
ABSTRACT 

CHINTAPATLA, SHRAVAN. Electrostatic MEMs Fabry-Perot Modulators in the Visible 

Spectrum and Electrothermal Wrinkling of Bilayer Thin Films. (Under the direction of John F. 

Muth and Leda M. Lunardi). 

 

Silicon micromachining was used to form silicon nitride microbridge mirrors and to make 

micromachined Fabry Perot cavities.  The position of the mirror can be controlled either 

electrostatically, or electrothermally allowing resonance of the Fabry Perot cavity to be 

controlled resulting in the transmitted or reflected light to be modulated.  

Modulation rates of up to 150 KHz were observed when operated electrostatically. Chips 

with arrays of microbridges were fabricated and the uniformity in wavelength response across 

the chip was investigated. It was found that using indium bump bonding was superior to using 

SU-8 as the bonding layer since the uniformity was more controllable. 

Electrothermal operation revealed interesting wrinkling phenomena. When electric 

current was passed through the thin aluminum layer on the silicon nitride membrane joule 

heating caused the aluminum layer to thermally expand resulting in a compressive stress. The 

compressive stress and thin sheet geometry of the bridge then resulted in the formation of 

periodic series wrinkles. The number spacing between the wrinkles was found to be controllable 

with voltage.  The formation of periodic wrinkles was found to be dependent on width to length 

ratio and the grain size of the evaporated aluminum film. The formation of wrinkles also allowed 

the finesse of the Fabry Perot cavity to be controlled rather than the distance between the mirror 

also allowing the light to be modulated or switched on/off in intensity. 
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1  Introduction 

The origin of light modulators for technology applications can be traced back to late 

1970’s when much of the research was based on electro-optic modulators and spatial light 

modulators.
1
 Liquid crystal and quantum well modulators started being used

2
 in early 1990’s, 

with micromachined electro mechanical systems (MEMS) being involved extensively in the 

last decade
3-4

. In general the phase or amplitude of light can be modulated. 

1.1 Amplitude Modulation 

Amplitude modulation
5
 is the modulation of the intensity of the light. The amplitude of 

the modulated light may be altered due to variations in some of the properties described 

below. 

• Absorption: Variation in the materials or a device absorbing properties may be 

achieved mechanically or chemically. 

• Reflectivity: Variation of the reflectivity of the material or a device can be achieved 

mechanically or electrically
6
. 

• Polarization: Variation of the transmitted or reflected light can be produced by 

rotation of the polarization of the incoming light, by correct use of polarizers and 

analysers. Polarization devices can function optimally if the incoming light is not 
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polarized, a polarizer is used to allow only one light polarization to reach the device. 

The direction of polarization allowed to propagate is critical for the optimum 

operation of the devices.  

• Scattering, Diffraction and interferometry: Devices having a transition from a clear 

state, in which the incident light is either transmitted or reflected in the primary 

direction without any impediment  and a non clear state, in which the light is 

scattered, diffracted or redirected due to impedance mismatch formed within the 

device. Thus, amplitude of the light propagating along the primary direction is 

reduced. The distinction between scattering, diffraction and interferometry is made by 

observing the spatial distribution of the modulated light. Scattering implies an 

arbitrary diffusion of light along many different directions. Diffraction, on the other 

hand is more ordered with the modulated light intensity being distributed in an 

ordered fashion in several diffraction orders. Interferometry, the modulated light 

intensity is also distributed in an orderly fashion but can be redirected in a single 

direction. 

1.2 Phase Modulation 

Phase modulation of an incident light can be achieved in two ways, either by varying 

the thickness or by the refractive index of the device to be modulated.
7
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1.3 Criteria for the Devices 

Optical modulator devices can be analyzed according to three broad groups known as optical, 

design and fabrication and driving criteria. 

• Optical Criteria: This can provide optical characteristics of the devices.  

o Modualtion contrast is defined as the ratio of the maximum and minimum of 

the intensity transmission factor (T), Contrast factor (C) = Tmax/Tmin.  

o Transmission of a device is the intensity of the incident light that is allowed to 

propagate through the device divided by the total incident intensity.  

o Reflection is the intensity of light reflected by the device divided by the total 

incident light intensity.  

o Absorption is the destruction of the photon when it is incident on a material. If 

scattering is not present it is the incident intensity minus the sum of the 

transmitted and reflected intensities. 

o Wavelength band pass is the wavelength range of the transmitted or reflected 

light.  

o Polarization dependence when the modulation contrast varies with the 

incident polarization.  
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o Modulation analysis states whether the optical phenomenon achieved linear or 

nonlinear (bistable or multistable) relative to the addressing method. 

• Design and Fabrication Criteria: This can provide information on the geometry, 

fabrication and lifetime of the devices.  

o Information of thickness and thickness deformation are important. 

o  Uniformity of the device describes the ability to fabricate a uniform device. 

Non uniformities appear due to variation of thickness of the whole device or 

more serious fabrication defects.  

o Temperature stability indicates the range of temperatures of the device 

designed functions normally.  

o Durability of the device provides information on the ability of the device to 

sustain shocks and other mistreatment. 

o  Lifetime of the device indicates the number of times device can be operated 

before it fails.  

o Manufacturability gives an idea of how easily reproducible the device.  
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• Driving Criteria: This can provide information on the driving characteristics like 

applied voltage, applied current, necessary power and modulating scheme on the 

devices.  

1.4 Proposed Device 

The proposed light modulating device uses amplitude modulation. The amplitude of 

the device is modulated using interferometry, where the modulated light intensity is 

distributed in an orderly fashion but is redirected in a single direction, i.e. either transmission 

or reflection. For this purpose, a micromachined Fabry-Perot cavity device is used which 

modulates the amplitude of light using interferometry
8
. This device possesses wavelength 

selectivity as well.  

A Fabry-Perot cavity is defined as an optical resonant cavity composed of two plane 

parallel partial mirrors separated by a cavity gap. When the light is incident on the device, the 

inference of light caused inside the cavity between the two partial mirrors produces a 

redirected light in the transmission or reflection mode. 

Some of the optical criteria in selecting the materials of the mirrors consist of highly 

reflective metal partial mirrors, low absorption and wide band pass in the visible spectrum. 

Glass and free standing silicon nitride micromachined bridges released from silicon substrate 

are proposed for fixed and movable mirrors respectively, considering their low absorption 

properties in the visible spectrum. Aluminum forms the partial mirrors which are highly 



 

reflective. Design and fabrication criteria are to have a uniform device which is stable at 

various ranges of temperatures and durable. The fabrication and design of the proposed 

device with indium bump bond

lifetime and reproducibility. For the driving criteria, device uses applied voltage for 

electrostatic and electrothermal modulation. The schematic of the final proposed device is 

shown in Figure 1.1. 

Figure 1. 1: Schematic of the proposed device

1.5 Goals of this Research

Previous micromachined tunable Fabry

have used the near infrared to infrared regions of the spectrum

project is to build a modulator for several wavelengths of lasers in the visible spectrum 

6 

reflective. Design and fabrication criteria are to have a uniform device which is stable at 

various ranges of temperatures and durable. The fabrication and design of the proposed 

device with indium bump bonding rather than SU-8 polymer should result in having long 

lifetime and reproducibility. For the driving criteria, device uses applied voltage for 

electrostatic and electrothermal modulation. The schematic of the final proposed device is 

: Schematic of the proposed device.  

Goals of this Research 

Previous micromachined tunable Fabry-Perot optical resonators for light modulation 

used the near infrared to infrared regions of the spectrum
9
. The primary goal of this 

project is to build a modulator for several wavelengths of lasers in the visible spectrum 

reflective. Design and fabrication criteria are to have a uniform device which is stable at 

various ranges of temperatures and durable. The fabrication and design of the proposed 

8 polymer should result in having long 

lifetime and reproducibility. For the driving criteria, device uses applied voltage for 

electrostatic and electrothermal modulation. The schematic of the final proposed device is 

 

resonators for light modulation 

. The primary goal of this 

project is to build a modulator for several wavelengths of lasers in the visible spectrum 
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region that can be driven electrostatically. Silicon nitride was chosen as the material for the 

microbridge, for its pre-existing technology and knowledge as a resonator and aluminum for 

metal for its high reflectivity as thin films.  

The microbridge composed of thin film aluminum on top of free standing silicon 

nitride. When driven electrothermally a wrinkling phenomenon was observed. Several thin 

film materials are used in wide range of applications
10

, but a recurring feature in them is the 

wrinkling/buckling phenomenon due to stress driven instability
11

. With technology tending 

towards thin films in past decade, having control over them becomes even more important. 

So, second goal of this project is to study the wrinkling behavior and controlling it, to 

effectively increase the grip over its mechanical properties and increase its applications.   

Chapter 2 includes the literature review and background on the Fabry-Perot cavities as 

tunable optical resonators and wrinkling phenomenon of thin films. It starts with design of 

ideal Fabry-Perot resonator device spectrums in the visible region and the reflectivity, cavity 

gaps parameters effect on the spectrum. Then it describes the materials used in the device 

with the wrinkling effects observed in the thin films. It concludes with the various driving 

mechanisms used the devices. 

In Chapter 3, the steps to fabricate the device are given in detail. From a bare double 

side polished silicon wafers, the final two types of devices fabricated with several double 

clamped microbridges with varying length and width are discussed. 
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In Chapter 4, the setup for optical interrogation and data acquisition are presented. The 

setup includes light sources, optical fiber, free space optics, detection devices, voltage drivers 

and oscilloscopes. 

Chapter 5 is devoted to the analysis and discussion of the electrothermal wrinkling of 

the bilayer microbridges experimental results and some background on stress-strain curves, 

grain size, and thermal effect on the thin film aluminum. It starts out studying the resistivity, 

grain size, temperature, stress-strain behavior of the aluminum and its effect on the bilayer 

microbridges.  

Chapter 6 is devoted to the analysis and discussion of the experimental results of the 

MEMS Fabry-Perot modulator devices. It starts with the analysis of the transmission 

spectrum for different bonding techniques, driving techniques and parallelism/tilt errors. It 

concludes with the modulation achieved for various microbridge dimensions using 

blue/green/red lasers.  

Finally, in Chapter 7, conclusions and potential applications are addressed.  
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2 Literature Review and Background

In this chapter, we describe the design principles, fabrication and layout of the 

micromachined Fabry-Perot cavity device in a transmissive geometry.

2.1 Fabry-Perot Cavity

A Fabry-Perot cavity is defined as an optical resonant cavity composed of two plane 

parallel mirrors separated by a gap

wavelength interferes with its reflection inside the cavity. The standing waves formed inside 

the cavity due to interference of the light between the two surfaces producing a characteristic 

transmission and reflection spectrum as shown in the Figure 2.1. Thus, in principle a MEMS 

Fabry-Perot cavity device can act as an interferometer and so the techni

research is known as optical microcavity interferometry

Figure 2. 1: Schematic of the Fabry-
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 Optical microcavity interferometry is a technique which uses the optical interference 

between the two surfaces as the means of detecting motion of the microbridge. It allows for 

high bandwidth, high resolution measurements of the nanoscale deflections under test, which 

has on fixed mirror and a microbridge as a movable mirror.  In an ideal structure with no 

absorption losses, the optical transmittance for a given wavelength λ is given as a function of 

the reflectivity of the mirrors R1 and R2, the gap thickness h and the refraction index n of the 

gap material is given as, 
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From the equation 2.1, the basic interferometer design rules can be derived. That is 

transmittance of the structure will be maximum when the gap distance h is an even entire 

multiple of λ/4n and minimum when h is an odd entire multiple of λ/4n.
3
 Due to the 

periodicity of the above equation, for a given value of gap, interferometer shows a series of 

transmitted peaks located on the wavelengths given by equation 2.2 where i = 1, 2, 3,… 

depending on the transmission order. 

                                                              
i

nh
i

2
=λ                                                                 (2.2)  

The full spectral range (FSR) is defined as the wavelength range between two transmission 

peaks of the spectrum. Using the equation 2.2, an approximate number of cavity modes can 
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be found. The appropriate plate separation based on the FSR is given by the following 

equation, where λ is the wavelength of the peaks in the visible spectrum, n is the index of the 

material and FSR is the required full spectral range.  

                                                         
FSRn

h
×

=
2

2λ
                                                              (2.3) 

 For this project, the wavelengths of interest are from 400nm to 800nm. So to have a 

reasonable tuning range for large number of cavity modes present in the visible spectrum, we 

calculate the cavity gap using equation 2.3 for a minimum FSR of 15nm at 400nm 

wavelength mode to be at least 5µm. Thus the expected maximum FSR at 800nm wavelength 

mode is 64nm. The following sections use several plots to show the effect of each variable in 

the equation 2.1 on the Fabry-Perot cavity modes spectrum.  

