolved
CARS spectroscopy using a frequency-tunable soliton output of a silica PCF as
a Stokes field. The wavelength tunability of the soliton PCF output within the
1000—4025-cm~! wavenumber range is demonstrated, giving an access to finger-
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print Raman transitions in a broad variety of molecular systems. A 160-fs red-shifted
soliton output of a silica PCF was used as a Stokes field in our CARS experiments,
allowing an efficient suppression of nonresonant background and making it possible
to resolve quantum beats originating from close Raman-active modes of pyridine.
These results suggest cost-efficient fibre-optic solutions for time-resolved CARS
and allow the improvement in the sensitivity of PCF-based CARS spectroscopes
and microscopes.

6.4 Photonic-Crystal Fibre Components
for Time-Resolved Studies of Ultrafast Molecular Dynamics

In a recent experiment by Ivanov et al. [108], wavelength-tunable 100-fs pulses gen-
erated through the soliton self-frequency shift in a photonic-crystal fibre have been
employed to visualize femtosecond coherence and population relaxation dynamics
in molecular aggregates by means of time-resolved sum-frequency generation. The
laser system used in those experiments consisted of a Cr**: forsterite master oscilla-
tor [109], a stretcher, an optical isolator, a regenerative amplifier, and a compressor.
The master oscillator, pumped with an ytterbium fibre laser, generated 30-fs light
pulses of 1.24-um radiation at a repetition rate of 120 MHz. These pulses were am-
plified in a Nd:YLF-laser-pumped amplifier and recompressed to the 100-fs pulse
duration with the maximum laser pulse energy up to 40 uJ at 1 kHz.

The Cr:forsterite laser system included four channels delivering pump and probe
pulses for time-resolved nonlinear-optical measurements. The first channel gener-
ated amplified pulses of 1.24-um Cr:forsterite laser radiation (curve 1 in Fig. 6.4)
with a pulse energy up to 30 uJ and a pulse width 6; ~ 100 fs. In the second channel,
1.24-um amplified 100-fs Cr:forsterite laser pulses were coupled into a fused silica
PCF with a core diameter of about 1.7 um (see the inset in Fig. 6.4), providing zero
group velocity dispersion at 730 nm. The laser pulses coupled into the PCF form
solitons, which experience a continuous red shifting induced by the retarded fibre
nonlinearity. This soliton frequency shift can be tuned by varying the input pulse
energy and by changing the fibre length. A soliton with a pulse width 6, ~ 100 fs
and a central wavelength of 1.33 um was generated using the PCF frequency shifter
(curve 2 in Fig. 6.4) to provide a two-photon-absorption-resonant excitation of
molecules studied in our experiments. In the third channel, unamplified Cr:forsterite
laser pulses with a pulse energy of 5nJ and pulse width 6, ~ 30fs passed through
an adjustable optical delay line. Finally, in the fourth channel a 1-mm-thick BBO
crystal was used to generate second-harmonic pulses with a central wavelength of
620 nm, pulse width of about 90 fs, and the energy ranging from 10 to 80 nlJ.

Experiments were performed with thin-film samples of J-type molecular aggre-
gates [89] of thiacarbocyanine dye. The samples were prepared by spin-coating
a 5 x 1073 mol/1 solution of this dye in a 2:2:1 mixture of acetonitrile, dichloro-
ethane, and chloroform on a 1-um-thick substrate. The thickness of the dye layer
on the substrate was measured by the ellipsometric technique and was estimated as
30 nm. The absorption coefficient of the aggregate film at the wavelength of 633 nm
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Fig. 6.4 The spectrum of the amplified fundamental-wavelength output of the Cr:forsterite
laser (1), the spectrum of the frequency-shifted soliton output of the first-type photonic-crystal
fibre (2), and the absorption spectrum of a thin-film sample of molecular aggregates (3). The inset
shows an SEM image of the PCF

was 105 cm™. Interactions between molecules in an aggregate give rise to collec-
tive electronic states delocalized over large chains of molecules, resulting in the
formation of exciton energy bands [89, 110, 111]. Broad absorption bands, typical
of isolated dye molecules, display narrowing and spectral shifting in the aggregate
state. A well-pronounced peak at 660 nm in the absorption spectrum of our samples
(curve 3 in Fig. 6.4) represents the excitonic absorption of J aggregates.

The method of time-resolved studies of coherent excitations in molecular ag-
gregates adopted in [108] was based on sum-frequency generation (SFG) wy =
2w + m, (see the inset in Fig. 6.5) with a two-photon-absorption (TPA) resonance
at the frequency m; + @,. The pulses with carrier frequencies ; and @, have been
delivered by the first and second channels of the above-described laser system. Two-
photon-excited luminescence has been used to find the optimal frequency @, of
the solitonic PCF output for the maximum efficiency of the w; + w, TPA process.
Such a maximum has been achieved with a soliton PCF output centered at 1.33 um
(curve 2 in Fig. 6.4). The measured dependences of the SFG signal on the excita-
tion laser powers were consistent with the diagram shown in inset 2 to Fig. 6.5. The
pulses with the frequencies m; and @, in our experiments could also reach the wing
of the TPA spectrum of thiacarbocyanine monomers. However, due to the collective
enhancement of optical nonlinearity in aggregates [110, 111], the SFG signal from
aggregates in our experiments was at least an order of magnitude higher than the
SFG signal from the monomers.

Time-delayed unamplified Cr:forsterite laser pulses with a pulse width 6, ~
30fs, delivered by the third channel, served to probe coherent excitations driven
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Fig. 6.5 Time-resolved SFG measurements with a solitonic output of the PCF. The filled circles
show the power of the sum-frequency signal generated in a silica plate by amplified Cr:forsterite
laser pulses, frequency-shifted pulses from the photonic-crystal fibre, and time-delayed unam-
plified pulses of the Cr:forsterite laser measured as a function of the delay time between the
pulses (cross-correlation trace). Rectangles present the power Py of the sum-frequency signal
from a molecular aggregate film measured as a function of the delay time 7 between the probe
pulse and the pulses providing a TPA-resonant coherent excitation of aggregates. Crosses show
the fit of the experimental data with the use of expressions for Py and Q with the dephasing time
T, = 120fs and pulse widths 8y = 6, = 100 fs. Open circles represent the inverted dependence of
the sum-frequency signal from a molecular aggregate film on the delay time between the excitation
second-harmonic pulse and the light pulses involved in SFG. The inset presents a diagram of SFG
¢ = 20; + @, with a TPA resonance at @; + @, and a time-delayed probe pulse

by the first two pulses. The power of the sum-frequency signal Py measured as
a function of the delay time 7 between the probe pulse and the pulses driving the
coherent excitation of aggregates is then given by

Pe() =PI [ B (E-0)0%(&) dg (©.1)

where 7 is the relevant nonlinear coefficient, L is the interaction length, Ep(z) is
the temporal envelope of the probe pulse, and Q is the amplitude of coherence in-
duced in the medium by the TPA-resonant two-colour field with central frequencies
®; and @,. When the TPA-resonant field consists of two pulses with temporal en-
velopes Ej(t) and E(t), the amplitude Q can be represented as

oo

0(1) = [exp(=n/T) By (=) Ex (1 =) dn ©2)
0
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where 75 is the phase relaxation time. For two-photon-excited levels of aggregates
accessed in our experiments, the main dephasing mechanism typically involves
rapid intraband downward population relaxation towards the bottom of the exciton
band.

In our experiments, the time-delayed pulse provides an ultrafast probe for coher-
ently excited aggregates. With 6; ~ 6, ~ 100 fs and 65 ~ 30 fs, we have (GP/GLZ)Z ~
0.09. In this regime, with the time 7> being much less than the pulse width 6,, mea-
suring the dependence Py(7) yields the temporal profile of the coherent response of
aggregates. The time resolution is then determined by the cross-correlation

oo

Y@ = [ EmE ) E (-7 dn. 63)

—oo

This expression for Y (7) with 6; = 6, = 100 fs and 6, = 30 fs provides a good fit for
the cross-correlation trace (shown by the filled circles in Fig. 6.5) measured by mix-
ing the pump, Stokes, and probe pulses in a thin silica plate with the beam interaction
geometry identical to that used in experiments with aggregate samples. Rectangles
in Fig. 6.5 present the power of the sum-frequency signal Py from the film with
molecular aggregates measured as a function of the delay time 7. A nearly perfect fit
for the measured Py¢(7) dependence is obtained by using the above expressions for
Py and O with 0; = 6, = 100 fs and the phase relaxation time 7, = 120 fs (crosses in
Fig. 6.5). Notably, this phase relaxation time is much shorter than typical population
relaxation time T¢x of one-exciton states of aggregates. To compare 75 and T¢x for
our sample, we measured nonlinear absorption spectra of molecular aggregates ex-
cited by the second-harmonic output of the Cr:forsterite laser, providing a resonant
population transfer from the ground state to the one-exciton band. The supercontin-
uum output of PCF was then applied with a variable delay time 67 relative to the
second harmonic pulse. Differential absorption spectra measured in these experi-
ments display well-pronounced minima at 665 nm, indicative of bleaching through
pump-induced transitions between the ground state and the one-exciton band, and
blue shifted peaks at 640 nm, originating from induced absorption due to transitions
between one- and two-exciton bands. The amplitudes of induced-absorption and
bleaching peaks in nonlinear absorption spectra decrease with the increase in the
delay time Ot, allowing the relaxation time for one-exciton states of aggregates to
be estimated as Tox ~ 770fs.

To demonstrate an ultrafast switching of optical nonlinearity of molecular ag-
gregates, we used the above-described SFG process ws = 2m; + @, with the de-
lay time 7 chosen in such a way as to provide the maximum SFG efficiency. The
nonlinear-optical response of the aggregate sample was modified by applying a 90-fs
pulse of 620-nm second-harmonic output of the Cr:forsterite laser, depopulating the
ground state of aggregates. Open circles in Fig. 6.5 display the inverted dependence
of the sum-frequency signal on the delay time At between the excitation second-
harmonic pulse and the light pulses involved in SFG. The maximum in this trace
corresponds to the minimum in the sum-frequency signal, and the background cor-
responding to large |Az| has been subtracted. For small A¢, as can be seen from this
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dependence, the resonant excitation of aggregates substantially reduces the sum-
frequency signal. As Ar increases, the initial level of the sum-frequency signal (cor-
responding to large negative Ar) is recovered. A monoexponential time dependence
fails to provide an adequate fit for the experimentally measured trace. However,
the results presented in Fig. 6.5 demonstrate a 75% recovery of the sum-frequency
signal within a characteristic delay time of about 450 fs.

6.5 Spectral Transformation of Megawatt Femtosecond Laser
Pulses in a Large-Mode-Area Photonic-Crystal Fibre

Small-core PCFs, typically operating in the regime of anomalous dispersion, show
an excellent performance as supercontinuum sources ideally suited for nano- and
subnanojoule input laser pulses. To accommodate higher input energies without the
risk of laser-induced damage of the fibre material, PCFs with a larger core size are
needed. Such large-mode-area (LMA) PCF components [46,47] have been used for
the creation of high-power fibre lasers [49, 50] and amplification of a short-pulse
fibre laser output [51]. Stidmeyer et al. [52] have demonstrated an efficient spectral
broadening of a submegawatt, subpicosecond thin-disk laser output in LMA PCFs,
enabling a compression of 810-fs thin-disk laser pulses to a 33-fs pulse duration.
Genty et al. [112] have employed LMA PCFs to transform nanosecond pulses from
a Q-switched Nd: YAG laser into a supercontinuum radiation.

Waveguide dispersion for large-core PCFs is typically weak, which limits the pos-
sibilities of fibre dispersion tailoring through fibre structure modifications. It be-
comes difficult, in particular, to achieve large shifts for the zero group-velocity dis-
persion (GVD) wavelength relative to the zero-GVD point in the bulk of the fibre
material. As a result, the central wavelengths of many of the commonly used sources
of high-energy ultrashort pulses are left in the regime of normal dispersion of silica
large-mode-area PCF, making it difficult to generate broadband radiation through
nonlinear-optical processes in the fibre. Mitrofanov et al. [113] have recently shown
that a combination of Cr:forsterite laser sources with large-mode-area PCFs resolves
the conflict between the mode area and dispersion, allowing high-peak-power laser
output to be efficiently transformed into supercontinuum radiation. This strategy
offers much promise for the creation of high-peak-power fibre-format sources of
broadband radiation for spectroscopic, microscopic, biomedical, and micromachin-
ing applications, as well as for the creation of front-end component for laser sources
designed to deliver extremely high-peak powers at their output.

Large-mode-area PCFs used in our experiments were made of fused silica using
a standard stack-and-draw technology. For the fibre used in our experiments, the
core diameter was about 22 um with an effective mode area estimated as 380 um?
for the fundamental mode. The fibre core was surrounded with four rings of air holes
(see the inset in Fig. 6.6) with a diameter d ~ 4.0 um and a pitch A ~ 11 um. Such
a fibre could support higher order guided modes of 1.24-um Cr:forsterite laser radi-
ation used in our experiments. With an appropriate fibre alignment, however, a ro-
bust fundamental mode of 1.24-um radiation was observed at the output of the fibre
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Fig. 6.6 Spectra of supercontinuum radiation from a 20-cm segment of a PCF with a mode area
of 380 um? (shown in the inset). The input pulse width is 300 fs. The energy of laser radiation
coupled into the fibre is (/) 0.15uJ, (2) 0.98 uJ, and (3) 1.3 uJ. The input spectrum of the laser
pulse is shown by the dashed line

in the low-peak-power regime, when nonlinear-optical effects were negligible. The
zero-GVD wavelength for the PCF employed in our experiments is A, ~ 1.27 um,
and the fibre nonlinearity y = 27t15(1.5) ! (here, n; is the nonlinear refractive index
of the fibre material, A is the radiation wavelength, and S is the effective mode area)
is about 0.4km~' W=l at A = 1.24um.

The laser system used in our experiments consisted of a Cr**:forsterite master
oscillator, a stretcher, an optical isolator, a regenerative amplifier, and a compres-
sor. The master oscillator, pumped with an ytterbium fibre laser, generated 30—60-fs
light pulses of radiation with a central wavelength of 1.25um at a repetition rate
of 120MHz. These pulses were transmitted through a stretcher and an isolator,
to be amplified in a Nd:YLF-laser-pumped amplifier and recompressed to a pulse
width of 90—-400fs with a maximum pulse energy up to 30 uJ at 1 kHz. To avoid
self-focusing-induced damage of the fibre, the laser output was stretched, through
a compressor adjustment, to a pulse width of approximately 300 fs. The energy of
amplified Cr:forsterite laser pulses delivered to the fibre input through an objective
was about 3 uJ. The laser energy fluence on the input end of the fibre was thus about
0.79J/cm?, remaining well below the laser damage threshold. A maximum of 1.3 uJ
was coupled into the fundamental mode of the fibre, corresponding to a peak power
of P ~ 4.3MW. Although the input peak power in our experiments was slightly
higher than the lower-bound self-focusing threshold, a catastrophic self-focusing at
this level of P was prevented by fibre dispersion [114], with a robust operation of
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PCFs provided and no sign of laser damage observed over many hours of measure-
ments.

The spectra of laser radiation transmitted through a 20-cm piece of the large-
mode-area PCF are presented by curves 1-3 in Fig. 6.6 in comparison with the spec-
trum of the input field (shown by the dashed line). For lower input energies (curve 1
in Fig. 6.6), PCF output spectra exhibit moderate broadening with well-pronounced
Stokes and anti-Stokes sidebands, falling in the range of anomalous and normal dis-
persion respectively. These spectral features are indicative of modulation instabili-
ties of the pump field whose central wavelength lies close to the zero-GVD wave-
length, thus facilitating phase matching for Stokes and anti-Stokes sideband gener-
ation. For higher input energies (curves 2 and 3 in Fig. 6.6), isolated spectral com-
ponents originating from the pump field and its Stokes and anti-Stokes sidebands
merge together, giving rise to a broadband spectrum at the output of the fibre. In this
regime, the output spectra display a powerful long-wavelength wing, stretching up
to 1800 nm for an input energy of 1.3 uJ (curve 3 in Fig. 6.6), which indicates the
significance of soliton self-frequency shifting phenomena, induced by the retarded
part of the fibre nonlinearity.

The visible part of the spectrum observed at the output of a 20-cm large-mode-
area PCF is much less intense, carrying about 15% of the total energy of the fibre
output, estimated as 1.15 uJ. As the short-wavelength part of the spectrum was gen-
erated in a mixture of guided modes, a considerable portion of the short-wavelength
part of the spectrum (about 50%) was lost in our experiments in the course of prop-
agation through leakage losses within the first 7-8 cm of the fibre, leading to a de-
crease in the total radiation energy from approximately 1.30 uJ (radiation energy
coupled into the fibre) to about 1.15 uJ (radiation energy measured at the output of
the 20-cm fibre).

To visualize the temporal envelope of the PCF output, we employed cross-
correlation frequency-resolved optical gating (XFROG) technique [115, 116] by
mixing the PCF output with the amplified fundamental-wavelength Cr:forsterite
laser radiation through sum-frequency generation in an LBO crystal. The spectrally
resolved sum-frequency signal from the nonlinear crystal was measured as a func-
tion of the delay time 7 between the PCF output and the reference Cr:forsterite laser
pulse, yielding sonograms of the light field at the output of the fibre. In Fig. 6.7, we
present a typical XFROG trace measured for a 20-cm segment of PCF with an in-
put pulse energy of 1.1 uJ. This trace features a distinct kink around the zero-GVD
wavelength A,, separating regimes of normal and anomalous dispersion. For shorter
wavelengths, A < A, because of the normal dispersion, high-frequency components
are delayed in time with respect to spectral components with lower frequencies. For
longer wavelength, A > A,, well-resolved temporally isolated solitonic features are
observed, indicating the significance of solitonic phenomena and the Raman-effect-
induced soliton self-frequency shift in the enhancement of the long-wavelength part
of the supercontinuum spectrum at the output of the fibre.

To quantify the enhancement provided by an LMA PCF for high-power super-
continuum generation relative to a bulk material, we compared the output spectra of
the considered type of PCF with the spectral broadening of amplified Cr:forsterite
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laser pulses attainable in the bulk of fused silica. In the latter experiment, an am-
plified 300-fs, 1.24-um Cr:forsterite laser output (dashed curve 1 in Fig. 6.8) was
focused inside a silica plate into a spot with a diameter of about 20 um, close to
the core diameter of the PCF used in our experiments. To achieve maximum spec-
tral broadening, the energy of laser pulses in these experiments was set equal to
8 1, which was slightly below the damage threshold of the silica plate. The thick-
ness of the silica plate was chosen equal to 2 cm, which substantially exceeded the
effective interaction length (a few millimeters for the above-specified experimen-
tal parameters), so that a further increase in the plate thickness lead to no increase
in the output spectral width. With these subcritical for a silica plate parameters of
incident laser pulses, output radiation spectra (open circles in Fig. 6.8) remained
substantially narrower than the spectra of Cr:forsterite laser pulses with an input

Fig. 6.8 Radiation spectra
of the amplified Cr:forsterite
laser output (dashed line 1),
a focused 300-fs, 8-uJ
Cr:forsterite laser pulse
spectrally broadened in a
2-cm silica plate (open cir-
cles), and a 300-fs, 1.3-uJ
Cr:forsterite laser pulse trans-

mitted through a 20-cm seg- 800 1000 1200 1400 1600 1800
ment of the large-mode area

PCF (filled circles) Wavelength, nm

0,14

Spectral intensity, arb. units
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energy of 1.3 uJ and the same input pulse width transmitted through 20 cm of the
large-mode-area PCF (filled circles in Fig. 6.8).

We have thus demonstrated microjoule supercontinuum generation using a large-
mode-area PCF pumped by an amplified stretched-pulse output of a femtosecond
Cr:forsterite laser. This result highlights the potential of large-mode-area PCFs as
sources of high-peak power broadband radiation for spectroscopic, microscopic,
biomedical, and micromachining applications.

6.6 Third-Harmonic Generation by Ultrashort Laser Pulses

Third-harmonic generation (THG) is one of the basic nonlinear-optical processes,
which has been intensely studied and employed for numerous applications since
the early days of nonlinear optics [117-119]. The seminal work by Miles and Har-
ris [120] has demonstrated a tremendous potential of direct THG related to the cubic
optical nonlinearity y ) of gases for efficient frequency conversion of laser radia-
tion and for the diagnostics of the gas phase. Solid-state strategies of frequency
conversion, on the other hand, mainly rely on the quadratic nonlinearity y® of
noncentrosymmetric crystals, with frequency tripling conventionally implemented
through cascaded second-order nonlinear-optical processes, phase matched by crys-
tal anisotropy [121, 122] or a periodic poling of nonlinear materials [123].

Controlled dispersion of guided modes and large interaction lengths provided
by PCFs result in a radical enhancement of nonlinear-optical processes. Third-
order nonlinear-optical processes enhanced in PCFs offer a useful alternative to
frequency-conversion schemes using x(2> nonlinear crystals. Highly efficient THG
has been recently observed in fused silica [124—-130] and multicomponent-glass
PCFs [131], as well as in tapered fibres [132]. These experiments not only demon-
strated the significance of THG for efficient, guided-wave frequency tripling of fem-
tosecond laser pulses, but also revealed several new interesting nonlinear-optical
phenomena. The third-harmonic signal has been shown to display an asymmetric
spectral broadening [131-133] or even a substantial frequency shift [134—137]. The
sign and the absolute value of the third-harmonic frequency shift, observed in many
PCF experiments, are controlled by the phase- and group-index mismatch for the
interacting pair of pump and third-harmonic modes. The possibility to tune the fre-
quency of the main spectral peak in the spectrum of the third harmonic by varying
the group-velocity mismatch is a unique property of THG-type processes, which is
not typical of standard parametric FWM processes, where the first-order dispersion
terms cancel out of the balance of the field momenta. New regimes of THG will be
identified with no signal produced at the central frequency of the third harmonic,
3@y, and with the pump energy efficiently converted to spectrally isolated narrow-
band frequency components, which can be tuned within a spectral range of several
tens of terahertz from the 3wy frequency.

As shown by Fedotov et al. [130] soliton regimes of pulse propagation in optical
fibres and in PCFs, in particular, offer interesting new options for third-harmonic
generation. In those experiments, solitons excited in a PCF by unamplified fem-
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Fig. 6.9 Spectrum of the third harmonic (filled circles connected by a solid line) generated in a 30-
cm PCF by 2-nJ 120-fs Cr:forsterite laser pulses. Solid lines labeled as dispersive waves show the
effective mode indices ny, of high-order PCF modes as functions of radiation wavelength in the
short-wavelength (third-harmonic) spectral range (the lower abscissa axis). The bold line shows
the effective mode index ngo of the soliton pump in the fundamental PCF mode as a function of
the pump wavelength (the upper abscissa axis). Phase matching is achieved at the wavelengths A
where the bold line, representing ngo) (), crosses one of the solid lines, representing ny, (4 /3)

tosecond pulses of a Cr:forsterite laser swept over the spectral range from 1.25
to 1.63 um, scanning through a manifold of THG phase-matching resonances with
third-harmonic dispersive waves in PCF modes. As a result, intense third-harmonic
peaks were observed to build up in the range of wavelengths from 370 to 550 nm
at the output of the fibre (Fig. 6.9), making PCF a convenient fibre-format multi-
frequency source of short-wavelength radiation. Time-resolved fluorescence mea-
surements with photoexcitation provided by the third-harmonic PCF output [138]
demonstrate the high potential of PCF sources for an ultrafast photoexcitation of
fluorescent molecular systems in physics, chemistry, and biology.

6.7 Hollow Photonic-Crystal Fibres for the Delivery
and Nonlinear-Optical Transformation of High-Peak-Power
Ultrashort Pulses

Through the past few years, hollow-core photonic-crystal fibres (PCFs) [1-7] have
emerged as an interesting novel type of optical waveguides, offering much promise
for high-field physics and nonlinear optics. Diffraction-induced radiation losses,
typical of hollow waveguides [11, 12], can be substantially reduced in hollow PCFs
due to the high reflectivity of a two-dimensionally periodic cladding within pho-
tonic band-gaps (PBGs) or a cladding structure providing an antiresonance with
the modes guided in the hollow core region of a waveguide [1, 8]. Hollow PCFs
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offer a fibre format of high-power beam delivery in materials processing and re-
lated technologies [139-141] and suggest novel solutions for the development of
advanced fibre-laser sources of ultrashort pulses [38, 58, 59, 142], fibre microen-
doscopes [143, 144], and other fibre-based components for biomedical applica-
tions [145]. Fibres of this type open new horizons in optical science by allowing
guided-wave nonlinear-optical interactions of nondiverging laser beams with trans-
verse sizes of a few microns — a unique regime of nonlinear optics that could not
be accessed with previously known optical waveguides [146]. Large propagation
lengths, phase-matching management through PCF structure engineering, and high
peak powers of laser fields attainable with small-core hollow PCFs suggest attrac-
tive strategies toward a radical enhancement of a variety of nonlinear-optical pro-
cesses, such as stimulated Raman scattering [147, 148], off-resonance four-wave
mixing [149, 150], and coherent anti-Stokes Raman scattering [151, 152]. The spa-
tial self-action of intense ultrashort laser pulses gives rise to interesting waveguiding
regimes in hollow PCFs below the beam blowup threshold [153].

