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Preface

The idea for this book came from a textbook I used in graduate school

at Cornell University titled Introduction to VLSI Systems, by Carver Mead

and Lynn Conway. That textbook, in combination with the MOS

Implementation System (MOSIS) Service for integrated circuit prototyp-

ing and small volume production, enabled a “hands-on” learning experi-

ence that was instrumental in training a new generation of practitioners in

very large scale integrated (VLSI) circuit design, layout, and prototyping.

This approach democratized VLSI chip design and fabrication by redu-

cing the cost of VLSI circuit prototyping and shortened the turnaround

time from years to months, enabling students to design, lay out, and

submit chips for fabrication in engineering classes. By providing generic

design rules the students did not have to worry about the details for the

specific fabrication process. By aggregating small projects into multipro-

ject chips (MPCs) and MPCs into multichip wafers (MCWs), the fabrica-

tion cost was decreased by orders of magnitude.

In order to train a new generation of practitioners in MEMS design

and prototyping, it is important for students to get a similar hands-on

experience. However, hands-on courses on the design, prototyping, and

testing of microelectromechanical systems (MEMS) has largely been

restricted to universities with cleanroom facilities for semiconductor

fabrication. The number of universities with a cleanroom is limited and

cleanrooms are expensive to maintain. In addition, they provide too much

design freedom that can promulgate the mindset of needing a newMEMS

fabrication process for each new MEMS device.

The goal of this text is to guide the student through a MEMS design

experience using state-of-the-art computer-aided design tools for layout

and modeling, and to submit the design for fabrication in a robust,

standard multiproject wafer fabrication process. Many of these processes
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have mature design rules that enable the separation of design and fabri-

cation challenges. If the rules are followed, the students will get what they

have designed. While the use of a standard process leads to limitations

in the devices that can be fabricated, since the layers and layer thick-

nesses are set by the standard process, this approach has been used

successfully for the development of a number of commercially successful

MEMS devices, some of which are described in the text. By using a robust

standard multiproject wafer fabrication process, a working prototype

device can be fabricated quickly at low cost. The book also analyzes some

standard MEMS designs such as the mechanical test (M-Test) structures

that were developed by Professor Stephen Senturia’s group at MIT. The

M-Test structures are straightforward to design and lay out and provide

simple MEMS structures for post-fabrication evaluation and testing that

do not require specialized metrology equipment. By simply measuring the

pull-in voltages of these structures, which can be done with just a probe

station and a high-voltage power supply, validation of the design can be

obtained and fundamental information about the prototyping process

can be extracted.

The book includes a number of examples from student projects in

undergraduate (EE115) and graduate (EE215) MEMS design courses

that I have taught in the Department of Electrical Engineering at the

University of California Santa Cruz. In the quarter-long course the

students learn about microelectromechanical systems in various applica-

tion domains (mechanics, electrostatics, optical, thermal, and fluidic) and

then propose a design of their own to meet a set of specifications that they

are provided with. They then design their own part and use modeling

and simulation to test their designs. Finally, they lay out their designs

using state-of-the-art tools and submit them for fabrication on a class

multiproject chip that is then aggregated into a multichip wafer for

fabrication using a standard process. I encourage all students using

standard multiproject wafer fabrication processes to submit reports on

their projects for publication in future editions of this book.

The book ends with a case study of a commercial MEMS device,

a deformable mirror for applications in adaptive optics, first prototyped

using the PolyMUMPS process, that eventually went on to become a

product offered by Boston Micromachines Corporation. This case study

demonstrates that there is a “path-to-the-sea” from MEMS prototyping

in a standard multiproject wafer fabrication process to commercialization

of a robust MEMS product. Once the prototype was designed, fabricated,

and tested using a multiproject wafer fabrication process, PolyMUMPS,
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the standard process was modified as required to meet the particular

product specifications. Future editions will include additional case

studies of MEMS products that are developed from prototypes fabricated

in standard multiproject wafer processes.

In memory of ERK, LJK and LSK, and in appreciation of RSNK-A,

who took the brave steps to avoid the fate of the genetic hand she

was dealt.

Joel Kubby

University of California, Santa Cruz
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Introduction

1.1 Overview of MEMS fabrication

Microelectromechanical systems (MEMS) fabrication developed out of

the thin-film processes first used for semiconductor fabrication. To

understand the unique features of the MEMS fabrication process it is

helpful to consider the semiconductor fabrication process.

The semiconductor fabrication process is cyclic. (a) First, a thin

film is deposited on the wafer surface using thin-film deposition tech-

niques. (b) A uniform photosensitive polymer (photoresist) is then

deposited and (c) exposed to light from a mask that contains the pattern

that is desired on the thin film. (d) The photoresist is developed to obtain

the desired pattern. (e) The pattern in the photoresist is then transferred

to the thin film using an etching technique, and the photoresist is

removed. Figure 1.1 shows a cross section of the wafer at each step. This

cycle is repeated for each new layer, with some processes requiring as

many as 20 to 30 cycles.

The typical thin films that are deposited include semiconductors

(e.g., polysilicon), insulators (e.g., silicon nitride), and metals (e.g.,

aluminum). In addition, some layers are grown (oxide), diffused, or

implanted (dopants) rather than deposited using thin-film techniques.

A cross section of a complementary metal oxide semiconductor

(CMOS) process that includes six levels of metal is shown in Figure 1.2

[1]. A schematic diagram of one of the first MEMS devices, which used

semiconductor processing for fabrication, the resonant gate transistor, is

shown in Figure 1.3 [2].

The MEMS fabrication cycle, as shown in Figure 1.4, also includes

thin-film deposition and patterning, but typically the films are thicker

than the films used in microelectronics, the etching is deeper, and the
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photolithography is more challenging because the topography from the

patterning is greater [3]. The films and etches can be several microns

deep, leading to topography approaching 10 mm after seven or eight

layers have been deposited and patterned. Another difference is

(a)

(b)

(c)

(d)

(e)

Figure 1.1 The semiconductor fabrication process. (a) Thin-film deposition

(yellow), (b) photoresist deposition (blue), (c) photolithography (mask

clear and opaque; red arrows), (d) photoresist development, and (e) etching

to transfer the pattern in the photoresist into the thin film. See color plate

section.

M1

M2

M3

M4

M5

M6

2µm

Figure 1.2 A cross-section scanning electron microscope image of a six-level

metal backend structure. The insulating layers between the metal layers have

been etched away, similar to the sacrificial etch that is used to release

structures in the polysilicon surface micromachining process described

below. (Reprinted with permission from JOM Journal of the Minerals,

Metals and Materials Society.)
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that the MEMS fabrication process ends with the release of mechan-

ical elements such as beams and membranes. Since some elements are

released, the mechanical properties of the deposited films must be

controlled to avoid distortion of the released elements as they relax

under the influence of residual stress and stress-gradients, as shown in

Figures 1.5 and 1.6.

Controlling the mechanical properties of thin films can require consid-

erable process development. The mechanical properties are sensitive to

how the layers are deposited, what layers they are deposited on, what

layers are deposited on them, and the thermal history that the layers are

subjected to. As an example, each film has a unique coefficient of thermal

expansion (CTE). During a typical thin-film deposition step, the wafer

may be heated by hundreds of degrees. When the wafer is cooled the

deposited film will have a different rate of dimensional change than the

substrate, leading to a buildup of stress.

Typically each new MEMS device requires the development of a new

MEMS fabrication process, so controlling the thin-film properties in one

process does not necessarily help with control of the thin-film properties

Oxide

Polarization

Voltage

VP

Silicon substrate
Oxide

Input
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Plate

Input

Signal

Output

Output
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Voltage
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Diffusion
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Electrode

Figure 1.3 The resonant gate field effect transistor, one of the first MEMS

devices. A released metal cantilever beam forms the gate electrode over the

diffused source–drain channel. The input signal is applied to the input force

plate, which causes the cantilever beam to vibrate, modulating the current

through the transistor. Maximum vibration occurs at the resonant frequency

of the cantilever beam, enabling the device to act as a high-Q electromechanical

filter. (Reprinted with permission from IEEE Trans. Electron Devices, The

resonant gate transistor, H.C. Nathanson, W.E. Newell, R.A. Wickstrom and

J.R. Davis Jr.,#1967 IEEE.)
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in a different process. This is in contrast to the control of electrical

properties in microelectronics fabrication. Here results from one process,

such as the controlled doping of silicon by diffusion or implantation, can

be re-applied to a different process. The development of a new MEMS

process can take decades and cost millions of dollars, so it can be justified

only by market demand for the MEMS device that is eventually manu-

factured. Here we consider some standard MEMS processes that can be

used at the prototyping stage and eventually modified as required to

reach the manufacturing stage.

Figure 1.4 The MEMS prototyping cycle. Once a MEMS device has been conceived

and a fabrication process specified, it is modeled to the first order analytically and, if

required, to a higher order using computer-aided design tools capable of coupled

domain analysis (e.g., electrical, mechanical, fluidic, thermal). The design is then

finalized and a layout is generated using a layout editor that creates files (GDSII or

CIF) that are used to define the physical mask layers. Once the masks have been

written they are used to pattern the various layers of the MEMS device in multiple

processing cycles. A typical MEMS process might involve eight deposition and

patterning cycles. Typically the deposited layers are thicker, and the etches deeper,

than those used in integrated circuit fabrication. After all of the layers are deposited

and patterned, the wafer is tested, diced (sectioned), and packaged. The sacrificial

layers can be removed at either the wafer or the die level. (Reprinted with permission

from IEEE Trans. Electron Devices, MEMS: The systems function revolution, Karen

W. Markus and Kaigham J. Gabriel, #1967 IEEE.)

Compressive on top

Tensile on top

Figure 1.5 Deformation of released structures due to residual stress-gradients.

In the top figure the stress is compressive on top, resulting in a downward

deflection on release. In the bottom figure the film is tensile on top, resulting in

an upward deflection on release. See color plate section.
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1.2 Shared wafer processes

1.2.1 Multiproject wafer processes

There are a number of multiproject wafer (MPW) processes that are

available that use bulk and surface micromachining as well as

electroplating and wafer bonding. By using a robust MPW process

that has stable thin-film parameters and a well-developed set of design

rules, the prototyping challenges associated with process development

can be avoided so that the focus of the effort can be on the MEMS

design. Additional benefits are the decreased costs, because the wafer

is shared between many users, and a path-to-the-sea for product

manufacturing, because a commercial foundry is involved from the

start, providing a low-cost proof of concept to high-volume

manufacturing. A price that must be paid is that the process is already

defined and cannot be altered. The only layers that are available are

the layers that are used in the MPW process. Even the layer thickness

cannot be altered. Nonetheless, if a standard MPW process is initially

used, the foundry that provides the standard process can usually

200µM 20KV 00 017 S

Figure 1.6 Deformation of a released structure due to stress-gradients at

MCNC circa 1996. The residual stress is tensile on top of the polysilicon,

causing the released structure to bend away from the substrate after release.

In general, the polysilicon from MCNC was quite flat, but in this case an

anneal of the sacrificial doped oxide (PSG) was left out, resulting in residual

stress-gradients. (Reprinted with permission of Kristofer S.J. Pister, Berkeley

Sensor and Actuator Center, UC Berkeley.)
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provide minor changes such as the addition of a new layer or a change

to the thickness of an existing layer at the expense of higher fabrica-

tion costs.

1.2.1.1 Surface micromachining

There are a number of surface micromachining MPW processes available

that include variations in the numbers of layers as well as different layer

materials. The earliest MPW surface micromachining process offered was

the three-layer polysilicon surface micromachining process initially

developed at UC Berkeley by Roger Howe and Richard Muller [4]. This

process has been reviewed by Bustillo et al. [5]. A cross-sectional diagram

of the layer stack that is currently offered by MEMSCAP in their

PolyMUMPS process is shown in Figure 1.7 [6].

In this process, as shown step-by-step in cross section in Figure 1.7,

the surface of a 150mm substrate (n-type, 1–2 Ocm) is heavily doped

with phosphorus to a resistance of 10 O/□ to avoid charge buildup

at the substrate–nitride interface when high voltages are applied

between the substrate and the subsequent conducting layers. The

surface is protected by a blanket low-pressure chemical vapor depos-

ition (LPCVD) of a 0.6 mm thick insulating silicon nitride (90 MPa

residual tensile stress). A 0.5 mm thick layer of LPCVD polysilicon

(n-type, 30O/□, �25 MPa residual compressive stress) Poly0 is

deposited and then patterned. This layer is typically used as a ground

plane or counter-electrode and is not released. The next layer is the first

oxide layer. It is a 2 mm thick phospho-silicate glass (PSG) that is

deposited by LPCVD. This “sacrificial” oxide has a fast etch rate in

49% buffered hydrofluoric acid (HF) that allows for a quick release

(2.5 min) of nonsacrificial (i.e., not etched by HF) “structural” layers

deposited on top of it if properly spaced etch holes are included in the

structural layers, as explained later. The PSG layer is also used as a

solid source for phosphorus doping of the polysilicon layers that are in

contact with it during the thermal anneal step used to control the level

of stress in the polysilicon.

Shallow holes, approximately 0.75 mm deep, which do not go all the

way through the 2mm thick oxide, are defined using the DIMPLE mask.

These “dimple” holes are later filled in with Poly1 to form tiny stalactites

that hang down from the bottom of Poly1 to limit the amount of surface

area contact between Poly1 and Poly0. Surface forces such as van der

Waals and capillarity dominate on a microscale, which can lead to

surfaces sticking together. This is so prevalent in microelectromechanical

1.2 Shared wafer processes 7



systems that a new term has been created – “stiction.” A recommendation

is to include as many dimples as the design allows. One way to make sure

dimples are widespread is to include them between every release etch hole,

which are spaced every 30 mm, as will be described later.

Poly0 Etch Poly0 Etch P1_P2_Via Etch P1_P2_Via Etch

POLY1
POLY0

NITRIDE

SUBSTRATE

POLY0

1ST OXIDE

NITRIDE

SUBSTRATE

POLY0

Anchor1 Etch Anchor1 Etch

Dimple Etch Dimple Etch

PSG Hard Mask

1ST OXIDE

NITRIDE
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POLY0

POLY1
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1ST OXIDE
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2ND OXIDE
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2ND OXIDE

NITRIDE
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Metal Metal
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NITRIDE

SUBSTRATE

POLY1

SUBSTRATE

1ST OXIDE 2ND OXIDE
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POLY1
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Figure 1.7 PolyMUMPS three-layer polysilicon surface micromachining

process offered by MEMSCAP. Polysilicon and oxide layers are deposited

and patterned in a cyclic process, with anneal steps of the doped sacrificial

oxide between polysilicon depositions. Poly0 is an electrical layer that is not

released. Poly1 and Poly2 are structural layers that can be released. The

deposition and patterning steps shown here result in a polysilicon wheel

defined in Poly1 that is constrained by a hub defined in Poly2. Dimples

defined in POLY1 keep the wheel from becoming stuck to the Poly0 layer.

(Reprinted with permission from MEMSCAP Inc.) See color plate section.
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Holes are next cut all the way through the first oxide layer (ANCHOR1)

to anchor structures defined in Poly1 to the substrate after the PSG sacrifi-

cial spacer layer has been etched.An example is shown inFigure 1.8 [7].Note

that the polysilicon is a conformal coating, so that topographic features,

such as the anchor holes, are replicated in the layers deposited on top of

them. This replication of topography can give rise to mechanical interfer-

ences for features defined in the overlayers.

A common mistake made by those who are first learning to use a

surface micromachining process is to leave out anchors. Since you must

specify where a hole in this layer is to be placed, it is easy to leave out the

anchor hole. If no anchor hole is specified, the polysilicon that is

deposited over the oxide will be released during the sacrificial etch and

float away. A good practice to avoid this common mistake is to take cross

sections of the thin-film stack to make sure that all structures are

anchored. An example of a bond pad that was not anchored and was

released during the sacrificial etch is shown in Figure 1.9.

(a)

(c)

(e)

anchor area

anchor microsrtucture

(b)

(d)

(f) released microstrucure

polysilicon

structural material

PSG spacer materialsilicon nitride

surface material

Figure 1.8 Polysilicon surface micromachining. (a) An insulating surface

layer such as silicon nitride is deposited on the substrate. (b) A sacrificial

spacer layer, such as phospho-silicate glass (PSG), which can be etched

quickly, is deposited. (c) A hole is cut through the sacrificial layer to the

insulating layer, where the structure is to be anchored to the underlying

surface material. (d) The structural layer, in this example polysilicon, is then

deposited. The deposition is conformal and fills in the hole that had previously

been cut through the sacrificial layer. (e) The structural layer is patterned and

then (f) released. (Reprinted with permission from ITC International Test

Conference, MEMS Fabrication, Gary K. Fedder,#1967 IEEE.)
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After the ANCHOR1 holes have been etched, the first layer of

structural polysilicon that can be released, Poly1, is deposited and pat-

terned on top of Oxide1. This layer of polysilicon is 2mm thick. A thin

film of PSG (0.2 mm) is deposited on top of Poly1 to act as a solid source

for doping the top side of the polysilicon layer, and as a hard mask for

subsequent patterning of the layer. The wafer is then annealed at a high

temperature (1050�C) for an hour to relieve residual stress and to dope

the polysilicon. This high-temperature anneal leads to a low compressive

residual stress (�10 MPa) and a resistance of 10 O/□. The polysilicon

layer is doped from both the top and the bottom of the thin film simul-

taneously to minimize stress-gradients through the thickness of the thin

film. A stress-gradient is a difference in stress between the top and the

bottom layers of a thin film, and it can cause released structures to deform

to relieve the stress. A stress-gradient that is compressive on the top

causes a released structure to bend down toward the substrate, as shown

in Figure 1.5. A thin film that is tensile on top causes the release structure

to bend upward, away from the substrate. An example of deformations

caused due to stress-gradients in the early days of PolyMUMPS process

Figure 1.9 Bond pads that were not anchored are released after the sacrifi-

cial etch. Not only does this make electrical testing difficult, but the bond

pads usually end up in places you do not want them. Your neighbors on a

multiproject chip will be particularly annoyed if your parts land in their area!

The parts that do not get stuck to the chip are often observed as “floaters” in

the etch bath that is used for the sacrificial release.
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development is shown in Figure 1.6. In spite of the symmetrical doping

from the top and bottom, there will still be a slight stress-gradient that is

tensile on top and will cause cantilevers to bow upward on release. The

amount of bow will depend on the thickness of the layer and the length of

the fixed-free beam.

In addition to defining features in the Poly1 layer where Poly1 will

remain, etch holes can be defined in the Poly1 layer using the HOLE1

mask level. These etch holes are required to release Poly1 structures that

are more than 30 mm wide, and they should be separated by no more than

30 mm to ensure proper release. If additional layers of polysilicon or gold

are deposited on top of Poly1 features, the overlayers will also require

etch holes to expose the etch holes defined in Poly1. HOLE2 is used

to create etch holes in Poly2 and must surround the HOLE1 features by

2 mm, as described in the PolyMUMPS design rules [8]. HOLEM is used

to create etch holes in the gold metal layer.

Following the high-temperature anneal of Poly1 and its subsequent

patterning, another sacrificial PSG layer, Oxide2, is deposited that is

0.75 mm thick. This layer allows the release of structures that are

defined in the following polysilicon layer, Poly2. Two different anchors

are defined in this layer. To anchor structures defined in Poly2 to the

substrate, a hole through both oxide layers is patterned using ANCHOR2.

Since both layers of oxide are patterned at the same time, misalignments

between different mask layers can be avoided. If a feature defined in Poly2

is to be anchored and electrically connected to Poly1 instead of the

substrate, POLY1_POLY2_VIA is used.

A common mistake is to use a combination of POLY1_POLY2_VIA

and ANCHOR1 to anchor features defined in Poly2 to the substrate,

instead of using ANCHOR2. These two approaches for anchoring Poly2

features to the substrate are not equivalent, because Poly0 or nitride can

be exposed by the hole defined for ANCHOR1 and etched during subse-

quent patterning steps since they are unprotected by the cover layer of

Poly1 required by the design rules for the ANCHOR1 layer.

After patterning the Oxide2 layer with anchors and vias, the second

layer of released structural polysilicon is deposited, annealed, and

patterned following the procedures used for Poly1. Poly2 is 1.5 mm

thick and has a compressive residual stress of �10 MPa and a

resistance of 20 O/□. A common use for this structural layer is to

provide constraints for features defined in Poly1, such as a hub that

constrains a rotor in an electrostatic motor [9], [10] or a staple that

constrains a pin in a hinge [11], [12]. It is also possible to make a
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polysilicon layer that is 3.5 mm thick by stacking the Poly2 on top of

Poly1. An even thicker, and thus stiffer, structural layer can be formed

by trapping the Oxide2 between Poly1 and Poly2 so that it is not

etched during the sacrificial release step. This results in a Poly1/

Oxide2/Poly2 stack that is 4.25 mm thick.

The final layer is a 0.5 mm thick gold metal layer on top of Poly2 for

wires, bond pads, bimorphs, and potentially as an optically reflective

surface. The gold is deposited on top of a thin (20 nm) chrome layer to

promote adhesion. It is not possible to deposit gold on top of the Poly1

layer. For a flat mirror to be formed, the stress-induced curvature from

the metallization should be comprehended in the design [13].

Once the fabrication process has been completed the parts can be

released in a sacrificial etch of the exposed oxide layers. It is possible to

use a wet buffered HF release or a dry vapor HF release. The dry

release helps to avoid the stiction problems that can arise in a wet

release, as shown schematically in Figure 1.10. Stiction problems in a

wet HF release can be avoided by using critical point drying where the

liquid-gas phase during drying is eliminated, and thus also eliminating

the formation of a meniscus and the resultant capillary forces that can

cause released parts to come into contact with each other and stick

together [14], [15]. It is also possible to use self-assembled monolayers

that make the resultant surface hydrophobic, which will also eliminate

the formation of a meniscus. In all cases dimples help to minimize

stiction both during and after release.

mechanical layer

sacrificial layer

fluid

(a)

(b)

(c)

(d)

Figure 1.10 Stiction that can occur during the sacrificial release etch. (a) Before

sacrificial etching, the sacrificial oxide is below the mechanical layer. (b) After

the chip is removed from the etch bath it begins to dry and the remaining fluid

forms a bridge between the substrate and the mechanical layer. (c) Capillary

forces from the meniscus of the fluid exert a downward force on the cantilever

and cause it to come into contact with the substrate. (d) The surface forces, such

as Van der Waals attraction, that dominate at the microscale cause the canti-

lever to become stuck to the substrate. (Reprinted with permission from IOP

Publishing Ltd.) [15].
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1.2.1.2 Sandia Ultra-planar Multilevel MEMS Technology V

A polysilicon surface micromachining process with five layers of poly is

the Sandia Ultra-planar Multi-level MEMS Technology V (SUMMiT V)

process offered by Sandia National Laboratory. A cross section of the

layers in this process is shown in Figure 1.11.

Some of the features of this process are that there are four layers

of released micromechanical (MM) polysilicon (MMPOLY1–4), enab-

ling the fabrication of more complex structures than the two released

polysilcon layers in the PolyMUMPS process, 1 mm design rules, and

chemical mechanical polishing (CMP) of the oxide directly beneath the

upper two levels of the mechanical polysilicon. The polishing of

the upper layers of oxide eliminates the conformal topography that

builds up in the PolyMUMPs process and enables high-resolution

features to be defined in spite of the thick underlying material

stack that would otherwise cause depth of focus problems in

photolithography.

This process has been used in early prototyping of MEMS mirror

arrays for applications in adaptive optics, optical switching, and deform-

able grating arrays [16], [17]. The SUMMiT IV process was transferred

from Sandia National Laboratories to Fairchild Semiconductor Inter-

national but has since been discontinued. Fairchild was the only company

that offered this technology for foundry manufacturing.

Substrate

6 inch wafer, <100>, n-type

2.25 µ m MMPOLY4

2.25 µ m MMPOLY3

1.5 µ m MMPOLY2

1.0 µ m MMPOLY1

0.8 µ m Silicon Nitride

0.2 µ m Dimple4 backfill

0.4 µ m Dimple3 backfill

0.5 µ m Dimple1 gap
0.3 µ m MMPOLY0

0.3 µ m SACOX2

0.7 µ m PTNMETAL

0.63 µ m Thermal Oxide

2.0 µ m SACOX4

2.0 µ m SACOX3

2.0 µ m SACOX1

Figure 1.11 SUMMiT V cross section. The SUMMiT V process features five

layers of polysilicon, four of which can be released. The upper layers of

sacrificial oxide are polished, removing the topography that develops during

the conformal polysilicon depositions. (Courtesy of Sandia National Labora-

tories, SUMMiT(TM) Technologies, www.mems.sandia.gov.) See color

plate section.
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1.2.1.3 SOIMUMPS

The SOIMUMPS process is based on bulk micromachining of a silicon on

insulator (SOI) wafer using four mask levels. It was originally developed

for the fabrication ofMEMSvariable optical attenuators (VOAs) based on

the use of a thermal actuator to control an optical shutter [18]. A cross-

sectional diagram of an SOI wafer is shown in Figure 1.12.

The use of bulk micromachining of an SOI wafer offers a number of

advantages over the polysilicon surface micromachining processes

described previously. First, the use of bulk micromachining enables the

definition of thick structures. The availability of thick structures is useful

for optical devices in which the silicon is metallized to form amirror surface.

Metallization of the thin polysilicon layers in the PolyMUMPSprocess can

cause the surfaces to deform due to the stress in the metal layer [8]. The

structures are fabricated in the device layer of the SOI wafer, with a choice

of device layer thicknesses of 10 � 1 mm or 25 � 1mm. Since the minimum

design rule in patterning the SOI layer is 2 mm, features with aspect ratios of

5:1 to 10:1 are possible. Second, the device layer of the SOI wafer is single

crystal silicon with excellent and well-controlled electrical and mechanical

properties [19]. Third, the 1 mm thick buried oxide layer in the SOI wafer

provides a built-in etch stop for bulk micromachining from the front and

back sides of the wafer, simplifying the number of processing steps.

A cross-sectional view of the patterned wafer is shown in Figure 1.13.

The process uses four mask levels (PADMETAL, SOI, TRENCH, and

BLANKET METAL) that are used to pattern fine metal features on the

device layer, holes through the device layer, holes through the substrate,

and shadow-masked metal features on the device and substrate layers.

The process starts off with a 4 in. SOI wafer (substrate 1–10 O-cm, n-type,

device layer 1–10 O-cm) that is heavily phosphorus doped at the surface

(15–25 O/□) by solid source diffusion from a PSG layer during a 1 h

anneal at 1050�C in argon. The PSG is then stripped in a wet etch.

The silicon device layer is metallized with gold (500 nm Au/20 nm Cr)

and patterned with the PAD METAL mask using a photolithographic

lift-off process that is capable of defining 3 mm lines and spaces with a

3 mm alignment tolerance. This metal layer is exposed to high tempera-

tures during the subsequent process steps, so it does not provide an

optical quality surface for mirrors like the second metallization that is

patterned with the BLANKET METAL mask. Any metal features that

are defined in the first metal deposition will be in electrical contact unless

they are separated by a trench etched in the device layer since the surface

of the device layer is heavily doped with phosphorus.
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Device layer 10±1 µm or 25±1 µm

Handle wafer 400±5 µm

Buried Oxide

1±0.05 µm

Bottom side

oxide

(a)

Silicon Substrate

Metal

Bottom Oxide Shadow Mask

Frontside Protection MaterialPSG (dopant)Oxide

(c)

(d)(b)

(e)

(f) (h)

(g)

SHADOW

MASK

SHADOW

MASK

SHADOW

MASK

Figure 1.12 Silicon on insulator (SOI) wafer that is used in the SOIMUMPS

process. The device layer can be 10 � 1 mm or 25 � 1 mm thick. The handle

wafer is 400 � 5 mm thick and the buried oxide layer is 1 � 0.05 mm thick.

(Reprinted with permission from MEMSCAP Inc.) See color plate section.
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The device layer holes are patterned photolithographically using the

second-level SOI mask, and then the pattern is transferred into the device

layer using a deep reactive ion etch (DRIE) that has been developed to

avoid lateral spreading of the etch (footing) when the etch stops on the

buried oxide layer. The front side of the wafer is then protected with

a polymer-based resist, and the wafers are flipped over for patterning

the backside oxide using the TRENCH mask. The oxide is patterned

with reactive ion etching (RIE) followed by a DRIE to form the through-

wafer holes, stopping on the buried oxide layer. The buried oxide layer

exposed in the through-wafer etch is then removed in a wet etch. The front-

side protective coating is then removed in a dry etch, and the remaining

oxide is removed in a dry vapor phase HF etch to minimize stiction.

