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ABSTRACT
DESIGN, SIMULATION, FABRICATION, AND CHARACTERIZATION OF

MEMS-BASED, TUNABLE FABRY-PEROT INTERFEROMETER FILTER
IN THE LONG WAVELENGTH INFRARED REGION
Tae Sung Kim

Demand for a small, portable IR spectrometer has been growing steadily for
many years. A monochromator is one of the essential parts that comprises any
spectroscopy system. A MEMS-based, tunable Fabry-Perot interferometer filter
(FPI), that is proposed to be a monochromator with a broadband IR detector array in
an improvised explosive device detection system, is designed, simulated, fabricated
and characterized in this dissertation. With the operational wavelength range in the
long wavelength IR region, from 8 to 11 um, a distributed Bragg reflector with
germanium and zinc sulfide is used to implement the mirror that covers the target
spectrum. One of the mirrors is fabricated with four beam springs in an X-shape to
tune the passing wavelength of the FPI filter by adjusting the gap distance between
two membranes using electrostatic attraction.

Designed device is simulated to confirm it meeting the required device
specification. Taking advantage of SOI wafer, the FPI filter is fabricated with simple
fabrication process with only four lithography masks, one deposition, and three etch
steps. The scaffold structure is fabricated with both surface micromachining and bulk
micromachining process. The DBR mirror is deposited using EBPVD on two

membranes, and then assembled into the FPI filter. The fabrication process is



performed at the Stanford Nanofabrication Facility (SNF). Fabricated device is
characterized at the UCSC and the SNF. Completed FPI filter showed the necessary
filtering and tuning behavior with 30% transmittance peak and 2 pum FWHM. With
expected performance of 100% peak and 0.15 pum FWHM, however, a need for
significant performance improvement is observed. The cause of transmission peak
degradation is attributed to the loss due to reflection and absorption of Si membrane
and of passband broadening to the plate defeats of the DBR. The direction of study

for further process improvement is suggested.
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CHAPTER 1. INTRODUCTION

In the broadest sense, any study of matter through its interaction with an
electromagnetic (EM) wave can be described as spectroscopy. Quantum mechanics
taught us that the energy of atoms and molecules inside matter is limited to certain
discrete values, or quantized. When EM wave interacts with matter; that is, when
matter absorbs or emits light, it changes its internal energy state. Moreover, the
difference of energy before and after the change must be the same as the amount of
energy the EM wave that is absorbed or emitted. Based on this principle,
spectroscopy probes the internal energy structure of matter under study.

Since the dawn of era of quantum mechanics, spectroscopy has been one of
the most effective research tools available for scientists and engineers. Wide range of
energy is involved in various atomic and molecular transition inside the matter. The
energy of EM wave is inversely proportional to the wavelength of the EM wave.
Therefore, the energy scale from different interaction dictates what region of EM
spectrum is used in certain spectroscopic studies. For example, nuclear spin
interaction is studied with low energy and long wavelength radio frequency EM wave
(wavelength A = ~10% cm) and for core level electron transition in atoms,
spectroscopy is done using high energy and short wavelength X-ray (A =~10"" cm) as
a probe. In the middle of these two extremes, infrared (IR) region of the EM
spectrum is of particular interests to spectroscopy researchers. Many organic and

inorganic materials can be excited by the light with the energy in the IR region. With



the IR spectroscopy, they can identify the type of atoms within the molecule, the type
of bonds between atoms, and even the molecular structure itself.

The IR covers very broad spectral region from 700 nm to 1 mm. There are
two different schemes in use to divide the entire IR region into subregions. First
scheme, ISO 20473, is based on the location of the IR spectrum with respect to the
visible (VIS) region of the EM spectrum. The IR spectrum is grouped into three sub-
regions: the near-infrared (NIR) region with the wavelength from 0.78 to 3 um, the
mid-infrared (MIR) region from 3 to 50 um, and the far-infrared (FIR) region from 50
to 1000 um. The same designation with the slightly different boundaries of sub-
regions are used in the astronomy community (NIR: 0.7 = 5 um, MIR: 5 — 25~40 um,
FIR: 25~40 — 200~350 pm). We use the other common division scheme for the IR
spectrum with five sub-regions in this dissertation. In this scheme, NIR covers from
0.75 to 1.4 pm, short-wavelength infrared (SWIR) from 1.4 to 3 um, mid-wavelength
infrared (MWIR) from 3 to 8 um, long-wavelength infrared (LWIR) from 8 to 15 pm,
and FIR from 15 to 1000 pm.

A typical IR spectrum is given in figure 1.1. It is a graph of the sample
transmittance given in percentage. Since the transmittance is presented, the peak in
the IR spectrum is inverted; more absorption in the sample, deeper the absorption
peak. Horizontal axis of the IR spectrum is the wavelength of the spectrum. Most IR
spectra covers the wavelength from 2.5 to 25 um. Instead of wavelength, however, a
wavenumber in unit of cm™ is used for the x-axis. It covers the wavenumber from

4000 to 400 cm™ in decreasing order. The IR absorption in this region causes the



excitation of the vibrations of covalent bonds within the molecule. These vibrations
include the stretching and bending modes of various atomic interconnections. The IR
spectrum is split to two regions; the functional group region from 4000 to 1000 cm*
and the fingerprint region below 1000 cm™. Many chemical functional groups have
an absorption peak at specific wavenumber with a known intensity and width in the
functional group region. For example, alkanes group has strong peak in 2850 — 3000
cm and alkenes group in 1900 — 1000 cm™. The complexity of spectrum in the
fingerprint region makes it hard to assign all the peaks. However, many materials
have unique spectral patterns there. Collection of such data is measured and tabulated

for reference and incorporated into a software system for researchers.
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Fig. 1.1 The Transmission Spectrum of Ethanol. The horizontal axis is the
wavenumber, and the vertical axis the transmittance. The locations of absorption
peaks are annotated.



Two distinct classes of spectrometer are in use. Most spectrometers including an IR
spectrometer comprise an IR light source, a monochromator, and a detector. A white
(of all wavelengths) IR light from the light source is shone on the sample. As the
white IR light is transmitted through the sample, some IR wavelengths are absorbed
and some pass through. The transmitted IR waves are measured by the detector as an
IR spectrum of the sample. The monochromator separates two classes of
spectrometer. Dispersive IR spectrometer uses a dispersive medium, usually a prism
or a diffraction grating to disperse the IR spectrum into its individual wavelength
components. The second class is called an interferometer type. It uses a Michelson-
Morley interferometer, where a single light is split into two beams by beam splitter.
They travel along the different beam paths, individually reflected by the mirror,
combined again to interfere with each other. By adjusting the length of one beam
path, an interferometer can work as a monochromator. More are said in later chapters
because first, our device is based on the principle of interferometer and also one of
the measurement equipment used in the characterization is an IR spectrometer based
on interferometry.

Regardless of its operational mechanism, conventional IR spectrometer is
complex and expensive instrument, and only large research institute or industry
organization can afford it. On the other hand, strong demand for a robust and
transportable IR spectrometer is generated from a diverse field of applications. It
includes diagnostics products for medical and health care communities, process

monitoring device for pharmaceutical industry, hazardous material detection in the



chemical and petroleum industries, and more. Micro-electro-mechanical system
(MEMS) provides a promising technological possibility for such a portable IR
spectrometer. MEMS technology uses a semiconductor microfabrication process to
produce a micro-sized electro-mechanical device. Commercially successful MEMS
devices include now obsolete ink-jet printer nozzle, optical communication relay
switch, automobile tire pressure gauge, gyroscope and accelerometer inside the
smartphone. Two fabrication approaches are developed in the MEMS technology;
surface micromachining and bulk micromachining. In surface micromachining,
layers of different materials are deposited and etched to build the desired
microstructure on the wafer surface. Some of the deposited layers are sacrificial; that
is, they are etched away to produce a structural space between the layers above and
below itself. Bulk micromachining, on the other hand, uses the wafer itself to build
the structure. For example, a trench on a microfluidic device can be fabricated by
pattering it on the wafer and etching into the wafer. More time than not, however,
these two approaches are used in tandem to fabricate a MEMS device.

In this comprehensive review, Crocombe [10-13] described different
approaches to produce a small and portable IR spectrometer, including many
dispersive and interferometer-based designs using wide range of fabrication
technology. It is noted there that in MEMS technology, a Fabry-Perot interferometer
(FPI) with its simple structure is most scalable and easy to adapt monochromator
structure for a small, portable IR spectrometer. An FPI consists of two partially

transmitting mirrors facing each other in parallel. The distance between the mirrors



determines the wavelength that passes through the FPI. Detailed theoretical
description of the FP1 is followed in the next chapter. Many groups around the world
have been working on developing FPI-based IR spectrometer using MEMS
technology. Among them, three groups have been producing most noticeable results.
All three groups use one of two different fabrication approaches to realize an IR
spectrometer with MEMS technology.

Microelectronics research group at the University of Western Australia has
been developing an FPI-based IR spectrometer for many years [2, 3, 15, 29, 30].
Using the surface micromachining technology, their design monolithically integrates
a monochromator into the IR sensor array. They successfully demonstrated their
device in NIR and MIR region, and currently developing a device capable of working
in the LWIR range. The VTT Technical Research Center of Finland is another
research group elected to implement the surface micromachining for their IR
spectrometer fabrication [1, 7, 24, 25, 35-40]. Their first commercialized IR
spectrometer was a CO> gas sensor with spectral range of 3.9 — 4.6 um (CO-
absorption peak is at 4.26 um). Both cases, the fabrication process is rather
complicated due to the inherent process complexity of the surface micromachining
technology. Infra Tec GmbH in Germany, in conjunction with Technical University
in Chemnitz and Fraunhofer Institute for Electronic Nano System, took advantage of
the bulk micromachining technology in their IR spectrometer fabrication [31-33].
Two or more wafers are used to build a device structure and bonded together to form

an FPI monochromator. A pyroelectric IR detector is packaged with the FP1-based



monochromator in TO-8 package and mounted on a control board as a final product.
Bulk micromachining enabled Infra Tec to simplify the FPI fabrication process
significantly. However, they paid the price with expensive and time-consuming
packaging process.

Initially, my dissertation project was a collaboration between Dr. Joel
Kubby’s adaptive optics group in the Baskin school of engineering (SOE) at the
University of California at Santa Cruz (UCSC) and the EPIR technologies to produce
a micro IR spectrometer. Located in Bollingbrook, IL, the EPIR technologies

(http://epirtech.com/) is a company specialized in fabricating a broad band IR sensor

based on a mercury-cadmium-telluride (HgCdTe, MCT) ternary semiconductor
material. By adjusting the ratio of each element in the compound, the MCT can be
tuned to response to the IR in different spectral region. For example, Hgo7CdoaTe
can detect the IR with 3 — 5 um wavelength in the MWIR region, and HgosCdoTe
the IR with 8 — 12 um wavelength in the LWIR region. A proposal was submitted to
the US Army for a portable improvised explosion device (IED) detection system
based on their MCT detector. To fulfil the requirement of the public call for the
proposal, the EPIR needed a partner who can provide the monochromator for their
IED detection system. As an expert in MEMS-based adaptive optics research
community, Dr. Kubby joined the venture and took the responsibility of
monochromator fabrication and system integration. Our goal was to fabricate the

FPI-based IR spectrometer specialized in explosive chemical detection, with a simple


http://epirtech.com/

and cost-effective process using a combination of surface and bulk micromachining
technologies.

In this dissertation, a noble approach to fabricate an FPI-based
monochromator to be used as a part of an IR spectrometer IDE detection system is
proposed. Simple and cost-effective fabrication process is achieved with an
innovative process flow design, and a proof of principle performance is demonstrated
with the fabricated device. In the next chapter, some theoretical background for the
project is presented. It is followed by the device and fabrication flow design
considerations in chapter 3. Chapter 4 presents the results of the simulation
performed before the device fabrication. The detailed fabrication process with the
description of the process equipment is given in chapter 5. The performance of the
fabricated device is demonstrated in chapter 6 with the description for the
characterization equipment. Finally, in chapter 7, we discuss the result and present

the further step that can be taken to improve the performance of our device.



CHAPTER 2. THEORETICAL BACKGROUND FOR
THE DESIGN OF THE FPI FILTER

The overall goal of my dissertation project is the development of an optical
filter in the LWIR, more specifically in a wavelength range of A = 8-11 um.
Originally, it is to be used as a component of a low-cost, miniaturized LWIR imaging
spectrometer that can reliably detect the IDE in the battle field using the presence and
concentration of various gases in the environment. Our implementation of the
required optical filter is a tunable MEMS-based Fabry-Perot interferometer (FPI) with
a dielectric mirror. It is a special kind of dielectric mirror, called a distributed Bragg
reflector (DBR), that comprises alternating layers of materials with high and low
index of refraction. To tune the filtering wavelength of the device, we fabricate one
of the membranes to move, by supporting it at four corners with beam springs (X-
beam). A bias applied between two membranes actuates the movable membrane with
electrostatic force. In this chapter, we review the theoretical background behind the

working of the FPI, the DBR, and the electrostatic actuation of our MEMS device.

2.1 Fabry-Perot interferometer

The Fabry-Perot interferometer (FP1) is used as an optical filter in the current
project. First proposed and manufactured by Charles Fabry and Alfred Perot in the
late 1800’s [16], the FPI, also known as an etalon, is an example of a multiple beam
interferometer, where large numbers of mutually coherent beams are made to
interfere. In principle, the FPI is the simplest configuration of an optical cavity. It
consists of two flat, highly reflective surfaces (typically of metal or dielectric mirrors)

placed in parallel to face each other from a certain distance away. Simple explanation

9



of the operation of the FPI is followed by more detailed consideration with analytic
expressions for the reflectance, transmittance, and other quantities of interests,
including the finesse, a number most often quoted as the figure of merit of the FPI. In
this section, we will assume a perfect mirror surface without loss or phase shift to
simplify the analysis.

Analogous to the acoustic wave on a string musical instrument, like a guitar or
a violin for example, the electromagnetic (EM) waves of various frequencies, incident
onto one side of a 1-dimensional optical cavity, interfere destructively inside the

cavity, except the ones satisfying the standing wave condition

d=m™,m=123. (q.21)
where d is the distance between two mirrors, A, the wavelength of EM wave in the

optical cavity, and m a natural number. The value of m, called an order of
interference, is the number of times a half the wavelength ( %m) can fits into the

optical cavity. In other words, the value of m determines the mode of each allowed
EM wave in the cavity. To see how the FP1 works as an optical filter, consider a
beam of light incident on one side of the optical cavity, consists of two partially
reflecting and partially transmitting mirrors. As the light enters the cavity from one
side of the FPI, only specific modes of EM waves satisfying equation 2.1 are

sustained inside. The second mirror can transmit only these waves to the other side of
the FPI. Thus, the wave with wavelength 4,, = % will be transmitted through the

FPI.

10



This simplified discussion of the working of the FP1 as an optical cavity
presents an occasion to introduce the first quantity of interests, the free spectral range
(FSR). As mentioned above, given a specific cavity length d, EM waves with
infinitely many different wavelengths (one for each value of m in equation 2.1) can
pass through the FPI simultaneously. To discriminate the wavelength filtered through
the FP1 unambiguously, therefore, we need to limit the spectral range available within
two adjacent peaks in the transmitted EM wave spectrum. The FSR is the separation
between two neighboring resonant peaks in the transmitted EM wave spectrum. In

terms of wavelength, it is given by

FSR = Ay —Apyq =224 - 24 __ ’m

m m+1  m@m+1) m+1’

m=123.. (eq.2.2)

Simpler expression, without any dependence on the order of interference m, can be
obtained if we use the frequency instead of the wavelength to write FSR. By using
Cc

equation 2.1 and 1 = -

v
FSR = Vypyq — Vi = ﬁ (eq. 2.3).
In short, the FSR tells us that we have half the wavelength spectral range around a
transmission peak before we run into other peaks
The expression for the reflectance and transmittance of the FPI can most
easily be found by following the approach that G. B. Airy first used in 1833 [42]. He
derived the expression for the reflectance and transmittance that results from a
multiple interference of the EM waves in three different materials. A typical example

of this phenomenon is a multicolored pattern we observe on an oil slick after rain.

11



The air, thin layers of oil, and the water underneath provide three layers of materials.
The beautiful, multicolored pattern is a result of interference among multiple beams
repeatedly reflected and refracted on two boundaries. In his derivation, Airy added
up the amplitude of multiple reflections and refractions occurring at the two interfaces

to find the total reflectance and transmittance.

t1plorpze—2i® t1or23raitzge =9

tiatzze™®

nz

Fig. 2.1 Airy summation. A stack of three materials with index of reflection n1, ny,
and ns, in the order shown in the figure. An EM-wave incident from the left, partially
reflected (r12) and partially transmitted (t12) at the 1-2 boundary. The beam ti»
proceeds in the second material toward the 2-3 boundary. There, it partially reflects
and transmits again (tiorase =, and tiotrze 7', respectively). The transmitted beam
continues in material 3. The reflected one, however, partially reflects and transmits
again as tizrosrzie =2, and tiarastzie ~21, respectively. The transmitted beam
continues in material 1, and the twice reflected beam will continue producing the
multiple reflections and transmissions as shown in the figure. The figure is taken
from [42]

12



Specifically, consider a beam of EM waves fall onto the interface between the
medium 1 and medium 2, with the reflection and transmission coefficients r;, and
t;,, respectively. At this first boundary, a part of the beam is reflected back into
medium 1 and the rest transmitted into medium 2. The transmitted EM waves
continuously get reflected back and forth in the medium 2, at two interfaces as shown
in figure 2.1. On each subsequent reflection, a part of the beam also transmits into
the other side of the boundary. The reflection coefficient of the entire structure in
figure 2.1 can be obtained, therefore, by adding the amplitude of all the lights in
medium 1, except the incident light.

_ —2i —4i
T =T1p + tiptarTaze” 7 + tyaty To3TpTaze ¢ + o

=7 t12tp 723 29
12 1-131723e~2L¢
—2ip
7"12+T'23€ (
== eq. 2.4)

- 1+T12T23€_2i(p
where we used the results from the Stokes treatment of reflection and refraction based
on the principle of reversibility (r21 = —r12 and t,t,; — 113751 = 1). Similarly,

we can find the transmission coefficient by adding all the lights in medium 3.

. , L
t = tytyze™'? (1 + Ty3Tyre 2 + (ry31y,€729) " + )

tiztrze”

1-131 13720

= _tetse™ oy o)

1+r12T23e_2i‘P
Here the phase factor ¢ accounts for the optical path difference between two

successive reflected or transmitted lights, and is given by

13



Q= %nzcosez (eq. 2.6)
where d, 6, and n, are the thickness, the angle and the index of refraction of the
medium 2.

Compared with the configuration in figure 2.1, where a material 2 is immersed
between materials 1 and 3 on each side, a typical FPI consists of two mirrors
separated by a distance d. The two mirrors of the FPI are represented by the
interfaces between two different materials in figure 2.1. The reflection and
transmission coefficients of the first and the second mirrors are denoted by r;,
and t,,, and r,5 and t,3, respectively. If we further assume that two mirrors are
symmetric, we have r;, = r3,, and t;, = t3,. Therefore, from equations 2.4 and 2.5
and the Stokes reversal treatments, the coefficients of reflection rp, and that of

transmission tzp, for the FPI is given by

1—-e~2i®)yR

Tpp = % (eq. 2.7)
Te~i¢

tFP = 1_;—_2“0, (eq 28)

where R = 1,2 = 1,32, T = ty,t,5 are the mirror reflectance and transmittance,
respectively. When normalized to the intensity of the incident beam of lights, then,

from equations 2.7 and 2.8, the reflectance Rgp, and the transmittance Trp, of the FPI

is given by
_ 2 4Rsin?¢
Rep = Irepl” = (1-R)?+4Rsin?¢ (eq. 2.9)
_p)2
Tep = ltepl? = — 50— (eq. 2.10)

T (1-R)?2 +4Rsin2¢@
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From equation 2.10, we can see that the maximum transmittance of 100% occurs

whenever sin¢g = 0, or

Q= ?nzcosﬁz =mm,m=123.. (eq. 2.11)

Assuming a normal incidence (8; = 0), we can verify that equation 2.11 is identical
to equation 2.1, the condition for the EM wave transmission through the FPI. We
also observe the following fact. In the derivation above, the loss of the EM wave
through this idealized FP1 is completely ignored. Accordingly, we should have R +
T = 1 from the conservation of energy, which indeed is satisfied by equations 2.9 and
2.10.