2.1.1 Reflectance Variations 

The plot in Figure 2.2 shows the effect of having R1 and R2 differ from each other. 

The net transmission peaks is maximum when the reflectance of both the mirrors is matched 

and minimum when the reflectance values are most unmatched. The plot in Figure 2.3 shows 

the effect of varying the reflectance values when they are identical (R1=R2). As the 

reflectance values increases the transmission minimum gets close to zero. For very high 

reflectance slope of the curve at each resonance increases drastically. Having a sharp slope is 

very important in terms of the sensitivity for detecting the modulation of the microbridges. 
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Thus, for this project we go for high reflectance matched mirrors of around 0.9 for the 

MEMS device of cavity gap 5µm.  

 

Figure 2. 2: Net transmittance of an ideal Fabry-Perot interferometer considering non equal reflective surfaces for a 

cavity gap of 5µm and index n=1. 
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Figure 2. 3: Net transmittance of an ideal Fabry-Perot interferometer considering identical reflective surfaces 

(R1=R2) and varying the reflectance value, for a cavity gap of 5µm and index n=1. 

2.1.2 Cavity gap variations 

The plot in Figure 2.4 shows the effect of variation of the cavity gap thickness (h) 

from 5µm to 4µm, causing the transmittance spectrum to shift left with decrease in gap. This 

tuning of the wavelength is restricted by the FSR. If the mode index i is known from equation 

2.2 the exact value of the spectral shift due to change in cavity separation ∆h is given below 

                                               h
i

n
i ∆=∆

2
λ                                                               (2.4) 



16 

 

 

Figure 2. 4: Net transmittance of an ideal Fabry-Perot interferometer considering identical reflective surfaces 

(R1=R2=0.9) and varying the cavity gap (h) value from 5µm to 1µm, for an index n=1. 

 The dimension of the gap used in the cavity has a huge influence in the Fabry-Perot 

transmittance spectrum. The plot in the Figure 2.5 shows the effect of variation of cavity gap 

thickness (h) from 5µm to 1µm, causing in the transmittance spectrum a change in the 

number of modes, FSR, Full width at half maximum (FWHM) and finesse which by the 

equation below
4
. 
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 From the above equation we can calculate the finesse for the ideal Fabry-Perot cavity 

with reflectance 0.9 to be 30. The finesse varies in the visible spectrum as it depends on the 
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cavity mode in inspection, for example a finesse of 12 is found in the Figure 2.5 for a mode 

at 800nm length of a gap of 5µm. Also the number of modes is reduced to 3 when the gap is 

reduced to 1µm, thus showing a way to build a MEMS microcavity interferometer for a 

particular laser wavelengths. This increases the tuning range of the spectrum as the FSR has 

increased drastically as in the case of 1µm gap to170nm. 

 

Figure 2. 5: Net transmittance of an ideal Fabry-Perot interferometer considering identical reflective surfaces 

(R1=R2=0.9) and varying the cavity gap (h) value from 5µm to 1µm, for an index n=1. 

 

Factors such as spherical bowing, surface roughness and parallelism can have affect 

on the effective finesse of the cavity
5,6,7

. The main factor here is the parallelism and 
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quantitatively the effect of parallelism error on finesse is described by the equations below
6
, 

where δp is the parallelism and FE is the effective finesse of the cavity. 
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2.2 Materials Properties 

Materials selection is essential for efficient design of various MEMS devices. Silicon Nitride 

has previously been used for thin membranes
8
  and the use of Aluminum provides higher 

reflectivity in the visible region of the spectrum than gold
9
. 

2.2.1 Silicon Nitride  

The construction of self supporting or suspended structures is one of the fundamental 

challenges of MEMS.  There are two principle technologies for the fabrication of such 

structures, bulk micromachining and surface machining. SiNx can be deposited in several, 

however control of stress of the thin film is critical to maintain the proper shape when 

released from the substrate. There are three types of residual stress: intrinsic, thermal and 

external. The intrinsic part appears during the deposition process itself and is due to a thermal 

shock between the evaporated material and the substrate when the vapor condenses on the 

substrate. The thermal part is due to the cooling phase of the deposited layer on the substrate. 

External stress is due to all external stress causes acting on the system.  
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The relation giving the intrinsic stress for an evaporation process is below
10
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Where E is Young’s modulus of the deposited layer, ν is Poisson’s ratio, α is thermal 

expansion coefficient, Tmelting and Tsubstrate are the melting temperature of the deposited layer 

and of the substrate when deposition is occurring respectively. The factor β is a reducing 

factor which depends on the thermal conductivity κ of the deposited layer. Some of the most 

common deposition techniques are plasma-enhanced chemical vapor deposition (PECVD) 

and low pressure PECVD (LPCVD)
11,12

. LPCVD technique yields high quality films with 

low stress, but at very high temperatures. Low stress is an important factor as in free standing 

bridges stress might cause them to buckle, which is not desired in Fabry-Perot cavities due to 

the dependence on parallelism. Process technologies exist for the deposition of material at 

substantially reduced temperatures, in particular PECVD that can deposit films at 

temperatures <300°C. PECVD of silicon nitride has not been used extensively in MEMS 

structures due to the material limitations created via the deposition technique, primarily 

controlling the intrinsic stress and etch selectivity of the deposited film.   

Secondly taking into consideration the optical properties of SiNx, i.e. absorption or 

transmittance in the visible spectrum, particularly, the transmission coefficient
13

, there is 

definitely a wide band peak in the visible spectrum at the particular wavelength depending on 

the thickness of the deposited layer.  The substrates are obtained from a vendor, , a 200nm 



 

LPCVD SiNx films on silicon substrates of stress as low as 250MPa. This configuration has 

the highest transmission at around 700nm wavelength of the visible spectrum, keeps on 

decreasing to the other ends of 400nm and 800nm wavelengths as shown in Figure 2.6.
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2.2.2 Aluminum  

Two single layer dielectric or metal mirrors of high reflec

cavity are sufficient to create a low finesse cavity spectrum. Mirrors in cavities are primarily 

formed with metals like Aluminum (Al), Gold (Au) and Silver (Ag) deposited onto the 

substrate
14,15

. Aluminum was chosen as the partial re

visible. 
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  This reflectivity at thin films is very important feature for the cavities being 

measured in the transmission mode, as any extra thickness could allow absorption to the 

spectrum. It can also easily be de
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films on silicon substrates of stress as low as 250MPa. This configuration has 

at around 700nm wavelength of the visible spectrum, keeps on 

decreasing to the other ends of 400nm and 800nm wavelengths as shown in Figure 2.6.
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ransmission percentage from the white light source collected by the visible spectrometer

Two single layer dielectric or metal mirrors of high reflectivity in a Fabry

cavity are sufficient to create a low finesse cavity spectrum. Mirrors in cavities are primarily 

formed with metals like Aluminum (Al), Gold (Au) and Silver (Ag) deposited onto the 

. Aluminum was chosen as the partial reflector for its high reflectivity in the 

This reflectivity at thin films is very important feature for the cavities being 

measured in the transmission mode, as any extra thickness could allow absorption to the 

spectrum. It can also easily be deposited with e-beam evaporator or resistive heated 

films on silicon substrates of stress as low as 250MPa. This configuration has 

at around 700nm wavelength of the visible spectrum, keeps on 

decreasing to the other ends of 400nm and 800nm wavelengths as shown in Figure 2.6. 

 

ilicon nitride microbridge membranes (a) transmission spectrum of the 

from the white light source collected by the visible spectrometer.  
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evaporator at a base pressure of 10
-5

 or 10
-6

 torr. Since this Aluminum is used as an electrical 

conductor its morphology is also important
17

. In addition to Aluminum being very reactive 

and for very thin films, one needs to be careful that oxygen contamination in the vacuum 

chamber doesn’t impact the optical and mechanical properties of the film and lead to 

irreproducible results from experiment to experiment. 

In our experiments 30nm of Aluminum deposited by resistive evaporator results with 

a reflectivity close to 90% in the visible region. 

Mechanical stresses in thin films can occur during the deposition process or be 

generated from changes in temperature. Temperature is an important factor because the 

conductors and dielectrics have large thermal mismatches resulting in stress
18

. The stresses 

induced are often large and may exceed the strength of the film, resulting in cracking or 

delaminating if the interface fails. The relative softness of aluminum can lead to deformation.  

Intrinsic or initial stress is from the synthesis of the film can be as high ( scale of GPa)  in 

sputter deposited films and low (scale of MPa) in evaporated films. The initial stress may be 

result of the differential thermal expansion caused by the changing temperatures during 

deposition or may be a result of growth conditions. Intrinsic stress can also develop from 

coalescing of islands of material during initial stages of the film formation.  Thermally 

induced stress occurs when the temperature of a thin film on a substrate is changed, a strain is 

introduced because of the variation in thermal expansion given by the equation below, where 

αfilm and αsubstrate are the expansion coefficients of the film and substrate respectively and ∆T 
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is the change in temperature assuming the expansion coefficients are independent of 

temperature. 

                                      Tsubstratefilmfilm ∆−= )( ααε                                                  (2.8) 

Changes in stress from thermal heating can also cause structural changes like, films can 

soften by recrystallization or become stronger by work hardening. Such changes occurring 

will be reflected in the stress behavior as a function of temperature. Below are some 

important progression regions for aluminum films when thermally heated with respect to 

stress
19

. 

• Elastic region: Stress is reversible by heating and cooling. The path followed is linear 

and would retrace itself, which is typical elastic behavior. The stress can be calculated 

by Hooke’s law (σ=εE) where E is the Young’s modulus by using the strain (ε) 

induced from thermal stress given in equation 2.8. 

• Recrystallization and grain growth region: Following the thermal heating causing 

deformation of the aluminum, three mutually distinguishable processes known as 

recovery, recrystallization and grain growth occur. Recovery results in dislocation 

rearrangement and annihilation. Recrystallization begins formation of new unstrained 

dislocation free grains that grow in deformed material. Grain growth is a continued 

growth of recrystallized metals. These three processes require time, but the time is 
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exponentially dependent on temperature. So, at high temperature these processes 

appear to be instantaneous. 

•  Plastic transition region: The point where the stress does not increase with rising 

temperature resulting in strain caused by thermal mismatch can be termed as 

transition to plastic property from elastic property. In some aluminum films deposited 

under ultra high vacuum this transition stage may not be observed, instead stress 

remained constant and low immediately after recrystallization resulting from plastic 

deformation.  

• Yield strength region:  For the plastically deforming film, the stress no longer 

increases with temperature. Elastic strain is constant and the yield strength of the 

aluminum is exceeded. Thus, the strain contains an elastic and plastic component as, 

εfilm=εp+εE. So when the stress is lower than the yield stress, strain is purely elastic 

and when it is higher there is plastic strain that holds the total film stress constant. 

Typically, the strength of the materials decreases at approximately half the melting 

point, reducing the yield strength with rising temperatures.  

More background on the stress-strain curves, tensile properties, grain size effects on 

Aluminum are discussed in chapter 5.  
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2.2.3 Wrinkling of Thin Films 

Under compressive stress thin sheets of material can wrinkle or buckle. In this section 

we discuss the some important models to study the wrinkling behavior. In order to 

understand the underlying principles leading to the formation of buckles/wrinkles, consider 

the mechanical behavior of a thin film resting on top of a soft elastic foundation. A film of 

thickness h and width w adhered strongly to infinitely thick elastic substrate, neglecting the 

shear stress in the interface and considering only the elastic modulus and the Poisson’s ratio 

of the film and substrate Ef, νf and Es, νs respectively, the compressive force
20

 in the film is 

given below. 
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 Where, λ denotes a sinusoidal deflection profile of the film along the direction of 

applied compressive force acting on the elastic substrate. Buckling/wrinkling in the film 

occurs only for loading that exceed certain critical value, Fc. The corresponding critical 

wavelength of the buckles, obtained from (dF/dλ) = 0 is given below, 
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 This theory may not be applicable to our case in which both films are thin and may 

wrinkle together as shown in Figure 2.7. Cedra and Mahadevan
21

 derived a more general 

theory capable of describing the wrinkling virtually in any geometry, not only flat sheets 

using the bending energy of the film UB and the stretching energy of the substrate Us. Their 

findings may be summarized in expressions for the wrinkle periodicity (λ) and amplitude (A) 

as given below, where B is bending stiffness of the film and k is the stiffness of the effective 

elastic foundation, and (∆/w) is an imposed compressive strain with the values of K and ∆ 

depending on a particular problem. 
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Figure 2. 7: Schematic of wrinkling phenomenon in Aluminum/Silicon nitride bilayer. 
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Wrinkling can also be discussed in comparison with conventional analysis
22

. Surface 

energy is considered negligible in conventional analysis. However, as the film thickness 

reaches nanometer scale, it is expected that surface energy as well as other surface effects 

will become important. Subjected to a uniaxial compressive strain ε parallel to the interface, 

the film has the propensity to buckle. Due to the constraint of the substrate, two types of 

buckling modes may occur as shown in Figure 2.8. If the substrate is stiff and the interface is 

relatively weak, the film may delaminate and buckle away from the substrate. Alternatively, 

if the substrate is compliant, the film may buckle without delamination, as the substrate 

undergoes conformal deformations as known as wrinkling. Following the conventional linear 

stability analysis, the critical compressive strain for wrinkling is given below. 
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  Where Ē=E/ (1-ν2
) = plan-strain modulus with subscripts f and s for film and 

substrate respectively. The negative sign denotes compression. When ε < εc, a bifurcation 

occurs and the stable equilibrium state of the film wrinkles in a sinusoidal form with 

wavelengths λ and an amplitude A are given below.    
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Figure 2. 8: On the left is the buckling of thin film on stiff substrate and on the right is wrinkling on compliant 

substrate. 