In the regime of anomalous dispersion, the temporal self-action of laser pulses
guided in the hollow core of PCFs can lead to the formation of solitons. While in
standard optical fibres, the peak power of an individual (fundamental) soliton with
a typical pulse width of 100 fs is usually on the order of a hundred of watts, the peak
power of solitons that can be produced in hollow PCFs can be as high as a few
megawatts [154]. Soliton phenomena in hollow PCFs permit compression of high-
peak-power laser pulses [155], allow the creation of wavelength-tunable high-peak-
power fibre sources for nonlinear spectroscopy [156], and enable attractive regimes
of long-disance transmission for high-power ultrashort laser pulses [157]. Skryabin
et al. [158] have predicted the existence of novel two-colour solitons in hollow PCFs
filled with a Raman-active gas.

Ivanov et al. [156] have demonstrated that hollow PCFs make the fibre format
of beam delivery fully compatible with the requirements of CARS microscopy
and bioimaging. The laser system used in those experiments consisted of a Cr#*:
forsterite master oscillator, a stretcher, an optical isolator, a regenerative amplifier,
and a compressor. The master oscillator, pumped with a fibre ytterbium laser, gener-
ated 30-60-fs light pulses of radiation with a wavelength of 1.23—1.25 um at a rep-
etition rate of 120 MHz. These pulses were amplified in a Nd:YLF-laser-pumped
amplifier and recompressed to the 170-fs pulse duration with the maximum laser
pulse energy up to 30 uJ at 1 kHz. A 1-mm-thick BBO crystal was used for second-
harmonic generation. Second-harmonic pulses with an energy ranging from 1 to
1000 nJ and a central wavelength of 618 nm (their spectrum is shown by the dotted
line in Fig. 6.10) were coupled into a hollow PCF with a core diameter of 12 um
and a cross-section structure shown in inset 1 to Fig. 6.10. The fibre was fabricated
from S-93 soft glass and provided a transmission band from 0.60 to 0.66 um. With
no true closed PBG achieved in the considered wavelength range, the leakage loss
of the air-guided modes was quite high (3.1 dB/m in the peak of transmission).

Since the central wavelength of the input light pulses falls in the range of anoma-
lous dispersion (the wavelength of zero group-velocity dispersion (GVD) for our
PCF is A, ~ 614 nm), the light pulses tend to generate optical solitons as they
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Fig. 6.10 Filled circles show the spectrum of the second-harmonic Cr:forsterite laser pulse trans-
mitted through a hollow PCF (shown in inset 1) with a length of 50 cm filled with an atmospheric-
pressure air. The input pulse (its spectrum shown by the dotted line) has a central wavelength of
618 nm and an initial energy of 300 nJ. The dashed line represents the numerical solution of the
generalized nonlinear Schrédinger equation. Also shown is the wavelength dependence of PCF
attenuation. Inset 2 displays the temporal envelope of the blue-shifted soliton PCF output recon-
structed from XFROG (filled circles) and calculated by solving the GNSE (dashed line)

propagate through the fibre. For the solitons defined as solutions to the nonlinear

Schrodinger equation (NSE), the peak power P of the fundamental soliton with
a pulse width 7 is given by

P, = 0.079A°DSeit, 2 (cnp) ™" (6.4)

where D is the GVD, A is the radiation wavelength, Seg is the effective mode area,
c is the speed of light in vacuum, and n, is the nonlinear refractive index of the gas
filling the core of the PCE. With A = 618 nm, D ~ 70 ps/(nmkm), Seft ~ 100 um?,
ny ~ 3 x 10719 cm? /W (for atmospheric-pressure air), we arrive at an estimate Py ~
1.4MW for the peak power of the fundamental NSE soliton with a pulse width
Ts =~ 100 fs.

The spectral and temporal parameters of the PCF output were measured in our
experiments by using cross-correlation frequency-resolved optical gating (XFROG).
To this end, the pulse transmitted through the PCF was mixed through sum-
frequency generation with a 618-nm 90-fs second-harmonic output of the Cr:for-
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sterite laser in a BBO crystal. The spectrum of the PCF output was additionally mea-
sured using an Ocean Optics spectrometer. In agreement with the above estimate for
the peak power of the fundamental NSE soliton, we observed solitonic phenomena
for 90-fs 618-nm input pulses with energies exceeding 180 nJ. Figure 6.10 displays
a typical spectrum and temporal envelope of the PCF output, measured for an input
pulse width of 90fs and an input pulse energy of 250nJ. In contrast to low-peak-
power input pulses, which tend to spread out in time as they propagate through
the fibre due to the fibre dispersion, the soliton PCF output remains localized in
the time domain (inset 2 in Fig. 6.10). The pulse width of the PCF output is esti-
mated as 120fs, and its energy is 130 nJ, corresponding to a peak power of 1.1 MW.
The retarded (Raman) part of optical nonlinearity of the gas filling the PCF core
down-shifts the soliton frequency — phenomenon know as the soliton self-frequency
shift (SSFS). Similar to solitons in standard, solid-core silica fibres, the SSFS of
megawatt solitons is controlled by the peak power of input pulses, as well as by the
fibre length and dispersion. In hollow PCFs, the SSFS can be additionally controlled
by varying the pressure and the content of the gas filling the fibre core — an op-
tion that is unavailable with conventional fibre technologies. We verified the above
arguments by numerically solving the generalized nonlinear Schrodinger equation
(GNSE) for high-peak-power pulses propagating in a gas-filled hollow PCF. These
computations provide a nearly perfect fit for the spectrum (cf. the filled circles and
the dashed line in Fig. 6.10) and the temporal envelope (inset 2 in Fig. 6.10) of the
hollow-PCF output in our experiments. The high leakage loss of our PCF results
in a dissipation of soliton energy, eventually inducing a decay of solitons, thus lim-
iting the attainable soliton frequency shift. We therefore expect that the tunability
range of PCF soliton frequency shifters of high-power laser pulses can be further
expanded by optimizing the PCF structure for the low-loss waveguiding.

The frequency-shifted megawatt soliton output of the hollow PCF was employed
as a Stokes pulse in time-resolved two-colour CARS measurements (inset 1 in
Fig. 6.11). In two-colour CARS [104-106], the pump and Stokes fields with fre-
quencies @) and w, coherently excite Raman-active molecular vibrations with a fre-
quency 2 = ®; — m,. The probe field with the frequency  is then scattered off the
coherence induced in the medium by the pump and Stokes fields, giving rise to an
anti-Stokes signal at the frequency @, = 2@ — @,. With the 90-fs 618-nm second-
harmonic output of the Cr:forsterite laser used as a pump field (w;), the frequency
shift of megawatt solitons in the hollow PCF was adjusted in such a way as to tune
the frequency difference @w; — w, to a resonance with the Raman-active tetrahedron
A vibration of carbon tetrachloride molecules (2/(27c) ~ 459 cm~!). Another
90-fs second-harmonic pulse of the Cr:forsterite laser, applied with a delay time T
with respect to the pump and Stokes pulses, was employed as a probe field in our
experiments. In the noncollinear CARS geometry used in our experiments, the anti-
Stokes signal can be conveniently separated in space from the pump, Stokes, and
probe fields (inset 1 in Fig. 6.11).

The filled circles in Fig. 6.11 present the power of the anti-Stokes signal P,
from the liquid-phase CCly sample measured as a function of the delay time 7. For
small 7, the P,(7) dependence is dominated by the nonresonant part of the CARS
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Fig. 6.11 Filled circles represent the intensity of the anti-Stokes signal from a CCly cell measured
as a function of the delay time 7 between the probe pulse and the pump-Stokes pulse dyad. The
solid line shows the exp(—271/T>) dependence. Inset 1 sketches a diagram of the CARS setup. The
filled circles in inset 2 show a close-up of the P,(7) dependence measured for small 7. The solid
line in this inset represents the cross-correlation function for the pump, Stokes, and probe pulses

signal. This section of the P,(7) dependence (inset 2 in Fig. 6.11) recovers the cross-
correlation trace of the pump, Stokes, and probe pulses. For delay times T exceeding
the pulse widths of the input light fields, the P,(7) dependence visualizes the expo-
nential decay of the Raman-resonant response, originating from the dephasing of
coherent vibrations of CCly. The high peak power of the Stokes pulse provided by
the soliton output of the hollow PCF provides a broad dynamic range of CARS
signal detection (about four decades in our experiments), allowing time-resolved
CARS measurements within the range of delay times from tens of femtoseconds
up to tens of picoseconds. In agreement with the earlier work [159], the decay of
the coherent response of the 459-cm~! CCly vibration (filled circles in Fig. 6.11) is
well approximated by an exponential exp(—27/7>) with the phase relaxation time
T»/2 =~ 4 ps (the solid line in Fig. 6.11).

Experiments presented in [156] show that, with hollow-core PCFs, the fibre for-
mat of beam delivery becomes fully compatible with the requirements of CARS
microspectroscopy. In the experiments presented in this work, hollow PCFs have
been used for the delivery and soliton frequency shifting of 2.8-MW femtosecond
pulses with an input central wavelength of 618 nm. The frequency-shifted megawatt
soliton output of hollow PCFs is shown to be ideally suited as a Stokes field for co-
herent Raman spectroscopy and imaging, as well as for time-resolved CARS mea-
surements. The high peak power of the Stokes pulse provided by the soliton output
of the hollow PCF provides a dynamic range of CARS signal detection of about four
decades, allowing time-resolved CARS studies of ultrafast relaxation processes on
time scales from tens of femtoseconds up to tens of picoseconds.
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As recently demonstrated by Serebryannikov et al. [159], ionization phenomena
can substantially modify the soliton propagation dynamics of high-peak-power laser
pulses in hollow-core PCFs. Numerical solution of the pulse-evolution equation for
a high-peak-power laser field in an ionizing gas medium reveals two qualitatively
different scenarios of soliton evolution in a hollow PCF controlled by the ioniza-
tion potential I, of the gas filling the fibre core. Hollow PCFs filled with high-1I,
gases are shown to allow formation of gigawatt soliton features, which remain sta-
ble over large propagation distances, with their spectrum undergoing a continuous
red shift due to the retarded nonlinearity of the fibre cladding. In hollow PCFs filled
with low-1,, gases, the ionization-induced change in the refractive index of the gas
leads to a blue shifting of soliton transients, pushing their spectrum beyond the
point of zero group-velocity dispersion, thus preventing formation of stable high-
peak-power solitons. Hollow waveguides capable of providing soliton transmission
regimes for gigawatt laser pulses suggest attractive solutions for long-distance trans-
mission of high-power optical signals, creation of wavelength-tunable sources of
high-peak-power ultrashort light pulses, fibre-format beam delivery in materials mi-
croprocessing, as well as the development of fibre endosopes and fibre components
for laser surgery, vessel photodisruption, laser ophthalmology, and optical histology.

Recent experiments [160] have demonstrated that the ionization-induced change
in the refractive index of a gas can substantially blue-shift megawatt light pulses
transmitted through hollow PCFs (Fig. 6.12). Given the type of a fibre and the sort
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Fig. 6.12 Spectra of amplified Ti:sapphire laser pulses measured at the input (open circles) and at
the output (filled circles) of the hollow-core PCF with a length of 5 cm. The initial pulse width is
60 fs. The input pulse intensity is 5 x 10'> W /cm?. The dashed line shows the results of numerical
simulations. The inset shows the pulse shape of the PCF output: (solid and dashed lines) results
of numerical simulations and (filled and open circles) reconstruction from cross-correlation mea-

surements. The input pulse intensity is (open circles and dashed line) 3.0 x 1012 W /cm? and (filled
circle and solid line) 5.0 x 1013 W /cm?
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of gas filling the fibre core, the sign of the frequency shift of the laser field and its
rate can thus be controlled by the input laser peak power, offering attractive solutions
for the development of high-peak-power wavelength-tunable fibre-format sources of
ultrashort pulses, as well as for the processing and regeneration of high-peak power
optical signals.

6.8 Conclusion

Photonic-crystal fibres play a progressively significant role in the creation of com-
pact and efficient fibre-optic systems for the generation and control of ultrashort
light pulses. Dispersion and field-profile tailoring is the key advantage of photonic-
crystal fibres, which allows a high-precision dispersion balance to be achieved
within a broad spectral range, enabling the creation of novel types of fibre-optic
sources of ultrashort light pulses. Methods of nano-optics help to tailor dispersion
profiles of PCF modes, providing a highly efficient frequency conversion of fem-
tosecond laser pulses and enabling wavelength-tunable generation of broadband ra-
diation. Special strategies of micro- and nanostructuring of the core and the cladding
of optical fibres help to realize an efficient spectral and temporal transformation
of laser pulses with input pulse widths from tens of nanoseconds down to several
field cycles within the range of peak powers from hundreds of watts up to sev-
eral gigawatts. Hollow-core photonic-crystal fibres supporting soliton transmission
regimes for megawatt pulses open up new possibilities in laser biomedicine and
optical technologies.

Advanced fibre-optic technologies suggest an attractive format of frequency-
tunable ultrashort-pulse sources for time-resolved spectroscopy and microscopy. In
experiments discussed in this paper, frequency-tunable ultrashort pulses generated
through the soliton self-frequency shift in a photonic-crystal fibre with a special
dispersion profile were used for time-resolved studies of coherence and popula-
tion dynamics in individual molecules and molecular aggregates using nonlinear
Raman and sum-frequency generation spectroscopy. Time-resolved CARS spec-
troscopy has been implemented using a wavelength-tunable short-pulse soliton out-
put of solid- and hollow-core PCFs as a Stokes pulse. Hollow-core PCFs make the
fibre format of beam delivery fully compatible with the requirements of CARS mi-
crospectroscopy. The frequency-shifted megawatt soliton output of hollow PCFs has
been shown to be ideally suited as a Stokes field for coherent Raman spectroscopy
and imaging, as well as for time-resolved CARS measurements.
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Abstract. Research into photonic crystal (PhC) and photonic band-gap (PBG) structures has been
motivated, from the start, by their possible use in controlling, modifying and enhancing the light
emission process from high refractive index solid materials. This chapter considers the possible role
of such structures when incorporated into semiconductor diode based light-emitting devices. Both
light-emitting diodes (LEDs) and lasers will be considered. In order to provide a proper framework
for discussion and analysis, space is devoted to the historical development of III-V semiconductor
based LEDs — and to competing alternative approaches that have been demonstrated for enhanced
light extraction. The possible advantages of photonic quasi-crystal (PQC) structures over regularly
periodic photon crystal structures for advanced LED designs are also considered. Photonic crystal
structures potentially provide major enhancements in the performance of laser diodes (LDs) — and
progress towards this performance enhancement will be reviewed.

Key words: photonic crystals; photonic quasi-crystals; light emitting diodes; semi-
conductor lasers

7.1 Introduction

Light emitting diodes (LEDs) and semiconductor laser diodes (SLDs) are all-
pervasive in the diverse applications of modern photonics technology. Many billions
of LEDs and on the order of a billion SLDs are produced per year. In aggregate, all
of these light sources are responsible for the consumption of a considerable amount
of power. But, at the same time, the intrinsic efficiency with which electrical power
can be converted into light in III-V semiconductor-based devices is encouraging for
their exploitation in large-scale applications such as illumination, display devices
and automotive lighting systems. Important challenges remain if the performance
of the light emitting structures is to be maximized. These challenges include the
creation, using low-cost mass-production techniques, of structures that can reduce
the threshold electrical current of a semiconductor laser diode (SLD) by provid-
ing more-or-less omni-directional feedback to the source region. Such a structure
may be considered as a form of generalized distributed feed-back (DFB) grating or
distributed Bragg reflector (DBR) mirror. For light-emitting diodes, the challenge,
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again with the need for low-cost mass-production, is to maximize the extraction of
the light that is generated within the device, with the strong additional requirement
that this extraction should be through a single surface, with a well-defined beam
pattern and direction.

Photonic crystals (PhCs) and, with sufficiently strong feedback, photonic band-
gap (PBG) structures have been identified as a potential route to solution of the
difficulties underlying these challenges.

7.2 Basic Background

The use of the words ‘photonic crystal’ has a history that goes back to the authors
of two seminal papers that were published within a few weeks of each other in the
year 1987, i.e. just over twenty years ago [1,2]. The interested reader may wish
to consult the more recent article by one of those authors, Eli Yablonovitch [3] —
but that article is primarily concerned with defining what kinds of structure may
legitimately be called photonic crystals and what structures should be regarded as
lying outside this definition. For the moment, we shall work with the definition that
a photonic crystal is a structure that is periodic in two or three space dimensions —
and that the photonic (or optical) property that exhibits this periodic variation is
most typically the refractive index, which should change, up-and-down, by a ‘large’
amount as the position in the periodic ‘lattice’ is changed. It is characteristic of
periodically varying component properties that they lead, for propagating waves, to
the existence of frequency ranges where sfop-band behaviour occurs.

We may now make the significant jump implied by introducing the phrase ‘pho-
tonic band-gap’ — and say that a photonic crystal (PhC) exhibits full photonic band-
gap (full PBG) behaviour when the propagation of light through the photonic crystal
is forbidden for all directions of propagation and optical polarisation. If it is desired
to achieve a full PBG situation in a medium comprised of two distinct materials,
it is appropriate to use a guideline value for the refractive index contrast of 3-to-1
or more, together with an appropriate distribution of refractive index that includes
a substantial proportion of each constituent material. Because of the optical aniso-
tropy that is characteristic of photonic crystal media, the spectral range (i.e. band-
width) over which stop-band behaviour occurs varies with the propagation direc-
tion — and with the polarisation-state of the light. In 1975, Byko [4] recognised that
the operation of a laser could not merely be controlled by inserting a periodic struc-
ture into the gain medium, such as the distributed feedback (DFB) grating structures
that have become the norm for semiconductor lasers in large-capacity fibre-optical
communications systems, but that generalising the DFB concept to all three space
dimensions could lead to a more-or-less complete suppression of spontaneous emis-
sion. Given that spontaneous emission and stimulated emission unavoidably accom-
pany each other, but that the relationship between the two is determined by the en-
vironment in which the emission process takes place, suppression of spontaneous
emission can lead to a reduction in the threshold intensity for the pumping process
that drives emission. At this point, it seems appropriate to quote Bykov directly:
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Control of the spontaneous emission and particularly its suppression may
be important in lasers. For example, the active medium of a laser may have
a three-dimensional periodic structure. Let us assume that this structure has
such anisotropic properties that at the transition frequency of a molecule
there is a narrow cone of directions in which the propagation of electro-
magnetic waves is allowed, whereas all the other directions are forbidden.
Then the laser threshold of this medium (in the allowed direction) should
be much lower than that of a medium without a periodic structure because
the spontaneous emission will be suppressed for the majority of directions
and it is the spontaneous emission that has a strong influence on the laser
threshold.

The use of the word ‘molecule’ in the present context may be understood as meaning
the basic building-block of the gain medium. In a semiconductor medium, the indi-
vidual molecule may be regarded as formed by a single hole-electron pair, possibly
in the form of an exciton.

In the case of a semiconductor diode, the creation of light (i.e. of photons) is
due, in appropriate circumstances, to the radiative recombination of holes and elec-
trons that takes place at the more-or-less direct interface (i.e. the ‘junction’) be-
tween the regions that are doped to provide holes or electrons for the transport of
current into the junction. With the correct choice of semiconducting materials and
the right kind of detailed structure, e.g. a III-V semiconductor-based quantum-well
hetero-structure, the light emission process can be very efficient — and almost all
hole-electron recombination events then lead to the generation of a photon. In the
context of semiconductor lasers and light-emitting diodes (LEDs), the critical ques-
tions that follow this possibility of very efficient generation of light are, for LEDs,
how well can the generated photons be extracted from the device and sent in the
right direction — and, for lasers, what are the values of the extraction efficiency and
the threshold current for laser action? The quality of the output light beam, in terms
of divergence, uniformity and stability, is also important. The preceding considera-
tions provide a substantial part — but by no means all — of the motivation for research
on photonic crystals and the exploitation of photonic band-gap (PBG) behaviour.

7.3 Why III-V Semiconductors?

The earlier mention of efficient radiative recombination between holes and electrons
brings us almost automatically to the III-V semiconductors. In the case of the basic
binary III-V compounds gallium arsenide (GaAs) and indium phosphide (InP), an
obvious reason for their use in devices that produce light through current-injection
electroluminescence is that they are direct electronic band-gap semiconductors.
Moreover, the ternary and quaternary compounds that can be formed as thin hetero-
epitaxial layers on single-crystal wafers of the binary III-V compounds are also
direct band-gap semiconductors over usefully wide ranges of their possible compo-
sitions — but not all. Examples include aluminium gallium arsenide (Al,Ga;_,As)
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and indium gallium arsenide phosphide (In,Ga;_;AsyP;_y), also known as ‘phos-
phorus quaternary or ‘P-Q’.

In semiconductors with direct band-gap properties, the requirements for energy
and momentum conservation in the processes that take place are relatively easily sat-
isfied. Because the momentum of the photon that is to be produced is very small in
comparison with the possible momentum values of ‘massive’ particles like electron
and holes, the energy conservation requirement must be satisfied by the recombi-
nation of holes and electrons at negligible velocities, and therefore with very small
momentum values. The direct transition point in w—k space, with a minimum in
the conduction band (energy) occurring directly above the maximum in the valence
band and at the origin of momentum space, is just the right location for the process
required to give efficiently radiative emission.

In contrast, in the indirect band-gap semiconductors, momentum conservation
requires (using particle language) the involvement of phonons. In different situa-
tions that can occur in the same semiconductor — and at the same time — the phonon
involved may be either an emitted or an absorbed photon, depending on whether
energy is extracted or, more typically, absorbed by the crystal lattice. Phonons are
quantized lattice vibrations — and the random distribution of phonon energies and
momenta that are associated with lattice vibrations relates directly to the temper-
ature of the lattice. Most obviously in metals, a substantial part of the energy and
momentum that determine the temperature of the material may be directly associ-
ated with the behaviour of the characteristically free electrons. But semiconductors
also have free carriers present in them, so a fraction of the thermal energy of the
semiconductor is due to these free carriers and is controlled, for a typical situation,
by the doping of the semiconductor.

The end-result of the nature of the hole-electron recombination process in in-
direct band-gap semiconductors is that the probability of generating a photon is
typically much less than in a direct band-gap semiconductor, so the light emission
process is intrinsically much less efficient. This result is particularly obvious for the
case of the most important indirect band-gap semiconductor, i.e. silicon. Notwith-
standing current research efforts towards the creation of the ‘silicon laser’, the direct
band-gap of the typical III-V semiconductors makes them still the most obvious
base for efficient electrically pumped sources of photons. But there is an interest-
ing partial exception to the argument just presented concerning light emission in
indirect band-gap semiconductors — and that is the case of the III-V semiconductor
gallium phosphide (GaP).

Gallium phosphide (GaP) has occupied a central role in the history of the light-
emitting diode (LED). This central role is due simply to the fact that the vast major-
ity of the LEDs that have been produced emit light in the visible part of the spec-
trum — and to the fact that, among binary compound semiconductors, GaP has the
best combination of properties so far demonstrated for light emission from a binary
semiconductor, over much of the visible part of the spectrum. Gallium phosphide is
transparent throughout a large part of the visible spectrum, not including the blue.
In reality, the epitaxial device structures involved in currently produced LEDs are
hetero-structures that typically involve ternary or more complex compound alloys.
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Depending on the emission wavelength required, the substrate wafers used may be
made of either gallium arsenide (GaAs) or of gallium phosphide (GaP) — in order
to better accommodate the degree of lattice mismatch associated with the compo-
sition and heterogeneity of the materials involved. To spell it out in slightly more
detail, the substrate on which the epitaxial heterostructure is grown, with various
alloy compositions of the form GaAs,P;_,/GaAs,P;_,, may well be single-crystal
GaP - but, for operation at the longer wavelength end of the visible spectrum, the
substrate used may instead preferably be gallium arsenide (GaAs), because of its
better lattice match.

For the shorter wavelength region of the spectrum available from GaP LEDs,
i.e. for green light emission, it is appropriate to use GaAs,P;_, alloy compositions
that involve a relatively large fraction of phosphorus — implying that the light emit-
ting material has an indirect electronic band-gap. The key to the successful use of
gallium-phosphide for green LEDs is that it is possible to treat it in such a way
that it behaves substantially like a direct band-gap semiconductor. For practical pur-
poses, GaP can be made into a sufficiently good current-injection electroluminescent
semiconductor by using special doping processes (involving, for example, the im-
plantation of nitrogen atoms) that create a high density of states in the (electronic)
band-gap. Phonons are still involved in the emission process, but their role is to help
in populating the levels created by the implanted dopants, so that direct transitions
can occur between these states and the valence band. This process for generating
light in an indirect band-gap semiconductor (‘gallium phosphide’) is clearly not
as efficient as in a direct band-gap III-V semiconductor such as gallium arsenide
(where close to 100% internal quantum efficiency is possible experimentally). But
the efficiency of the light generation process in suitably doped gallium phosphide
LEDs has nevertheless been sufficient (a few percent) for it to be used in a large
fraction of the light emitting diodes produced so far.

In a moderately recent paper on more advanced LED technology for light pro-
duction in the green to infra-red part of the spectrum, R.M. Fletcher [5] has both
reviewed the history of the development of gallium-phosphide based LEDs and
identified techniques that have enabled, for instance, red LEDs to be produced
with nearly 100% internal quantum efficiency and as much as 15% external ef-
ficiency. For greater internal efficiency, the use of an Al,Ga;_,As-based double-
heterostructure with suitable compositions enables direct band-gap emission. Sub-
strate transparency, implying greater extraction efficiency, is obtainable through the
use of a ternary Al,Ga;_,As substrate with a large enough value for the Al-fraction.
Fletcher also describes how further performance improvements result from the use
of AlIn,Ga,P;_,_,_, epitaxial hetero-structures on GaAs substrates. In particular
LEDs can be produced that have superior efficiency throughout the whole spectrum
from the near infra-red to the green. It should be remarked that, so far, we have made
no mention of LEDs that can produce light in the blue part of the visible spectrum —
or in the ultra-violet spectrum.