A second layer of gold metallization (600 nm Au/50 nm Cr) is then

deposited using the BLANKETMETAL as a shadow mask for pattern-

ing. The use of a shadow mask, where metal is evaporated through holes

in the mask, avoids problems with the large topography created by the

SOI etch. Any metal features on the device layer will not be in contact

with metal features deposited on the substrate because the oxide etch

results in an undercutting of the buried oxide. The shadow mask evapor-

ation that is used to deposit the second metal is a line-of-site deposition

that will not lead to a continuous electrical conductor between metal on the

device layer and metal on the substrate layer. The BLANKETMETAL

mask has a step etched into it that is brought in contact with the

SOI wafer in an exclusion zone outside the 9mm � 9mm drawing area

available to the user on the chip.

Some examples of optical devices that have been fabricated using

SOIMUMPS process are shown in Figure 1.14.

Device-layer holes

Through-wafer
hole

Etch stop on
buried oxide

Metal

Figure 1.13 Patterned SOIMUMPS wafer. Through-wafer etches are per-

formed from the front side of the wafer 10 or 25 mm deep to form device layer

holes, and from the back side 400 mm deep to form through-wafer holes.

Both etches stop on the buried oxide. (Reprinted with permission from

MEMSCAP Inc.) See color plate section.
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1.2.1.4 MetalMUMPS

The MetalMUMPS process integrates electroplating and surface and

bulk micromachining to form tall (18–22 mm) structures in nickel. The

minimum feature size in the nickel layer is 5 mm, so high-aspect-ratio

structures (4:1) can be fabricated. It was first developed for fabricating

microrelay products, but it can also be used for fabricating radio fre-

quency (RF), magnetic, and microfluidic devices. It is similar in principle

to the LIGA process, a German acronym for lithography (Lithographie),

Electroplating (Galvanoformung), and Molding (Abformung), but it also

incorporates elements of surface micromachining (polysilicon, nitride,

sacrificial PSG oxide), and bulk micromachining (KOH anisotropic

etching). The electrodeposited nickel is used in the fabrication of
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Figure 1.14 Examples of optical MEMS devices that have been fabricated in

the SOIMUMPSprocess.When the squarepad attached to themirror is pushed

down with a microprobe, the mirror is lifted up. The torsion hinges allow the

mirror to move up while at the same time being attached to the silicon layer.

When the mirror is in the upright position, the square pad attached to the

locking mechanism can be lifted and its teeth engaged into the holes in the

mirror, locking the mirror in its upright position. (Reprinted with permission

from Prof. Ash Parameswaran, School of Engineering Science, Simon Fraser

University, Burnaby, BC, Canada.)
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structural elements, polysilicon for resistors and wires, and nitride for

electrical insulation. The nickel sidewalls can be further coated with a thin

gold layer to improve the electrical conductivity for improved electrical

contact in relays. Structural elements can be released by either using

sacrificial oxide or undercutting with trenches formed in a bulk KOH

etch. An example of a microrelay formed in the MetalMUMPS process is

shown in Figure 1.15. A cross section showing all of the layers used to

fabricate the relay is shown in Figure 1.16.

The MetalMUMPs process flow starts off with a high-resistivity

(>4000 O-cm) n-type (100) silicon wafer. A 2 mm thick isolation thermal

oxide is grown on the wafer surface that provides electrical insulation

from the substrate, followed by a 0.5 mm thick PSG sacrificial oxide

(Oxide1) that can be used for releasing structures defined in the Nitride1

layer and for defining regions where the silicon trench will later be etched.

The resulting thin-film stack is shown in cross section in Figure 1.17(a).

Oxide1 is then patterned with the OXIDE1 mask and wet etched, as

shown in Figure 1.17(c). Next, a 0.35 mm thick layer of low-stress nitride

(Nitride1) is deposited. The nitride layers provide a protective

encapsulation for the polysilicon. The nitride pattern also defines a pro-

tective layer on the substrate that determines where Si trench etching

occurs. Third, a released and patterned nitride area may also be used to

provide a mechanical linkage between released metal structures that must

be isolated electrically. The nitride deposition is followed by a 0.70 mm

(a)

(b)

(c)

Relay
switch

Thermal actuatorPolysilicon heater

Figure 1.15 Microrelay fabricated in the MetalMUMPS process. (a) Overall

relay including polysilicon heaters, thermal actuators, and a relay switch.

(b) Relay switch open. (c) Relay switch closed. (Reprinted with permission

from MEMSCAP Inc.)
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thick layer of polysilicon (Poly1), as shown in Figure 1.17(d). The poly-

silicon is doped using ion implantation followed by a thermal anneal with

a final nominal resistance of 22 O/□. This Poly1 layer is then patterned

with the POLY mask, as shown in Figure 1.17(d). This layer can be used

to form resistor elements or mechanical structures, or for electrical

crossover routing.

A second 0.35 mm thick, low-stress nitride layer (Nitride2) is deposited

(Figure 1.17[e]), and the combination of Nitride1 and Nitride2 layers is

lithographically patterned with the third mask level, NITRHOLE, and

etched, as shown in Figure 1.17(f). The second sacrificial layer of PSG

oxide (1.1 mm), Oxide2, is deposited (Figure 1.17[g]) and patterned

(Figure 1.17[h]) with the fourth mask level, METANCH, and is then

wet chemically etched. The Oxide2 patterning step also provides the

pattern for the metal structure anchors. A liftoff process is used to

provide thin layers of Cr (10 nm) and Pt (25 nm) (Anchor Metal) only in

the bottom of the Oxide2 anchors (Figure 1.17[h]).

A plating base consisting of 500 nm Cu and 50 nm of Ti is deposited

(not shown in Figure 1.17). The plating base layer provides electrical

continuity across the wafer for the subsequent metal electroplating step.

The wafers are then coated with a thick layer of photoresist and patterned

with the fifth mask level (METAL), forming the stencil that will be

filled with electroplated nickel (metal), as shown in Figure 1.17(i).

Substrate Oxide 1 Oxide 2

Nitride 1

Poly

Nitride 2 Anchor Metal

Metal

Sidewall MetalIsolation Oxide

Photoresist

Figure 1.16 Cross section through the layer stack used to fabricate the

microrelay. (Reprinted with permission from MEMSCAP Inc.) See color

plate section.
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Figure 1.17 Cross sections through the MetalMUMPS process. (Reprinted with permission from MEMSCAP Inc.) See color

plate section.



Nickel (8 mO cm) is then electroplated in the photoresist stencil up to a

nominal thickness of 20 mm (Figure 1.17[j]) and then capped with a 0.5 mm

gold layer that forms a pad material suitable for wire bonding (not

shown). The photoresist stencil is then removed (Figure 1.17[k]), and a

new plating stencil for gold overplating the exposed sidewalls is applied

and patterned with the GOLDOVP (Figure 1.17[l]). First an enlarged

version of this mask is applied and used to remove the plating base in

regions where the sidewall metal is to be applied. The plating base is

chemically etched and then the enlarged version of the GOLDOVP mask

is removed, and a second layer of photoresist is patterned with an unen-

larged GOLDOVP mask.

A layer of gold, 1–3 mm thick, is then plated onto the exposed sidewalls

(Figure 1.17[m]). TheGOLDOVP resist stencil is removed (Figure 1.17[n]),

and the plating base is removed. A 49%HF solution is used to remove the

sacrificial oxide layers (Oxide1 and Oxide2), and the isolation oxide over

the trench areas (Figure 1.17[o]). Finally, an anisotropic KOH etch is

used to form a 25 mm deep trench in the areas defined by the OXIDE1 and

NITRHOLE mask layers (Figure 1.17[p]).

1.3 Design rules

Design rules are a set of guidelines that, if followed, ensure that the

MEMS fabrication process is able to fabricate what the designer intends.

The rules comprehend the processing steps and interactions between steps

that, if followed, will allow the user to get what they want. Examples of

the issues that are comprehended by design rules include the limits of

photolithography such as minimum feature sizes, the alignment between

different layers, and pattern transfer fidelity on a surface with a builtup

topography. The design rules also comprehend the limits of fabrication,

such as the etch selectivity of different thin film layers that are exposed

during a pattern transfer step, process latitude for overetching to ensure

the complete removal of a film, and how far a structure will be undercut

during a sacrificial etch step with a prescribed release etch time to ensure

release. Some examples of what can happen if the design rules are not

followed are illustrated in Figure 1.18.

In the upper part of Figure 1.18, the first oxide layer in the

PolyMUMPS process has been patterned with the ANCHOR1 mask

level, with the etch stopping on the nitride layer on the left and on the

Poly0 later on the right. A polysilicon layer, Poly1, is then deposited and
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patterned, again using a reactive ion etch with good selectivity between

polysilicon and oxide but not good selectivity with nitride. A design rule

specifies that features drawn on the mask level POLY1 used to pattern

Poly1 should enclose features drawn on the mask ANCHOR1 by at least

4 mm, as shown in Figure 1.19.

In Figure 1.18 this design rule was not followed, giving rise to a number

of problems. First, the nitride was thinned because it was exposed during

the Poly1 etch and the RIE does not have good selectivity between

polysilicon and nitride. Second, the Poly0 layer was completely etched,

thinned or breached nitride

POLY1

1st OXIDE

POLY0
NITRIDE

1st OXIDE

POLY0
NITRIDE

StringerStringer

Figure 1.18 Consequences for not following a design rule. (Top) Oxide1

layer patterned with the ANCHOR1 mask. (Bottom) Poly1 patterned with

the POLY1 mask. (Reprinted with permission from MEMSCAP Inc.)

A

Layer 1

Layer 2

A = Enclosure Boundary

Figure 1.19 Layer 1 surrounds layer 2 by at least a distance A. (Reprinted

with permission from MEMSCAP Inc.)
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because it was exposed by the previous ANCHOR1 etch and there is no

selectivity between Poly0 and Poly1 during the Poly1 etch. If this layer of

Poly0 is meant to be a wire to electrically connect two features, it would

be cut during the Poly1 etch and the intended electrical connection will

then be open. An additional problem is that the holes in Oxide1 give rise

to steps where residual Poly1 remains, giving rise to “stringer” defects

that can be unintentionally released during the sacrificial etch step. These

“stringers” can form conducting wires that electrically connect features

that were meant to be electrically isolated.

In some cases there are minimum design rules and nominal design rules

for feature sizes. The minimum design rules push the limits of what can be

done, whereas the nominal design rules are well within the limits of what

can be done. It is best to use the nominal design rules whenever possible

and only to use the minimum design rules when they are absolutely

required. Examples include routing wiring through tight spaces and

obtaining the minimum spacing for electrostatic actuators when the

electrostatic force that is generated depends on the gap spacing. There is

a tendency by novices to use the minimum design rules when they are not

required. Also, in some cases it may be desirable to violate a design rule to

obtain a desired outcome. So long as the consequences do not lead to the

failure of other layouts that are included in the multiproject wafer, such as

unanchored parts that are released during the sacrificial etch and land on

your neighbor’s space, you can ignore the design rules. In Chapter 8 we

will see a deformable mirror design in which the minimum spacing design

rule is intentionally violated to minimize the topography on a conformal

overlayer. So long as the consequences can be anticipated, the design rules

can be considered as advisory rules rather than mandatory rules.

1.4 Layout

Layout is the activity that is used to define the features on each mask

level, and the relationship between features on different mask levels.

There are a number of different computer-aided design (CAD) tools

available for layout, with some being more user friendly than others.

Some examples of layout editors include L-Edit, MEMS Pro,

IntelliSense (IntelliMask), AutoCAD, Jale3D, and Coventor (Designer).

Some layout editors come with process setup files for the available MPW

processes, which can make layouts for these processes much simpler.

Some layout tools also include the ability to do automated design rule
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checking, and to generate solid models and cross-sectional images. These

features can be very valuable for generating layouts that lead to working

parts on the first try. It is also helpful to sketch solid models and cross

sections without using these tools to gain familiarity with a given process.

A typical layout editor is fully hierarchical, with the capability to

handle any number of layers, cells with multiple layers, and cells within

cells. One word of caution is that when you import a cell from one design

into another, to be sure that the cell is copied over rather than externally

referenced. A cell that is externally referenced will not be available to

another user who is working with your layout. Usually an option is given

when importing to either copy or reference the cell. Be sure to copy it

rather than referencing it.

The layout editor may have an internal data format that is used to store

the layout, and it should also be able to generate output data files in

the formats that are commonly used by foundries. These include CIF

(Caltech Intermediate Format) and GDSII (Graphic Data System). Some

tools do not support these formats, but it may be possible to find con-

verters from one file format, such as DXF (Drawing Exchange Format),

to the required format, such as GDSII. Typically the user will transfer the

data file to the foundries mask data folder using an FTP (file transfer

protocol) command. In some cases the foundry may require the user to

submit checksum data to ensure that the file transferred correctly.

Some important features forMEMS layout editors, in comparison to IC

layout editors used inmicroelectronics chip design, are the ability to lay out

curved features (e.g., non-Manhattan geometries), because many MEMS

devices are not formed from rectangular shapes as are typically used in

microelectronic layouts. Another valuable feature is the availability of

foundry design kits that include information about the layers and process-

ing steps that are used for various MPW processes. Some examples are

� MEMSCAP’s PolyMUMPS, SOIMUMPS, and MetalMUMPS

processes [20]

� QinetiQ’s INTEGRAMplus Metal Nitride Surface Micromachining

(MPK), Deep Etch Silicon-On-Oxide Process (DPK), and 2-Layer

Polysilicon (PPK) [21]

� Tronics Microsystems’ 60 mm HARM (High Aspect Ratio

Micromachining) SOI Process [22]

� Multi-Project Wafer (MPW) for Prototyping on DALSA

Semiconductor High Voltage CMOS/DMOS Technologies with

MEMS Post-Processing option [23]
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� HBSRI – Wafer Dissolved Process [24]

� MicroFabrica’s EFAB Multiple Stack Electroplating [25]

� Sandia SUMMiT and iMEMS Processes [26]

Other desirable features include the ability to do three-dimensional (3-d)

modeling; view cross sections through the 3-d model; and design rule

checking (DRC) and libraries of standard MEMS components such as

comb-drives, bond pads, and mechanical test structures.

A screenshot of an L-Edit screen is shown in Figure 1.20. It includes a

menu (top), tool bars (top), a layout area (middle), a layer palette (left),

and a command line (bottom). In addition, it has location information

within the layout (top right).

Before using the layout editor, the technology and grid information

should be specified. In L-Edit these are set using the Set-Up Design menu.

In the example shown in Figure 1.21, the MUMPS V. 4.1 technology is

used, with the technology units set to microns. The L-Edit internal unit

specifies the precision of the internal calculations, and the conversion

factor specifies the relationship between the internal units and microns.

In the setup shown, 1 internal unit ¼ 1/1000 mm.

Figure 1.20 L-Edit screen with MEMS Pro upgrade. (Reprinted with

permission from Dr. Mary Ann Maher, SoftMEMS.)
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Under the “Grid” tab, locator units are specified.Here a locator unit is set

equal to 1000 internal units, which has been set equal to 1mm. The locator

bar (top right) in Figure 1.20 displays the location of the mouse pointer and

can be used tomeasure distances by resetting the locator to (0,0) with a right

mouse click and measuring relative to this new origin. The grid display can

also be set on this tab. Here the size of the major grid has been set to 10

locator units and the size of the minor grid set equal to one locator unit.

The individual layer can also be set up using the Setup Layers option, as

shown in Figure 1.22 (right). For the PolyMUMPS process, the layers

include Poly0, Anchor1, Dimple, Poly1, Poly1-Poly2 Via, Anchor2, Poly2,

andMetal. In addition, holes through each of the poly layers can be defined

using Hole0, Hole1, Hole2, and through the metal layer using HoleMetal.

These holes aid in defining etch release holes in each of the structural layers.

Layers can be added, deleted, copied, renamed, or rearranged. The layer

properties can be modified (thickness, stress, resistivity), and the new layers

can be derived from existing layers using Boolean operations to merge,

substract, grow, and shrink. The colors that are used for rendering the

different layers can also be changed, although it is a good idea to keep

the renderings set to the default when sharing your layout with others who

are familiar with the default colors commonly used in the process.

To the left in Figure 1.22 is the color palette for the different layers.

This is similar to the palette of colors used in a painting, and different

layers can be selected by a mouse click to change layers. Not all of the

layers shown in the color palette or the layer setup are necessarily used.

Figure 1.21 Setup design. (Reprinted with permission from Dr. Mary Ann

Maher, SoftMEMS.)
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The drawing toolbar, shown in Figure 1.23, can be used to select different

shapes that will be drawn in the layout using the layer that has been selected

from the color palette. Drawing objects include boxes, polygons, circles, pie

wedges, toruses, ports, rulers, and instances. A right mouse click on the

drawing toolbar can be used to toggle between different drawing options

such as “orthogonal,” “all angle,” and “curves.”

Some of the shapes that can be drawn are shown in Figure 1.24.

The shapes include polygons (90 degrees, 45 degrees, all-angle), wires

(90 degrees, 45 degrees, all-angle), standard curves (circles, tori, pie

wedges), and special curves (splines, ellipses, spirals, sinusoids, hyperbolas,

parabolas).

Figure 1.22 Color palette and layer setup. (Reprinted with permission from

Dr. Mary Ann Maher, SoftMEMS.) See color plate section.

Figure 1.23 Drawing toolbar. (Reprinted with permission from Dr. Mary

Ann Maher, SoftMEMS.)
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The MEMS Pro toolbar is shown in Figure 1.25. The MEMS Pro soft-

ware is an upgrade to the L-Edit software that can make layouts much

easier. It includes library elements for standard MEMS components such

as comb-drives, motors, springs, bearings, test structures, resonator elem-

ents, and fluidic elements. It also includes standard designs for bond pads.

The use of standard cells for design is highly encouraged to avoid mistakes.

A common mistake is to leave out an anchor on a bond pad so that it gets

released during the sacrificial etch, as shown in Figure 1.9. Not only do you

lose a bond pad for making a connection to your MEMS design, your

neighbors on the multiproject wafer may gain a bond pad they did not

necessarily desire!

An example of the library elements for active elements, passive elem-

ents, and resonator elements is shown in Figure 1.26. This library includes

shuttle plates, folded springs, rotary torsional springs, linear comb-drives

and rotary comb-drives, rotary motors, and test circuits. Having these

standard components available at the click of a mouse can significantly

accelerate layout.

Figure 1.24 Shapes that can be drawn using the drawing toolbar. (Reprinted

with permission from Dr. Mary Ann Maher, SoftMEMS.)

Figure 1.25 MEMS Pro toolbar. (Reprinted with permission from Dr. Mary

Ann Maher, SoftMEMS.)
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Problems

(1) Use L-Edit/MEMS Pro to lay out your name in the PolyMUMPS

process. Use the Poly0 layer to make the letters, which should

be about 100 mm tall and 50 mm wide. Once you have made your

name, make a 100 � 100 array of your name. Copy and paste

the layouts into your homework. What layers could you use if

you wanted to release the letters from the substrate to make

an alphabet soup?

(2) Use L-Edit/MEMS Pro to lay out each of the M-Test structures

(cantilever beam, fixed-fixed beam, and clamped circular diaphragm)

in the PolyMUMPS process as shown schematically in Figure 1.27 [27].

Use Poly0 for the ground plane and Poly1 for the released

structure in each layout. Use Oxide1 as the sacrificial layer to release

each of the structural elements. The figure shows a dielectric spacer to

electrically isolate the released structure from the ground plane so

that the structure can be actuated by applying a voltage V. What layer

in the PolyMUMPS process can be used to electrically isolate a
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Figure 1.26 MEMS standard cells. The use of standard cells can increase

productivity in layout while avoiding layout errors by using known good

designs. (Reprinted with permission fromDr. Mary AnnMaher, SoftMEMS.)
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released structure in Poly1 from a ground plane defined in Poly0?

If you use oxide, be sure that it is not completely etched away during

the sacrificial release step or your structure will be released! Use the

cross-section tool in MEMS Pro to find a cross section of the

structure including the anchor to the substrate. Make a solid model

Cantilever Beam

Ground Plane

Fixed-Fixed Beam

Gap

Gap

Gap

V

V +
–

+

–

V
+
–

Ground Plane

Ground Plane

Diaphragm (cut-away view)

Dielectric Spacer

Dielectric Spacer

Dielectric Spacer

Figure 1.27 M-Test structures (cantilever beam, fixed-fixed beam,

diaphragm). (Reprinted with permission from Journal of Microelectro-

mechanical Systems, M-TEST: a test chip for MEMS material property meas-

urement using electrostatically actuated test structures, P.M. Osterberg and

S.D. Senturia, #1967 IEEE.)
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of each structure. Experiment with the scaling in the z-direction.

Copy and paste your results (layouts, cross sections, and solid

models) into your homework.

(3) Lay out a released wheel in the PolyMUMPS process using Poly1 for

the wheel and Poly 2 for the hub that constrains the wheel and keeps

it from falling off of the chip [4], [5]. You should not need to use any

Poly1 for the hub! Use the cross-section tool to find a cross section of

the wheel that goes through the hub. Copy and paste your results

(layout and cross section) into your homework.

(4) Lay out a hinge in the PolyMUMPS process using Poly1 for the hinge

pin and Poly2 for the hinge staple [6], [7] as shown in Figure 1.28. Use

the cross-section tool to find a cross section of the hinge that goes

through the hinge pin along line A–A0 in Figure 1.28. Copy and paste

your results (layout and cross section) into your homework.

(5) Identify 10 different methods to produce a mechanical force on a

microscale. Determine the scaling laws for each of your methods.

(6) Read the article “There’s plenty of room at the bottom” by Richard

Feynman [28]. As you read through the article, make a list of the

predictions he made for Microsystems. What did he get right? What

did he get wrong?

(7) Read the article “Infinitesimal machinery” by Richard Feynman [29].

As you read through the article, make a list of the predictions he made

for Microsystems. What did he get right? What did he get wrong?

A

A¢

Figure 1.28 Hinge.
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2

Micromechanics

2.1 Springs

Microelectromechanical systems (MEMS) respond to forces that act on

them. The forces can either be external to the MEMS device, such as the

measurement of acceleration forces in an accelerometer, or from internal

forces, such as an electrostatic force in an actuator. In many cases the

resulting deformations can be calculated using one-dimensional linear

spring analysis based on Hooke’s Law:

F ¼ �k�: ð2:1Þ

Here the amount of deflection of the spring d is proportional to the force F

with the proportionality constant being the spring constant k. The spring

constant k is the ratio of the stimulus F to the response d. More generally,

the amount by which a material body is deformed, the strain ε, is linearly

related to the force causing the deformation, the stress s. If we consider a

beam of length L and cross-sectional area A subjected to a tensile force F,

the beam will be lengthened by an amount DL according to the relations

� ¼ F

A

N

m2
Pað Þ;

e ¼ �L

L
;

� ¼ Ee:

ð2:2Þ

Here E, the constant of proportionality between the stress s (stimulus)

and strain ε (response), is called the modulus of elasticity, or Young’s

modulus. E is a property of the material that indicates how “stiff ” it is.

Young’s modulus for polysilicon is approximately 160 GPa. Young’s

modulus for single crystal silicon depends on the crystallography. E is
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169 GPa parallel to the wafer flat for a (100) oriented wafer and 130 GPa

at 45 degrees to the wafer flat. The relation between stress and strain can

be put into the same form as Hooke’s Law, relating the lengthening

(shortening) of the beam to the tensile (compressive) force acting on it:

� ¼ Ee;

F

A
¼ E

�L

L
;

F ¼ EA

L

� �

�L;

ð2:3Þ

where the effective spring constant k ¼ EA/L. Let us consider how much a

polysilicon beam is stretched with different forces acting on it. If the beam

is 100 mm long, 5 mm wide, and 2 mm thick and is subjected to a tensile

force of 1 mN,

�L ¼ L

EA

� �

F¼ 100�10�6m

160�109Pa
� �

2�10�6m
� �

5�10�6m
� �

 !

1�10�6N
� �

¼ 6:25�10�11m

¼ 0:0625nm: ð2:4Þ

Clearly the beam is very stiff in tension and does not stretch significantly,

so it does not make a very effective spring. Nonetheless, a beam can be

used as a spring if the force is applied perpendicular to the length of the

beam, as shown in Figure 2.1.

A beam of length L that is clamped at one end and subjected to a

bending force F acting on the free end will deflect according to

F

Figure 2.1 A cantilever beam of length l subjected to a point force F applied

perpendicular to its length.
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� ¼ L3

3EI

� �

F where I ¼ wt3

12
: ð2:5Þ

Here I is the moment of inertia of the beam, where the beam has a width

w> t and the force F is pushing along the normal to the thin direction.

For our example polysilicon beam, we would get a deflection d:

� ¼ 100� 10�6 m
� �3

3 160� 109 Pa
� �

12

5� 10�6 m
� �

2� 10�6 m
� �3

 ! !

1� 10�6 N
� �

¼ 6:25� 10�7 m

¼ 0:625 mm: ð2:6Þ

which is clearly a much more effective spring! The spring constant k is

given by

k ¼ F

�
¼ 3EI

L3
¼ 3E

L3

� �

wt3

12

� �

¼ 3 160� 109 Pa
� �

100� 10�6 m
� �3

 !

5� 10�6 m
� �

2� 10�6 m
� �3

12

 !

¼ 1� 10�6 N

0:625� 10�6 m
¼ 1:6 N=m: ð2:7Þ

2.1.1 Springs connected in parallel

For springs that are connected in parallel, as shown in Figure 2.2, the

deflection of each spring, Dx, would be the same [1]:

Ftotal ¼ F1 þ F2

¼ �k1�x1 � k2�x2

¼ �ðk1 þ k2Þ�x

¼ �keffparallel�x

keffparallel ¼ k1 þ k2:

ð2:8Þ

2.1.2 Springs connected in series

For springs that are connected in series, as shown in Figure 2.3, the force

acting on each of the springs would be the same; but because they have
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different spring constants (stiffnesses), they would stretch by different

amounts, Dx1 and Dx2 [2]:

�x ¼ �x1 þ�x2 ¼
F1

k1
þ F2

k2
¼ 1

k1
þ 1

k2

� �

F

�x

F
¼ 1

keffseries
¼ 1

k1
þ 1

k2
:

ð2:9Þ

2.2 Buckling

What happens if we put a compressive force on a beam, such as using it

to push something? If it reaches a critical level of compressive stress,

called the Euler buckling limit, the beam will buckle. The critical stress is

given by:

k1

k2

x

m

Figure 2.2 Two springs connected in parallel. One spring has a spring

constant k1 and the other spring has a spring constant k2. Both are stretched

by the same amount Dx [1].

k2k1

x2x1 x

m

Figure 2.3 Two springs connected in series. One spring has a spring constant

k1 and is stretched by a distance Dx1, and the other has a spring constant k2
and is stretched by a distance Dx2. The same force F acts on both springs [2].
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�Euler ¼ � p2

3
E

t

L

� �2

: ð2:10Þ

It is worthwhile to see what compressive force would be required for our

polysilicon beam to buckle:

Fcritical

A
¼ �Euler ¼ � p2

3
E

t

L

� �2

Fcritical ¼ � p2

3
EA

t

L

� �2

¼ � p2

3
160� 109 Pa
� �

5� 10�6 m
� �

2� 10�6 m
� � 2� 10�6 m

100� 10�6 m

� �2

¼ 2 mN: ð2:11Þ

As we shall see, forces of this magnitude can be easily generated with

thermal actuators, and the critical force decreases with the square of the

beam length. In general, it is better to use beams to pull rather than to push

on objects to avoid buckling the beam!

2.3 Poisson’s ratio

In general, if we put a compressive stress on an object, it will decrease in

length. Alternatively, if we put a tensile stress on an object, it will

elongate. However, stresses imposed in one direction can lead to changes

in dimensions in other directions. The tendency can be thought of as the

preservation of volume, as shown in Figure 2.4. A familiar example of this

is the finger trap shown in Figure 2.5. As you elongate the tube, its

diameter shrinks, trapping your fingers! Poisson’s ratio u is a measure

of this tendency. Poisson’s ratio is the ratio of the relative contraction

strain, or the transverse strain (normal to the applied load), divided by the

relative extension strain, or the axial strain (in the direction of the applied

load):

n ¼ � etransvere

eaxial
¼ � ex

ey
; ð2:12Þ

where εx is the transverse strain (negative for axial tension, positive for

axial compression) and εy is the axial strain (positive for axial tension,

negative for axial compression) [3].
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Most materials have u between 0.0 and 0.5. Cork is close to 0.0,

polysilicon is around 0.22, single crystal silicon is around 0.28, most steels

are around 0.3, and rubber is almost 0.5. A perfectly incompressible

material deformed elastically at small strains would have a Poisson’s

ratio of exactly 0.5. Some materials, mostly polymer foams, have a

negative Poisson’s ratio; if these “auxetic” materials are stretched in one

direction, they become thicker in perpendicular directions.