 A dielectric substrate coated with thin film electrodes is a common structure in 

MEMS, also similar to the bilayer in this work if we assume SiNx as substrate. A 

compressive residual strain in the film can induce wrinkling on relatively complaint 

substrate. This instability can be induces electrically onto the thin film electrodes causing 

them to wrinkle. Based on linear perturbation analysis, critical condition is determined 

beyond which wrinkling of the film is expected
23

. 

Till now wrinkling of bilayer have been analyzed with their dependence on the elastic 

modulus of the film and substrate. Boundary conditions also need to be considered. The 

analysis done on a model
24

 with flexible spherical shell that is under tension and that is 

circumscribed by a stiff, essentially incompressible strip with bending modulus B. Wrinkling 

of membranes here can be interpreted as buckling under constraints that prohibit large 

amplitude deformation. In this approach we find that λ depends on the stiffness of the strip 
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but is independent of the elastic properties of the spherical membrane, giving this approach a 

potential advantage in determining the B of the thin films. When the tension is reduced 

sufficiently to a value σ, the strip forms wrinkles with a uniform wavelength given by the 

equation below. 
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Although wrinkling has been studied for the past several decades, understanding of 

this phenomenon is still far from complete. There are at least three major reasons for this. 

First, the morphology of buckles or wrinkles depends on the direction of the force acting on 

the foundation. Multidirectional stresses acting on the sample and resulting in complex 

wrinkle morphologies that are still rather difficult to fully comprehend characterize and 

utilize. The last reason is related to the internal structure of the buckling material. So far we 

have only looked into cases with elastic film and substrates. But there are more complex 

structures like rigid sheets on elastic foundation and also elastic film on visoelastic 

substrates
25,26

. One interesting feature in visoelastic films is that the wrinkling pattern 

undergoes coarsening process with peculiar dynamics similar to our case when there is 

thermal effect on the aluminum of the bilayer microbridge. In general equation 2.11 has the 

most universal description of the wrinkling phenomenon and will be used in this thesis. 
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2.3 Fabry-Perot MEMS modulators 

As discussed in the earlier sections, to tune the wavelengths of the Fabry-Perot cavity, 

the microbridges need to be deflected. As in our project we are using double clamped beam 

as the movable mirrors, they have to be bowed/buckled/wrinkled to change the cavity gap. 

This is primarily done in three different ways photothermal, electrothermal and electrostatic. 

This section discusses the concept of different driving mechanisms for the Fabry-Perot 

resonators. 

2.3.1 Photothermal Actuation 

In this driving mechanism the microbridges are deflected by photothermally 

activation through lasers as shown in Figure 2.9.  The advantages consist of remote 

modulation without any sophisticated electronics involved in the device in addition to low 

power. The optical bistability induced in the air filled Fabry-Perot resonators via thermal 

expansion of mirror substrates leads to photo thermal displacement, in other words bowing of 

the mirrors and thus reduction of the cavity gap h, at sub milliwatt power
27

. These resonators 

can be characterized using interferometric techniques (optical interrogation)
28

. 
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Figure 2. 9: Schematic of the Fabry-Perot cavity driven by photothermal actuation. 

Photothermal actuation in Fabry-Perot resonators in near infrared region (NIR) of the 

spectrum has been comprehensively investigated by Shelton W.A
10

. In that work, employed a 

Fabry-Perot resonator with fixed mirror as Al/Glass and movable mirror as the Al/SiNx 

double clamped microbridge. This microbridge was released by a series of processing steps 

involving RIE and bulk micromachining in KOH solution, separated by a cavity gap of 15µm 

using SU-8 resist spacers. Since, photothermal actuation negates the need for electronics; 

SU-8 spacers have been used for bonding to minimize the processing steps. The thin film 

aluminum in microbridges bilayer serves the purpose of absorbing the heat of the pumping 

laser incident on it and the difference in thermal expansion coefficients of the two layers act 

as a bimetallic strip that can amplify the motion of the bridge. 

Characterization is done in an optical setup, using the MEMS device in the reflective 

mode. A 100nm tunable interrogation laser with its center wavelength at 1575nm along with 

the 980nm pump laser are collimated and aligned by optics to a microbridge. Since the 

device is being tested in the NIR, CCD camera and monitor are used to observe the pump 
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laser spot on the microbridge. To see the motion of the membrane, the interrogation laser was 

tuned to the wavelength of maximum slope of the Fabry-Perot reflectance spectrum. Once 

the interrogation laser was tuned to the slope, the pump laser is used to induce the motion in 

the microbridge and driven by a network analyzer capable of high output power (-58dBm to 

+22dBm). 

Several dimensions of microbridges were tested as a function of both beam width and 

length and resonant frequencies of the order of MHz were observed. The resonant 

frequencies decrease as the width decreases correspondingly, showing that resonant 

frequencies are width dependent. Tests done in vacuum for quality factor, confirm that air 

damping is the main cause for energy loss in the system. Resonant motions could be found 

even at microwatts power of the interrogation laser. Also ability for detecting the resonances 

of undriven device using the thermal-mechanical noise has been demonstrated.   

In the present work, we have utilized a similar structure for our Fabry-Perot cavities 

with the addition of Indium bumps to the processing steps for the extra electronics and to 

reduce the parallelism and tilt error. Thus, our device can also be used for photothermal 

actuation, changing the necessary optics and lasers for the visible spectrum. 
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2.3.2 Electrothermal Actuation 

 

Figure 2. 10: Schematic of the Fabry-Perot cavity driven by electrothermally. 

In the electrothermally driving mechanism the microbridges are heated by passing 

current through them as shown in Figure 2.10. It takes into account the difference in the 

expansion coefficients of the microbridge bilayer for buckling or wrinkling The previous 

work using this driving mechanism concentrated on the tunable optical cavity filters formed 

by surface micromachining of DBR mirrors, in the near infrared region with a tuning range 

of 3.5nm and 29nm, but with high finesse
29,30

. A wide tuning range of 81nm has been 

reported in NIR using a wheatstone type bridge structure with DBR mirrors of various 

combinations
31

.  

2.3.3 Electrostatic Actuation 

 

Figure 2. 11: Schematic of the Fabry-Perot cavity driven electrostatically.  
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In this driving mechanism the mirrors are electrostatically actuated by applying bias 

in the two parallel plates of the Fabry-Perot cavity with opposite charges as shown in Figure 

2.11. Here when the mirrors are oppositely charged, the microbridge bilayer mirror is bowed 

towards the other mirror causing a change in the cavity gap. Previous works of tunable 

Fabry-Perot interferometer in the mid infrared range, near infrared range and 600-800nm 

range of visible spectrum of 3µm, 60nm and 70nm respectively have been demonstrated 

using surface micromachining with materials like GaAs, PECVD Silicon nitride
16,32,33

. Most 

noticeable work concerning to our application has been done by Correia J.H., for the visible 

spectrum with 450nm tuning range using bulk micromachined Silver/SiNx microbridges, but 

at 1µm cavity gap
17

. This large tuning range was achieved because of the small cavity gap 

leading to large FSR, thus large tuning range.  
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3 Design and Fabrication of MEMS Device 

This chapter will discuss the various aspects used in the design, mask layout, and details of 

the processing of the MEMS microcavity device.  

3.1  Design of the MEMS Device 

From the review in Chapter 2 of the Fabry-Perot cavity devices, there are primarily two 

ways these devices could be fabricated, bulk micromachining
1
 and surface micromachining

2
. 

We choose for bulk micromachining and hence the flip chip bonding to form the 

microcavity. Two important considerations regarding flip chip bonding  are alignment and 

tilt while designing the device. In addition, the device fabrication steps developed here were 

conceived with the processing equipment available in our clean room.   

3.1.1  Mask layout 

Cadence Virtuoso layout editor was used for the drawing and the mask layout for 

different layers involved in the fabrication process. Once the layout information in GDS-II 

format is complete, a glass or transparency mask can be ordered for each lithography step.   

Initially low cost transparency masks were used for definition of the microcavities as rapid  

for solving fabrication and refining the design process of the device, within the constrain of 

feature sizes larger than 50µm.  This process of optimization and refinement in the mask 



 

layout was optimized several times and the layout modified, till an acceptable device could 

be obtained. The final layout had feature sizes down to 5

of devices and substrates. The final layout of the MEMS devices is shown in the Figure 3.1 

with negative photoresist. Each layer in the mask layout is explained in Table 3.2.  

Table 3. 1: Types of Devices fabricated.

Type Top substrate

Device A Glass 
Device B Si Wafer 
 

Figure 3. 1: Layout design for the devices using negative photoresist (a) Device A bottom substrate, (b) 

substrate, (c) Device B bottom substrate, (d) Device B top substrate.
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layout was optimized several times and the layout modified, till an acceptable device could 

be obtained. The final layout had feature sizes down to 5µm. Table 3.1 summarizes the types 

strates. The final layout of the MEMS devices is shown in the Figure 3.1 

with negative photoresist. Each layer in the mask layout is explained in Table 3.2.  

: Types of Devices fabricated. 

Top substrate Bottom Substrate Contact Pads 

Si Wafer Si Wafer 

 Glass Glass 

Layout design for the devices using negative photoresist (a) Device A bottom substrate, (b) 

substrate, (c) Device B bottom substrate, (d) Device B top substrate. 

layout was optimized several times and the layout modified, till an acceptable device could 

m. Table 3.1 summarizes the types 

strates. The final layout of the MEMS devices is shown in the Figure 3.1 

with negative photoresist. Each layer in the mask layout is explained in Table 3.2.   

Processing time 

Less 

More 

 

Layout design for the devices using negative photoresist (a) Device A bottom substrate, (b) Device A top 
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Table 3. 2: Layers in each mask. 

MEM0 Mask layout for the actual feature size for the processing of membranes  

MEM1 Final dimensions of the membranes left after processing from the back side 

MET1 Mask layout for Aluminum bridges 

MET2 Mask layout for Gold contact pads 

MET3 Mask layout for Indium bump bonding 

MET1A Mask layout for  alignment marks on glass substrate 

MET2A Mask layout for alignment marks on wafer substrate 

 

The two device structures have different areas on the mask layout. Device B was 

fabricated keeping in mind it can be fitted into electronic casings, for future packaging 

purposes. Device B is also more robust because it is convenient to handle with the thick glass 

substrate at bottom, but has a few more processing steps compared to Device A. The MEM0 

mask layout (labeled backside mask), is used to bulk etch the mask from the backside of the 

wafer to create a membrane like structure. The actual area on one of the membrane is 500µm 

x 1500µm, given the undercut this area is less than the area of the mask designed for it 

940µm x 1940µm as shown in Figure 3.2. Here MEM0 denotes the actual area of the 

designed mask and MEM1 shows the membranes formed on the other side after fabrication, 

as will be discussed in detail later in the chapter. MET1 mask defines the pattern for 

Aluminum bridges to be deposited and is used as a mask to release the bridges from the 

membrane. 
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Figure 3. 2: Layout with MEM0 indicating actual area mask design for the membranes and MEM1 the area of the 

membranes formed with undercut . 