In the present context of light emitting devices based on III-V semiconductors,
it is appropriate to mention the binary semiconductor gallium nitride (GaN), a ma-
terial that does have a direct electronic band-gap. Gallium nitride now provides the
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crucial basis for LEDs that produce light in the blue part of the visible spectrum
(e.g. at a wavelength of 465 nm), as well as further into the short wavelength part of
the spectrum, i.e. the blue-violet (405 nm) and ultra-violet (down to 350 nm). Again,
it is important that quantum well hetero-structures can be realised within epitaxial
material that has a direct electronic band-gap, e.g. structures that contain gallium in-
dium nitride (Ga,In;_,N) quantum wells. The best internal quantum efficiency (and
wall-plug efficiency) values obtained so far in gallium nitride LEDs fall well short
of what is possible (in the red and infra-red) with aluminium gallium arsenide. But
further improvement in performance is to be expected from advances in the epitax-
ial growth processes for nitride semiconductors, allied to adoption of substrates that
provide a better intrinsic match to the lattice constant of the active material and adja-
cent regions. The quality and reliability already achieved with gallium nitride based
blue LEDs has led to a massive upsurge in the use of LEDs as the primary light
source for large-volume applications such as computer and TV displays, automo-
tive lighting (white light sources), road signs and a variety of other applications in
illumination. It is now probable that both incandescent and fluorescent light sources
will largely be displaced by LED-based solid light sources in many areas of ap-
plication. The short review paper by Kovacs et al. [6] provides a very useful and
wide-ranging perspective of the state-of-the-art in LED development a few years
ago, with both a historical perspective and immediate relevance to on-going appli-
cations issues such as white light generation and the use of organic LEDs (OLEDs)
in displays. One aspect of the construction of LEDs for visible wavelengths is that
the use of a GaAs substrate may be desirable from the point of view of obtaining
lattice-matched growth, e.g. with an AlGalnP active layer, as shown schematically
in Fig. 7.1(a), but the substrate must be transparent to the emitted light in order for
the LED to allow light extraction through it. A wafer-bonding process in which the
GaAs substrate is removed and substituted by a GaP substrate can produce the de-
sired situation — and can lead to a much more efficient device, particularly when
the truncated pyramid configuration [7] is used. This type of structure will be con-
sidered in a little more detail later in this chapter. Figure 7.1(b) therefore shows an
identical epitaxial structure, but with the GaP substrate substituted that is required
if the emitted light is to be able to pass through the substrate. Figure 7.1(c) and (d)
shows schematic diagrams of blue LEDs [6] grown on a semiconducting silicon car-
bide (SiC) substrate and an insulating sapphire substrate, respectively. The possible
advantages of the semiconducting substrate, in terms of convenient electrical trans-
port through the active epitaxial structure do not appear, so far, to have outweighed
the cost advantages of using sapphire substrates.

7.4 Efficient Extraction of Light from LEDs

As has already been implied earlier in this chapter, an important engineering prob-
lem in the design and construction of light emitting diodes (LEDs) is that of max-
imising the fraction of the total light generated within the device that is actually
extracted from the device. In asking the question: ‘Where does the light go — or
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Fig. 7.1 (a) Schematic of high quantum efficiency red-light emitting epitaxial structure grown on
GaAs substrate; (b) the same light emitting structure as in (a), but transported on to a conductive
GaP structure; (¢) simplified schematic of GaN based blue LED grown on semiconducting SiC
substrate; (d) GaN based blue LED grown on insulating single-crystal sapphire substrate

fail to go?’, one important factor that has been successfully addressed in a practical
sense is the impact of the shape of the small chip of semiconductor in which the
light is being generated, together with the issue of light absorption, e.g. because the
electronic band-gap of the substrate on which the LED epitaxial heterostructure has
been grown may be smaller than the photon energy of the emitted light.

Photonic crystal structures offer the possibility of enhancing the efficiency of
the light extraction process from both LEDs and LDs — and of adding a substantial
measure of beam control in terms of the direction and shape of the emitted light
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beam. But before we address the possible benefits of using photonic crystal struc-
tures in light emitters it is appropriate to review some of the alternatives that have
been investigated more-or-less extensively and successfully.

A basic reason for the difficulty of extracting light effectively from an LED is il-
lustrated in Fig. 7.2(a). For simplicity, the LED is shown in cross-section — and it has
the form of a cuboidal box, i.e. it has a rectangular cross-section. Light is generated
in the relatively thin active junction region of the LED by radiative recombination of
injected holes and electrons. The light is predominantly produced by spontaneous
emission and has low coherence. The emitted light radiates from the region where it
is generated over a wide range of directions. For the particular case where only light
that escapes from the single top surface of the wafer section is regarded as useful, it
is then found that total internal reflection, in accordance with Snell’s law, begins to
occur at angles that deviate only slightly from the normal to the surface — because
of the high refractive index (~3) of the semiconducting material from which the
LED has been made. Taking account of the 3D nature of the problem, so that what
matters is the solid angular range of the light escaping from one face, in relation to
a total possible angular range available of 47 steradians, simple geometrical calcu-
lations show that only about three or four per cent of the internally generated light
is usefully extracted through a single top surface, depending on the refractive index
of the LED material.

One way to enhancement that has been used successfully in the LED light-
extraction ‘game’ is to roughen the surface. As long ago as 1993, the photonic
crystal/band-gap pioneer, E. Yablonovitch, together with several co-workers [7],
demonstrated that one approach that could produce a substantial enhancement in
the extraction efficiency of an LED was to roughen its surface in a suitable manner.
In that work, the estimated enhancement obtained was a factor of three — giving
a value of 30% for the total light extraction efficiency. More recent papers [8,9] in-
dicate that various roughening processes can produce about a factor of two increase
in the amount of light that is extracted. Figure 7.2(b) shows how roughening works,
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Fig. 7.2 (a) TIR occurring for light emitted from within rectangular LED box, due to sufficiently
off-normal incidence on the surface; (b) sharply-angular roughened surface provides additional
light extraction
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Fig. 7.3 Micrometre to sub-micrometre scale, sharply angular, roughened surface. (After refer-
ence [8])

in a simple schematic way. Figure 7.3 is an electron micrograph of a suitable rough-
ened surface produced by a wet-etching process that has crystallographic orientation
dependence.

When the substrate of an LED is transparent to the light emitted from the active
region — and also if a useful part of the light generated in the active region is guided
with small enough losses along the epitaxial structure to the edge of the device die,
as much as six times more light can escape from the LED than from the single
top surface, making extraction efficiencies greater than 20% a practical possibility.
The issue then becomes that of re-directing the escaping light into the range of
directions required for a specific application. An external (micro)-mirror system,
possibly one that uses coated plastic mouldings, can provide a sufficiently efficient
and directional beam for many applications.

With a transparent substrate and the ability to re-shape substantial parts of the
LED chip to desirable shapes that may look like truncated pyramids or cones, it be-
comes possible to extract more than 50% of the light generated within the LED [10].
In this work, Krames and co-workers removed the gallium arsenide (GaAs) substrate
on which the electroluminescent epitaxial structure was originally grown because,
although necessary for growth of the best red-light emitting material, the substrate
absorbs all of the red light that enters it. Having removed the GaAs substrate, a gal-
lium phosphide (GaP) substrate was then fused onto the epitaxial structure before
application of the angled sawing processes that produced the desired truncated pyra-
mid geometry. In comparison with reference devices, the external efficiency of the
devices produced showed an increase by about a factor of 1.4 — to 55% at the peak
wavelength. Hundreds of milliWatts of output light were demonstrated — and con-
version efficiencies as large as 100 lumen of light per watt of electrical input were
shown to be possible. Before moving on to the topic of photonic crystal light extrac-
tors, we shall also mention the review by Craford et al. [11].
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Fig. 7.4 Schematic representation of LED with transparent substrate and truncated pyramid ge-
ometry, showing emitted light rays escaping after one or, possibly two, reflective ‘bounces’ at the
surfaces of the device. (After reference [10])

The way in which a truncated pyramidally or conically shaped geometry can help
light to escape from an LED, after emission from an active region that is located
close to one face of the device, is shown schematically in Fig. 7.4. Most of the
LED structure is formed by the transparent substrate section — onto which the light
emitting epitaxial structure has been wafer-bonded.

7.5 Photonic Crystal Light Extraction Structures

As we have already said, photonic crystal structures offer the possibility of enhanc-
ing the efficiency of the light extraction process — and of adding a substantial mea-
sure of beam control in terms of the direction and shape of the emitted light beam.
The construction of the LED may be of a more advanced type, such as a micro-
cavity formed either by periodic mirrors grown epitaxially as part of the LED —
or by using a metallic reflective coating — in combination, possibly, with substrate
thinning. The detailed nature and the area distribution and location of the photonic
crystal structure added on to the LED may then be somewhat different. The pho-
tonic crystal structure may be required specifically to interact strongly with light
that propagates outwards from the centre of a finite-size cylindrical region that relies
primarily on micro-cavity principles for enhanced light extraction. The outwardly
propagating light may be guided because of the refractive index distribution that
is associated with the doped epitaxial hetero-structure diode that becomes, through
current injected under forward bias, the source of the luminescence. The photonic
crystal structure should then penetrate down to and through the active region of the
LED. For instance, in the work of Rattier and co-workers [12], this approach has
been adopted in an ingenious fashion, with the background issue of possible non-
radiative recombination being addressed by organizing a mesa geometry and an all
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Fig. 7.5 (a) Schematic of advanced design of photonic crystal LED. The part shown may be con-
sidered as a half cross-section of a circularly symmetric (cylindrical) device, with the rotational
symmetry axis to the left-hand side of the sketch. (After reference [12]); (b) plan view of operating
micro-cavity/PhC LED — showing a distinct region of micro-cavity luminescence, surrounded by
an arc of PhC coupled light

From Topolancik et al.

(b)

Fig. 7.6 (a) Schematic of mesa-geometry light-emitting diode incorporating a 2D PhC based
micro-cavity; (b) plan view image showing hexagonal PhC region, with expanded view of cen-
tral section showing micro-cavity region
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top-contact arrangement — so that carrier recombination was not required to occur in
regions in which the photonic crystal structure, with its accompanying fabrication-
process induced damage, had been added to the device structure.

A somewhat similar device structure is described in reference [13] — and
Fig. 7.6(a) and (b) closely resemble diagrams from that paper. This device used an
epitaxially grown DBR bottom mirror and a region of 2D PhC around a small area
of in-plane defect microcavity. An important feature of the structure is that the PhC
was etched through the active region in order to obtain strongly interactive emission
behaviour. Although this device was successfully operated at quite low drive cur-
rent levels, its electrical to light conversion efficiency was quite small, because of
non-radiative recombination associated with etch-damage on the inside surfaces of
the PhC holes in the region where they intersect with the active quantum wells. It
is also now widely accepted that significant improvement, in terms of reduction in
non-radiative recombination, results from using an active region based on quantum
dots rather on quantum wells.

A further point of interest is that the title of reference [13] clearly indicates that
the device was a laser, albeit one with a very low efficiency. Indeed, the article,
reference [14], for which the author of the present chapter was a co-author was
written in the belief that a laser had been demonstrated.

7.6 Photonic Crystal (PhC) and Photonic Quasi-Crystal (PQC)
Structures Incorporated into Large Band-Gap Nitride LEDs

The motivation for the statement of the photonic band-gap (PBG) concept given
by both Bykov [4] and Yablonovitch [1] was that sufficiently strong and omni-
directional periodic feedback would make it possible to reduce the threshold for
lasing in an appropriate wavelength range, neglecting technological difficulties. But
quite early on in the development of the concepts and technology of photonic crys-
tals, it was also recognized that photonic crystal structuring might enhance the light
extraction efficiency of LEDs. In a sense, a two-dimensionally periodic photonic
crystal on the surface of a light emitting diode is simply a more complicated form
of coupling grating.

Photonic quasi-crystals (PQCs)s have been identified by a number of work-
ers [15-18] as of interest, in part because of the higher level of rotational symmetry
that they can provide by comparison with the restricted choice of symmetry of-
fered by fully regular photonic crystal lattices. The benefits of using photonic quasi-
crystal structures and specifically of using Archimedean tiling for both efficient light
extraction and emitted light beam shaping were subsequently demonstrated by Rat-
tier and co-workers [17]. A notable feature of the LED devices in this last case is
that, as in earlier work [12], the photonic crystal light extraction structure occupied
a thin circular ring region around a mesa structure — and the PQC structure was
deeply etched, so as to penetrate through the active region. This active region acted
additionally as a waveguide for a substantial part of the light generated in the LED —
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and the PQC structure was an effective coupler-out for that guided light because of
its deep penetration.

Figure 7.7(a) shows a simple photonic quasi-crystal pattern formed out of holes
grouped locally in square and triangular coordinated arrangements. Figure 7.7(b)
shows an actual etched PQC pattern etched into the surface of a gallium nitride
LED, realised with the objective of enhancing the light-extraction efficiency and
beam quality of the LED. Elegant alternative PQC patterns from the web-site of
Mesophotonics [19] are shown in Fig. 7.7(c) and (d).

An important difficulty in using photonic crystal structures as an integral part of
light-emitting semiconductor devices arises from the need to fabricate the structure
in epitaxial diode material, by means of a lithographically defined etching process.
Electron-beam lithography (EBL) can define the pattern required with sufficient
precision — and the subsequent processes of development and pattern transfer into
the material structure via dry-etching are capable of being carried out en masse.
Focused ion-beam etching (FIBE) is attractive because of its adequate precision for

S00nm

':.....6.....

Fig. 7.7 (a) Schematic of simple photonic quasi-crystal formed using a combination of identical
single square and identical single triangular hole formations; (b) Scanning electron micrograph
showing hole-type 2D PhC etched into surface of GaN light emitting diode; (¢) Sunflower photonic
quasi-crystal pattern; (d) Pin-wheel photonic quasi-crystal pattern
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some purposes — and because it involves a single process step. But the maximum
area typically involved when writing with sufficient precision may be very small,
e.g. less than 100 x 100 um. The need for a fully mass-scale process for fabricating
2D photonic crystals indicates a requirement for processes such as deep ultra-violet
(DUV) lithography and nano-imprint lithography (NIL).

7.7 Emission Control and Lasing

It is perhaps appropriate to remember at this point that both the seminal work of
Yablonovitch [1] and the earlier recognition by Bykov [4] of the possibilities for
suppression of spontaneous emission through almost total distributed feedback were
motivated by the desire to reduce the threshold pump power (more specifically the
threshold value of the injection current in the case of electroluminescent devices)
required to achieve the situation where emission primarily takes the form of stim-
ulated emission, i.e. laser action. The DFB and DBR lasers that are familiar to the
fibre-optical communications engineering community intrinsically involve the use
of periodic grating structures, although controlled deviations from simple periodic-
ity are also routinely involved. Possibly the simplest deviation from periodicity is
the incorporation of one or two steps in the grating, effectively changing the posi-
tions of large sections of the grating with respect to other sections. Such shifts are
called ‘A /4’ or ‘double ‘A /8 shifts when chosen with the magnitude that gives
simple optimal behaviour.

In ‘standard model’ DFB and DBR lasers with one-dimensionally distributed
periodic structures embedded in a stripe waveguide formed by a compound hetero-
structure, the feedback that is the key to changing the light emission from being
predominantly through spontaneous emission to being predominantly through stim-
ulated emission only operates initially on a small fraction of the total spontaneous
emission. Most of the spontaneous emission is not confined to the waveguide re-
gion and either escapes out of the device completely without causing a stimulated
emission event or is absorbed somewhere in the laser, e.g. in the substrate if that has
a smaller electronic band-gap than the emitted photon energy. As the drive current is
increased, progressively more stimulated and guided photons are produced — and the
situation where stimulated photons generate other stimulated photons in significant
quantities is reached. The DFB or DBR grating is, at the same time, selectively fil-
tering the spectrum of the light that will actually be emitted through either end of the
waveguide along which it propagates. The build-up of stimulated emission becomes
so large that the fraction of the total emission that is escaping or being absorbed
becomes relatively small, even though it may also increase in absolute terms.

It is clearly the case that distributed feedback that is produced by a strong 2D-
periodic grating (i.e. a 2D photonic crystal) has the potential to substantially reduce
the threshold current for lasing, because of the greater angular range of light that
can be grabbed and involved in guided-wave stimulated emission. As with standard
DFB and DBR lasers realised in hetero-epitaxial semiconductor diodes, 2D PhCs
can be used to form a cavity and produce defect states in the photonic band-gap
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(or stop-band) produced by their periodic array of partial reflectors. Such cavities
may, for instance, be produced simply by ‘filling-in’ one of the holes that form the
2D PhC lattice. As with the basic DFB or DBR laser, the balance of effects that
lead to the combination of feedback and emission in a partial reflection situation —
and to lasing — may occur at a band-edge, resulting in ‘band-edge lasing’. In prac-
tical 2D photonic crystal lasers, proper choice of the quantum-well thicknesses or
the quantum-dot size distribution, in the active region, can ensure that only one of
the available band-edges is correctly positioned at the photon energy value that is
appropriate for involvement in the lasing process.

This section of our chapter will finish with a rather rapid and selective annotated
bibliography. Arguably what will be most remarkable in this review is that progress
towards the ‘obvious’ goal of an efficient and low-threshold current, injection-
electroluminescent, PhC laser has been quite slow. As a first example, there is the
early publication by O’Brien and co-workers [20], involving possibly the first seri-
ous attempt to use a deeply-etched 2D photonic crystal structure as a (DBR) mirror
in a semiconductor diode laser. Although the lasers certainly worked, they were rel-
atively wide gain stripe structures with a quoted best threshold current of 110 mA —
and the output spectrum indicated that lasing action was on the second level of the
single quantum well GRINSCH material. More recently, some of the same authors
have described another version of the photonic crystal semiconductor injection laser,
emphasizing operation over a broad area [21]. This version of the photonic crystal
laser has used a quite different form of PhC lattice, with much weaker reflectivity,
because the holes do not penetrate as far as the active quantum well layers, and
arectangular lattice aligned to a waveguide channel. It was found that, with the cor-
rect choice of the two lattice parameters, stripe laser operation in a single transverse-
mode could be obtained with a 1/e2 width of 25 um. Spectrally controlled operation
with such a wide stripe would be useful for obtaining high output-power operation
with good beam quality.

Several groups have pursued the objective of making compact in-plane emitting
lasers with strong PhC type DBR mirrors, e.g. [22]. This paper is notable for its
decisive demonstration of the reduced threshold current produced by use of deeply
etched DBR mirrors, although only in a 1D format. Serious efforts have been made
to produce injection current electroluminescent 2D PhC lasers using the strong con-
finement provided by a suspended membrane waveguide, with a central pillar pro-
viding both local support and a path for the injection of the device drive current [23].
The threshold current obtained with such lasers was a mere 260 HA. While indeed
small, this threshold current value is still significantly larger than has been achieved
in other compact geometry semiconductor lasers. The demonstrated quantum effi-
ciency of the PhC laser was apparently very small, although the light output value
estimates may be lower than the total actually generated. It seems reasonable to
assume that there was in fact a substantial level of non-radiative carrier recombina-
tion at the etched surfaces of the PhC structure. The issue of surface recombination
has been addressed quite recently, but in optically pumped semiconductor quantum
well lasers, again in membrane format [24]. The well-known sulphide-based passi-
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vation process has been shown to produce a dramatic (factor of 4) reduction in the
threshold pump power of the PhC lasers.

7.8 Conclusions

Photonic crystal (PhC) structures and photonic band-gap (PBG) principles may be
applied widely in the design and operation of both LEDs and LDs. Potentially major
advantages result from the demonstrated enhancement of light extraction efficiency
and beam quality in LEDs, while there are real possibilities for better control of
modal properties and reduction of the lasing threshold in laser diodes. Although
there is much promise, photonic crystal based devices must compete with alterna-
tive approaches that can also provide major improvements in light emitting device
performance. Further advances in device fabrication technology, e.g. the develop-
ment of mass-production techniques and of completely effective and reliable passi-
vation processes, are still required if the photonic crystal approach is to deliver its
full potential.
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Abstract. This chapter highlights issues related to dense photonic integration based on silicon
platform and reviews two alternatives to achieve this goal within the diffraction limit; photonic
nanowires and photonic crystal waveguides. Examples of the device concepts and demonstrators,
as well as the fabrication techniques for passive Si based mesostructures, are presented. Promising
prospects and recent breakthroughs in heterogeneous integration of silicon with optically active are
indicated.
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8.1 Towards Dense Photonic Integration

A breathtaking but not too speculative view is that the miniaturization and large-
scale integration of photonic components can have a similar impact to that experi-
enced in electronic components in the 1960s and later. Photonics influences many
aspect of our life and is one of the most important technologies for the 21st cen-
tury [1]. However, in spite of tremendous progress in photonic components today’s
integrated optical products are very big in comparison with electronics. And it can-
not be justified by photons be orders of magnitude larger than electrons, because the
size of the available products is still far from reaching the fundamental diffraction
limit of the half-wavelength, which for typical dielectric materials amounts to a few
hundred nanometres. The main reason is that waveguides used in today’s photonic
devices have low refractive index contrast between the core and the cladding, which
makes the components large and does not allow sharp bends necessary for dense
integration. For example, in silica glass waveguides the bending radius at which
the bending loss is acceptable is ca. 30 mm. In super-high contrast semiconductor
waveguides, called photonic nanowires, the bending radius can be reduced to few
micrometers, as it has been demonstrated [2] for Silicon-On-Insulator (SOI) tech-
nology, and is illustrated in Fig. 8.1.

Photonic crystals (PhCs) also offer very sharp bends, and when made in SOI
or InP membrane PhC waveguides are theoretically lossless, but their propaga-
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Bending losses in photonic wires:
R=54 m - 0.005 dB/turn —
R=2y m-0.013 dB/turn
R=1yg m - 0.086 dB/turn

60-degree bends in 2D slab—type photonic
crystal waveguides in silicon-on-insulator —
Ultra-low bending loss: 0.05 dB/bend

aa “a
hotonic crystal bend

Fig. 8.1 Bending losses in photonic crystal waveguides and photonic nanowires. (Ref. [2],
picture reproduced from http://domino.research.ibm.com/comm/research_projects.nsf/pages/
photonics.projects.html)

tion losses due to fabrication inaccuracies are still typically significantly larger
(14dB/cm) [3, 4] than those demonstrated (2.4dB/cm) in SOI photonic nano-
wires [4].

The main source of propagation loss in photonic nanowires is light scattering
from the sidewall roughness which is difficult to eliminate with the present fab-
rication techniques. Nevertheless, losses as low as 0.8 dB/cm for a single-mode
waveguide of a 500 nm width have been demonstrated with roughness reduction by
oxidation smoothing [5]. Most recently (January 2008) the research group at the
University of Glasgow obtained losses of 0.92dB/cm in a 500 nm wide photonic
nanowire using highly selective one-step etching with hydrogen silsesquioxane as
an electron-beam resist, and without any post-processing [6]. In general, the smaller
is the waveguide cross-section the larger is the detrimental effect of the sidewall
roughness [7].

Out-of-plane scattering losses in 2D slab photonic crystal waveguides may have
several origins. They may be due to insufficient etching depth, non vertical etch
profile, or other etching imperfections, which can be remedy by further improve-
ment of the fabrication processes. O’Faolain et al. [8] obtained propagation losses
4.1dB/cmin a single line defect (W1) waveguide in Si membrane with very smooth
and vertical hole sidewalls. However, waveguides in low contrast PhC slabs as e.g.
InP based heterostructures, suffer from the intrinsic loss due to unavoidable cou-
pling to radiation modes. Here losses of the order of 18 dB/cm have been achieved
in InP/InGaAsP heterostructures [9]. A detailed explanation of the power leakage
mechanism and how it can be used to advantage in the so called 2.5D microphoton-
ics approach, can be found in Chap. 2 of this book.

The high refractive index difference between silicon and silica or air allows for
reduction of a mode size to about 0.1 um?, which is the same order of magnitude as
used in VLSI electronics. On the other hand this leads to a very large modal mis-
match for light in/out-coupling to optical fibre, giving 30 dB losses for an ordinary
butt-coupling. There are several approaches for mode conversion used by differ-
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ent groups based on: adiabatic tapers [10], vertical coupling with surface gratings
etched directly in silicon [11] or in thin Au overlays [12], inverted tapers [13], and
others. Usually, coupling losses obtained with these techniques are of the order of
1dB per coupling. Using two-step converter consisting of adiabatic and inverted
tapers Vlasov’s group obtained coupling losses as low as 0.5dB [14].

Both photonic crystals and nanowires satisfy two of the prerequisites for dense
integration. They provide strong light confinement in a waveguide core and sharp,
low-loss bends. The requirement for low loss propagation, however, is not yet ful-
filled and the problem is more severe for photonic crystals.

On the other hand, PhCs exhibit incomparably richer, unconventional disper-
sive properties that can be tailored by design to achieve novel or improved signal
processing functions. Their recognized benefits and potential applications include:
lossless frequency selective and omnidirectional mirrors [15], dispersion compen-
sators [16], defect cavities with strongly enhanced quality factor [17] for “zero-
threshold” lasers, narrow band filters [18, 19], high efficiency and directionality sur-
face light emitting diodes [20]. There has been much interest recently in utilizing
those of the most peculiar dispersion related effects in photonic crystals. These are;
negative refraction [21-26] with the implied sub-wavelength light focussing and
novel imaging possibilities [27], super-prism effect [28] for orders of magnitude in-
crease of wavelength resolution [29], slow modes [30,31] for optical time-delay [32]
and enhancement of nonlinear interactions, or optical memory.