X

y

Figure 2.4 Rectangular specimen subject to compression, with Poisson’s

ratio u � 0.5. (Reprinted with permission from Janet Kozicki at the English

Wikipedia project.)

Figure 2.5 As you pull your fingers apart you elongate the tube and shrink

the diameter, trapping your fingers tighter the harder you pull! (Reprinted

with permission from the Wikimedia Commons.)
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2.4 Shear stress and strain

In addition to deflecting a beam by pushing with a normal force P on one of

its faces, it is also possible to cause a beam to deflect by applying a shearing

force Sparallel to the surface of anobject, as shown inFigure 2.6.The anchor

applies an equal and opposite shearing force. The shear stress t is given by

t ¼ S

A

N

m2

� �

: ð2:13Þ

The shearing force S causes the beam to tilt at an angle g, called the shear

strain, where

g ¼ �

h
radiansð Þ: ð2:14Þ

The stimulus–response relationship between the shear stress and shear

strain is given by the shear modulus G:

t ¼ Gg: ð2:15Þ

It can be seen that there is a correspondence between the axial stress and

strain and the shear stress and strain:

Axial Shear

� ¼ F

A
t ¼ S

A

e ¼ �l

l
g ¼ �

h

� ¼ Ee t ¼ Gg

ð2:16Þ

Shear Force
Sδ

S

g
GE

AA

Force P

P

l l + Δ l h

Figure 2.6 Comparison of axial stress and strain (left) with shear stress and

strain (right). (Reprinted with permission from Prof. Hiroshi Toshiyoshi,

Institute of Industrial Science (IIS), The University of Tokyo, Japan.)
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For an isotropic medium such as polysilicon, the shear modulus G and

Young’s modulus E are related by

G ¼ E

2 1þ nð Þ ; ð2:17Þ

where u is Poisson’s ratio.

2.5 Beams in other situations

Beams are often subject to different boundary conditions and forces in

MEMS design. A comprehensive reference for the bending of beams in

different situations is Roark’s formulas for stress and strain [4]. We

considered a fixed-free cantilever beam that is subjected to a point load

at its free end in the spring analysis above. The fixed-free boundary

condition means that one end is fixed, so that both its displacement and

slope do not change under the applied force. The other end of the beam is

free to both move and change its slope in response to a point load F, as

shown in Figure 2.7. In that case the deflection of the beam y(x) as a

function of position x is given by

yðxÞ ¼ Fx2

6EI
3l� xð Þ I ¼ wt3

12
: ð2:18Þ

In some cases the end of a cantilever beam is not free to both displace

and change its slope, but rather the slope is fixed by an attached structure

such as a released membrane, as shown in Figure 2.8. The nonfixed end of

F

Figure 2.7 Bending of a fixed-free cantilever beam subjected to a point load

F at the free end.
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the beam is still able to be displaced, but the slope on the free end is fixed

by its attachment to something that is stiffer than the beam. This sort of

boundary condition is called a fixed-guided boundary condition. In this

case the deflection y(x) is given by

yðxÞ ¼ Fx2

12EI
3l� 2xð Þ: ð2:19Þ

If both ends of the beam are fixed (fixed-fixed) as shown in Figure 2.9

and a point load F is applied to the middle of the beam, the deflection is

given by

yðxÞ ¼ Fx2

48EI
3l� 4xð Þ 0 � x � l

2
ð2:20Þ

If a distributed load r ¼ F/L is applied along the length of a fixed-free

beam, as shown in Figure 2.10, the deflection is given by

F

Figure 2.8 Fixed-guided cantilever beam subjected to a point load F at the

guided end.

F

Figure 2.9 Fixed-fixed beam subjected to a point load F at the middle of the

beam.
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yðxÞ ¼ �x2

24EI
6l2 � 4lxþ x2
� �

: ð2:21Þ

If a distributed load r is applied along the length of a fixed-fixed beam, as

shown in Figure 2.11, the deflection is given by

yðxÞ ¼ �x2

24EI
l� xð Þ2: ð2:22Þ

2.6 Torsion

In addition to linear springs, which apply a linear restoring force when

they are stretched, a number of MEMS designs also make use of torsional

springs, which apply a restoring torque when twisted. A familiar example

is the torsion rods that support the tip-tilt mirror in the Texas Instruments

(TI) Digital Light Processing (DLP) project display. A schematic diagram

of a torsion rod is shown in Figure 2.12.

r

Figure 2.10 Fixed-free cantilever beam subjected to a distributed load r

along the length of the beam.

ρ

Figure 2.11 Fixed-fixed beam subjected to a distributed load r along the

length of the beam.
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The twist angle y in radians can be found from

� ¼ TL

KG
; ð2:23Þ

where T is the applied torque, L is the length of the torsion rod, K is the

torsional moment of inertia, and G is the shear modulus of elasticity.

A table of torsional moments can be found in Rourke’s formulas for

stress and strain. For a torsion rod with a circular cross section with

radius r, the torsional moment is given by

K ¼ 1

2
pr4: ð2:24Þ

For a torsion rod with a square cross section where the sides are of length

2a, the torsional moment is given by

K ¼ 2:25a4: ð2:25Þ

For a rectangular cross section with sides of length 2a and 2b, where

a > b, the torsional moment is given by

K ¼ ab3
16

3
� 3:36

b

a
1� b4

12a4

� �� 	

for a 	 b: ð2:26Þ

2.7 Membranes

In addition to beams, MEMS devices such as pressure sensors also

use membranes that are clamped around the edges. The deflections

T T

L

Figure 2.12 Schematic diagram of a torsion rod of length L that is

twisted by an applied torque T (from Gregory T.A. Kovacs, Micro-

machined Transducers Sourcebook, McGraw-Hill, Boston, 1998, ISBN

0-070290722-3).
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of membranes subjected to both point forces and distributed loads

(pressure) are shown in Figure 2.13.

2.8 Test structures

It is important to include test structures in the layout to measure mater-

ials’ properties such as Young’s modulus, residual stress, and stress-

gradients that can vary with the processing conditions used to fabricate

the MEMS devices. We will focus on a set of simple mechanical test

structures called M-Test structures [5]. Analogous to the electrical test

structures (E-Test) that are included in microelectronic wafers to measure

process-dependent materials properties like polysilicon resistivity and

field effect transistor thresold voltages, the M-Test structures will allow

mechanical properties like stiffness, stress, and stress-gradients to be

determined. The M-Test structures are shown in Figure 2.14. They consist

of cantilever beams (CB), fixed-fixed beams (FB), and clamped circular

diaphragms (CD) of various sizes.

As we shall see in Chapter 3 on electrostatics, these structures can be

electrostatically actuated and display a sharp threshold phenomenon

called a “pull-in” instability, where the released structure is pulled down

to the ground plane when a certain voltage threshold has been achieved.

The pull-in can be observed with a microscope, so that expensive test

with α = 0.0611 for v = 0.3
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Figure 2.13 Deflection of released membranes. (Left) Clamped circular

diaphragm with thickness t and radius r subjected to a point load P at its

center. (Middle) Clamped circular diaphragm subjected to a distributed load

q N/m2 or Pa. (Right) Clamped square diaphragm with sides of length a

subjected to a point load P at its center. (Reprinted with permission from

Prof. Hiroshi Toshiyoshi, Institute of Industrial Science (IIS), The Univer-

sity of Tokyo, Japan.)
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equipment is not required, just a variable power supply and a voltmeter.

A closed-form solution can be obtained for the pull-in voltage for each of

these structures that allows a stress parameter S and a bending parameter B

to be determined. These parameters, along with the geometric dimensions

of the test structures, enable residual stress and the Young’s modulus to be

determined. In addition, the cantilever beams will indicate stress-gradients

through the thickness of the film because a stress-gradient that is tensile on

top will cause the cantilever to bend up away from the substrate and a

stress-gradient that is compressive on top will cause the cantilever to bend

down toward the substrate, as shown in Figure 1.5. An array of fixed-fixed

beams (FB) can also indicate residual compressive stress because they will

buckle once the Euler criteria has been met. An example of an array of

cantilever beams and fixed-fixed beams is shown in Figure 2.15 [6].

+

_V

+

_V

Ground Plane

Diaphragm (cutaway view)

Ground Plane

Fixed-Fixed Beam

Gap

Gap

Dielectric Spacer

Dielectric Spacer

Figure 2.14 M-Test structures. (Top) Fixed-fixed beam (FB). (Bottom)

Clamped diaphragm (CD). (Reprinted with permission from J. Micro-

electromechanical Systems, M-TEST: a test chip for MEMS material property

measurement using electrostatically actuated test structures, P.M. Osterberg

and S.D. Senturia,#1967 IEEE.)
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Another useful test structure is the bent-beam strain sensor that is

used to measure residual tensile stress. An example is shown in

Figure 2.16 [7], [8]. Similar to a guitar string, the bent beam will tend to

straighten under tensile residual stress, pulling the vernier outward.

The bent beam will tend to bend further under a compressive residual

stress, pushing the vernier inward. By including bent-beam strain

sensors oriented in orthogonal directions, the directional dependence

of the residual stress can be measured.

Figure 2.15 Photographs showing arrayed cantilever (left) and fixed-fixed

(right) beam test structures fabricated by polysilicon surface micromachining.

Fixed-fixed beam lengths range from 300 mm to 1000 mm, and cantilevers

from 100 mm to 500 mm. (Reprinted with permission from Raj K. Gupta,

Ph.D. dissertation, Massachusetts Inst. Technol., Cambridge, MA, 1997.)
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Figure 2.16 Bent-beam strain sensor for characterization of residual

stress. Under tensile stress the arms will deflect outward. Under compres-

sive stress the arms will deflect inward. (Reprinted with permission

from J. Microelectromechanical Systems, Bent-beam strain sensors,

Y. B. Gianchandani and K. Najafi, #1967 IEEE.)
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2.9 Dampening

When microelectromechanical systems move in air, the viscous loss

(friction) can provide dampening for the device. A familiar example of

dampening in macromechanical systems is the oil dashpot that is included

in a mass–spring system, as shown in Figure 2.17 (left), which is described

by the second-order differential equation

m
d2x

dt2
þ c

dx

dt
þ kx ¼ 0: ð2:27Þ

The dampening coefficient c is the viscous dampening coefficient for a

velocity dependent force:

F ¼ �cv ¼ �c
dx

dt
: ð2:28Þ

The motion of a MEMS device through air can give rise to a viscous

force called squeezed film dampening. As shown in Figure 2.17 (right),

the MEMS device can squeeze the air film trapped in a narrow gap

Damping ModelMotion

Squeezed air damping
Transverse

Laminar flow viscosity

Tilting plate damping

Rotational

Torsion Mirror

x

ck

F

Lateral

Shutter

Chopper

Fabry-Perot

interferometer

mm

Figure 2.17 (Left) Mass (m)–spring (k) system with dampening (c). (Right)

Different forms of dampening depending on the motion of the released

MEMS component. (Top) Transverse motion squeezes the air. (Middle)

Lateral motion gives rise to a viscous force. (Bottom) Rotational motion

causes both squeezed film dampening and viscous dampening. (Reprinted

with permission from Prof. Hiroshi Toshiyoshi, Institute of Industrial Sci-

ence (IIS), The University of Tokyo, Japan.)
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between a released member and the substrate, like a piston; move

through air, like a wing; or force air from one position to another, like a

compressor. Each of these different situations is shown in Figure 2.17

(right). If the air is compressed rather than displaced, the air film can act

as a spring.

2.10 Accelerometer

An accelerometer is essentially a mass on a spring. The mass is released

from the substrate and is supported by springs. The released mass m

reacts to an external force F according to

Finertia ¼ ma ¼ m
d2x

dt2
: ð2:29Þ

If the mass is supported by springs with spring constant k, the springs

supply an elastic restoring force:

Felasticity ¼ �kx: ð2:30Þ

And if the mass moves through a viscous medium like air at a velocity v,

there will be a viscous force:

Fviscous ¼ �cv ¼ �c
dx

dt
; ð2:31Þ

where c is the dampening coefficient for air. For our initial analysis we

will consider a static acceleration so that there is no viscous force. The

force balance equation is then given by

m
d2x

dt2
¼ kx: ð2:32Þ

2.10.1 Cantilever beam

We first consider the deflection of a cantilever beam subjected to an

acceleration a. The deflection d at the end of a cantilever beam of length

L under a distributed load F/L (N/m) is

� ¼ �L4

8EI
: ð2:33Þ
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If the cantilever has a mass m that is subjected to an acceleration ng, the

load would then be nmg and the deflection would be

� ¼ nmg

L

� � L4

8EI
: ð2:34Þ

As an example, we consider a polysilicon cantilever beam that is 1mm

long, 20 mm wide, and 2 mm thick. The mass of the beam would be

m ¼ �V ¼ 2330
kg

m3

� �

1� 10�3 m
� �

20� 10�6 m
� �

2� 10�6 m
� �

¼ 9:32� 10�11 kg: ð2:35Þ

The deflection, in terms of g, would then be

�

g
¼ nm

L3

8EI
¼nm

L3

8E

� �

12

wt3

� �

¼ n 9:32�10�11kg
� � ð1�10�3mÞ3

8�160�109Pa

 !

12

ð20�10�6mÞð2�10�6mÞ3

 !

¼ n 5:46�10�3mm
� �

: ð2:36Þ

Under an acceleration of n ¼ 100 g, the cantilever beam would deflect by

0.55 mm.

2.10.2 Crash sensor

An example of an automotive crash sensor that could be used to deploy

an air-bag safety system is shown in Figure 2.18. Here a proof mass is

suspended by four fixed-guided support arms of length L that are

attached to a stiff frame. The frame is rigidly attached to the car.

The acceleration a of the proof mass is given by

a ¼ k

m
x: ð2:37Þ

For fixed-guided cantilever beams, the spring constant for each beam

would be

k ¼ 12EI

L3
¼ 12E

L3
wt3

12
¼ Ew

t

L

� �3

ktotal ¼ 4k ¼ 4Ew
t

L

� �3

:

ð2:38Þ

50 Micromechanics



If we have the support arms made from Poly2 in the PolyMUMPS pro-

cess that are 1.5 mm thick, 10 mmwide, and 1mm long, the spring constant

would be

ktotal ¼ 4k ¼ 4Ew
t

L

� �3

¼ 4 160� 109
� �

10� 10�6 m
� � 1:5� 10�6 m

1� 10�3 m

� �3

¼ 0:0216
N

m
: ð2:39Þ

If the center plate is formed from a 1mm2 stack of Poly1 (2 mm) and Poly2

(1.5 mm), the mass would be

m ¼ �V ¼ 2330
kg

m3

� �

1� 10�3 m
� �2

3:5� 10�6 m
� �

¼ 8:2� 10�9 kg: ð2:40Þ
The deflection of the plate d would then be

d ¼ m

k

� �

a ¼ 8:2� 10�9 kg

0:0216
N

m

0

B

@

1

C

A
ngð Þ

d

g
¼ 0:38

mm

g
:

ð2:41Þ

Figure 2.18 Crash sensor. (Reprinted with permission of Sandeep Akkaraju

from IntelliSuite v8.6 (2010), IntelliSense Software Corporation.)
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2.11 Pressure sensor

We next consider a small (linear) deflection of a clamped circular

diaphragm under a distributed load as an example of a pressure sensor.

The deflection d at the center of a stress-free clamped circular diaphragm

with radius r is given by

d ¼ Pr4

64D
D ¼ Et3

12ð1� n2Þ ; ð2:42Þ

where D is the flexural rigidity of the membrane. The deflection of a

circular polysilicon membrane that is 1.5 mm thick (e.g., Poly2 of the

PolyMUMPS process) with a radius r ¼ 50 mm under 1 atmosphere of

pressure (101 325 Pa) difference from the front to back would be

d ¼ ð101 325 PaÞð50� 10�6 mÞ4

64D

D ¼ ð160� 109 PaÞð1:5� 10�6 mÞ3

12ð1� ð0:22Þ2Þ

¼ 4:73� 10�8

¼ 2:3 mm: ð2:43Þ

For a square membrane with sides of length L, the deflection d at the

center of the membrane would be

d ¼ 0:0138
PL4

Et3
: ð2:44Þ

An example of a clamped square membrane with a piezoresistor around

the edge to detect the strain from the membrane deflection is shown in

Figure 2.19. The membrane and piezoresistor have been meshed for finite

element analysis.

For a 1.5 mm thick polysilicon membrane with sides that are 100 mm

long,

y ¼ 0:0138
ð101 325 PaÞð100� 10�6 mÞ4

ð160� 109 PaÞð1:5� 10�6 mÞ3
¼ 0:26 mm: ð2:45Þ

The stress at the center of a long edge would be
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� ¼ �0:3078
PL2

t2

¼ �0:3078
ð101 325 PaÞð100� 10�6 mÞ2

ð1:5� 10�6 mÞ2

¼ �1:4� 108 Pa

¼ �0:14 GPa: ð2:46Þ

If we use a piezoresistance of p44 ¼ 138� 10 �11/Pa for p-type polysilicon,

then

�R

R
¼ p44 � ¼ ð138� 10�11=PaÞð0:14 GPaÞ ¼ 0:19: ð2:47Þ

Problems

(1) Lay out a comb-drive resonator in the PolyMUMPS process using

L-Edit in MEMS Pro as shown in Figure 2.20. Use the Poly1 layer

(h ¼ 2 mm) for fabrication of the comb-drives and folded springs.

You can construct the resonator using elements from the MEMS Pro

cell library. The length of the folded springs will be L ¼ 150 mm, the

width of the beams will be W ¼ 2 mm, and they will be separated

by 18 mm. The comb-drive fingers will be 40 mm long and 3 mm

wide, with a 3 mm gap between the fingers. The fixed and released

fingers should have an undeflected overlap of 20 mm. You should

not need to use Poly2 in your layout except for the bond pads. Be

sure to use bond pads from the MEMS Pro cell library! Save the final

Figure 2.19 Clamped square membrane with a pressure P applied to

the back face. (Left) Undeflected membrane. (Right) Deflected membrane

with color keyed to displacement. (Reprinted with permission of Sandeep

Akkaraju from IntelliSuite v8.6 (2010), IntelliSense Software Corporation.)

See color plate section.
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layout file as Your-Name_Resonator.tdb and mail it to the

instructor. Make a solid model of your resonator. Experiment with

the scaling in the z-direction to make the solid model easier to

visualize.

(2) Calculate the resonant frequency for the comb-drive resonator in

Problem 1 above.

(a) First find the effective spring constant ksys for the two folded

springs, where each folded spring is made up of four beams of

length L (i.e., L ¼ 150 mm in the layout in Problem 1). Assume the

trusses joining the folded spring segments are rigid, that the

Young’s modulus for polysilicon is E ¼ 160 GPa, and that the

density of polysilicon is r¼ 2330 kg/m3. Hint: A folded spring can

be broken down into fixed-guided springs that are connected in

parallel and in series. Springs that are connected in parallel have

an effective spring constant that is the sum of the individual

spring constants, ktotal ¼ k1 þ k2, like capacitors that are

connected in parallel, where Ctotal ¼ C1 þ C2. Springs that are

connected in series have an effective spring constant given by

1/ktotal ¼ 1/k1 þ 1/k2, like capacitors that are connected in series,

2 μm

150 μm

18 μm

3 μm lines and spaces

20 μm
40 μm

Figure 2.20 Comb-drive resonator.
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where 1/Ctotal ¼ 1/C1 þ 1/C2. The spring constant for a single

fixed-guided beam is given by

kfixed�guided ¼ 12EI



L3 ¼ Eh W=Lð Þ3; where I ¼ 1=12ð ÞhW3:

(b) Use the effective spring constant ksys found above to estimate the

resonant frequency of the comb-drive resonator using the

following formula:

fr ¼
1

2p

ksys

Mp þ 0:3714M

� 	1=2

;

where MP and M are the masses of the shuttle plate and the

supporting beams, respectively. This approximate expression is

found using the Rayleigh Ritz energy method.

(c) (Extra credit) Find the resonant frequency using finite element

analysis (FEM).

(3) Assume that silicon will fracture when the axial stress reaches

�1 GPa. Find the maximum length of a vertical silicon rod that,

under the action of its own gravitational load, will not exceed this

fracture stress. Assume that the density of silicon is r ¼ 2331 kg/m3

and that the acceleration due to gravity is g ¼ 9.8 m/s2 [9].

(4) Explain how you can use the equation for the deflection of a

fixed-guided beam subjected to a point load on the guided end to

derive the equation for the deflection of a fixed-fixed beam subjected

to a point load at its center.

(5) A silicon cantilever of length L ¼ 500 mm, width W ¼ 50 mm, and

thickness t¼ 2 mm is subjected to a uniform distributed transverse load

r [N/m], where r ¼ F/L. Find the tip deflection y(L) at the end of the

cantilever [9]. Solve the equation for the force F and express the

solution in the form of Hook’s Law, F ¼ keff y(L), with an effective

spring constant keff. What is the effective spring constant keff? You can

leave your answer in terms of E, I, and L. For a load that produces a

tip deflection of 2 mm, calculate the maximum stress at the support.

Assume the Young’s modulus E ¼ 160 GPa.

(6) Produce a solid model of a fixed-free cantilever beam in the device

layer of the SOIMUMPS process using L-Edit/MEMS Pro or a

similar layout tool. An example of a cross section of a cantilever

beam (not to scale) is shown in Figure 1.1 of the SOIMUMPS

Design Handbook. If the thickness t of the beam is x mm, the width

W should be 10x mm and the length L should be 100x mm. What are

2.11 Pressure sensor 55



the allowed values for the thickness of the device layer in the

SOIMUMPS process? Derive an expression for the deflection of

the beam as a function of a point force F acting on the free end

of the beam.

(7) Design and lay out a fold-up mirror in the SOIMUMPS that is

rotated out of plane on torsion rods as shown in Figure 2.21. If the

torsion rods have a square cross section and are fabricated in a 10 mm

thick device layer of an SOI wafer, find the total torsional constant ky
if each torsion rod is L long. How much “stiffer” would torsion rods

of the same length be if they were fabricated with a square cross

section in a 25 mm device layer?

(8) Model a released mirror for a MEMS Fabry-Perot interferometer in

the SOIMUMPS process as a stiff plate (2mm � 2mm) fabricated in

the device layer of the 10 mm thick SOI wafer suspended by four

diagonal fixed-guided cantilever beams (h ¼ 10 mm thick,W ¼ 100 mm

wide, L long) at each corner of the mirror, as shown in the layout in

Figure 2.22. Find an expression for the deflection d of the mirror as a

function of the support arm length L assuming a force F is acting

vertically on the mirror. What is the longest length L for the support

arms that you can fit into the allowed 8mm � 8mm die site including

the central 2mm � 2mm mirror? You can assume the Young’s

modulus for silicon is E ¼ 169 GPa parallel to the wafer flat for a

(100) wafer and 130 GPa at 45 degrees to the wafer flat, and that

Poisson’s ratio is n ¼ 0.28.
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Figure 2.21 Torsion rods for fold-up mirror in SOIMUMPS process.

(Reprinted with permission from Prof. Ash Parameswaran, School of

Engineering Science, Simon Fraser University, Burnaby, BC, Canada.)
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Figure 2.22 Layout for a Fabry-Perot interferometer in the SOIMUMPS

process. (From Mr. Dmitry Kozak and the MEMS Design students in

EE115, Spring 2009.) See colour plate section.
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3

Electrostatic Actuation

Electrostatic actuators are commonly used in MEMS devices because

they scale well in the micro domain, use very little power, and are

straightforward to fabricate in a number of different processes. Two

common forms are parallel plate actuators and comb-drive actuators.

The parallel plate actuator is a parallel plate capacitor with one of the

plates released so that it is able to move, as shown in Figure 3.1. The

relationship between the capacitance C, voltage V, and charge Q for a

parallel plate capacitor is given by

C ¼ Q

V
; ð3:1Þ

where the capacitance C is given by

C ¼ e0
A

g
¼ e0

A

g0 � z
: ð3:2Þ

+Q

+Q

–Q

–Q

g
0

g
0

A

z

z

Figure 3.1 Parallel plate capacitor with an area A, charge Q, and an initial

gap g0. When connected to a voltage source, one plate acquires a negative

charge (�Q) and the other plate acquires a positive charge (þQ), leading to

an attractive force between the plates. The released plate moves in the

z-direction as the gap is decreased from its initial value of g0.
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e0 is the dielectric permittivity of free space, 8.85� 10�12F/m, g is the

distance between the plates (m), and A is the area of the plates (m2).

The incremental work dU done in charging the capacitor by transfer-

ring an incremental charge dQ from one plate to the other through a

voltage V is given by

dU ¼ VdQ: ð3:3Þ

Substituting for V,

dU ¼ VdQ ¼ QdQ

C
: ð3:4Þ

Integrating dU for the total work U,

U ¼
ð

QdQ

C
¼ 1

2

Q2

C
¼ 1

2
CV2: ð3:5Þ

To find the force generated by a parallel plate actuator, we can use the

principle of virtual work by considering the work done when the plates of

the capacitor are moved a small distance Dz further apart when a constant

voltage V, set by a battery, is applied between the plates. The change in

the gap causes an amount of charge DQ¼VDC to be to be transferred at a

potential V from the battery to the capacitor, changing the capacitors

stored potential energy. We can then balance the change in the potential

energy in the capacitor (DUCapacitor) with the mechanical work done to

move the plates apart (DWMechancial) and the electrical work done by

the battery (DWBattery) in transferring the charge DQ to maintain the

potential at V:

�UCapacitor ¼ �WMechancial þ�UBattery ð3:6Þ
1

2
V2

�C ¼ F�zþ V�Q ð3:7Þ

Using equation (3.1) to substitute for DQ at constant V,

Q ¼ CV ! �Q ¼ V�C Vj ! V�Q ¼ V2
�C ð3:8Þ

1

2
V2

�C ¼ F�zþ V2
�C ð3:9Þ

F�z ¼ � 1

2
V2

�C ð3:10Þ

F ¼ � 1

2
V2 �C

�z
ð3:11Þ
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We can calculate the force by taking the derivative of the capacitance with

respect to the separation between the plates:

@C

@z

�

�

�

�

V

¼ @

@z
e0

A

g0 � z

� �

¼ �e0
A

g0 � zð Þ2
ð3:12Þ

so that the electrostatic force is given by

Fe ¼ � 1

2
V2 �C

�z
¼ e0A

2

V2

g0 � zð Þ2
ð3:13Þ

Since the plate area A scales as the second power of its dimensions and the

gap scales as one of the second powers of its dimensions, the electrostatic

force in a parallel plate actuator does not scale down with decreasing

dimension. For a gap of 1mm and a voltage of 10V, the electrostatic force

would be 0.44 nN for each square micron of capacitor plate area.

In contrast to the parallel plate actuator, the comb-drive actuator

varies capacitance through a change in the overlap area between a set of

interpenetrating comb fingers, as shown in Figure 3.2 [1].

Here the initial overlap between the two sets of N fingers is t, the

sideways gap between the fingers is gs, and the gap in the tangential

N Teeth

t

x

w

g
t

g
s

Figure 3.2 Comb-drive actuator. One set of comb teeth is anchored to

the substrate and the other set of teeth is released. The N teeth are

w wide and have a separation of gs. The initial overlap between the teeth is

given by t, and the initial gap between the anchored and released teeth

is given by gt. When a voltage is applied between the two sets of teeth

there is an attractive force that draws the teeth together. The deflection of

the teeth is given by x.
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direction of motion is gt. If the thickness of the film defining the teeth

is h, then the capacitance between the two sets of fingers is given by

Cs ¼ 2N
e0h tþ xð Þ

gs
ð3:14Þ

Ct ¼ 2N
e0hw

gt � x
: ð3:15Þ

The force that can be developed by the comb-drive actuators is given by

Fs ¼ N
e0ht

gs
V2 ð3:16Þ

Ft ¼ N
e0hw

gt � xð Þ2
V2 ð3:17Þ

The gap between the teeth in the tangential direction of motion gt, which

is determined by layout, is usually designed to be much larger than the

spacing between the fingers, gs, that is determined by the minimum design

rules. To increase the total force, an array of N fingers is used.