3.1.2  Alignment Marks 

The alignment marks shown in Figure 3.3 are used for Device B. MET1A are the 

alignment marks for the wafer substrate and MET1B are for the glass substrate. These are 

used for aligning Indium bumps in the flip chip technique to form a FP cavity. MET2 marks 

are for aligning Aluminum bridges with Gold contact pads and MET3 marks are for aligning 

Indium bumps on Aluminum bridges. 

 

Figure 3. 3: Layout of Alignment marks of Device B.   
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3.2 Fabrication of the MEMS device 

Overall we can categorize the fabrication process involved in MEMS devices into four 

groups. (a) The first group of MEMS devices belongs to those which are released by surface 

micromachining
3
. (b) The second group refers to devices which are released only through 

bulk micromachining
4
. (c) The third group involves a combination of bulk and surface 

micromachining to release the final structure
5
. (d) In the last group, bulk micromachining in 

conjunction with RIE is used to release the final structure
6
. 

  The fabrication of the devices discussed in this thesis belongs to the final group. The 

challenge is to have flat free standing bridges unless actuated in the microcavity. A bird’s eye 

view of the process flow for the micromachined FP cavity device is shown in the Figure 3.4 

through Figure 3.8 along with processing steps in the next few sections. Before starting the 

actual fabrication process a detailed set of notes is maintained for each of the equipment used 

for processing, with the different conditions for various steps that will be carried out. 

3.1.1 Fabrication details 

The fabrication process starts with a double sided polished (100) p-type Silicon 

wafer, for low stress silicon nitride deposition. One of the sides of the wafer is used to form 

the microbridge structure referred as the front side and the back side is patterned for bulk 

micromachining in KOH solution to release the membrane. Aluminum deposited is used as a 

mask to release the microbridge in the subsequent steps through RIE etching and thus 
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forming a partial mirror. But to form a microcavity, we need a glass substrate which is also a 

partial mirror to form the two parallel mirrors separated by a gap.  

Table 3. 3: Process flow for the fabrication of the MEMS device. 

Step 

# 
Process Objective Device A 

Part # 
Device B 

Part # 

1 Nitride deposition Deposit low stress silicon nitride on double 

sided polished 4” silicon wafers.  
1 1 

2 Full Cleaning To have clean the substrates ready for further 

processing. 
1,2 1,2 

3 Photolithography-1 Exposing the pattern on the back side of the 

wafer and act as an etch mask in dry etching the 

silicon nitride 

1 1 

4 RIE Dry etching the silicon nitride to expose silicon 

for bulk etching 
1 1 

5 Wet etching To form silicon nitride membrane free of 

silicon. Nitride film acts as the etch mask for 

silicon. 

1 1 

6 Photolithography-2 Forming patterns for forming the partial mirrors 

in the microcavity.  
1,2 1,2 

7 Metal deposition Aluminum was deposited to act as the partial 

mirror and also etch mask for RIE recipe 

followed by lift-off  

1,2 1,2 

8 RIE To free the partial mirror silicon nitride bridges 

from the membranes by etching the exposed 

nitride film 

1 1 

9 Photolithography-3 Patterns void of photoresist to form the contact 

pads to drive the bridges 
1 2 

10 Metal deposition Chrome/Gold metal layer was deposited using 

e-beam evaporator followed by lift-off. 
1 2 

11 Photolithography-4 To have circular patterns void of any 

photoresist 
2 2 

12 Metal deposition A very thick layer of Indium was deposited 

using MBE followed by lift-off.  
2 2 

13 Bonding To have a micromachined FP cavity device. 

Bonded using the flip-chip aligner with the help 

of alignment marks 

3 3 
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So this process can be considered to be consisting of three parts. Part1: fabrication 

process of the microbridge structure. Part2: fabrication process of the glass substrate to form 

a partial mirror. Part3: bonding of the two substrates to form a microcavity device. The 

process flow of the fabrication for the MEMS device is shown in Table 3.3 with the various 

mask layouts as defined in Table 3.2. If a particular step only involves part1, 1 is indicated in 

the corresponding column. If two of the parts are involved, both of them are indicated.  

3.1.1.1 Choice of substrates  

Based on the design of the process flow for the device, the wafers are bulk etched. 

The standard starting silicon wafers are of 300±25um thickness and double sided polished 

(100) p-type 4” wafers. For the glass substrate a 2”x 2” x 1/16” thick piece of Chemglass 

Borofloat® plate glass for its high optical quality in transmission throughout the visible 

spectrum region and its flatness, essential  property for having a parallel plate cavity. 

3.1.1.2 Silicon Nitride Deposition 

Silicon Nitride is deposited on both the sides of the polished silicon wafers. Bulk 

etching releases silicon nitride membranes which need to be flat to form good Fabry-Perot 

microcavities. So, based on the design of the process flow we need a low stress silicon 

nitride, which would in turn gives flat membranes and bridges. Fabricating this high quality 

membranes and bridges is a time consuming multi-step process. So these wafers are shipped 

to a company Strataglass, Inc. which carried out the nitride layer deposition. A LPCVD 
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process was used by them to deposit a 200±20nm of low stress silicon-rich (8:1) silicon 

nitride at a temperature of 810 ºC and at a stress of 250MPa±100MPa. This deposited nitride 

film will act as mask in bulk etching. 

3.1.1.3 Dicing of substrates 

The wafers are first cleaved into quarters to fit into the various processing equipment 

available in the clean room. They are further cleaved once the bulk etching is done along the 

patterns laid out on the masks for this purpose. Glass substrates are diced using an automated 

wafer dicer with wax underneath, along the dimensions required for the two types of the 

devices A and B.  

3.1.1.4 Cleaning of substrates 

The diced glass substrates with wax underneath the substrate go through a three step 

cleaning process. Also the cleaved silicon nitride wafer quarters go through the same process 

before proceeding with the fabrication.  

• Immerse the substrates in a boiling TCE solution for 5 minutes. 

• Transfer the substrates to a boiling acetone solution for another 5 minutes.  

• Transfer the substrates to a boiling methanol solution for another 5 minutes. 

• Blow dry (nitrogen) the substrates with careful handling.  
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3.1.1.5 Photolithography 

There are four different photolithography steps used based on the design of the 

process flow. AZ5214E and SU-8 are the two kinds of resists used. AZ5214E is a 

positive/negative resist used as a negative resist in this process flow. SU-8 is also a negative 

resist i.e. the photoresist will dissolve in the developer solution wherever it has not been 

exposed. There are 4 different photolithography steps in the designed process flow. The 

process in each of the steps is different discussed in the table in the Appendix 8.2. 

3.1.1.6 Reactive Ion Etching (RIE) 

Reactive Ion etching is a dry plasma etching process which is the result of physical 

sputtering due to ion bombardment and chemical reaction. By adjusting the parameters like 

chamber pressure, RF power and etching recipe, the physical and chemical effects of the 

etching can be tailored to obtain desired anisotropy and etching rate. Based on the designed 

process flow, RIE here is required to (a) Etch the silicon nitride etched on the backside of the 

wafer, which then goes into the bulk etching. (b) To free the silicon nitride bridges with 

Aluminum on top, from the membranes. The Silicon nitride etching recipe consists of 

38sccm of Ar, 10sccm of CHF3 and 2sccm of O2 at 35mTorr and 320V. One major 

consideration while selecting the etching recipe is that it has high selectivity over the metal, 

which is used on the microbridges. The recipe used is found to have a high selectivity over 

Aluminum, gold and Indium metals used in the designed process flow. This recipe also has 

high selectivity over silicon, but this not that important factor for selecting the recipe as the 
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silicon is bulk etched later. It takes about 8 minutes to etch the deposited silicon nitride. So 

the recipe has a etch rate about 25nm/min.  

Care should also be taken with the kind of resist being used as mask for etching. As 

the AZ5421E resist can only be spun to a thickness of about 1.4um, it is more useful for 

etching thinner films. But for this case we spin the SU-8(5) resist as it have a thickness 

varying from 5-15um. In this RIE step it is important to make sure that the nitride layer is 

completely etched before going to bulk etching of silicon. This can be done by observing the 

color change of nitride as the thickness is decreased. Once the color is shinier, indicating that 

silicon is visible after etching we can proceed to next step.  

3.1.1.7 Wet Etching 

There are two types of chemicals to do bulk etching i.e. isotropic etchants and 

anisotropic etchants. Isotropic etchants like HNA (mixture of hydrofluoric acid, nitric acid 

and acetic acid) will etch silicon in all the directions at the same rate where as anisotropic 

etchants like TMAH (tetra methyl ammonium hydroxide), EDP (ethylene diamine 

pyrocatechol) and KOH (potassium hydroxide) etch silicon faster in the (100) direction than 

in the (111) direction. Based on the geometry of the structure to be formed, it was decided to 

go with anisotropic etchants as isotropic etching causes undercutting of the masked layer 

which is not desirable. We discard EDP since it is highly corrosive and carcinogenic. TMAH 

has the worst selectivity between (100) and (111) planes. KOH is chosen as the etchant 
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considering it has the highest selectivity of the three and that the device does not include any 

CMOS circuits. KOH etches at an angle of 54.74º in (111) direction
7
. 

The bulk etching of the wafer is carried out on a 40% KOH solution at 80ºC. The 

following procedure has been developed to achieve a uniform etch rate: A 50% KOH is 

mixed with water in a glass beaker to make it 40% KOH for maximum etch rate at 80ºC is 

begun to heat. As the temperature rises, the volume in the beaker decreases as water 

evaporates. In order to maintain the temperature and volume throughout for uniform etch 

rate, an extra beaker with water is kept heated along with the KOH solution. Once the 

solution reaches the required temperature, the wafers are inserted for etching. A stirrer is kept 

in the solution at 60rpm. Silicon nitride acts as the etch mask for silicon with a very high 

selectivity over silicon in KOH. The etch rate is about 1.25um/min. Once the bubbling starts 

in the KOH solution, it is indicating etching process has begun. Now at regular intervals of 

30-60 minutes, the process is checked for maintaining temperature and volume of the 

solution. For our process, the etching time is about 4-5 hours (the bubbling actually stops).   

3.1.1.8 Metal deposition 

Metal deposition refers to the process of deposition where the target of metal is heated or 

energetically ion bombarded so that the vapor of the metal can be produced and deposited on 

the substrates. The method of heating the material to produce vapor for deposition is called 
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evaporation. When ion bombardment is used to produce vapor it is referred as sputtering. 

Most metals are deposited using these methods.  

• Aluminum (Al) deposition is done using a Resistive heated evaporator to perform the 

dual role of being the etch mask for nitride in RIE and also form one of the partial 

mirrors for FP microcavity.  This is a simple method of deposition by flowing current 

through the filament or boat, which has the metal placed on it.  The evaporation is 

performed at a chamber pressure of 8 x 10
-6

 Pa with a heating current in the range of 

160-180mA. Using this condition which gives a deposition rate of 0.5-1Aº/s a 30nm 

thin layer of aluminum is deposited on the substrates.  

• Gold (Au) deposition is done with an e-beam evaporator which acts as the contact 

pads for driving the device. In this method of deposition the source is heated by an 

electron beam with energy up to 5KV. This evaporation is performed at a chamber 

pressure of 2x 10
-5

 Pa with a heating current of 60-90mA. A 200nm layer of gold is 

deposited at 1 Aº/s. Also a 5nm layer of Chrome (Cr) is also deposited using e-beam 

evaporator before gold, for good adhesion of gold to the substrates through chrome. 

• Indium (In) deposition is done with rapid thermal evaporator to form the indium 

bumps which are used to bond the two substrates to form the microcavity. This is just 

an advanced form of thermal evaporation which takes place in ultra high vacuum and 
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has a high deposition rate. This evaporation is performed at a chamber pressure of 10
-

7
 to 10

-8
 Pa. A 5µm Indium layer is deposited at 100nm/min.  

3.1.1.9 Lift-off 

Lift off is the process of removing the photoresist after metal deposition. There two types 

of resists used in this process flow. 

• The AZ5214E resist is removed by putting the wafers in an acetone solution. This 

solution goes underneath the resist and dissolves it. The substrates are kept in the 

solution for some time and then rinsed with acetone to
 r
emove 

th
e resist by force.  

• The SU-8 resist cannot be removed, unless the additional step of spinning omnicoat 

before spinning SU-8 has been done. This resist is removed by putting the substrates 

in a solution called PG remover which heated to a temperature between 30-60ºC. 

Also without the precoat step, the SU-8 does come off in heated KOH solution after 

a long time.   

3.2.2 Fabrication process of Silicon nitride bridges 

The processing steps for fabricating silicon nitride bridges are described as follows. 