Currently, combination of photonic crystals and photonic nanowires is consid-
ered as the most viable alternative for densely integrated, highly functional circuits.
For example an interesting solution for microcavities with high quality factor and
high transmission has been recently shown [33], where single row photonic crystal
structure with tapered PhC mirrors was embedded in a photonic nanowire.

However, also other approaches are being explored. Several ultra small compo-
nents have been demonstrated based on a new concept of a slot waveguide, where
light is highly confined in the air core [34,35]. Another approach for even further
size reduction (below the diffraction limit) relies on coupling of electromagnetic
waves to electrons at metal-dielectric interfaces. Such so-called surface plasmon po-
laritons have however, excessively large damping loss (1.2 dB/um) [36] at optical
frequencies, which is today a fundamental limitation and a serious drawback, espe-
cially when large scale integration is considered. Nevertheless, the concept attracts
a considerable interest because of the novel effect it offers, compatibility with sili-
con photonics, and the size comparable to the smallest metal wires used for electrical
interconnects. To overcome the loss hurdle ways to amplify surface plasmons po-
laritons [37], and new types of engineered artificial materials are intensively sought.

Silicon has been the main material used in electronics industry for the past
40 years. Silicon photonics, although having its roots in the late 1980s due to pi-
oneering works of Soref [38], only recently attracted a great deal of attention [39].
However, because of its indirect band-gap silicon is a very poor light emitter. It
also lacks a linear electro-optic effect due to its centro-symmetric crystal structure.
Therefore, Si has been mainly used as a substrate material for passive components
offering a potential of cost effective optoelectronic integration. Today silicon is not
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only the main candidate for optical interconnects in the future VLSI electronics,
but also intensive efforts are devoted to add active functions by heterogeneous inte-
gration with III-V semiconductors or other optically active or externally controlled
materials, such as e. g. electro-optic polymers, or liquid crystals. For integration
with III-Vs two viable alternatives are being investigated: the monolithic integra-
tion, where III-V material is directly grown on Si platform [40], and the hybrid
approach with technology promising high volume and low cost assembling, where
III-V materials or structures are (adhesively) bonded onto Si/SOI wafer. The latter
is best illustrated by the recent breakthrough demonstrations of electrically pump Si
hybrid lasers [41,42].

The idea of high contrast photonics is not new. However, it is only now that
enabling nanotechnologies reached the stage to produce such small components
with sufficiently high accuracy. The feature size of photonic nanowires and photonic
crystals is a few hundred nanometres which is an order of magnitude larger than the
required fabrication accuracy of a few tens nanometre. Therefore, adequately refer-
ring to the fabrication as nanotechnology one sometimes refers to those structures as
nanophotonic components. Also more accurately, one calls them wavelength-scale
devices or less often; mesophotonic components or mesostructures. Mesophoton-
ics deals with optical components sized below the wavelength of light. Integrated
circuits combining conventional electronics and mesophotonic components could
represent ultimate limit for optoelectronic miniaturization.

8.2 Device Concepts and Demonstrators

In this section we present examples of our designs and demonstrators to illustrate
the feasibility of photonic nanowires for device miniaturization and benefits offered
by photonic crystal dispersion.

8.2.1 The Smallest AWG Demultiplexer

Due to strong light confinement in Si nanowires the size reduction of the functional
integrated circuits can reach several orders of magnitude in comparison to standard
integrated optics in silica-on-silicon technology. Based on amorphous silicon (a-Si)
nanowires we have demonstrated the smallest to date Arrayed Waveguide Grating
(AWG) demultiplexers (Fig. 8.2) [43]. The total size of the device is 40 x 50 um and
it is 30,000 times smaller than a conventional AWG in silica-on-silicon.

In Fig. 8.3 we visualize the size reduction obtained by application of SOI
nanowire technology. Size of the small square corresponding to 1600 SOI nanowire
based AWGs should be compared with that of the 4” Si wafer on which one can see
a series of conventional AWGs in silica-on-silicon.

Amorphous silicon (¢-Si) is an interesting material and the technology gives
more flexibility in nanowire structures, in particular allowing for fabrication of mul-
tilayer structures. Propagation loss of -Si has been obtained to be 1.5dB/cm and
refractive index at 1.55 um to be 3.63.
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Fig. 8.2 Compact AWG demultiplexer based on amorphous silicon nanowires. Top left: SEM pic-
ture of the fabricated structure. Right: cross section of the nanowire and SEM picture of a few
nanowires. Bottom left: sketch of the structure. Middle: spectral response of the fabricated AWG
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Fig. 8.3 Size comparison of conventional SiO,/Si AWGs (left) and 2 x 2 mm sample that can
contain 1600 nanowire AWGs (right)

8.2.2 Negative Refraction for Polarization Splitting

One of the most intriguing dispersive properties of photonic crystals is that at some
frequency regimes they can refract light as if they had a negative refractive index, i.e.
the angles of the incident and the refracted beam have opposite signs [21]. We uti-
lized this to realize one of the first practical applications of this phenomenon, a po-
larization beam splitter (PBS) for the optical communication window at 1.5 wm [26].
The splitter consists of a PhC slab, an input waveguide and two output waveguides,
as it is depicted in Fig. 8.4 (upper view). The PhC slab is formed by 15 rows of Si
pillars, and the surface normal to the PhC slab is along I'M direction. PhC is de-
signed such that only TE polarization experiences the negative refraction, while the
TM polarized beam is positively refracted.
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o.s Operation range 1530 - 1610 nm

TM polarization - positive refraction
TE polarization — negative refraction

Silicon access
waveguide 2.2 x 6 pm

Pillars diam 440 nm,
height 2.2 um, matrix pitch 1.1 um

Fig. 8.4 Demonstration of the polarization beam splitter. Upper view: Principle of operation.
Lower views: SEM of the sample (left), and the experimental evidence (right) for the polariza-
tion splitting

The design of the PBS is based on 2D band structure calculations. Figure 8.5
shows the band structures and equal-frequency contours (EFCs) of a triangular lat-
tice of infinitely long silicon pillars in air. The band structures and EFCs are both
calculated with the plane-wave method. We can see from Fig. 8.5(e) and (f) that
with increasing frequency the EFC moves inward for the TE polarization, whereas
it moves outward for the TM polarization. This implies that the corresponding group
velocities have opposite signs (determined by the gradient of the EFCs). Hence, the
TE and TM polarized beams, respectively, experience negative and positive refrac-
tion within the same frequency range of 0.672 < a/A < 0.732, where a is the lattice
constant (pillar matrix pitch).

The fabricated beam splitter has a total size of only 20 x 20 um. The splitting
angle of the two polarizations is ~60°, and the two beams are separated with a dis-
tance of ~15um at the exit of the PhC slab. The working wavelength covers the
whole spectral range 1530-1610nm of the Amplified Spontaneous Emission (ASE)
Erbium source. From the picture taken with IR camera (lower, right view in Fig. 8.4)
one can see that TM polarized input beam mainly exits from the upper arm, whereas
the TE beam goes to the lower arm. The extinction ratio is 15 dB in the whole spec-
tral range of ASE.
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Fig. 8.5 (a—d) Band structures of a triangular lattice of silicon pillars in air with diameter d = 0.4a
(a is the lattice constant). Dash-dotted lines indicate the frequency a/A = 0.7; (c,d) is the zoom-in
view of (a,b) around a/A =0.7. (e,f) EFC contours of the present structure. The arrows indicate the

direction of frequency increase (i.e. the direction of the group velocity). (a,c,e) for TE polarization,
(b,d,f) for TM polarization

8.2.3 Channel Drop Filter in a Two-Dimensional Triangular
Photonic Crystal

Add-drop filters based on resonant operation of two parallel waveguides and a cavity
resonator system offer very narrow bandwidths at very short device lengths. Oper-
ation of such filters relies on the phase matching between the waveguides and the
cavity system. This in general requires special design care in order to achieve so
called accidental degeneracy of the cavity system modes, so that both drop and add
functions can be realised at the same frequency.

We have designed such a filter in a two-dimensional photonic crystal with a trian-
gular lattice of air holes [44]. The filter consists of two defect waveguides obtained
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Fig. 8.6 Design of an add-
drop filter in 2D photonic
crystal. The size of the four
holes (marked with the solid
circles) is decreased to en-
force the degeneracy between
the cavity modes

Fig. 8.7 Simulated field dis-
tribution of the drop filter

depicted in Fig. 8.6 é.--/%.lo;ulululhh

ululnuuu'u%o%

by removing a row of the holes, and two defect cavities formed by two bigger holes.
The accidental degeneracy was enforced by decreasing the size of the neighbouring
four holes marked with the solid circles, as it is shown in Fig. 8.6.

In contrast to the earlier designs [18], ours does not involve either inclusion of
additional materials or an extra small feature size. The simulated field distribution
for a drop operation is shown in Fig. 8.7.

For the wavelength 1.54 um and the refractive index 3.32 the bandwidth of the
theoretically lossless filter is 1.1 nm and its length is ca 10 um.

8.2.4 Narrow Band Directional Coupler Filter with 1D PhC Arm

We have utilized [19] strong periodicity induced dispersion of a Bragg Reflection
Waveguide (BRW) often referred to as 1D photonic crystal, to obtain a filter of
a sub-nanometre bandwidth while sacrificing the ultra small size offered by 2D
PhC based components. The filter has geometry of a directional coupler depicted
in Fig. 8.8 (left), and is 1.7 mm long. The details of the cross-section are shown in
Fig. 8.8 (right).

The upper input arm (bar) is a channel waveguide with a Ge:SiO; core buried
in a silica glass. It is single mode in a wide wavelength range around 1.55 pm. The
lower arm (cross) is a BRW with an amorphous silicon core. The Bragg Reflector
claddings are made of alternating layers of amorphous silicon (0.15 um) and silica
(0.25 um) deposited with PECVD (Plasma Enhanced Vapour Deposition). The “de-
fect” core is a 0.28 um silicon layer. The whole, vertically etched structure is buried
in a silica glass.

The dispersion slopes of the two arms (Fig. 8.9 left) strongly differ, which is
a prerequisite for a narrow band response. The measured bandwidth is 0.3 nm in
a 1.7mm long device.
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Fig. 8.8 Geometry (left) and the cross section (right) of the directional coupler filter with the
conventional input arm and the BRW drop arm
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Fig. 8.9 Left: Dispersion of the coupler. C Bragg Reflection Waveguide, D conventional arm;
Right: Measured spectrum of the transmission through the conventional-waveguide arm

8.2.5 Widely Tuneable Directional Coupler Filters
with 1D Photonic Crystal

Here we give two examples of our designs illustrating hybrid approach to make
silicon structures electrically tuneable at optical wavelengths.

The first is a modification of a filter presented in the previous section. We
showed [45] that by replacing a silicon core of the BRW with a commercially avail-
able smectic liquid crystal (LC), as it is shown in Fig. 8.10 (left), ca. 100 nm range of
continuous tuning is theoretically predicted under applying electric field of less than
+5V/um. It can also be seen in Fig. 8.8 (right) that the slope of the dispersion very
weakly depends on the operation wavelength, keeping the bandwidth variations over
1510-1589 nm below 6%. The drawback is that replacing the high index Si core with
the low index liquid crystal degraded the theoretical (bandwidth x length) product
from (0.3 X 2.2mm) to (1.2 X 7.4mm), and the device became significantly larger.

The other design [46] provides a miniaturized filter tuneable over 100 nm, how-
ever not continuously but in a mode-hop operation. The filter consists of a microdisc
resonator evanescently coupled to two straight photonic nanowires embedded in
a liquid crystal, as it can be seen in Fig. 8.11 (left). To the right the theoretically
predicted mode-hopping tuneability under the applied voltage is shown.

The hybrid approach allows tailoring the desired properties by both a smart de-
sign of a Si host structure and the choice of an incorporated material.
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Fig. 8.10 Tuanble directional coupler filter with a BRW arm infiltrated with liquid crystal. Left:
Filter cross-section. Right: Supermode dispersion at the off-state (1550 nm) and the extremes of
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Fig. 8.11 Tuneable Add-Drop filter embedded in a LC cell consists of a microdisc resonator cou-
pled with two nanowires. Left: Sketch of the device. Right: Three regimes of continuous tuneabil-
ity — each corresponding to a particular mode (M3g, M3, M34) of the microdisc resonator. The
applied voltage (abscissa) is normalized with its threshold values V; for a corresponding operation
mode

8.2.6 Vertical Waveguide-PhC Cavity Coupler

This design (Fig. 8.12 left) is an example of combining PhCs and photonic nanowires.
It is a wavelength selective filter based on the vertical coupling between the photonic
nanowire and a single hole missing cavity in a suspended silicon photonic crystal
membrane [47]. PhC has lattice constant a = 480 nm and hole diameter d = 289 nm.
The holes close to the cavity have been properly designed to boost the Q value. The
distance between the membrane and the waveguide is 250nm. The intrinsic Q is
estimated to be 500 and the rejection bandwidth is approximately 10 nm.
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a-Si single mode wire waveguide
size: 400 x 250 nm

Fig. 8.12 Left: Design of the filter based on vertical coupling between a silicon nanowire waveg-
uide and a cavity in a suspended silicon photonic crystal membrane [47]. Right: Fabricated
nanowire waveguide passing under the membrane
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Fig. 8.13 SEM picture of the fabricated device and its normalized transmission spectrum [47]

From the light passing through the nanowire waveguide only the wavelength
which is in resonance with the cavity is reflected back, whereas the other wave-
lengths are not affected.

Here fabrication consists of two steps of silicon deposition to obtain two-Si-level
structure (which is not possible with an ordinary SOI wafer). At the first step a sil-
icon nanowire is formed with height of 250 nm (Fig. 8.12 right). Next the wafer is
spin-coated with a thick layer of polymer to planarize the structure, which is then
thinned with oxygen plasma to a demanded distance between the waveguide and the
cavity. In the second step, on top of such formed sacrificial layer, another 250 nm
of a-Si is deposited and 2D photonic crystal with a designed cavity is e-beam pat-
terned. The structure is etched in an ICP reactor and finally the membrane is released
by oxygen ashing of the sacrificial polymer. Figure 8.13 shows the fabricated struc-
ture (left) and its normalized transmission spectrum (right).
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8.3 Nanofabrication Technology for Si-Based Mesostructures

This section describes fabrication technology for realizing passive, high-contrast
planar mesostructures in silicon-silica material system. Typical fabrication steps are
explained and exemplified by a more detailed description of the approach we apply.

In the most common approach, where commercially available “sandwich” SOI
wafers are used as the basis, the main fabrication steps are lithography and etch-
ing. Since the feature size of the components is usually below 1 um, standard opti-
cal lithography has insufficient resolution for this application. Therefore, the deep
UV lithography and electron beam (e-beam) lithography are typically employed.
Deep UV lithography applies masks as in the case of optical lithography. Although
the masks are here very expensive, they allow for wafer-scale manufacturing with
CMOS standard processing. The resolution of 248 nm deep UV lithography is about
200 nm. For even smaller feature size a 193 nm stepper can be applied giving 90—
100 nm resolution. For more demanding applications immersion lithography and ex-
treme UV lithography can be used, but both are still not easily available, extremely
expensive and just at the beginning of commercialization. For these applications e-
beam lithography (EBL) is practically the only solution today, despite it is slow and
not suitable for mass production. The performance of the fabricated mesostructures
critically depends on the etching quality. In particular, on the achievable feature-
size and aspect ratio, the etch profile smoothness and vertical shape. Therefore, only
the best quality etching processes give satisfactory results. For both silica and sili-
con chemically assisted dry etching is normally applied. Among different solutions
probably the best choice is Inductively Coupled Plasma (ICP) Reactive Ion Etching
(RIE). For each material and anticipated profile chemistry and process parameters
need to be carefully chosen and optimized.

Instead of using commercially available crystalline silicon-on-insulator (SOI)
wafers we deposit both silica (SiO,) and amorphous silicon (-Si) layers using
PECVD and subsequently etched with ICP Reactive Ion Etching. Although, the
losses of a-Si are typically slightly higher than those of its crystalline counterpart,
this approach gives us flexibility to freely adjust the layers thicknesses and to some
extend, their refractive indices. Thus it makes possible to fabricate more complex
structures including multi-layer components (e.g. Bragg reflectors), vertical cavi-
ties etc. We have developed technology for low loss amorphous silicon and recently
demonstrated several ultra compact components based on photonic nanowires and
photonic crystals. Some of them are shown in the previous section.

8.3.1 Plasma Enhanced Chemical Vapour Deposition (PECVD)
of Amorphous Si and SiO,

For optoelectronic applications silica-on-silicon (Si/SiO,) and amorphous silicon
(a-Si) waveguides of high optical quality are of critical importance. Two main pre-
requisites for obtaining good quality waveguides are: 1) high quality of the deposited
films, and 2) smooth etch sidewalls to minimize scattering loss for channel waveg-
uides.
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For conventional Si/SiO, channel waveguides typical thicknesses of the de-
posited three-layer films is around 30 pm, which is much larger than that used in
microelectronics. In the case of o-Si nanowire waveguides film thickness is com-
parable to the microelectronic feature size, i.e. 1 um and below. The films should
be homogeneous, with uniform thickness and refractive index over the deposition
area, and have very good transmission for the optical communication wavelengths
1.3-1.6 um. It should also be possible to add dopants to modify the refractive index
and/or some other parameters such as UV photosensitivity, melting temperature,
introducing active ions and other species.

8.3.1.1 PECVD Deposition Mechanisms

The main mechanism is based on Chemical Vapour Deposition (CVD), where the
substrate placed in the reaction chamber is exposed to gas precursors comprising
elements of the desired film. In the classical CVD thermal energy is used to generate
the ionized species that subsequently react and deposit on the substrate surfaces
forming the film. The volatile byproducts are removed from the chamber. This is
a high temperature and high pressure process.

In Plasma Enhanced CVD (PECVD) process instead of using thermal energy the
plasma energy is supplied by an external radio frequency (RF) source in the form
of an electric or magnetic field. It accelerates the electrons and ions in the chamber
for the generation of the reacting species. Both high temperature and high pressure
requirements are released. PECVD allows deposition at temperature even below
150°C, which is a grate advantage for integration with semiconductors having lower
melting temperature than silicon.

As the plasma reactions are very complex and dependent on many parameters
and variables, the whole plasma process is still not fully understood. The fabrica-
tion is often established on an empirical basis and then further optimization of the
process can be based on models developed due to analysis and understanding of
the empirical data. A set of reactions has been found that helps to understand the
process of chemical dissociation of molecules and surface reactions leading to the
building of stable layers. There are different gas phase precursors containing silicon
and oxygen that are in different PECVD systems used to deposit SiO, and ¢-Si. The
silicon precursors can be SiHy, SiCly, SiF4, and the organometallic TEOS, which
diminishes cusping and fills the gaps better because of the higher surface mobility
of the reactants. The oxygen precursors are Oy, NoO, CO», and other oxygen con-
taining gases. Depending on the chosen precursors the gas delivery system can be
different because many of the hydrides react with oxygen at room temperature and
must be delivered separately to the gas chamber to avoid spontaneous reactions and
massive particle formation. Most common PECVD reactors are based on SiH, and
N> O chemistry that allows a common mix gas inlet to the chamber, as it is shown
Fig. 8.14, and in case of SiO; provides the best uniformity of the deposited layers.

The process starts with the primary initial electron-impact reactions between
electron and reactant gases to form ions and radical reactive species. In very simpli-
fied form plasma deposition of silica can consist of four steps:
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The reactive species and reaction products can be incorporated into the deposited
films or re-emitted from surface back to the gas phase. The optimisation here goes
towards stoichiometric composition of deposited material that should be obtained
during the formation of the films and not after, during the post processing annealing
as it takes place in standard PECVD processing. lon bombardment plays a signifi-
cant role in this process. Surface reactions critically influence film properties such
as: density, stress, defects and impurity incorporation. [on bombardment can modify
these characteristics as well as contribute to gap-filling and surface planarization.

8.3.1.2 Deposition of Amorphous Silicon

Amorphous silicon deposited in low temperatures by sputtering or evaporation has
poor optical qualities, due to the high density of localized states in the mobility
band-gap, originated from either strained or dangling bonds in the silicon network.
In PECVD deposition when using silane as the only gaseous precursor, the incorpo-
ration of hydrogen atoms in the film saturates the silicon dangling bonds. (PECVD)
technique is used with very low RF power at 13.56 MHz. Low power prevents ion
bombardment that generates defects rather than assists the deposition. Relatively
low temperature between 200 °C and 300 °C and other process parameters are opti-
mized to incorporate a right amount of hydrogen, that should passivate most of the
dangling bonds, as the excess of hydrogen can increase the material porosity and
increase scattering losses.

In both cases, silica and amorphous silicon deposition, instead of using thermal
annealing to decrease absorption at 1.51 um we have carefully optimized parameters
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of the deposition process to obtain high optical quality material directly during the
deposition without any post process annealing. Moreover, this material is deposited
in low temperatures, between 250 °C and 300 °C that allows for integration with
other, temperature sensitive materials and components as it was pointed out earlier.

8.3.2 Electron Beam Lithography

EBL technique uses electron beam to form patterns on a surface covered by a thin
layer of a special photoresist. The advantage over conventional lithography is that
electrons are orders of magnitude smaller than photons, so features far below the
diffraction limit of light can be patterned. The electrons accelerate from an electron
gun with energies typically from 1keV to 100keV depending on applications and
instruments. The electron beam is scanning across the surface to be patterned point
by point. This makes the method slow and expensive. It can take tens of minutes or
even several hours to scan over the desired structure.

Moreover, special care has to be taken to avoid stitching errors. For large struc-
tures the pattern is divided into several writing fields, the largest areas, the deflection
unit can scan over at a specific resolution. When changing the writing field, the ac-
curacy of the line continuity, kept by a laser interferometer, is called a stitching
error. For highest accuracy patterning the writing field is usually 100 x 100 um and
the resolution for an isolated line is 10-30 nm, whereas for patterns it is 20-50 nm.
The resolution is not only dependent on the acceleration energy and quality of the
focusing optics, but also on the photoresist and how large dose of the secondary and
scattered electrons the photoresist can tolerate before being exposed.

The stages of the patterning process for a photonic crystal structure including
etching, are shown in Fig. 8.15.

; definition: 3. Pattern transfer
1. Mask material 2. Pattern definition: Hiyihe )

deposition e.g. Ebeam lithography

4. Pattern transfer into
the layered material Nanometer sized features

High precision and high quality

Fig. 8.15 E-beam patterning and etching steps for photonic crystals
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8.3.3 Etching

In etching process one removes layers of patterned material to obtain desired depth
profile. Wet chemical etching is isotropic and can be very selective if the etching
solution is properly chosen. Dry chemical etching uses gaseous reactants instead
of liquids and usually gives better control of the etching process (see Fig. 8.16a).
Chemical plasma etching can more effectively etch the desired material as plasma
energy ionizes the gas and produces radicals that react with the material to be re-
moved and form volatile products which are pumped away. Sputter etching is a tech-
nique that applies physical bombardment, usually high energy argon ions, to remove
the unwanted material. This technique is highly anisotropic, but least selective (see
Fig. 8.16b)). Ion beam etching and milling are similar physical etching techniques.
Finally Reactive Ion Etching (RIE) usually contains two main processes that con-
tribute to material removement:

1. Chemical etching, where the generated reactive species react with the target
material and remove it in form of volatile products. This kind of etching is
similar to wet etching, it can be highly material selective, but is isotropic.

2. Physical etching (sputtering) where ions with high kinetic energies impact on
the target and reject the material mechanically. The main advantages of this
process are that it acts on all materials and can be highly anisotropic.

RIE is a technique, where quite a large number of parameters is to be optimized
for the best etch quality. One of the most important issues is to properly adjust
proportions of the physical and chemical contributions. The chemical etching has
good resolution, good selectivity, and high etching rates. However the etching is
isotropic. The physical part gives more vertical profiles (anisotropy) but has low
rate and selectivity.

8.3.3.1 Etching of Si and SiO,

High selectivity and/or high-aspect-ratio etching requires high-density plasma pro-
cessing. For this purpose, we use Inductively Coupled Plasma (ICP) tool. It provides
the ion density up to 10'? cm™2 which is up to a factor of 100 higher than in the or-
dinary RIE generator. It also operates at lower pressures; a few mT in comparison to

a) Chemical reactants b) lons

9

Fig. 8.16 Dry etching mechanisms, typical features for a) chemical and b) physical etching
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several hundred mT. Efficient excitation of plasma and hence an enhanced discharge
is achieved by inductive coupling of RF power via a matching unit and coil assem-
bly (Fig. 8.17). The advantage of this configuration is the possibility of independent
control of the energy of ions bombarding the substrate and the plasma density. Bias
of the substrate gives the accelerating voltage to the ions bombarding and sputtering
the target, whereas the amount of ions and reactive species (intensity of chemical
etching) is controlled independently by adjustment of plasma density (ion flux) that
depends on the coil power.

Additionally, ICP processing uses gas chemistries that supply inhibitors (poly-
mer materials to deposit on sidewalls) to protect vertical sidewalls from chemical
etching. In this way vertical walls are not affected at all, whereas the horizontal
surfaces are etched both chemically and physically, which results in the desired
highly anisotropic etching. This is followed by a short passivation step using C4Fg,
and the steps are alternately repeated. This technique differs from usually applied
one, where SFg is used during the etch step to etch Si isotropically. For high-aspect
ratio etching of mesostructures we use an Advanced Oxide Etcher (AOE), which
is an improved version of ICP. Additional multipolar magnetic confinement at the
chamber sidewalls is used to concentrate the plasma and make the ions access the
substrate more vertically. Figure 8.18 shows examples of our etching results ob-
tained with AOE: photonic crystal holes, photonic crystal pillars, and a plasmonic
waveguide.