3.1 Mechanical restoring force

A spring is typically used to apply a mechanical restoring force Fm for

electrostatic actuators, as shown in Figure 3.3. The spring can be linear,

following Hooke’s Law:

Fm ¼ �kz; ð3:18Þ

+V Fm

Fe g
0z–V

Figure 3.3 Parallel plate electrostatic actuator with a mechanical spring that

provides a restoring force Fm in opposition to the attractive electrostatic

force Fe. The initial gap is g0.
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where k is the spring constant and z is the distance the spring is either

stretched or compressed. In some situations it can be useful to use a

nonlinear spring where the restoring force does not vary linearly with

the displacement.

The force balance between the electrostatic force that pulls the released

plate down toward the fixed counter electrode and the mechanical restor-

ing force that pulls them apart can be determined graphically as shown in

Figure 3.4. The electrostatic force is shown for a few different voltages.

There are two solutions for low voltages and no solutions for the highest

voltage shown. At a critical voltage, called the “pull-in” voltage, there is

only a single solution. The electrostatic force for this single solution is

shown as a dashed line. If the voltage is increased further, the nonlinear

electrostatic force is greater than the mechanical spring force and the two

plates pull in and touch. At the critical voltage, the electrical and mech-

anical forces are equal:

Fm ¼ Fe ð3:19Þ

kz ¼ e0A

2

V2

g0 � zð Þ2
: ð3:20Þ
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Fm= Fe

0.
0

0

2

4

6

10

F
o
rc

e

8

12

14

16

18

20

Fm

Fe(V = 2)

Fe(V = 1)

Fe(V = 3)

Fe(V = 4)

Vpi

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

1.
6

1.
8

2.
0

Figure 3.4 Graphical solution for balancing the mechanical and electrical

forces. The capacitor has an initial gap g0 equal to 2.1 mm.
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The slopes of the electrical and mechanical forces are also equal:

dFm

dz
¼ dFe

dz
ð3:21Þ

k ¼ e0A
V2

g0 � zð Þ3
: ð3:22Þ

Substituting for k and solving for z,

e0A
V2

g0 � zð Þ3
z ¼ e0A

2

V2

g0 � zð Þ2
ð3:23Þ

z ¼ g0

3
: ð3:24Þ

When one-third of the initial gap has been closed, the plates snap together

or “pull in.” This pull-in instability limits the useful range of parallel plate

electrostatic actuators with linear springs. For parallel plate electrostatic

actuators formed in surface micromachining processes, the initial gap is

defined by the sacrificial layer thickness, which is practically limited to a

few microns, so that the useful actuation range is typically less than a

micron. To find the pull-in voltage, the gap at pull-in, g0/3, can be

substituted into equation (3.22) and solved for the voltage:

k ¼ e0A
V2

g0 � zð Þ3

�

�

�

�

�

z¼g0
3

¼ e0A
V2

2g0

3

� �3
¼ 27e0A

8g30
V2 ð3:25Þ

Vpull�in ¼

ffiffiffiffiffiffiffiffiffiffiffiffi

8kg30
27e0A

s

: ð3:26Þ

As an example, we consider a parallel plate actuator that is fabricated in the

PolyMUMPS process using the first released polysilicon layer, Poly1, as the

structural layer and the first oxide, Oxide1, as the sacrificial layer. We

consider two configurations for the springs: an X-beam configuration, as

shown in Figure 3.5, and a Z-beam configuration, as shown in Figure 3.6.

For the X-beam configuration, the four support springs act in parallel,

so the total spring constant K is the sum of the four individual spring

constants k. Each spring has fixed-guided boundary conditions. The

spring constant for a fixed-guided beam is given by

kfixed�guided ¼
Ewt3

l3
: ð3:27Þ
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Since the beams are fabricated in Poly1, Young’s modulus E would be

approximately 160GPa, and the thickness t would be approximately

2 mm. For support beams that are 10 mm wide and 100 mm long, the

spring constant would be k¼ 12.8N/m, and the total spring constant for

all four springs acting in parallel would be K¼ 51.2N/m.

If we assume that the released plate is 100 � 100 mm2 and approximate

it as infinitely stiff because it is 10 times wider than the support beams,

we can calculate the pull-in voltage as

Vpull-in ¼

ffiffiffiffiffiffiffiffiffiffiffiffi

8Kg30
27e0A

s

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8ð51:2 N=mÞð2� 10�6 mÞ3

27ð8:85� 10�12 F=mÞð100� 10�6 mÞ2

v

u

u

t ¼ 37 V: ð3:28Þ

Figure 3.6 Z-beam parallel plate actuator fabricated in the PolyMUMPS

process.

Figure 3.5 X-beam parallel plate actuator fabricated in the PolyMUMPS

process.
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Since the pull-in instability occurs at g0/3 for linear springs, the actuator

would pull in at approximately 0.7 mm. The useful range could be

increased to 0.9 mm by stacking the two sacrificial oxides, Oxide1 (2 mm)

and Oxide2 (0.75 mm), and fabricating the released plate in Poly2. We can

use scaling to determine the resulting pull-in voltage. Since Poly2 (1.5 mm)

is thinner than Poly1 (2.0 mm), the support springs would be more flexible

by a factor of (1.5 mm/2.0 mm)3, so that the pull-in voltage would be

decreased by a factor of (1.5 mm/2.0 mm)3/2, to approximately 24V.

The parallel plate actuator can be made more compact by folding the

support beams into the side of the actuator plates in the Z-beam configur-

ation shown in Figure 3.6. However, this configuration has a tendency to

tilt as it translates downward, so that it suffers from premature pull-in

before a displacement of one-third of the gap has been attained [2]. An

advantage of the X-beam design is that if one of the arms displaces more

than the other arms, it is stretched, which increases its stiffness, providing

an increased restoring force. This causes the plate to translate vertically

rather than tilting as it is pulled in. Once the arms deflect by more than

one arm thickness the stretching also gives rise to a nonlinear spring force,

delaying pull-in beyond one-third of the initial gap [3].

3.2 Comb-drive resonator

The comb-drive resonator shown in Figure 3.7 is a common device in

surface micromachining processes [4]. We will estimate the resonance

frequency by calculating the spring constant of the folded spring and

the mass of the released elements that are driven into resonance by

electrostatic actuation.

The folded springs are comprised of fixed-guided beams that are con-

nected in parallel and in series, as shown in Figure 3.8.

Each of the fixed-guided support beams would have a spring constant k

given by equation (3.27). The total spring constant would be K¼ 2k. If we

fabricate the folded spring in Poly1 of the PolyMUMPS process, and if

the individual spring elements are l¼ 150 mm long and the minimum

feature size w¼ 2 mm wide, the spring constant would be

K ¼ 2kfixed-guided ¼
2Ewt3

l3
¼ 2

ð160� 109 PaÞð2�10�6 mÞð2�10�6 mÞ3

ð150�10�6 mÞ3

¼ 1:5 N=m: ð3:29Þ
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We can estimate the mass of the released elements by considering the

shuttle mass and support beams to be concentrated at one point. The

mass of the eight polysilicon support beams would be

Mbeams ¼ 8�V ¼ 8ð2:3� 103 kg=m3Þð2� 10�6 mÞð2� 10�6 mÞð150� 10�6 mÞ
¼ 1:1� 10�11 kg: ð3:30Þ

3 μm lines and spaces

18 μm

2 μm

150 μm

20 μm
40 μm

Figure 3.7 Comb-drive resonator.

l

w

Figure 3.8 Folded spring with fixed-guided beams of length l, width w, and

thickness t.
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The two 10� 150 mm connecting beams would have a mass of

Mconnectors ¼ 2�V ¼ 2ð2:3� 103 kg=m3Þð2� 10�6 mÞð10� 10�6 mÞð150� 10�6 mÞ
¼ 1:4� 10�11 kg: ð3:31Þ

If the shuttle is made up of two plates that are 50 � 100 mm and are

connected by a plate that is 50 � 150 mm, the mass of the shuttle would be

Mshuttle ¼ ð2:3� 103 kg=m3Þð2ð50� 10�6 mÞð100� 10�6 mÞð2� 10�6 mÞ
þ ð50� 10�6 mÞð150� 10�6 mÞð2� 10�6 mÞÞ
¼ 8:1� 10�11 kg: ð3:32Þ

The total mass would be the sum of the beams, connectors, and

shuttles, or 10.6 � 10–11kg. The resonant frequency can then be approx-

imated by

fR ¼ 1

2p

ffiffiffiffi

k

m

r

¼ 1

2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1:5 N=m

10:6� 10�11 kg

s

¼ 18:9 kHz: ð3:33Þ

3.3 Cantilever beam resonator

A fixed-free cantilever beam M-Test structure fabricated in Poly1 of the

PolyMUMPS process can also be used as a resonator by exciting it into

resonance with an AC drive signal applied to a Poly0 counter-electrode

defined below the end of the beam. To estimate the resonant frequency we

use the spring constant for a fixed-free beam that is 20 mm wide and

150 mm long subjected to a point load at its free end:

k ¼ Ewt3

4l3
¼ ð160� 109 PaÞð20� 10�6 mÞð2� 10�6 mÞ3

4ð150� 10�6 mÞ3
¼ 1:9 N=m ð3:34Þ

Mbeam ¼ �V ¼ ð2:3� 103 kg=m3Þð2� 10�6 mÞð20� 10�6 mÞð150� 10�6 mÞ
¼ 1:4� 10�11 kg: ð3:35Þ

The resonant frequency would then be approximately

fR ¼ 1

2�

ffiffiffiffi

k

m

r

¼ 1

2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1:9 N=m

1:4� 10�11 kg

s

¼ 58:6 kHz: ð3:36Þ
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3.4 Fixed-fixed beam resonator

The fixed-fixed beam M-Test structure is stiffer than the fixed-free canti-

lever beam test structure, and would have a higher resonant frequency.

Assuming a point load due to a Poly0 counter-electrode below the center

of the beam, the spring constant for a fixed-fixed beam that is 20 mm wide

and 150 mm long subjected to a point load at its middle would be

k ¼ 2
Ewt3

l3
¼ 2

ð160� 109 PaÞð20� 10�6 mÞð2� 10�6 mÞ3

ð150� 10�6 mÞ3

¼ 15:2 N=m: ð3:37Þ

The resonant frequency would then be approximately

fR ¼ 1

2�

ffiffiffiffi

k

m

r

¼ 1

2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

15:2 N=m

1:4� 10�11 kg

s

¼ 166 kHz: ð3:38Þ

Problems

(1) Calculate the voltage that will be required to deflect the mirror for

the Fabry-Perot interferometer you designed in Chapter 2 using

an electrostatic actuator. You can assume that the area of the parallel

plate capacitor is the same as the 2 � 2 mm mirror surface. Assume

the initial gap is 2.4 mm and that you need to be able to deflect the

mirror surface until the final gap is two-thirds of the initial value,

or 1.6 mm.

(2) Explain in words why a parallel plate actuator such as the one shown

in Figure 3.3 exhibits a pull-in instability.

(3) Two M-Test structures [5] are shown in Figure 3.9. These test

structures are useful for characterizing the mechanical properties of

thin films such as Young’s modulus, Poisson’s ratio, and residual

stress. They are also very common elements in MEMS design. In this

problem we will determine the pull-in voltage of the cantilever beam

(CB) and fixed-fixed beam (FB) analytically.

(a) Lay out each of these structures in L-Edit. Define the released

structure (cantilever beam or fixed-fixed beam, both 500 mm long

and 100 mm wide) in Poly1. Instead of the dielectric spacer, as

shown in Figure 3.9, use a polysilicon anchor to nitride. Make the

ground plane in Poly0. You can start the ground plane after the
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nitride anchor. Use Oxide1 to define a 2 mm gap between the

released structure and the Poly0 ground plane.

(b) Make a solid model of each of these structures using MEMS Pro.

Draw representative cross sections through your structures.

(c) Calculate the pull-in voltage for each of these structures

analytically for the following dimensions:

Cantilever Beam

Fixed-Fixed Beam

Diaphragm (cut-away view)

Ground Plane

Ground Plane

Ground Plane

Dielectric Spacer

Dielectric Spacer

Dielectric Spacer

Gap

V
+
–

V
+
–

V +
–

Gap

Gap

Figure 3.9 M-Test structures. Cantilever beam (top) and fixed-fixed beam

(bottom). (Reprintedwithpermission fromJ.Microelectromechanical Systems,

M-TEST: a test chip for MEMS material property measurement using electrostati-

cally actuated test structures, P.M. Osterberg and S.D. Senturia,#1967 IEEE.)
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Fixed-fixed beam (FB): Same as above

Assume the following materials properties:
� Young’s Modulus E¼ 160 GPa

� Poisson’s ratio n¼ 0.2

� Transverse stress gradient¼ 0

� Oxide1 thickness¼ 2 mm

� Poly1 thickness¼ 2 mm

You may also assume that each of these structures can be

approximated as an ideal parallel plate actuator, and that there is a

uniform electrostatic load on each of them, as shown in Figure 3.10. You

can also ignore the length of the beam taken up by the anchors in your

calculations, and any fringing effects of the fields. The displacements

would then be given by

Cantilever beam:

yðxÞ ¼ �x2

24EI
6‘2 � 4‘xþ x2
� �

:

Fixed-fixed beam:

yðxÞ ¼ �x2

24EI
‘� xð Þ2;

where the moment of inertia I is given by

I ¼ wt3

12
:

To calculate the pull-in voltages, first determine an effective spring constant

km for each of the structures. Note that the maximum displacement for

the cantilever beam occurs at x¼ L and that the maximum displacement

of the fixed-fixed beam occurs at x¼ L/2. Then calculate their initial

capacitance C0. The pull-in voltage can then be found from equation

(4.18) in Liu [6]:

Vp ¼
2x0

3

ffiffiffiffiffiffiffiffiffiffiffiffi

km

1:5C0

r

:

Cantilever beam (CB): Length Width

300 mm 100 mm

400 mm 100 mm

500 mm 100 mm
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(4) Show that the electrostatic force FE of a “pull-pull” comb-drive

actuator, as shown schematically in Figure 3.11, can be linearized

in voltage by applying VL¼Vbias – v to the left set of fixed comb-

drive fingers and VR¼Vbias þ v to the right set of fixed comb-drive

fingers.

r

ρ

Figure 3.10 Cantilever beam under uniform load r ¼ F/L (N/m) (top), fixed-

fixed beam (bottom).

VL Vbias

VL
2

= – n VR Vbias + n=

FE
LEFT ∝ VR

2
FE

RIGHT ∝

Figure 3.11 Pull-pull comb-drive. (Reprinted with permission from Prof.

Hiroshi Toshiyoshi, Institute of Industrial Science (IIS), The University of

Tokyo, Japan.)
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(5) A parallel plate electrostatic actuator with a variable capacitance

C1 is in series with a fixed feedback capacitance C2, as shown in

Figure 3.12 [7].

� Find the total capacitance of the system at zero-voltage (e.g., the

gap g of the variable capacitor is g0). Assume both capacitors have

the same area A and define R¼C1(V¼ 0)/C2.

� Find the voltage across the variable capacitor.

� Find the electrostatic force as a function of the supply voltage.

� Derive the stability condition (pull-in). Show that the pull-in

displacement depends on the value of the feedback capacitance.

� If we would like to eliminate pull-in completely, what capacitance

value (measured in terms of the capacitance value of the parallel

plate actuator) should we use?

(6) Find the size of the gap z at pull-in relative to the initial gap g0 for an

electrostatic parallel plate actuator with a nonlinear spring that

follows Snook’s Law:

Fm ¼ �kz3: ð3:39Þ

Spring
constant K

C1
g

0

C2

Vs

Figure 3.12 Parallel plate electrostatic actuator with a feedback capacitor.

The top plate of capacitor C1 has been released and the bottom plate is fixed

in position. The spring provides a mechanical restoring force to the attractive

electrostatic force when a voltage VS is applied. Both the top and bottom

plates of capacitor C2 are fixed.
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4

Optical MEMS

Optical MEMS are based on reflection, refraction, diffraction, and

interference of light. MEMS technology is well suited for optical applica-

tions because light has no mass and so typically only small forces

are required for actuation, and light can be passed through an optical

window that protects the device from the ambient environment.

A number of optical MEMS devices have made it to market including

digital projectors, projection TVs, scanners, and displays, both for hand-

held devices and for head mount displays. Many optical MEMS devices

were also developed during the “dot com” bubble, including optical

switches, cross-connects, variable optical attenuators, tunable lasers,

and tunable filters, although most of these devices never made it to

market due to the bursting of the bubble. Some of these development

efforts made use of the same multiproject wafer processes in their early

prototyping stages and will be examined in detail as case studies here.

4.1 Reflecting cantilever beam optical modulator

One of the earliest optical MEMS devices used the electrostatic deflection

of an array of cantilever beams in combination with a galvo scanner to

form a projection display system as shown in Figure 4.1 [1]. The cantilever

beams were metal-coated silicon dioxide, but they could also be formed in

polysilicon using the MUMPS process or in single crystal silicon in the

SOIMUMPS process.

The electrostatic deflection of a cantilever beam has been derived

by Petersen [2] and Kovacs [3]. The deflection of a cantilever beam of

width w and length l due to a point load F acting on the end of a beam was

found to be
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yðxÞ ¼ Fx2

6EI
3l� xð Þ I ¼ wt3

12
: ð4:1Þ

If we consider a normalized point force q(x) ¼ F(x)/A acting on a small

segment of the cantilever beam wdx at the position x,

dy ¼ x2

6EI
ð3l� xÞdF ¼ x2

6EI
ð3l� xÞqðxÞwdx: ð4:2Þ

For an electrostatic force on the cantilever with an initial gap d0, the force

would be

FðxÞ ¼ e0A

2

V2

d0 � dðxÞð Þ2
! qðxÞ ¼ FðxÞ

A
¼ e0

2

V2

d0 � dðxÞð Þ2
: ð4:3Þ
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Optics
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Silicon

Aperture

Ground-Glass

Screen

Galvanometer

(40 Hz)

50 µm

50 µm

Figure 4.1 MEMS projection display that uses a 16-element array of canti-

lever beams to modulate light. Light that is reflected off the cantilever

beam array into the aperture is scanned across a ground-glass screen by

a galvo scanner to form a projection image. (Reprinted with permission

from Proc. IEEE, Silicon as a mechanical material, Kurt E. Petersen,

#1967 IEEE.)
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The total tip deflection can be found from integrating the incremental

deflection along the length of the cantilever beam:

yðlÞ ¼
ð

l

0

x2

6EI
ð3l� xÞqðxÞwdx ¼ e0wV

2

12EI

ð

l

0

x2ð3l� xÞ
d0 � dðxÞð Þ2

dx: ð4:4Þ

To solve this equation in closed form, Kovacs made a parabolic approxi-

mation for the gap d(x) as a function of the tip deflection y(l):

dðxÞ � x

l

� �2

yðlÞ ð4:5Þ

yðlÞ � e0wV
2

12EI

ð

l

0

x2ð3l� xÞ

d0 �
xyðlÞ
l

� �2
dx; ð4:6Þ

which can be solved for y(l). To find the pull-in voltage Vpi, this equation

can be solved for y(l) ¼ d0.

The problem can also be solved using coupled electromechanical

modeling in IntelliSuite with the deflection of the cantilever beam shown

in Figure 4.2.

Another possibility for driving the cantilever beam light modulator

would be to form a bimorph that is heated to cause it to deflect. A gold

Displacement Z µm

X

Y

5.83865e-009

–0.0142402

–0.0284804

–0.0427205

–0.0569607

–0.0712009

–0.0854411

–0.0996813

–0.113921

–0.128162

–0.142402

–0.156642

Figure 4.2 Deflection of an electrostatically actuated cantilever beam solved

in IntelliSuite. (Reprinted with permission of Sandeep Akkaraju from

IntelliSuite v8.6, 2010, IntelliSense Software Corporation.) See color plate

section.

76 Optical MEMS



coating on a silicon or polysilicon beam would provide the required

CTE mismatch and reflectivity, so long as it is kept below the gold/silicon

eutectic temperature.

4.2 Single-axis torsional mirror

A single-axis galvo scanner can be fabricated in the SOIMUMPS by

forming the mirror in the device layer of the SOI wafer and bonding the

SOI wafer to a glass wafer that has counter-electrodes to form an electro-

static actuator (see Figure 4.3). By using a SOI wafer a thick mirror can

be obtained that is useful to minimize static mirror deformations when it

is metallized and dynamic mirror deformations when it is actuated. The

SOIMUMPS process offers SOI device layers thicknesses of 10 mm or

25 mm. A schematic diagram of a tip-tilt mirror used for a laser scanner

formed in a silicon wafer and bonded to a glass wafer that has counter-

electrodes is shown in Figure 4.4 [4], [5], [6]. The CTE of the glass wafer

(Corning 7740) was matched to the CTE of the silicon mirror wafer.

A 50 mm thick resist was used as a spacer layer to form the gap between

the mirror and the counter-electrodes.

The deflection angle y0 of a single-axis torsional mirror as a function of

applied voltage V has been solved analytically by Senturia [7] in cylin-

drical coordinates, which we follow here. The mirror is grounded and a

voltage V is applied to the counter-electrode. The mirror tilt angle y is

positive in the clockwise direction (Figure 4.5).

Glass substrate

Glass substrate
Silicon
mirror

Silicon

Torsion bar

Laser beam

Electrode

Air gap

Torsion bar

Electrode

Figure 4.3 Schematic diagram of a torsional mirror used for a laser scanner.

(Reprinted with permission of Eric Peeters, PARC.)
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The potential f(y) of the mirror is given by

�ð�Þ ¼ V 1� �

�0

� �

: ð4:7Þ

The electric field can be found from the gradient of the potential. In

cylindrical coordinates, the gradient is given by

r 
 r̂
@

@r
þ �̂

1

r

@

@�
þ ẑ

@

@z
; ð4:8Þ

and the electric field E is found from the gradient of the potential:

E ¼ �r� ¼ ��̂
1

r

@

@�
V 1� �

�0

� �

¼ �̂
V

r�0
: ð4:9Þ

The charge density on the plate on the counter-electrode is given by

e0E, so that the total charge on the counter electrode is given by

Figure 4.4 Silicon torsional mirror for a laser scanner. (Left) Glass wafer

(Corning 7740) with counter-electrodes and 50mm thick polyimide spacer

layer. (Middle) Silicon mirror wafer with aluminum metallization.

(Right) Bonded glass and silicon wafers with polyimide spacer layer.

GND

g

r

L

P

x1

θo

Figure 4.5 A torsional mirror is tilted at an angle y0 when a voltage V is

applied to a counter-electrode of length L and width W. The mirror is

grounded. The initial gap between the mirror and the counter-electrode

is g. The projection of the mirror intersects the axis at a point P.
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Q ¼ e0WV

r�0

ð

P�x1

P�ðx1þLÞ

dr

r
¼ e0WV

r�0
lnðrÞjP�x1

P�ðx1þLÞ¼
e0WV

r�0
ln

P� x1

P� ðx1 þ LÞ

� �

; ð4:10Þ

and the capacitance can be found from

C ¼ Q

V
¼ e0W

r�0
ln

P� x1

P� ðx1 þ LÞ

� �

; ð4:11Þ

where

P ¼ g cot �0ð Þ: ð4:12Þ

The torque on the mirror can be found from the principle of virtual work

as described in Chapter 3, equation (3.6). Here, if the mirror angle y0
increases a small amount Dy, the mechanical work done by the electro-

static actuator will be

�Wm ¼ te��0: ð4:13Þ

The force between the mirror and the counter-electrode is attractive, so

that work is done by the mirror when the distance between them

decreases. The work done by the mirror plus the work done by the

battery must be equal to the change in the potential energy of the mirror.

If the voltage on the actuator is held constant, as the mirror rotates

toward the counter-electrode, the battery will have to supply charge DQ

to keep the voltage constant as the capacitance increases, where DQ is

give by

C ¼ Q

V
! Q ¼ CV ! �Q ¼ V�C: ð4:14Þ

The battery must do work DWe to supply this charge:

�We ¼ V�Q ¼ V2
�C: ð4:15Þ

The work done by the actuator plus the work done by the battery must be

equal to the change in the potential energy of the mirror:

�WCapacitor þ�WBattery ¼ �UCapacitor ð4:16Þ

te��þ V2
�C ¼ 1

2
V2

�C ! te ¼ � 1

2
V2 dC

d�0
: ð4:17Þ

This equation can be solved for the electrostatic torque te by differentiat-

ing the capacitance with respect to the mirror tilt angle. The mechanical
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restoring torque tm is given by the two torsion rods that support the

mirror. From equation (2.20), for a single torsion rod of length L, tor-

sional moment K, and shear modulus G,

�0 ¼
tL

KG
! t ¼ KG

L
�0 ¼ k��0; ð4:18Þ

where the torsional spring constant ky is given by

k� ¼
KG

L
: ð4:19Þ

Since the mirror is supported by two torsion rods, the total mechanical

restoring torque tm would be tm ¼ 2t. The tilt angle y0 as a function of

voltage can be found from equating the electrostatic torque te to the total

mechanical restoring torque tm. The pull-in voltage can be found from

setting the torques and the slopes of the torques equal, as was done for the

parallel plate actuator:

te ¼ tm ð4:20Þ

dte

d�0
¼ dtm

d�0
: ð4:21Þ

A MEMS torsional mirror has also been modeled using coupled electro-

mechanical modeling as shown in Figures 4.6 and 4.7.

Figure 4.6 Coupled electromechanical modeling of a MEMS torsional

mirror. (Reprinted with permission of Sandeep Akkaraju from IntelliSuite

v8.6 (2010), IntelliSense Software Corporation.) See color plate section.

80 Optical MEMS



4.3 Dual-axis torsional mirror: Lucent lambda
router optical switch

Two-axis beam steering MEMS mirrors were developed by Lucent for

switching optical signals in telecommunications [8], [9], [10]. Rather than

converting the signal in the optical domain into the electrical domain for

switching, as has been done in the past, it can be kept in the optical

domain to decrease the cost of the switch. This eliminates the need for

a detector to convert the optical signal into an electrical signal, and for a

laser to convert the electrical signal back into an optical signal after it has

been switched in the electrical domain. The electro-optical conversion gets

very expensive for wavelength division multiplexed signals, where many

signals of different wavelengths are combined, each needing a dedicated

laser of the right color for the electro-optic conversion. In addition, if the

signal is converted into the electrical domain, the electronics must be

upgraded as the data rate increases. If the signals are left in the optical

domain, switching is independent of data rate, format, and the number of

multiplexed signals.

Two different types of optical switches have been developed. One is

called 3-d, for three-dimensional switching, where optical signals are

directed through a 3-d space. The other is called 2-d, because the optical

signals are directed in the two-dimensional space above a wafer surface.

For performance reasons, 3-d switches are used in larger arrays (n > 32),

Displacement Z µm

0.0746468

0.0552578

0.0358688

0.0164799

–0.00290913

–0.0222981

–0.0416871

–0.0610761

–0.0804651

–0.099854

–0.119243

–0.138632

Figure 4.7 Displacement for a MEMS torsional mirror. (Reprinted with

permission of Sandeep Akkaraju from IntelliSuite v8.6, 2010, IntelliSense

Software Corporation.) See color plate section.
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and 2-d switches are used in arrays with 32 channels or less. We will

consider both types of switches.

The Lucent lambda router, a 3-d switch, was developed as an optical

cross-connect switch for large switch arrays (256� 256 to 1024� 1024

port counts). A schematic diagram of a 3-d optical cross-connect switch is

shown in Figure 4.8 [11].

In choosing a process for fabricating the mirror array the developers

used the PolyMUMPS process, which allowed them to focus on the design

of themirror rather than on developing a new process. By designing into an

existing process they were able to have a very fast turnaround time for

fabrication, allowing them to fully optimize the design and fine tune the

essential process parameters. The maturity of the process allowed them to

exceed performance specifications and attain high yield, whichwas import-

ant for the fabrication of large arrays of mirrors. To overcome some of the

shortfalls of the established process, as we discuss later, they had to develop

an innovative approach for out-of-plane self assembly of the mirror array.