In most spectroscopy studies, we don’t expect to get the transmission peak as
a spectral line of a single frequency. Instead, what we get is a certain distribution of
signals spread over a range of frequencies, usually with a maximum located around
the middle, and dropped off on either side of the peak. Thus, we might not be able to
discriminate or resolve two such peaks if they are located close together in the
spectrum and overlap each other. The full width at the half maximum (FWHM), also
known as a bandwidth, of this spectral distribution of the signal is often used as a
measure of the resolution power of a spectroscopy system. The FWHM of the

transmission spectrum of the FPI can be derived from equation 2.10 by letting Trp =

_p)2
%, or sin?¢p = %. Assuming the mirror reflectance R close to 1, and with an
approximation of sing =~ ¢ for small ¢, we have ¢ = mm + %, and the uncertainty

in phase angle A¢ at the FWHM as
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1-R

A(pzzzﬁ

(eq. 2.12)

By substituting the definition of ¢ (equation 2.6) with 8 = 0 (normal incidence), into

equation 2.12, the FWHM in terms of frequency Av: is given by
2

¢ 1-R

Approximating Av with dv = ;—gd/l, the FWHM as a function of wavelength AA. is
2

nominally given by

Ay = %% (eq. 2.14)

Another measure of resolving power of a spectroscopy system is called the
spectral resolution. The spectral resolution R is defined as the ratio between a
specific wavelength of the EM wave and the FWHM at the given wavelength. In
other words, the spectral resolution R in terms of wavelength is

_ A __ mnuvyR
" FWHM = 1-R

(eqg. 2.15)

The FWHM and the spectral resolution R, when expressed as a function of
wavelength, all depend on the order m of interference. A quantity to characterize the
resolving power of the FPI, that is independent of the order m, is called the reflection
finesse, or simply finesse. The finesse F, often used as the main figure of merit of
the FPI, is the ratio of the FSR and the FWHM. Clearly, then, the meaning of F is
the number of times the peak with the certain width (FWHM) fits into the separation

between adjacent peaks (FSR). The finesse F is given by

=R IR (gq.2.16)

~ FWHM ~ 1-R
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From equation 2.16, we observe that the finesse F is indeed independent of the order
m of interference. We can also see that the spectral resolution R is simply a product
of the order of interference m and the finesse F.

The choice of order m used in the operation of the FPI needs to balance two
conflicting design requirements. On one hand we have wider FSR with lower order
of operation. On the other hand, both the FWHM and the spectral resolution R
improve as higher order is used. In a communication application such as wavelength-
division multiplexing where small FWHM and a relatively narrow tuning range are
required, the FPI is operated in a higher mode. In many spectroscopy applications
where the wider tuning range is desired, however, lower operation mode is needed.
The smaller separation distance is preferred due to the restriction on the physical size
of the device, and on the actuation bias voltage (described in the electrostatic
actuation section). Therefore, in our design of the device, we choose to use the
lowest order of operation, m = 1. Once the order of operation is determined, the
reflectance of the mirror R can be adjusted to improve the performance of the FPI.
For a majority of applications, it is done by increasing the finesse F and decreasing
the FWHM, as this would allow for higher spectral resolution R. After inspecting
equations 2.14, 2.15 and 2.16, we see that the values of the finesse F, the spectral
resolution R, and the FWHM all improved as the mirror reflectance R increases. The

dielectric mirror, including its reflectance, will be discussed in the next section.
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2.2 The Distributed Bragg Reflector

As reviewed in the previous section, every figure of merit (the FWHM, the
spectral resolution R, and the Finesse) of the FPI is improved if mirrors with a high
value of reflectance are used to construct the optical cavity. Therefore, developing a
highly reflective mirror with low loss in our spectrum of interest is one of the most
critical components of the project. The Distributed Bragg reflector (DBR), also
known as a Quarter Wave Stack (QWS), is considered a promising candidate for a
couple of reasons: First, being a dielectric mirror, the DBR is almost lossless
compared to a metallic mirror. The reflectance and the absorption of a metallic
mirror both are improved with the increasing thickness of the metal layer. Thus,
higher reflectance produces more absorption, which in turn decreases the
transmission peak of the FPI significantly. Since modern micro-fabrication
technology made the deposition of dielectric films as easy as metallic layers, a
dielectric mirror became a preferred choice, especially in MEMS FPI [28]. Most
importantly, with dielectric mirrors one can tailor the configuration of the DBR so
that its spectral behavior suits the need of the project. The DBR consists of two
dielectric materials, one with high index of reflection and the other with low index of
reflection, stacked in alternating order. The thickness of each layer is a quarter of the
wavelength of the light in the layer material. The number of double layers of two
different dielectric materials, that we will call a ‘stack’ in this dissertation, is one

parameter we can adjust.
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The physics behind and the analytic expression for the reflectance of the DBR
is presented now. Hecht [18] presents an intuitive and practical way to analyze multi-
layer dielectric films using matrix algebra. Instead of dealing with rays from multiple
reflections and transmissions through the films (for example, Airy’s method we used
in the previous section), the total electric and magnetic fields at the boundaries of
each medium are represented as a two-dimensional column vector. To satisfy the
Maxwell’s equations, the boundary conditions require that the tangential components
of both the electric and magnetic fields need to be continuous at these interfaces.
These boundary conditions produce two equations that relate the electric and
magnetic field at these two boundaries. The system of these two linear equations can
be rewritten into a single matrix equation, where all the information relating the fields
at the two adjacent boundaries are included in a 2 by 2 matrix called a characteristic
matrix, or optical transfer matrix. Consequently, when you have a system of many
layers of materials deposited on a substrate, the characteristic matrix for the entire
system, that relates the incident wave with the wave in the substrate, can be obtained
by multiplying the characteristic matrices for individual layers in the proper order.

An analysis method using matrix algebra almost identical to that found in Hecht [18]
is also in Macleod [28]. The only difference between them is the quantities used to
represent the EM wave. In Hecht [18], the total electric and magnetic field E and H
at each boundary are used to represent the EM wave as a two-dimensional column

vector. Macleod [28] uses an optical admittance, a ratio of H and E, instead. The
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characteristic matrix method reviewed below follows the notions and logic presented
in Hecht [18].

Consider first an s-wave, also known as a TE wave since its electric field
vector E is transverse to the plane of incidence. On figure 2.2, a situation similar to
the one reviewed in the section 2.1 is depicted where three different materials with
indices of refraction, no, n1, and ns, respectively, are adjacent to each other. An s-
wave is impinging from medium 1 onto medium 2. There occur reflection and
transmission of the incident EM wave on the first boundary (Boundary I). The
transmitted part of the s-wave reflects and transmits once more when it hits the
second boundary (Boundary Il). As described in the previous section, there are
multiple beams from successive reflections and transmissions at each boundary.
However, all waves in the same direction are added up and represented by E, Eu,
Em, and Eu for total electric field reflected at boundary I, total electric field
transmitted at boundary I, total electric field reflected at boundary 11, and total electric
field transmitted at boundary I, respectively. Four magnetic fields are defined

similarly.
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Fig. 2.2 Fields at the boundaries of three different media, with the index of refraction
no, N1 and ns, respectively. Ei, Eu, and Er represent the incident, transmitted, and
reflected E-fields at the boundary I, respectively. At the boundary I, Ein, Eu, and En
are similarly defined. See the paragraph below for detailed description of the figure.
The figure is taken from [18].
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From the Maxwell’s equations, we write the following boundary conditions.

At boundary I,
EI = Ei] + ETI = Et] + E/]I (eq217)
T
and
&9 & /
Hy = |=(Ey — Epngcost = /_ (Etl —E )n1C059i11 (eq. 2.18)
Ho Ho ril

where we used one of the consequences of the Maxwell’s equations that in non-

magnetic medium E and H are related by: H= \/%n.fc xE .
0

At boundary I,
Eyy=Ey + Eqq = Eyy (eq. 2.19)
and
Hy = %(Eiu — Eynycosfyy; = \/%Eunscoset” (eq. 2.20)

To account for the phase shift that the s-wave experiences as it traverses trough the

2n,dcosfg

medium 2, we let E;;; = E; ;e and E,;; = E’”e”‘oh, where h = =——
T

(See Mathematical Derivation | at the end of the chapter for the derivation of this

result.) With these equations, now we can rewrite equations 2.19 and 2.20 as

Ey = Eye oM +E’ e'on (eq. 2.21)
and
Hy = \/% (Eue_ikoh—E Ir"eikoh) nyco0s6;y (€q. 2.22)
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Solving equations 2.21 and 2.22 for Ey and E'ni and substituting them into equations

2.17 and 2.18 yields

Hjjisinkgh

EI == EHCOSk()h + (eq 223)

1

and

HI = E”Y:liSinkoh + H”COSkoh (eq 224)

where Y, = I%nlcosei,,.
0

The system of linear equations 2.23 and 2.24 can be rewritten into a single matrix

equation,

Ez] [Eu]
=m ,
[HI ! HII

where my, the characteristic matrix that relates E and H fields at a boundary, is given

by

coskyh
Y

Yiisinkgh coskgh

my; = (eq. 2.25)

isinkgh ]

With the similar calculations, it can be shown that for a p-wave or TM wave,
where magnetic field is perpendicular to the plane of incidence, we find the same

characteristic matrix, exceptY; = \/5 !

. See Mathematical Derivation Il at the
Ho cosBi;

end of the chapter for a detailed derivation.
If we have more than one layer of material in the middle, we can obtain one
characteristic matrix for each such medium that relates the fields at its two

boundaries. For example, with two layers of materials deposited on a substrate, we
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have E’] = E”] and [E”] E’”], which in turn can be combined

HI HII HII HIII
E,
into [H ] mym, ”’] To generalize, if we have n number of layers deposited on
I

a substrate, the E and H fields at the first and the last boundaries can be written as

n+1 _ n+1
[ ] mm;,..m, Hy,.|~ Hn+1 (eq. 2.26)

where each m; has its corresponding values of n and h. The characteristic matrix m

for the entire system is, then, given by

myq m12]

m=mm, ...mn - [le My, .

Finally, the coefficients of reflection and transmission can be obtained as

follows. By defining Y, = \/?nocosei, andY, ., = \/%nncosem, equation 2.26
0 0

With r = &1

. E;+E m m E
can be rewritten as [ u Tl ] 11 12] [ tn+1
Etn+1Yn+1 Ejr

(Eiy — ErDYo My My,

andt = % the above matrix equation becomes 1 + r = my;t +

il
m12Yn+1t and (1 - T)YO = let + m22Yn+1t, or

_ Yomy1+YoYni1myp—mp1—Ypye1mop

(eq. 2.27)

Yomy1+YoYni1myz+mo1+¥niima;
and

t = 2Yo (eq. 2.28)

Yomyi1+YoYn+1maz+mag+¥ni1mae

Let’s consider a simple example to make sense of all the mathematics we have
been through. Depicted in figure 2.3 is a schematic of a DBR with two alternating

layers of material 1 and 2, with their indices of refraction ny and nz, and the thickness
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d: and do, respectively. The index of refraction of the incident media is no, and ns that
of the substrate. The index of refraction ny is assumed to be higher than nz (n1> ny)
and a normal incidence of light is also assumed (8; = 0). In such case, it is easy to see

how the DBR works qualitatively. We just need to remind ourselves the consequence

nq 2711

of Fresnel’s equations for the normal incidence, 1y, = -
1

They

;Zi and t,, = ny+ny’
are the coefficients of reflection and transmission when a normally incident EM
wave, traveling from material 1 to material 2, is reflected and transmitted at the
boundary. Here we can see that t1» is always positive, but the sign of r1> depends on
the relative magnitude of ny and n2. When n1 > ng, ri2 is positive. When ny < ny, it is
negative. The sign of r and t signifies the phase change at the boundary. When it is
positive, the EM wave suffers no phase change. When negative, there is w or 180°
phase shift. In other words, there will be no phase change when a light beam is
transmitted through a boundary, or it is reflected as it traverses from a material with
higher index of refraction to a lower index material. On the other hand, if the light
travels from a lower index of refraction material into a higher index one, there is 180°

phase shift. In figure 3, beam A suffers 180° phase shift upon a reflection at air-

1boundary, relative to the incident light. Beam B is in phase with beam A since it
travels twice the distance of % , but no phase shift upon a reflection at 1-2 boundary,
results in 180° phase shift relative to the incident beam. Similarly, beam C is also in
phase with A since it travels a whole wavelength (4 x %) and suffers 180° phase shift

at 2-1 boundary. Therefore, all the lights reflected at each boundary are in phase with
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each other and interfere constructively. Consequently, they give rise to a substantial

amount of light reflected from the DBR mirror.

—dy—r¢—d—r¢—dy—¢—d—>
/-1
< : )i _
> g

0 High Low High Low | /-
ny ny ny n; Substrate
¢ N=1 N=2 —

Ly

oAw™
AAA

=

A 4
N

Fig. 2.3 The Distributed Bragg Reflector with two alternating layers of material High
and Low, with their indices of refraction ny and nc, and the thickness dx and dv,
respectively. The index of refraction of the incident media is no, and ns that of the
substrate. The index of refraction ny is higher than n. (nw> n) and a normal
incidence of light is also assumed (0; = 0). See the paragraph above the figure for the
description of how the DBR works qualitatively. The figure is taken from [21]
Though instructive and insightful, the simplified description of the DBR
above does not take into account the effect of multiple reflection occurring at each
successive boundary as described in section 2.1 (i.e. Airy summation). Quantitative

analysis based on the characteristic matrix method presented earlier in this section is

followed. For a quarter wave stacks (d = %) with a normal incident light (6; = 0),

2 A; 2 A .. . .
koh = kon;dcost; = =n; =t = ZZn; 22 = I The characteristic matrix m;, then, is
/10 4 /10 4Tli 2

given by
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0

o
|y E;Hl.e
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Ho

':|m
S o
S
K

coskyh
Y;

Yiisinkoh coskyh

isinkgh ]

|S

o

n;

—_—

Thus, the characteristic matrix for a single stack of double layers mim; is

[ o N 1[0 5 nog
_ o - o 2 ny
MMtz = ’e € B o 2l
i _Onl 0 l _Onz 0 ny
Ko Ko

vl
—ny

o (53

Substituting this result into equation 2.27 and with a bit of algebra, we have an

expression for the coefficient of reflection r as

N N
—nz) €0 (—n1) €0 n
Np— n 2N_( 0) 2N
(n1 wo 0 \ny wo ° M ns) 2
N N - n .
-n g -n £ 2N (o 2N
(Z2) /“_0n0+(_1) S M +(ns)n2
0

nz

Finally, the reflectance of the DBR illustrated in figure 3, upon a normal incidence of
light with the wavelength A4, = 4n;d; is given by

2
nlzN—(@)n 2N

ng) 2
Ry = r|? = [—n12N+ (ﬂ)nzwl , (eq. 2.29).

A couple of general observations can be made for the reflectance of the DBR.
From equation 2.29, we can see that the reflectance R is increased with N, the number

of the stacks of high-low indices of refraction double layer pairs. R is also increased

as the index contrast, defined as Z—H the ratio of the indices of refraction increases, or
L
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putting it differently, as the difference in the index of refraction of the two materials
increases. These observations can be seen graphically from the spectral response of

the reflectance of the DBR shown in figure 2.4.

100- — — N =10, n/n,= 2.35/1.46

% 1 [ N N =10, n/n,= 1.95/1.46
;; - ,-——.';Vzﬁ._ J?I/f’?z: 1.95/1.46
: 60
8
S 40+
= -
o

20

'U ' I I I I I It ! |

Wavelength (nm) — :

ra gy . Y
By AJ’\. (!
[ ]

|

.20 1.30 :1.4() 1.50 1.60 1.70 '.8() 1.90 2.00 2.10
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Fig. 2.4 The Spectral Response of the DBR. The reflectance R of the DBR improves
as the number of high/low index layer stacks increase. Similarly, higher R is
achieved with the higher index contrast. The higher index contrast widens the
bandwidth of the DBR as well. The bandwidth of the DBR, AL, where the high
reflectance is maintained is also shown in the figure. The bandwidth can be adjusted
to cover the entire spectrum of interest with the higher index ratio. The figure is
taken from [21]

One other important feature is the band width of DBR, denoted AA, in figure

2.4. We assume the incident light with the design wavelength of the DBR (A = 1.55
pm in the figure) or koh = g when the reflectance of the DBR (equation 2.29) is
derived. However, we observe that the high reflectance is maintained in a small

range of wavelength centered at the design wavelength of the DBR, and then abruptly

falls down and exhibits oscillatory behavior with decreasing amplitude. The band
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width AL is the width of the region of spectrum where the reflectance is high and
steady. Therefore, the DBR works as an efficient mirror not only at the design
wavelength but also on the entire band width of the wavelength spectrum. We can
take advantage of this fact when we design a device that will work on a range of
wavelength such as the FPI described in this thesis with its operation wavelength A =
8—11 pum.

The expression for the band width is derived below. This derivation found in
MacLeod [28] is rather a justification than a proof. Since we introduce the
characteristic matrix method following Hecht [18], the notions and quantities used are
adapted to those used by him. A mathematically rigorous proof of this result is given
in Born and Wolf [8].

The transmittance T of a DBR can be obtained from equation 2.28

2Y, 2

Yomy1+YoYn41maiz+ma1+¥ne1ma

T =|t]*> =

(eq. 2.30)

where Y, = /?nocosei, andY,,, = /% n,,cos0,, as before, and mjj’s are the
0 0

components of the characteristic matrix for the entire DBR. If there is no DBR
presents, the characteristic matrix becomes an identity matrix, and the transmittance
in such a case, called To is given as

o AY?
(Yo+Yn41)?

T, (eq.2.31).

With a DBR presents, the Transmittance T will be less than To (T < T,) or
[Yomyq + YoYnpamp + myy + Yyy1myp,|® = (Yomyq + Yopmpp)? + (YoYppmyp +
my1)? > (Y, + Yy41)?%, where we make use of the fact that mi2 and my; are imaginary
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numbers (See equation 2.25). This will be true regardless of the values of m1» and
m21, therefore, we have (Yomy; + Y,41my,)? > (Y + Y0 q)2. If we further assume

the same incident and emergent materials (Y, = Y,,..;), the above condition can be

my1+My

simplified to > 1.

For a DBR, the characteristic matrix m can be written as m = (m;m,)",

where my and m; are the characteristic matrix of media 1 and 2, respectively, and N

M11+M3; myi+my;

the number of stacks. Let M = mimy (i.e. N=1). If

> 1, then

tends to infinity as we increase N. This claim is made plausible when we consider M?

= L. Then Li1 + Lo = M112 + 2M12M>1 + M222. Now since determinant of M =

2
ny
_n, |) » We have

np

M11M22 - M12M21 = 1 at the DBR design wavelength (M =

2M12M21 = 2M11M22 - 2, and L1 + Loz = M11? + 2M11M2z + Ma2? - 2 = (M1 + M22)? -

M11+M>;

2. Let =1+e. ThenLu+Lap=(Q2+28)?-2=2+8¢+4e% Squaring L

once more, we have L2 11 + L2 22 = (N11+ N22)2 —2 = (2 + 8e + 4€?)> -2 =2 + 96¢ +

onoasN_)oo_ We

16e%+ 643+ 16¢*. Continuing this way, we see that

mi1+My2

can also deduce from the equation 2.30 that as increases, the denominator

of the equation increases and as a result the transmittance T of the DBR decreases. In

other words, the reflectance R of the DBR increases as the number of stacks of double

M11+M3;

layers increases when > 1.
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Now, in general, M = mym, = 1 2

Yiisinkgh coskgh||Y,isinkyh coskoh,

isinkgh isinkgh
coskyh Y > ” coskyh v 0 ]

M11+M3;

then

= cos?kgh — = (Y—2 + %) sinkyh > 1 where the DBR maintains a
2

2 \r;

high reflectance. Therefore, the boundary of the spectrum where the DBR maintains

high reflectance can be found by |22 | = |coszk0h -2 (2 + ﬁ) sin2k0h| =1or
2\y; Y,
M2 = cos?hoh — 5 (:—1 + %) sinkgh = -1  (eq. 2.32)
My1+Mp,

Since = 1 gives a condition (sin?kyh = 0) that is incompatible with the

thickness of each layer, i.e. a quarter of the design wavelength, we throw it away on

the physical ground. With sin?x + cos?x = 1, equation 2.32 further simplifies to

)
cos?koh = (22)"  (eq. 2.33)

2w A 2T A
Now = . =y A2, 20
OW koh = kyn;dcosb; iy = Ny ,

=~ at the design wavelength of the
DBR. LetA =1+ %AA at the boundary where the reflectance drops rapidly. Then

we have,
cos? (%%) = cos? E (1 + %AA—A)] = sin? (i%%) (eq. 2.34)

_un2
From equations 2.33 and 2.34, we have sin? (i %AA—A) = (%) . Assuming a
1 2

normal incident EM wave to simplify it further, we have cos6;;; = cos8;; = 1, and

€0 ’80
—nqcos0i;;— |[—n,cosO;
Y, -Y, Ao 1 ill 1o 2 12004 _ny-ny

== = =
Yi+h /ﬁnlcoseilﬁ ,ﬁnzcosﬂim n1+n;

DBR with a beam of light that is incident normally upon it, is given by

. Finally, the fractional bandwidth AA—A of a
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1
AL 4 ., _qnyg—-nm 4 . _
— ==sin ' 2L =Zgin~1 7k (eq. 2.35)
A T nyg+ny, b4 —+1

As seen on figure 2.4, the higher value of the index contrast widens the bandwidth
A\, which is expected from equation 2.35. However, the bandwidth of the DBR does

not improved by increasing the number of double layer stacks N.