For optical applications it is very important to keep the sidewalls roughness on
the level of single nm RMS that contribute to low scattering losses of fabricated
devices.
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Fig. 8.18 Fluorocarbon based etching of the stack a-Si/silica (left), silicon PhC pillars (middle),
slot plasmonic waveguide (right)

8.4 Conclusions

High-index contrast mesostructures, in particular photonic crystals and photonic
nanowires, have great potential for miniaturizing photonic components down to
the diffraction limit, which is the prerequisite for densely integrated photonic cir-
cuits and optoelectronic integration. While photonic nanowires are simpler and lend
themselves for device miniaturization, PhCs offer in addition a wide array of new
functionalities due to their unconventional dispersion properties. The main issue
is too high propagation loss of the demonstrated components. However, consider-
ing the rapid technological advances one can expect this problem to be soon re-
solved.

Heterogeneous integration of silicon mesostructures with optically active and ex-
ternally controlled materials proves to be viable alternative for integrated photonics.
Recently demonstrated heterogeneous integration of silicon with III/V semiconduc-
tors is a milestone towards functional silicon photonics and optoelectronic integra-
tion, where Si technology would allow adding optical functions to the existing elec-
tronics.
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Abstract. In this chapter we review the different techniques used for the optical characterization
of photonic crystals (PhC). The chapter is divided in three parts, the first one on optical measure-
ment techniques based on an external light source, the second one on techniques relying on the
presence of a light source inside the PhC under investigation and the third one on more advanced
techniques like scanning near field optical microscopy and Fourier imaging.

Key words: Optical characterization techniques; photoluminescence spectroscopy;
cut-back method; end-fire technique; Fourier space imaging

9.1 Introduction

After the design and fabrication processes of a photonic crystal (PhC) structure have
been completed, and the samples have been structurally checked against fabrication
imperfection, it is now time to measure its optical properties and check whether
the PhC structure behaves the way it was designed for and if not to search for the
possible causes of the deviation from the nominal behaviour.

At this point, optical properties are a generic term that must be specified, because
different experiments will obviously be used depending of the properties we are
interested in. Several sub-domains, that will require completely different class of
experiments, can already be distinguished:

1. Quantities related to the optical response; the transmission (T), the reflectiv-
ity (R), the diffraction efficiency (D), which can be separated in in-plane (DH) or
out-of-plane (D..) in the case of planar PhC, the losses (L) and absorption (A).
All these quantities usually are a function of the angular frequency (w), the di-
rection of propagation or the polarization.

2. Intrinsic quantities related to the band structure, dispersion curve or equi-

frequency surfaces (EFS) and related quantities like group index dispersion.

Nonlinear properties, which are discussed in Part II of the present book.

Bulk properties of light propagating inside a PhC.

5. Properties of defect and localized states: resonance frequencies, quality factor.

> w
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6. Dynamic properties and time resolved investigations.
7. Emission properties, either spontaneous or stimulated emission and laser char-
acteristics.

Furthermore, the selected experimental techniques will also depend on the source
and detector available at the wavelength of consideration, visible, near infrared, far
infrared or microwave. In this chapter we will mainly consider visible and near in-
frared experiments. Each technique will also have its advantages and inconvenient
depending of the type of PhC, tri- or bi-dimensional. Within 2D-PhC we can fur-
ther distinguish between low, high-index contrast type (i.e. membrane) or macrop-
orous structures, which strongly differ by the nature of the electromagnetic mode
that will couple in and out. Finally experimental set-up, requirements and quantities
of interest will be different if the PhC was designed or is investigated in view of
fundamental investigations or device development.

Before reviewing the details of each technique we should introduce a concept
that is widely used: lithographic tuning. This comes from the consideration that
most of the convenient light sources available have a reduced emission or tuneabil-
ity bandwidth, typically 100 nm for a tuneable laser around 1.55 um wavelength.
Lithographic tuning makes profit of the scaling laws obeyed by PhC, which stand
that any homothety of the real space dielectric map by a factor s(e(r) — £(r' = rs))
leads to unchanged eigenstates (e.g. H(r) — H(r' = rs)) with the wavevector and
eigenfrequency scaled by a factor 1 /s (k — k' =k/s and ® — ®' = ©/s). Inmediate
consequence of the scaling laws is the generalized used of reduced energy u =a/A
and reduced wavevector k = ga /27, where a is the lattice constant, A the wavelength
and g the wavevector. Lithographic tuning consists in extending the limited band-
width of the light source by scanning the reduced energy u and varying ‘a’ while
repeating the same homothetically scaled PhC structure and stacking the measured
spectrum. The technique presents the additional advantage that, as measurements
are performed around the same central wavelength, effect of material index or ef-
fective waveguide index dispersion is minimized and modelling with non-dispersive
indices are most of the time sufficient.

9.2 External Probe Light Source

9.2.1 Reflectivity

Accurate and quantitative reflectivity or transmission measurements are delicate
tasks. It usually consists in comparing the reflected or transmitted signal to a cal-
ibrated known mirror. Care has to be taken in order to have as much as possible
identical path and detection for the reflected and reference signals. An example of
such a set-up is shown in Fig. 9.1a and an example of reflectivity measurement
obtained with such a set-up on a planar Fabry—Perot cavity is shown in Fig. 9.1b.
Note that in a linear regime, the light source can be a wavelength tuneable source
or a white light source and spectral resolution is performed afterwards. In practice
the accuracy of the measurements can reach the fraction of a percent, however it
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Fig. 9.1 (a) Example of a reflectivity measurement set-up. Both reference and sample arms are
made as identical as possible, thanks to the use of two different chopping frequencies a unique de-
tector can be used to simultaneously measure the signal and the reference. (b) Reflectivity spectrum
of a GaAs/(Al,Ga)As planar microcavity. Reprinted from [1]

is not easy to measure directly reflectivity coefficients close to unity, which would
imply being able to discriminate between e.g. R =0.999 and R = 0.997. It is usually
much more convenient to use the mirror to fabricate a high quality factor (Q) optical
cavity and deduce R from the quality factor (Q) value.

To date first measurements on PhC like in [2] on opals of 0.11 pm polystyrene mi-
crospheres were very basic and used to show only a dip in the transmission spectrum
without angular investigation for instance. Nowadays, direct R and 7 measurements
are currently used to probe the photonic band-gap like in [3].

Much more advanced techniques based on an angular analysis of the reflectivity
measurement was pioneered by R. Zengerle [4] and brought to a fully mature stage
by M. Galli et al. [5]. Impinging light is reflected according to the grating diffraction
law, which states the conservation of the in-plane component of the wavevector:

ket = h“CJrG:kchrzm Gi ©.D

where G; are basis vectors of the reciprocal lattice; m; = 0 describes specular re-
flection while m; # 0 correspond to diffraction processes. In principle such process
is only governed be the reciprocal lattice vectors and does not depend on the band
structure. However, for some specific set of incident k and wavelength the incident
light can couple to a mode into the photonic crystal and gives rise to a dip in the re-
flected intensity spectrum and consequently provide information on the band struc-
ture k() in a process similar to a Wood anomaly in a grating. An example of such
experimental results obtained on macroporous silicon is shown in Fig. 9.2a and the
corresponding analysis in Fig. 9.2b with the deduced dispersion. The method can
also be applied to 3D PhC, in this case such a measurement probes mainly the den-
sity of states and its associated singularities [6]. As such the technique is limited to
wavevector close to the zone centre of the Brillouin zone inside the air light cone.
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Fig. 9.2 (a) Reflectance of a macroporous silicon sample for TE-polarized light incident along the
I'-M orientation. The angle of incidence is varied from 5° to 60° with a step of 5°. Vertical bars
mark the positions of 2D photonic modes for 5° and 60°. (b) Points: measured dispersion of the
photonic bands, derived from the structures in reflectance curves; solid and dashed lines: photonic
bands of the triangular lattice of air holes, separated according to parity with respect to the plane
of incidence. Reprinted from [5]

This limitation can be overcome by the use of a prism coupler or a high index sphere,
which allows an evanescent coupling between in-plane PhC wavevector and propa-
gating field in the sphere as elegantly demonstrated in [7,8] on a W1 waveguide on
SOI with a ZnSe sphere.

9.2.2 End Fire

When more applied uses of PhC are considered, the type of characterization required
is different and the whole PhC structure is more or less regarded as a black box
whose parameter of interest are the input/output functionalities, even if at some
point it will still be necessary to investigate the inside operation of the black box to
understand the origin of an observed dysfunction. For this purpose the object that
has to be measured should be placed as close as possible to a finalized real-world
photonic device, including for example access and output ports. This is the purpose
of the end-fire technique, which is schematically shown in Fig. 9.3. Going from the
input light source to the output detection, an end fire set-up can be declined in many
variants that consist in:

1. A light source, which can be a tuneable or a broad band source: laser, white
light, light emitting diode (LED), super-luminescent LED, supercontinuum
source.
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Fig. 9.3 Schematic of an end fire measurement set-up. Courtesy of Bozena Jaskorzynska

2. Transport to and from the device can be either fibred (preferably single mode)
or in free space. Free space option allows the insertion of visualization system
with an IR camera but tends to add sur-numerous degrees of freedom.

3. Light coupling in/out is done either with the help of a microscope objective or
with tapered or microlensed fibre.

4. PhC being polarization sensitive, polarization control is required, ideally on
both input and output side for polarisation analysis. This is usually achieved
using polarisation maintaining fibre, polarisers, A /2 and 14 /4 retarding plates
or multiple coiled fibres. Often this is limited to a TE/TM control and analysis.

5. The sample, which consists in different sections. Deep or shallow etched ridge
access waveguide transporting light from the cleaved facet of the sample to the
PhC structure, possibly a taper from the access waveguide to the PhC waveguide
to adapt the very different mode shape and finally the PhC device itself.

6. The output arm is very similar to the input and terminates with a detector com-
bined with a spectral analysis if a broadband source was used.

Two arbitrarily selected good examples of end fire set-up used for the character-
ization of advanced or complex devices can be found in [9] on a multi-port channel
drop filter and [10] on PhC-based symmetric Mach—Zehnder interferometer. Ideally
the measured spectra give a direct measurement of the optical response of the PhC
device, in practice the signal is often degraded to a variable extend by interferences
fringes (Fig. 9.4a) due to the presence of parasitic reflections in the sample (facets,
tapers ...) depicted in Fig. 9.4b. Some of these reflections can be eliminated after
optimisation of the design and processing or can also be exploited for characteriza-
tion purposes.

In ideal cases, where parasitic reflections can be neglected, a simple method
known as cut-back allows the measurement of insertion efficiencies and propaga-
tion losses (o) of a waveguide. It consists in plotting the total transmitted intensity
on a semilog scale or in dB as a function of the waveguide length. The total trans-
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Fig. 9.4 (a) Transmission spectrum through a W3 PhC waveguide butt coupled with ridge waveg-
uides. Reprinted from (Wild et al. 2005). (b) Possible multiple optical cavities in the presence of
parasitic reflection at the cleaved facets and the injection tapers

mission follows the relation:

S a
(7) . = JLinsertion,dB *AdB/cmLcm = JLinsertion,dB — 10mL . (9-2)

Intercept at the origin gives the insertion efficiency while the slope the propagation
losses. An example of such procedure can be seen in [11] from which Fig. 9.5 is
reprinted.

When back and forth reflections occur and an extra optical cavity giving rise to
interferences fringes is present, an alternate method often referred as the Hakki—
Paoli method can be used. It is based on a plot of a fringe contrast function vs.
the cavity length. Simple derivation from Fabry—Perot transmission formula shows
that:

f(u)=1n ( - Z) =In(R) - aL 9.3)
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Note that, based on the fringe contrast, this method does not require quantitative
transmission measurement; see e.g. [12]. Although exact theoretical model is miss-
ing, the method has also been applied in the case of several coupled cavities after
Fourier filtering is performed to isolate the contribution of a single cavity.

An elegant and more accurate generalization of the method due to D. Hofstet-
ter [13, 14] is based on the amplitude decay A, of the harmonics of the Fourier
transform of the transmission spectrum which follows the exponential law:

with:

Arp/Ag = R"e " 9.5)

where 7 is the harmonic order and R the cavity facet reflectivity. Again plotting the
harmonic decay rate as a function of the cavity length allows the determination of R
and o [15]. Figure 9.6 shows the Fourier transform of the spectrum of Fig. 9.4a with
such a harmonic decay law for the first four harmonics. Unfortunately, generaliza-
tion to coupled cavities is not straightforward.

Interference fringes in Fabry—Perot cavities can also be used to measure disper-
sion curves. Careful examination of the transmission relation shows that the fringes
are always equally spaced in k independently of the cavity medium dispersion, with
a spacing Ak = 7 /L proportional to the length L of the cavity:

T2 T2
B 1+ R?—2Rcos (42L) " 1+ R2—2Rcos(2kL)

Trp (9.6)

where T, R, L and n are the cavity mirror transmission, reflectivity, length and re-
fractive index respectively. Behind the formulas the principle is that the mirrors at
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Fig. 9.6 Fourier transform of the spectrum of Fig. 9.4a showing an harmonic decay law for the
first four harmonics. Reprinted from [15]
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Fig. 9.7 (a) For a dispersion less medium, the k-space sampling, which manifests itself as reso-

nances in the transmission spectrum lead to a constant spacing sampling in energy. (b) For a dis-
persive medium the k-space sampling allows the reconstruction of the material dispersion curve

both ends generate a new periodicity of characteristic length 2L in the structure,
which leads to quantization effects periodic in the reciprocal space with a period
Ak =2m /2L. Note that if the period can be estimated from first order principle, ex-
act k values depend of the phase of the reflectivity and are not known with the same
accuracy [16]. The principle is schematized in Fig. 9.7. Example of application can
be found in [17, 18] on the measurement of bulk 2D-PhC dispersion and [16] on
W1 waveguide, an alternative technique based on Mach—Zehnder interferometry
was used in [19].

Finally end fire techniques are often used for the measurement of high quality
factor resonant cavities. Advanced techniques are detailed in Chap. 10 of this book.
A generic configuration, depicted in Fig. 9.8, consists in measuring the transmission
of a properly designed waveguide, which is laterally coupled to high-Q cavity [20]
or coupling in and out into the cavity [21]. Once a mode is identified, the main
difficulty comes from the fact that the measurement requires coupling to the probe
waveguide which affects the quality factor according to:

1 1 1
=—+
Omeas Oint Qprobe

9.7)

where Qjy is the intrinsic unloaded cavity Q, with only coupling to free space radi-
ation, material losses and defects, Qprobe counts for the additional losses due to the
coupling with the probe and Qneas 1s the actual measured Q of the loaded cavity. It
was shown [20] that for the design of Fig. 9.8 coupling to a cavity mode generates

— —
Fig. 9.8 Schematic of PhC In Waveguide Coupling Out
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and a waveguide for cavity
spectroscopy Losses

Cavity
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a dip in the transmission spectrum with:

Qmeas
Oint = —F———
V Tmin / Tmax

where Tiin and Tiax are the min and background transmission, note that the method
does not require quantitative transmission measurement.

9.8)

9.3 Internal Light Source Techniques

Measurements techniques where a light source is embedded inside or integrated in
the close vicinity of the PhC structures have been developed for a large variety of
purposes, versatility, quick characterization or investigation of the physics of light-
matter interaction in cavity.

9.3.1 Internal Light Source

Internal light source (ILS) refers to a technique mainly developed in planar III-V
PhC. The goal is to have a versatile technique that: does not require the full fab-
rication of device with access waveguides, allows the light source to be injected
where needed and allows quantitative measurements. Historically, the first actually
quantitative transmission measurements on 2D PhC were performed using ILS. The
principle consists in the insertion of light emitters inside the planar waveguide. The
emitters are either quantum wells (QW) [22] or quantum dots (QD) [17, 18], prefer-
ably inhomogeneous QD with a large emission band.

The general configuration for ILS experiments is illustrated in Fig. 9.9a. The pho-
toluminescence (PL) of the light source embedded in planar waveguide is excited
and propagates parallel to the surface as a guided mode and interacts with the PhC
structure. The image of the guided beam emitted from the sample through a cleaved
facet is coupled into spectrometer for spectral analysis. A polarizer allows one to
select the TE or TM polarized component of the signal. In practice, some care has
to be taken, due to refraction at the layer boundaries, three different beams come
out from the cleaved facet after propagation through air, substrate and inside the
planar waveguide, respectively. When the distance between the excitation spot and
the edge is large enough the cross talk between the three signals is negligible and the
selective analysis of the guided light can be performed by imaging the edge signal.

Figure 9.10 shows a typical image obtained when the collection optics is focused
on the facet. The guided beam appears as a focused bright line along the edge while
the black circle (diameter 4 um) represents the conjugate image of the collection
fibre. The guided contribution can be selected and spatially resolved aligning the
circle with the bright line. Extensive descriptions can be found in [23] and [24].

The experimental procedure for PhC slab transmission measurements is illus-
trated in Fig. 9.9b. The reference signal I; (1) and the PhC-related signal /;(1)
are measured in keeping constant the distance between the excitation points and
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Fig. 9.9 a) Schematic of the internal light source experiment. b) Side view of a): configuration for
measurements at normal incidence. The rectangle features the PhC slab. Multiple-beam interfer-
ences occur between the cleaved edge and the PhC pattern. ¢) Typical experimental transmission
spectrum. Reprinted from [22]

Fig. 9.10 Image of the emis-
sion from the cleaved facet
in an internal light source
experiment. /) light emitted
in air from the top surface,
2) light emitted directly in
the substrate, 3) guided beam,
which has passed through the
photonic crystal. The black
circle (diameter 4 Um) is the
conjugate image of the collec-
tion fibre

Cleaved
facet

the cleaved facet. Provided that the PL emission remains homogenous, the ratio
11 () /(1) yields the absolute transmission spectrum 7'(2) of the PhC slab. Due to
the limited width (AA = 100 nm) of the probed spectral range, “lithographic tuning”
is used. PhC slabs with different lattice parameter (a) values and constant air filling
factor (f) are measured and the whole photonic band-gap is explored as a func-
tion of the reduced frequency u = a/A. An example of such measurement is shown
Fig. 9.11.

The ILS measurement can also be extended to reflectivity measurement by mak-
ing use of the Fabry—Perot cavity existing between the cleaved facet and the PhC
(Fig. 9.9b), an example of a transmission spectrum exhibiting fringes allowing re-
flectivity measurement is shown Fig. 9.9¢ [22]. The freedom to position the light
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Fig. 9.11 Transmission spec- 1
trum measured by internal 280 I'M - 10 rows
light source technique on

a PhC, triangular lattice,
InP-based structure with
InP/(Ga,In)(As,P) quantum
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Fig. 9.12 Definition of measured diffraction efficiencies. (a) oblique incidence with reflection.
(b) oblique incidence with transmission. Reprinted from [18]

source at wishes allows particular configurations that also enables the measurement
of in-plane light diffraction from the PhC tile Fig. 9.12 and [17, 18]

The type of PhC structures that can be measured is not limited to crystal tile
but, thank to its versatility, ILS has been used for the characterization of waveg-
uides [25], bends [26] and Fabry—Perot cavities [24]. One of the limitation of the
ILS technique is the residual absorption from light emitters layer that can hinder
the propagation losses or quality factors for high performance structure. Some tech-
nique have been reported to overcome this issue [27]. Overall ILS is a very attractive
technique because it allows a fast and simple quantitative measurement on struc-
ture without the adjunction of input—output access structures. This is a very efficient
technique for processing validation and fast exploratory screening of PhC structures.

Concomitant with the ILS technique, but also applicable in principle to any other
characterization techniques, we should mention the phenomenological model de-
veloped for the analysis of transmission spectrum including out of plane scattering
losses, with the use of complex-valued refractive index in the air holes [28]. Such
model proved to be very useful at least for processing validation and quantification
of hole shape imperfections [29,30].
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9.3.2 Photoluminescence Spectroscopy

CW or time resolved PL experiments are also currently used to characterize PhC
structure, most of the time for the characterization of optical cavities or investigation
of alteration of the light-matter interaction. Although of fundamental interest from
the physics point of view, there is little specific to report in term of optical charac-
terization techniques, which consist in relatively standard and well documented PL.
and time resolved PL experiments. As examples we can mention the spectroscopy
of optical resonators from out of plane emission [31,32], life time modification, Pur-
cell effect, emission enhancement and inhibition experiments on 2D cavities [33],
1D photonic structures [34], bulk opals infiltrated with nanocrystals [35] and bulk
2D PhC [36].

9.4 Advanced Techniques

In the previous part we have reviewed the most frequently used methods of charac-
terization for PhC. In the last part we will review more advanced tools that are less
commonly used either because they are only of interest for very specific applications
or because the complexity to be mastered to perform such measurements limits the
number of experimental set-up to a few items worldwide.

9.4.1 Local Probe SNOM

Among the advanced techniques, scanning near-field optical microscope (SNOM)
and atomic force microscope (AFM) are the most often used. In principle the ex-
periment consists in probing the near field electromagnetic field with a local probe.
The probe position is controlled in a similar fashion than in a scanning tunnelling
microscope or AFM. The probe itself can be an AFM tip or an optical fibre tip,
which will locally convert the evanescent mode into propagating modes either for
collection or excitation. SNOM can be found in four different configurations:

1. Hlumination: the fibre tip is used for excitation in connexion with a large area
detector.

2. Collection: illumination is performed over a wide area and the fibre tip is used
for collection.

3. Apertureless: illumination and collection are not spatially resolved and the tip
is used for local modification of the optical response.

4. Evanescent: the probed field is the evanescent field in a total internal reflection
(TIR) configuration.

SNOM will be described in details in the Chaps. 10 and 11. The reader can also
refer to the review article by V. Sandogdhar [37]. We will only briefly review some
examples. One of the first reports of SNOM on PhC images of planar PhC waveg-
uides and bends in a modified end fire set-up [38] was used in the collection mode
presents SNOM. Further K. Okamoto reports on optical mode characterization in
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Fig. 9.13 Left: (a) Schematic representation of a pulse tracking experiment on a W3 PhCW.
The evanescent field of a propagating pulse is picked up by a metal coated fibre probe with
a subwavelength-sized aperture and interferometrically mixed with light from a reference branch.
(b) Top view of the PhCW under study, although with a shorter device length. Right: A time-
resolved NSOM measurement on a W3 PhCW (a 460 nm). (a) Topographic image of the structure
rotated 90 with respect to Fig. 9.13(b). (b—g) The optical amplitude in the W3 PhCW for differ-
ent reference times (400 £ 1 fs between frames; all frames have the same colour scale). Reprinted
from [45]

planar PhC cavities in the collection or illumination mode [39]. SNOM is not lim-
ited to planar structure, example of transmission image in the illumination mode
on opals are discussed in [40,41]. 3D images of the field out-coupling from a PhC
waveguide in micro-porous Si were also reported [42].

Special mention should be also made to time resolved and heterodyne SNOM.
Usual SNOM delivers intensity images and phase information of the field is lost.
Experimental knowledge of the full complex amplitude of the field is required for
a complete and unequivocal reconstruction of the image source. Such phase infor-
mation can be retrieved from the heterodyne SNOM techniques, which consist in the
insertion of the SNOM set-up in one arm of a Mach—Zehnder interferometer [40,41].
Only once amplitude is known, a Fourier transform gives access to the spectroscopy
of the mode in the reciprocal space (k-space) and allows measuring the relative
weight of Bloch harmonics in each Brillouin zone and their dispersion [43,44]. It
relies, however, on sophisticated modelling of the interaction between the near field
and the tip to know the vectorial transfer function of the tip, which requires complex
numerical post-processing. The same set-up, where now the phase shift is used as an
optical delay line, can also be used for time resolved measurement [45]. Figure 9.13
shows such time resolved set-up and experimental results with the real-space obser-
vation of pulses propagating inside a PhC waveguide.

9.4.2 Fourier Imaging

The standard characterization techniques we have reviewed consist in the measure-
ment of the optical response or light emission from the PhC structures. Although this
gives access to a large number of important information, it is a type of a black box
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approach. It does not directly investigate light propagation inside the PhC and fun-
damental quantities such as dispersion curve or equi-frequency surfaces (EFS) are
only inferred after data analysis. This has motivated the development of SNOM and
heterodyne SNOM to achieve real space and Fourier space high-resolution imag-
ing. However these methods can be cumbersome and time consuming. Imaging di-
rectly the Bloch mode in real and reciprocal space with old-fashioned classical op-
tics is currently re-discovered in plasmonic [46,47] and with nano-objects [48, 49],
of which the following section will make extensive quotes.

The principle is to image with a high numerical aperture microscope objective
out of plane scattered light from the PhC in e.g. a standard end fire experiment. This
already provides high-resolution optical images, but moreover imaging the back fo-
cal plane of the collecting lens (a.k.a. Fourier plane) gives access to far field or
k-space images (Fig. 9.14). In this plane every point is uniquely related to a di-
rection of emission, thanks to geometrical optics, which is also uniquely related
to a unique in-plane wave vector of the PhC Bloch mode thanks to in-plane wave
vector conservation law. A set-up where the insertion or removing of a single lens
allows switching from real and Fourier space is detailed in [48, 49].

Figure 9.15 shows an example of real space (Fig. 9.15a—d) and EFS imaging
(Fig. 9.15e-h) of self collimating light propagation in a PhC tile. EFS closely
matches theoretical calculations. Dispersion curves are directly obtained in plotting
the wavevector values as a function of the frequency. An intensity modulation along
the x direction whose associated spatial frequency increases for decreasing normal-
ized frequency u can be seen in Fig. 9.15a—d. Fourier space imaging in Fig. 9.15e-h
proves that this modulation arises from the standing wave produced by construc-
tive interference between the forward (FW) and the backward (BW) propagating
Bloch waves in the structure. This BW wave results from a reflection at the air-
ridge waveguide interface. Note that that without any reflection, a constant intensity
pattern would be measured. No interferences would be observed and the phase in-
formation and consequently the dispersion curve information would be lost in real
space. In Fourier space, however, the spot at position —k, would still be present.
Fourier space imaging is therefore a more universal and straightforward method to
retrieve the dispersion relation than real-space imaging.