A picture of the surface micromachined beam steering mirror is shown

in Figure 4.9 [10]. The central mirror is 500 mm in diameter and is

suspended from a fixed frame by a gimbal mount. The fixed frame has

been lifted out of plane by hinged sidewalls, which are locked into place

by dovetails in the frame that fit into tapered cuts in the sidewalls. Lifting

the frame out of plane overcomes the limited electrostatic gap that can be

Two-axis MEMS
tilt mirror array

Optical fiber
collimator array

Two-axis MEMS
tilt mirror array

Optical
beam

Input port

Output port

Figure 4.8 Schematic diagram of a 3-d optical cross-connect switch. Light

from an input port is reflected off a two-axis MEMS tilt mirror array. The

reflected optical beams are then directed to a second two-axis MEMS tilt

mirror array that directs the beams into an optical fiber collimator at the

output port. (Reprinted with permission from IEEE Conference Proceedings

on Photonics in Switching, PS ’09, 128� 128 3D-MEMS optical switch module

with simultaneous optical paths connection for optical cross-connect systems,

M. Mizukami et al.#1967 IEEE.)
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obtained by etching a thin sacrificial oxide such as the 2 mm thick Oxide1

in the PolyMUMPS process. The frame is lifted out of plane by assembly

arms. The assembly arms, the reflective coating for the mirror, and the

wire-bond pads use custom metallization.

The torsional springs are formed by folded serpentine polysilicon beams.

This spring design does not require fine dimensional control and provides

stress relief, making the springs insensitive to small variations in the

residual and thermally induced stress in the beams. Both of these factors

help to increase the yield and reliability. The mirrors were subjected to

18 billion switching cycles with no detectable change in device perform-

ance, indicating that there was no fatigue, creep, or hinge memory effects.

The mirrors were also subjected to overvoltages that caused them to tilt

sufficiently to touch down on grounded landing pads, but they were able to

recover without any degradation or sticking after the voltage was reduced.

Gimbal
Ring

Fixed
Frame

Hinged
Sidewall

Dovetail

Assembly
Arm

Torsional
Spring

Counter
Electrodes

Figure 4.9 Surface micromachined beam steering mirror. The circular

mirror is 500 mm in diameter and is attached to the gimbal ring by two

serpentine torsional springs that allow for tip-tilt motion along a first axis.

The gimbal ring is attached to a fixed frame by two additional torsion

springs that allow for tip-tilt motion along a second axis that is perpendicu-

lar to the first axis. Assembly arms lift up the fixed frame, which is attached

to hinged sidewalls. The sidewalls are locked into place by dovetails that fit

into tapered cuts in the sidewalls. Counter-electrodes are placed below the

gimbal ring and the mirror. (Reprinted with permission from IEEE Journal

of Lightwave Technology, Beam-steering micromirrors for large optical cross-

connects, V.A. Aksyuk et al. #1967 IEEE.)
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To obtain flat mirrors, with a radius of curvature more than 250mm,

the processing conditions for the polysilicon and mirror metallization had

to be controlled to minimize residual stresses and stress-gradients. The

thickness of the polysilicon mirror membrane was 3.5 mm, a thickness that

can be obtained by stacking Poly1 (2 mm) and Poly2 (1.5 mm) in the

PolyMUMPS process.

To lift the reflector out of plane after it had been released, a special

high-stress metallization layer was deposited on top of 1.5 mm thick,

100 mm wide polysilicon assembly arms. The composition of this high-

stress layer (tensile) causes the arms to curl upward after release, lifting

the mirror frame and locking it into place. When the assembly arms are

released, they curl up into arcs with a radius of curvature R that is

dependent on the thin-film stress. The height at a distance x from the

anchor of the arm is given by

zupðxÞ ¼
x2

2R
: ð4:22Þ

If the end of the arm is acted on by a force F, the arm will be deflected

downward by a distance given by

zdownðxÞ ¼ �Fx2ð3L� xÞ
6EI

: ð4:23Þ

The total height is given by the sum of the two deflections:

zðxÞ ¼ zupðxÞ þ zdownðxÞ ¼
x2

2R
� Fx2ð3L� xÞ

6EI
ð4:24Þ

zðLÞ ¼ L2

2R
� FL3

3EI
: ð4:25Þ

If the assembly arm lifts the mirror to a height h, it will apply a holding

force F given by

F ¼ 3EI

L3
L2

2R
� h

� �

: ð4:26Þ

A two-axis tip-tilt mirror was designed and fabricated in the

PolyMUMPS process as a student design project [12]. Here the mirror

was not lifted out of plane as in the lambda router switch, so the

maximum tilt angle was determined by the radius of the mirror, 100 mm,

set by the dimensions of the optical fiber core that the switch was

designed for, and the maximum sacrificial gap of 2.75 mm obtained
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by stacking Oxide1 (2 mm) and Oxide2 (0.75 mm). Thus the largest tilt

angle was y ¼ arcsin(2.75/100) ¼ 1.58 degrees.

The two-axis mirror does not have cylindrical symmetry like the one-

axis scanner, so the solution of the tilt angle as a function of the applied

voltage is more complex. It can be solved numerically, with finite element

analysis, or analytically with some approximations [13]. Here we consider

finite element analysis. Tilting of the mirror when it is actuated is shown

in Figure 4.10. Here the ring is not actuated, so the ring does not tip.

In Figure 4.10 (left), the ring is actuated but the mirror is not, so both the

mirror and the ring tip together. In Figure 4.11 (right), both the ring and

the mirror are actuated, so the mirror is both tipped and tilted.
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Figure 4.10 Tilt of the mirror about one axis. The deflection of the mirror is

shown in the solidmodel on the left-hand side of the figure and the tilt angle as a

function of the applied voltage is shown on the right-hand side of the figure.

The pull-in voltage is at approximately 11.5 V, as shown by the arrow in the

figure. (Image courtesy of Kuan-Fu Chen and Tung-Chien Chen, EE215

MEMS Design final project report, Spring 2007.) See color plate section.

Figure 4.11 (Left) Tip of the mirror by actuation of the ring. (Right) Tip and

tilt of the mirror by actuating both the mirror and the ring. (Image courtesy

of Kuan-Fu Chen and Tung-Chien Chen, EE215 MEMS Design final

project report, Spring 2007.) See color plate section.
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The layout for the two-axis mirror is shown in Figure 4.12. The mirror is

fabricated in Poly2. There are indents at the top and bottomof the outer ring

that are used to prevent contact with the Poly0 wires when the outer ring

lands. The mirror is connected to the ground potential. Poly0 is used for the

electrodes and landing areas. The landing areas prevent the mirror from

touching the wires and prevent the mirror from sticking on the substrate.

The landing areas are all connected to the ground potential. A picture of the

fabricated mirror is shown in Figure 4.13. The issue with print-through of

the underlying topography from the counter-electrodes and control wires

onto the mirror surface can be seen in this top-down image.

4.4 Fabry-Perot interferometer
in the PolyMUMPS process

A Fabry-Perot interferometer is formed by an adjustable optical cavity

between two partially reflecting mirrors, as shown schematically in

Figure 4.12 Layout for two-axis torsionalmirror. In the top left side of the figure

the layout for the Poly0 layer is shown. This includes the landing pads and

counter-electrodes for the mirror and gimbal ring. The bottom left-hand side of

the figure has the layout for thePoly2 layer,which has themirror andgimbal ring.

The right-hand side of the figure shows the full layout including themetallization

layer to increase the mirror reflectivity. (Image courtesy of Kuan-Fu Chen and

Tung-Chien Chen, EE215 MEMS Design final project report, Spring 2007.)
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Figure 4.14. Typically the mirrors are fabricated using a Bragg dielectric

stack consisting of multilayers of dielectrics with different indices of

refraction, n1 (high) and n2 (low), stacked alternately with high and low

indices of refraction for several cycles. The thickness of each layer is

chosen so that a quarter-wavelength of the light that is to be filtered fits

in the gap:

t1 ¼
l

4n1
t2 ¼

l

4n2
: ð4:27Þ

The distance between the mirrors can be adjusted with a MEMS actuator

to enable a tunable interferometer. When the distance between the mirrors

is adjusted to l/2, the light passes through the interferometer while light

with other wavelengths is blocked. The Fabry-Perot interferometer acts

as a narrow bandpass filter for light, with the bandpass is dependent on

the “finesse” of the optical cavity.
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Figure 4.13 Two-axis tip-tilt mirror designed and fabricated as a student

project in the PolyMUMPs process. (Image courtesy of Kuan-Fu Chen and

Tung-Chien Chen, EE215 MEMS Design final project report, Spring 2007.)
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For light that is incident normally on a Fabry-Perot filter with a mirror

separation d and index n in the cavity between the mirrors, the transmis-

sion function is given by

T ¼ 1� Rð Þ2
1þ R2 � 2R cosð�Þ � ¼ 2p

l

� �

2nd; ð4:28Þ

and the finesse F is given by

F ¼ 4R

1� Rð Þ2
: ð4:29Þ

The larger F is, the narrower the bandpass of the filter.

One of the main challenges with fabricating a Fabry-Perot inter-

ferometer is in keeping the Bragg reflectors flat when the thin-film

dielectric stack has stresses and stress-gradients, and maintaining the

flatness and parallelism of the reflectors when they are actuated to tune

the filter. We will consider the design of a Fabry-Perot interferometer in

the PolyMUMPS process by Louchis and Hemphill [14]. In this work

two designs were considered, a mid-wavelength (MW) IR filter (l ¼ 1.4mm

to 3 mm) and a short-wavelength IR filter (l¼ 3 mm to 8 mm). The mid-

wavelength design used stacked Oxide1 (2 mm) and Oxide2 (0.75 mm)

SOI wafer

CMOS Si wafer Photo diode

Tunable gap

stationary

moving

Bragg stacks

~V

Figure 4.14 Fabry-Perot interferometer fabricated in an SOI technology.

Light is incident on the back side of the SOI wafer, which has a through-

wafer etch to the device layer on the front side of the wafer. A Bragg

dielectric stack composed of transparent thin film layers with alternating

high/low indices of refraction are defined in a moveable frame that has been

released from the SOI wafer. The frame can be moved by applying a voltage

between the substrate and the device layer of the SOI wafer. The wafer with

the moveable Bragg stack is bonded to a CMOS wafer that has a stationary

stack using a thick gap layer such as polyimide. A photodiode detects light

that is transmitted through the Fabry-Perot interferometer.
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to get as large a gap as possible in this process. The top reflector was

formed in Poly2 (1.5 mm) and the bottom reflector was formed by the

stack Poly0 (0.5 mm) on top of nitride (0.6 mm thick) on top of the silicon

substrate (525 mm). Undoped silicon is transparent to IR radiation, so it

can pass through the substrate so long as the doping is not too high and

the layers on the back side of the wafer are not too attenuating. The

resulting layer stack is shown in Figure 4.15.

The transmission function T for this filter is plotted in Figure 4.16. As

seen in Figure 4.16, the relaxed MW-FPI allows wavelengths around

5.4 mm to be transmitted through the FPI. Figure 4.17 shows the shift in

the transmission function as the top mirror is actuated to decrease the

Figure 4.15 Cross-sectional view of the mid-wavelength IR tunable Fabry-

Perot interferometer. Layers in descending order from the top are Poly2,

Oxide1þ Oxide2, Poly0, nitride, and substrate. (Courtesy of Kevin Louchis

and Benjamin Hemphill, Team Ninja Star in the Eye, EE115-Winter 2008,

Final Report.)
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Figure 4.16 The transmission coefficient of the mid-wavelength IR filter

calculated with Matlab as a function of the wavelength normalized to the

air gap. (Courtesy of Kevin Louchis and Benjamin Hemphill, Team Ninja

Star in the Eye, EE115-Winter 2008, Final Report.)
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gap. As the Poly2 layer is pulled in by the voltage applied on the Poly0

layer, the maximum transmission coefficient shifts from 5.4 mm to 3.9 mm

as the gap narrows.

The second design is for a short-wavelength tunable IR filter. In this

design the initial gap was defined by the 2 mm thick sacrificial Oxide1, and

the second layer of oxide, Oxide2, which is 0.75 mm thick, was trapped

between Poly1 and Poly2, forming a dielectric stack Poly2/Oxide2/Poly1

to increase the reflectivity of the top mirror as shown in the cross section

in Figure 4.18.

While not the optimal layer thickness for the Bragg stack, which would

have dielectric layer thicknesses that are one-quarter of the wavelength of

light that is to be filtered, it makes good use of the available layers in the
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Figure 4.17 The shift in the transmission coefficient of the mid-wavelength

IR filter calculated with Matlab as a function of the wavelength. (Courtesy

of Kevin Louchis and Benjamin Hemphill, Team Ninja Star in the Eye,

EE115-Winter 2008, Final Report.) See color plate section.

Figure 4.18 Short-wavelength interferometer with top Bragg reflector using

Oxide2 trapped between Poly1 and Poly2. (Courtesy of Kevin Louchis and

Benjamin Hemphill, Team Ninja Star in the Eye, EE115-Winter 2008, Final

Report.)
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PolyMUMPs process. Nonetheless, the Poly2 and Oxide2 layers are

relatively close to a quarter-wavelength of mid-band light in our range,

and the Poly1 layer is at one-half the mid-band wavelength. The trapped

oxide also makes the top reflector thicker (2 mm Poly1, 0.75 mm Oxide1,

and 1.5 mm Poly2 for a total thickness of 4.25 mm) and thus stiffer to help

maintain flatness. The bottom reflector is formed from Poly0, 0.5 mm

thick, on top of nitride, 0.6 mm thick, on top of the substrate. Lightly

doped silicon is transparent to wavelengths longer than 1 mm, so the IR

light is able to pass through the lightly doped substrate. Figure 4.19 shows

the reflectivity of a poly/oxide/poly stack used by InfraTec in their

tunable IR spectrometer [15]. They were able to adjust the layer thickness

in their process to optimize the reflectivity.

These data were used to update the reflectance for the transfer function

of the short-wavelength filter starting from a relaxed state with a 2 mm gap

that is decreased to a 1.5 mm gap by electrostatic forces between the Poly0

layer and the dielectric stack The new transmission function is plotted in

Figure 4.20. It can be seen that the improved dielectric stack increases the

finesse and sharpens the transmission peaks.

Solid models of the short- and long-wavelength interferometer designs

are shown in Figure 4.21. Both designs use folded springs to decrease their

stiffness, enabling actuation using CMOS-compatible voltages.

The top mirror support is four springs acting in series. Each individual

spring is comprised of a set of three fixed-guides beams connected end-to-

end and acting in parallel.
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Figure 4.19 InfraTec’s experimental data giving the reflectance of a

polysilicon–SiO2–polysilicon dielectric stack. (Courtesy of Kevin Louchis

and Benjamin Hemphill, Team Ninja Star in the Eye, EE115-Winter 2008,

Final Report.)
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Figure 4.20 Transmission function calculated for the short-wavelength filter

using the reflectance data from Figure 4.19. The red plot shows the trans-

mission function for the short wavelength when the air gap is in the relaxed

position, and the blue plot shows the transmission function after the air gap

has been reduced by 0.5 mm. (Courtesy of Kevin Louchis and Benjamin

Hemphill, Team Ninja Star in the Eye, EE115-Winter 2008, Final Report.)

See color plate section.

Figure 4.21 Solid models of the long-wavelength tunable Fabry-Perot

interferometer (left) and the short-wavelength interferometer (right). The

short-wavelength interferometer has a Bragg stack consisting of Oxide2

trapped between Poly1 and Poly2 for the top reflector. (Courtesy of Kevin

Louchis and Benjamin Hemphill, Team Ninja Star in the Eye, EE115-Winter

2008, Final Report.)
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4.5 Obtaining flatness in optical MEMS devices

An important consideration for optical MEMS devices is how flat the

optical surface can be; a mirror surface with a radius of curvature R

functions as a lens with a focal length f ¼ R/2 rather than as a mirror.

In addition to curvature, the roughness of a surface will impact the optical

performance of a mirror, and often specifications will call for a root mean

square surface roughness of less than l/20. For light with a wavelength of

0.5 mm, this specification would be for a root mean square roughness of

less than 25 nm. In some demanding optical applications in astronomy,

the specifications call for less than 1 nm surface roughness.

An uncoated optical surface can be deformed from stress and stress-

gradients. For example, a membrane with sufficient compressive residual

stress can buckle if it is constrained by the boundary conditions. For a

constrained surface a slightly tensile stress is preferred, where the mem-

brane is pulled flat by the boundary conditions like the skin on a drum.

If there is a stress-gradient, the optical membrane will deform when it is

released [16], [17]. The stress-gradient can be due to the thin-film growth

process itself or generated by the deposition of a thin film on one side of the

mirror, such as a reflective metal layer that has stress, stress-gradients, or a

different coefficient of thermal expansion (CTE). The CTE mismatch will

create a stress gradient on cooling if the metallization is deposited at an

elevated temperature. In addition, the released mirror will deform like a

bimorph if it is heated or cooled. In general, a thick mirror and a thin

metallization layer are preferred to minimize deformations due to stress

and stress-gradients. The 10–25mm thick device layer of a silicon on insula-

tor (SOI) wafer can be useful for fabricating flat optical mirrors [18], [19].

Thus the SOIMUMP process is ideal for prototyping optical MEMS

devices with a flat surface. The 2 mm thick Poly1 or 1.5mm thick Poly2

layer in the MUMPS process with a gold metallization layer (500 nm Au/

20nm Cr) to increase reflectivity can become significantly distorted on

release. The metallization layer in the PolyMUMPS process can have 50–

100MPa of residual stress, which can significantly distort the thin poly layers

when they are released. An example of a released metallized Poly1 surface in

the PolyMUMPS process that has been distorted is shown in Figure 4.22.

In addition to deformations due to stress and stress-gradients, the surface

roughness of the thin films used to fabricate opticalMEMS components can

also have an impact, as deposited polysilicon can have significant roughness.

The root mean square surface roughness of polysilicon in the MUMPS

process has been measured and found to be approximately 12nm.
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Additional topography can be generated from conformal coatings, where

the topography associated with structures in underlayers generates surface

topography in overlayers. An example of the print-through of underly-

ing topography in the PolyMUMPS process is shown in Figure 4.23 (left).
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Figure 4.22 Released metallized mirror in the PolyMUMPS process. The

mirror is distorted due to the tensile stress of the metallization.
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Figure 4.23 Print-through of the wires and counter-electrodes from under-

lying layers in the PolyMUMPS process (left). Mirror fabricated by MEMX

in the SUMMiT process that uses chemical mechanical polishing to planarize

the topography that develops from conformal coatings (right).
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The SUMMiT process uses chemical mechanical polishing to planarize the

topography generated by features in the lower layers, as can be seen in

Figure 4.23 (right).

Problems

(1) Lay out a tunable Fabry-Perot optical filter in a multiproject

wafer process as shown in Figure 4.24. The top Bragg mirror

should be composed of a stack of dielectric films and should be

flat to within a fraction of a wavelength of light that will be

filtered.

(2) Design a 10� 10 MEMS deformable mirror array for adaptive

optics in the visible wavelength band. The design should provide

at least 0.75 mm of mechanical stroke and have mirrors that are

flat to within l/20. The operating voltage should be less than

275V to avoid breakdown. Before starting your design, do a

literature search to see what previous designs have been

fabricated.

a. Design a segmented mirror.

b. Design a mirror with a continuous face sheet.

(3) Design a MEMS-based scanner for a cell phone projection display.

Before starting your design, do a literature search to see what

previous designs have been fabricated.

(4) Design a MEMS display for a cell phone. Before starting your design,

do a literature search to see what previous designs have been

fabricated.

top

Bragg

mirror

top

electrode

bottom

electrode

bottom

Bragg

mirror

substrate

Figure 4.24 Tunable Fabry-Perot optical filter. (Figure courtesy ofMs.Mary

Ann Maher, SoftMEMS.)
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5

Thermal MEMS

Thermal MEMS make use of heat transfer for their operation. Some of

the modes of heat transfer that are used include conduction through a

solid, convection through a gas or a liquid, and optical radiation at high

temperatures. Heat flow through a long, thin beam is driven by a tem-

perature gradient DT, where heat Q flows from the hot end of the beam

toward the cold end, as shown schematically in Figure 5.1.

The heat transfer rate, @Q/@t, depends on the cross-sectional area A of

the beam and its thermal conductivity k according to Fourier’s Law:

@Q

@t
¼ �kA

@T

@x
: ð5:1Þ

The thermal conductivity has units of W/m�K. The minus sign is because

heat flows downhill, from hot to cold. An analogy can be made to

current flow I through a resistor R. Here the heat flow, @Q/@t, corres-

ponds to the current flow I and the temperature drop DT corresponds to

the voltage drop DV. In this electrical analogy the thermal conductivity k

corresponds to the electrical conductivity, s. For a long thin beam of

length L with a temperature drop DT across it, the analogy can be

written as

�Q

�t
¼ � kA

L

� �

�T ðthermalÞ , I ¼ �V

R
¼ A

�L

� �

�V ¼ ��V ðelectricalÞ; ð5:2Þ

where r is the electrical resistivity. In this analogy, L/kA can be thought of

as a thermal resistance, DQ/Dt as a thermal current, and DT as a thermal

potential. A lumped parameter model listing the analogies between the

thermal and electrical domains is provided in Table 5.1.

Heat transfer from convection occurs in a medium due to molecular

motion in a fluid or gas. The flow can be natural, from changes in density
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with changes in temperature, or forced, from an actuator like a pump.

Newton’s law of cooling describes convective heat transport between the

surfaces of a hot body to a fluid, as shown in Figure 5.2.

The heat transfer is proportional to the area of the surface–fluid

interface and the temperature difference between the surface, Tsurface,

and the fluid, Tfluid. The constant of proportionality is called the surface

heat transfer coefficient h:

@Q

@t
¼ hA Tsurface � Tfluid

� �

: ð5:3Þ

Finally, another important heat transfer mechanism is through radiation.

Here the heat transfer is determined by the Stephan-Boltzmann Law that

relates the heat flow to the temperature of the radiating body:

@Q

@t
¼ e�T4; ð5:4Þ

where e is the emissivity of the surface of the radiator and is related to the

reflectivity R and the absorptivity A by

Table 5.1 Lumped parameter model for thermal MEMS

Lumped parameter model

Thermal Electrical

Driving force DT (temperature) DV (voltage)
Coordinate Heat Q Charge q
Flow Heat flux J ¼ @Q/@t Electrical current I ¼ @q/@t
Capacitance Heat capacity C Electrical capacity C
Conductivity Thermal conductivity k Electrical conductivity s

X

T1

T2

A

Figure 5.1 Beam element of length x and cross-sectional area A. One end of

the beam is at T1 and the other end is at T2, where T1 > T2. Heat flows from

the hot side to the cold side. (Reprinted from University of Plymouth BEng

Stage 2 course notes with permission from Dr. Murray A. Bell.)
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R ¼ 1� e ¼ 1� A: ð5:5Þ

A perfect “black-body” that absorbs all of the radiation that is incident

on it and does not reflect any light has e¼ 1. In general a “grey-body” has

0< e< 1, white paint has e¼ 0.95, and polished steel has e¼ 0.07. The

Stephen-Boltzmann constant s is given by

� ¼ 5:67� 10�8 W

m2K
: ð5:6Þ

Since the heat flow is proportional to the fourth power of the temperature,

the heat flow due to radiation is most important at high temperatures.

In addition to heat transfer, there can be sources of heat within aMEMS

device. One of the more common heat sources is Joule heating, where the

power dissipated by a resistance R carrying a current I is given by

@Q

@t
¼ I2R: ð5:7Þ

In general, all of these heat transfer mechanisms can occur. The power

balance equation is given by

@ ~Q

@t
¼ ~PSources �r � JQ; ð5:8Þ

where ~Q is the heat energy in the material, ~PSources is the heat generated

in the material, and JQ is the heat flux out of the material. The tilde (�)

indicates that the heat and the heat power generated have been

Solid

Heat transfer

Fluid

T
e
m

p
e
ra

tu
re

Tw

Tf

Figure 5.2 Heat transfer from a solid to a fluid by convection. At the bound-

ary between the solid and the fluid, the wall temperature is TW. Far from the

wall the temperature of the fluid is Tf. As the fluid heats up its density changes,

giving rise to a buoyant force that causes fluid motion. (Reprinted from

University of Plymouth BEng Stage 2 course notes with permission from

Dr. Murray A. Bell.)
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normalized to a unit volume of the material in this equation. Fourier’s

Law is given by

JQ ¼ �krT; ð5:9Þ

where k is the thermal conductivity. Taking the gradient of the heat flux

gives

r � JQ ¼ �r � krT ¼ �kr2T; ð5:10Þ

and the power balance equation becomes

@ ~Q

@t
¼ ~PSources þ kr2T ð5:11Þ

@ ~Q

@t
� kr2T ¼ ~PSources: ð5:12Þ

If we make the substitution for the heat capacity, then

~C ¼ @ ~Q

@T
ð5:13Þ

~C ¼ @ ~Q

@T
! @ ~Q ¼ ~C@T ! @ ~Q

@t
¼ ~C

@T

@t
: ð5:14Þ

If this is substituted into the power balance equation,

~C
@T

@t
� kr2T ¼ ~PSources ð5:15Þ

@T

@t
¼ k

~C
r2T þ

~PSources

~C
: ð5:16Þ

In thermal equilibrium where @Q/@t¼ 0, the heat leaving a system, Qout, is

equal to the heat entering the system, Qin, and the heat balance equation is

given by

QJouleheatingþQradiationabsorbed¼QradiationoutþQconductionþQconvection: ð5:17Þ

5.1 Thermal actuator

Thermal actuation makes use of the thermal expansion of solids as they

are heated, or the differences in the rates of thermal expansion between

different materials as in a bimorph actuator. Relative to electrostatic
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actuation, thermal actuation requires lower voltages, on the order of

10–25V, and can generate larger forces, on the order of mN. Thermal

actuators typically use Joule heating, where a current is passed through a

resistor, requiring relatively high currents (mA) and the dissipation

of continuous power (mW) to maintain their positions. Electrostatic

actuators require relatively high voltages, on the order of 10–100V, but

they do not require high continuous current levels to maintain their

positions and only dissipate power when the electrostatic actuator is

charged or discharged. They generate smaller forces relative to thermal

actuators, on the order of mN. They are used where lower power and

lower forces are required.

In a resistive thermal actuator, Joule heating causes an actuator mater-

ial to heat up by an amount DT. The heating leads to thermal expansion,

which can be used to create a deflection for an actuator. If we consider the

thermal expansion of a bar of length L, as shown in Figure 5.3, as the bar

is heated by an amount DT it will expand by an amount DL, giving rise to

a strain e, where

e ¼ �L

L
¼ g�T; ð5:18Þ

where g is the coefficient of thermal expansion (CTE) of the material.

If the bar is constrained, the thermal expansion will give rise to a stress

s, where

� ¼ Ee; ð5:19Þ

where E is the Young’s modulus of the material. The stress s will give rise

to a force F, where

F ¼ A�; ð5:20Þ

where the bar has a cross-sectional area A. As an example we can

calculate the strain, stress, force, and length change of a silicon beam

that is 100 mm long, 2 mm wide, and 2 mm thick. The cross-sectional area

A

L

Figure 5.3 A bar of length L and cross-sectional area A is heated by passing a

current through it, causing it to expand by a length DL if it is unconstrained.

If the bar is constrained, the thermal expansion will give rise to a stress s and

a force F ¼ sA.
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would then be 4� 10�12 m2. If the beam is heated by 100K, then the

strain e would be

e ¼ g�T ¼ ð2:3� 10�6=KÞð100KÞ ¼ 2:3� 10�4: ð5:21Þ

If the beam is constrained, the stress s would be

� ¼ Ee ¼ ð160GPaÞð2:3� 10�4Þ ¼ 36:8MPa: ð5:22Þ

The force F on the constrained beam would be

F ¼ A� ¼ ð4� 10�12 m2Þð36:8� 106 PaÞ ¼ 1:47� 10�4 N: ð5:23Þ

If the beam is not constrained, its length would change by DL:

�L ¼ eL ¼ ð2:3� 10�4Þð100 mmÞ ¼ 2:3� 10�2 mm ¼ 0:23 nm: ð5:24Þ

The length does not change significantly, so a useful actuator will require

a means to trade off the large force for the small displacement. One

approach, the heatuator, converts the small linear change in length to a

larger rotational motion of a beam.