• First the wafers deposited with 200nm silicon nitride on both the sides, are cleaved 

into four quarters using a diamond scribe.   
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• Clean the wafers immersing in three step process of heated TCE, acetone and 

methanol solutions followed by blow drying with nitrogen. A silicon wafer with 

nitride deposited on both the sides is shown in Figure 3.4(a). 

• A layer of photoresist is spun on the backside of the wafer shown in Figure 3.4(b).  

The resist used is SU-8(5) which is spun to a thickness of 15um, is preferred for it can 

withstand the etching recipe of the RIE. The mask used to create a series of 

membranes of various dimensions should take into account; the final feature size 

varies with the actual dimensions of the features. This is due to constrain of the 

anisotropic etch angle, 54.74º in KOH solution. So, the final features are smaller than 

printed on the mask. A Karl Suss MJB3 photoaligner is used to expose the features on 

the resist followed by baking, developing, rinsing and drying of the wafer.  This is a 

negative resist thus whatever exposed stays after developing is shown in Figure 

3.4(c). 

• Next is to Reactive ion etch (RIE) the now exposed silicon nitride using an etch 

recipe (mixture of CHF3, O2 and Ar gases) discussed. The photoresist acts as the etch 

mask for this step removing the nitride and exposing the silicon is shown in Figure 

3.4(d). 

• Now the exposed silicon is bulk etched using heated anisotropic etchant called KOH 

solution. Here the silicon nitride on acts as the etch mask and etches away the bulk 
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silicon in about minimum 4 hours, if the solution is maintained at the ideal 

temperature and concentration for the maximum etch rate calculated. For the 40% 

KOH concentration the etch rate peaks at 80ºC. Also the SU-8 spun is stripped in this 

solution after 2-3 hours. Once the KOH reaches the opposite side of the silicon nitride 

etching away silicon at angle 54.74º it stops etching, forming a membrane free from 

silicon as shown in Figure 3.4(e) and ready to be used after cleaning and drying. 

• From here on extreme care should be taken while handling the membranes, as they 

are sensitive to force by nitrogen, tweezers and also vibrations. 

• Now a thin layer of photoresist is spun on the front side (membrane side) of the 

wafer.  The resist used is AZ5214E which can be spun to a thickness of 1.5um. This 

is preferred as it can be used as positive/negative resist and standard recipes are 

available in the NCSU clean room. This is patterned with a mask to form the bridges 

void of any photoresist after developing, rinsing and drying of the wafer.  This is used 

as negative resist thus whatever is exposed stays after developing is shown in Figure 

3.4(f). 



 

Figure 3. 4:The process flow for the fabrication of silicon nitride mirrors for Device A type.

• Aluminum was then deposited using a resistive heated evaporator to form the pa

mirror on the bridges void of photoresist is shown in Figure 3.4(g). The thickness was 

chosen to be the thickness for a FP cavity partial mirror around 25

off process is performed by soaking the wafer in acetone for some time, to dis

the photoresist and thus removing the unwanted Aluminum after rinsing is shown in 

Figure 3.4(h). 
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he process flow for the fabrication of silicon nitride mirrors for Device A type.  

Aluminum was then deposited using a resistive heated evaporator to form the pa

mirror on the bridges void of photoresist is shown in Figure 3.4(g). The thickness was 

chosen to be the thickness for a FP cavity partial mirror around 25-35nm. Now a lift 

off process is performed by soaking the wafer in acetone for some time, to dis

the photoresist and thus removing the unwanted Aluminum after rinsing is shown in 

 

Aluminum was then deposited using a resistive heated evaporator to form the partial 

mirror on the bridges void of photoresist is shown in Figure 3.4(g). The thickness was 

35nm. Now a lift 

off process is performed by soaking the wafer in acetone for some time, to dissolve 

the photoresist and thus removing the unwanted Aluminum after rinsing is shown in 
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• Now the wafer with Aluminum bridges on membranes is passed through the reactive 

ion etch recipe. Here Aluminum acts as a etch mask due to its high selectivity and 

etches away the exposed nitride thus, freeing the bridges from the membranes is 

shown in Figure 3.4(i). This forms one half of the partial mirror required for the 

microcavity. 

3.2.3 Fabrication process of the glass partial mirror  

The processing steps for fabricating a partial mirror from a glass substrate which forms 

the other half of the microcavity are described below. 

• For a glass substrate a 2” x 2” x 1/16” thick plate glass was used considering its high 

optical quality and flatness.  

• First the glass substrate was diced into the areas required by the two types of devices 

A and B, with a dicing machine. For this process the substrate is waxed underneath to 

cut into precise dimensions.  

• Now the substrates are cleaned in a three step process of heated solvents TCE, 

acetone and methanol by immersion. This is followed by cleaning, drying, baking and 

cooling before proceeding to the next step and the substrate is shown in Figure 3.5(a). 



 

• Now a thin layer of photoresist is spun on glass substrate.  The resist

AZ5214E which can be spun to a thickness of 1.5um. This is patterned with a mask 

with important alignment marks for future steps.

• Aluminum is deposited using the same procedure as discussed in microbridges 

followed by lift off.  The thickness and 

mirror for the microcavity is same as that is used for creating partial mirror 

microbridges, to make sure both the mirrors are closely matched. This forms the other 

half of the microcavity is shown in Figure 3.5(b

Figure 3. 5:The process flow for the fabrication of glass partial mirrors for Device A type.
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Now a thin layer of photoresist is spun on glass substrate.  The resist 

AZ5214E which can be spun to a thickness of 1.5um. This is patterned with a mask 

with important alignment marks for future steps. 

Aluminum is deposited using the same procedure as discussed in microbridges 

followed by lift off.  The thickness and type of the metal used to create a partial 

mirror for the microcavity is same as that is used for creating partial mirror 

microbridges, to make sure both the mirrors are closely matched. This forms the other 

half of the microcavity is shown in Figure 3.5(b). 

he process flow for the fabrication of glass partial mirrors for Device A type.  
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AZ5214E which can be spun to a thickness of 1.5um. This is patterned with a mask 
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type of the metal used to create a partial 

mirror for the microcavity is same as that is used for creating partial mirror 

microbridges, to make sure both the mirrors are closely matched. This forms the other 

 



 

3.2.4 Fabrication process of microcavity

The substrate on which the contact pads required depends on the type of device A or B 

fabricated. This is explained in detailed process flow table in the Appendix 8.2. The 

following are the processing steps for contact pads to drive the microbridges.

• First a thin layer of photoresist is spun on glass substrate is shown in Figure 3.6(a).  

The resist used is AZ5214E which can be spun to a thickness of 1.5um. This is 

patterned with a mask with the contact pads region void of photoresist is shown in 

Figure 3.6(b). 

• A thick layer of Gold deposition is done using an e

layer of 5nm chrome is used as an interface layer to hold the gold firmly to the 

substrates. This is followed by a lift off process as discussed earlier to be left with a 

substrate with just the gold contact pads as shown in Figure 3.6(c).

Figure 3. 6: The process flow for the fabrication of gold contact pads for Device A type.
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Fabrication process of microcavity 

The substrate on which the contact pads required depends on the type of device A or B 

ted. This is explained in detailed process flow table in the Appendix 8.2. The 

following are the processing steps for contact pads to drive the microbridges.

First a thin layer of photoresist is spun on glass substrate is shown in Figure 3.6(a).  

t used is AZ5214E which can be spun to a thickness of 1.5um. This is 

patterned with a mask with the contact pads region void of photoresist is shown in 

A thick layer of Gold deposition is done using an e-beam evaporator. A very thin 

5nm chrome is used as an interface layer to hold the gold firmly to the 

substrates. This is followed by a lift off process as discussed earlier to be left with a 

substrate with just the gold contact pads as shown in Figure 3.6(c). 

process flow for the fabrication of gold contact pads for Device A type.  

The substrate on which the contact pads required depends on the type of device A or B 

ted. This is explained in detailed process flow table in the Appendix 8.2. The 

following are the processing steps for contact pads to drive the microbridges. 
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t used is AZ5214E which can be spun to a thickness of 1.5um. This is 
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beam evaporator. A very thin 

5nm chrome is used as an interface layer to hold the gold firmly to the 

substrates. This is followed by a lift off process as discussed earlier to be left with a 
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To form a microcavity, initially photoresists were used for bonding the two substrates 

to form the FP microcavity and their thickness is the cavity separation. One of the main 

issues in selecting the resists is the thickness and bonding strength. From the literature we 

choose SU-8(5) for bonding layer. SU-8 is a photo definable epoxy extensively used in 

MEMS processing
8
. Some of characteristics are it can be spun to a thickness ranging from 5-

15um, high bonding strength under high temperatures and inability to be deformed. This 

resist was spun on the glass substrate and after aligning it to the wafer, the two substrates 

were pressed together using a tool which had two parallel plates and screw to tighten.  

Now the device is pressed in tool is baked in an oven at 120ºC for 20-30 minutes. 

After cooling a MEMS device with FP microcavities has been fabricated. But with this we 

could only drive the bridges electrothermally and not electrostatically. Also there were issues 

with alignment of the two substrates, as it was not precise and also the tilt because of the 

uneven thickness of the resist. 

These alignment and tilt issues were overcome by going for Flip chip technique or 

Indium bump bonding technique
9,10

. Before we discuss the technique, there is one more 

fabricating step for indium bumps as described below. 

• A layer of photoresist is spun on the metal side of the glass substrate is shown in 

Figure 3.7(a).  The resist used is SU-8(5) which is spun to a thickness of 15um, is 
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preferred for it achievable thickness and stubbornness to high temperatures used in 

the MBE. The mask used to create a series of circular patterns with precise locations 

keeping in view the bonding procedure taking place later. The location is important 

for alignment and tilt.  This is a negative resist thus whatever exposed stays is after 

developing is shown in Figure 3.7(b). 

• Now the glass substrates are loaded into a thermal evaporator and indium is deposited 

under high vacuum and temperature. After a deposition of 5um Indium, they are cool 

down and ready to be used for the next step.  

• Since there is a lift off step involved and SU-8 does not come off unless a precoat 

step was added before spinning the photoresist. So we spun omnicoat as a precoat to 

SU-8. So now we can do the lift off by soaking the substrates in a pre heated solution 

called PG remover. This dissolves the SU-8 in about an hour followed by rinsing, 

cleaning and drying gives us the cylinder shaped In bumps with semi sphere on top as 

shown in Figure 3.7(c). 



 

Figure 3. 7: The process flow for the fabrication of indium bump bonding for Device A type.

These In bumps performed the dual role of bonding and also as a Via through which 

the top substrate is driven from bottom substrate. The thicknesses of In bumps are also 

uniform throughout. Once the In bumps are formed on a substrate, they are placed in a 

chip aligner along with other substrate which forms the cavity. These are aligned precisely 

using video cameras and the automated bonding process is started. Here the two substrates 

are brought close to each other by noting the pressure and once in co

increasing pressure cycles is executed on the device. Since In is a soft metal is sticks to the 

other metals easily. Thus, an In bump bonded micromachined Fabry

been fabricated as shown in Figure 3.8. 
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he process flow for the fabrication of indium bump bonding for Device A type. 

  

These In bumps performed the dual role of bonding and also as a Via through which 

the top substrate is driven from bottom substrate. The thicknesses of In bumps are also 

uniform throughout. Once the In bumps are formed on a substrate, they are placed in a 

chip aligner along with other substrate which forms the cavity. These are aligned precisely 

using video cameras and the automated bonding process is started. Here the two substrates 

are brought close to each other by noting the pressure and once in contact and recipe of 

increasing pressure cycles is executed on the device. Since In is a soft metal is sticks to the 

other metals easily. Thus, an In bump bonded micromachined Fabry-Perot cavity device has 

been fabricated as shown in Figure 3.8.  

 

These In bumps performed the dual role of bonding and also as a Via through which 

the top substrate is driven from bottom substrate. The thicknesses of In bumps are also 

uniform throughout. Once the In bumps are formed on a substrate, they are placed in a flip 

chip aligner along with other substrate which forms the cavity. These are aligned precisely 

using video cameras and the automated bonding process is started. Here the two substrates 

ntact and recipe of 

increasing pressure cycles is executed on the device. Since In is a soft metal is sticks to the 

Perot cavity device has 



 

Figure 3. 8: The final bonded MEMS Fabry
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final bonded MEMS Fabry-Perot cavity Device A type.  
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4 Optical Setup and Testing 

This chapter describes the various ways to test the mechanical and material properties of 

these devices for operation in the visible optical spectrum.  