2.3 An electrostatic actuator

As discussed in section 2.1, the wavelength of the EM wave that passes
through the FPI is determined by the length of the optical cavity defined as the
distance of the gap between the two mirrors of the FPI. In other words, once this gap
distance is fixed the EM wave with only one specific wavelength can transmitted
through the FPI. If we want the FPI to act as an optical filter over some spectrum of
wavelength (A= 8-11 um for the current project), therefore, we need a mean to change
this gap distance so that we can tune the FPI to accommodate the entire spectrum of
interest. Among many possibilities of the tuning mechanism of the FPI, an
electrostatic actuator, more specifically a parallel plate actuator is implemented in our
design. The scalability into micro-size domain, the low power consumption, and the
straightforward fabrication process made the electrostatic actuator one of the most
common actuation methods in MEMS devices. Particularly for the current project,
the physical configuration of the FPI, with two mirrors facing each other, is exactly
the same as that of the parallel plate actuator, so the choice of parallel plate actuator
for the actuation mechanism in our implementation is a natural one. In this section,
we review the physical principle behind the parallel plate actuator, and present

important equations describing its operation for the future reference in this thesis.
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Fig. 2.5 Parallel Plates Actuator. Two conductive plates put in parallel to each other
with an initial gap distance of go. One of the plates is designed to move freely. Two
plates are biased with +/- V. Opposite charges accumulate on each plate, and an
electrostatic attraction pulls them close. A restorative force, represented by spring in
the figure, balances out the attraction, and the equilibrium distance of go-z in reached.
The figure is taken from [27]

In a nutshell, the parallel plate actuator is a basic capacitor consists of two
conducting plates faced each other in parallel. In the parallel plate actuator, one of
the plates is release in the fabrication process and able to move in response to the
applied bias. As we apply the bias, the attraction between the opposite charges

accumulated on each plate pull them closer. Let us consider a parallel plate capacitor

with an overlapping area of A and a spacing of z between two plate. The capacitance

of such a capacitor is C = ¢ g, and the electric energy stored in this capacitor is given

by

A

_ Y12 _1 A2
U—ZCV —ZeZV (eq. 2.36)

where V is the applied bias voltage, and €, the permittivity for the medium filling the

gap. Itis a product of &, and gy, where &, is dielectric constant or relative electrical
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permittivity, and &, = 8.85 x 10~1* (F/V) is the permittivity of free space. Given a
certain bias voltage (i.e. V is held constant), the electrostatic force of attraction can be

found by taking the derivative of the energy U with respect to the gap distance z.

Remgevii()=e% a2

To balance this attractive force, a mechanical restoring force is introduced in
the design of the device. Various mechanical springs of different types are typically
used to provide this restoring force. Thus, at equilibrium, the mechanical restoring

force, given by the Hook’s law, F;, = —kz, will be equal in magnitude and opposite

2
in direction to the electrostatic force, given by F, = eg(gv—z)z , Where K is the spring
-

constant, go the initial distance between two plates, and z now denotes the change in
the gap distance (See figure 2.5, and compare with equation 2.37). By equating F
and Fe, we can find the distance between two plates at the equilibrium as a function of
the applied bias voltage V.

However, graphical solution of the equation Fx = Fe gives more insight into
the relation between the gap distance (go-z) and the applied bias voltage V. A graph
of Fx and series of graphs of Fe for a few different values of the bias voltage V are
given in figure 2.6. At lower values of V, the graphs of Fx and Fe, with two different
intersection points, gives two solutions for the gap distance. The larger of these two
gap distances is discarded as physically impossible solution, as explained shortly. As
the bias voltage increases, the graphs of Fx and Fe intersect at a single point. This is

an onset of pull-in or snap-in phenomenon. This critical voltage at which the pull-in
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sets in is called the pull-in voltage or V,. With bias voltage larger than Vy, there is no
common intersection of Fx and Fe. Thus, no equilibrium gap distance can be
obtained. Physically, linearly growing F«x can no longer catch up with much faster
growing Fe, and two plates will be pulled in rapidly until they make a contact with
each other.

Let us quantify the pull-in condition in detail. At the onset of pull-in, the
value and the slope of the graphs of Fx and Fe are identical. Assuming the air gap,

from Fx = Fe, we have

A
kz = &> G2 (eq. 2.38)
The condition &2k = 2fe gives
dz dz
k = EOA(.%T)B (eq 239)

Canceling k from equations 2.38 and 2.39, and solving for z, we get = % . In other

words, when one third of the initial gap distance is reached, the pull-in sets in and two

plates snap together. Therefore, when a parallel plate actuator with the initial gap
distance of go used, the maximum actuation distance achievable is %. For the pull-in
voltage Vp, we substitute z = %" into equations 2.38 or 2.39. After short algebra, we
get

8’(903
278014

Vp = , (eq. 2.40).

This is the maximum bias voltage we can apply to the parallel plate actuator.
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Fig. 2.6 The Graphical Solution of Fm = Fe. The graph of mechanical force F, and
that of electrostatic force Fe at five different bias voltage values are depicted as a
function of the displacement distance of the moving plate. Below Vi, two solutions
of Fm = Fe can be found. At Vpi, only one solution exists. With any bias voltage
greater than Vpi, no solution can be found. Detailed analysis can be found in the
paragraph below. The figure is taken from [27].

Now we can see why we discard the larger solution of the Fx = Fe for bias
voltage under the pull-in voltage V,. From the figure 2.6, we observe that the larger
gap distance is always greater than the one-third of the initial gap. At this gap
distance, the pull-in already sets in, and two membranes snap to each other.
Therefore, only one solution of Fx = Feis meaningful as the gap distance of the

parallel plate actuator.
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Fig. 2.7 A Parallel Plate Actuator with X-beam Structure. Four beams attached at
each corner of the plate act as bar springs and exert a restorative force and balance the
electrostatic attractive force. The figure is taken from [27]

In figure 2.7 is a simplified sketch of our FPI design. To tune the device, the
top membrane is fabricated to move, by supporting it at four corners with beam
springs (X-beam). The beam spring in our design satisfies a ‘fixed-guided’ boundary
condition, where far end of the beam is held fixed so that its displacement and the
slope cannot be changed by any applied force (‘fixed’). The other end where the
beam is attached to the membrane in the middle at its corner is free to move, but the
slope is fixed to match that of the membrane (‘guided’). An expression for the pull-in
voltage Vy is followed. The spring constant k for the fixed-guided beam spring is
given by [27]

_ Ewt?®
=3

k

(eq. 2.41)

37



where w, t, and | are the width, thickness, and length of the beam, respectively. E is
the Young’s modulus, a quantity that indicates how stiff the material is. The X-beam
structure is analogous to the membrane with four springs attached in parallel. The

spring constants add up when the springs are attached in parallel. The total spring

4Ewt3
l3

constant for the entire structure is, therefore, 4k = By substituting this

expression into equation 2.40, we finally have

_ [32g903 Ewt3
Ve = \/27£0A 13 (eq. 2.42)

Again, this is the maximum bias voltage we need to deflect the top membrane to the

maximum actuation distance of %. The pull-in voltage V, is proportional to the

3 1
initial gap distance ( ~g,2), the area of capacitor A ( ~Az), the Young’s modulus of
1 1 3
the beam spring material ( ~E?z), the width ( ~wz) and the thickness (~ tz) of the

beam spring, and inversely proportional to the length of the beam spring ( ~l_73).
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2nqdcosO;j
2

Mathematical Derivation I: Derivation of h =

Consider the optical path-length difference L between two beams, one reflected
on the front surface of a parallel dielectric medium and the other on the back surface.
They are denoted as E1r and E»r in figure M1, respectively. The index of refraction of

the incident medium is n1 and that of the dielectric ns. The thickness of the dielectric

medium is d. From figure M1, ns(4B + BC) + n,AD . SincedB = BC = — =
cosO¢
2nsd — —_— — —ns . , . .
e n,AD . Now AD = ACsinf; = AC n—smet , where Snell’s law is used in the
t 1
last step. But AC = 2dtané,,and L = ::Sf: (1 — sin®*6,) = 2nsdcosb, .
t

Comparing L with h in figure 2.2, we can easily see that h = % With the

2nidcosO;;

notation used in figure 2.2, therefore, h = >
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Point
source

Fig. M1 An optical path difference between two lights emanate from the boundary.

Figure from [18]
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Mathematical Derivation Il: Derivation of the characteristic matrix
for TM wave

Referring to figure 2.2, for the p-wave or TM wave we need to switch every E
and H pair first (so that its magnetic field H is transverse to the plane of incidence),
and then reverse the direction of H from into the paper to out of it (so that we have
the correct direction of EM wave propagation). As before, three different materials
have the indices of refraction, no, n1, and ns, respectively. A p-wave is impinging
from medium 1 onto medium 2. There occur reflection and transmission of the
incident EM wave on the first boundary. The transmitted part of the p-wave reflects
and transmits once more when it hits the second boundary. As seen in figure 2.1,
there are multiple beams from successive reflections and transmissions at each
boundary. However, all waves in the same direction are added up and represented by
En, Eu, Eri, and Eyi. From the Maxwell’s equations, we have the following boundary

conditions. At boundary I,

E; = (Ey — Ey)cosb; = (Ey — EIrII)COSHiII (eq. M1)

and

Hy = \/i:ZnO(EiI +E.) = \/i:zm (Etl + E;”) (eq. M2)

where we use one of the consequences of the Maxwell’s equations that in non-

magnetic medium E and H are related by: H= \/‘;znl? x E.
0

At boundary I,

E; = (Eiyp — Ev;p)cos6; = Eycos0y; (eq. M3)

41



and

Hy = \/i:znl(Ei” + Eppp) = J%nsEtl (eq. M4)

To account for the phase shift that the p-wave experiences as it traverses

2n4dcosOg

through the medium 2, we define h = . (See Mathematical Derivation | for

the derivation of this result.) Then we have E;;; = E,;e~%o" and E,;; = E’ ”e”‘oh.
r
With these equations, now we can rewrite equations M3 and M4 as
E; = (Et,e‘”‘oh -E’ e”‘oh) cos0;;; (eq. M5)
ril

and
H; = Fnl (Et,e‘”‘oh+E’ e”‘oh) (eq. M6)
Ho ril

Solving equations M5 and M6 for Ey and E'ri and substituting them into equations

M1 and M2 yields

Hjjisinkgh

EI = EIICOSkoh +
61

(eq. M7)

and

HI = EuyliSinkoh + H”COSkoh (eq M8)

- /EL
where Y; = o cosB

The system of linear equations M7 and M8 can be rewritten into a single

matrix equation,

EI] EII]
=m ,
[HI 1 HII
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where the my, the characteristic matrix that relates E and H fields at a boundary, is

given by

coskyh

Y;

Yiisinkgh coskgyh

(eq. M9)

isinkgh ]
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CHAPTER 3. IMPLEMENTATION OF THE FPI FILTER

With the relevant theoretical background reviewed in the previous chapter, we
start the design of our FPI filter. In our current project, we are developing an optical
filter in long wavelength infrared range (LWIR: A = 8-11 um), which will be
integrated with broad band mercury cadmium telluride (HgCdTe, MCT) detector and
complementary metal-oxide-semiconductor (CMQOS) control circuitry into a low-cost,
miniaturized LWIR spectrometer that can reliably detect the improvised explosive
devices in the battle field using the presence and concentration of various gases in the
environment.

In more traditional spectrometer, a dispersive medium such as a prism or an
optical grating is used to generate a spectrum of light that is continuously distributed
by its wavelength. However, dispersive spectrometer tends to be bulk in size, and not
suitable for a compact spectrometer. An attractive alternative is an interferometer-
based spectrometer where the light passing through the optical cavity of the
spectrometer interacts with itself to generate the spectrum of light. A famous
experiment by Michelson and Morley is one example of the application of
interferometer-based spectrometry. In their experiment, a beam of light is split into
two perpendicular beams at a partially transmitted mirror. Two beams then travel to
the fully reflected mirror a certain distance away and back to where they are split.
They are combined to interfere there, thus reveal the difference two beams experience
along their individual path from the split to the way back to the partially transmitted

mirror. In original Michelson and Morley experiment, they tried to see the difference
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the light experiences as it travels along and perpendicular to the ‘luminiferous aether’,
a theoretical medium on which the light wave travels on. The experiment found no
evidence of the difference, and this null result in turn contributed greatly to Einstein’s
special theory of relativity.

To implement the required optical filter, we chose a MEMS-based Fabry-Perot
interferometer (FPI) as a base structure. As discussed in the previous chapter, the
structure of the FPI is basically two partially transmitted mirrors facing each other in
parallel with some distance between them. The gap distance determines the
wavelength of the light that passes through the FPI. A dielectric mirror, called a
distributed Bragg reflector (DBR), is used to implement the necessary mirrors. The
DBR comprises of a number of stacks of alternating layers of materials with high and
low index of refraction. To tune the filtering wavelength of the device, we need a
mean to change the gap distance between two mirrors. One of the membranes on
which the mirror is constructed is fabricated to move, by supporting it at four corners
with beam springs (X-beam). A bias voltage is applied between two membranes and
actuates the movable membrane with electrostatic force. The detailed design
specification of our implementation is followed, with key characteristics of the

fabricated device expected from the theory presented in the next chapter.

3.1 The Design of the FPI Structure

The decision to implement our optical filter with MEMS-based Fabry-Perot
interferometer is followed by the detailed discussion of how to realize the device

from the scratch. The first issue to discuss was the substrate on which the filter is

45



fabricated. One possibility utilized commonly in the MEMS device fabrication is
called the surface micromachining. In the surface micromachining, the device
structure is fabricated monolithically on the substrate surface with many steps of
deposition, lithography, and etching. With cutting edge technology, more than 30-40
layers is constructed routinely. Some of the fabricated layers can be sacrificial layers
that are partially etched out and thus release a structure so that it can be moved to
accommodate the actuation of the device. The complexity of the envisioned
fabrication process and most of all the difficulty with implementing the mirror needed
in the FPI filter in the surface micromachining exclude the possibility of the
monolithic fabrication with the surface micromachining. Instead, we decided to
fabricate two membranes separately on a Silicon on Insulator (SOI) wafer, and bond
them together to form the final FPI filter.

As the name indicates, the SOI wafer has three different material layers stack
on top of each other. The top active layer is called a ‘device layer’. It is made from
high quality semiconductor material, and this is where the semiconductor device
structure is fabricated. Under the device layer is a ‘buried oxide’ or BOX layer, a thin
silicon dioxide layer that isolates and electrically insulates the device layer from the
bulk ‘handle’ wafer, a thick layer that physically supports the wafer. A variety of
device and BOX layer and handle wafer thickness is available, off the shelf most of
the time, from many vendors nowadays. Originally developed to improve the
performance of CMOS device, SOI wafers found many applications in MEMS

fabrication because it can provide process solutions that is very difficult or impossible
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with more traditional silicon wafers. There are two different ways to fabricate an SOI
wafers: Bonded and Etchback SOI (EBSOI) and Separation by Implantation of
Oxygen (SIMOX).

Early SOl is produced with EBSOI method. In EBSOI, two starting wafers
undergo thermal oxidation to grow silicon dioxide (thermal oxide) layers. When in
the furnace, oxide will grow on all sides of the wafer. Once the oxide layer is
sufficiently thick, the wafers are bonded together at the oxide layer. The atomic
structure of silicon dioxide allows the wafers to partially bond at room temperature by
simply applying a physical force, but they are baked at about 1100°C to solidify the
bonds. This bonded oxide film becomes the BOX layer. After bonding, the wafers
undergo chemical mechanical polishing (CMP) or etching in order to remove the
majority of one of the substrates, leaving just a thin layer of silicon above the silicon
dioxide film. This is how the device layer of the SOI wafer is formed. Because of
the CMP or other wafer grinding process, the BESOI can generally be used to
produce the SOI with thicker (> 2pum) device layer. The SIMOX is preferred
fabrication method over the EBSOI due to its ability to precisely control the thickness
of the device and BOX layers. To produce the SIMOX SOI wafer, large quantity of
oxygen ions is implanted on the surface of a wafer with ion implantation process.
Originally developed as improved process technique for doping semiconductors, ion
implantation can be used to add any impurities to a wafer. The energy used to
implant the oxygen ions determines the depth and the thickness of the BOX layer, as

well as the subsequent device layer. After implanting the oxide layer, the wafer is
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baked for several hours at ~1300°C to solidify the oxide layer and produces a uniform
BOX layer throughout the entire wafer.

By using SOI wafer as a substrate to fabricate our device, we expect a
significant simplification in the entire fabrication process. Two chips are cut from the
SOl wafer. The device layer on each of two chips is used to form a membrane where
the DBR mirror is constructed. To construct the membrane, the handle wafer is
patterned and etched through using bulk micromachining technology. The BOX layer
can work as a natural etch stopper in the through etch process. On the top membrane,
the X-beam structure is fabricated with the process steps (pattern and etch) similar to
those used in the backside through etch. The BOX layer is again used as an etch
stopper. The bottom membrane doesn’t need any process at all. Once two
membranes are fabricated, the mirrors are constructed on them and two chips are
bonded together to form the final FPI filter. During the design stage we envisioned
four lithography masks for the entire fabrication process. The general structure of the
device is given in figure 3.1. The lithography masks necessary for the fabrication
process are shown in figure 3.2. The detailed process flow used in the actual
fabrication of the device and the description of each step performed are provided in

chapter 5.
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Top membrane with X-beam

Gap pillar

Gap pillar

Bottom membrane

Fig. 3.1 A simplified FPI Structure. The dimension of the chip is 10 mm by 10 mm
in a square shape. The optically active area is 2 mm by 2 mm in the middle of the
chip, offset by 1 mm from one side of the chip to place bond pad at the edge to apply
a bias voltage for electrostatic actuation. The final dimension of the beam spring is
chosen to be | =2.12 mm, w = 0.15 mm, and t = 25 pm, for length, width, and
thickness, respectively. The initial gap distance is defined with the gap pillars and
determined to be go = 25 pm.
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a) Masks for device layer and handle wafer side on top membrane

- |

b) Masks for handle wafer side on bottom membrane and the gap pillar

Fig. 3.2 The Lithography Masks for the FPI Filter. The device layer on the bottom
membrane doesn’t need any process, and no mask is necessary. The bottom
membrane handle wafer mask is used for the shadow mask of mirror deposition as
well.
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The physical dimension of the FPI filter is discussed. The overall size of the
chip and the optically active area in the middle of the chip were dictated by the
collaboration. Since the FPI filter is used in front of the MCT IR detector, its size
needed to accommodate the physical size of the detector. As a result, the dimension
of the chip is determined to be 10 mm by 10 mm in a square shape, and the optically
active area is 2 mm by 2 mm in the middle of the chip in a square shape as well,
offset by 1 mm from one side of the chip to place bond pad at the edge to apply a bias
voltage for electrostatic actuation. The dimension of the beam spring is chosen to
accommodate an adequate bias voltage. The detailed calculation is provided in
section 4.2, where we discussed the simulation of electrostatic actuation of our FPI
filter. The final dimension of the beam spring is given by | = 2.12 mm, w = 0.15 mm,
and t = 25 um, for length, width, and thickness, respectively. The thickness of the
device layer of the SOI wafer used in the fabrication process determined the thickness
of the membrane and the thickness of four X-beam springs. The gap distance should
accommodate the tuning of the specified operational spectrum of 8-11 um. Half the
wavelength of the passing EM wave is the gap distance between two mirrors, thus we
need 5.5 um space between the mirrors. After adding the thickness of two mirrors on
the top and bottom membranes (See next section for the discussion of the DBR
mirror), the initial gap distance is finalized to be go = 25 um, and this distance is

defined with four gap pillars fabricated on the device layer of the bottom membrane.
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3.2 The Design of the DBR mirror

The FPI comprises of two mirrors facing each other in parallel. As discussed
in previous chapter, metallic mirror cannot be used in the infrared region for its high
absorption in the region. The mirror we use in the design of our FPI is a DBR mirror,
a dielectric mirror made of a certain number of stacks of alternating layers of two
materials with high and low index of refractions. Two considerations needed to go
into the DBR design: the DBR materials and the fabrication method. The fabrication
method is discussed first.