5.2 Heatuator

A diagram of a heatuator is shown in Figure 5.4. The heatuator consists

of two arms: a narrow hot arm and a wide cold arm that are attached

at their far ends. The cold arm also has a short flexure that allows it to

rotate around an anchor point near the bond pads. By passing a current

through the heatuator, Joule heating causes the narrow hot arm, which

LFLEX = 40 μm

LHOT = 240 μm

W
H
 =

W
F  =

 2
μ

m

128
−
p1beat200

Figure 5.4 A heatuator comprised of a narrow hot arm and a wider cold

arm. Current passing through the actuator causes the hot arm to expand

more than the cold arm, causing the heatuator to deflect in a circular arc

about its attachment point to the substrate at the bond pads.
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has a higher resistance, to be heated more than the wider cold arm,

which has a lower resistance.

As the hot arm expands it causes the heatuator to swing in an arc about

its attachment point to the substrate. The arc length is determined by the

difference in length of the hot and cold arms and the overall length of the

heatuator. While the thermal expansion gives rise only to a small increase

in the difference between their lengths, the overall length of the heatuator

can be long, giving rise to several microns of deflection about the center of

rotation.

To estimate the difference in length between the hot and cold arms of

the heatuator, we will make the approximation that the cold arm stays

near the substrate temperature and the hot arm and flexure heat equally

along their common length, so that there is no relative change in length

between them. We can then find the temperature distribution along the

length of a clamped-clamped beam as a first approximation for the

temperature rise of the hot arm.

A diagram of the clamped-clamped beam of length L is shown in

Figure 5.5. The temperature of the beam at x¼ 0 and x¼ L is Tsubstrate. As a

current is passed through the beam it heats up and develops a temperature

distribution T(x) along its length. The steady state temperature distribution,

with @T/@t¼ 0, can be found from integrating the equation:

@T

@t
¼ 0 ¼ k

~C
r2T þ

~PSources

~C
! kr2T ¼ ~PSources: ð5:25Þ

In one dimension, ∇2T ¼ d2T/dx2:

L

T(x)

x=0

x=L

Tsubstrate

Tsubstrate

Figure 5.5 Diagram for the temperature distribution T(x) of a clamped-

clamped beam.
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d2T

dx2
¼ �

~PSources

k
: ð5:26Þ

Integrating once,

ð

d

dx

dT

dx

� �

dx ¼ dT

dx
¼ �

~PSources

k

ð

dx ¼�
~PSources

k
xþ b: ð5:27Þ

Integrating twice,

ð

dT

dx

� �

dx ¼ TðxÞ ¼ �
~PSources

2k
x2 þ bxþ c: ð5:28Þ

Applying the boundary condition T(x¼ 0)¼ Tsubstrate gives c¼ Tsubstrate.

Applying the boundary condition T(x¼ L)¼ Tsubstrate gives

Tðx ¼ LÞ ¼ Tsubstrate ¼ �
~PSources

2k
L2 þ bLþ Tsubstrate ! b ¼

~PSources

2k
L: ð5:29Þ

Solving for T(x),

TðxÞ ¼ �
~PSources

2k
x2 þ

~PSources

2k
Lxþ Tsubstrate: ð5:30Þ

This temperature distribution is shown in Figure 5.6 for Tsubstrate¼ 0. As

expected, the center of the beam is the hottest point because it is furthest

from the thermal connections to the substrate.
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Figure 5.6 Plot of the temperature distribution for the clamped-clamped beam.
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For approximating the displacement of the heatuator, we can use this

temperature distribution to find an average temperature for the hot arm,

and then multiply the average hot arm temperature by the coefficient of

thermal expansion g:

�Taverage ¼
1

L

ð

L

L¼0

TðxÞ � Tsubstrateð Þdx ð5:31Þ

�L � g L�Taverage: ð5:32Þ

This approximation can be improved by using the temperature-dependent

coefficient of thermal expansion, g(T), and integrating the incremental

changes in length along the length of the beam.

The temperature distribution for the heatuator can also be solved using a

coupled thermomechanical analysis.Thermal electrical/thermal stress involves

two types of analyses. The first step is to solve the coupled thermal electrical

equations. The coupling arises from internal heat generation, which is a

function of the electrical current density (Joule heating). The second step is

to perform a thermal stress analysis. The thermal loads are those calculated

from the previous step. This assumes that there is no coupling between the

thermal-electricalphenomenonof thedeviceandthemechanicaldeformation.

The heat transfer/thermal stress analysis solves the three-dimensional heat

transfer equation by first using a finite elementmethod to derive the tempera-

turedistribution inthestructureandthenbyusingthisdistributedtemperature

to perform an elastic thermal stress mechanical analysis. Other than the

material properties of a structure, the applied temperature gradient, the ther-

mal expansion coefficient, and the applied boundary conditions are themajor

factors affecting device performance. This analysis produces results for the

temperature distribution, the thermal stress distribution, the displacement

distribution, and the deformation of the structure.

In the analysis of the heatuator, its resistance is temperature dependent

and is given by

�ðTÞ ¼ �0ð1þ 8:3� 10�4 T þ 5� 10�7 T2Þ;
where �0 ¼ 2� 10�3

�=cm: ð5:33Þ

The boundary conditions are applied to the model, mechanically fixing

the boundaries where the heatuator is attached to the substrate and

specifying the heat loads. In this case the heat loads are specified as

convective heat transfers on all of the faces of the heatuator. A voltage
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load is then applied between the two bond pads, inducing a current to

flow through the heatuator and causing it to deform as the hot arm

expands more than the cold arm (Figures 5.7–5.9).

Another type of thermal actuator is the bent-beam thermal actuator

shown in Figure 5.10. This actuator is similar to the bent-beam strain

sensor [1], but here the strain e is caused by heating of the beams rather

Figure 5.7 Model for the heatuator. The voltage is applied between the two

bond pads, causing a current to flow through the hot and cold arms. The hot

arm has a higher resistance because it has a smaller cross-sectional area than the

cold arm, causing it to heat to a higher temperature. It expands more than the

cold arm, causing the heatuator todeflect in an arc about its connectionpoint to

the substrate. (Reprinted with permission from IntelliSuite v8.6 (2010).)

Temperature Disdeg_C

605.592

556.406

507.221

458.035

408.85

359.664

310.478

261.293

212.107

162.921

113.736

64.5502

Figure 5.8 Temperature distribution for the heatuator. The hot arm heats up

to more than 600�C. (Reprinted with permission from IntelliSuite v8.6

(2010).) See color plate section.
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than the residual stresses of the beams. This actuator uses clamped-

clamped beams that are slightly offset to bias the direction the beams

go in when heated. In contrast to the heatuator, which swings in an arc as

it displaces, the bent-beam thermal actuator has a linear displacement. In

this actuator, multiple clamped-clamped beams are ganged together to

increase the total force of the actuator.

The displacement of the beam can be calculated by approximating a

right triangle, as shown in Figure 5.11 and solving for the displacement

Dx using the Pythagorean theorem:

0.0090559

Displacement X μm

–0.542035

–1.09313

–1.64422

–2.19531

–2.7464

–3.29749

–3.84858

–4.39967

–4.95076

–5.50185

–6.05294

Figure 5.9 Displacement of the heatuator. The tip of the heatuator deflects

by more than 6 mm. (Reprinted with permission from IntelliSuite v8.6

(2010).) See color plate section.

Figure 5.10 Bent-beam thermal actuator. Multiple clamped-clamped beams

are ganged together to increase the overall force. As the beams are heated,

they displace in the direction of the offset.
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�x2 þ L2 ¼ Lþ�Lð Þ2

�x2 ¼ 2L�Lþ�L2

� 2L�L

�x �
ffiffiffiffiffiffiffiffiffiffiffiffi

2L�L
p

: ð5:34Þ

5.3 Thermal bimorph

A thermal bimorph actuator is comprised of two materials with different

coefficients of thermal expansion that are bonded together, as shown in

Figure 5.12. As the materials heat up they expand at different rates,

causing the actuator to deflect toward the side that expands the least.

To solve for the temperature distribution T(x) along the length of the

beam, we set the anchored end of the beam at x¼ 0 to the temperature of

the substrate, Tsub. The other end of the beam that is released has the

longest thermal path to the substrate, so it will get the hottest. Since the

temperature is maximum at x¼ L, the derivative of the temperature

distribution will be zero. In equilibrium, @T/@t¼ 0, so that equation

(5.16) becomes

@T

@t
¼ 0 ¼ k

~C
r2T þ

~PSources

~C
ð5:35Þ

�kr2T ¼ ~PSources: ð5:36Þ

In one dimension this becomes

d2T

dx2
¼ �

~PSources

k
: ð5:37Þ

Integrating once,

ð

d

dx

dT

dx

� �

dx ¼ dT

dx
¼ �

~PSources

k

ð

dx ¼�
~PSources

k
xþ b: ð5:38Þ

L

L+ΔL
Δx

Figure 5.11 Analysis of the bent-beam thermal actuator. When a beam of

length L is heated, it expands by a length DL, causing the actuator to displace

a distance Dx.

5.3 Thermal bimorph 109



Applying the boundary condition that dT/dx¼ 0 at x¼ L gives

dT

dx

�

�

�

�

x¼L

¼ �
~PSources

k
Lþ b ¼ 0 ! b ¼

~PSources

k
L: ð5:39Þ

Integrating a second time,

ð

dT

dx
dx ¼ TðxÞ ¼ �

~PSources

2k
x2 þ

~PSources

k
Lxþ c: ð5:40Þ

Applying the boundary condition T(0)¼ Tsub gives c¼ Tsub:

TðxÞ ¼ �
~PSources

2k
x2 þ

~PSources

k
Lxþ Tsub ð5:41Þ

�TðxÞ ¼ �
~PSources

2k
x2 þ

~PSources

k
Lx: ð5:42Þ

This temperature distribution is plotted in Figure 5.13.

We can use this temperature distribution to find the deflection of a

bimorph actuator. In one dimension the change in length of a cantilever

beam would be

�L ¼
ð

L

0

g�TðxÞdx: ð5:43Þ

L

dT(x=L)/dx=0

top

x=L

T(x)

x=0

Tsubstrate

γ
bottom

γ

Figure 5.12 Bimorph cantilever beam actuator. The top layer of the canti-

lever has a coefficient of thermal expansion gtop and the bottom layer has

gbottom. One end of the beam, at x ¼ 0, is thermally anchored to the substrate

temperature, Tsub.
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The strain e would be given by

e ¼ �L

L
¼
ð

L

0

g�TðxÞdx
L

¼ g

L

ð

L

0

�TðxÞdx ð5:44Þ

For a bimorph actuator comprised of two layers with different coeffi-

cients of thermal expansion, g1 and g2, the temperature change causes a

strain mismatch between the layers, leading to curvature of the bimorph:

e ¼ g1 � g2
L

ð

L

0

�TðxÞdx: ð5:45Þ

The curvature of the bimorph causes a deflection. If we simplify the

analysis by considering two layers that only differ in their coefficients of

thermal expansion, taking E1 ¼ E2 ¼ E and n1 ¼ n2 ¼ n, and convert the

strain to stress using the modulus of elasticity for a beam,

� ¼ e
E

1� n2
: ð5:46Þ

We can then use Stoney’s formula to convert the stress into bending of the

bimorph beam, similar to the bending of a substrate due to strain mis-

match from a deposited film. Here the Young’s modulus Es, Poisson’s

ratio ns, and the film thickness ts are for the substrate, and the strain sf is

for the deposited film with a thickness tf:
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Figure 5.13 Temperature distribution for a fixed-free cantilever beam.
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�f ¼
Es

1� n2s

t2s
6tfR

! R ¼ Es

ð1� ns2Þ
t2s

6tf�f

: ð5:47Þ

Using the approximation d2y(x)/dx2 � 1/R, integrating twice, and substi-

tuting for the stress s,

yðxÞ ¼ x2=2R ¼ x2�f ð1� �2s Þ
12tfEs

¼ x2ðg1 � g2Þ
12tfL

ð

L

0

�TðxÞdx ð5:48Þ

¼ x2ðg1 � g2Þ
12tfL

ð

L

0

� ~PSourcesx
2

2k
þ

~PSourcesLx

k

� �

dx: ð5:49Þ

For a bimorph made out of films with different thicknesses and Young’s

moduli, we can estimate the bending of the bimorph actuator using

Stoney’s formula modified for a bimorph:

1

R
¼ ðg2 � g1Þ�T

t

2
þ 2ðE1I1 þ E2I2Þ

t

1

E1a1b
þ 1

E2a2b

� � ð5:50Þ

I1 ¼
ba31
12

I2 ¼
ba32
12

: ð5:51Þ

Here gi are the coefficients of thermal expansion, DT is the temperature

change above the ambient (where the bimorph is flat), Ei are the Young’s

moduli, Ii are the moments of inertia, ai are the thicknesses of the two thin

films that form the bimorph structure, and t is the total thickness of the films.

5.4 Bolometer

A bolometer is a thermally isolated, temperature-sensitive element that

can be used to measure absorbed energy. Either surface micromachining

or bulk silicon micromachining can be used to fabricate a structure with

low thermal mass that is thermally isolated from the substrate by long,

thin suspension arms. Here we consider a bolometer that is fabricated in

the Poly2 layer of the PolyMUMPS process, as shown in Figure 5.14. If

the device consists of a 100 (mm)2 platform suspended by four suspension

arms that are 5 mm wide, we can calculate the thermal conductance of the

arms, the thermal capacitance of the platform, and the thermal time

constant for the sensor.
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The thermal conductance G of one of the arms is given by

G ¼ kA

l
¼ ð50 W=mKÞð5� 10�6 mÞð1:5� 10�6 mÞ

100� 10�6 m
¼ 3:75 mW=K: ð5:52Þ

We have used an approximate value of 50W/mK for the thermal

conductivity of doped polysilicon at room temperature [2]. For the four

arms the total thermal conductance would be 15 mW/K. The thermal

conductance would increase if we include the metal wires that go to the

temperature-sensitive element on the suspended platform. The thermal

capacitance of the platform would be

C ¼ 750
J

kg�K

� �

2330
kg

m3

� �

ð100� 10�6 mÞ2ð1:5� 10�6 mÞ

¼ 2:62� 10�8 J=K: ð5:53Þ

The thermal time constant for the bolometer would be given by the ratio

of the thermal conductance to the thermal capacitance:

t ¼ C

G
¼ 2:62� 10�8 J=K

15� 10�6 W=K
¼ 1:75� 10�3 s: ð5:54Þ

The bolometer would have a response time of a few milliseconds, enabling

real-time infrared (IR) imaging for applications like night vision.

We can calculate the temperature change of the suspended platform

when a single photon is absorbed. The energy of a single photon is

given by

Figure 5.14 Bolometer formed in Poly2 layer of a PolyMUMPS process.

A serpentine resistor forms a suspended temperature sensor that is thermally

isolated from the substrate.
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E ¼ h� ¼ hc

l
; ð5:55Þ

where h¼ 6.6261� 10�34 (J)(s)¼ 4.1361� 10�15 (eV)(s) is Planck’s

constant, u is the frequency of the photon in Hertz (Hz), c¼ 2.99292458

� 108 m/s is the speed of light, and l is the wavelength of the photon

in meters. For a photon with wavelength l¼ 1.5 mm in the IR, the

energy of the photon would be 1.32� 10�19 J, so the platform would be

heated by

�T ¼ E

C
¼ 1:32� 10�19 J

2:62� 10�8 J=K
¼ 5:05� 10�12 K: ð5:56Þ

5.5 Thermal inkjet

One of the most commercially successful MEMS devices has been the

thermal inkjet. In this device a small resistor heats an ink to create a vapor

bubble. As the vapor bubble expands it displaces a drop of ink out of a

nozzle. We will consider the design of a thermal inkjet device in Chapter 6

on microfluidics, but here we consider the heater that generates the

vapor bubble. The typical propellant in inkjet inks is water, which is

superheated to approximately 330�C in a few microseconds. If we con-

sider a polysilicon heater that is 25 mm on a side on top of oxide that is

2 mm thick, the thermal conductance of the oxide would be

G ¼ kA

l
¼ ð1:25 W=mKÞð25� 10�6 mÞ2

2� 10�6 m
¼ 0:4 mW=K: ð5:57Þ

5.6 Thermal damage limits in thermally actuated MEMS

While thermal actuators provide a low-voltage, high-force means for

actuation, there are some limitations associated with potential thermal

damage mechanisms [3], [4]. These mechanisms include self-annealing and

melting due to the formation of eutectics when silicon is in contact with

metals such as gold. The standard process for polysilicon surface

micromachining includes thermal anneal steps to reduce stress and

stress-gradients. Typically these anneals occur at high temperatures,
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around 1050�C, and while the polysilicon is enclosed by phosphorsilicate

glass (PSG), which acts as a solid source for the diffusion of phosphorous

into polysilicon. When the thermal actuator is heated, the polysilicon is

further annealed, causing mechanical changes in the polysilicon. Under

sufficient heating the mechanical changes can cause permanent plastic

deformations in the actuator, leading to nonrepeatable displacements that

have been termed “back-bending.” These deformations can be avoided by

keeping the maximum temperature below approximately 800�C.
When silicon is in contact with a metal, a low-temperature liquid

eutectic can be formed, far below the melting temperature of either silicon

or the metal. For example, the eutectic temperature for silicon and gold

occurs around 370�C for 30% silicon. In contrast, the melting point for

pure gold is 1064�C, and the melting point for pure silicon is 1410�C [5].

Aluminum and silicon can form a eutectic around 577�C at around 12%

silicon. In designing thermal actuators, such as gold/silicon thermal

bimorph actuators or suspended heaters with metal wires and contacts,

the metal should not be used in the proximity of any silicon that is heated

unless the temperature is kept below the eutectic point.

Problems

(1) Consider the heatuator shown in Figure 5.4. We will make some

simplifying assumptions to calculate the deflection of the actuator as

shown in Figure 5.9. First, we will assume that the cold arm has a low

electrical resistance in comparison to the hot arm, so that it has

negligible Joule heating when a current is passed through the arm,

and has a large thermal mass, so that it stays at the substrate

temperature of 300 K for short heating pulses. We can then calculate

the temperature increase of the hot arm and flexure using the heat

diffusion equation for a fixed-fixed beam where the temperature at

each end is fixed as the substrate temperature of 300 K (degrees

Kelvin). Assume that the thermal conductivity of silicon is 1.5 W/cm-K

at room temperature (300 K).

(a) For the hot arm assume the width WH¼ 2 mm and the length

LHOT¼ 200 mm, respectively. Calculate the average temperature of

the hot arm for a power dissipation of 25 mW assuming the only

heat loss mechanism is by conduction to the substrate and cold

arm. Repeat the calculation to find the average temperature of the

flexure. Assume the widthWF¼ 2mm and the length LFLEX¼ 40mm.
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Assume the thickness of all the layers is 2mm. Use the following

formula for the average temperature:

TAverage ¼
1

L

ðL

0

TðxÞdx:

(b) Using the formula below for a cantilever thermal bimorph,

calculate the tip deflection d, where THOT is the average tempera-

ture of the hot arm and TCOLD is the average temperature of the

cold arm and flexure. Assume the cold arm remains at the

substrate temperature of 300 K. L is the length of the hot arm

(200 mm), and WHþF is sum of the widths of the hot arm and

flexure (2 mm þ 2 mm¼ 4 mmh. l is the coefficient of thermal

expansion of polysilicon and is given as a function of temperature

[K] by

�Lateral ¼
3L2 THOT � TCOLDð Þ l THOTð Þ � l TCOLDð Þð Þ

4WHþF

l Tð Þ ¼ 3:725 1 � e �5:88�10�3 T�124ð Þ½ �
n o

þ 5:548� 10�4T
� �

� 10�6 K�1

 �

:

(2) A fixed-fixed polysilicon beam, as shown in Figure 5.15, is heated

creating a compressive stress s.

(a) If the width of the beam is W, the length of the beam is L, and the

thickness of the beam is t, find an expression for the compressive

stress as a function of temperature. Assume the coefficient of

thermal expansion for the beam is g¼ 2.3� 10�6/K and Young’s

modulus E¼ 160 GPa.

(b) Once a critical value of stress is reached, the beam will buckle.

This is called the Euler buckling limit and is given by

�Euler ¼ � p2

3

Et2

L2
:

Figure 5.15 Top view of a fixed-fixed beam.
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At what temperature rise DT above ambient will a beam that is

100 mm long, 5 mm wide, and 2 mm thick buckle?

(c) If the beam is heated by passing a current through it, what current

is required to buckle the beam? Assume the beam will buckle

when the average temperature of the beam equals the DT found

above. Also assume that the beam is fabricated in Poly1 of the

PolyMUMPS process with a sheet resistance of 10 O/□ and that

the thermal conductivity of polysilicon is k¼ 1.5 W/cm-K. Ignore

any variations in the parameters with temperature. The average

temperature rise is given by

�TAverage ¼
1

L

ðL

0

�TðxÞdx;

where DT (x) is given by

�TðxÞ ¼ TðxÞ � Tsubstrate ¼ �T ¼ P~

2k

� �

x2 þ P~L

2k

� �

x:

(3) Describe how you can make a thermal actuator that can be used to

position objects vertically out of plane. Can you find examples of this

sort of actuator in the literature?

(4) Describe how you can make a thermal actuator for an inkjet printer in

the PolyMUMPS process. To what temperature will you need to heat

the water in the ink in order to quickly form a vapor bubble? How

could you thermally isolate the heater from the substrate?
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6

Fluidic MEMS

Fluidic MEMS were some of the earliest and most commercially success-

ful MEMS devices. The inkjet printer has displaced many of the other

printing technologies for desktop and photographic color printing and is

now penetrating the high-end digital printing market. An emerging

market is developing for biological “lab-on-a-chip” and sensor

applications. The same technology that enables printing color documents

on a desktop may enable implantable medical devices to monitor internal

chemical concentrations such as blood sugar levels and precisely and

continuously dose drugs such as insulin on an as-needed basis. Before

considering these applications we consider fluidics on micrometer length

scales, as many of the phenomena we are used to on the macroscopic

length scales, where our intuitions are formed, do not apply on the

microscopic length scales of microfluidic devices.

6.1 Equations of motion

The equations of motion for fluids are given by the equation for the

conservation of matter and Newton’s law for the forces acting on the

fluid. For an incompressible fluid, the density r of the fluid will be

constant:

@�

@t
¼ 0 ð6:1Þ

If the velocity of the fluid is ~v, then the mass that flows in a unit time

across a unit area of surface is the component of r~v normal to the surface,

so that the divergence of r~v is equal to the decrease in density per unit

time [1]:
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~r� �~vð Þ ¼ � @�

@t
¼ 0 ! ~r�~v ¼ 0 ð6:2Þ

Newton’s law for the forces acting on a unit volume of fluid with

density r under the influence of a force f per unit volume can be

written as [1]

� ~a ¼ ~f ð6:3Þ

¼ �~r p� �~r� þ ~f visc ð6:4Þ

where �~rp is the pressure force per unit volume, � �~r� is the force per

unit volume associated with the potential f, and ~f is the viscous force

per unit volume. In lab-on-a-chip microfluidic devices, a common poten-

tial is an applied voltage to drive electrokinetic flow.

6.2 Microfluidics

Some of the important differences in the behavior of fluids on the micro-

scale relative to the macroscopic scale we are used to in our everyday life

are the following:

� All fluid flow is laminar rather than turbulent.

� Surface tension becomes an important force.

� Inertia becomes less important.

� The apparent viscosity increases.

Contrary to our intuition in the macroscopic world, fluids do not mix,

bugs can walk on water, and our approach for swimming does not work.

Understanding these differences is important to successful microfluidic

design.

The relative importance of surface effects, like surface tension, to

volume effects, like weight, can be understood through scaling laws. If

we consider the surface area of a sphere, the surface area A varies with the

radius r as

A ¼ 4pr2 ð6:5Þ

while the volume V of a sphere varies as

V ¼ 4

3
pr3 ð6:6Þ
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so that the surface to volume ratio is given by

A

V
¼ 4pr2

4pr3=3

¼ 3

r
ð6:7Þ

As the radius decreases the ratio of surface to volume increases, so that

surface forces such as surface tension and capillarity dominate forces that

scale with volume like weight.

Viscosity is a distinguishing feature of fluids. As a fluid becomes more

viscous, the less fluid-like it is. A related property in solids is the shear

modulus or stiffness in shear. We previously found that the shear stress

and shear strain in solids are related as follows:

Shear Stress ¼ Shear Modulusð Þ Shear Strainð Þ ð6:8Þ
This can be written in the form

Stimulus ¼ Stimulus=Responseð Þ Responseð Þ ð6:9Þ

For Newtonian fluids, the relationship between the stimulus and response

can be written as

Shear stress ¼ Viscosityð Þ Shear Rateð Þ ð6:10Þ

Themain difference between solids and fluids is that a fluid will flow under

the influence of a shear stress, whereas a solid will twist or deform. For

fluids, the response to a shear stress is a shear rate with the proportionality

constant that relates the stimulus and response given by the viscosity m. The

shear rate is a rate of change of velocity with distance, a velocity gradient,

in the direction perpendicular to flow. It is the velocity gradient you feel

when wading out into a creek from an eddy into the flow. A diagram

illustrating how the viscosity m is defined is shown in Figure 6.1. Two

plates, each with area A, are separated by a distance d. One plate moves

with velocity V under the influence of a force F. The velocity of the fluid

varies linearly between the plates. At the lower stationary plate, the vel-

ocity of the fluid is zero, and it increases linearly, as shown by the length of

the arrows, up to the maximum velocity V at the upper plate.

The viscosity m is defined for a Newtonian fluid by the relation

F

A
¼ 	

V

d
ð6:11Þ

The more viscous the fluid, the higher the force required to move the

upper surface at velocity V. It is a measure of the resistance of fluids to

flowing across surfaces or through conduits. The more viscous a fluid is,
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the less “fluid” it is. A familiar example for viscosity might be an ice

cream maker, as shown in Figure 6.2. This device has two cylinders, one

of which is stationary and the other of which can be rotated by a crank.

As the cream turns into ice cream, the viscosity increases, making the

crank harder to turn.

There are two types of fluid flows that can be important in

microfluidic devices. One type of flow is called “Couette” flow, which

is the steady viscous flow between parallel plates, one of which is moving

relative to the other, as shown in Figure 6.1. The velocity of the fluid

varies linearly from zero at the stationary plate up to the velocity V at the

moving plate. Another type of fluid flow is “Poiseuille” flow. This is a

pressure-driven flow between stationary parallel plates, as shown in

Figure 6.3. It has a parabolic variation of the pressure with the maximum

flow velocity in the middle of the plates and zero flow velocity at

the walls.

6.2.1 Reynolds number

The Reynolds number, Re, is a dimensionless number that describes the

relative importance of inertia and viscosity for the flow of a fluid. Con-

sidering Figure 6.1, the inertial and viscous forces would be

Fixed surface

with area A

Force F

Surface moving at

velocity V

Separation d

Figure 6.1 Definition of viscosity. Two plates, each with area A, are separ-

ated by a distance d. The lower plate is fixed. The upper plate moves with a

velocity V under the influence of a force F. The velocity of the fluid

varies linearly between the two plates. The steady viscous flow between the

parallel plates, one of which is moving relative to the other, is called the

Couette flow.
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Fixed surface

with area A

Pressure P

Fixed surface

Separation d

Figure 6.3 Poiseuille flow; a pressure-driven flow between two stationary,

parallel plates.

Figure 6.2 Ice cream maker. The handle rotates an inner cylinder. As cream

between the rotating inner cylinder and the fixed outer cylinder turns into ice

cream, its viscosity increases and the crank gets harder to turn. The inset

shows the geometry of a viscometer for measuring fluid viscosity. It consists

of two closely spaced cylinders, one of which is fixed and the other of which

can rotate. With a narrow gap between the cylinders this geometry is similar

to the plates shown in Figure 6.1.
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Finertia ¼ ma ¼ � Ad
V

t
¼ �AV2 ð6:12Þ

Fviscous ¼ 	A
V

d
ð6:13Þ

so that the Reynolds number Re would be given by

Re ¼ Finertia

Fviscous

¼ �AV2

	A
V

d

¼ �dV

	
ð6:14Þ

For high Reynolds numbers (Re > 2000) the inertial forces dominate the

viscous forces, and the flow is turbulent. An example of turbulent flow

would be a whale swimming; that would have a Reynolds number of

around 200 000 000 [2]. In this turbulent regime there would be a wake

with vortices in the water behind the whale. For low Reynolds numbers

(Re < 1) the viscous forces dominate, and the flow is steady, or laminar.

An example of laminar flow would be a paramecium swimming. In this

laminar regime there would be no wake behind the paramecium, and the

flow lines would be smooth and steady, with no formation of vortices. In

microfluidics, the flow is usually laminar. In laminar flow conditions the

mixing of fluids occurs by diffusion, which is slow compared to turbulent

mixing.