4.1 Optical Setup 

An optical setup capable of doing this had been constructed with four major 

components: a light source, optics to direct/align the beam, MEMS device/sensor and a 

detector of modulated light. A wave pattern generator is used for driving the microbridges in 

the device through the electric probes. The schematic of the optical setup is shown in Figure 

4.1. 

 

Figure 4. 1: Schematic of optical setup. 
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The major components of this optical setup are light source, optics to direct/align the 

beam, the device under test (DUT) and a detector of the modulated light. Various kinds of 

equipment can be used for each component to test the several properties of the device in the 

visible spectrum. A white light halogen lamp or a visible laser is used as a light source in the 

setup. An approximately collimated beam through an iris is directed to the optics cage which 

holds the device. The beam from the iris hits the 45° mirror at the bottom of the cage, which 

directs it vertically. The beam then goes through an objective which is on a fine XY 

translation stage in the cage. The location of this stage in the cage can be altered in the z 

direction with respect to the device holder. The objective now focuses the beam to a spot, on 

to the device on a holder at the top of the cage which again is on another fine XY translation 

stage. This device is a micromachined FP cavity made with fixed glass partial mirror and a 

movable Al/SiNx microbridge as the other partial mirror, separated by a cavity gap.  

On a vertical pillar with an iron plate on top, about the same height as the cage and a 

few centimeters away from it, the two electrical probes are placed. Once these probes are on 

the DUT, the XY translation stages in the optics cage align the beam spot onto the required 

bridge. The spot size can go to as low as 100µm by varying the iris that directs the beam to 

the cage and by moving the objective away from the device holder in the cage. Aligning the 

spot on the bridge is done with an optical microscope on top. Since this setup is in the 

transmission mode, the beam incident on the device and modulated needs to be collected and 

directed to the detector. The modulated beam is collected from the bridge by using another 



 

objective which is on the top the device holder using a suspended support cage which is 

connected to the vertical pillars through a XYZ translation stage. 

This suspended cage can be moved away from the below optics cage with the pillars 

being on the X movable rail stage. In this manner, the optical microscope and this cage can 

be alternated whenever requir

suspended stage, it is again directed to another objective, which focuses the beam to a spot on 

the top of this cage. On the top of the suspended cage is the optical fiber holder with a XY 

translation stage, which passes the modulated light to the detector. This suspended cage is 

controlled by a XYZ translation stage to collect the modulated light from the device. Thus, 

the second objective in the cage focuses the beam to the optical fiber with the

translation stages. With the alignment of the beam done with respect to the device and the 

optical fiber holder, the fiber collects the modulated light and passes to the detector 

connected. 

Figure 4. 2: Image of the Optical Setup
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objective which is on the top the device holder using a suspended support cage which is 

e vertical pillars through a XYZ translation stage.  

This suspended cage can be moved away from the below optics cage with the pillars 

being on the X movable rail stage. In this manner, the optical microscope and this cage can 

be alternated whenever required. Once the beam is collected through the objective in the 

suspended stage, it is again directed to another objective, which focuses the beam to a spot on 

the top of this cage. On the top of the suspended cage is the optical fiber holder with a XY 

tion stage, which passes the modulated light to the detector. This suspended cage is 

controlled by a XYZ translation stage to collect the modulated light from the device. Thus, 

the second objective in the cage focuses the beam to the optical fiber with the

translation stages. With the alignment of the beam done with respect to the device and the 

optical fiber holder, the fiber collects the modulated light and passes to the detector 

 

he Optical Setup. 

objective which is on the top the device holder using a suspended support cage which is 

This suspended cage can be moved away from the below optics cage with the pillars 

being on the X movable rail stage. In this manner, the optical microscope and this cage can 

ed. Once the beam is collected through the objective in the 

suspended stage, it is again directed to another objective, which focuses the beam to a spot on 

the top of this cage. On the top of the suspended cage is the optical fiber holder with a XY 

tion stage, which passes the modulated light to the detector. This suspended cage is 

controlled by a XYZ translation stage to collect the modulated light from the device. Thus, 

the second objective in the cage focuses the beam to the optical fiber with the help of the 

translation stages. With the alignment of the beam done with respect to the device and the 

optical fiber holder, the fiber collects the modulated light and passes to the detector 
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      The detector could be a photo multiplier tube (PMT), Thor labs photo detector or Ocean 

optics USB 4000 spectrometer depending on the type of measurement. For controlling the 

spot size, this setup is also aligned with a red laser with only a minimal adjustment in the 

position of the objective on the optics cage.  The actual optical setup is shown above  in 

Figure 4.2. 

4.2 Driving mechanism for the device 

It is essential to have a driving mechanism in place to take the various measurements 

from the fabricated MEMS devices. Serving the purpose is the optical setup constructed with 

the two electrical probes. These probes are placed on the contact pads of the device 

depending on the bridge selected to be driven. Equipment used for driving is discussed in the 

sections below. 

4.2.1 DC power supply generator 

An actual image of the BK Precision programmable DC power supply generator, 

shown in Figure 4.3, that was used to drive the microbridges of the device electro thermally 

and electro statically through the electrical probes connected by alligator clips. This power 

supply has two separate channels, from 0 to 35V in adjustable increments starting as low as 

10mV. Also it has ISET and VSET functions which limit the current or voltage applied to the 

device. 
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Figure 4. 3: Image of the DC power supply. 

4.2.2 Wave pattern generator 

For electrostatically actuation, a wave pattern generator (Agilent 33120A) is used to 

drive the microbridges of the device with the frequency response measured through an 

oscilloscope. This generator can go from 0 to 10Vp-p on increments as low as 100mV. It can 

generate square, sinusoidal, pulse waveforms and has a frequency range of up to 15MHz. 

Since the devices used require the voltage to go beyond 10V in some cases, a piezo controller 

has been used to amplify the voltage up to 150V if needed. (The amount of amplification can 

be controlled using an intensity knob on the amplifier.) Also we need to use the voltage 
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offset option in the wave generator, to keep the amplifier out of trouble. An actual image of 

the wave pattern generator coupled with a piezo controller is shown in Figure 4.4 below. 

 

 

Figure 4. 4: Image of the wave form generator and piezo controller acting as voltage amplifier. 

 

4.3 Obtaining the Fabry-Perot Spectrum 

Once the device is fabricated, the next step is to test if the device works satisfactorily 

for the various measurements to be taken later on it. A quick test is to look at the transmitted 
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spectral data of the device, with the constructed optical setup. For this a white light source 

with an Ocean Optics USB 4000 spectrometer as the detector are used at the extreme ends of 

the optical setup. Once the device is placed on the holder, the light source is turned on and 

using an optical microscope the light is focused on to a microbridge (DUT) with the 

necessary translation stages. 

   Now the microscope is moved away bringing in the suspended cage and aligning it 

with the optical fiber connected to the spectrometer. Using a screw knot, the final position of 

the suspended cage on the rail can be fixed and now it can be used alternating with the 

microscope without any misalignment issues. The transmitted spectral data from the bridge 

can now be seen on the Ocean Optics spectrometer software program. The program opens a 

window which automatically takes over the spectrometer and shows a real plot of the 

transmitted light in terms of intensity versus wavelength. The wavelength range of the 

spectrometer is from 200-1000nm and the halogen lamp used as the light source has a 

wavelength range of 350-850nm with varying intensity. The light collected by the 

spectrometer is from a MEMS device with Fabry-Perot (FP) cavity.  

Thus, a transmitted spectrum with cavity modes in the visible region is seen on the 

program. The number of modes depends on the cavity gap of the devices. The intensity of the 

light source might have to be varied to have the spectrum in the range of the real plot. This 

can be done directly at the light source using a knob or varying the opening size of the iris. 

The program also gives options with changing the intensity and also integration counts to get 
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better data. It also gives an option to pinpoint the wavelength with a vertical line cursor on 

the real plot. The spectrum can also be saved for further analysis. A screen shot of the 

program is shown in the Figure 4.5 for a device with cavity gap of 5µm on a microbridge of 

dimensions 500µm x 250µm.  

 

Figure 4. 5: Sample screenshot of the transmission spectrum for DUT with a cavity gap 5µm. 
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Using the translation stage for the objective in the optics cage, a manual scan can be 

performed for the FP spectrum on various bridges. Investigating the FP spectra of the bridges 

around the 4 corners, center and edges of the device shows if it is free of tilt issues. If the FP 

spectra are relatively same for most of the bridges, then it can be assured that the device is 

free of bonding and tilt issues. Thus, the fabrication of this device can be termed successful 

and can be further used for collecting various measurements required.       

4.4 Testing of the devices 

The devices fabricated can be driven in two ways (a) Electrothermally and (b) 

Electrostatically with the pair of electrical probes in the constructed optical setup. The 

collected light is directed to a detector using an optical fiber. 

4.4.1 Electrothermal testing  

In electrothermal testing heat the microbridges of the devices by passing current 

through them. For this purpose a DC current supply is used to drive the bridges through the 

probes. Before bonding the two substrates of the final device, the wafer substrate with the 

aluminized silicon nitride bridges with/without the gold contact pads is used for partial 

electrothermal testing. A high magnification objective is used to focus on to a bridge and 

drive it by aligning the probes on the specific contact pads using the map of the bridges 

shown in the Appendix 8.1. Using these substrates, the wrinkling nature of the bilayer 

Al/SiNx was observed and the corresponding measurements can be taken. The voltage supply 
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is varied in small increments of 100mV and the corresponding current data through the 

bridge is noted down.  

Also during driving the wrinkling effect can be visually seen through the microscope, 

the images and videos of which are also saved using the software program. Critical voltage 

before the bridge breaks of around 2V is noted down and care is taken not to exceed that 

voltage. Using a radical we match the number of turns for each division of the scale on the 

objective. The various divisions marking for the objective scale are shown in the Table 4.1.  

This table is used in the measurements of the wrinkle wavelength spacing and amplitude.  

Table 4. 1: Scaling of the radical divisions for objectives in the optical microscope. 

Objective (Magnification)      Scale  (1 division is) 

5X 20µm 

10X 10µm 

20X 5µm 

50X 2µm 

100X 1µm 
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After this step, the substrate goes for the bonding procedure of the fabrication and 

thus forming the final micromachined FP cavity device. In the second part of the 

electrothermal testing we use the same setup as described earlier only replacing the substrate 

with the final device.  

For the electrothermal testing, the device is driven for the same set of bridges tested 

for wrinkling. Blue shift observed in the cavity modes from the spectrum of spectrometer 

software program confirms the wrinkling of the bilayer microbridge. Thus, this device acts as 

an optical modulator of light. An actual image of the Ocean optics USB 4000 spectrometer is 

shown in the Figure 4.6.                   

 

 

Figure 4. 6: Image of the Ocean optics USB 4000 spectrometer. 
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4.4.2 Electrostatic testing 

In electrostatic testing is done by applying a voltage bias across the two parallel plates 

of the FP cavity device. In the device one of the parallel plates is the fixed glass substrate and 

the other one is the movable Al/SiNx microbridge. Using electric probes and Indium bumps 

the device can be biased electrostatically by having opposite polarities on each of the 

aluminized plates. The testing is done using the constructed optical setup with either the DC 

power supply or the wave pattern generator. First a DC power supply along with a 

spectrometer is used to obtain the FP spectra in the software program. The electrostatic 

motion of the bridge can be confirmed, with the observed wavelength tuning of the FP 

spectra data in the program. Keeping in check with this critical bias voltage (where the bridge 

sticks to the opposite surface), further measurements are taken. Also the vertical cursor is 

placed on the center of the slope of the cavity mode close to red/green/blue light 

wavelengths.  

Now we add in a red filter before the iris which just directs the red light with a peak 

around 630nm to the microbridge and collected to the spectrometer. The bias is varied to 

confirm the motion of the bridge which modulated the intensity of the red light in the 

program. Replacing the DC power supply with wave pattern generator coupled with a piezo 

voltage amplifier as discussed earlier, is used to drive the bridges electrostatically. Observing 
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the real plot in the program we try to position the spot size on the bridge with low intensity 

first and such that increasing with the bias applied. Basically we are trying to position the red 

light peak at the center of the slope, on one of the cavity modes of the spectrum. This can be 

achieved with the help of the objective XY translation stage in the optics cage and trying to 

get the peak close to the vertical cursor left on the program.  

A square wave pattern at the deduced voltage with certain frequency is generated and 

is used to drive the bridge. This can be observed in one of the channels of the oscilloscope. 

Thus, the modulated light is collected and directed towards the detector. Here we can either 

use a photodiode or a photo multiplier tube (PMT). On comparison a PMT is chosen here for 

its high efficiency in detecting low power light modulation overlooking its high SNR ratio. 