Obijective
Fig. 9.14 Principle of Fourier NA=0.9 |
imaging. In the back focal A 1
plane of the collecting lens |
every point is uniquely related \\ :

to a direction of emission, \ <
thanks to geometrical optics, :

which is also uniquely related &

to a unique in-plane wave

vector of the PhC Bloch mode v I\
l X

Sample

thanks to in-plane wave vector
conservation law
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Fig. 9.15 (a—d) Near-field image of the Bloch wave mode in a square lattice PhC tile of 80 periods
for different reduced energies u. Below each real space image is shown the corresponding far-field
image from (e) to (h). The thin black curves in the lower half space of the far-field frame are the
2D PWE theoretical EFSs starting from u = 0.315 in the centre and drawn with a step of —0.005.
The far-field image is limited by the maximum propagating wave vector kmax = 0.2636- 27 /a (the
red circle in (e-h) delimits the output pupil of the objective that defines kyax). The corresponding
diffraction limited spatial resolution is 0.85 um. Reprinted from [49]
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Fig. 9.16 (a) and (b) near-field image of the TM and TE waves, respectively, propagating in the
double slab polarizer beam splitter (colour coded: increasing intensity from blue to red) superim-
posed with an optical microscope image of the structure (black and white), (¢) emission diagram
of the TE wave imaged in the Fourier space at A = 1550 nm, (d) same as ¢) with the emission of
the second splitter filtered in the intermediate image plane, (e) reflection coefficient of the first slab
deduced from the far-field pattern measured for different wavelengths as in ¢). Reprinted from [49]
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PhC devices will eventually be integrated in more complex photonic circuits on
a chip. Fourier imaging is a convenient tool for individual characterization in a com-
plex environment. An example can be found in [48-50] with the demonstration of
local investigation of a double PhC polarization beam splitter. The splitter consist
in a PhC square tile operating in the self-collimation regime, in which is embedded
a polarization sensitive 45° slab [49]. As explained by the authors, the transmission
and reflection properties of each splitter cannot be extracted from the near-field im-
ages due to the overlap of incident and backscattered beams and the out-of-plane
scattering signal at the different interfaces, which overlaps partly with the propagat-
ing beams at such small scales. The situation is more favourable in k-space. Indeed,
k-space imaging provides a natural spatial selectivity of beams propagating along
different directions, allowing the measurement of the relative intensity of each beam
and the reflectivity coefficient of a single polarizer could be retrieved (Fig. 9.16).

This technique appears inherently limited to wavevector value inside the air light
cone, while most of the present interesting structures are designed to operate be-
low the light line in order to minimize propagation losses. Several ways have been
implemented to break the light line limit:

1. The first one which is limited to real-space imaging relies on the use of defects
or imperfections introduced deliberately or not. This method was in fact used
long time ago by P.S. Russell to visualize light propagation in what was called
at that time doubly periodic planar waveguide [51].

2. A second approach is inspired of techniques known as super-resolution in as-
tronomy or medical imaging [48, 49] and references therein. The concept is
the following: For a perfect infinitely long structure the Fourier space spectrum
of the Bloch modes is a series of delta function. In most interesting structures
these lines fall outside of the light cone so nothing can be measured. For an ob-
ject of a finite size, the delta function is broadened and has finite value inside the
light cone, this means that some information is leaking outside in the light cone
on the form of a propagating wave. Such information can be collected in the far
field and the whole spectrum can be recovered by analytical extension. With just
the a priori knowledge of the existence of an internal periodicity N. Le Thomas
and co-workers [48,49] could recover information in k-space values falling well
away from the light cone and would be equivalent to a numerical aperture of 2.5.

3. A last approach consists in adding a vanishingly weak extra periodicity that
folds back the Brillouin zone into the light cone. This is intrinsically the case
when measuring coupled cavity waveguide as shown in [48,49] where the super-
cell periodicity folds back the entire dispersion curve inside the air light cone.
The extra periodicity can also be deliberately included, as it is demonstrated on
a measurement of slow light dispersion curve in a modified W1 PhC waveg-
uide as it can be seen in Fig. 9.17 reprinted from [48,49] or on SOI photonic
wires [52].

Finally the high NA real and Fourier imaging is also a very powerful tool for sam-
ple screening, search for unexpected deviation or process validation. For example
light scattering from very tiny residual gratings/in the range of 1-5nm amplitude)
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Fig. 9.17 i) (a) Electron microscopy image of a modified W1 waveguide with the linear probe
gratings at the waveguide boundaries. (b) Illustration of the folding of the dispersion curve dark
line into the light cone dash line. ii) Left: Experimental dispersion curves of the reference and mod-
ified W1. Right: Theoretical grey and experimental black group-index dispersion curves. Reprinted
from [48]

located on the sidewalls of the waveguide could be observed [52]. This grating cor-
responds to a spatial modulation of 1.28 wum, which is exactly the dimension of the
trapezoidal write subfield pattern used in the electron beam lithography Such grat-
ing induced by residual subfield stitching error had passed unnoticed through prior
SEM characterizations.

9.5 Conclusion

In this chapter we have reviewed the different techniques used for the near infrared
optical characterization of photonic crystals (PhC). One first section discussed opti-
cal measurement techniques based on an external light source: reflectivity and end
fire measurement, the second section techniques relying on the presence of a light
source inside the PhC under investigation: internal light source and photolumines-
cence and the third section more advanced techniques like scanning near field opti-
cal microscopy and Fourier imaging. A point that has not been exploited yet among
all the already existing methods is their complementarily. Several techniques aim
at measuring the same quantity, but with some subtle differences. A refined com-
parison of the different measurements should bring a very rich understanding of the
underlying physical processes. For example investigation propagation of slow light
modes in the same sample with reflectivity angular analysis, end fire transmission
measurement, Fourier imaging and time resolved SNOM would certainly allow to
unambiguously distinguish from true slow propagating modes, localized or resonant
states, evanescent and interfaces states.

The advanced techniques presented will certainly a undergo a fast development
in the following years for both quick device characterization (and possibly in-situ)
and the advancement of the physical understanding of light propagation in PhC.
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Abstract. Optical microresonators that are coupled to optical waveguides often behave quite sim-
ilar to Fabry—Perot resonators. After summarising key properties of such resonators, three charac-
terization methods will be discussed. The first involves the analysis of transmission and reflection
spectra, from which important parameters like (waveguide) loss and coupling or reflection co-
efficients can be extracted. The second method is called transmission-based scanning near-field
optical microscopy (T-SNOM) which allows to map out the intensity distribution inside a high-Q
resonator with sub-wavelength resolution. For such resonators conventional SNOM suffers from
inaccuracies introduced by the disturbing effect of the presence of the probe on the field distribu-
tion. T-SNOM avoids this problem by exploiting this disturbing effect. The third method is most
applicable to large-size (many wavelengths across) resonators. It involves simultaneous analysis of
scattered light and transmission/reflection spectra in order to relate spectral features to large-scale
field distributions inside the resonator. Together, these techniques form a convenient toolbox for
characterizing many different planar optical microresonators.

Key words: optical microresonators; optical measurements; SNOM; NSOM; AFM;
scattered-light analysis

10.1 Introduction

Optical resonators have many applications, such as wavelength filtering, add-drop
multiplexing of several wavelength channels, lasers, and field enhancement [1-4].
Recent developments in integrated optics towards high-refractive index contrast
technology (e.g. silicon photonics [5]) and related fields such as photonic crys-
tals have opened the road towards a strong miniaturisation of optical circuits. In
particular microring resonators, e.g. [1,2,5, 6], and cavities in photonic crystals,
e.g. [3-5,7-10] have been intensively investigated. Integrated optical circuits with
high functionality have been conceived [2, 11], based on arrays of microresonators.
Conventionally, optical resonators are characterized by performing spectral trans-
mission and/or reflection measurements. In these methods, the input-output relation-
ships are analysed, and through device models, some data on internal parameters can
be inferred. These methods will provide essential information on the functionality
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and performance of the device in a system. For relatively simple resonator struc-
tures consisting of a few discrete elements, such as basic Fabry—Perot resonators,
these measurements are fully adequate. However, for more complicated structures
it will often be highly desirable to “look”™ inside the structure. This is especially the
case for nanostructured devices where small disturbances may strongly affect their
optical performance. Being able to map out the optical field distribution inside the
structure can be extremely helpful in diagnosing possible fabrication errors, and for
optimising the design, for example in order to maximise the quality factor Q.

In this chapter we will show how some internal parameters can be extracted
through analysis of spectral transfer functions. After that we will concentrate on two
different methods for looking inside the box. One method — that can provide sub-
wavelength resolution — is most applicable to rather small structures (up to about
50 x 50 um?) such as cavities in photonic crystals, whereas the second method finds
its main application in analysing extended structures such as gratings up to several
mm in length. We will start with an introductory section on Fabry—Perot-type res-
onators in order to briefly review their properties and key parameters that may also
apply to more complicated structures.

10.2 Fabry-Perot-Type Optical Resonators

One of the simplest types of resonator is the Fabry—Perot interferometer or etalon.
As shown in Fig. 10.1, it consists of two parallel semitransparent mirrors having
power reflectivities R; and R», separated by a given distance L. The space between
the mirrors is referred to as the cavity. We will restrict the treatment here to the case
of plane waves at normal incidence to the mirrors. Many practical resonators that
have a more complicated structure still behave quite similar to this simple Fabry—
Perot interferometer, e.g., an optical waveguide having two discontinuities that act
as mirrors (in the simplest Fabry—Perot solid state laser, these discontinuities are
the end facets showing Fresnel reflection, Fig. 10.2a), or a ring resonator that is
coupled to straight waveguides through the evanescent field (Fig. 10.2b). In that
case, assuming lossless devices, the power coupling coefficients k7 and x, of the
directional couplers correspond to the power transmission coefficients 7; = 1 — R;
of a Fabry—Perot. More generally, any cavity that is coupled to the outside world
through two ports can at some level of abstraction be described as a Fabry—Perot
resonator, for example a cavity in a photonic crystal (Fig. 10.2c), or — maybe less
obvious — a finite-length grating (Fig. 10.2d).

M M,
i Ao
—> C —
— < )
Fig. 10.1 Schematic of B.(») R Ry

Fabry—Perot resonator <
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Fig. 10.2 Examples of Fabry—Perot-like resonators: a) waveguide with reflecting facets; b) ring
resonator; ¢) cavity in a photonic crystal; d) finite-length waveguide grating

10.2.1 Resonance Condition; Free Spectral Range (FSR)

Resonance in a Fabry—Perot interferometer occurs if a wave after making a full
roundtrip through the cavity (i.e. travelling twice the cavity length and reflecting
once at each mirror) arrives in phase with itself. In a simple free-space Fabry—Perot,
the phase shift at reflection is often neglected, and the roundtrip phase shift is deter-
mined by the optical path length nL, where n is the refractive index inside the cavity.
The resonance condition is given by

¢ =2BL=m2m, (10.1)

where ¢ is the roundtrip phase shift, the resonance order m is a positive integer, and
B is the propagation constant of the wave inside the cavity:

B=—=—="Cn, (10.2)

with angular frequency m, phase velocity vp, the speed of light in vacuum ¢, and the
wavelength in vacuum A. In waveguiding structures, the refractive index n should
be replaced by the effective refractive index ne.
Conditions (10.1) and (10.2) imply the occurrence of multiple resonance fre-
quencies On:
W = mnc/(nL) . (10.3)

The frequency (or wavelength) difference between two consecutive resonances is
called the free spectral range (FSR). From (10.3) it seems to follow that the FSR
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is given by Awgsgr = mc/(nL). However, this is valid only for nondispersive media
(n is constant); with dispersive media we should be a bit more careful. From (10.1)
we find for consecutive resonances:

AQ =2ABL =27 . (10.4)

If dispersion is not too strong, and A@gsg is much smaller than the operating angular
frequency, a linear approximation of dispersion is appropriate:
9B
AB ==—Aw 10.5
B P (10.5)
which, using (10.4) and the definitions of group velocity vy = dw/d3 and group
index ng = c¢/v, leads to a more accurate expression for the FSR,

AWpsr = nc/(Lng) . (10.6)
In terms of wavelength the FSR is expressed as
Agpsr = $A5/(Lng) (10.7)

where A is the wavelength halfway between two considered resonances. It is clear
that smaller cavities show larger FSR.

In cases of strong dispersion and large FSR, the linear approximation of disper-
sion as used in (10.5) turns out to be not sufficiently accurate [12]. Analytic models
are often lacking for the structures of interest, such as strong gratings and photonic
crystal cavities. In such cases the dispersion curves 3(®) should be calculated nu-
merically in order to verify the validity of (10.5) for the frequency range of interest.
Another issue is the phase shift upon reflection. For simple cases such as Fresnel
reflection at normal incidence at the interface between two dielectrics, the magni-
tude and phase of the reflection coefficient are well known. However, the situation
is much less trivial if periodic structures are involved and evanescent waves occur
that can be associated with a certain penetration depth into the reflecting medium.
This leads to a frequency-dependent phase shift upon reflection, or, equivalently,
a frequency-dependent effective cavity length. Such situations can be analysed us-
ing approximative coupled-mode models [13], or with “brute force” simulations,
using e.g. finite-difference time-domain (FDTD) code.

10.2.2 Transfer Function

The transfer function of the simple Fabry—Perot can be calculated by considering the
device as a feedback system for the electric field of the optical waves. The mirrors
are characterized by their amplitude transmission and reflection coefficients ¢ and
r (transmitted field E; = tEj; reflected field E, = rEj,); losses in the cavity are
taken into account by assuming a complex propagation constant & + jf where o
is the attenuation constant and j is the imaginary unit, so that a travelling wave
in the cavity can be represented as a phasor E = Ege~%e 8, If we would not
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Fig. 10.3 Fabry—Perot cavity represented as a system with feedback. The block structure between
the vertical dashed lines represents the process inside the cavity
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consider any back-reflections, the transmitted field through a cavity with length L
would be Er = Eptite % e 1%/2 where we used (10.1). Taking into account the
back-reflections results in a feedback scheme as illustrated by Fig. 10.3.

The field transmission of this system can be calculated to be

_ _i®
nne OLo=j3

Et :Einl—rlrze*Z“Le*J‘P . (10.8)
From this, the intensity transfer function is calculated as
TFP = IT/Iin = |ET/Ein|2 . (109)
Substitution of (10.8) into (10.9) gives:
Ty
ITfp= ———F5——, 10.10
T 1+ Bsin® (¢)2) (1010

where 7j and B are constants determined by mirror reflectivities and cavity losses,

—20L o o
p= S U-R)(1 =Ry (10.11)

(1 — \/R1R2672O‘L)2
4v/R{R; e 2oL

B = 5 (10.12)
(1 — \/Rle efzaL)
R =ril*. (10.13)
Similarly the field reflection of this system can be calculated to be
_ e 20La—jo
Eg=Ep——2° _° (10.14)

1-— ryrn e—20Le—ip
From this, the intensity reflection function is calculated as

Rep = Ig/Iiy = |Er/Enl|* . (10.15)
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Fig. 10.4 a) Transmission and b) reflection spectra of lossless Fabry—Perot resonator with equal
mirrors for 3 different reflectance values

Substitution of (10.14) into (10.15) gives:
C

Rpp=1-—
FP 1+ Bsin (¢/2)

(10.16)
where C is given by:

_ _ —4oL
o= U=R) (1= Rye™) (10.17)

(1 — \/R1R2 6720‘1‘)2
For the case of a lossless cavity (o« = 0), and identical mirrors (Ry = R, = R),
Fig. 10.4 shows the transfer and reflection spectra Trp(@) and Rpp(¢) with differ-
ent values of R as parameter. It shows that high reflectivity is needed for obtaining
narrow transmission peaks with deep minima in between.

10.2.2.1 Width of a Transmission Peak (FWHM)

The width of a resonance peak is usually given as the full width at half maximum
(FWHM)), i.e. the difference Awrwum between two frequencies at both sides of the
peak maximum, where the transmission is half that at the resonance frequency @,.
At frequencies @y, & 1 /2A@pwim, (10.10) should evaluate to Ty /2, or

sin’(¢/2) =1/B. (10.18)
Combining (10.1), (10.2), and (10.3) we rewrite ¢ as:
o n(o)
=mn——= 10.19
¢=m ﬂwm n(wm) ’ ( )

where we wrote the possibly dispersive refractive index explicitly as a function of
frequency. Using (10.19) in (10.18) and substituting @,, + 1/2A®pwnm for o, we

get:
Op+ 1A 1
sin’ {mﬂ " 2wmwFWHM n"(i)m“”)} == (10.20)
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In (10.20) we need to know the refractive index at three frequencies that are rather
close together in high-quality resonators. Therefore, the error will be small (and
evaluation of (10.20) much more convenient) if we neglect dispersion and set

n (On — SA0rwiM) = 1 (On + FA0FWHM) = 1(On) | (10.21)
so that (10.20) simplifies to
sin® {mn + s mm (Aopwum/om) } = 1/B.. (10.22)

If the cavity losses are sufficiently low, then 1/B will be a small number, and only
a small error will be made if we replace the sine function by its argument (e.g., for
R > 0.9 and aL < 0.05, B > 90, sin(...) < 0.01, and the error made in the value
of the argument will be below 0.2%). Due to the symmetry and periodicity of the
sin’ () function, the mm term and the + sign can be safely omitted, leading to:

2
A =, . 10.23
WFWHM L—" ( )

10.2.2.2 Quality Factor Q

A quantity of great practical importance is the quality factor Q, which can be de-
fined in a number of equivalent ways. An operational definition that allows direct
measurement of Q is the relative peak width, which can also be directly derived
from (10.23):

0 = On/Aorwim = mrVB . (10.24)

For frequencies near resonance, (10.10) can be written as a Lorentzian function, in
terms of the resonance frequency @, and Q only. Near resonance, we write:

0=0,+Ao, (10.25)

with Aw < @,,. This allows us to again neglect dispersion, so that the argument
in the sine function in (10.10) becomes similar to that in (10.22) with Awpwum
replaced by @, — w:

sin (¢ /2) = sin® (M7t +ma (0p — ©) /On) = (ma (0 — ©) /on)* . (10.26)

Inserting (10.26) into (10.10), and using (10.24), results in an expression, valid only
for a narrow frequency range centred on a resonance peak, showing the Lorentzian
shape of such peaks:
Ty 1
T(o)= 2 2 o 20)? 2
1+B(Z")—Z) (0n — o) 1+(w—g) (0n — o)

(10.27)

With (10.23), an equivalent expression can be found in terms of w,, and A@WrwHMm-
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10.2.3 Field Distribution

The operation of a Fabry—Perot resonator was introduced with Fig. 10.1, showing
forward and backward propagating waves in the cavity. These travelling waves in-
terfere to form standing waves, as shown schematically in Fig. 10.5. The order of
such resonant modes is given by the integer m that occurs in (10.1).

Low-order resonances are usually easily identified by their frequencies, which
are relatively wide apart. For higher-order modes, the relative frequency difference
(W41 — On)/ 0, becomes smaller, making it more difficult to identify a particular
resonant mode.

At resonance, the field strength inside the cavity may become much larger than
the input field. Looking at the schematic of Fig. 10.3, it can be seen that the ampli-
tude E; of the output wave is a factor ¢ smaller than Eijgp of the right-travelling wave
inside the cavity. On the other hand, we know that for a lossless cavity at resonance
Equ = Eiy. The amplitude Ejef of the left-travelling wave inside the cavity is a factor
r smaller than Eyjgp.

Intensity maxima in the cavity arise where right- and left-travelling waves are
in phase so that they add up to Enax = Ejeft + Eright = Exight(1 +7) = Ein(147) /1.
Using 2=T=1—R,and r* =R, the intensity enhancement is calculated as

2
Imax,cavity/lin = (Emax,cewity/Ein)2 = (1 + \/1_2) /(1 —R) s (10.28)

which becomes quite large if R approaches 1. This phenomenon is often used for lo-
cal enhancement of optical effects, in particular nonlinear optics. The enhancement
is limited by optical loss. In the case of planar optics not only propagation loss due
to absorption or scattering should be considered but also out-of-plane diffraction,
especially with periodic structures such as gratings and photonic crystals.

Fig. 10.5 Schematic picture
of the lowest 3 longitudinal
resonant modes in a Fabry—
Perot resonator w = 3xc/nL
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10.2.4 Higher-Order Transversal Modes; Degeneracy

In guided-wave optics the light is confined in transversal directions (perpendicular to
the direction of propagation) by dielectric waveguides. If the waveguide inside the
Fabry—Perot cavity supports only a single guided mode (Fig. 10.6a), the analysis
given above is valid if the refractive index is replaced by the effective index of the
waveguide mode.

nest = BA/(2m) , (10.29)

where 3 is the modal propagation constant and A is the wavelength in vacuum.

If the waveguide supports multiple modes, things get a bit more complicated.
In the example of Fig. 10.6b, two modes are considered, having slightly differ-
ent propagation constants 3y and i, hence slightly different effective indices negro
and nef,1 . The resonance conditions (10.1) for these modes will therefore be some-
what different, so that in general these modes will be in resonance at different fre-

M, M, M, M,

ﬂu ) .\ﬁl

L L
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Fig. 10.6 Waveguide-based Fabry—Perot resonator; the mirrors are represented symbolically as
thick vertical lines. a) single-mode waveguide; b) bimodal waveguide

Fig. 10.7 Fabry—Perot-like resonator in a photonic crystal slab. a) Scanning electron microscope
(SEM) image of the device that was fabricated (at IMEC, Leuven, Belgium) in a silicon on insula-
tor (SOI) technology [5]; silicon (n = 3.45) top layer thickness 220 nm, lattice period a = 440 nm,
air hole radius » = 270 nm. b) Intensity distribution of resonant mode at A = 1550 nm, calculated
with a 2D-finite-difference time-domain (FDTD) method, using an effective index method for de-
termining the silicon slab effective index negr = 2.9 [14]
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quencies. However, at a given frequency one transversal mode may resonate at or-
der mg, whereas the other mode resonates at a different order m. This occurs if
neff,O/mO = neff,l/ml-

In that case the standing wave pattern can be an arbitrary superposition of the
two resonant modes, which are then said to be degenerate. In a more general case
of nonrectangular two-dimensional resonators, the transversal (waveguide) and lon-
gitudinal (Fabry—Perot) modes cannot be determined independently, and it is a non-
trivial task to calculate the composite modes. An example of such a resonator, in
this case a cavity in a photonic crystal, schematically shown in Fig. 10.2¢, can be
seen in Fig. 10.7 together with a typical modal intensity distribution.

10.3 Spectral Analysis

Transmission and reflection spectra (or “drop” and “through” spectra in the case
of ring resonators) represent the important basic filtering or add-drop multiplex-
ing functionality of these devices. These spectral filter characteristics can usually be
measured conveniently using either a white-light source in combination with a spec-
trometer, or a tuneable laser with a suitable photodetector.

10.3.1 Determining Cavity Loss and Mirror Reflectivities

An important parameter that is not always easy to measure directly is the loss of
a mode in a waveguide. Often other origins of wave attenuation, such as fibre-
chip coupling loss, and unknown cavity mirror reflectivities or coupling coefficients
make propagation loss measurements difficult. Knowledge of propagation loss is
important for the operation of resonators (Q), and for almost all other applica-
tions.

The spectral response curves of a Fabry—Perot-type resonator provide sufficient
information to calculate propagation loss o as well as the reflectivities R; (or cou-
pling coefficients k; in the case of ring resonators). The equations required to obtain
the values of o and R; can be found from the expressions that give the on- and
off-resonance power ratios of the transmitted and reflected spectra.

The on/off resonance power ratio Mr of the signal that is transmitted by the
Fabry—Perot is defined as the ratio of the transferred power at resonance (¢ = m2r)
to the transferred power at anti-resonance (¢ = m27w + 1):

Ty
_ TonRes  1+Bsin*(¢/2) 1+\/R1R26720‘L

TOﬁRes T ’(pfn.' ( 1— \/Rle e2oL
1+Bsin®(¢/2)

‘(p:an

My

2
> . (10.30)

which can be rewritten as:

VM7 —1
VR Rye 2oL — ﬁ . (10.31)
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Similarly the on/off resonance reflected power ratio Mg is defined as:

- #“”:” VR+yRge20L \ 2
Mo — RoffRes 1+Bsin®(¢/2) =13 [ TrJRReL
T Romes  |___c [ 1-C | JEyBe™
- 1+Bsin2(¢/2)‘ 1=VR Rye—2ek
(10.32)

In order to obtain an explicit expression for ¢, we first take the square root of the
product of (10.30) and (10.32):

i VRt e

Ry — Ry e 2oL’ (10.33)
which can be rearranged to give:
VR oar _ VMM —1 (10.34)
VRi VMMt + 1
For Fabry—Perot cavities with R; = R, = R this reduces to:
o2t — VMRMr 1 (10.35)

N VMMt +1 ’

which, combined with (10.31) can be used to find the values of ¢ and R.