6.2.2 Surface tension

As described in equation (6.7), as the length scale decreases, surface

effects dominate volume effects, so that surface tension can dominate

volume-related inertial forces. Bugs are able to walk on water as if the

surface of the water were a trampoline. The surface of the water behaves

like a stretched membrane due to the surface forces. Within the fluid all of

the molecules are surrounded by other molecules, so they are fully

bonded. At the surface of the fluid the molecules are bonded on one side,

but not the other, so they are in a higher energy state. Minimization of the

surface energy results in tension at the surface of the liquid to minimize

the surface area. Surface tension causes a liquid drop to form a sphere to

minimize the amount of surface area. To visualize the surface tension

force, imagine making a cut in the stretched trampoline. The surface

tension is the force F per unit length l that would have to be applied to

hold together the two sides of the cut. The surface tension g in Newtons/

meter (N/m) is given by
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g ¼ F

l
ð6:15Þ

The direction of the surface tension is parallel to the surface and perpen-

dicular to the cut. The surface tension can also be thought of as the energy

in Joules per square meter (J/m2) that is required to create a unit area of

new surface. To create an additional amount of surface A, the required

energy E would be

E ¼
ð

gdA ¼ gA ¼
ð

F

l
dA ¼

ð

Fdx ð6:16Þ

g ¼ E

A
ð6:17Þ

An example of surface tension is the formation of a meniscus at the orifice

of a capillary filled with liquid, such as the nozzle of an inkjet print head.

As shown in Figure 6.4, the liquid is held to the orifice by the surface

tension t around the periphery of the capillary. The pressure drop DP

across the meniscus can be calculated by equating the force t holding the

meniscus to the capillary to the pressure pushing the fluid out of the

capillary:

2prð Þg ¼ �P pr2
� �

! �P ¼ 2g

r
ð6:18Þ

As a numerical example consider water (g ¼ 7.27 � 10–2 N/m) at a 10 mm

nozzle as might be used in an inkjet printing device, as will be discussed

later in this chapter. The pressure drop DP would be 1.45 � 104 N/m2, or

0.14 atm.

ΔP2r

t

t

Figure 6.4 Surface tension for a meniscus in an inkjet nozzle with radius r.

A pressure difference of DP from the fluid to the atmosphere causes a drop to

bulge out of the orifice. Surface tension t is exerted on the liquid for a length

2pr around the rim of the nozzle.
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6.2.3 Contact angle

Surface energy is the energy required to create a unit surface of a

material. Interface energy is the energy required to create a unit of

surface between two different materials. Both the surface energy and the

interface energy determine the contact angle at the interface, as shown in

Figure 6.5. Here there are interfaces between a gas, a liquid, and a solid.

The surface tension g is the interface energy per unit area or, equivalently,

the interface force per unit length. The surface tension at the liquid–gas

interface is gLG, at the solid–liquid interface it is gSL, and at the solid–gas

interface it is gSG.

In equilibrium the liquid makes an angle y with the solid surface, which

is given by Young’s equation:

g
SL

þ g
LG

cos �ð Þ ¼ g
SG

ð6:19Þ

If the angle is greater than 90 degrees, liquid balls up on the surface, as

shown on the left-hand side of Figure 6.6, and the surface is said to be

“hydrophobic,” indicating a repulsive interaction between the liquid and

the solid (water fearing). It balls up to avoid wetting the surface. If the

contact angle is less than 90 degrees, the liquid wets the surface, as shown

Liquid

Surface

Gas

γSGγSL

γLG

θ

Figure 6.5 Contact angle. The interface between a solid, a liquid, and a gas.

Surface tension gSL pulls to the left along the surface–liquid interface and

surface tension gSG pulls to the right along the surface–gas interface. Surface

tension gLG pulls in the direction of the liquid–gas interface and has a

component of gLG cos(y) along the surface–liquid interface.

Figure 6.6 Contact angle. On a hydrophobic surface (left) the fluid balls up

to decrease contact with the surface, forming a contact angle that is greater

than 90 degrees. On a hydrophilic surface (right) the fluid spreads out to

increase contact with the surface, forming a contact angle that is less than 90

degrees
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on the right-hand side of Figure 6.6, and the surface is said to be

“hydrophilic,” indicating an attractive interaction between the liquid

and the solid (water loving).

If the interface is vertical rather than horizontal, as shown in Figure 6.7,

the force of gravity must be taken into consideration, leading to the

phenomenon of “capillary rise.”

6.2.4 Capillary rise

As shown in Figure 6.8, liquid in a small diameter tube, or capillary, will

be pushed below the surface of the liquid outside the tube if the contact

angle is greater than 90 degrees (hydrophobic), as shown on the left-hand

side of Figure 6.8. The liquid will be drawn up into the tube to rise above

the surface of the liquid outside the tube if the contact angle is less than

90 degrees (hydrophilic), as shown on the right-hand side of Figure 6.8.

The height of the capillary rise for a hydrophilic surface, or the depth of

the capillary depression for a hydrophobic surface, can be found by

Liquid Liquid

Solid Solid

q

q

Figure 6.7 Contact angle at a vertical interface. Hydrophobic (90 degrees

< y < 180 degrees) (left) and hydrophilic (0 < y < 90 degrees) (right).

h

h

τ

ττ

τ

Figure 6.8 Capillary rise and depression. Hydrophobic (left) and hydrophilic

(right).
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equating the gravitational potential energy mgh with the energy due to the

surface tension t:

�g p r2h
� �

¼ 2p rg cosð�Þ ð6:20Þ

h ¼ 2g cosð�Þ
�gr

ð6:21Þ

Here r is the density of the liquid that is lifted or pushed out of the tube,

g is the gravitational constant (9.8 m/s2), r is the radius of the tube, and

h is the height of the liquid rise or the depth of the liquid depression.

6.3 Inkjet

Thermal inkjet is one of the leading commercial applications for fluidic

microsystems. Its invention in the 1980s transformed the printing industry

by bringing color to the desktop at low cost and high quality. In thermal

inkjet printing a vapor bubble is quickly grown on top of a small resistive

heater. A vapor bubble grows explosively as the water-based ink is

superheated in microseconds to more than 300�C and displaces ink

through a small orifice. Typically the diameter of the orifice is equal to

the diameter of the ink drop, which can be from 10 to 20 mm, depending

on the resolution of the printer.

One of the challenges of thermal inkjet printers is the heat that is

generated and the power that is required. The waste heat has to be

removed and the amount of power required for resistive heating can be

high, particularly for high-speed printing, which requires high-frequency

drop ejection from multiple drop ejectors. The energy E required to eject a

drop of ink is approximately 1 mJ, and the drop ejection frequency f can be

as high as 10 kHz, resulting in a power dissipation for each jet of

P ¼ �E

�t
¼ �Ef ¼ 1� 10�6J

� �

10� 103 drops=s
� �

¼ 10 mW ð6:22Þ

Current inkjet printers have hundreds of nozzles, and future inkjet

printers are projected to have several thousands of nozzles in page-wide

arrays to obtain very high print speeds, which will require very high levels

of power. Here we consider nonthermal means of drop ejections to

decrease the required power.

One potential solution is to use piezoelectric or electrostatic actuation.

Both of these approaches are mechanical rather than thermal means of
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actuation, so they have potential for lowering the required power. Piezo-

electric actuators do not have high amounts of displacement, so drop

ejectors based on piezoelectrics tend to be large (mm) and do not scale

down to the 20–40 mm pitch size required for high-resolution printing at

600–1200 dots per inch. Here we consider two different types of electro-

static actuators that have been fabricated in multiwafer processes. The

first drop ejector has been fabricated in the PolyMUMPS process and

uses a hybrid packaging approach, where a nozzle plate is bonded onto a

surface micromachined actuator. The second approach uses a monolithic

packaging approach, where the nozzle plate is fabricated as a part of the

surface micromachining process.

The acoustic pressure that is required to eject an ink droplet is shown

schematically in Figure 6.9. To eject an ink drop, the acoustic pressure

that is generated by the electrostatic actuator must overcome the viscous

pressure drop required to push the ink through the nozzle (�0.5–1 atm),

the capillary pressure drop due to surface tension (�0.1 atm), and the

dynamic pressure of the liquid associated with its kinetic energy

(�0.5 atm). The total acoustic pressure required to eject a drop will be

on the order of 1–2 atm of pressure.

A schematic cross-section diagram of a drop ejector fabricated in the

PolyMUMPS process is shown in Figure 6.10. The actuator is a clamped

circular diaphragm similar to the M-Test structure CD discussed in

Chapter 2, Section 2.8. The membrane diaphragm is defined in the

Poly1 layer (2 mm) and is pulled down by application of a voltage to a

Acoustic

Pressure

Viscous pressure loss

(0.5 – 1 atm)

Surface tension

pressure rise

(< 0.1 atm)

Dynamic pressure

of the liquid

(≅ 0.5 atm)

Figure 6.9 Pressure required to form and eject an ink drop in inkjet printing.

The acoustic pressure generated by an actuator must overcome the viscous

pressure drop required to force liquid through the nozzle (frictional energy

loss), the surface tension pressure rise to form the drop (surface energy), and

the dynamic pressure (kinetic energy) of the liquid.
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counter-electrode defined in the Poly0 layer (0.5 mm), as shown in

Figure 6.10(a). The Poly1 membrane, which is exposed to the ink, is held

at ground potential to avoid exposing the ink to the voltage, which could

lead to the electrolysis of a conducting ink. The gap between the counter-

electrode and the diaphragm is determined by the 2 mm thick sacrificial

Oxide1. Alternatively, for a larger gap, to generate a larger drop size, the

diaphragm can be formed in the Poly2 layer and Oxide1 (2 mm) and

2 (0.75 mm) stacked to form a 2.75 mm gap. To eject a drop, the voltage

is removed and the membrane relaxes back to its initial position, as

shown in Figure 6.10(b) and (c). The ink that was located between the

diaphragm and the nozzle plate is ejected through the orifice in the nozzle

plate. The nozzle plate can be defined in Poly2 of the PolyMUMPS

process or by a separate thick polymer such as SU-8, a thick photosensi-

tive epoxy that is deposited and patterned as described in Chapter 7.

membrane (Poly1, 2 μm)

c

b

a

electrode (Poly0, 0.5 μm)

silicon nitride  (0.6 μm)

substrate

Figure 6.10 Electrostatic membrane drop ejector. (a) The membrane has

been pulled down by the application of a voltage applied to the counter-

electrode. (b) The voltage is removed and the membrane relaxes back to its

initial position, ejecting a drop of ink through the orifice in the nozzle plate,

as shown in (c). The membrane is fabricated in Poly1 and the counter-

electrode is fabricated in Poly0. The nozzle plate with the orifice can be

fabricated in Poly2 or in a separate thick polymer layer such as SU-8 (Xerox

MEMSJet). See color plate section.
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If the nozzle plate is fabricated in Poly2, the fluidic design will have to

comprehend the flexure of the 1.5 mm thick nozzle plate under the

applied pressure of the ink as the thicker Poly1 membrane (2.0 mm) is

relaxed.

We can estimate the pressure that the membrane is able to generate by

the pressure that is required to pull it down to the counter-electrode. If we

use the parallel plate approximation for the electrostatic force found in

Chapter 3, equation (3.13), the pressure is given by

P ¼ F

A
¼ e0

2

V

g

� �2

ð6:23Þ

where V is the applied voltage and g is the gap. For a 1 mm gap, the

voltage required to generate a pressure of 2 atm would be

V ¼ g

ffiffiffiffiffiffi

2P

e0

s

¼ 1� 10�6m
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 atmð Þ 101; 325 Pa=atmð Þ
8:85� 10�12 F=m

s

¼ 150V ð6:24Þ

If the membrane is actuated under voltage control, it will actually pull in

at a lower voltage, once the original gap has been decreased by a little

more than one-third of its initial spacing, as shown previously in equation

(3.24), or about 0.7 mm. The gap can be closed a little further than one-

third of the initial voltage because the clamped boundary conditions lead

to a nonlinear spring as the membrane stretches when it is displaced by an

amount more than its thickness.

An image of an actuator that has been pulled down is shown in

Figure 6.11. Here the deflection of the membrane can be seen by the forma-

tion of Newton’s rings when a coherent source is used for illumination.

Light from the counter-electrode interferes with the light reflected from

the membrane, giving an interference ring each time the optical path

length changes by half a wavelength:

‘ ¼ m
l

2
ð6:25Þ

In this case the membrane was illuminated by red light from a helium

neon laser that had a wavelength of 0.63 mm, so three dark rings are

formed at 0.32 mm, 0.63 mm, and 0.95 mm gap spacings.

A stroboscopic image of drops being ejected is shown in Figure 6.12.

The nozzle is indicated by a dashed line. The reflection of the drop that is

being ejected can be seen in the nozzle plate to the left in the figure. Drops

that have been ejected can be seen on the right.
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A second type of inkjet with an electrostatic actuator has been fabri-

cated in the Sandia SUMMiT V process [3], [4]. In this design, the ink fills

in the gap in the electrostatic actuator, increasing the dielectric constant

and thus the pressure that is generated. Since the ink is exposed to the

drive voltages, a high-frequency RF drive signal is used to avoid problems

with electrolysis of the ink. A schematic cross section of the drop ejector is

shown in Figure 6.13 [5].

A scanning electron microscope (SEM) image of a piston drop ejector

with part of the front face removed to show the actuators is included in

Figure 6.14.

Neck
Reflection

of drop

Drops
Nozzle

Figure 6.12 Drop ejection from a MEMSJet drop ejector (Xerox

MEMSJet).

Figure 6.11 Formation of Newton’s rings for a clamped-circular diaphragm

defined in Poly1 that has been pulled down by the application of a voltage to

Poly0 (Xerox MEMSJet).
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nozzle
spring

piston

liquid feed

drop

liquid bath

Figure 6.13 Electrostatic piston drop ejector. (Reprintedwith permission from

A Surface Micromachined Electrostatic Drop Ejector, P. Galambos, K. Zavadil,

R. Givler, F. Peter, A. Gooray, G. Roller, and J. Crowley,#1967 IEEE.)

trace

sidewall

piston

well

support

post

piston

Figure 6.14 Cut-away SEM image of a piston drop ejector that was fabri-

cated in the SUMMiT V surface micromachining process. (Reprinted with

permission from A Surface Micromachined Electrostatic Drop Ejector,

P. Galambos, K. Zavadil, R. Givler, F. Peter, A. Gooray, G. Roller, and

J. Crowley, #1967 IEEE.)
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Problems

(1) Explain why a steel needle can float on water while a steel nail cannot.

Assume water has a surface tension of 72 � 10–3 N/m and has a

contact angle of 30 degrees with either the needle or nail. Assume the

needle has a length of 2 cm and a diameter of 1mm. Assume the

nail has a length of 4 cm and a diameter of 4mm. The density of steel

is 8 g/cm3.

(2) For each of the coins in your currency, determine whether the coin

will float on water.

(3) Design a MEMS inkjet drop ejector in the PolyMUMPS process, as

shown in the cross section in Figure 6.10. You do not need to

worry about the fluid reservoir shown above the actuator that is

formed as a circular diaphragm in Poly1 (red).

(a) Assume that you want to print at a resolution of 600 dpi (dots per

inch). An ink droplet will typically spread out into a dot

approximately twice its diameter when it hits the page. Calculate

the required drop volume for printing at 600 dpi resolution

(1 in.¼ 25.4mm).

(b) For a circular diaphragm with radius r fabricated in Poly1,

estimate the volume displacement expected if the membrane is

pulled down a distance dcenter until a dimple on the bottom of

Poly1 lands on the silicon nitride dielectric layer. Assume the

dimple has a height of 0.75 mm and that sacrifical Oxide1 is 2 mm

thick. What radius is required to generate the appropriate sized

drop volume for 600 dpi printing?

(c) Assume the central deflection of a circular membrane is given by

�center ¼
3Pr4ð1� �2Þ

16Et3

where n ¼ 0.20 is Poisson’s ratio and E ¼ 160 GPa is Young’s

modulus. Calculate the pressure that is required to obtain the

center deflection used in part (b) above (e.g., the membrane is

pulled down until a 0.75 mm dimple lands on the nitride dielectric

layer).

(d) What voltage would be required to generate this pressure?

Assume that the pressure P ¼ F/A, where F is the electrostatic

force (e.g., assume the bending of the membrane is negligible and

that you can use the equation for the electrostatic force for a
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parallel plate actuator). The permittivity of free space e0 ¼ 8.85 �
10–12 F/m.

(e) To eject a drop, the actuator must overcome the pressure to create

a meniscus. Assuming the nozzle is 20 mm in diameter, what is the

required pressure to generate the meniscus prior to drop ejection?

(4) Design a fluidic pump in a multiproject wafer process. The pump

should have a volumetric flow rate of 20 nL/s for water through a

100 mm � 100 mm microchannel that is 1mm long. What pressure

difference is required to achieve this flow rate? Before starting,

perform a literature search to see what has been done in the past.

(a) Design a displacement pump (e.g., a moving piston that displaces

fluid).

(b) Design a rotary pump (e.g., using a turnstile mechanism).

(c) Design a peristaltic pump (e.g., a sequenced deformation of a

channel or a sequenced formation of vapor bubbles).

(d) Design a capillary pump (e.g., the fluid flow is driven by capillary

forces).

(e) Design an electrokinetic pump (e.g., using electrophoresis or

electro-osmosis).
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7

Package and Test

In a multi-project wafer process your layout will be included with other

users’ layouts that are combined together into a wafer level layout. All of

the designs will be fabricated together using the same process. When all of

the fabrication steps have been completed the wafer is subdivided into

individual dies for each of the users using an abrasive diamond saw. Dicing

“streets” are put in at the wafer level layout by the supplier to compre-

hend the “kerf ” (width) of the saw blade and a safety zone for chipping

during the sawing operation. The saw blade and wafer are sprayed with

water to keep them cool during the dicing operation, and the sawing

process generates residual particles that must be removed in a post-sawing

cleaning step. At this stage custom steps can be performed for each

individual customer at the die level. Some of the custom steps include

sub-dicing of the individual die into smaller pieces, post-processing steps

such as sacrificial release and critical point drying, and packaging of the

parts. Packaging can include attaching the die to a carrier, wire bonding

and sealing the package to protect the parts from the environment and to

provide a controlled interface (electrical, thermal, mechanical, and/or

optical) between the parts and the environment.

7.1 Release

A typical process sequence for the fabrication of a MEMS device is shown

in Figure 1.4. At the end of the fabrication cycle the MEMS part is

released from the substrate by etching a sacrificial layer in a surface

micromachining process, or by etching selected regions of the substrate

in a bulk micromachining process. This enables a micromechanical

element such as a proof-mass or an actuator to move independently of
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the substrate, or a sensor element such as a temperature sensor to be

thermally isolated from the substrate.

Prior to release the MEMS dies typically look as expected by the

designer. After release the released parts can deform under the action of

the residual stress and stress-gradients, and parts that are not attached with

an anchor can float away. Examples of released parts that have deformed

after release are shown in Figure 1.6 and bond pads that were not properly

anchored and have become detached from the substrate are shown in

Figure 1.9.

Many of the suppliers for multiproject wafer processes will offer ser-

vices for release of the parts at the die level. If this service is offered it is

highly recommended for users who do not have access to a cleanroom for

performing their own release. The release steps typically use hazardous

chemicals such as hydrofluoric (HF) acid in a polysilicon surface

micromachining process, or potassium hydroxide (KOH) in a bulk

micromachining process, which require the proper chemical handling

and safety equipment. Hydrofluoric acid is particularly insidious as

it absorbs through the skin before any burning sensation is felt. The

supplier may also offer advanced release procedures such as a dry

release to avoid stiction effects, as shown schematically in Figure 1.10.

An example is the use of a HF vapor instead of liquid HF to avoid

the formation of a liquid meniscus that can cause stiction from the

capillary forces as the part is dried. Another approach is to avoid the

formation of a liquid–vapor interface altogether by using a supercritical

drying process [1]. This is accomplished by controlling the pressure

and temperature of the drying process, typically using liquid carbon

dioxide (CO2) that is brought into a supercritical state critical point

(304.25 K at 7.39 MPa or 31.1 degrees Celsius at 1072 psi) to avoid

crossing the phase boundary between a liquid and gas where a meniscus

would be formed.

A final approach to avoid stiction effects is to apply a self-assembled

monolayer (SAM) that is hydrophobic as a part of the release pro-

cess. This process forms a hydrophobic Teflon-like coating on the

contacting surfaces that reduces the capillary forces decreasing stiction

effects [2].

After the parts have been released they can be inspected to determine

whether or not the release went well. If parts have not been properly

anchored the die can look like a battleground with debris distributed over

it. A good design practice is to include test structures in addition to the

parts to assess the success of the release step. Common test structures
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include arrays of different length cantilever and fixed-fixed beams, as

discussed in Chapter 2. The cantilever beams can be inspected to see

whether or not they were properly released without stiction. If there are

stiction effects then the critical length beyond which the beams are too

flexible and stiction occurred can be determined and comprehended in

future designs. The cantilever beams will also indicate any residual stress

gradients. If there are residual stress gradients the beams will deflect as

shown in Figure 1.5. If the amount of vertical deflection can be measured

as a function of beam length it can be used to predict deflections from

residual stress gradients in future designs. Arrays of fixed-fixed beams can

be used to detect residual compressive stress by determining the critical

length for Euler buckling, as discussed in Chapter 2. Finally, bent-beam

strain sensors oriented parallel to the die edges can be included to deter-

mine the magnitude of compressive or tensile residual stress, as shown in

Figure 2.16.

7.2 Test equipment

One of the primary pieces of test equipment is a probe station that allows

mechanical and electrical probing of MEMS parts (Figure 7.1). The probe

station will have a microscope with a number of different objective lenses,

allowing different levels of magnification and fields of view. A 1–3� zoom

feature is also useful. Ideally the objective lenses will have a long working

distance to enable changing the objective without having to increase the

lens–sample spacing and to allow bringing in the probes below the object-

ive lens to contact the sample.

The probe station should have some means for holding down the

device under test. A common approach is to use vacuum hold down,

but many probe stations have platens with vacuum ports spaced to hold

down whole wafers rather than diced parts. It is possible to block some

of the outlying vacuum ports with tape so that sufficient vacuum can be

developed in the inner vacuum ports to hold down the die. Alternatively,

the die can be held in place with double-sided sticky tape, but this tape

can leave a residue on the probe station platen and the back of the part

under test.

The electrical testing described requires landing a probe onto the bond

pad. This can be fairly straightforward for layouts with large bond pads

(	150 mm square) or as challenging as landing a jet on an aircraft carrier

for very small bond pads or for bond pads that are spaced closely
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together. A first step is to get the probes within striking distance of the

bond pad without destroying any of the parts on the chip. The probes are

lifted sufficiently high that they will not contact the chip, but sufficiently

low that they are visible within the working distance of the probe stations

optics. A good option is to use a microscope objective that has sufficient

depth of focus to enable seeing both the probe and the bond pad during

the landing. It is useful to start off with low-power objectives that allow

a wide field of view as the probe is brought towards the bond pad, and

then to switch to a higher power objective with a smaller field of view

when the probe has been brought into close proximity of the bond pad.

Once the probe is close to the pad it can be lowered down to the pad to be

Figure 7.1 A probe station is used for electrical and mechanical probing of

the MEMS parts. A microscope with objectives that have a long working

distance allows micromanipulators to contact the device under test. It is

useful to have a range of magnifications that allow imaging of both the

entire chip, to find particular devices on the chip, and imaging of the device

of interest. Electrical signals can be brought to the chip to actuate it, such as

the voltage for an electrostatic actuator, and brought from the chip to detect

signals from it, such as the change in resistance of a piezoresistive sensor. The

probes can also be used to apply a mechanical force to make sure that parts

that are supposed to be released actually are released. Bond pads on the

MEMS device under test should be large enough to easily land the probes on

them, on the order of 100 to 150 mm on a side. The landing of the probe can

be detected as a horizontal deflection of the probe when contact is made.
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brought into contact. When the probe comes into contact with the pad it

will deflect sideways and can sometimes leave a “witness” mark or scratch

on the pad as it slides across it.

For designs that require making multiple electrical connections to bond

pads for their operation, it is good practice to limit the number of bond

pads by making on-chip electrical connections with wires rather than off-

chip connections through bond pads. It can be very difficult bringing

multiple probes into contact with the chip without encountering either

mechanical interference between the probes, or optical interference that

limits the field of view. If multiple off-chip connections are required the

chip can be mounted on an interposer board with fan-out to bond pads

that are more widely spaced. If a common pad layout is re-used a “probe-

card” can be designed with that layout that allows multiple probe

contacts to be made at the same time.

7.3 Mechanical testing

Often parts do not perform as expected, so it can be useful to include

some simpler mechanical test structures to allow probing whether or not

parts have been released as expected. A useful test structure is a spring

that is anchored at one end, with a ring at the other end that is large

enough to fit a probe into. A ring diameter of 150 mm should be sufficient.

The probe can be lowered into the released ring, and moved laterally to

ensure that the released spring moves as expected.

If a released part does not move as expected it is possible to poke the

part with the probe, often times without breaking the part. If the release

step was not carried through to completion, sometimes the remaining

residual sacrificial films that have been partially etched can be broken by

mechanical probing without destroying the part that is to be released.

Also, if the part moves “sluggishly” it can be an indication that there is a

residual contaminant film or absorbed water layers between the released

part and the substrate if the released parts have not been stored in a dry

environment such as a storage cabinet with desiccant.

7.4 Electrical testing

In addition to mechanical test structure it is good practice to include

electrical test structures. Simple structures like electrical bond pads that
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are connected together electrically by wires defined in different layers can

be tested to ensure the electrical continuity that is expected. This sort of

information can be very valuable in problem solving in case designs do

not work as planned. The contact resistance can then be measured to

ensure good electrical contact. If the contact resistance is high the probe

can be removed for cleaning. If cleaning the probe does not improve the

contact resistance there may be a problem with the bond pad design or

layout such as a residual insulating layer that was not removed to permit

electrical conductivity.

If the die substrate must be held at ground potential for the electrical

testing, it will be necessary either to include a ground pad that is electric-

ally connected to the substrate, or to make contact to the substrate

through the back of the die. In order to make a good backside

contact, all of the electrically insulating layers will need to be removed

from the backside. One way to accomplish this is to scratch off any

backside films and to use electrically conducting glue such as “aquadag,”

a solution with a colloidal suspension of conducting graphite particles, to

hold the chip down. This conducting glue is often used in scanning

electron microscopes to avoid charge buildup on parts that are imaged

with the electron beam. If the part under test is held down on the probe

station platen by double-sided sticky tape, a backside ground contact

will require making contact at the edge of the die to short circuit the

insulating tape.

As described in Chapter 2, the M-Test structures are useful for deter-

mining thin film properties as well as testing electrical functionality. By

applying increasing voltages to the M-Test structures, they can be optic-

ally inspected to determine the voltage that is required for pull-in. These

simple test structures enable a rapid assessment to determine quickly if

released parts are able to be actuated as expected using electrostatic

forces.

Often the supplier will include one of their own test structures in

the customer’s layout space. For example the PolyMUMPs die will

have a comb-drive resonator added into the layout after the customer

turns it in, so long as they have followed the design guidelines that

specify leaving a space on the layout for the inclusion of the comb-drive

resonator. The comb-drive can be inspected for the fidelity of the pat-

terning since the combs of the comb-drive use the minimum space

to achieve the maximum force. The comb-drive can also be driven

into electrical resonance by the application of the appropriate biasing

conditions [3].
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7.5 Optical characterization

Often it is possible to detect in-plane motion of MEMS devices by

observing the part as it is actuated. If the motion is small the part can

be excited into resonance by applying an alternating current (ac) signal at

the parts resonance frequency where the motion will be amplified for a

high-Q structure. If the vibration frequency is too high to follow, often

the envelope of the motion can be observed. For out-of-plane motion a

high-magnification objective with a short working distance can be used.

As the part moves out of plane the focus will be lost. By raising the

objective to bring the part back into focus, the out-of-plane deflection can

be measured so long as the z-travel for the microscope is calibrated.

A very useful tool is a white light non-contact interferometer that can

be used to obtain three-dimensional renderings of the part. It can also

be used to extract z-height data and surface roughness. A white light

interference image of an array of X-beam electrostatic actuators is shown

in Figure 7.2. The different colors correspond to different z-heights of the

actuators. When a voltage is applied to the actuator the central square

Figure 7.2 A white light interferometer can be used to make measurements

of the device under test without contacting it. This technique is most often

used to obtain height information for MEMS structures. It can be useful

to measure out-of-plane displacement information for vertical actuators.