The thin film deposition has been developed for a long time in various fields
of applications and matured enough to deposit a layer of material of single atomic
constituent. As such, we will use thin film deposition process to fabricate the DBR
mirror. Thin film deposition process is largely classified into two categories:
Physical Vapor Deposition (PVD) and Chemical Vapor Deposition (CVD). In CVD,
starting materials called precursors are introduced in a chamber where substrate is
located. A chemical reaction ensues, and the thin film is formed on the surface of the
substrate. The chemical reaction can occur by themselves in low pressure
environment inside a tube (Low Pressure CVD, LPCVD), or triggered by means of an
electrically induced plasma in the active vapors (Plasma Enhanced CVD, PECVD).

In general, CVD produces better quality thin film. However, the need for the suitable
chemical reaction and precursors, and the necessity of the complicated reaction

chamber, we will use more flexible PVD for our mirror deposition.
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In PVD, the target material to be deposited, called an evaporant, is heated to
vaporize in a vacuum, the resulting vapor molecules travel to everywhere in line of
sight and condenses into a solid film on the substrate, which is kept below the
freezing temperature of the evaporant. Compare to CVD, PVD is more widely
adapted in thin film deposition because it is simpler to implement in principle, has
much more available targets and more flexible equipment design to accommodate
different substrate geometry. Three different ways to induce the evaporation of the
target further divide the PVD into three different techniques: 1. Thermal PVD where
the target is simply heated up in a crucible to vaporize, 2. Electron Beam PVD
(EBPVD) where an electron beam is used to produce the target vapor, and 3.
Sputtering where energetic ions are produced to bombard on the target so that an
atom or molecule of target is ejected from it. Mostly because of the equipment
availability, we decided to use the EBPVD for our DBR deposition. The details of
deposition process are given in chapter 5, where we describe the entire fabrication
process.

The target materials for the mirror deposition are considered at the same time
as the deposition method. Many categories of materials can be used for optical thin
film in the IR region. The oxide and fluoride compounds, single element and
compound semiconductors, and transparent conductors including some metals are
some of the examples. The candidate materials used for the DBR mirror must allow
high transmission in the operational wavelength regions of the mirror. A distinct

division in usable IR materials occurs near wavelengths between the Mid-Wave IR
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(MWIR) and LWIR. Oxide compounds such as aluminum oxide (Al>03), chromium
oxide (Cr203), hafnium dioxide (HfO>), indium oxide (In203), indium-tin oxide
(ITO), niobium pentoxide (Nb20Os), praseodymium oxide (Pr203), scandium oxide
(Sc20:3), silicon dioxide (SiO2), silicon monoxide (SiO), tantalum pentoxide (Ta20s),
titanium dioxide (TiO>), yttrium oxide (Y203), and zirconium oxide (ZrOy) are
transparent at wavelengths shorter than about 7 um. There, oxide compound
materials provide the low- (n < 1.6, SiO2), medium- (1.6 <n < 1.8, Al,O3, Y203,
Si0), and high- (n > 2, HfO,, Sc203, Ta20s, Nb2Os, TiOy) refractive indices required
in the design of the DBR. Many optical thin films in the MWIR region can be made
using oxide compounds, from which durable multi-layer product including the DBR
can be produced.

At wavelengths longer than about 7 um, the corresponding available material
choices are fluoride compounds including aluminum fluoride (AlF3), calcium fluoride
(CaF>), cerium fluoride (CeFz), lanthanum fluoride (LaFz), magnesium fluoride
(MgFs3), thorium fluoride (ThF4), and yttrium fluoride (YFs3), single element
semiconductor silicon (Si) and germanium (Ge), 11-VI compound semiconductor
cadmium telluride (CdTe), lead telluride (PbTe), zinc sulfide (ZnS) and zinc selenide
(ZnSe). As discussed in the previous chapter, the DBR performance benefits when
the index contrast is large. Some DBR designs require a total number of stacks as
large as 20 to 30 to achieve required reflectance of the mirror and are thus prone to
high accumulated mechanical stress that threatens the physical integrity of the DBR.

Fewer layers are required when the indices have a large difference in value, and this
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thinner combination results in lower stress. For the combination ZnS / Fluoride, the
index ratio at 10 pm wavelength is around 1.6. For the combination Ge / Fluoride,
the ratio is about 3, suggesting that this combination has advantages. However,
fluoride layers are not compatible with Ge surfaces due to their atomic lattice
mismatch. A thin layer of a binding material must be inserted between these layers
which complicates the design. The fluoride compounds have another structure issue
as well. They grow with a columnar microstructure that contains a large void volume
that water vapor can occupy when the thin film layer is exposed to the atmosphere.
This columnar microstructure also exhibits high tensile stress, and thick fluoride layer
often relieve stress to form tensile crack patterns. Simultaneously, water vapor can
permeate the film void volume and change optical properties and adhesion strength.
The ZnS and Ge surfaces are compatible and produce a desirable index ratio of about
1.8. Many IR designs are based on this latter combination of materials, with outer
layers requiring a fluoride as an antireflection (AR) layer to minimize the reflection
and thus maximize the performance of the device.

The material commonly used for low-index components for MWIR to LWIR
film deposition are zinc sulfide (ZnS) and zinc selenide (ZnSe). They sublime and
dissociate when evaporated. The starting materials are produced in a CVD process
from the reaction of gases. The condensed solids are crushed and sized or pressed
into desired working shapes. If substrate surface and chamber atmosphere conditions
are favorable, the dissociated components will recombine with correct chemical

composition at the substrate and produce non-absorbing dense films. While e-beam
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IS a useable evaporation technique, a heated baffled box source is preferred because in
the nearly isothermal evaporation environment created, there are fewer hot spots that
can produce unrecoverable composition deviations. The zinc selenide vapor is known
to be toxic and health hazard, and special disposal scheme is necessary.

The high-index component of a LWIR multilayer AR, bandpass, or edge filter
is usually germanium (Ge), with index n of about 4, and is evaporated with EBPVD.
Procedure to obtain non-absorbing films includes the elimination of oxygen and
operation at a deposition rate and a substrate temperature that prevents the formation
of an oxide. Silicon (Si) can be used for SWIR films, but it is difficult to avoid the
formation of a silicon oxide whose evaporation temperature is much higher than that
of the metal, and consequently produces spatter.

After exhaustive literature search related the IR thin film coating, we decided
to use germanium (Ge) and zinc sulfide (ZnS) for high and low index materials,
respectively. Before we determined the detailed design specification of the DBR
using Ge and ZnS. The indexes of refraction for Ge and ZnS are scrutinized. One of
the design requirements of our FPI filter is its tunability. The device should operate
on the wavelength spectrum of 8-11 um. The DBR should maintain a high
reflectance throughout the spectrum. Since the high index contrast is necessary for
the high reflectance of the mirror, it can be achieved when the index of refraction for
each material remains as constant as possible. The graphs of index of refraction for
germanium and zinc sulfide in the operation wavelength spectrum range are given in

figure 3.3. They do not remain constant in 8-11 um wavelength range. However, the
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relative change in their value is very small (0.003/4 < 0.1% for Ge, and 0.04/2.21 <

2% for ZnS), and so is the variation in the index contrast (< 2%).

Ge Index of Refraction ZnS Index of Refraction
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Fig. 3.3 The Index of Refraction for Ge and ZnS [14, 20, 26].

Now is the good time to discuss the design wavelength of the DBR. As
discussed in chapter 2, the DBR is designed at a single wavelength of the light. Our
mandate of 8-11 pum wavelength operation spectrum contradicts the single DBR
design wavelength condition. The way to resolve this issue is to pick one wavelength
that represents the entire operation spectrum. An average of the value at the
boundaries of the region would be most natural choice. However, it is customary to
use the frequency instead of length in such calculation. This is from the fact that the
harmonics of a certain wave are integer multiples of the fundamental when expressed
in frequency. Therefore, they are separated by equal distance in frequency domain.

On the other hand, if wavelength is used, the fundamental and the high harmonics
exhibit the harmonic progression ( % forn=1,2, 3, ...) and bunched up as n

increases. Since for any EM wave the frequency f and wavelength A are related by =

f - A, where ¢ = 3x10® m/s is the speed of light in vacuum, for the operation spectrum

57



of [AL, AH], the design wavelength Ac is given by i = % )\—IL + i). Using the values

at the boundaries of our spectrum range of [AL, AH] = 8-11 um and the equation for Ac,
the value of our design wavelength is found to be Ac = 9.264 pm.

With the design wavelength determined, the thickness of quarter wave layer
should be straight forward. However, there are another consideration to be made.
The wavelength of the EM wave is dependent on the medium it travels, while the
frequency remains the same as the light exits from one medium and enters the other.
When a wavelength of light is mentioned without any reference to the medium it
travels, it is assumed to be in vacuum. The change in wavelength of the light without
corresponding change in frequency results in a change of speed of light as it traverses
between different media. This difference in the speed of light is the physical

mechanism that causes the refraction of light. The index of refraction of some
material is the ratio of the speed of light in the vacuum and that material (n = %).

Since speed of wave is the product of its frequency and wavelength and the frequency
remains constant as light progress through different media, we can express the index

of refraction as the ratio of the wavelength in the vacuum and the medium (n =

Lvacuum ). The concept of Optical Path Length (OPL) is relevant. Contrast to the

)Lmedium

Geometric Path Length (GPL), which is simply a physical length measured with a
ruler, the OPL is the length a light needs to travel through a material to cover the
same phase change as it experiences while it travels in the GPL in vacuum. For

example, a light of 1 m wavelength experiences a phase change of 2xt while it travels
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I m in vacuum. However, it only needs to advance 1/1.333 = 0.75 m to produce 2n
phase shift when it travels through water (n = 1.333). In other words, the GPL of
0.75 m in water corresponds to the optical path length of 1 m. The OPL is given by
OPL = n - GPL, where n is the index of refraction of the medium in question. Once
OPL is obtained from different materials, we can compare the light travels through
them on the equal footing.

The name ‘quarter wave stacks’ refers to the OPL of the layer. To determine

the physical thickness of each layer in the DBR, therefore, we need to find the GPL of

A

the Ge and ZnS layers. The OPL is quarter of the design wavelength ( OPL = f =

_9'2464 = 2.316 wm ). At the design wavelength of 9.264 um, the indexes of refraction

are nge = 4.00 and nzns =2.21 for Ge and ZnS, respectively. The GPL, that is the
necessary thickness of each layer, are 2.316/4.00 = 0.579 um and 2.316/2.21 = 1.048
pum for germanium and zinc sulfide, respectively. The single stack of high and low
index double layers is then 0.519 + 1.048 = 1.567 um.

Finally, we find the number of double layer stacks we need for the necessary
for greater than 95% of the DBR reflectance. The expression for the reflectance of

nlzN_(Z_g)nzzN 2 )
WI ) With no=1

the N stacks DBR is given in equation 2.29 ( Ry = l

and ns = 3.415 (use silicon as substrate, n = 3.415 at Ac = 9.264 um), we can simplify

2Nq2
1- (M) ("2
the reflectance as Ry = [%‘ . With this simplified equation for Ry and the
14+(—2) (=
Ng/\nq

index contrast of 4.00/2.21 = 1.81, we found Rn = 94% for when N = 4 and 98% with
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N =5. Therefore, we determined that five stacks of Ge/ZnS double layers are

necessary for greater than 95% reflectance of the DBR. The bandwidth of the DBR

- Y .
can be found with equation 2.35 (22 = 2 sin=1 20 = L1y with 22 =
A T nyg+ny, 13 n—L+1 n
4 Er 4 0.81
1.81, we have AA = A=sin"1zk— = 9.264 - = sin"! — = 3.448 pm. Therefore,
T —+1 T 2.81

ny
the DBR maintains high reflectance from 7.540 to 10.988 um, a range very close to
the required operation spectrum of A = 8-11 pm.

In this section, we identified zinc sulfide (ZnS) as low index material and
germanium (Ge) as high index material for the DBR components, with n = 2.21 and
4.00 at the mirror design wavelength Ac = 9.264 um, respectively. At the same time,
given the index contrast of 4.00/2.21 = 1.81, we decided to use five stacks of Ge/ZnS
double layers to ensure the DBR mirror reflectance of better than 95% at the DBR
mirror design frequency. This index contrast provides an adequate bandwidth of AL

= 3.448 um that covers the required operation spectrum of A = 8-11 um well.
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CHAPTER 4. THE SIMULATION OF THE FPI FILTER

A computer-aided simulation study of any kind of device before actual
fabrication is financially prudent and therefore well-established practice in many
engineering disciplines. With the design parameters we determined in the previous
chapter, the expected performances of three subsystems of the FPI filter are studied
with computer-aided simulation. They are:

1. The performance of the DBR reflectance in the 8-11 pm wavelength range,

2. The tuning performance of the FPI filter using an electrostatic actuation, and

3. The desired filtering performance of the FPI filter while the passing wavelength is
tuned with applied DC bias.

The results of these simulation studies are presented in the following three sections.

4.1 The Reflectance of the DBR Mirror

In the previous chapter, we identified zinc sulfide (ZnS) as low index material
and germanium (Ge) as high index material with n =2.21 and 4.00 at the DBR mirror
design frequency Ac = 9.264 um, respectively. At the same time, given the index
contrast of 4.00/2.21 = 1.81, we decided to use five stacks of Ge/ZnS double layers to
ensure the DBR mirror reflectance of better than 95% at the DBR mirror design
frequency.

We used the optical transfer matrix formalism reviewed in chapter 2 to find
the reflectance of the DBR mirror in the 8-11 um wavelength range. In this

formalism, the electric and magnetic field on each layer of thin film is represented by
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coskah isinkgh
2X2 matrix m; = 0 Yi |, where koh = kon;dcos6;; = %ﬂnidcoseu,
Yisinkoh coskyh

Y, = \/i;nicosem for TE or s-wave, and Y; = FL for TM or p-wave. Here A
0

1o oSOy
is the wavelength of the incident light, n; the index of refraction of the thin film layer
material, and 0i; and 0 the angle of incident at the first and second boundary of the
layer, respectively. See figure 2.2 for a detailed depiction and description of these
optical parameters. A single stack of hi and low index material is represented by the

product of two layer-matrices my and my, mggcr, = mym;, =

koh =~ kel koh ~— Skt . o
€oSio YH €oSko v, |, and finally the DBR mirror with n

Yyisinkoh coskyh||Y,isinkyh coskyh
number of stacks is written as a product of itself, mpgr = Mgpaer. Once we find

the mper, We can use the expression for the reflectivity from chapter 2 (r =

Yomq1+YoYn41Mi2—mp1—Yni1myo

, equation 2.27) to calculate the reflectance of the DBR.
Yomy1+YoYne1Maz+mag+¥ni1ma;

Here mjj’s are the i,j-components of the DBR matrix, and Yo and Yn+1 are Yi for the
incident and substrate material or the DBR, respectively. The reflectance of TE and
TM waves are calculated separately, and the average is taken and presented as a
single reflectance value for a specific simulation condition.

The optical parameters in the expression for the reflectance are the index of
reflection for each material, the incident angle on each boundary, the thickness of
each layer, and the wavelength of incident EM-wave. Among them, the wavelength
is the variable in the simulation, since we wish to obtain the reflectance of the DBR

mirror with respect to the wavelength of the incident light. The choice of germanium
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(Ge) and zinc sulfide (ZnS) as high and low index layer materials fixes the thickness

of each layer. More specifically, the layer thickness is the quarter wave length in the

1 9.264 1 9.264

material. They are then - —— = 0.579um for germanium and - — =
4 4.00 4 221

1.048um for zinc sulfide. To simplify the calculation, normal incident of light is
assumed throughout the simulation (6; = 0 for all boundaries). Some consideration
must be taken for the index of refraction n. As indicated in previous chapter, the
index of refraction is also a function of wavelength. Even though their variation in
value is relatively small (< 0.1% and < 2% for Ge and ZnS, respectively), we decided
to change the value of the refractive index n in the reflectance calculation as we
sweep the wavelength of the incident light in our simulation.

To observe the expected improvement of the reflectance as we increase the
number of stacks of the DBR, five simulation is done with the number of stacks
increased from one to five. At first, we used the air as incident medium and the
substrate medium. The graph of simulated performance of the DBR is given in figure
4.1. As expected, the clear improvement of the reflectance of the DBR mirror is
indicated. Also observed is above 95% reflectance in 8-11 um wavelength range as

discussed in the previous chapter.
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The Reflectance of DBR on air

1.0 o
0.9 -
0.8 1
0.7 1
@ 56-
(O]
g i
IS 0.5 1
8 -
= 0.4 4
& i
0.3 —— 1 stack
i —— 2 stacks
0.2 4 —— 3 stacks
1 —— 4 stacks
0.1 4 —— 5 stacks
0.0 T T T T T T T T T T T
7 8 9 10 11 12

Wavelength (um)

Fig. 4.1 The Reflectance of the Ge/ZnS DBR on air substrate for 1-5 stacks of double
layer.

Two more simulations are performed. As described in the previous chapter,
the DBR mirror will be deposited on a silicon substrate. The expression for the
reflectivity (equation 2.27) contains terms with the index of refraction of the substrate
material. Clearly, the substrate affects the reflectance of the DBR. Therefore, the
same simulation procedure is repeated with the silicon (Si), instead of air, as the
substrate on which the DBR is deposited. The result is shown in figure 4.2. The
silicon substrate seems to introduce a shift in overall oscillatory behavior of the
reflectance. As a result, a peak instead of a trough of oscillation is shown in the
middle of the operational wavelength range. This shift enhances the reflectance in 8-
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11 pum range, and the second simulation indicates that even four stacks of Ge/ZnS

layer can provide our design goal of greater than 95% reflectance throughout the

operational spectrum.

The Reflectance of DBR on Si
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Wavelength (um)

Fig. 4.2 The Reflectance of the Ge/ZnS DBR on Si substrate for 1-5 stacks of double
layer.

After the simulation with Si substrate, a discussion about the role of substrate
in the simulation was followed. Usually, the substrate is assumed to be thick enough
so that once the light transmits into the substrate, it will lose the coherence and further
optical interference can be safely ignored. The DBR in our FPI will be deposited on a
very thin, 25 um thick Si membrane. The thickness of the membrane (25um) is only
about 2~3 times thicker than the design wavelength of Ac = 9.264 um. Therefore,
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whether 25 pm thick Si membrane can be treated as a substrate made a very
contentious subject of discussion. To answer this question, we decided to simulate
the model with the DBR with 5 stacks of Ge/ZnS layers on top of 25 um Si
membrane. Under the Si layer, we put air as a substrate, which mimics the reality of
our DBR most faithfully. The result is shown in figure 4.3. The signature
interference pattern from the thin silicon layer is seen clearly as it convoluted with the
reflectance of the DBR with Si substrate in figure 4.2. The periodic drops in the
reflectance below 95% in the 8-11 um spectral range was alarming, and we decided
further consideration to mitigate the effect from the 25 pm Si membrane was

necessary.

The Reflectance of DBR on 25u Si
1.0 1

0.9

o
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O
C
S
C
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T T T T T T T T T T T
7 8 9 10 11 12

Wavelength (um)

Fig. 4.3 The Reflectance of the Ge/ZnS DBR on 25 um Si membrane for 1-5 stacks of
double layer.
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Two possible processes are proposed to counteract the interference pattern
from the thin Si membrane. Both methods are variations of an application of the anti-
reflection (AR) film used in many optical devices. Most prominent example is the
AR coating on lenses used in photographic cameras, or on eye glasses. To minimize
the reflection from the lens surface, thin layer of film is deposited on the lens. The
material and thickness of the film are chosen so that the lights reflected from the front
and back surface of the film cancel each other [28].

The Reflectance of DBR on 25u w/ AR Coating
1.0 -

0.9 +
0.8 +
0.7

0.6

Reflectance, R

| —— No AR coating
0.2 4 —— Si AR coating
T — 2ZnS AR coating

0.0 - T T T T T T T T T T T
7 8 9 10 11 12

Wavelength (um)

Fig. 4.4 The Reflectance of the 5 stacks Ge/ZnS DBR on 25 um Si membrane with
different AR coating.

First, we considered using the Si membrane itself as the AR coating. By
changing the thickness of the Si, we can make two light beams reflected from front
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and back surfaces of Si interfere destructively. This scheme can be implemented by
depositing more Si either on front side of the membrane before the DBR deposition or
on the back side of membrane at suitable time along the fabrication process.
Increasing the number of PECVD evaporants can be problematic. To maintain two
evaporants of Ge and ZnS, using ZnS as AR layer is considered. By depositing a
quarter wavelength of ZnS on the membrane, we can achieve the same effect as the Si
AR coating. Since AR coating works only on a specific design wavelength, how it
will behave in the entire operational spectrum of 8-11 um as simulated. The
reflectance of 5 stacks of Ge/ZnS layer DBR deposited on top of 25 um Si membrane
with both Si and ZnS AR coatings are simulated. The AR coating is placed on the
backside of the Si membrane in the simulation. The result is given in figure 4.4. The
effect of AR coating is seen to diminish as we move away from the design
wavelength Ac = 9.264 um. As a result, the periodic decrease in the reflectance
persists. However, the degradation of the reflectance from the destructive
interference caused by the silicon membrane is weaker with ZnS AR coating.
Therefore, ZnS AR coating will be considered as a mean to improve the reflectance

of the DBR mirror.