10.4 Transmission-Based SNOM (T-SNOM)

10.4.1 Origin of the Method

Scanning near-field optical microscopy (SNOM, NSOM) is a well-known method
for probing optical field distributions with sub-wavelength resolution [15-17]. The
basic principle is shown in Fig. 10.8. An optical fibre which is modified to have an
extremely sharp tip (diameter in the order of 100 nm) is brought in close proximity
to the optical field to be probed. For obtaining the highest resolution, the tip is often
clad with metal. At the very end of the tip a tiny hole is made with a diameter
ranging from a few tens to a few hundreds of nm. It would typically be positioned
in the evanescent field tail of guided waveguide modes. A small amount of light is
scattered by the presence of the tip and collected by the fibre that guides the photons
to a sensitive optical detector.

By scanning the tip across the surface of the device under analysis, and record-
ing the amount of light captured by the fibre at each position, an image can be
constructed that may represent the local optical intensity distribution. A problem
with this method is that the probe may affect the optical field distribution. This is
especially problematic when analysing microcavities, since the original structure
will be significantly modified by the mere presence of the dielectric fibre material
and its metal cladding. Also the light scattering process that is essential for SNOM
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Fig. 10.8 Fibre tip of scan- to photodetector
ning near-field optical micro-

scope (SNOM) interacting

with the evanescent field of

a resonant mode of a micro-

cavity in a photonic crystal

slab (cross-sectional view) evanescent field scattered light

to be probed \ /
LU

operation may be an important loss mechanism which can strongly affect Q of a res-
onant structure. Only a small fraction of the scattered light will be captured by the
fibre and guided towards the detector, so that sensitivity and noise issues may easily
arise.

In our work we originally intended to use SNOM measurements for characteriz-
ing the microresonators that we designed and fabricated. Because of the considera-
tions mentioned above, we wanted to test the loading effect of a SNOM-like probe
on a microresonator.

In order to check the effects of a probe, we measured the transmission through
the Fabry—Perot-like resonator while scanning the probe over the device. For con-
venience we used an atomic force microscope (AFM) with a SizNy or a Si tip with
a radius in the order of 10 nm, which is significantly smaller than a typical SNOM
tip. Still, we observed a strong effect of the probe on the light transmission through
the resonator. We decided to turn this drawback into an advantage, as shown below.

10.4.2 Set-Up

It should be expected that the strongest interaction of the nanoprobe with the optical
field will occur at locations with highest field intensity. The effect of the probe may

Detector

under test

Fig. 10.9 Principle of transmission-based scanning near-field optical microscopy (T-SNOM) [14]
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be both loss (due to scattering or waveguiding inside the probe), which mainly af-
fects Q, and detuning of the cavity (the probe forms a “dielectric load” or becomes
part of the cavity, thus changing its shape and effective index), bringing it into or out
of resonance for a given frequency. If we measure the transmitted light through the
cavity for each position of the probe, we can map out the locations of strong interac-
tion on the surface of the resonator. The setup is shown schematically in Fig. 10.9.
Since the image is obtained by scanning the optical near field with a probe while
the signal is derived from the optical transmission through the device under test,
we named this method transmission-based scanning near-field optical microscopy
(T-SNOM).

10.4.3 Image Construction — Contrast

The method has two main advantages compared to conventional SNOM. The mea-
surement is in fact a comparison between the undisturbed situation (no probe in-
teracting with the optical field) and the disturbed situation, whereas in SNOM only
photons are detected in the disturbed situation. A low optical SNOM signal may
therefore be caused either by a small intensity in the undisturbed case, or it can
be due to the disturbance by the probe itself that may cause the resonator to go
out of resonance, which can only happen when the probe is at a location of high
undisturbed intensity. With T-SNOM we actually exploit this disturbance, giving
rise to less ambiguity in the result: a strong change of the optical signal will always
be caused at a probe position with high undisturbed intensity. The second advan-
tage is that the T-SNOM optical signal can be much stronger than that of SNOM.
A conventional SNOM probe only detects the photons that are captured by the fi-
bre. For obtaining high spatial resolution the opening in the tip should be small and
the tunnelling efficiency of photons through this aperture becomes low. This may
give rise to noise problems and, hence, long signal integration times. By contrast,
a T-SNOM image is typically obtained with the undisturbed device in resonance, so
that a large optical signal is transmitted to the detector. The probe interaction causes
sharp dips in this transmission. This typically results in a better signal to noise ra-
tio. A drawback of T-SNOM is that it works well only for resonant structures or
other interferometric devices. The loss induced by the tiny probe on a large waveg-
uide will be rather small, resulting in low contrast images. On the other hand, this
is a situation where SNOM is generally reliable, so the two methods are mutually
complementary. It should be mentioned that SNOM is a more versatile instrument
since it does not depend on waveguiding structures and it can also be used in a mode
that the fibre tip is used for locally illuminating a sample.

Using an AFM scanning head makes it possible to generate topographic data
simultaneously with the optical data. Traditional SNOM provides similar facilities.
The result of a T-SNOM measurement of the photonic crystal resonator shown in
Fig. 10.7a is given in Fig. 10.10. The AFM (with a 10 nm radius Si3Ny tip, shown
in Fig. 10.11a) was operating in contact mode with closed-loop control.
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b)

Fig. 10.10 T-SNOM imaging of the photonic crystal resonator shown in Fig. 10.7a. a) Topography
measured by AFM. b) Optical transmission through the resonator at the undisturbed resonance
wavelength A, = 1539.25 nm, as a function of AFM tip position; dark regions correspond to low
light transmission, hence strong interaction of the AFM tip with the optical field. ¢) Composite
image, combining data of a) and b), showing the location of the optical field distribution with
respect to the resonator geometry [14]

a) b)

Fig. 10.11 SEM images of AFM probes used. a) Silicon nitride with top angle 23° and tip radius
10 nm. b) Silicon with 17° and tip radius 7.5 nm

In our experiments the scanning speed was limited by the response time of the
photodetector. The image of Fig. 10.10, having a resolution of 256 x 256 pixels on
a 20 nm grid, was taken in approximately 45s.

Using this small dielectric tip with a refractive index (n = 2.0) smaller than the
silicon slab effective index (ne =2 2.9), the dominant effect of the probe on the
resonator was detuning (shifting the resonant wavelength to larger values) rather
than inducing scattering loss. This is illustrated by Fig. 10.12 showing a T-SNOM
image of the same resonator, taken at a slightly larger wavelength of 1541.5nm,
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Fig. 10.12 T-SNOM image similar to Fig. 10.10, but wavelength, now 1541.5 nm (off resonance).
Detuning by the AFM tip could bring it into resonance again, resulting in inverted image con-
trast [14]

where the device is off resonance. The tuning action of the tip brings it on resonance
again, now producing increased light transmission at locations of strong mechano-
optical interaction. This resulted in an image with inverted contrast.

10.4.4 Measurements of Nanomechano-Optical Interaction

We measured the effect of small horizontal and vertical tip displacements on the
tuning and on the quality factor of the resonator. Most of these experiments were
done with a Si tip, see Fig. 10.11b, which has a stronger optical effect than a SizNy
one, because of its higher refractive index (n = 3.45).

Transmission spectra for different tip positions in contact with the resonator sur-
face are shown in Fig. 10.13a. Positioning the tip right at the hot spot (labelled A
in the inset of the figure), almost completely kills the resonance. The dependence of
the transmission on the distance of the tip from the hot spot is shown in Fig. 10.13b.
For this structure the vertical dependence is especially strong: less than 100 nm dis-
placement of the tiny tip results in more than 50% modulation of the transmission:
this is a truly nanomechano-optical effect.

The tuning effects of the Si and Si3sNs AFM tips have been compared in
Fig. 10.14. As expected, the Si tip has a much stronger effect than the SizN4 one,
especially on the cavity loss. For tuning purposes the SizNjy tip is preferred.

10.4.5 Modelling T-SNOM

T-SNOM has been modelled in order to verify our intuitive understanding, and its
operation has been simulated [18]. The purpose was to check whether the T-SNOM
image does represent the standing wave pattern in a resonator with sufficient ac-
curacy. A full and truly accurate model of T-SNOM should be three-dimensional.
Because this is not practical with the currently available computing resources, the
models were restricted to two dimensions. Two models have been used, a cross-
sectional view in a plane perpendicular to the photonic crystal slab (“side view”),
and an effective-index-based “top view”, see Fig. 10.15.
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Fig. 10.13 Nanomechano-optical interaction. a) Transmission spectra for the situation without
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inset. b) Transmission (at A = 1539.25 nm) versus Si tip displacement in the z and y direction (see
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Fig. 10.15 Two-dimensional T-SNOM models. a) Side view. The resonator is modelled as a slab
waveguide cavity enclosed by two short Bragg gratings; the AFM-probe is modelled as a semi-
infinite plane perpendicular to and in contact with the slab. b) Top view. The slab waveguide
outside the photonic crystal holes is modelled by its effective index; the probe is represented by
a small “patch” of material having an increased refractive index
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10.4.5.1 Side-View Model

The side-view model is particularly suited for evaluation using an eigenmode prop-
agation method, because of the limited number of different cross-sections, all with
rectangular-shaped elements, making it possible to subdivide the region in a small
number of horizontal layers and vertical slices. In this case the so-called quadrilat-
eral eigenmode propagation (QUEP) [19] has been selected.

The model was first used to calculate the transmission, reflection and scattering
spectra for several probe positions. The results for the undisturbed situation and
the maximally disturbed case are shown in Fig. 10.16. As the next step, the model
was recalculated at the undisturbed resonance wavelength, for many positions of the
probe along the length of the resonator, thus simulating the scanning action of the
tip. The resulting transmission versus tip position graph is shown in Fig. 10.17a. The
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Fig. 10.16 Calculated reflection (R), transmission (7') and scattered power (S) spectra; R+ 7 +
S = 1. a) Unperturbed resonator. b) Silicon probe (50 nm wide) at “hot spot” location [18]
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Fig. 10.17 Simulation results. a) Transmission versus tip position. b) Solid curve: wavelength
shift as calculated by combining the transmission graph (this figure, part a.) with the transmission
spectrum of 10.16a. Dashed curve: calculated intensity distribution in the resonator
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changes in transmission in this graph have been translated into equivalent shifts of
the resonance wavelength, using the previously measured spectra of Fig. 10.16. This
equivalent wavelength shift has been plotted together with the calculated intensity
distribution in Fig. 10.17b. The two graphs match quite well, indicating that indeed
T-SNOM data can be used for determining field distributions inside this type of
resonators.

Another calculation, illustrated in Fig. 10.18, simulates the effect of probe height
variation. In contact (y = 0), the transmission is low (strong detuning), and as the
tip is raised the transmission increases. It is interesting to see that at a distance
of approximately 0.5 um, there is a maximum transmission which is higher than in
absence of the probe (large y). This is somewhat unexpected because the wavelength
was selected for resonance without the probe. In fact, this simulation reproduces an
effect that can also be seen in the measurement data of Fig. 10.10. At both the left-
hand and the right-hand sides of the cavity there is a small region with a somewhat
brighter colour than the background, signalling an increased transmission as well.
The calculated field distributions without the tip and with the tip at the “critical
height” of 0.5um (Fig. 10.19), show that the presence of the tip at that location

AFM ti I Air: n=1.0 '
p\ ﬁ, o

135 nm 220nm  310nm = X

0 05 10 15 20 25
¥ (um)

Fig. 10.18 Simulation of probe height variation. a) Configuration: the z-position of the probe is at
the hot spot; y is varied. b) Calculated transmission and reflection versus probe height [18]

Si02: n=1.45

Fig. 10.19 Calculated field distributions at the undisturbed resonance wavelength. a) Without
probe. b) With probe at 0.5 um height above hot spot [18]
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somewhat suppresses the radiation loss due to out-of-plane diffraction. The space
between the resonator surface and the probe tip acts as an additional cavity, which
is in antiresonance at the critical height.

A similar model has also been used for modelling the dynamic behaviour of T-
SNOM when it is operated in so-called tapping mode (introducing a vertical vibra-
tion of the tip) [20]. The strongly nonlinear relationship between transmission and
tip height requires a suitable weighing function in order to obtain the correct time-
averaged transmitted power. Tapping mode operation is beneficial for tip durability
and for reducing the risk of producing artefacts by dragging along dust particles
with the tip, but it reduces the lateral resolution.

10.4.5.2 Top-View Model

The top-view model, which is illustrated in Fig. 10.15b, is numerically somewhat
more challenging than the side-view model because of the lack of straight inter-
faces. This makes it impractical to use an eigenmode propagation method, because
the number of slices should be chosen very large in order to obtain a good approx-
imation to the geometry of the problem. Because eigenmode calculations for all
these slices are expensive, another method — the two-dimensional finite-difference
time-domain (FDTD) method — usually considered as “brute force” comes out more
favourably.

In this model, the vertical structure is accounted for by a local effective index.
The silicon slab making up the “backbone” of the structure is represented by the
effective index that it would have for a guided optical slab mode; the photonic crys-
tal holes are approximated by an effective index of 1 (air), and the AFM probe is
accounted for by simulating its dielectric loading effect through a locally increased
effective index (the “patch” in Fig. 10.15b). The results, shown in Fig. 10.20, con-
firm that T-SNOM measurements in Fabry—Perot-like resonators provide a good ap-
proximation of the actual intensity distribution of the standing wave pattern inside
the resonator.

In conclusion, T-SNOM is a useful extension of the available techniques for char-
acterizing resonant optical structures. It provides a way to map out the intensity dis-
tribution inside a resonator, thus resolving the mode structure. It helps to identify

a) b) c)

Fig. 10.20 Top-view model, comparison to measurement. a) Calculated intensity distribution.
b) Simulated T-SNOM response by recalculating the model many times for different “patch” lo-
cations in order to represent the T-SNOM probe scanning. ¢) Actual T-SNOM measurement data
overlaid with structure data [18]
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“hot spots” that are particularly useful for nanomechano-optical interaction that can
be exploited for sensors and extremely compact and low power optical switching
devices. By exploiting an effect that is harmful to other SNOM-type measurements,
T-SNOM avoids some of the known uncertainties, while operating with relatively
high speed and with good signal-to-noise-ratio. Extensive modelling has confirmed
the validity of T-SNOM measurements on Fabry—Perot-like microresonators.

10.5 Far-Field Scattering Microscopy (FSM)

Although near-field optical measurements, like those described in the preceding sec-
tion, currently provide the highest available spatial resolution, there are situations
where such methods are impractical. This is especially the case if large areas need to
be imaged, and/or if the time required for collecting the image data by serial scan-
ning becomes prohibitive, or if the optical structure has a thick cladding layer which
makes the evanescent field inaccessible.

An alternative method for looking inside an optical device is using the light that
is scattered from the waveguiding regions. A condition for this to work is that small
sub-wavelength-size scatter centres should be randomly and homogeneously dis-
tributed in the waveguiding and/or cladding materials (Rayleigh scattering regime).
In that case, which occurs for many practical optical waveguide technologies, the
scattered light intensity is proportional to the guided light intensity. Even in the case
of materials showing negligible Rayleigh scattering, the method can sometimes be
used if discrete scatterers such as waveguide discontinuities are present at locations
of interest in the structure. Then, again the scattered light intensities at such intended
discrete scatterers is a measure for the local guided light intensities, so that scattered-
light images can provide information about power ratios at selected locations inside
the structure.

Because the scattered light is to be collected by a lens at a distance much larger
than the wavelength, the maximum attainable resolution is restricted to the order of
a wavelength by the diffraction limit. Although this precludes the imaging of the
field structure inside microcavities, such as shown in Fig. 10.10, other useful appli-
cations exist, such as waveguide loss measurements [21] and mapping of intracavity
power of a microring resonator [22]. In this section we will discuss the application
of the method to measure intensity distributions inside a waveguide grating [12].

10.5.1 Set-Up

The experimental set-up is schematically shown in Fig. 10.21. Our specific FSM
implementation was designed to facilitate the association of scattered light images,
that are captured by a CCD camera, with simultaneously measured transmission
spectra using a tuneable laser and a photodetector.

Requirements for the camera are linearity and high sensitivity in the wavelength
region of interest. In our case the camera could resolve 320 x 240 pixels with 12 bits
per pixel. In combination with a microscope lens, at the highest magnification each
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pixel maps to a 800 x 800 nm area on the object under test. The laser could be tuned
in the range of 1470-1600nm with 1 pm wavelength resolution.

The device under investigation is a waveguide grating such as drawn schemati-
cally in Fig. 10.22. This structure can be considered as a Fabry—Perot-like resonator.
In the non-grated waveguide sections the usual guided modes can propagate. In the
grating section the eigenmodes are the Floquet—Bloch modes of the periodic struc-
ture. The transition between grated and ungrated sections are optical discontinu-
ities which partially reflect the guided modes. Hence, a finite-length grating acts as
a Fabry—Perot resonator for the Floquet—Bloch modes.

Fig. 10.22 Schematic drawing of shallow ridge waveguide into which a grating has been etched.
Materials: Si3Ny guiding layer, n = 1.981; SiO, bottom cladding, n = 1.445; top cladding either
air (n = 1) or polymer (n = 1.5). Dimensions: w = 7um; dy = 275nm; t = Snm; A = 470 nm;
d, = 50 nm; device lengths of 500, 1000, and 2000 periods have been used
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10.5.2 Measurements

A typical set of measurement data is shown in Fig. 10.23. The camera images show
an envelope of the intensity distribution; the high spatial frequencies of the Floquet—
Bloch modes cannot be resolved with this method.

10.5.3 Interpretation

The large scale envelope variations (orders of magnitude larger than the wavelength
of the light) may be somewhat surprising. This phenomenon can be explained from
long-range phase relationships between the Fourier components of the (propagating)
Floquet—Bloch mode on the one hand and the overall propagation phase of the field,
using a coupled-mode model. These features are reproduced by model calculations
using a two-dimensional bidirectional eigenmode propagation method, shown in
Fig. 10.24 [12,13].

As described in [12], the amplitude enhancement in the resonance peak can be
used for calculating the group index of slow light that occurs in the regime close to
the photonic band edge. For the structure considered here, a maximum group index
of 14 was found using this method. Among the several slow-light characterization
methods discussed in [12], this method was found to be among the more reliable
ones. Related to this also Q of such resonances could be conveniently determined.

In conclusion, the facility to simultaneously obtain both spectral transmission
data and spatial scattered light distributions from a finite-length periodic structure
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Fig. 10.23 Combined spectral and far-field scattering measurements. a) Normalised transmission
spectrum of the waveguide grating, showing a stop-band. b) Spatially averaged scatter spectrum,
derived from camera images. ¢) Typical scattered-light images at 5 different wavelengths, indicated
by letters A—E, also shown in graphs a) and b) A: inside the stop-band, B—E Fabry—Perot like grating
resonances of order 1-4. Top figure symbolically shows the grating location and a length scale
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Fig. 10.24 Calculated magnetic field amplitude distribution along the length of the grating. Top:
field distribution in the grated waveguide cross-section (see coordinate axes in Fig. 10.21). Bot-
tom: field distribution along the centre line of the waveguiding layer. Left: lowest order mode
(corresponding to label B in Fig. 10.23); right: second order mode (label C). It can be seen that the
large-scale distribution is actually an envelope of the Floquet—Bloch mode amplitude

was found helpful for understanding the phenomena near the band edge in such
structures. The long-range periodic intensity variation of Fabry—Perot like reso-
nances of the Floquet—Bloch modes that were theoretically predicted could be ob-
served with the far-field scattering microscopy method.

10.6 Summary

Three classes of characterization techniques for optical microresonators have been
described, viz. analysis of input-output characteristics, transmission-based SNOM,
and far-field scattering microscopy. Their typical application fields and specific ad-
vantages and disadvantages have been discussed.
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Abstract. Spatial transversal resolution of scanning near-field optical microscopes depends on
the distance between a sample and the aperture of a tip and aperture diameter. When the tip
aperture — sample distance is kept constant due to the shear-force tuning fork technique then the
detectable amount of light passing through the probe decides on the smallest aperture diameter.
Energy throughput is limited by the aperture diameter which is smaller than the cut-off diameter
D =0.6A /n of modes guided in a tapered fibre. Beyond the cut-off the propagation vector becomes
imaginary and only evanescent waves reach the orifice. In simulations using the finite-difference
time-domain method we develop a concept of enhanced light transmission through tapered-fibre
metal-coated corrugated tips. Corrugation of the interface between the fibre core and metal coating,
which is structured into parallel grooves of different profiles curved inward the core, introduces ef-
ficient photon—plasmon coupling. Corrugated tips may lead to better than 20 nm SNOM resolution.

Key words: scanning near-field optical microscope — SNOM; SNOM resolution;
SNOM probes; photon—plasmon coupling; tapered-fibre metal-coated corrugated
SNOM probes

11.1 Introduction

In the classical theory of diffraction the size of the apertures was greater than the
wavelength, the screen was not conductive and the fields were treated as scalar val-
ues. These limiting assumptions were the reasons behind Bethe’s work [1], in which
he analysed diffraction of electromagnetic waves on small holes in terms of vector
theory. He was motivated by interest in microwave radiation of a small hole in a cav-
ity. A sub-wavelength pinhole in a perfectly conducting thin plane screen radiates
into the near-field with intensity proportional to (a/A)*, where a < A is the hole
diameter. The result came from calculation of fields from bogus magnetic charges
and currents in the plane of the hole. For the case of field distribution in and near the
pinhole Bouwkamp [2] adjusted this result by ensuring the continuity of the electric
field. The next step in the understanding of diffraction on tiny holes was made Levi-
atan [3], who calculated the diffracted field assumxing quasi-static surface magnetic
currents and quasi-static surface electric charges distributed in the pinhole plane
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with a = A/10. He showed, that at distances bigger than A /2 radiation of a small
aperture can be approximated as a field of a dipole. These considerations on near-
field diffracted light on small holes became important in connection with a new idea
in microscopy.

For hole-object distances a few times smaller than a, an object may deform the
aperture radiation field. Interaction of illuminating and scattered light remains an
issue in the characterization of photonic crystals. Ways to alleviate this problem are
discussed in the previous Chaps. 9 and 10.

A breakthrough in microscopy based on light collecting apertures was introduced
by Synge [4], who proposed imaging by the use of a sub-wavelength aperture scan-
ning a surface at a small distance. After years of oblivion his idea has led to the
development of scanning near-field microscopy.

Microwave imaging with resolution beyond the diffraction limit came into reality
in the seventies [5]. The first demonstration of optical resolution A /20 [6] resulted
in the development of the scanning near-field optical microscope (SNOM) [7]. In
the last 20 years near-field microscopy techniques were developed to meet specific
needs in the fields of photonic crystals, biology, plasmonics and nanooptics [8, 9].

Near-field techniques are based on imaging through sub-wavelength apertures
and make use of both propagating and evanescent waves and light—plasmon cou-
pling [10-12]. Near-field illumination and far-field detection is employed in aper-
ture SNOMs working in scattering mode and field-enhanced SNOMs based on Ra-
man scattering. In turn, far-field illumination and near-field detection is employed
in scanning tunnelling optical microscopes (STMs) and in SNOMs working in col-
lection mode. In Chap. 10 an efficient combination of SNOM and atomic force mi-
croscope (AFM) measurements called transmission-based SNOM is reported which
leads to single nanometres resolution [13].

In the following sections we address the most important issues which helped to
increase SNOM resolution. We start with a description of light transmission through
sub-wavelength size holes in surface plasmon (SP) supporting metal layers [14-16].
In fact, this enhanced transmission was discovered later than a metal coated tapered
fibre SNOM probe [6]. Recent progress in plasmonics assures that improvement
of SNOM resolution is possible. Then we present a new description of emission
of light by metal-coated probes that is consistent with experimental results. In the
following sections we summarize the state-of-the-art in the techniques of SNOM
apertureless tapered metal tips and tapered-fibre metal-coated aperture probes [17].
In the last section we present a tapered-fibre metal-coated aperture probe which due
to corrugations of the core-coating interface increases efficiency of photon—plasmon
coupling. The idea promises more accurate optical characterization techniques for
research in photonic crystals, plasmonics, and metamaterials [18, 19].
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11.2 Transmission of Light Through Sub-wavelength Apertures
and Aperture Arrays in Metal Films

Transmission through arrays of holes with a constant holes-to-screen area ratio and
varying hole diameters (that is hole number) was studied in the microwave spec-
tral range with the application to frequency selective surfaces. In these experiments
100% transmission was observed, however, the holes in question had relatively big
radii in comparison to the wavelength and transmission for individual holes was
large. Recently, extraordinarily large light transmission through arrays of holes of
sub-wavelength radii normalized to their area was discovered [14]. In the experi-
ment the intensity of observed spectral maxima of transmitted light was more than
twice larger than those impinging on the apertures. The increased transmission is
attributed to the excitation of surface plasmons-polaritons (SPPs) on the metal film.
SPPs are efficiently excited, when their momenta are equal to the sum of the mo-
menta of light and the grating:

ksP (0)) = 9

c
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where kg, is the SP wavevector; the metal dielectric function is complex &y (@) =
g, (w) +ig, (®), where |g),| > |&]; &4 and n are the dielectric constant and re-
fractive index of a lossless material surrounding the metal layer; kg = 27 /A is the
wavevector of incident light in vacuum; 6 is the angle of incidence; p is an inte-
ger and g = 27 /b is the wavevector of a 1-D array of period b. For perpendicular
illumination the generated SPPs depend only on that period, as light contributes
no momentum. When the angle of incidence changes, surface plasmons of varying
resonance frequencies satisfying Eq. (11.1) are excited.

Plasmons generated on the incident side of the film couple to plasmons on the
back side, where they radiate according to Eq. (11.1). The observed transmittance
spectra are the result of constructive coupling of light to plasmons and then to ra-
diation for those frequencies, for which plasmon momentum is equal to the grating
momentum.