By comparing the magnitude and the phase of the square wave generated with the output of 

the PMT in the oscilloscope, the modulation speed of the microbridge can be measured. 

Several tricks like averaging the data in the oscilloscope collected from the PMT, increasing 

the intensity by increasing the bias and others need to be performed for better data collection.  

Hence, the frequency response of the bridge motion is detected using an oscilloscope,  

shown in Figure 4.7 and the image of the response can be stored in it. Also a network 

analyzer can be used replacing the oscilloscope for further bandwidth measurements.  The 

light source could also be replaced with a laser for a particular wavelength in the visible 

spectrum.  
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Figure 4. 7: Image of the Tektronix Oscilloscope. 
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5 Analysis of Electrothermal wrinkling in Microbridges 

This chapter will discuss the data analysis for the microbridges of various dimensions 

that were fabricated on a silicon substrate. The double clamped structures of the microbridges 

is formed by patterning and releasing a bilayer aluminized silicon nitride through several 

processing steps as shown in Figure 5.1. The microbridges have a bilayer structure with 

200nm of silicon nitride and 30-40nm of Aluminum on top. By passing an electrical current 

through this aluminum metal, bridges are driven electrothermally. 

 

Figure 5. 1: Schematic of the bilayer wrinkling. 

5.1 Introduction 

Thin film materials are used in wide range of applications including microelectronics, 

coatings and medical devices; however a recurring feature in these materials is the wrinkling 

and buckling phenomenon. Wrinkling is a well studied phenomenon occurring in thin 

isotropic elastic sheets (L>W>>t) when subjected to a strain greater than the critical value of 



 

the material
1,2

. Stretching of the substrate makes large amplitude, long wavelength 

deformations prohibitive and hence the material wrinkles with the 

compromise between bending and stretching energies. As a stress driven instability, the study 

of buckling can be traced back to the classical Euler buckling of an elastic column and its 

dependence on the constraints. The resulting perio

various applications like the diffraction gratings

electronics
5
.  

In the microbridges, the wrinkling phenomenon is due to the ends of the bridge 

having a clamped boundary condition 

tensile near the clamped boundary and compressive slightly further from it. The total energy 

of the system can be reduced by allowing the formation of the periodic wrinkles. A double 

clamped microbridge of the Silicon Nitride layer with E= 250GPa

to a critical strain due to the biaxial stress, thus forming the period of wrinkles shown in 

Figure 5.2(b). Figure 5.2(a) shows the flat microbridge when width is equal to length. 

Figure 5. 2: A Flat SiNx microbridge (a) L=500um, W=500um. 

wrinkles.   

79 

. Stretching of the substrate makes large amplitude, long wavelength 

deformations prohibitive and hence the material wrinkles with the wavelength set by a 

compromise between bending and stretching energies. As a stress driven instability, the study 

of buckling can be traced back to the classical Euler buckling of an elastic column and its 

dependence on the constraints. The resulting periodic wrinkles have been exploited in 

various applications like the diffraction gratings
3
, metrological tools

4
, and stretchable 

In the microbridges, the wrinkling phenomenon is due to the ends of the bridge 

having a clamped boundary condition resulting in biaxial stress. The transverse stress is 

tensile near the clamped boundary and compressive slightly further from it. The total energy 

of the system can be reduced by allowing the formation of the periodic wrinkles. A double 

of the Silicon Nitride layer with E= 250GPa
6
 and ν= 0.24

to a critical strain due to the biaxial stress, thus forming the period of wrinkles shown in 

Figure 5.2(b). Figure 5.2(a) shows the flat microbridge when width is equal to length. 

 

microbridge (a) L=500um, W=500um. (b) L=1500um >> W=750um >> t=200nm

. Stretching of the substrate makes large amplitude, long wavelength 

wavelength set by a 

compromise between bending and stretching energies. As a stress driven instability, the study 

of buckling can be traced back to the classical Euler buckling of an elastic column and its 

dic wrinkles have been exploited in 

, and stretchable 

In the microbridges, the wrinkling phenomenon is due to the ends of the bridge 

resulting in biaxial stress. The transverse stress is 

tensile near the clamped boundary and compressive slightly further from it. The total energy 

of the system can be reduced by allowing the formation of the periodic wrinkles. A double 

ν= 0.24
7
 is subjected 

to a critical strain due to the biaxial stress, thus forming the period of wrinkles shown in 

Figure 5.2(b). Figure 5.2(a) shows the flat microbridge when width is equal to length.  

(b) L=1500um >> W=750um >> t=200nm, with 3 



 

The usual device processing ends up with double clamped bilayer (aluminized SiN

microbridge structures  which are

observation conveys that the aluminum deposited on the SiN

on the structure, thus forcing the strain to be below the critical value.   

Figure 5. 3: Flat bilayer (Al=30-40nm) microbridge (a) Topside  (b) Backside. 

Now these bilayer microbridges are driven electrothermally by applying bias between 

the two ends, using electric probes. Wrinkling is observed with the increase in the current 

through the microbridge. Thus, in these bilayer microbridge structures we can control the 

wrinkling with the amount of bias applied through it and also bring back to the original 

condition. Figure 5.4 shows an example of the wrinkling in a bilayer microbri

biased. The theory here is that the bilayer microstructure is composed of a free standing 

elastic silicon nitride (SiNx) lower layer and a top layer that is thin metal (Aluminum) film 
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The usual device processing ends up with double clamped bilayer (aluminized SiN

microbridge structures  which are flat and have no wrinkles are shown in Figure 5.3. This 

observation conveys that the aluminum deposited on the SiNx film releases the biaxial stress 

on the structure, thus forcing the strain to be below the critical value.    

40nm) microbridge (a) Topside  (b) Backside.  

Now these bilayer microbridges are driven electrothermally by applying bias between 

the two ends, using electric probes. Wrinkling is observed with the increase in the current 

through the microbridge. Thus, in these bilayer microbridge structures we can control the 

wrinkling with the amount of bias applied through it and also bring back to the original 

condition. Figure 5.4 shows an example of the wrinkling in a bilayer microbri

biased. The theory here is that the bilayer microstructure is composed of a free standing 

) lower layer and a top layer that is thin metal (Aluminum) film 

The usual device processing ends up with double clamped bilayer (aluminized SiNx) 

flat and have no wrinkles are shown in Figure 5.3. This 

film releases the biaxial stress 

 

Now these bilayer microbridges are driven electrothermally by applying bias between 

the two ends, using electric probes. Wrinkling is observed with the increase in the current 

through the microbridge. Thus, in these bilayer microbridge structures we can control the 

wrinkling with the amount of bias applied through it and also bring back to the original 

condition. Figure 5.4 shows an example of the wrinkling in a bilayer microbridge when 

biased. The theory here is that the bilayer microstructure is composed of a free standing 

) lower layer and a top layer that is thin metal (Aluminum) film 
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under some initial compressive stress. Before the top layer deposition, the lower layer is 

under biaxial stress due to the clamped boundary condition. 

 After the internally stressed top layer deposition, the lower layer is free of stress 

making the bilayer microbridge appear flat. Periods of wrinkles in the bilayer are formed 

when the top layer of microstructure is subjected to a critical stress electrothermally. These 

are controlled by increasing the stress of the top layer. This method creates an effective way 

to control the wrinkling with respect to bias and stress. 

 

Figure 5. 4: A bilayer microbridge (L=500um, W=460um) with Al=32nm, at a bias of 1.2V. 

5.2 Contact pads 

The initial set of microbridges was driven without the contact pads. So the distance 

between the probes used to bias the bridge, is taken to be the length (L) of the bridge when 

measuring parameters like resistivity, temperature and stress.  Biasing the bridges with no 

contact pads, can cause the interface around the probe contact area to be burnt and thus 

frequently changing the position of the probes for further measurements. To avoid this 

situation, a few microbridges were fabricated with chrome/gold contact pads of 5nm/200nm 

thickness and same width as that of the microbridge. Having contact pads helps in taking 
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measurements more efficiently and accurately, as seen with the resistivity measurements 

later. Figure 5.5 has bilayer microbridges with gold contact pads. 

 

Figure 5. 5: A bilayer microbridge (L=475um, W=200um) with Cr/Au (5nm/200nm) contact pads, biased at 1.5V. 

 

5.3 Thin film Aluminum 

With more technology tending towards thin films, knowing their mechanical and 

physical properties becomes even more important. Physical properties of Aluminum thin 

films differ from those of  bulk films and mechanical properties of these films play an 

important role in understanding the behavior of the wrinkling in bilayer. The grain size and 

thickness constraints play an important role in the thin film material behavior. Surface and 

grain boundary conditions of the thin film contribute to the electrical resistivity variations
8
. 

Young’s Modulus (E) and Stress (σ) are some of the properties affected when the thickness 

decreases and approaches to the nanoscale
9
. The grain size of the thermally deposited 

Aluminum (30-40nm) is measured using Atomic Force microscopy (AFM) as shown in 
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Figure 5.6, to be around 50-100nm, also confirming the approximate thickness of the film at 

the mesa patterns.  

 

Figure 5. 6: An AFM image of 30-40nm Al (before heating) with grain size around 50-100nm. 

Thin films show superior mechanical properties when compared to their bulk 

counterpart. However reduction in the dimension makes them sensitive to the thermal field. 

Elevated temperatures due to heat dissipation may change the mechanical properties 

affecting the reliability of thin films in MEMS devices. Physical parameters like Electrical 

resistivity (ρ), thermal expansion coefficient (αt), resistive thermal coefficient (αr) and stress 

of the thermally deposited Al thin films were measured while heating them
10

. Using free 

standing membranes, thermo mechanical properties of the thin films with the isolation of the 

substrate like Young’s modulus and strength were measured
11

.  
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Current passes through the biased Aluminum film, in turn heating the film. This 

makes the Al soft consequently changing the grain size shown in Figure 5.7. There is no real 

grain present now as it looks like 2 or more grain coincides with each other and makes the 

size appear bigger. Young’s modulus changes with this thermal effect. The electron path 

from one end to the other reduced with heating of the film. On returning to room 

temperature, Al is more conductive than the one deposited through thermal evaporation. 

Again there is a critical point beyond which, heating causes irreversible damage to the film 

making it non conductive between the two probes. This could be since there is no path for the 

electrons to travel from one end to the other. Hence, due to thermal effect the physical and 

mechanical properties of the Al can be changed.         

 

Figure 5. 7: An AFM image of 30-40nm Al (after heating) with smoother texture. 
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5.4  Transmission Line Method (TLM) measurements 

5.4.1 Procedure 

A TLM (Transfer length Method) test structure is a multiple- contact, two terminal 

test structure used for determination of contact resistance (metal to metal contact in this 

case), specific contact resistivity and also sheet resistance. The resistance is measured 

between contacts 1 and 2, 2 and 3, 3 and 4 and 4 and 5 with current passed and voltage 

measured between the same probes. In general, the measured resistance is given as
12

,  

                                                           
c

i

Ti R
Z

d
R 2s +=

ρ

                                                       (5.1) 
 

Here, d is distance between contacts; Z is the width of the contact and Rc the contact 

resistance. In our measurements we are assuming W=Z. 

The measured resistance RT is plotted as a function of distance between contacts, d. The plot 

is a straight line with slope= ρs/Z and RT intercept = 2Rc. In this way, both contact resistance 

and sheet resistance can be calculated from the plot as shown in the Figure 5.8 and Figure 

5.9. The d-intercept = 2LT gives transfer length LT which yields specific contact resistivity as 

ρc = ρs L
2

T. 
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Figure 5. 8: A top view of the test structure. 

 

 

Figure 5. 9: Measurement method for resistivity.  

5.4.2 Analysis 

The TLM test structure gives the complete characterization of the contact by 

providing the sheet resistance, resistivity, contact resistance and specific contact resistivity. 

The TLM structures are shown in the Figure 5.10 below. These structures have Cr/Au 

(5/200nm) contact pads of 240µm x 240µm (LxW) dimensions on 30nm thermally 

evaporated Al. The distance between the contact pads are 5µm, 10µm, 20µm and 50µm 

respectively. Each die has four TLM structures denoted as tlm1, tlm2 tlm3 and tlm4 

respectively.  



 

Figure 5. 10: TLM structure for resistivity measurements with W=Z= 240um

 

Below is the detailed analysis of the “tlm2” str

films the grain size changes with the heating of the films, thus changing the physical 

properties like resistivity of the material. In TLM method we pass current through the contact 

pads and measure the resistivity. But

smoother texture. So, the resistance is linear with increasing bias for sometime before texture 

changes and now it’s again linear with increasing or decreasing bias but does not go to the 

pervious values, showing hysteresis. Now leaving the film heated at high temperatures for 

longer time, make the film more resistive and finally destroying it permanently as shown in 

the Figure 5.11. Thus, it is impossible to have an accurate measurement for all conta

spacing as the current through it varies the resistance for different situations on the same 

TLM structure. 
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: TLM structure for resistivity measurements with W=Z= 240um. 