4.2 Electrostatic Actuation of the FPI with an X-beam Structure

The solution for deflection of the top plate from the initial gap distance
between two plates of the parallel plate actuator in our FPI design is solved
analytically and numerically. This theoretical expectation will be compared with the

measurement from the fabricated device in later chapter.
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4.2.1 The Analytic Solution of the FPI Actuation

The theoretical background of the electrostatic actuation of the parallel plate
capacitor is reviewed in section 2.3. There, we found that the actuation of the FPI is

achieved through the balancing act of the electrostatic attraction between the opposite

VZ

A
charges accumulated on each plate (F, = ¢~ o

) and the mechanical, restorative

force exerted by four bar springs in a shape of X-beam (F, = —kz). Here A is the
overlapping area of the capacitor plates, go the initial gap distance between two
plates, V the applied bias voltage, z the deflection distance when the bias voltage V is
applied, and ¢ the permittivity for the medium filling the gap. It is a product of ¢,
and &y, where &, is dielectric constant or relative electrical permittivity of the
medium, and g, = 8.85 x 1071* (F/V) the permittivity of free space. The beam
spring in our design satisfies a ‘fixed-guided’ boundary condition, where far end of
the beam is held fixed so that its displacement and the slope cannot be changed by
any applied force (‘fixed’). The other end where the beam is attached to the
membrane in the middle at its corner is free to move, but the slope is fixed to match

that of the membrane (‘guided’). In section 2.3, we found the spring constant k for

Ew

the fixed-guided beam spring as k = l—f (equation 2. 41), where w, t, and | are the

width, thickness, and length of the beam, respectively. E is the Young’s modulus, a
quantity that indicates how stiff the material is. The X-beam structure is analogous

to the membrane with four springs attached in parallel. The spring constants add up

69



when the springs are attached in parallel. The total spring constant for the entire

4Ewt3
l3

structure is, therefore, 4k =

When the beams spring is forced to deflect more than half of their thickness,
the stretching restoring force Fms has to be taken into account, along with the

stretching effect component of the spring constant ks, where E,,; = k.z3, and k, =

m*EWt3
413

[34]. With these equations, the total mechanical, restorative force is modified

to F, = kz + kyz3. However, this modification is not applied in the analytic
solution to simplify the derivation of the solution. Moreover, the numerical method
presented in the next section uses much more sophisticated model of the X-beam
structure to find the actuation solution. Therefore, working with simpler first order
approximation in analytic solution is justified.

Substituting the expression for k into Fx and solve the equation Fe = F, or

2 3
% = %% for the deflection distance z, we find a polynomial in z of degree

(9o-22 P
three. Instead of using cubic formula?, the equation Fx = Fe is solved to find the
deflection distance as a function of applied bias voltage using the Matlab software.
The values for each parameter found in the previous chapter are used in the simulated
solution: The area of the plate A = 4 (mm?); The permittivity of the gap medium
£ = g = 8.85 x 10~ * (F/V) for air; The initial gap distance go = 25 (um); The

dimension of the beam spring, | =2.12 (mm), w = 0.15 (mm), and t = 25 (um), for

11
! The solution of ax® + bx? + cx +d = 0 isgiven by x = {q + [¢* + (r — p?)*]2}3 +
11 b bc—3ad
{a—[a>+ (r—p?)°Efi +p, wherep = — =, q = p* + 50 r = £

6a2 ' 7 3a
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length, width, and thickness, respectively; The Young’s modulus E = 130 (GPa) for
Si in the direction 45 degree to the wafer flat. The bias voltage V is increased from 0

to 130V in an increment of 10V. The graph of the result is given in figure 4.5.

The Deflection vs. Applied Bias Voltage
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Fig. 4.5 The graph of Deflection vs. Applied Bias Voltage. The deflection distances
are found analytically with various bias voltage values. A cubic relation between the
deflection and the bias voltage, as well as onset of the pull-in around 130V, is
demonstrated.

The graphs of the mechanical restorative force Fx and the series of attractive
electrostatic force Fe with several bias voltage values are produced with the Matlab

and given in figure 4.6. The same device parameter values are used to demonstrate

the pull-in phenomenon discussed in the chapter 2. At lower values of bias voltage V,
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the graphs of Fx and Fe gives two solutions for the gap distance as two different
intersection points. The larger of these two gap distances obtained at the intersections
is discarded as physically impossible solution since it is greater than the pull-in
distance. The values of intersections on the graph matches well with the values
obtained above by solving an equation Fk = Fe. As the bias voltage V increases, the
graphs of Fx and Fe intersect at a single point. This is an onset of pull-in or snap-in
phenomenon. This critical voltage at which the pull-in sets in is called the pull-in
voltage or Vp. With bias voltage larger than Vp, there is no common intersection of
Fkand Fe. Thus, no equilibrium gap distance can be obtained. In section 2.3 we

found that at the onset of pull-in, the function and the first derivative the graphs of Fx

and Fe intersects at a single point. With the air gap, from F,, = F, and % = %, we

A V2 v? . .
have kz = ¢, YeRT and k = g,A G Canceling k and solving for z, we get =

% . Therefore, when a parallel plate actuator with the initial gap distance of go used,

the maximum actuation distance achievable is %, and any further increase of bias
voltage results the pull-in and two plates snap together. For the pull-in voltage Vy,

we substitute z = % into any one of equations above and solve it for Vp. The result is

3
Vp = /2';% . This is the maximum bias voltage we need to deflect the top
0

membrane to the maximum actuation distance of ‘%0 . With the values of parameters

in our design, we have the maximum deflection distance of 8.33 um at the pull-in

voltage, Vp = 129.38 V. The maximum deflection distance and the pull-in voltage we
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found here will be used as a rough guideline in fabrication and characterization
process, since it is obtained through first order approximation of the electrostatic

actuation system, and we don’t know the exact mechanism of pull-in phenomenon.
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Fig. 4.6 The graphical Solution of Fx = Fe. a) The bias voltage V lower than Vp, two
solutions are found as two intersections. The larger one is discarded on physical

ground. AtV =V,, we have F, = F, and 2 _ e Solving those two equations,

dz dz '

we found z = 8.33 um at Vp = 129.38 V for maximum deflection at the pull-in. b)
Zoomed-in view of the graph. The solutions at various bias voltage (the smaller x-
value of the intersection of the graphs of Fx and Fe) are found to match well with the
values obtained above by analytically solving an equation Fi = Fe.

4.2.2 The Numerical Solution of the FPI Actuation

For numerical solution of the deflection of the X-beam, a software package
‘IntelliSuite” was used. As an inception to tape-out MEMS device development
package from ‘IntelliSense’, ‘IntelliSuite’ offers several different packages for the
mask layout, 2D and 3D model design, and a finite element analysis and simulation of
the MEMS device. Among the packages available in ‘IntelliSuite’, we used
‘IntelliMask’, ‘3D Builder’, and ‘Thermo-Electro-Mechanical Analysis’ for the
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device structure layouts, 3-dimensional MEMS device structure simulations, and

analysis, respectively.

IntelliMask

Before building a 3-dimensional X-beam structure model, the masks for
different layers of the structure need to be built in ‘IntelliMask’. ‘IntelliMask’ is
specifically designed for constructing and editing MEMS device level masks, which
will later to be imported into ‘IntelliSuite’ ‘3D Builder’ package. ‘3D Builder’ can
import mask files in DXF and GDSII formats, both are industry standards file format
to layout the mask for microfabrication lithography, including MEMS device. In this
project, mask file was constructed in DXF format.

@ IntelliMask - [NewMask.msk] o= =]

@ File Edit View Draw Modify PathFinder Cell Tools Window Help = [|& [ =
DEE & 28 o~ &||ownevien: 0n _~]| 5000 [ Mask@laez | T2R QT E
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| 3wy
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=z

=

[
-

Layer | 2 Cursor | X = 5400.000 ¥ = 5400.000 Object Point Distz

Ready NUM

Fig. 4.7 The Layout of the X-beam Structure. The ‘IntelliMask’ is used to lay out the
three mask layers of the X-beam structure. The DXF file is generated from the mask
layout and fed into the 3D Builder for further analysis.
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Three mask layers are the required to model the 3-dimensionl X-beam
structure. The first layer, Layer 0, is a square shape mask that simulates the silicon
substrate. The second layer, layer 2, is used to simulate the gap between the top and
bottom plates of the X-beam structure. As such, it is left empty as an air gap so the
top membrane X-beam structure can actuate. Lastly, the X-beam structure is
constructed on the third mask layer. Once all three masks are laid out in the
‘IntelliMask’, the file will be saved as a single multi-layer DXF file. Each layer is
saved in the DXF file with its name, layout geometry, and other description of the

layer.

3D Builder

In ‘3D Builder’, ‘IntelliSuite’ ‘DXF file converter’ converts the multi-layer
DXF file into a multi-layer MSK file. The mask file is imported by selecting ‘Mesh’
option, then ‘Automesh from mask layout’ option, and finally the mask file that was
saved from ‘IntelliMask’. Once the mask file is successfully imported, ‘3D Builder’
presents the configured finite elements meshes that is constructed based on the mask

file.
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Fig. 4.8 The 3-dimensional Model of the X-beam Structure is constructed in 3D
Builder. The mesh generated for the finite element analysis is shown on the screen
shot. The vertical dimension is exaggerated to visualize the meshes clearly.

In order to differentiate X-beam and substrate as different entities, substrate is
assigned as Entity 1 and X-beam is assigned as Entity 2. In the lower right-hand
corner of ‘3D Builder’ window, a list of all current element levels can be found.
Heights of Level 0 and Level 2 are both modified to 25 um to match the thickness of
the X-beam and substrate. Level 1 is the air gap between two membranes for
electrostatic actuation and its height is set to be 25 um, which matches the initial gap
distance, go.

To ensure no overlapped elements or illegal elements are found within the
configured element mesh, two validations, ‘Validate Mesh Connectivity’ and

‘Validate Mesh Conformity’ under ‘Mesh’ option, need to be performed. During this
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process, all overlapping or illegal elements will be automatically selected and
highlighted in white. Any overlapped or illegal element must be corrected before

exporting the file to Analysis Module.

Thermo-Electro-Mechanical Analysis (Device analysis and simulation)
‘IntelliSuite’ provides three different analysis modules: ‘Thermo-Electro-
Mechanical’, ‘MicroFluidic’, and ‘ElectroMagnetic’. Since our device has both
electrical (parallel plate capacitor) and mechanical components (the X-beam springs),
our parallel plate actuator with the X-beam structure is analyzed with ‘Thermo-
Electro-Mechanical Analysis’ module.

The analysis type is set to be ‘Thermo-Electro-Mechanical Relaxation” under
‘Simulation Setting” with iteration number of 3 and iteration accuracy of 0.001 for all
the simulation analysis done on the 3-dimensional X-beam model. Silicon material is
chosen for both the X-beam (Entity 2) and the substrate (Entity 1). All the material
properties of the silicon are set to the default values, except the Young’s modulus.
Since the substrate is fabricated from the single crystal silicon wafer, the Young’s
modulus of 169 GPa is used, instead of the default value of 160 GPa, an approximate
value for polysilicon. For the X-beam, since the beam spring is aligned with 45

degree from the wafer flat, the Young’s modulus is changed to 130 GPa.
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Fig. 4.9 The Graphical Solution of the FPI Electrostatic Actuation on Thermo-Electro-
Mechanical Analysis Module. A simulation with 150 V bias voltage is performed. At
this voltage, the pull-in already sets in, and physically impossible deflection of 32.3756
pm is shown (the initial gap is only 25 um).

Once the model parameters are set, the substrate (Entity 1) is applied with
voltage range of 0 V to 150 V with increment of 10 V, and the X-beam structure
(Entity 2) is held at 0 V. In the Thermo-Electro-Mechanical Analysis, the bottom
plane of the substrate as well as the lateral faces of the x-beam are fixed as the
boundary condition. Finally, ‘Start Static Analysis’ under ‘Analysis’ option is chosen
to start the simulation analysis.

The result of the ‘IntelliSuite’ simulation is given in figure 4.10 with the graph
of the electrostatic actuation obtained with the analytical calculation in subsection

4.2.1. The numerical solution turned out to be more responsive to the applied bias

voltage. It indicates more deflect distance at given bias value. To tune the FPI to
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cover the specified operational spectral range of 8-11 um, the gap between two plates
need to change from 4 to 5.5 pum, and a total of 1.5 um deflection distance necessary.
It is demonstrated, in both analytical and numerical solution of the electrostatic
actuation of the X-beam structure that required X-beam deflection can be achieved

under a bias voltage of 80 V.

4- The Deflection vs. Applied Bias Voltage

35 The Deflection vs. Applied Bias Voltage
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Fig. 4.10 The Electrostatic Actuation of the FPI. a) A numerically simulated graph of
deflection distance of the FPI vs. bias voltage is presented (red), with the values
calculated analytically (black). Both graphs show cubic behavior with the pull-in
around 130 V. b) Zoomed-in view of the first graph. The necessary deflection of 1.5
pum is achieved under bias voltage of 80V in both solutions.

4.3 The filtering performance of the FPI in A = 8-11 um

The filtering and tuning performance of the FPI in the 8-11 pum spectral region

is simulated with the expression for the transmittance of the FPI, Tpp =
—_p)2
U-R) p (equation 2.10). This expression is found by squaring the

(1-R)2+4Rsin?

transmission coefficient t, that we obtain by adding all the transmitted lights using the
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QEOmetFIC series ( t = t12t23e_l(p (1 + T231’21€_2up + (1’237‘216’_2”’7) + "') =
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e Rl ——rE equation 2.5). Here tjj and rjj are the transmission and

reflection coefficient at the ij-boundary when the light incident from medium i and
emerges into medium j, and the phase factor ¢ accounts for the phase change the light
acquires between two successive reflection or transmission. See section 2.1 for more

detailed discussion.
In the simulation, the value of the phase factor ¢ = %nzcose2 (equation 2.6)

in Trp is varied as the wavelength A of the incident EM-wave is swept from 6.5 to
12.5 um. The normal incident angle is assumed, so we have 62 = 0. The air is the
medium between two mirrors (n2 = 1). The simulation is done with the value of the
gap distance d varied from 4.0 to 5.5 um, in a step of 0.25 um, covering the desired
operational spectrum range of A = 8-11 um. Two simulations are performed. For the
first simulation, R = 0.95 is assumed throughout the 6.5 to 12.5 pum spectral range we
simulated. The result is shown in figure 4.11. With a constant DBR reflectance of
0.95, sharp transmission peaks at the expected wavelengths are observed. It

demonstrates the expected filtering and tuning performance of our FPI filter.
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Transmittance T with RDBR =0.95
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Fig. 4.11 The Transmission Spectrum of the FPI Filter with Constant DBR
Reflectance R of 0.95. Narrow transmission peak is observed at the expected
wavelength (A = 2d). It demonstrates the filtering and tuning performance of the FPI
filter.

As discussed in section 2.2 and demonstrated in section 4.1, the reflectance R
of the DBR does not maintain a constant value throughout the entire operational
spectral range of 8-11 um. Therefore, it is meaningful exercise to simulate the FPI
filtering and tuning performance by calculating the transmittance T of the FPI at
various gap distance with the calculated reflectance R of the DBR that varies along
the wavelength of the incident EM wave. The reflectance R of the DBR with 25 pum

silicon membrane and zinc sulfide AR coating on the back side of the membrane is

used in the calculation. Previously, we use the constant value of the DBR reflectance
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(1-R)?

(R =0.95) to calculate the transmittance T of the FPI with Tpp = ——————
(1-R)2+4RsinZ¢

(equation 2.10) and ¢ = ?nzcosez (equation 2.6) as the wavelength of EM wave is

swept from 6.5 to 12.5 um. The simulation proceeded similarly, except that instead
of constant reflectance of R = 0.95, a simulated wavelength dependent reflectance R

of the DBR is used in the calculation.

Transmittance T with Calculated RDBR
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Fig. 4.12 The Transmission Spectrum of the FPI Filter with Wavelength Dependent
DBR Reflectance R. Increased FWHM indicates a degradation of the filtering
performance. A periodic interference pattern from thin Si membrane is also
observed.

The result is shown in figure 4.12. The degradation of the transmission peak

is observed, as well as periodic interference pattern caused by thin Si membrane. The
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distortion is worse in the shorter wavelength region of the spectrum. However,
different gap distance produce transmission peak at the expected wavelength, and
each transmission peak is clearly discernable even with the degradation from the
variable DBR reflectance. Thus, we conclude that the expected filtering and tuning
performance of our FPI filter will meet the design specification with our design
parameters.

The expected FWHM of above two FPI simulations are given in table 4.1, in

comparison with the theoretical value from Ad: = AR (equation 2.14) with m =1,
> mmVR

for each transmission peak. Both constant and wavelength dependent reflectance

produce compatible FWHM values. It strengthens the validity of the simulated

performance.
Wavelength FWHM (um) FWHM (um)
(um) with Constant R of 0.95 with Wavelength dependent R
Calculation | Simulation R Calculation | Simulation

8 0.131 0.127 0.947 0.139 0.197

8.5 0.139 0.144 0.966 0.094 0.114

9 0.147 0.152 0.950 0.147 0.120

9.5 0.155 0.156 0.954 0.142 0.128

10 0.163 0.157 0.953 0.153 0.139
10.5 0.171 0.168 0.937 0.218 0.176

11 0.180 0.168 0.938 0.224 0.258

Table 4.1 The Simulated FWHM of the FPI. A constant R of 0.95 and wavelength
dependent variable R are used in the calculation. In variable R case, the reflectance
value is shown as well. Both cases, the calculated and simulated FWHM agree well
within 10% with each other.
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CHAPTER 5. THE FABRICATION OF THE FPI FILTER

The fabrication of the FPI filter is performed in three separate stages in order;
1. fabrication of top and bottom membranes for physical base structure for the FPI, 2.
deposition of the DBR mirror on the membranes, and 3. assembly of two membranes
with mirrors into the FPI filter. In this chapter, the detailed process used to perform
the fabrication of the FPI filter is described. The entire fabrication process was
performed at the Stanford Nanofabrication Facility (SNF). Located at the Stanford
University campus, the SNF provides a full suite of equipment to supports
electronics-based device fabrications in micro- and nano-scale. The 10,000 sq. ft.
main class 100 clean room and four satellite labs in the SNF are open to academic,
industrial, and governmental researchers across the U.S. and around the globe. The
equipment in the SNF used in this project is described and followed by the details of
the fabrication process of each membrane. More detailed description of the

fabrication equipment can be found at the SNF wiki page (https://snf.stanford.edu/ ).

5.1. The Fabrication Equipment in the SNF
5.1.1 The Optical Photolithography Tools

The optical photolithography consists of photoresist spin, exposure, develop,
and many bake steps along the process. For the bake, numerous ovens are available
at various pre-set temperatures in the lithography area at the SNF. The descriptions
of the spin coater, manual exposure tool, and automatic developer are followed by a

typical optical photolithography process sequence.
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5.1.1.1 The SVGCOAT and SVGCOAT?2

The SVG (Silicon Valley Group) coater is an automated single-wafer track
system for dispensing photoresist on 4-inch silicon, glass, or quartz wafers. It can
dispense three different positive photoresists and one image reversal resist (Shipley
3612 for 1 or 1.6 um, SPR220 for 3, 4, 7, or 10 um, SPR955 for 0.7 or 0.9 umto 1
pm, and AZ5214IR for 1.26, 1.4, 1.6, or 2.0 um Image Reversal). In addition to
these photoresists, user specific photoresist can be used on track 1 upon approval of
the SNF staffs. The svgcoat system includes two stations: a prime oven which bakes
the wafer and dispenses the adhesion promoter hexamethyldisilazane (HMDS) and a
combination spinner, which dispenses photoresist, and pre-bake oven which cures the
resist. HMDS is only available at track 2. The uniformity of spun photoresists is
typically +/- 100 A. At each station, user can select from many pre-written standard
recipes consists of different combinations of pre-programed spin cycle, bake oven

sequence and the edge bead removal (EBR) size.
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Fig. 5.1 The SVGCOAT tracks
In our project, all the wafer-based resist coat is done on the svgcoat system.

The detailed recipe is given in section 5.2, where we describe the fabrication process.