Similar experiments were conducted for screens with nanoholes arranged in
a Penrose pattern. The difference in the observed transmission spectra results from
the fact that a Penrose pattern has two main vectors defining the lattice. Thus the res-
onance condition set in Eq. (11.1) is fulfilled for two wavelengths for perpendicular
incidence and two distinct maximums appear. However, the normalised intensity
peaks are lower for the Penrose pattern lattice than for the regular lattice, which has
only one main maximum [20].
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11.3 A New Model of Charge Density Distribution
on SNOM Probe Rims

To understand the physical limit and furthest practical boundary of resolution
achievable with aperture probe SNOM we need a valid model of near- and far-field
radiation emitted from a tapered-fibre metal-coated probe. Below we present an an-
alytical calculation of forward emission modes of an aperture tapered optical fibre
tip with metal coating [18].

Several SEM images of tip apexes show random nonuniformities of tip metal
coatings that arise from both etching optical fibres and metal sputtering [9,17]. Even
for linearly polarized light surface irregularities result in an induced azimuthal peri-
odicity of charge density distribution on the rim of an aperture of a tapered optical
fibre tip. Thus charge density distributions can be considered as quasi-dipoles and
multi-quasi-dipoles located solely on an edge. Assumed smear of induced dipoles
differs from previously used models where far-field radiation from mathematical
dipoles and multipoles was considered [21-23]. We admit that the assumed location
of charges exclusively on a rim does not fulfil the continuity condition that should
hold. The model neglects the radial decay of charge density what allows to write
a simple formula with azimuthal dependence

p (r,@) o< cos(N@)cos(wt) § (r—R) , (11.2)

where N is the number of quasi-dipoles induced on the aperture circumference and
R is a hole radius. The rim charge density distributions of Eq. (11.2) are illustrated in
Fig. 11.1. In all cases the charge density amplitudes are the same, what results from
a comfortable assumption that the absolute charge increases linearly with the value
of N. In reality, however, distribution of charge between quasi-dipoles of different
order N depends on an individual shape of probe random irregularities.

To calculate the near- and far-field forward emission modes we need to know rim
current values which we calculate using the law of charge and current conservation

d

—p+Vj=0 11.3
5P tVI=0, (11.3)
where j is the current density. From the charge and current densities we calculate in
3D the relevant field distributions. Time-retarded equations are employed because
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Fig. 11.1 Rim charge density distributions in arbitrary units for: a) N =1; b) N=2;¢) N =3;

d) N = 4. Values above and below zero represent positive and negative charges, respectively.

Reprinted from [18]
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Fig. 11.2 Far-field angular intensities radiated by diluted dipoles of various apertures. Reprinted
from [18]

the relation r < R < A is not valid for quasi-static approximations previously used
to describe SNOM probes radiation. When the beam coupled to the fibre probe is
linearly polarized, the quasi-dipole contributes the most to emitted radiation. Far-
field angular intensities radiated by a quasi-dipole on rims of various apertures are
shown in Fig. 11.2. In the plots of the angular intensity a minimum appears when
the wavelength-to-aperture radius ratio A /r > 3.75.

Modelled far-field angular intensities are in agreement with the experimental re-
sult of Obermiiller and Karrai shown in Fig. 11.3 [24]. They measured the intensity
values on a semicircular surface parallel to the polarization plane. The observed
far-field on-axis minimum was never explained by previously presented theoretical
models. However, an angular periodicity of rim charge density assumed before has
led to qualitative confirmation of experimentally measured intensity distributions in
the near-field of a tip [25].

We admit that the proposed model does not take into account tunnelling of light
through the metal coating as well as aperture clearance radiation what leads to an
over optimistic estimation of achievable resolution. Therefore, theoretical plots in
Fig. 11.2 are narrower than the experimental plots of Fig. 11.3. FDTD simulations of
Gaussian beam propagation in a tapered metal-coated optical fibre reported in [18]
prove that the model neglects also the non-zero value of the field within the area of
the aperture.

FDTD simulations of [18] confirm previous, e.g. [23,25], observations, that the
diameter of emitted beam and consequently SNOM resolution do not depend on
the wavelength used, but on the rim aperture and the distance between sample and
tip. When the tip—sample distance is kept small with the shear-force technique,
higher order multi-quasi-dipoles do not decrease the resolution. However, when the
tip—sample distance increases above the usual working distance in shear-force mi-
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Fig. 11.3 Normalized angular dependence of the transmitted intensity /(6) measured for aperture
diameters of 2a = 60nm (ka = 0.30), 2a = 380nm (ka = 1.89) and 2a = 3.2 um (ka = 15.9).
The detector is scanned in the plane of the polarization (6 = 0). The dash-dotted line spanning
—90° to 90° corresponds to Bethe’s theory. The dashed lines corresponds to the best Gaussian fit.
The full line corresponds to the case of magnetic and electric radiating dipoles of strength 2 and 1,
respectively, and placed perpendicular to each other in the plane of the aperture. Figure and caption
reprinted from [24]

croscopy, the beams radiated by high order multi-quasi-dipoles widen and resolution
decreases.

The model stresses the role of random nonuniformities of tip metal coating on the
polarization of radiated beams in spite of linear polarization of light coupled to the
tapered fibre. A single quasi-dipole radiates a beam that is almost linearly polarized,
as shown in Fig. 11.4a. Higher order multi-quasi-dipoles emit beams with com-
plex polarization patterns of 27t /N rotational symmetry [Fig. 11.4b and c]. When
such beams have high intensity, then observation of polarization dependant features
of a sample and the use of polarization dependant imaging enhancement reported
in [26,27] become impossible.
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Fig. 11.4 Polarization of the electric field for wavelength A = 500 nm at a distance of 25 nm from
the radiating plane for an arbitrary time frame for a) 1 quasi-dipole, b) 2 quasi-dipoles, ¢) 3 quasi-
dipoles. Reprinted from [18]
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11.4 Types of SNOM Probes

The crucial rule of near-field microscopy is that the narrower the confinement
of a scanning light beam the better is the resolution. According to Novotny and
Hecht [9] a practical limit of the resolution is given by the sum of the diameter of
the aperture of a tapered-fibre metal-coated probe and twice the skin depth d of
the metal coating, that is the distance at which the incident electric field intensity
decreases to 1/e of its value at the surface, where

A
d= e (11.4)
The value 2d corresponds to light penetration into metal layers on both sides of the
aperture. At wavelengths higher than A = 500 nm on a flat silver surface the skin
depth d is about 10 nm, however, it decreases with the thickness of the metal layer.
For wavelengths below 500 nm the skin depth sharply increases with frequency and
after a maximum at about 300 nm decreases [28].

Component 2d does not set the lowest resolution limit at 20 nm. According to
the model presented in the previous section, radiation of the rim charges is in ac-
cordance with the experimental results [24]. We rely on simulations based on time-
retarded equations, where the near- and far-field angular intensities radiated by di-
luted dipoles of various apertures were calculated with space discretization of 1 nm
and 100 nm, respectively [18]. We are not aware of any experimental data for cylin-
drical surfaces but expect that decay of electromagnetic fields depends on surface
shape and on axially symmetric surfaces should be faster than exponential.

11.4.1 Tapered-Fibre Metal-Coated Aperture SNOM Probes

Transmission properties of sub-wavelength apertures of SNOM probes can be de-
scribed as propagation of light in cylindrical metal waveguides with decreasing di-
ameter. Light is coupled into fibres and passes through a narrowing metal channel
which attenuates the signal and reduces the number of sustained modes. Guiding
properties of such waveguides are critical for imaging quality and resolution. Thor-
ough work by Novotny and Hafner shows that metal-coated cylinders guide a num-
ber modes and their type is restricted by the diameter of the dielectric core [29]. As
its size decreases the waveguide supports less and less modes until the last remain-
ing are the HE11 propagating mode and the HE1 surface one, if excited. However,
even the HE11 mode is stopped at the cut-off diameter equal to 0.6 /n and only an
evanescent field remains in the absence of the surface mode. The amount of energy
reaching the apex of the tip depends on the distance z for which evanescent solutions
are present and vanishes proportionally to exp(—kz).

An example of such a probe formed by laser-heating and pulling from a fibre-
optic cable is shown in Fig. 11.5a. These tips are characterized by small taper angles
and have typically low transmission on the order of 10~8—10~* for apertures from 30
to 100 nm [30]. To circumvent this drawback a couple of ways have been proposed.
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a) /bN c) d)

Fig. 11.5 SNOM probes (core, cladding and metal coating thicknesses are not to scale) a) typical
tapered fibre probe, b) large taper angle probe, ¢) asymmetric probe, d) triple tapered probe

One approach, through modification of the shape of probes, is to decrease the
distance over which the evanescent wave decays. This is done by increasing the ta-
per angle. Various papers have documented experiments in which large taper angles
of 80° and more were fabricated by etching techniques, usually in hydrofluoric acid
(Fig. 11.5b). Another solution is the use of an asymmetric probe (Fig. 11.5¢) sug-
gested in [31] for which the excitation efficiency of the HE11 mode is high and leads
to a tenfold increase in emitted light intensity. A similar concept of increasing the
HE11 mode strength was used in the design of a triple tapered probe (Fig. 11.5d).
Such a tip also has the advantage, that part of the light can be focused on the entrance
to the last, narrow part of the probe. In addition, the distance for which an evanes-
cent solution exists is reduced. The overall reported intensity increase reached three
orders of magnitude [32].

The second approach involves the use of a dielectric with a refractive index n
higher than that of silica, which is frequently used for the visible range probes.
Because the cut-off diameter D depends on the wavelength, which in turn depends
on the medium and is smaller for media with bigger n, D will be smaller [33].
This approach has been successfully used in silicon-based cantilever probes in the
wavelength regime for which Si is transparent. The refractive index of silicon at
A = lum is about n = 3.57 and gives A /n = 280 nm, which is smaller than most
optical wavelengths achievable in silica probes.

In the third approach, the excitation of surface plasmons in the probe can increase
light throughput. Careful design of the probe aperture also influences the spatial
distribution of the field in the vicinity of the probe, thereby offering control over
the profiles of the radiated beams. The creation of strongly localized optical spots
using SP assisted sharp ridge nanoaperture [34] and I-shaped aperture in a pyramidal
cantilever probe [35] has been recently reported.

11.4.2 Apertureless Tapered Metal SNOM Probes

Solid metal tapered wires with sharp tips generate better confined high inten-
sity near-fields than the above described aperture tapered-fibre metal-coated pro-
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bes [9, 17]. Localized surface plasmons at the tip apex are efficiently excited with
a far-field collimated polarized laser beam illuminating the tapered wire from the di-
rection perpendicular to wire axis. Excitation of SPs is most efficient when linearly
polarized light has its electric field parallel to the tip axis. A sample is illuminated
simultaneously by the far-field of the source, which excites plasmons on the tip, and
near-field radiation of the tip. Intensity of the second one usually exceeds that of
the first one by up to three orders of magnitude. Even with a high contrast of irra-
diations, separation of a signal generated by the near-field from noise introduced by
the far-field creates a problem difficult to solve [36,37]. To avoid troublesome signal
enhancement and noise removal procedures new technological solutions are sought.

In a recent approach [38], nanofocusing is achieved in a laterally tapered gold
stripe waveguide on a sapphire substrate. The crux of the efficient photon-plasmon
coupling is that SPP modes propagating on the substrate side of the interface (the
high-index side) are excited when an illuminating beam hits a sub-wavelength hole
array etched at the basis of the 60 um long tip. The ascendant high-index side SPP
modes are asymmetric, that is have opposite signs of the transverse electric field
on both sides of metal layer. Symmetric SPP modes propagating predominantly on
the low-index side of the interface, that is gold-air side of the waveguide, focus
much worse that the asymmetric ones. Better focusing of predominantly asymmet-
ric modes on the gold-sapphire interface was measured with upconversion lumines-
cence from erbium dopant. Verhagen et al. [38] reported collimation of a beam prop-
agating at the gold-sapphire interface to diameters below 100 nm. This approach to
SNOM probe formation may appear simpler than pulling and etching necessary to
fabricate tapered-fibre probes.

In the other approach the questions of detrimental far-field illumination and tech-
nically difficult coupling of light to tips are theoretically settled with the idea of
tapered-fibre metal-coated probes without an aperture at the apex [39-41]. Optical
fibre core modes couple to plasmon waves on the outer surface of the metal coating
with efficiency reaching 10% [42]. It is worth testing if in apertureless tapered-fibre
metal-coated probes this efficiency may increase when the interface between the fi-
bre core and metal layer is corrugated as suggested recently for aperture probes [19]
and if symmetric SPPs on the outer surface (the low-index side) of the metal coat-
ing are excited. A near-field beam collimation to tens of nanometres in a computer
experiment was recently reported [42].

Focusing electromagnetic waves to nearly A /100 spots is possible in other than
visible spectral ranges. A solid metal tapered tip with periodic corrugations is used
to focus THz radiation [43]. A corrugated metal cone tapered from a 0.2 to 0.02 mm
diameter focuses 0.5 mm wavelength radiation to about a 20 um size spot. At ter-
ahertz frequencies, metals behave as perfect conductors, that is electromagnetic
waves virtually do not exist inside the metal and extend a considerable distance
away. Sub-wavelength size structuring of the metal surface facilitates excitation of
highly confined, so called spoof SPPs similar to those in optical range. This gives
new perspectives for high resolution THz inspection, especially when we keep in
mind that in this case a near-field means several millimetres. Important applications
of THz imaging are expected both in medicine and security.
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11.5 Corrugated Metal-coated Tapered Fibre SNOM Probes

In aperture SNOM probes, as mentioned earlier, aperture diameter reduction leads
to resolution enhancement at the expense of the loss of signal intensity. We pro-
pose a novel method based on our analysis of rim charge radiation [18] to improve
probe energy throughput. The idea is based on the excitation of propagating SPPs
and localized plasmons which are not limited by the cut-off diameter. The role of
proposed corrugations of the dielectric core-metal coating interface inside a tapered
fibre tip is to enhance the generation of surface plasmons. The corrugations enable
coupling of the wavevectors of incident light to those of travelling plasmon waves
via the spatial frequency components of Fourier spectra of grooves. At the rim of the
tip SPPs increase current intensity, what results in enhanced quasi-dipolar radiation.

The idea of corrugations of the interface between the dielectric core and metal
coating [19] is coherent with previous studies on light transmission through tiny
holes surrounded by surface corrugations and plasmon guiding by means of struc-
tured surfaces [15,43-45].

Below we do not dwell on fabrication techniques of corrugated SNOM probes.
Our aim is to optimise their energy throughput keeping in mind that the number
of grooves should be reduced to a minimum and grooves should be shallow and as
wide as possible, to ease the etching procedure, e.g. [46,47].

We consider a fibre probe tapered from a 2 um diameter to 50 nm at the aperture.
The fibre core is made of dispersionless silica and coated with a 70 nm thick layer
of silver. The taper angle chosen is 20 degrees to reduce the simulation volume and
keep space for grooves. Moreover, at this small taper angle corrugations distinctly
manifest their impact on energy throughput. We consider 40 and 30 nm shallow
grooves with circular and oval profiles of respectively 80 and 180 nm widths shown
in Fig. 11.6a,b. We compare their performance with that of a smooth tip (Fig. 11.6¢).
For the wavelength range 450-600nm the following parameters of probe structure
are scanned: a lattice period A of corrugations; an offset, that is the relative shift s
of the lattice with respect to the apex; and a width w of oval grooves. The FDTD
simulations in 2D are made in with 0.5 nm and 3D ones with 4 nm space discretiza-
tion. We admit that 2D FDTD simulations give results more optimistic than those
made in 3D.

Fibres are illuminated with a CW Gaussian beam and a broad-band Gaussian
impulse with such dispersion that 66 is equal to the core diameter. Both signals are

Fig. 11.6 Modelled tip structures (a) with circular, (b) and oval grooves, (c¢) and the smooth one.
Colours indicate: glass core — dark grey, metal coating — light grey, vacuum — black. The pictures
show, because of clarity, only the symmetrically cut, narrow end of the tips [19]
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linearly polarized with the electric field in the plane of the structure for 2D simula-
tions.

To illustrate the influence of introduced corrugations on the energy distribution
inside the probe we present the time-averaged Poynting vector lengths in Fig. 11.7.
From left to right in columns, the energy distributions are shown for increasing
wavelengths 450, 510 and 600 nm. Cut-off diameters increase correspondingly. In
a smooth probe, for all wavelengths the incident wave does not propagate farther
than the cut-off diameter (Fig. 11.7a—c). In this case a propagating SPP on the
SiO,—Ag interface cannot be excited, because wave vectors of SPP and incident
light are mismatched. For 510 nm wavelength photon—plasmon coupling is the most
efficient for both groove profiles (Fig. 11.7¢,h). In the narrow part of the tips be-
yond the cut-off we observe energy localised at the core-coating interface, which
is a characteristic feature of SPs. Moreover, the excited plasmons are localized and
their appearance depends on the relative positions of scattering centres (grooves)
and the propagating wave cut-off.

Figure 11.8 shows dependence of energy transmission on light wavelength cal-
culated for circular and oval grooves with different lattice constants. For six circular
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Fig. 11.7 Time-averaged energy distributions in three analysed structures: smooth probe (a)—(c),
and probes with six circular grooves of A =445 nm and s = 173 nm (d)—(f), and six oval corruga-
tions of A =325 nm and s = 87 nm (g)—(i). Wavelengths are 450 nm, 510 nm and 600 nm from left
to right columns, respectively

1400 1600 1800 2000 2200 2400 2600 2R00 3000 0 1400 1600 1800 2000 2200 2400 2600 2600 A0O )0 140 1600 1800 2000
alnml x[oe] "

2200 2400 2600 2800 3000
|



228 T.J. Antosiewicz, M. Marciniak, T. Szoplik

normalized transmission

& / /
— ' s + -
2 < 3 7 4 X ~#-385 nm [}
AN
Tt =405 nm
d)‘(-'—‘u:._'_!i:__*a 425 nm
5o 500 50 600

5!
wavelength [nm]

Fig. 11.8 Transmission for SNOM probes with six corrugations and different lattice constants
calculated for the spectral range 450-600 nm: (left) circular and (right) oval. Inlets give lattice
constant A values. For each wavelength values are normalized to transmission of a smooth tip

corrugations of 80 nm width the maximum transmission exceeds that of a smooth
probe by a factor of 14 for the optimum lattice-to-width ratio A /w = 5. For oval
grooves, which are more attractive from etching feasibility point of view, there is no
such sharp dependence. Enhancement factors are close to 10 for oval groove width
180 nm and a range of lattice constants from 325 to 425 nm.

Synthesized results of simulations are presented in Fig. 11.9a—d. For both groove
profiles, the maximum transmissions normalized with respect to that of a smooth tip
are given for different ranges of lattice constants and offsets. For six circular grooves
of 80 nm width enhancement factor close to 15 is calculated for A = 395 nm and
s = 180nm at 495 nm wavelength. Spectral positions of maximum enhancements
move toward longer waves with increase of both lattice constants and offsets. For
180 nm wide six oval grooves enhancement factors close to 10 appear in a range
of lattice constants from 325 to 425 nm what is a positive feature. Namely, in spite
of technological inaccuracies the same enhancement factor is possible, although
wavelength tuning may be required. The enhancement factor of probes with oval
corrugations is linearly dependent on the offset values, bigger the offset, smaller the
gain. This is disadvantageous since the last groove cannot be arbitrarily close to the
apex because of tip fragility. For oval grooves spectral positions of maximum en-
hancements show a similar tendency as for the circular ones. Etching of six grooves
in tapered silica fibre cannot be an easy task and calculated enhancement factors
may serve only as a reference for more realistic corrugation structures with smaller
number of grooves.

In simulations we observe that the corrugations do not improve the width of the
emitted signal which still is defined by the aperture diameter and double skin depth.
This is shown in Fig. 11.10. Thus, improvement of resolution should come from the
decrease of the apex diameter while keeping the output energy at detectable levels.

Achievable widths of grooves depend on available fabrication technology [48—
50]. To our knowledge nanogroove etching in tapered SiO, fibres was never con-
sidered. It is reasonable to expect that wider grooves are easier to implement. We
assess the influence of groove width on the transmission properties of corrugated
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Fig. 11.9 Normalized transmissions at maximum (circles, left y-axis) and the spectral position
of the maximum (squares, right y-axis) calculated for six circular (a), (b) and six oval (c), (d)
corrugations as a function of lattice constant (a), (¢) and offset (b), (d). In plots (a) and (c) the
offsets are constant and equal 173 nm and 200 nm respectively; in plots (b) and (d) the lattice
periods are constant and equal 395 nm and 365 nm respectively. These plots have additional data
points which were omitted in Fig. 11.8 for clarity
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Fig. 11.10 Comparison of FWHM for a smooth probe and probes with circular (left) and oval
(right) corrugations of different lattice constants

SNOM probes. Grooves width can be changed by shifting the position of either end.
We change the width of the corrugations by 10 nm increments, separately for the
near and far end of the groove with respect to the probe aperture. In Fig. 11.11 we
observe, that in the first case for wider corrugations (Fig. 11.11(left)) the intensity of
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Fig. 11.11 Normalized transmission for SNOM probes with oval corrugations of varied widths.
With respect to Fig. 11.6b: (left) the position of the left side of the corrugations is kept constant
and the right is varied, i.e. the grooves are longer and approach the probe end; (right) the position
of the right side of the corrugations is kept constant and the left is varied, i.e. the grooves are longer
or shorter, but begin at the same place with respect to the probe aperture. Plots are labelled by the
groove width

radiated energy reaches a gain factor of 23 and the spectral location of the maximum
shifts towards shorter wavelengths.

This large enhancement results from SPs concentrating in increasingly smaller
volumes between the first corrugation and the tip apex. Their energy density is
higher and thus the radiation flux is greater than for plasmons bound in larger vol-
umes. A similar tendency of increasing transmission with a decreasing offset is also
observed when we only change the distance between the lattice and the probe apex
but not the groove width. This gives the means of increasing energy transmission by
shifting the corrugations closer to the apex of the probe. However, grooves cannot
be arbitrarily close to the end of the tip because its durability would be limited.

The second way of increasing the width of the corrugations does not affect
the groove-apex distance. Figure 11.11(right) shows that an increasing width with
a constant groove-apex distance has a negligible impact on the performance of
SNOM probes, as both the maximum transmission value and spectral location re-
main virtually unchanged. This is advantageous for fabrication purposes, as etching
relatively wide grooves presents less of a challenge than narrow ones.

A positive result, from the point of view of practical realisation, is shown in
Fig. 11.12. When the number of oval grooves is reduced from six to two enhance-
ment factors do not change considerably. For a wide range of separations between
the grooves we observe the relative enhancement by one order of magnitude within
a range of wavelengths 500-600nm. When the separation-to-width ratio increases
by 50%, enhancement factors drop to about 3.

Finally, we calculate the energy throughput of tapered fibre metal-coated corru-
gated probes of different apex diameters. As baseline we use radiation properties of
a classical, smooth 50 nm aperture probe shown in Fig. 11.13a as a horizontal line
with unity transmission. We observe that corrugated probes with large diameters
have specific spectral properties — distinct maxima at 530 nm — which are connected
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Fig. 11.12 Transmission of tips with two oval grooves of 180 nm width calculated with respect
to the transmission of a smooth metal-coated probe. Distances between grooves are shown in the
inlet. Plots are compared with the thick line corresponding to a probe with six grooves

with position of the wavelength dependent cut-off diameter relative to the corruga-
tions. In the spectral range 450-500nm decrease of the apex diameters results in
small changes of relative transmission, however, corrugated probes with diameters
30nm and 10 nm have better throughput performance than the smooth one of 50 nm
apex. In the spectral range 500-600nm decrease of the apex diameter to 10nm
drastically lowers energy throughput of corrugated probes, which falls below levels
emitted by a classical 50 nm probe.

The above results are supported by calculation of FWHM values for the same
spectral range and apex diameters from 50 to 10nm. Figure 11.13b shows that
within 490-600nm range the FWHM of beam emitted from the smallest diame-
ter tip is about 3 times smaller than that of 50 nm probe. Moreover, only for this
wavelength range all considered probes emit a well collimated beam via the apex
and a low level of noise resulting from tunnelling through the metal-coating. For
smaller wavelengths the width of the beams increases, because light leakage through
the silver coating increases with respect to the intensity of light emitted via the apex.

Detailed modelling of the tapered-fibre metal-coated SNOM probes should be
done in cylindrical coordinates, e.g. [51,52]. In the performed calculations the re-
duction of the number of dimensions to two influences the obtained results. Never-
theless, it is demonstrated that propagating surface plasmons on the dielectric-core
metal-coating interface have a cut-off, while the localised SPs do not. On the basis
of early simulations we expected, that this result will be confirmed in 3D FDTD
simulations.
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Fig. 11.13 a) Transmission of SNOM probes with one (1C) and two (2C) oval corrugations and
different aperture diameter values calculated for the spectral range 450—-600 nm. For each wave-
length transmission values are normalized to transmission of a smooth tip with a 50 nm diameter.
b) FWHM of SNOM probes with one (1C) and two (2C) oval corrugations and different diameter
values calculated for the spectral range 450-600 nm

11.6 Summary

Improvement of resolution of SNOM has remained a challenge since the first opti-
cal imaging in 1984. Several solutions were proposed and commercially available
level of 50 nm resolution has been achieved. The future progress in plasmonic and
nanophotonic devices demands resolutions even better than an eighth part of the
plasmon wavelength which on a Ag/SiO; interface is equal to about 250 nm and
corresponds to A = 440 nm in vacuum. The idea of tapered-fibre metal-coated aper-
ture probes with corrugations of the core — metal coating interface promises such
an improvement under the condition that a technique of etching narrow and shal-
low grooves in glass is developed. A resolution limit given by the sum of the apex

diameter and two skin depths of a metal used for coating can be improved due to
reduction of the first component.
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