See color plate section.
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Figure 7.3 Displacement of an individual X-beam actuator. (Top)

Undeflected actuator. (Middle) Partial deflection. (Bottom) Maximum

deflection. See color plate section.
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is pulled downwards towards the substrate. The displacement of an

individual actuator is shown in Figure 7.3. A line scan can be used to

measure the deflection along the line as shown in Figure 7.4. Stroboscopic

imaging can also be used to analyze MEMS motion [4], [5].
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Figure 7.4 Line scans across a MEMS actuator taken with white light

noncontact interferometry. Line scans can be used to make quantitative

measurements of out-of-plane dimensions.
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8

From Prototype to Product: MEMS

Deformable Mirrors for Adaptive Optics

MEMS deformable mirrors (DMs) have been developed for applications

in adaptive optics, including astronomy [1], [2], [3], vision science [4],

microscopy [5], and laser communications [6]. In astronomy, adaptive

optics have been used to overcome the image aberrations caused by the

Earth’s atmosphere. Light from a distant star, which can be considered a

point source because it is so far away, travels through the vacuum of

space as a plane wave. When the plane wave enters Earth’s atmosphere,

the wavefront is distorted due to dynamic changes in the index of

refraction of the atmosphere caused by winds and temperature fluctu-

ations. These fluctuations in the index of refraction cause changes in the

velocity of the wavefront, so that some portions travel faster than others,

leading to the distorted wavefront shown in Figure 8.1. These dynamic

distortions are what cause stars to appear to twinkle. When the star is

imaged in a telescope, it appears as a fuzzy blob rather than a point of

light, as shown in Figure 8.1(a). By measuring the wavefront distortions

from the star using a wavefront sensor, the conjugate of the wavefront

distortion can be applied to a deformable mirror to correct the image, as

shown in Figure 8.1(b) and (c). When a star is used as a reference point

source for making wavefront corrections, it is called a “guide-star.” If

light from a nearby galaxy travels through the same part of the atmos-

phere, the guide-star can be used to correct the image of the galaxy, as

shown in Figure 8.1(b) [7].

Examples of the use of adaptive optics in astronomy and vision science

are shown in Figure 8.2. An image of the planet Neptune is shown in

Figure 8.2(a) with conventional optics and corrected with adaptive optics

[8]. Images of clouds on the planet can be seen in the corrected image. An

uncorrected and corrected image of a living human retina is shown in
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Figure 8.2(b). The mosaic of the individual rods and cones can be seen in

the corrected image [9].

Adaptive optic technology in the past has made use of piezoelectric

actuators to deform a thin metallized glass mirror. This technology

is expensive, bulky, and does not scale well to meet the future needs of

astronomical and vision science systems. The trend in astronomy is

toward telescopes with larger apertures to collect more light and increase

Neptune

Conventional Optics Conventional Optics With Adaptive Optics With Adaptive Optics

Living Human Retina(b)(a)

Figure 8.2 The use of adaptive optics to correct image aberrations.

(a) Astronomy: Neptune observed in the near-IR (1.65 mm) with and without

adaptive optics. (Credit:C.E.Max et al., reproducedbypermissionof theAmerica

Astronomical Society). (b) Vision science: imaging of individual rods and cones

in the living human retina. (Credit: Y. Zhang, S. Poonja, and A. Roorda, repro-

duced by permission of the Optical Society of America.) See color plate section.

(b)

Star
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Deformable

      Mirror 
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Telescope

Detector

Telescope

(a) (c) Light From

 Telescope

Distorted

Wavefront

Adaptive

Mirror

Control
System

Corrected

Wavefront

Wavefront

  Sensor

Beamsplitter

High-resolution
     Camera

Figure 8.1 Adaptive optics in astronomy. (a) The image of a star appears as a

fuzzy blob in a telescope due to the wavefront aberrations caused by turbulence in

theatmosphere. (b) If adeformablemirror isused tocorrect the imageof the star to

make it back into a point of light, a nearby galaxy with a more complex structure

will also be corrected. (c) The wavefront distortions can be measured with a

wavefront sensor. The wavefront distortions from the “guide star” are fed back

throughacontrol systemtodeformtheadaptivemirror toa shape that is conjugate

to the distorted wavefront, correcting the reflected wavefront of the “guide star”

back into a plane wave. (Credit: Claire Max, Center for Adaptive Optics.) [7].
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the angular resolution. If the telescope is diffraction limited, the reso-

lution limit is given by the Rayleigh criterion:

sinð�Þ ¼ 1:22
l

D
ð8:1Þ

where y is the angular resolution, l is the wavelength of light that is being

imaged, and D is the diameter of the aperture that is used for imaging.

Currently the largest telescope is at the W.M. Keck Observatory, on the

summit of Mauna Kea on the Island of Hawaii; it has an aperture defined

by a mirror with a diameter D ¼ 10 m [1]. Future telescopes will have

apertures that are 30–50 m in diameter [10], [11]. As the telescope aperture

increases, the specifications for the deformable mirror that is used to

make wavefront corrections become more demanding. Since the portion

of the sky that is sampled increases with the telescope aperture, the

wavefront error accumulated over the larger aperture also increases.

The current piezoelectric deformable mirror technology has approxi-

mately 1000 actuators, costs on the order of $1000/actuator, and has a

maximum deflection (stroke) of approximately 4 mm. Deformable mirrors

for extremely large telescopes will require 10 000 actuators and a stroke of

10 mm because they will be viewing a larger portion of the sky. In add-

ition, multiple deformable mirrors will be required for imaging systems

that correct for multiple objects simultaneously (multiobject adaptive

optics [MO-AO]) and for multiple heights in the atmosphere (multi-

conjugate adaptive optics [MC-AO]). The current piezoelectric deform-

able mirror technology does not scale well in cost and performance to

meet these future needs. In addition, increased stroke and decreased cost

for deformable mirrors are also required for applications in vision science,

which are more cost sensitive and can require up to 15 mm of stroke to

correct for aberrations in the eye.

Deformable mirrors based on MEMS technology have been developed

to increase the number of actuators and available stroke while decreasing

the cost [12], [13]. There are currently MEMS adaptive optic (AO)

mirrors with up to 4096 actuators and 6 mm of stroke, although mirrors

with both of these specifications are not yet available [14]. In addition,

MEMS AO mirrors with up to 10 000 actuators and 10mm of stroke are

in development. Here we consider a MEMS deformable mirror that was

initially prototyped in the PolyMUMPS process to fabricate test devices

economically and with a reasonable turnaround time, and later

commercialized through variations in the standard PolyMUMPS process

to meet demanding customer specifications for performance and cost.
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The initial prototyping was done in 1995 and a company, Boston Micro-

machines, was started in 1999 to commercialize the MEMS AO

technology.

A schematic diagram of the deformable mirror is shown in Figure 8.3

[15]. An electrostatically actuated diaphragm is defined in the 2 mm thick

Poly1 layer. The actuator is a fixed-fixed beam that is approximately

350 mm long and 350 mm wide. A deformable mirror membrane is defined

in the 1.5 mm thick Poly2 layer and is attached to the actuators by posts

defined by POLY1_POLY2_VIA. By applying a voltage between the

diaphragm and a counter-electrode defined in the 0.5 mm thick Poly0

layer (not shown), the membrane mirror can be deflected, as shown in

Figure 8.4. The maximum stroke is determined by the 2mm thickness of

the sacrificial oxide between Poly0 and Poly1. The actuator “pulls in” or

snaps down once the initial 2 mm gap has been decreased by approxi-

mately 0.9 mm, providing a controllable 0.8 mm stroke before the pull-in

instability is reached. Note that a parallel plate actuator with a linear

restoring spring would pull in at 0.67 mm, which is one-third of the initial

2 mm gap. Here the fixed-fixed boundary conditions lead to bending

and stretching of the membrane. The bending of the membrane changes

the electrostatic force distribution because the middle of the membrane

has a smaller gap than the fixed ends of the membrane. The stretching of

the membrane stiffens the actuator with increased deflection, which leads

to a nonlinear restoring force once the actuator has been displaced by

approximately half of the membrane thickness [16].

Partially

deflected

UndeflectedUndeflected

Electrostatically

actuated

diaphragm

Attachment

post

Membrane

mirror

Figure 8.3 MEMS-deformable mirror prototyped in the PolyMUMPS pro-

cess. (Reprinted with permission from Proceedings of the 5th IEEE Inter-

national Conference on Emerging Technologies and Factory Automation,

Surface micromachined deformable mirrors, #1967 IEEE.) [15].
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Some of the challenges in the development of a commercial mirror

based on this prototype include:

� Topography on the mirror surface. Specifications for some of the more

demanding applications call for mirror surfaces that are flat to 1 nm.

� The limited stroke due to the limited thickness of the sacrificial layer,

which is 2 mm in the standard MPW process. Some applications call for

10–15 mm of stroke.

To decrease the topography on the mirror surface, a number of

approaches were taken. First, the amount of topography that builds up

on the surface due to the conformality of the thin-film deposition used

in the surface micromachining process was decreased by breaking some

of the PolyMUMPS design rules. This approach can be understood by

considering the schematic cross section shown in Figure 8.5.

In the figure there is a large gap between two features on the lower layer

(dark gray), which results in topography in the upper layer (light gray)

equal to the thickness of the lower layer, whereas a small gap results in

much smaller topography [17]. The design rules for the PolyMUMPS pro-

cess call for a minimum separation of 2.0mmbetween the features defined in
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Figure 8.4 Deflection versus voltage for the MEMS mirror. Pull-in occurs at

a deflection of 0.9 mm. (Reprinted with permission from Proceedings of the

5th IEEE International Conference on Emerging Technologies and Factory

Automation, Surface micromachined deformable mirrors,#1967 IEEE.) [15].
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Poly1. Since the Poly1 layer thickness is only 2 mm, the layer does not fill in

the 2 mm hole that is created when following the design rules. The MEMS

designers worked with the foundry processing personnel to find a design

strategy to decrease the minimum separation from 2 mm to 1.5 mm. The

resulting holes were filled during the conformal deposition as shown in

Figure 8.6.

A problem with this approach is that the anchors become weaker as the

anchor width decreases. The designers found that they could make a

strong anchor by “trapping oxide” in the anchor hole, rather than by

removing it. It is possible to trap oxide by not including an etch release

hole for the hydrofluoric acid (HF) used during the sacrificial release step.

The oxide fills the hole, decreasing the topography due to the hole in the

upper layers while preserving the strength of the anchors, as shown in

Figure 8.7. In addition to design rule modifications, an additional chem-

ical mechanical polishing step that is not a part of the standard

PolyMUMPS process has also been used to smooth the surface topog-

raphy to nanometer levels of flatness [18].

Another source of topography on the mirror surface resulted from

residual stress-gradients in the polysilicon film after it was released, as

described previously in Section 4.5 on obtaining flatness in optical

MEMS devices. Here it was found that a post-fabrication ion

bombardment step could be used to increase the radius of curvature due

to residual stress gradients, as shown in Figures 8.8 and 8.9 [19].

The process uses the implantation of inert gases in the mirror surface

to create a thin layer of compressively stressed material that acts to

flatten the mirror segment. This approach is similar to the stress

reduction that occurs due to phosphorous dopant diffusion from the

PSG layers during the PolyMUMPS high-temperature anneals, as

described in Section 1.2.1 on surface micromachining. In contrast to

the anneal step, where dopants diffuse in from both sides, the ion

bombardment process only occurs on the top side of the mirror surface,

Figure 8.5 Development of surface topography due to conformal coatings.

(Used with permission from Raji Krishnamoorthy Mali, Thomas Bifano,

and David Koester, A design-based approach to planarization in multilayer

surface micromachining, J. Micromechanical Microengineering 9, pp. 294–

299 [1999].) [17].
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Figure 8.6 Effect of OXIDE1 anchor width on Poly1 and Poly2

topographies with decreasing spacing. Starting from the top figure, the

OXIDE1 anchor width decreases from 5 mm, 3mm, and 2mm down to

1.5 mm (bottom). (Used with permission from Raji Krishnamoorthy Mali,

Thomas Bifano, and David Koester, A design-based approach to planarization

in multilayer surface micromachining, J. Micromechanical Microengineering

9, pp. 294–299 [1999].) [17].

150 From prototype to product



so that residual stress gradients can be compensated by creating a

counter-acting stressed layer at the surface.

Another source of mirror deformation results from the thin film of

metallization that is used to increase the reflectivity of the mirror surface.

Released oxide

Trapped oxidePoly2 (mirror)

Poly1 (actuator)

Poly0 (address
pads and wiring)

Silicon nitride

Figure 8.7 The use of trapped oxide to decrease topography due to con-

formal coatings in the PolyMUMPS process while preserving the strength of

the anchors. (Used with permission from Raji Krishnamoorthy Mali,

Thomas Bifano, and David Koester, A design-based approach to planarization

in multilayer surface micromachining, J. Micromechanical Microengineering

9, pp. 294–299 [1999].) [17]. See color plate section.
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Figure 8.8 Use of ion bombardment to increase the radius of curvature of

the mirror. (Reprinted with permission from J. Microelectromechanical

Systems, Elimination of stress-induced curvature in thin-film structures,

#1967 IEEE.) [19].
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Polysilicon is not very reflective in the visible spectrum that is used

in vision science, the reflectivity R � 40% at an optical wavelength of

633 nm, and it is transparent in the IR spectrum typically used in astro-

nomical imaging. The PolyMUMPS process has a gold metallization

layer with a thin chrome adhesion layer that is used for making conduct-

ing wires and bond pads for probe contacts; however, this layer is 0.52 mm

thick and has 50 MPa of residual tensile stress. This level of residual stress

can cause significant mirror curvature. While a thick film of gold is

desirable for electrical conductivity, a thinner layer of gold, on the order

of the optical skin depth (0.12mm), is all that is required for mirror

reflectivity. The designers of the MEMS deformable mirror found that

they could apply their own thin metal films with either compressive or

tensile stress properties for the mirror’s reflective layer that could also be

used to counteract the average residual stress-gradient in the polysilicon.

Using a combination of ion bombardment and stress compensation from

the metallization, the mirrors could be flattened.

The HF etch holes that are included at a 30 mm spacing in the

PolyMUMPS process lead to surface topography that can also be detri-

mental to optical performance. Essentially, the regularly spaced etch

holes create a grating that can diffract light. One way to overcome this

problem is to eliminate the diffracted light with an aperture stop. Another

possibility is to further modify the PolyMUMPS process to enable a

sacrificial release etch to be carried out from the back side of the silicon

substrate, as shown in Figure 8.10. The through-wafer etch can be either a

wet or dry anisotropic etch [20].

00 nm

0.0 0.0272.0μm

8μm5μm

272.0μm

00 μm

T = 0 sec
T = 36 sec

ρ = 50 mm
ρ = 2000 mm

Figure 8.9 Radius of curvature increased from 50mm to 2000mm using

ion bombardment surface treatment. (Reprinted with permission from

J. Microelectromechanical Systems, Elimination of stress-induced curvature

in thin-film structures,#1967 IEEE.) [19].
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Another challenge with using the standard PolyMUMPS process was

the limited vertical actuation stroke that could be achieved, as described

above. The Poly1 layer was used to fabricate the top membrane for the

fixed-fixed beam that formed the top of the actuator, and the Poly0 layer

was used for the counter-electrode. The two layers are separated by

Oxide1, a 2 mm thick PSG layer. The pull-in instability limits the useful

stroke to approximately 0.9 mm; however, several microns of stroke are

required for many adaptive optics applications with visible and near-IR

light. To increase the stroke, the standard PolyMUMPS process was

further modified to increase the thickness of Oxide1 and the use of shaped

electrodes (leveraged bending) to enable the use of up to two-thirds of the

initial gap. The increase of the sacrificial oxide thickness and the use of

leveraged bending enabled a 4 mm stroke to be obtained, as shown in

Figures 8.11 and 8.12 [21].

A modified process flow is shown in Figure 8.13. The modifications

include:

� A low-stress silicon nitride layer is deposited, lithographically

patterned, and etched to allow electrical access to the substrate.

� The sacrificial PSG layer, Oxide1, has a custom thickness that depends

on the desired stroke of the device (up to 6 mm).

� The second sacrificial PSG layer, Oxide2, is deposited and

chemomechanically polished (CMP) to remove undesired topography

resulting from features etched in the underlying layers, greatly

improving the surface finish of the final polysilicon mirror layer.

Poly1 actuator

Anisotropically etched hole in substrate

Figure 8.10 Through-wafer etch holes to enable back-side release. The back-

side etch holes eliminate the need for etch holes in the Poly2 mirror

membrane. (Reprinted with permission from IEEE Journal of Selected

Topics in Quantum Electronics, Microelectromechanical deformable mirrors,

#1967 IEEE.)

From prototype to product 153



5000

4500

D
e
fl
e
c
ti
o
n
, 
n
m

4000

3500

3000

2500

2000

1500

1000

500

0
0 50 100 150 200

Voltage, V

250 300

312

312-EMOD1

312-EMOD2

325-C

325-2C

350-C

350-2C

350-CMOD1

365-C

380

Figure 8.11 Voltage versus deflection characteristics. (Used with permission

from S.A. Cornelissen, P.A. Bierden, and T.G. Bifano, Development of a 4096

element MEMS continuous membrane deformable mirror for high contrast

astronomical imaging, Proc. SPIE 6306, p. 630606–1 [2006].) [21]. See color

plate section.
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Figure 8.12 Schematic of electrostatic actuation of a double cantilever

flexure used in the MEMS DM design. This design uses a shaped actuator

electrode to enable increased stroke. (Used with permission from S.A.

Cornelissen, P.A. Bierden, and T.G. Bifano, Development of a 4096 element

MEMS continuous membrane deformable mirror for high contrast astronom-

ical imaging, Proc. SPIE 6306, p. 630606–1 [2006].) [21].
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� The thickness of Oxide2 is increased to provide sufficient clearance

for the mirror membrane to enable up to 6 mm range of motion.

� The Poly2 layer is touch polished using CMP to further improve the

optical quality of the mirror surface.

� An additional layer of unreleased polysilicon, Poly0a, has been added

for wiring below the Poly0b layer that forms the counter-electrode,

as shown in Figure 8.14.

Since the initial development started with the robust PolyMUMPS pro-

cess in a commercial MEMS foundry, the modifications were straightfor-

ward and the product development could focus on design variations

rather than process development issues.

1. Deposit silicon nitrideSilicon substrate

2. Deposit poly-silicon (poly0), pattern and

    etch to form electrode/wire layer

3. Deposit phosphorus silica glass (PSG)

    (oxide1)

1

4. Pattern and etch oxide1 to form actuator

    anchors

5. Deposit poly-silicon (poly1), pattern and

    etch to form actuator compliant plate

8. Deposit poly-silicon (poly2), pattern

    and etch to form mirror

9. Release silicon dioxide through etch

    holes in poly1 and poly2

10. Deposit, pattern, and etch 2nd Poly-

      Silicon film (Poly 0b)

6. Deposit PSG (oxide2)

7. Chemo-mechanically polish oxide2, pattern

    and etch to form post

Silicon
nitride

Poly-silicon 0
(wire layer)

Poly-silicon 1
(actuator)

Poly-silicon 2
(mirror)

GoldPSG

Figure 8.13 Fabrication process flow used to manufacture Boston

Micromachines’ MEMS DMs. A cross section of a single actuator is

shown. (Used with permission from S.A. Cornelissen, P.A. Bierden, and

T.G. Bifano, Development of a 4096 element MEMS continuous membrane

deformable mirror for high contrast astronomical imaging, Proc. SPIE 6306,

p. 630606–1 [2006].) [21]. See color plate section.
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(a)
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Figure 1.1 The semiconductor fabrication process. (a) Thin-film deposition

(yellow), (b) photoresist deposition (blue), (c) photolithography (mask clear

and opaque; red arrows), (d) photoresist development, and (e) etching to

transfer the pattern in the photoresist into the thin film.

Compressive on top

Tensile on top

Figure 1.5 Deformation of released structures due to residual stress-gradients.

In the top figure the stress is compressive on top, resulting in a downward

deflection on release. In the bottom figure the film is tensile on top, resulting in

an upward deflection on release.
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Figure 1.7 PolyMUMPS three-layer polysilicon surface micromachining

process offered by MEMSCAP. Polysilicon and oxide layers are deposited

and patterned in a cyclic process, with anneal steps of the doped sacrificial

oxide between polysilicon depositions. Poly0 is an electrical layer that is

not released. Poly1 and Poly2 are structural layers that can be released.

The deposition and patterning steps shown here result in a polysilicon

wheel defined in Poly1 that is constrained by a hub defined in Poly2.

Dimples defined in POLY1 keep the wheel from becoming stuck to the

Poly0 layer. (Reprinted with permission from MEMSCAP Inc.)
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Figure 1.11 SUMMiT V cross section. The SUMMiT V process features five layers of polysilicon, four of which can be

released. The upper layers of sacrificial oxide are polished, removing the topography that develops during the conformal

polysilicon depositions. (Courtesy of Sandia National Laboratories, SUMMiT(TM) Technologies, www.mems.sandia.gov.)
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Figure 1.12 Silicon on insulator (SOI) wafer that is used in the SOIMUMPS

process. The device layer can be 10 � 1 mm or 25 � 1 mm thick. The handle

wafer is 400 � 5 mm thick and the buried oxide layer is 1 � 0.05 mm thick.

(Reprinted with permission from MEMSCAP Inc.)
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Figure 1.13 Patterned SOIMUMPS wafer. Through-wafer etches are per-

formed from the front side of the wafer 10 or 25 mm deep to form device layer

holes, and from the back side 400 mm deep to form through-wafer holes.

Both etches stop on the buried oxide. (Reprinted with permission from

MEMSCAP Inc.)
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Figure 1.16 Cross section through the layer stack used to fabricate the

microrelay. (Reprinted with permission from MEMSCAP Inc.)
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Figure 1.17 Cross sections through the MetalMUMPS process. (Reprinted with permission from MEMSCAP Inc.)



Figure 1.22 Color palette and layer setup. (Reprinted with permission from

Dr. Mary Ann Maher, SoftMEMS.)

Figure 2.19 Clamped square membrane with a pressure P applied to

the back face. (Left) Undeflected membrane. (Right) Deflected membrane

with color keyed to displacement. (Reprinted with permission of Sandeep

Akkaraju from IntelliSuite v8.6 (2010), IntelliSense Software Corporation.)



Figure 4.6 Coupled electromechanical modeling of a MEMS torsional

mirror. (Reprinted with permission of Sandeep Akkaraju from IntelliSuite

v8.6 (2010), IntelliSense Software Corporation.)
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Figure 4.2 Deflection of an electrostatically actuated cantilever beam solved

in IntelliSuite. (Reprinted with permission of Sandeep Akkaraju from

IntelliSuite v8.6, 2010, IntelliSense Software Corporation.)
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Figure 2.22 Layout for a Fabry-Perot interferometer in the SOIMUMPS

process. (From Mr. Dmitry Kozak and the MEMS Design students in

EE115, Spring 2009.)
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Figure 4.7 Displacement for a MEMS torsional mirror. (Reprinted with

permission of Sandeep Akkaraju from IntelliSuite v8.6, 2010, IntelliSense

Software Corporation.)
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Figure 4.10 Tilt of the mirror about one axis. The deflection of the mirror is

shown in the solidmodel on the left-hand side of the figure and the tilt angle as a

function of the applied voltage is shown on the right-hand side of the figure.

The pull-in voltage is at approximately 11.5 V, as shown by the arrow in the

figure. (Image courtesy of Kuan-Fu Chen and Tung-Chien Chen, EE215

MEMS Design final project report, Spring 2007.)



Figure 4.11 (Left) Tip of the mirror by actuation of the ring. (Right) Tip and

tilt of the mirror by actuating both the mirror and the ring. (Image courtesy

of Kuan-Fu Chen and Tung-Chien Chen, EE215 MEMS Design final

project report, Spring 2007.)
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Figure 4.17 The shift in the transmission coefficient of the mid-wavelength

IR filter calculated with Matlab as a function of the wavelength. (Courtesy

of Kevin Louchis and Benjamin Hemphill, Team Ninja Star in the Eye,

EE115-Winter 2008, Final Report.)
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Figure 4.20 Transmission function calculated for the short-wavelength filter

using the reflectance data from Figure 4.19. The red plot shows the transmis-

sion function for the short wavelength when the air gap is in the relaxed

position, and the blue plot shows the transmission function after the air gap

has been reduced by 0.5mm. (Courtesy of Kevin Louchis and Benjamin

Hemphill, Team Ninja Star in the Eye, EE115-Winter 2008, Final Report.)
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Figure 5.8 Temperature distribution for the heatuator. The hot arm heats

up to more than 600�C. (Reprinted with permission from IntelliSuite v8.6

(2010).)
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Figure 5.9 Displacement of the heatuator. The tip of the heatuator deflects by

more than 6 mm. (Reprinted with permission from IntelliSuite v8.6 (2010).)

membrane (Poly1, 2 µm)

c
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electrode (Poly0, 0.5 µm)

silicon nitride  (0.6 µm)

substrate

Figure 6.10 Electrostatic membrane drop ejector. (a) The membrane has been

pulled down by the application of a voltage applied to the counter-electrode.

(b) The voltage is removed and the membrane relaxes back to its initial

position, ejecting a drop of ink through the orifice in the nozzle plate, as

shown in (c). The membrane is fabricated in Poly1 and the counter-electrode is

fabricated in Poly0. The nozzle plate with the orifice can be fabricated in Poly2

or in a separate thick polymer layer such as SU-8 (Xerox MEMSJet).



Figure 7.2 A white light interferometer can be used to make measurements

of the device under test without contacting it. This technique is most often

used to obtain height information for MEMS structures. It can be useful

to measure out-of-plane displacement information for vertical actuators.

Neptune

Conventional Optics Conventional Optics With Adaptive Optics With Adaptive Optics

Living Human Retina(b)(a)

Figure 8.2 The use of adaptive optics to correct image aberrations.

(a) Astronomy: Neptune observed in the near-IR (1.65 mm) with and without

adaptive optics. (Credit: C.E. Max et al., reproduced by permission of the

America Astronomical Society). (b) Vision science: imaging of individual

rods and cones in the living human retina. (Credit: Y. Zhang, S. Poonja, and

A. Roorda, reproduced by permission of the Optical Society of America.)



Figure 7.3 Displacement of an individual X-beam actuator. (Top) Undeflected

actuator. (Middle) Partial deflection. (Bottom) Maximum deflection.



Released oxide

Trapped oxidePoly2 (mirror)

Poly1 (actuator)

Poly0 (address

pads and wiring)

Silicon nitride

Figure 8.7 The use of trapped oxide to decrease topography due to con-

formal coatings in the PolyMUMPS process while preserving the strength of

the anchors. (Used with permission from Raji Krishnamoorthy Mali,

Thomas Bifano, and David Koester, A design-based approach to planarization

in multilayer surface micromachining, J. Micromechanical Microengineering

9, pp. 294–299 [1999].) [17].
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Figure 8.11 Voltage versus deflection characteristics. (Used with permission

from S.A. Cornelissen, P.A. Bierden, and T.G. Bifano, Development of a 4096

element MEMS continuous membrane deformable mirror for high contrast

astronomical imaging, Proc. SPIE 6306, p. 630606–1 [2006].) [21].



Silicon substrate 1. Deposit silicon nitride

2. Deposit poly-silicon (poly0), pattern and

    etch to form electrode/wire layer

3. Deposit phosphorus silica glass (PSG)

    (oxide1)

4. Pattern and etch oxide1 to form actuator

    anchors

5. Deposit poly-silicon (poly1), pattern and

    etch to form actuator complaint plate

8. Deposit poly-silicon (poly2), pattern

    and etch to form mirror

9. Release silicon dioxide through etch

    holes in poly1 and poly2

10. Deposit, pattern, and etch 2nd Poly-

      Silicon film (Poly 0b)

6. Deposit PSG (oxide2)

7. Chemo-mechanically polish oxide2, pattern

    and etch to form post
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Figure 8.13 Fabrication process flow used to manufacture Boston

Micromachines’ MEMS DMs. A cross section of a single actuator is

shown. (Used with permission from S.A. Cornelissen, P.A. Bierden, and

T.G. Bifano, Development of a 4096 element MEMS continuous membrane

deformable mirror for high contrast astronomical imaging, Proc. SPIE 6306,

p. 630606–1 [2006].) [21].
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