5.1.1.2 The Karlsuss and Karlsuss2
The Karlsuss MA-6/BA-6 contact aligner system is a 1:1 contact

alignment/exposure tool. It can perform precision mask-to-wafer front- or back-side
alignment and near-UV photoresist exposure in hard- and soft- contact, as well as
high and low vacuum contact; proximity contact is not available. The SNF has two
MA-6 aligners (karlsuss and karlsuss2). Currently they are configured to
accommodate 3-, 4- and 6-inch wafers and pieces. Because the alignment is done
manually on a wafer-to-wafer basis, the Karlsuss aligner is less suitable for high
through-put IC production and more designed for applications in R&D projects and a
small-scale production. In the Karlsuss system the resolution is maintained by
exposing the wafer in contact with the mask. Since it is a 1:1 exposure system, the

resolution of the exposed patterns on the wafer is basically determined by the
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resolution of the mask used. Sub-micron masks are expensive to produce. Therefore,
it is recommended to use a reduction lithography system such as the ASML for those
projects. Although the light available for exposure is the DUV (240nm) and the I-line
(365nm) as in the ASML, the system is limited to a minimum of Lum (vacuum
contact) in resolution compared to 0.45um or less on the ASML. This higher
resolution on ASML is achieved through diffraction-limited precision reduction
optics. In terms of alignment, it is limited to about +/-0.5um (+/-1.0um in practice) in
alignment accuracy for the front-side and +/-1.0um (larger in practice) for the back-
side.

The resolution and alignment accuracies of the Karlsuss system are more than
enough for our project requirements (~10 um). On top of that, it is a better tool to use
since we have large fields on our mask (~10 mm). In the FPI project, therefore, all
the photoresist exposures are performed with the Karlsuss2. The detailed parameters
used are given in section 5.2.

Additionally, we used the Karlsuss system in the packaging stage to harden
the liquid UV glue to put top and bottom membranes together into the final FPI
assembly. The detailed procedure is described in section 5.4, where we discuss the

assembly of the FPI filter.
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Fig. 5.2 The Karlsuss System

5.1.1.3 The SVGDEV and SVGDEV2
The SVG (Silicon Valley Group) developer is an automated system with two

independent tracks (svgdev and svgdev?2) for developing and post-baking exposed
photoresist coated on a 4-inch wafers. Each track system includes two stations: a spin
station which dispenses and rinses away developer and an oven station for post-bake.
It uses developer MF-26A (2% TMAH, base). User can select from pre-programmed
recipes with different development and post-bake time settings at the developer and
the bake stations individually.

All the wafer-based resist developments are performed on the svgdev system

in our fabrication process. The detailed recipe is given in section 5.2.
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Fig. 5.3 The SVGDEV and SVGDEV?2

5.1.1.4 A Photolithography Process Sequence

The typical photolithography process consists of the following seven steps
with variation in step parameters. Notes are added at the end of each step description
when a special consideration is given for our FPI filter fabrication process.

1. Singe and Prime: The wafer is singe baked to drive off moisture on the surface of

the substrate which will interfere with the Prime step. Singe bake is followed by
prime. "Prime" is a vapor deposition coating of the substrate surface by
hexamethyldisilazane (HMDS). Surfaces that are normally hydrophilic (such as
silicon with native oxide, silicon dioxides and nitrides) become hydrophobic when
coated with HMDS, which allows for better resist coverage and adhesion. Wafers are
singed and primed in every lithography step during our FPI filter fabrication process.
2. Spin Coat: A photoresist, in viscous liquid form, is dispensed onto a spinning
substrate. By controlling PR dispense and spin speeds, resist spreads across the wafer

in a uniform coat of desired thickness. Additionally, solvent may be dispensed on the

89



wafer backside, in order to ensure the wafer backside is clear of resist, and on the
front side wafer edge, to remove resist on the edge (“Edge Bead Removal” or
“EBR”). Residual resist on the wafer backside and edges can result in processing
problems in the downstream process, particularly during expose. EBR is especially
helpful in eliminating resist particulates (by removing “threads” of resist which form
by spinning off at the wafer edge) and prevents sticky resist problems in equipment
with automatic wafer handling. There are many formulations of resist available at the
SNF, depending on the application and patterning need. A complete list of available
photoresists with their thickness options can be found in subsection 5.1.1.1. The
detailed information on the PR spin and bake parameters used in our fabrication is
described in section 5.2.

3. Pre-Bake: This step drives off excess solvent and turns the resist from a liquid into
a film. Before pre-bake, wafers are considered to contain hazardous chemicals and
may be handled only under exhausted areas of the lab. Once wafers undergo pre-
bake, they may be handled in the open. Singe and prime, spin coat, and the pre-bake
(steps 1, 2, 3) are performed on the SVGCOAT, an automated track PR coating
system.

4. Expose/Align: Optical resists are patterned by exposure to UV

illumination. Exposure is performed through a "mask", which is a transparent plate
custom-patterned with UV-opaque features. Most common mask materials are
chrome pattern on a quartz substrate. In many cases, this process is followed by

alignment and further exposure, since patterning of resist on a substrate already
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containing another pattern requires alignment of the mask to the existing pattern. UV
exposure tools generally fall into two classes: "contact aligners™ in which the mask
material is brought into direct physical contact with the resist-coated substrate; and
"reducing steppers" in which the mask image is optically reduced and projected onto
the resist-coated substrate. For the FPI fabrication, the Karlsuss MA-6/BA-6 1:1
contact alignment/exposure tool is used. To reduce fabrication cost, a pattern printed
on mylar film is used as photolithography mask. As described in figure 3.2, only four
masks are used for entire fabrication process. No front side alignment was necessary
since we had only one pattern on each side of the wafer. However, the patterns on the
device layer and the handle wafer need to be aligned with each other. Consequently,
backside alignment, where the pattern on the front side of a wafer is aligned with the
one on the backside of the wafer, is performed on both top and bottom membrane
fabrication.

5. Post-Expose Bake: This optional step is used to “set” chemically-amplified resists,

so that finer features and smoother vertical-wall profiles can be achieved. Itis
recommended for desired resolutions of less than 2 microns. Even though the feature
size in our device is much larger (> 10 um) than that necessitate the post-expose
bake, it is included throughout the fabrication process to ensure the sharp corner of
the X-beam structure.

6. Develop: To removes resist in UV-exposed areas (positive resists) or in UV-
protected areas (negative resists) to produce a desired PR pattern on the surface of the

substrate, a resist specific developer chemical is poured on the UV exposed
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photoresist. Generally, this step is less critical to the quality of the lithography
process than other steps. At the SNF, MF-26A (2% TMAMH, base) is the standard PR
developer.

7. Post-Develop Bake: This optional step drives off moisture, harden the resist or

reflow sharp resist profile corners. Since most of the photolithography patterns are
used as etch masks, every PR development is followed by the post-develop bake in
our process. The post-expose bake, develop, and the post-develop bake (steps 5, 6, 7)
are performed on the SVGDEV, an automated PR develop track system.

5.1.2 The Deposition Tools

There are two material deposition needs in the FPI fabrication process. First,
we need to deposit a silicon dioxide (Si02), an oxide for short, on the wafer as an
etch mask for a number of process steps during the top and bottom membranes
fabrication. More importantly, once each membrane is fabricated the DBR mirror
needs to be deposited on the designated area on them. For the oxide deposition, we
used the CCP-Dep. The Innotec is used in the DBR mirror deposition. The
descriptions of these tools are followed.

5.1.2.1 The CCP-Dep
The CCP-Dep is a PlasmaTherm Shuttlelock model SLR-730-PECVD system

configured for a Plasma Enhanced Chemical Vapor Deposition (PECVD). At the
SNF, this tool is primarily used for the deposition of low-stress silicon nitrides
(SisNa), silicon oxides (SiO2), amorphous silicon (a-Si) and silicon carbides (SiC) on
a variety of substrates. A PECVD system reacts precursor gases in a RF plasma to

deposit materials. The plasma allows the deposition to occur at a lower temperature
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than a pure thermal process does. The CCP-Dep operates at 13.6MHz, has a load
lock and one deposition chamber. The system is configured in what is called a CCP
(Capacitive Couple Plasma) configuration, also known as a parallel plate
configuration. In this tool the wafers sit on the grounded plate/electrode and RF
power is supplied to the top plate/electrode where the gas is introduced through holes
in this electrode. This configuration is useful for depositions in low density plasmas
where ion bombardment is less damaging. The CCP-Dep system is dedicated for
working with 4-inch wafers using a holder with four 4-inch wafer slot which moves
between the load lock and the deposition chamber. After the holder is moved into the
deposition position, the electrode move up and holds the wafers above the
holder. The electrode fully contacts the back of the wafers during the deposition, so
their temperature is uniform and there is no deposition to the wafer backsides.

The CCP-Dep is used to deposit the oxide to be used as an etch mask for a
variety of patterns with silicon dry etch during the membrane fabrication process.

The parameters used in the deposition is given later in section 5.2.
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5.1.2.2 The Innotec

The Innotec ES26C E-beam Evaporator is an Electron Beam Physical VVapor
Deposition (EBPVD) system, capable of depositing either single or multiple metallic
thin films. In general evaporation systems heat a source to induce a vapor pressure
greater than the pressure to which the deposition chamber has been pumped down.
Typically, this means creating a vapor of at least a few mTorr. Different evaporation
systems used different techniques to heat the source sample. In EBPVD system, such
as the Innotec, the source material is heated very locally with a beam of high energy
electrons. Because the beam can focus so much energy into such a small volume (<1

mm?) temperatures higher than 3000°C can be achieved. The evaporated material is
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deposited on the substrate (and the rest of the chamber) at a rate dependent on the
distance from the source, so typically wafers are arranged in a hemisphere to aid in
wafer to wafer uniformity. The deposition of the desired film is essentially a vapor
condensation process as the evaporated source particles stick to cooler surfaces in the
chamber or on the substrate. The metal atoms stick as soon as they arrive at the
surface, not allowing for much movement that can help with step coverage or limiting
stress. The substrate temperature has a great influence on the film stress by
controlling the degree the source metal particles stuck together when they hit the
substrate. Hotter the substrates lesser the stress on the deposited film. A rule of
thumb is that the higher the melting temperature of a metal, the higher the stress of
the film. In Innotec, like many other typical EBPVD systems, metal films evaporated
onto unheated Si substrates. In such case, the resulting stress will be tensile.
Deposition through evaporation is a directional process and hence very good for lift-
off applications. The Innotec can achieve precisely controlled film thickness less
than 1 A in resolution using crystal monitoring. The available sources for film
deposition in the Innotec are: Ag, Al, Au, Co, Cr, Cu, Fe, Ge, In, Mo, Ni, Pd, Pt, Si,
Sn, Ti, Ta, and W. In addition, Er, Hf, Ir, Ru, Tbh, and Y are allowed, but not provided
at the SNF. In general, evaporated films have worse adhesion to the substrate than
sputtered films. Adhesion depends on the film material, the substrate material, and
the stress in the film. Certain applications require films such as gold (Au) and silver
(Ag) may need a thin “adhesion layer” to be added first. Chrome (Cr) is the most

commonly used adhesion layer for Au and Ag for Si and quartz substrates.

95



In our project, the DBR mirror consist of alternating layers of Zinc Sulfide
(ZnS) and Germanium (Ge). Germanium is one of the deposition sources available in
the Innotec at the SNF. Zinc sulfide needed a special permission from the SNF to be
used in the Innotec. The parameters used in the deposition is given in section 5.3,

where DBR mirror fabrication is described.

Fig. 5.5 The INNOTEC

5.1.3 The Etch Tools

Two etch tools are used in the fabrication process to etch two different
materials; the AMTETCHER for the oxide, and the STSETCH for both surface and
bulk micromachining of silicon. They are described next.

5.1.3.1 The AMTETCHER
The AMTETCHER is Applied Materials Technologies 8100 Hexode plasma

etcher. It is a Reactive lon Etcher (RIE) that uses fluorine-based chemistry to etch
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Oxides or Nitrides. It also can be used for Si trench etching. It can etch twenty four
4-inch wafers at a time, and is considered one of the most popular machine for low
power RIE oxide, nitride and Si etching. The AMT 8100 etcher has been in constant

use since it was installed in the lab in 1986 at the SNF.

Fig. 5.6 The AMTETCHER

In the FPI filter project, it is mainly used for the oxide etch to produce the
oxide masks that subsequently used in the silicon etch with STSETCH. The nominal
etch selectivity of AMTETCHER between the oxide and the photoresist (PR) is 3:1,

with etch rate of 350 nm/min and 111 nm/min, for oxide and the PR, respectively.
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5.1.3.2 The STSETCH
The STSETCH is STS Deep RIE etcher. It is an IPC (Inductive Charged

Plasma) Deep Reactive lon etcher from Surface Technology Systems. The platform
is single-chamber, manual load lock system. The etch process is based on the
patented Laermer and Schlip process, commonly referred to as the Bosch Process.
With the Bosch process, a high aspect ratio Si etch can be performed regardless of
crystal orientation. The etch process alternates between the passivating C4F8 plasma
and the silicon etching SF6 plasma.

The nominal selectivity between the silicon and the photoresist and the silicon
and the oxide in the STSETCH are 105:1 and 100:1, respectively, depending on
structures being etched. Photoresist etches at about 250-600 A/min, depending on
post-exposure treatment. Silicon etch rate is about 1.8-4 um/min. In our project, the
STSETCH is used both for the surface micromachining of the X-beam structure on
the device layer of the top membrane and the bulk micromachining of the deep trench

on the handle wafer for both top and bottom membranes.

98



)

Fig. 5.7 The STSETCH

5.2. The Fabrication of top and bottom membranes

Two membranes that are eventually assembled into the FPI filter are
fabricated from the SOI wafers from the UltraSil Corporation. Three parameters are
considered when we specify the SOI wafers to be used: 1. the thickness of the device
layer, 2. the sheet resistance of the device layer, and 3. the thickness of the buried
oxide (BOX) layer. The thickness of the device layer becomes the thickness of the
beam spring of the X-beam structure, which influences the magnitude of the bias
voltage needed to obtain the desired actuation of the DBR mirror on the top
membrane. As analyzed earlier, the thinner the beam spring, the smaller the bias
voltage required to achieve the necessary actuation range. Two of the shelf SOI
wafer device layer thickness of 10 um and 25 um were investigated in the earlier
stages of the project. Though advantageous in terms of low bias voltage required, the
10 um device layer thickness was found to produce deformed membrane after the X-
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beam fabrication [22, 23]. The DBR mirror were to be deposited on this membrane
surface. As described later in chapter 6, the degree of how flat the DBR mirror is one
of three parameters that determines the degree of degradation in the FPI filter
performance. Therefore, despite the need of the higher bias voltage, we decided to
use 25 um thick device layer SOI wafer. The sheet resistance of the device layer also
has two conflicting requirements. First, more free charge carriers the device layer
has, more absorption of EM radiation it produces [6, 9, 19]. Since we want as small
an absorption as possible for our filter, the high sheet resistance is desired. However,
to actuate the FPI filter electrostatically we need a relatively good conductivity on
both top and bottom membrane, so that the charging and discharging of them can be
done within a reason amount of time. The sheet resistance of less than 0.005 Q/cm?®
is chosen to accommodate both requirements. Finally, the BOX layer was to be used
as an etch stopper for both the surface micromachining of the device layer and the
bulk micromachining of the handle wafer. 2 um of BOX layer thickness is chosen for
our SOl wafer. Since we are getting the SOI wafers from the available inventory
stocks in the market, no attempt was made to optimize the relevant device parameters.
The complete description of the SOI wafer used, including the parameters discussed

above, is given below in table 5.1.

Size 100 mm in diameter

Type (dopant) Device layer: N (As), Handle wafer: N (P)
Orientation DL: (100), HW: (100)

Thickness (um) DL: 25 +/- .5, HW: 400 +/- 15, BOX: 2 +/- 5%
Sheet Resistance (€/cm?) DL: < 0.005, HW: 1-30

Table 5.1 The description of the SOI wafer used in fabrication
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Except the moveable X-beam structure on top membrane, two membranes
were undergone a similar fabrication process; the patterning and etching of the device
layer (surface micromachining), followed by the patterning and etching of the handle
wafer (bulk micromachining).

5.2.1. The fabrication of the top membrane

The top membrane has the X-beam structure to tune the FPI filter within the
spectrum of interest (A = 8-11 um) using an electrostatic actuation. Oxide etch mask
for the X-beam structure is patterned on the device layer of the top membrane first
and followed by dry etching process to fabricate the structure (surface
micromachining). An X shape deep trench is then patterned and fabricated with dry
etch process using bulk micromachining from the back side of the wafer to expose the
X-beam so that it can move freely. For dry etching of both the device layer and the
handle wafer, the 2 um thick box oxide layer of the SOI wafer works as etch stopper.
Once the X-beam structure is completed, the BOX is removed with wet etching
before we proceed to the DBR mirror deposition to release the X-beam structure. The
fabrication process steps are described individually.

Step 1: Using the CCP-Dep, a silicon dioxide (SiO2) is deposited on the device layer
(DL) and the handle wafer (HW) of the SOI wafer with thickness of 1um and 6 pm,
respectively. Since the CCP-Dep can make deposition on only one side of the wafer,
this deposition process is performed in two separate runs. The oxide deposition is

done at 350° C. They are to be used as masks for subsequent silicon dry etch step.
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Step 2: An optical photolithography is performed on top of the 1 um oxide layer
deposited in the previous step to pattern the X-beam structure on the device layer.
This photoresist pattern is used as an etch mask for the 1 pum oxide dry etch in step 3.
Step 3: The oxide mask for the X-beam structure is etched on 1 um oxide layer
deposited in step 1 in the AMTETCHER. With 350 nm/min nominal oxide etch rate,
3 minutes of etch time is found to be adequate. The silicon under the oxide is to be
etched out in the next step, and small amount of over-etch can be tolerated without
any process complication. To prevent burnt PR during the Si dry-etch process, any
remaining PR mask is removed with 20 min. Piranha treatment.

Step 4: The X-beam structure is etched on the DL of the SOl wafer. 25 um thick
silicon DL is patterned with dry etch in the STSETCH. The X-beam structure is
successfully fabricated everywhere on the wafer surface in 8 min. 30 sec. etch time
with nominal etch rate of 3 um/min. The BOX as etch stopper no precise etch time
control is necessary. The remaining oxide mask is removed in 30 sec. 2% HF deep.
With these 4 steps, the process on the front side of the top membrane is completed.

The front side of the wafer after steps 1-4 is shown in figure 5.8.

102



Fig. 5.8 The front side of top membrane wafer. The X-beam structures are patterned
and etched. A total of 37 membrane chips are fabricated on a single 4-inch wafer.
Step 5: 1 um oxide layer deposited with CCP-Dep on the DL to protect the X-beam
structure while the HW side (backside of the SOI wafer) is being processed. The
deposition condition is the same as in step 1. Once the top membrane fabrication is
completed, this protective oxide layer will be etched with BOX in the release step
using 2% HF wet etch.

Step 6: An optical photolithography is performed on the 6 um oxide layer deposited
on the DW in step 1 to pattern the X-shape trench. This trench is there to

accommodate the electrostatic actuation of the X-beam. Entire 400 um Si in the
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handle wafer is through etched in the bulk micromachining. The PR pattern is used
as an etch mask for the 6 um oxide dry etch in step 7.

Step 7: The oxide mask for the X-shape trench is etched on 6 pm oxide layer
deposited in step 1 in the AMTETCHER. With 350 nm/min nominal oxide etch rate,
18 minutes of etch time is found to be adequate. The silicon under the oxide is to be
etched out in the next step, and small amount of over-etch can be tolerated without
any process complication. To prevent burnt PR during the Si dry-etch process, any
remaining PR mask is removed with 20 min. of Piranha treatment.

Step 8: The X-shape trench is etched on the HW of the SOI wafer. 400 pm thick
silicon HW layer is removed with dry etch in the STSETCH. Though wafer etch to
fabricate the X-shape trench takes 12 hr. and 30 min. To minimize the formation of
the black silicon, and the etch rate changes due to increase in substrate temperature
during the long etch, the trench etch is divided into three 4 hr. and 10 min. etch with
30 min. cool down in between. The BOX as etch stopper no precise etch time control
IS necessary.

The back side of top membrane wafer after steps 1-8 is shown in figure 5.9.
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Fig. 5.9 The back side of top membrane wafer. The X-shape trenches are patterned
and etched. The BOX layer used as the etch stopper can be seen in the X-shape
trenches.

Step 9: The fabrication of top membrane with the X-beam structure is completed by
last step to release the X-beam in the HF wet etch. 2 um BOX layer and any
remaining oxide mask are removed in 2 min. 6:1 BOE deep.

The front and back side of top membrane wafers after completing the fabrication is
shown in figure 5.10, followed by the fabrication process flow of the top membrane

in figure 5.11.
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'b) Completed back side of the top membrane

Fig. 5.10 Top Membrane with the X-beam structure after the Fabrication.
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S50 Wafer

Device Layer (DL): 25 prm
Hand Wafer (HW): 400 pum
Buried Oxide layer(BOX): 2 pmi

Ceposition: CCP-Cep
50z, OL: 1 prn, HW: & pm

Lithography: VG, Karlzuss
PR: &Z 3612 1 pmi w2 mm EBR

Ciry Etch: AMTETCHER
5i02: 1 pm
FR mazk removed

Dry Etch: STSETCH
Si: 25 pm
Oxide mask removed

Oxide Deposition: CCP-Cep
CL: 1 pm

Lithography: VG, Karlzuss
PR: &Z 3612 2 pm w2 mm EBR
Backside Alisnment

Ciry Etch: AMTETCHER
502 6 pm
FR mazk removed

Dry Etch: STSETCH
Si: 25 pm
Oxide mask removed

Wet Etch: Wbclean-HF
H-beam released

Fig. 5.11 The Fabrication Process Flow of the Top Membrane
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5.2.2. The fabrication of the bottomm membrane

The bottom membrane doesn’t have any pattern on the device layer side.
However, the four insulating pillars that were to be used in assembly step to define
the gap distance between two membranes need to be prepared while the bottom
membrane is fabricated. After the gap pillars are placed in the DL of the bottom
membrane, 2 mm x 2 mm square membrane is exposed in the middle of the chip by
through wafer etch similarly to the X-shape trench in the top membrane fabrication.
Individual process step is described.

Step 1: 25 um thick silicon dioxide (SiO2) is deposited on the device layer (DL) and
the handle wafer (HW) of the SOI wafer with CCP-Dep. Since the CCP-Dep can
make deposition on only one side of the wafer, this deposition process is performed in
two separate runs. The oxide deposition is done at 350° C. As described in the
design of the FPI filter, the necessary gap distance of the FPI filter is 25um. This
complicates the fabrication process significantly. The oxide on the device layer is to
be the gap pillars after lithography and etch downstream. The oxide on the handle
wafer is for the etch mask in the bulk micromachining. For this purpose, 6 pum of
oxide thickness is enough. However, we found that asymmetric deposition of such a
thick oxide only on one side of the wafer developed high surface stress that resulted
in a curved wafer unsuitable for further process. In short, spin coater no longer
maintains the vacuum between the wafer and the chuck necessary to spinit. To

release the stress, we decided to deposit the same thickness of oxide on both sides.
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Step 2: An optical photolithography is performed on top of the 25 pum oxide layer
deposited in the previous step to pattern the gap pillars on the device layer. Thick 7
pm photoresist is used to pattern an etch mask for the 25 um oxide dry etch in step 3.
Step 3: Four rectangular gap pillars are etched on 25 um oxide layer deposited in step
1in the AMTETCHER. With 350 nm/min nominal oxide etch rate, 75 minutes of
etch time is necessary to fabricate the pillars. To prevent burnt PR during the Si dry-
etch process, any remaining PR mask is removed with 20 min. of Piranha treatment.
With these 3 steps, the gap pillar fabrication process on the DL of the bottom

membrane is completed. The back side of the wafer after steps 1-3 is shown in figure

5.12.

Fig. 5.12 The front side of bottom membrane wafer. Four gap pillars are patterned
and etched on 25 pm oxide film. Also shown in the figure is the gold deposited on
the pattern to accommodate eutectic wafer bonding attempt.
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Step 4: 1 pum PR layer is spin coated with SVGCOAT on the DL to protect the gap
pillars and the polished surface while the bulk micromachining is performed on the
HW of the bottom membrane. The reason we used the PR for this protective layer is
that when we etch the BOX layer in 2% HF wet etch at the last step of the process,
the oxide gap pillars have to be protected as well. This PR layer will be removed in
20 min. Piranha bath.

Step 5: An optical photolithography is performed on the 25 pum oxide layer deposited
on the DW in step 1 to pattern 2 mm x 2 mm square well. This well exposes 25 pum
DL from the backside of the SOI wafer and produces a thin membrane where the
DBR mirror is deposited. Entire 400 um Si in the handle wafer is through etched in
the bulk micromachining. The PR pattern is used as an etch mask for the 25 pum
oxide dry etch in step 6.

Step 6: The oxide mask for square well is etched on 25 pum oxide layer deposited in
step 1 in the AMTETCHER. 75 minutes of etch time is used. The silicon under the
oxide is to be etched out in the next step, and small amount of over-etch can be
tolerated without any process complication.

Step 7: A 2 mm x 2 mm square well is etched on the HW of the SOl wafer. 400 um
thick silicon HW layer is removed with dry etch in the STSETCH. Though wafer
etch for the square well takes 12 hr. and 30 min. To minimize the formation of the
black silicon, and the etch rate changes due to increase in substrate temperature

during the long etch, the trench etch is divided into three 4 hr. and 10 min. etch with
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30 min. cool down in between. The BOX as etch stopper no precise etch time control
IS necessary.

The back side of bottom membrane wafer after steps 1-7 is shown in figure 5.13.

Fig. 5.13 The back side of bottom membrane wafer. 2 mm x 2 mm square wells are
patterned and etched through the handle wafer exposing 25 pum DL membrane.

Step 8: The fabrication of bottom membrane with the gap pillars is completed by last
step to remove the BOX layer and the protective PR film. 2 um BOX layer is
removed in 2 min. 6:1 BOE deep, followed by the removal of 1 um PR using 20 min.
of Piranha bath.

The fabrication process flow for the bottom membrane is given in figure 5.14.
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S0 wafer

Device Layer (DL): 25 pm
Handle Wafer (HW): 400 pm
Buried Oxide Layer (BOX): 2 pm

Ceposition: CCP-Dep
Si0z: 25 prm on DL and HW

Lithography: SViG, Karlswss
PR-SPR220 7 um /[ 2 mm BER

Dy Etch: AMTETCHER
Si0z: 25 pm
PR mask removed

Lithography: SViG
PR: AZ 3612 1 pm

Lithography: 5VG, Karlsuss
PR: SPR220 7 um [ 2 mm BER
Backside Alignment

Dy Etch: AMTETCHER
Si0z: 25 pm
PR mask removed

Dy Etch: STSETCH
Siz 400 pwrn
Craide mask remowved

Wet Etch: Whclean-Firanha

nnnnnnnnnn

Fig. 5.14 The Fabrication Process Flow of the Bottom Membrane
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5.3. The Deposition of the DBR mirror

In section 3.2, many different possibilities of source materials are considered,
and the specification for our DBR mirror identified. To recapitulate, zinc sulfide
(ZnS) and germanium (Ge) are chosen as low and high index material for the DBR,
with n = 2.21 and 4.00 at the mirror design wavelength Ac = 9.264 um, respectively.
With these parameters, thickness of each layer, are 2.316/4.00 = 0.579 pm and
2.316/2.21 = 1.048 pum for germanium and zinc sulfide quarter wave layer,
respectively. The single stack of high and low index double layers is then 0.579 +
1.048 = 1.627 um. At the same time, given the index contrast of 4.00/2.21 = 1.81, we
calculated that five stacks of Ge/ZnS double layers is necessary to ensure the DBR
mirror reflectance of better than 95% at the DBR mirror design frequency. This
index contrast provides an adequate bandwidth of AX = 3.448 um that covers the
entire operation spectrum.

The deposition method for the DBR mirror deposition is considered at the
same time, and we found the electron beam physical vapor deposition (EBPVD) is
adequate for our purpose. The Innotec, an E-beam chamber at the SNF, is used for
the DBR mirror deposition. In subsection 5.1.2.2, the Innotec deposition is described
as a line of flight process, where the vaporized target atoms/molecules travel in
straight line from the source to the substrate in vacuum. This can be interpreted into
two conflicting deposition conditions. To produce good quality film layer, the
chamber vacuum needs to be as low as possible. On the other hand, low vacuum

level means slow target evaporation and long deposition time. To balance the film
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quality and the deposition time, we maintained < 10° mTorr throughout the DBR
deposition. This consideration resulted in 40 min. and 120 min. of a single quarter
wavelength layer deposition time for Ge and ZnS, respectively, and total of 14 hours
of deposition for all five stacks. In addition, there is about 2 hr. of chamber pumping
time after venting the chamber to load the sample and evaporant targets.

In spite of long chamber pumping time, we decided to remove some of the
samples after the deposition of each stack of Ge/ZnS double layers to measure the
improvement of the DBR reflectance as a function of the number of Ge/ZnS stacks.
This added another 10 hours to the total deposition time. Breaking vacuum to remove
the sample after the deposition of each stack gave a chance to replenish the deposition
source at the same time. This was necessary for each deposition took a long time and
the depletion of the evaporant target was significant. Due to extremely long
deposition time, the DBR mirror deposition is performed in a period of 5 days.

The deposition is performed on a diced top and bottom membrane chips. A
deposition shadow mask is prepared by through wafer etch using the bottom
membrane HW lithography mask on a regular silicon wafer. The diced chips are
attached to the shadow mask with 2 mm x 2 mm optically active area on the top and
bottom membranes aligned with the square opening on the shadow mask. A kapton
tape is used to minimize the outgassing in the vacuum chamber. Four top and bottom
membrane chips are loaded with ten bottom membrane chips. After the deposition of
each Ge/ZnS stack, two of ten bottom membrane chips are covered with mylar film to

produce two samples of different stack number DBR mirrors (1-5 stacks). While two
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samples are covered, the target materials are added as well. The chamber closed, and
the pumping continued until the vacuum pressure inside the chamber reaches the
desired level of 10° mTorr. This procedure was repeated until the 5 stack DBR is

produce. The SEM picture of cross section of the 5 stack DBR is presented in figure

5.15.
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a) 5 Stack DBR on the Si Membrane b) Cross section of the DBR
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Fig. 5.15 SEM Pictures of 5 Stack DBR. a) 5 stacks DBR on the Si membrane. b)
Cross section of the DBR in detail. Five stacks of alternating layers of 0.575 pm of
Ge and 1.05 pum of ZnS is clearly seen.

5.4. The assembly of the FPI

Assembling the FPI involves two important fabrication concerns. First, of
course, is putting two membranes together as one unit. Even more important is
ensuring the gap distance between two membranes as well as the parallelism between
them. The gap distance because it is what determines the passing frequency of the

FPI filter, and parallelism because it is one of the three main causes of the FPI
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performance degradation as described in section 7.1. To satisfy this requirement in
assembly step, we planned to use the SU-8 photoresist for assembly process initially.
The SU-8 is a chemically amplified, epoxy-based negative resists that can be
patterned with I-line (365nm) near UV radiation. Once cured after post-develop bake
step, microstructures patterned on SU-8 films become very resistant to solvents, acids
and bases and have excellent thermal and mechanical stability. Thus, they can be
used in fabricating permanent structures such as pixel walls, fluidic channels and
nozzles, micro arrays and spacers. With +/- 100A uniformity from the SVGCOAT
and 25 um target height of the gap pillars, we can achieve +/- 0.4% gap distance
tolerance. The SU-8 can be used to put top and bottom membranes together. There is
a well-developed method extensively used in microfluidic channel fabrication, where
the channel wells are patterned with SU-8 on two wafers or chips, then developed
usually. The patterns are put on top of each other and cured in high temperature and
pressure. During curing, two SU-8 patterns are fused and permanently locked
together forming a side wall of the fluidic channel [41]. For our FPI filter, similar
process can be used to form gap pillars to define the well-defined distance between
two mirrors as well as assembling them together.

Unfortunately, budgetary restriction prevented us from using SU-8 during the
FPI fabrication process. To circumvent this problem, we had to come up with an
alternative fabrication method to process the gap pillar with very limited amount of
time near the end of allocated fabrication period. The following process step is

devised and used in the fabrication of the FPI filter:
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1. A 25 um thick oxide film is deposited on the devise layer side of the bottom
membrane.

2. Four gap pillars are patterned on top of the oxide with 1 um AZ 3612.

3. The oxide film is etched in the AMTETCHER and the gap pillars are exposed.
4. UV glue is applied on the side of the gap pillar maintaining the gap distance.

A cross section view of the assembled FP1 using a UV glue is shown in figure 5.16.

Top Membrane

UV Glue Oxide Gap Pillar UV Glue

Bottom Membrane

Fig. 5.16 Top and Bottom Membranes assembled with a UV glue. Four oxide pillars
define the gap distance and the UV glue puts two membranes together to form the FPI
filter.

Pictures of fabricated top and bottom membranes before assembly are given in
figure 5.17. The DBR is seen in the middle of the chips. A small aluminum pad
deposited at the bottom part of each chip is for wire bond to connect the DC bias for
electrostatic actuation. A picture of completed FPI filter is given in figure 5.18 with

two wires for electrostatic actuation attached to each membrane. Kapton tape holding

the FPI together is also seen on the picture.
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a) Top Membrane b) Bottom Membrane

Fig. 5.17 Pictures of finished Top and Bottom Membranes. Deposited DBR is seen in
the middle of each chip. Also shown are four silicon dioxide gap pillars around the
DBR. Aluminum pad is deposited at the lower side of the chip for wire bonding of
bias to electrostatic actuation of the FPI.

Fig. 5.18 Picture of completed FIP filter. Kapton tape is used to assemble two
membranes, and two wires are glued to Al bond pad for electrostatic actuation.
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CHAPTER 6. CHARACTERIZATION OF THE FPI
FILTER

Three aspects of the FPI filter need to be characterized along the fabrication
process. These are the reflectance of the DBR after the deposition step, the deflection
of the top membrane through the electrostatic actuation and the transmission
spectrum of the assembled FPI filter after the completion of the FPI filter. The
theoretical expressions to characterize the DBR and FPI filter, including the
electrostatic actuation and the spectroscopic behavior, are described in the chapter 2,
and the simulated performance presented in chapter 4. The details of the fabrication
process of the DBR and FPI in described in the previous chapter with the result of
fabrication. In this chapter, we first describe the equipment used in the
characterization, followed by the characteristics of the DBR and the FPI filter from
the measurement made after the thin film deposition and the final device assembly,

respectively. Simulation results from chapter 4 is reproduced for comparison as well.

6.1 Measurement Equipment used for the Characterization

Two measurement equipment are used to characterize the DBR and the FPI
filter; the Fourier Transform InfraRed (FTIR) spectrometer and the optical
profilometer. The FTIR spectroscopy is used twice for the measurement of both the
reflectance spectrum of the DBR and the transmittance spectrum of the FPI filter.
The optical profilometer is used to characterize the deflection of the top membrane
from the electrostatic actuation of the FPI filter. Both FTIR spectrometer and optical
profilometer are based on the principle of the interference of the light. However,

while the optical profilometer uses the interferogram resulting from the interference
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directly to measure the vertical features or z-profile of the sample, in the FTIR
spectroscopy an additional Fourier transform step is carried out to produce the IR
spectrum of the sample. Therefore, we describe the optical profilometer first.

6.1.1 The Optical Profilometer

The optical profilometer [5] is called many different names; an optical surface
profiler, 3D optical microscope, or 3D interference microscope. As the name implies,
this measurement equipment can measure the height of a sample using interference
principle and produce the profile of the surface of sample in Z direction when the
sample is placed in X-Y plane. There are other kinds of surface profilers, most
notably an Atomic Force Microscope (AFM), where a sensitive cantilever is dragged
across the sample surface and produce the surface profile from the movement of the
cantilever. With this surface profiling method, the tip at the end of cantilever needs
to touch the surface of the sample under measurement. Therefore, this method is not
suitable for measuring the profile of a fragile sample surface. Unlike this contact-
type surface profiler, optical profilometer utilizes fringe pattern or interferogram
produced by interference between two coherent beams of light to measure the height
of the sample and uses it to generate the surface profile of the sample. So is yet one
more name for the optical profilometer, a non-contact surface profiler.

Interference is well known phenomenon in nature. Contrary to particles,
which can only collide upon encountering each other, when waves meet at a point in
space they interfere. Depending on the phase difference, the amplitude can be added

(constructive interference), completely cancelled (destructive interference), or

120



partially cancelled. Optical profiler uses the interference to compare the optical path
difference (OPD) between a test surface and the reference surface. Inside an optical
interference profiler, a light beam is split at the plate beam splitter (BS), reflecting
half the beam from a test material, and the other half of the split beam is reflected
from the reference mirror. When the distance from the BS to the reference mirror is
the same as the distance between the BS and the test surface and the split beams are
recombined, constructive and destructive interference occurs in the combined beam
depending on the OPD. This creates the light and dark bands known as interference
fringes. Since the reference mirror is of a known flatness — that is, it is as close to
perfect flatness as possible —the OPD is due to height variances in the test surface.
This interference beam is focused into a digital camera, which sees the constructive
interference areas as lighter, and the destructive interference areas as darker. In the
interference image, called an interferogram, each transition from light to dark fringe
represents one-half a wavelength of difference between the reference path and the test
path. If the wavelength is known, it is possible to calculate height differences across
a surface, in fractions of a wavelength. From these height differences, a 3-
dimensional surface map can be generated. Figure 6.1 provides a diagram of the
operation of the optical profiler.

To characterize an electrostatic actuation of the X-beam actuation, the Veeco
WYKO NT1100 white-light interferometer is used. WY KO NT1000 is an optical
profiler, capable of high-resolution 3-dimensional surface measurements using two

measuring operation modes: Vertical Shift Interference (VSI) mode and Phase Shift
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Interference (PSI) mode. PSI mode is for roughness measurements leveraging optical
phase shifting. The VSI mode is a newer technique than PSI developed at Veeco. In
the VSI mode, the device measurement is performed with white-light vertical
scanning interferometry and the measurement up to a maximum of 1mm topography
is possible whereas the PSI mode only allows up to 160nm measurement. Thus, the

VS| measurement mode would be used for the X-beam characterization.
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Fig. 6.1 Operational principle of an Optical Profiler. The light splits at the plate beam
splitter. A half of the beam is reflected an the sample surface, the other half reflected
on the reference mirror. When they combined at the microscope objective, they
produce a fringe pattern depending on the optical path difference between two beams.
The height of the sample surface can be calculated from the interferogram, a image of
light and dark bands resulting from the interference. Figure is taken from [5].

Analogous to the PSI mode, the interferometer beam splitter will reflect half

of the incident beam to the reference surface within the interferometer and form
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interference fringes as it recombines with the beam reflected from the surface of the
test object. However, with VSI mode, the interferometer will filter a white-light
beam as it passes through and reflects off the surface of the test object. Instead of
measuring the phase of the interference fringes with single wavelength light source
(the PS1 mode), the white-light source is filtered with a neutral density filter that will
preserve the short coherence length of the white light for the device to measure the
fringe modulation degree. By adjusting the displacement angle of the test object, dark
contrast fringes will occur at the best focus. The surface topology is calculated from

the fringe modulation, i.e. the degree of shade in the fringe pattern corresponds to the

height of the sample.

Fig. 6.2 Veeco WYKO NT1100.
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6.1.2 The FTIR Spectrometer

An FTIR spectrometer [17] is an instrument which acquires broadband Near
InfraRed (NIR) to Far InfraRed (FIR) spectra. FTIR Spectrometers are often simply
referred to as FTIR’s. To be precise, an FTIR is a method of obtaining infrared
spectra by first collecting an interferogram of a sample signal using an interferometer,
and then performing a Fourier Transform (FT) on the interferogram to obtain the
spectrum. An FTIR spectrometer collects and digitizes the interferogram, performs
the FT function, and displays the spectrum.

The operation of an FTIR is typically based on the interferometer setup used
in the Michelson-Morley experiment. Figure 6.3 provides with the diagram of the
Michelson-Morley interferometer. The interferometer consists of a beam splitter, a
fixed mirror, and a mirror that translates back and forth, very precisely. The beam
splitter (BS) is made of a special material that transmits half of the light incident on it
and reflects the other half. The EM wave from the source strikes the BS and
separates into two beams. One beam is transmitted through the BS to the fixed mirror
and the second is reflected off the BS to the moving mirror. The fixed and moving
mirrors reflect the EM wave back to the BS. Again, a half of this reflected light
transmits at and the other half reflected by the BS, resulting in one beam passing to

the detector and the second back to the source.

124



Fixed Mirror

F i
v X
e Movable
--------------------------- ===~ Mirror
rs 4 !
- . S ML .
- O - L .- - -
Source i Direction of
! Travel
1
e mmmmmo- L T T
Beamsplitter ~ |
1
|
¥ .
1
1
Detector

Fig. 6.3. The Michelson-Morley Inteferometer. The interferometer consists of a beam
splitter, a fixed mirror, and a mirror that translates back and forth, very precisely.

In the Michelson-Morley interferometer, the Optical Path Difference (OPD) is
caused by the difference in distance between the two beams travelling through the
two arms of an interferometer. As discussed in chapter 3, the OPD is equal to the
product of the physical distance travelled by the moving mirror and n, the index of
refraction of the medium filling the interferometer arms. FTIR has a natural reference
point when the moving and fixed mirrors are at the same distance from the beam
splitter. This condition is called the zero path difference or ZPD. The moving mirror
displacement, A, is measured from the ZPD. The beam reflected from the moving
mirror travels 2A further than the beam reflected from the fixed mirror. The
relationship between the OPD and A is OPD = 2An. Interferogram is the name of the
signal format acquired by an FTIR spectrometer. It is usually significantly more

complex than a single sinusoid, which would be expected if only a single wavelength
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of light was present. Figure 6.4 shows the interferogram from a single wavelength

source with different OPD.
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Fig. 6.4 The inteferogram from a monochromatic light source with different OPD’s.
a) For OPD = 0, two beams interfere constructively. b) With OPD = /2, destructive
inteference is observed. c) Constructive inteference is recovered when OPD = A.

Given in figure 6.5 is the interferogram of a broadband light source. The
centerburst, the big spike in the center of figure 6.5 is a telltale signature of a
broadband source. Its origin lies in the fact that all wavelengths are in-phase at the
ZPD. Therefore, their contributions are all at maximum and a very strong signal is
produced by the system’s detector. As the OPD is increased, different wavelengths
produce peak readings at different positions, and for a broadband signal, they never
again reach their peaks at the same time. Thus, as we move away from the

centerburst, the interferogram becomes a complex oscillatory signal with decreasing

amplitude. The X-axis of the interferogram represents the optical path difference.
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Each individual spectral component contributes a single sinusoid with a frequency
inversely proportional to its wavelength to this signal. This leads us to the definition
of the unit of spectral measurement: the wavenumber (cm™), denoted as n (not to be
confused the index of refraction). A wavenumber represents the number of full
waves of particular wavelength per cm of length (typically in vacuum, where the
index of refraction n = 1). The advantage of defining the spectrum in wavenumbers is
that they are directly related to energy levels. A spectral feature at 4,000 cm™
spectral location represents a transition between two molecular levels separated by

twice the energy of a transition with spectral signature at 2,000 cm™.

Fig. 6.5 Typical interferogram of the broadband light source in the region of the
centerburst.

Once an interferogram is collected, it needs to be translated into a spectrum
(emission, absorption, transmission, etc.). The process of conversion is through the
Fast Fourier Transform algorithm. The discovery of this method by J.W. Cooley and

J.W. Tukey in 1965, followed by an explosive growth of computational power at
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affordable prices, has been the driving force behind widespread adaptation of the
FTIR spectroscopy.

Unlike a dispersive instrument, i.e. a grating monochromator or spectrograph,
FTIR spectrometers collect all wavelengths simultaneously. This feature is called the
Multiplex or Felgett Advantage. When spectra are collected under identical
conditions (spectra collected in the same measurement time, at the same resolution,
and with the same source, detector, optical throughput, and optical efficiency) on

dispersive and FTIR spectrometers, the signal-to-noise ratio of the FTIR spectrum

will be greater than that of the dispersive IR spectrum by a factor of v M, where vM

is the number of resolution elements. Spectral resolution is a measure of how well a
spectrometer can distinguish closely spaced spectral features. An FTIR is capable of
high resolution because the resolution limit is simply an inverse of the achievable
OPD. The FTIR instruments do not require slits (in the traditional sense) to achieve
resolution. Therefore, much higher throughput with an FTIR can be achieved than
with a dispersive instrument. This is called the Jacquinot Advantage.

Nicolet iS50 FTIR spectrometer made by Thermo Fisher Scientific is used
with the FTIR microscope for the FTIR measurement at the Stanford Nano Shared

Facilities (SNSF, https://snsf.stanford.edu ).
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Fig. 6.6 Nicolet iS50 FTIR Spectrometer with the FTIR Microscope

6.2 The Characterization of the DBR

As described in the chapter 2, the most important characteristics that
determines the performance of the DBR is its reflectance throughout the spectral
range of interest, i.e. A = 8-11 um. The reflectance of the DBR improves as the
number of deposited stacks increases. The stack consists of two thin films layers with
high index contrast. Germanium (Ge: n =4.00 at Ac = 9.264 um) and zinc sulfide
(ZnS: n=2.21 at Ac = 9.264 um) are used for high and low refractive index materials,
respectively. You can find the design details in chapter 3, and the deposition is
described in chapter 5. To verify the expectation that more the number of deposited
stacks higher the reflectance of the DBR, the reflectance of the DBR is measured
after the deposition of each stack until all five stacks are deposited.

Nicolet iS50 FTIR spectrometer is used with the FTIR microscope to measure
the reflectance of the DBR mirror. An ambient background is measured first. The
reflectance of gold (Au) is measured and used to normalize the reflectance of the
DBR’s. Greater than 100% reflectance shown in the figure below is an artifact of this
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normalization process. The reflectance of the DBR with 1-5 stacks of Ge/ZnS double
layers is measured with the FTIR microscope. The result of the reflectance
measurement is given in figure 6.7. Figure 4.3, the graph of simulated reflectance of
the DBR on 25 um Si membrane is reproduced for a comparison in figure 6.7 as well.
As expected in theory and simulation, we observed the improvement of the DBR
reflectance as the number of Ge/ZnS stacks increases. Moreover, we observed that in
actual deposition, the oscillatory behavior from the 25 um Si membrane significantly
decrease after the fourth stacks, and completely disappeared at the fifth DBR stacks.

Therefore, we decide to forego the deposition of the AR layer.
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a) Measured reflectance of the DBR with 1-5 Ge/ZnS stacks on the bottom
membrane.
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b) Simulated reflectanec of the DBR with 1-5 Ge/ZnS stacks on 25 pum Si membrane.
Fig. 6.7 The reflectance of the DBR mirrors. Pink, red, green, blue, and black graphs
are for 1, 2, 3, 4, 5 stack DBR, respectively.

6.3 The Characterization of the FPI filter

To characterize the performance of the FPI filter, we need to associate the gap
distance between the top and the bottom DBR’s deposited on each membrane with
the transmittance spectrum of the FPI filter. As described in chapter 2, the passing
wavelength A of the FPI filter is determined by the gap distance d between two
membranes. More precisely, we have A =2d. However, with the measurement
equipment available to us, we couldn’t concoct the procedure that would directly
measure the gap distance while the transmittance spectrum is measured concurrently.
Therefore, two separate measurement processes are used to characterize the FPI filter.

First, the deflection of the top membrane from the electrostatic actuation is
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characterized with the optical profilometer. More specifically, the gap distance
between the top and the bottom DBR deposited on each membrane are measured as
the bias voltage applied to the FPI filter is varied. Once the gap distance is
determined as a function of the bias voltage, we proceed to measure the transmittance
spectrum to verify the filtering effect of the assembled FPI filter. This measurement
is done while we sweep the bias voltage in the same range as that measured in the
previous electrostatic actuation characterization step. Then the performance
characteristics, i.e. the tunable filtering effect of the FPI filter, shown through the
transmittance spectrum as a function of the applied bias voltage is inferred by
combining the results of two previously described measurement processes.

6.3.1 The characterization of the Electrostatic Actuation of the FPI filter

To characterize the deflection of top membrane with applied bias, we first
looked for a direct way to measure it, observing the change in the gap distance from
the side of the FPI. Because the membranes are located at the middle of the chip, the
depth of view is too large to be accommodated with optical microscope. Instead, we
decided to use an optical profiler to characterize the electrostatic actuation. As
described in section 6.1.1, the optical profiler measures the 3-dimensional surface
profile of a sample. Therefore, we devised an indirect way to measure the gap
distance with an optical profiler. The top membrane with the X-beam structure has
an X-shape through wafer trench from the back side to accommodate the movement
of the X-beam as it is actuated with a bias voltage. This X-shape trench is wider than

the X-beam, and there are opening around the X-beam that is void of any obstruction.
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We decided to use this opening to measure the gap distance. Here is the procedure
we concocted: 1. The surface profile of the top side of the FPI filter is obtained with
the optical profiler. 2. The height variation of the surface profile is measured along
two lines, horizontal and vertical lines that go through the center of the chip. These
lines fell on the back of handle wafer of the top membrane, the top surface of device
layer of the bottom membrane, the back side of 2 mm x 2 mm optically active area in
the middle of the X-beam structure. 3. Knowing that the thickness of the DL of top
membrane is 25 pm, the distance between the top and bottom membranes can be
obtained by subtracting 25 from the distance between the bottom membrane to the
back of the X-beam structure. This procedure is done on all four sides of 2 mm x 2

mm square, and the average of these four values is used as the gap distance.

By
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a) The X-beam in Optical Profiler b) Surface Profile of the FPI

Fig. 6.8 The Gap Distance Measurement. The height from the back side of the X-
beam and the bottom membrane is measured with the optical profiler. Knowing the
membrane thickness of 25 um, the gap distance can be found by subtracting the
membrane thickness from the measured height between the back of the X-beam and
the bottom membrane.
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Four measurements are made with the same FPI sample. The data are
presented in table 6.1 and in figure 6.9, where they are shown with the graph obtained
through analytic and numerical solution of the electrostatic actuation (figure 4.10).
The missing values from table 6.1 is a result of high voltage breakdown where the
wire is glued to the chip with a conducting epoxy. The measured deflections due to
the electrostatic actuation are less than both the analytic solution and the numerical
simulation of IntelliSuite. This is a result of smaller than originally planned initial
gap distance. See next section for detailed explanation. However, even with the
smaller initial gap distance, we were able to get the necessary top membrane

actuation of 1.5 um with about 80 V of bias voltage.

Bias Runl |Run2 |Run3 | Run4 | Average | Standard
Voltage | (um) | (um) | (um) | (um) | (um) Deviation (um)
(V)

0 0 0 0 0 0 0

10 0.22 |0.04 0.07 0.03 0.09 0.09

20 042 |0.11 0.16 0.11 0.20 0.15

30 0.49 |0.19 0.29 0.24 0.31 0.13

40 0.66 |0.34 0.53 0.43 0.49 0.14

50 0.87 |0.54 0.80 0.68 0.73 0.14

60 1.07 |0.77 1.26 0.93 1.01 0.21

70 - 1.07 1.80 1.24 1.37 0.39

80 - 141 1.95 1.64 1.67 0.27

90 - 2.15 2.40 2.14 2.23 0.15

100 - - - 2.64 2.64 -

Table 6.1 Electrostatic Actuation of the FP1. Missing values are due to electrostatic
discharge between the membrane and the conducting epoxy used to glue the wire.
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Fig. 6.9 The graph of measured electrostatic actuation of the FPI as a function of
applied bias voltage, shown with the graphs from the analytic and numerical solution

from chapter 4. Four actuation measurements are performed. Average is used as
deflection value, and the SD as errar bar.

6.3.2 The characterization of the Transmittance Spectrum of the FPI filter

Lastly, the transmittance of the FPI filter is measured with Nicolet iS50 FTIR
spectrometer with the FTIR microscope. The bias on the FPI filter was varied from 0
to 80 V with an increment of 10 V. The result is given in figure 6.10 for A = 6-13
pm. Figure 4.12, an expected FPI transmittance is reproduced as figure 6.11 for
comparison. A couple of quantitative observation are made. First of all, the tuning of
the passing wavelength of the FPI filter was implemented by varying applied bias
voltage. The detailed description of the passing wavelength tuning is presented in the

next subsection. The erratic oscillatory behavior below 7.5 pm and above 12.5 um
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due to the DBR reflectance degradation outside the mirror bandwidth and the overall
oscillatory behavior from 25 um Si substrate agree quite well between the
measurement and the simulation. However, two important discrepancies, that results
in the FPI filter performance degradation, were also noticed. First, we observed that
the measured transmittance (about 30%) was significantly less than expected value of
100%. The FWHM of measured transmittance spectrum is far greater than expected
one (2 um vs. 0.15 pum). Cause of these degradation as well as means to improve the

performance is discussed in the next chapter.
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Transmittance

Wavelength (um)

Fig. 6.10 The Transmittance of the FPI Filter for A = 6-13 um. The bias voltage is
varied from 0 to 80 V in an increment of 10 V.
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Fig. 6.11 Simulated Transmittance of the FPI Filter for A = 6.5-12.5 um. This graph
is a reproduction of figure 4.12.

6.3.3 The characterization of the tunable filtering of the FPI filter

A discussion regarding the gap distance is necessary to interpret the measurement
result in subsection 6.3.2 correctly. Initial gap distance of 25 pum was assumed in the
design, simulation, and fabrication process planning stages to give a room to adjust
the gap distance along the way. However, once the DBR deposition was completed,
and the thickness of five stacks of Ge/ZnS DBR measured to be 8.135 um, we needed
to tighten the gap distance to improve the electrostatic actuation performance.

Longer the actuation distance, higher the bias voltage. Therefore, by tightening the

gap distance we can achieve preferred lower bias voltage for the necessary actuation.
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In the end, 22 um thick initial gap pillars are fabricated (8.135 um top DBR + 8.135

pm bottom DBR + 5.5 pm initial distance between the mirrors = 21.77 pm initial gap

distance required). Consequently, with no applied bias, two mirrors are separated

0.23 pum more than the necessary initial gap distance of 5.5 um. From table 6.1, we

found that this distance corresponds to about 25 V of applied bias. Moreover, taking

this extra actuation distance into account, we produce table 6.2 to relate the bias

voltage and the gap distance. The measurement and the expected passing wavelength

agree within 5% most of the time. The measured transmittance for A = 7-12 pm is

given in figure 6.12 to observe detailed actuation behavior of the FPI filter in the

required operational spectrum of 8-11 pum.

Bias Actuation | Gap Expected Measured Error (%)
Voltage | Distance Distance | Passing Passing
V) (um) (um) Wavelength Wavelength
(Lm) (Lm)
40 0.49 0.24 10.52 11 4.4
50 0.73 0.48 10.04 10.6 5.3
60 1.01 0.76 9.48 9.5 0.5
70 1.37 1.12 8.76 8.4 4.3

Table 6.2 The expected and measured passing wavelength of the FPI as a function of
the applied bias voltage. They agree well within 5% of errors.
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Fig. 6.12 The Transmittance Spectrum of the FPI in A = 7-12 um for applied bias
voltage from 40 to 70 V in an increment of 10 V. The locations of the transmission
peak are 11, 10.6, 9.5, and 8.4 um for the bias voltage of 40, 50, 60, and 70 V,
respectively.
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CHAPTER 7. DISCUSSION AND CONCLUSION

7.1 Discussion

The performance of fabricated FPI filter presented in the previous chapter
(figure 6.12) provides a proof of principle of our device design and fabrication
process flow. However, it also indicates much room for improvement in the device
characteristics. Two aspects of the figure 6.12 drew our attention immediately. First
is the low transmittance peak at around 30%. Two factors contribute to this low
transmittance; the absorption and reflection of incident EM-wave. Even if the DBR
with dielectric material layers presents negligible absorption, our device still has two
25 pum, highly doped Si membranes with high free charge concentration. Therefore,
we expected some free charge absorption in the Si membrane. With the value of
absorption coefficient of a = 150 cm™ [6, 9, 19] and the Si membrane thickness of 25
pum, we get about 28 % of absorption. Equally significant contribution to the
observed loss of transmittance is from the reflection of the incident radiation from the

backside of the X-beam structure on top membrane. This is an interface between air

and silicon. With the Fresnel equation for reflectance, R = (%)2 = (1;2—':2
1 2 .

)? =
0.30. They account for the loss of transmittance within reasonable margin of error.
Anti-reflective (AR) coating on the backside of the X-beam structure is proposed to
achieve an immediate improvement of the transmittance of the FPI filter by getting

rid of the reflection at the air-silicon boundary.

The second performance degradation observed in figure 6.12 is the

broadening of the transmission peak. In table 4.1, the expected FWHM of
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transmission peak is found to be about 0.2 um. In the last chapter in figure 6.10, we
estimated the measured FWHM to be around 2 pm, an order of magnitude bigger than
expected. Atherton [4] identified two attributes that cause the performance
degradation of the FPI filter, the plate defects and the effect of finite aperture. He
further quantified their effect on the passband broadening as a defect finesse. Since
the finesse F is defined as a ratio of the FSR over the FWHM, the broadening of

transmission peak results in decrease in the finesse. The effective finesse Fe is

1

- % + F1_2)2 where Fr, Fp, and Fa are for reflection
D A

. . 1
approximately given by = (F}%
finesse from chapter 2, plate defeat finesse, and finite aperture finesse, respectively.
The plate defects can be further divided into three distinct types. The first plate

defect type is due to imperfect parallelism. The parallelism defeat finesse Fpp =

—\/; 5 is ascribed if two mirrors deviate from parallel by dp. Spherical deviation s

from bowing of mirror gives rise to the spherical defect finesses Fps defined by Fpg =
%. Finally, the surface roughness from the micro-defect of mirror coating is the

third type of defect that contributes to the defect finesse. Assuming the Gaussian

distribution of the surface defects, the surface roughness defect finesse Fprms is given

by Fprms = = with the root-mean-square deviation of the surface defect drms.

4.78rm

Figure 7.1 shows three defect types with their specification parameters. The total

1 1 1
2z Tt
Fpp ~ Fps

defect finesse Fp is given by Fi = ( )2. The aperture finesse Fa is
D

2
FDrms
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defined by F, = % , where m is the order of interference, Q the solid angle of the

cone of rays passing through the FPI filter.

-~ —, 0, 0,

Fig. 7.1 The P?ezte Defects. a) departure frct))r)n parallelism, b) spheriggl bowing, and c)
surface roughness from micro-defects.

Our device suffers from all the aforementioned defects as well as the effect
from the finite aperture size. The surface roughness cannot be measured with
available equipment. Therefore, we estimate the surface roughness with the Innotec
nominal uniformity of 5% and the total DBR thickness of 8.135 um, which gives
orms = 0.41pum. The parallelism deviation of op = 3.3 um and the spherical deviation
of 0s = 2.4 um are measured with the optical profiler. With these values, the defect
finesse is found to be Fp = 1.2. The effective finesse Fe from figure 6.12 is about 2.3.

It follows that the estimated FWHM of 3.86 um due to the passband broadening from

the plate defect is already greater than the measured FWHM of about 2 pum.
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To mitigate the fabrication defects that cause performance degradation, the
DBR mirror deposition and the gap pillar deposition process needs to be reviewed.
New chip bonding process with better gap control needs to be identified to minimize
dp, and consequently the parallelism defect finesse contribution. The spherical
deviation from bowing of membrane is due to the stress build-up during the
deposition process. This stress is caused by the mirror material thermal expansion
coefficient mismatch, and thus unavoidable. However, lowering the E-beam energy
used in the deposition can possibly decrease the stress from the thermal expansion by
keeping the temperature increase during an evaprant condensation. This, in turn, will
lower the spherical defect ds from the bowing of membrane. Using lower E-beam
energy during the EBPVD can improve the quality of deposited film, and thus result

in lowering the surface roughness defect drms as well.

7.2 Conclusion
A MEMS-based tunable optical filter is designed, simulated, fabricated and

characterized in this dissertation. Fabry-Perot interferometer (FPI) is used as a
structural basis for the filter. FPI consists of two partially transmitting mirrors facing
each other in parallel. The distance between two mirrors determines the passing
wavelength of the filter. More specifically, only the EM waves with wavelength that

is integer multiple of twice the mirror gap pass through the FPI (equation 2.1, d =

m%’”,m = 1,2,3..). With the target wavelength range in the long wavelength IR

(LWIR) region, from 8 to 11 um, a distributed Bragg reflector (DBR) with

germanium (Ge) and zinc sulfide (ZnS) is used to implement the mirror that covers
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the entire spectrum. The DBR consists of stacks of double layers of high and low
index materials that are a quarter of wavelength thick each. One of the mirrors is
fabricated with four beam springs in an X-shape to tune the passing wavelength of the
FPI filter by adjusting the gap distance between two membranes using electrostatic
attraction.

Designed device is simulated to confirm it meeting the required device
specification. Taking advantage of SOI wafer, the FPI filter is fabricated with simple
fabrication process with only four lithography masks, one deposition, and three etch
steps. The scaffold structure is fabricated with both surface micromachining and bulk
micromachining process. The DBR mirror is deposited using EBPVD on two
membranes, and then assembled into the FPI filter. The entire fabrication process is
performed at the Stanford Nanofabrication Facility (SNF). Fabricated device is
characterized at the UCSC and the SNF. Completed FPI filter demonstrated the
necessary filtering and tuning behavior with needs for performance improvement.
The cause of performance degradation is identified, and the direction of further study

is indicated.
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