Below is the detailed analysis of the “tlm2” structure. As discussed earlier in thin 

films the grain size changes with the heating of the films, thus changing the physical 

properties like resistivity of the material. In TLM method we pass current through the contact 

pads and measure the resistivity. But, this in turn heats the films causing it to flow into a 

smoother texture. So, the resistance is linear with increasing bias for sometime before texture 

changes and now it’s again linear with increasing or decreasing bias but does not go to the 

lues, showing hysteresis. Now leaving the film heated at high temperatures for 

longer time, make the film more resistive and finally destroying it permanently as shown in 

the Figure 5.11. Thus, it is impossible to have an accurate measurement for all conta

spacing as the current through it varies the resistance for different situations on the same 

ucture. As discussed earlier in thin 

films the grain size changes with the heating of the films, thus changing the physical 

properties like resistivity of the material. In TLM method we pass current through the contact 

, this in turn heats the films causing it to flow into a 

smoother texture. So, the resistance is linear with increasing bias for sometime before texture 

changes and now it’s again linear with increasing or decreasing bias but does not go to the 

lues, showing hysteresis. Now leaving the film heated at high temperatures for 

longer time, make the film more resistive and finally destroying it permanently as shown in 

the Figure 5.11. Thus, it is impossible to have an accurate measurement for all contact 

spacing as the current through it varies the resistance for different situations on the same 



 

Figure 5. 11: A TLM structure with the Al film permanently destroyed at 50um contact spacing due to excessive 

  On returning to room temperature as

explained in Table 5.1, Aluminum becomes more conductive (2

deposited through evaporation (1

beyond a maximum load, causes irreversible damage to the film making it more resistive that 

the previous case. In the plot 

making the film very conductive and follows the path of the second 

reaches the end of this cycle, it heats up the Aluminum film and slowly at this elevated 

temperature it becomes more resistive as the current decreases for the same bias, now 

following the third cycle measurements. Leaving the film 

time can damage the film permanently on reaching the maximum load.
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: A TLM structure with the Al film permanently destroyed at 50um contact spacing due to excessive 

heating 

On returning to room temperature as shown in the I-V plot of Figure 5.12 and 

explained in Table 5.1, Aluminum becomes more conductive (2
nd

 cycle) than the one 

deposited through evaporation (1
st
 cycle).  However with the thickness in nanoscale, heating

beyond a maximum load, causes irreversible damage to the film making it more resistive that 

plot  current shoots up at the end of the first cycle of measurements 

making the film very conductive and follows the path of the second cycle. Once the current 

reaches the end of this cycle, it heats up the Aluminum film and slowly at this elevated 

temperature it becomes more resistive as the current decreases for the same bias, now 

following the third cycle measurements. Leaving the film at high bias (around 3V) for longer 

time can damage the film permanently on reaching the maximum load. 

: A TLM structure with the Al film permanently destroyed at 50um contact spacing due to excessive 

V plot of Figure 5.12 and 

cycle) than the one 

cycle).  However with the thickness in nanoscale, heating 

beyond a maximum load, causes irreversible damage to the film making it more resistive that 

shoots up at the end of the first cycle of measurements 

cycle. Once the current 

reaches the end of this cycle, it heats up the Aluminum film and slowly at this elevated 

temperature it becomes more resistive as the current decreases for the same bias, now 

at high bias (around 3V) for longer 



 

Table 5. 1: Explains the data labels in the plots of the figures 5.12.

Cycle 1 Initially very resistive with the rough 

Cycle 2 After initial heating, the smooth texture of Al makes it more conductive.

Cycle 3 With prolonged heating at high temperatures, makes Al resistive finally 

destroying the film.

 

Figure 5. 12: I-V plot for the Al film when biased. The arrow pointing up shows the transition from the 1

the 2nd cycle and from there to the 3rd

Table 5.2 tabulates the two

structures.  The total average 

resistivity and contact resistance

the Al film had a drastic change with respect to other contact spacing. Taking the best 

available values gives consistent results with the various measurements of resistivity.
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Explains the data labels in the plots of the figures 5.12. 

Initially very resistive with the rough texture of the thermally evaporated Al.

After initial heating, the smooth texture of Al makes it more conductive.

With prolonged heating at high temperatures, makes Al resistive finally 

destroying the film. 

V plot for the Al film when biased. The arrow pointing up shows the transition from the 1
rd cycle is shown by the arrow pointing down. 

the two-point probe measurements made on the TLM test 

average resistance is plotted against the contact spacing to obtain 

resistivity and contact resistance. Some measurements are left blank where it is obvious that 

had a drastic change with respect to other contact spacing. Taking the best 

available values gives consistent results with the various measurements of resistivity.

texture of the thermally evaporated Al. 

After initial heating, the smooth texture of Al makes it more conductive. 

With prolonged heating at high temperatures, makes Al resistive finally 

 

V plot for the Al film when biased. The arrow pointing up shows the transition from the 1st cycle to 

made on the TLM test 

resistance is plotted against the contact spacing to obtain the 

Some measurements are left blank where it is obvious that 

had a drastic change with respect to other contact spacing. Taking the best 

available values gives consistent results with the various measurements of resistivity. For 
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example, a sample plot of total resistance against contact spacing of “tlm2” is shown in 

Figure 5.13 and different parameters defining contact are evaluated. 

Table 5. 2: TLM measurements on the device with test structures. 

TLM Test Structure 

Device # R12(ohms) R23(ohms) R34(ohms) R45(ohms) 

Contact Spacing, d 

(um) 5 10 20 50 

tlm1 7.4     7.88 

tlm2 6.77 6.42 8.66 10.34 

tlm3 6.83 6.78 8.97 9.73 

tlm4     5.21 7.56 

Average 7.00 6.60 7.62 8.88 

Std Deviation 0.34 0.24 2.08 1.36 

 



 

Figure 5. 13: TLM plot for the “tlm2” structure on 

Extraction of parameters; 

Given W=Z =240um; thickness of Al (t) = 32nm 

Slope from the plot in the Figure 4.11 = 0.085.

Sheet Resistance Rs = slope x Z = 20.4

Resistivity ( ) = 6.53x10

Contact Resistance Rc = Y-Intercept/2 = 

The above set of calculations was done for all set of TLM measurements. Table 5.3 

tabulates the parameters for various TLM measurements along with the average and standard 

deviation values. Also this is plotted and shown in F
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: TLM plot for the “tlm2” structure on the device. 

Given W=Z =240um; thickness of Al (t) = 32nm  

Slope from the plot in the Figure 4.11 = 0.085. 

x Z = 20.4 ohms/square 

) = 6.53x10
-7

 ohm-m 

Intercept/2 = 3.1185 ohms 

The above set of calculations was done for all set of TLM measurements. Table 5.3 

tabulates the parameters for various TLM measurements along with the average and standard 

deviation values. Also this is plotted and shown in Figure 5.14 for resistivity measurements 

The above set of calculations was done for all set of TLM measurements. Table 5.3 

tabulates the parameters for various TLM measurements along with the average and standard 

igure 5.14 for resistivity measurements  



 

Table 5. 3: Average and standard deviation of resistivity and contact resistance for various TLM test structures.

TLM Test Structures  

Structure # tlm1

Contact Resistance Rc 

(ohms) 

3.67

Resistivity (ohms-m) 7.68

7

 

Figure 5. 14: Resistivity Vs TLM structure number

From the above plots and

terms of measurements taken compared to others. So we neglect exclude “tlm4” and 

calculate the average resistivity as 6.43x10
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: Average and standard deviation of resistivity and contact resistance for various TLM test structures.

tlm1 tlm2 tlm3 tlm4 Average

3.67 3.11 3.33 1.82 2.98 

7.68x10
-

7 

6.53 x10
-

7
 

5.07 x10
-

7
 

5.99 x10
-

7
 

6.32 x10

7
 

: Resistivity Vs TLM structure number. 

From the above plots and tables we can conclude that “tlm4” structure is way off in 

terms of measurements taken compared to others. So we neglect exclude “tlm4” and 

calculate the average resistivity as 6.43x10
-7Ω-m and average contact resistance as 3.373 

: Average and standard deviation of resistivity and contact resistance for various TLM test structures. 

Average Std 

Deviation 

 0.80 

x10
-

1.09 x10
-7

 

 

tables we can conclude that “tlm4” structure is way off in 

terms of measurements taken compared to others. So we neglect exclude “tlm4” and 

m and average contact resistance as 3.373 Ω. 
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Since, we cannot be certain of the resistivity values calculated because of the thin film Al 

nature; we take the value as 2.65x10
-8

 Ω-m from the literature
9
. 

5.5 Temperature measurements 

5.5.1 Procedure 

Heating of thin films causes changes in the grain size which in turn change the physical and 

mechanical properties of the thin film Aluminum. Thus, it is important to keep track of the 

temperature of the heated films. 

• From the Voltage (V) and Current (I) measurements taken from the bridge, electrical 

resistance (R) is calculated.  

R
*
= (V/I)                                                             (5.2) 

• While measuring the temperature for a given electrical resistance value, we have to 

keep in mind that it contains Rc (Contact resistance) and Rp (probe resistance).  

                                             R
 
= R

*
 – (2Rc+2Rp)                                                      

(5.3) 

where R = Electrical Resistance of the film at room temperature. 

The above relation holds good for microbridge structures with Contact pads. 
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For structures without contact pads, the contact resistance is absent we have, 

                                                  R
 
= (R

*
- 2Rp)                                                          (5.4) 

• Using this new R, knowing the length (L) and width (W) of the bridge from the 

probes, we calculate resistivity (ρ) for each voltage measurement, where tWA ×=  

and “t” is the thickness of the material, in this case Aluminum (Al). 

                                                     L

AR ×
=ρ

                                                           (5.5)
 

• From the   literature
9
, we take that the ρ0 (room temperature) value for a 30-35nm Al 

to be 2.65x10
-8

 Ω-m.  

• Using ρ0, in the formula below we can calculate the final temperature for each voltage 

measurement, where 
rα is the Resistive thermal coefficient (taking the standard value 

of 0.0043/ºC for Al). 

                                                    

Tr ∆=
∆

α
ρ

ρ

0

,                                                        (5.6) 

Also, 0ρρρ −=∆ , 0TTT −=∆ , where subscript 0 referring to the room temperature 

(24ºC). 

• Using the above formulae we can deduce the temperature for the corresponding 

voltage applied following the sequence of steps below, 
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� R
*
= (V/I) 

� R
 
= R

*
 – (2Rc+2Rp) [with contact pads] or R

 
= (R

*
- 2Rp) [without pads] 

    �
L

AR ×
=ρ

 , 

    � 
Tr ∆=

∆
α

ρ

ρ

0  ,  

 

 

5.5.2 Analysis for microbridges without the gold contact pads 

First we take the batch of microbridges without the gold contact pads for 

measurements. The Probe resistance (Rp) = 2xRp = 8Ω. Figure 5.15 shows the schematic of 

the microbridge structure with the Length (L), Width (W) and Length (L’) which is taken as 

the distance between the electric probes. From here on L’ is used to instead of L for formula 

calculations and L is used in designating the dimensions of the microbridges. The aspect ratio 

is defined here as the ratio between the Width and Length of the microbridge. 

                                                 Aspect Ratio (AR) = W/L                                                   (5.7) 



 

Figure 5. 15: Schematic of the microbridge with dimensions width (W) x length (L)

 

5.5.2.1 Aspect ratio

 

:

Figure 5. 16: A sample temperature vs. volt
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: Schematic of the microbridge with dimensions width (W) x length (L). 

Aspect ratio 

: A sample temperature vs. voltage plot with microbridges having aspect ratio 0.8 and 10% error bars

 

 

age plot with microbridges having aspect ratio 0.8 and 10% error bars. 



 

Figure 5. 17: A sample temperature vs. voltage plot with microbridges having aspect ratio 0.5 and 10% error bars

When the aspect ratio values are approxim

temperature dependence on voltage also follows closely with each other. Figure 5.16 and 

5.17 are the plots with aspect ratios 0.8 and 0.5 respectively, with 10% error bars from the 

calculations involved with probe 

W<L. The voltage measurements are taken till or before the microbridge fractures. 

For AR ≥ 1 (W≥L), the data does not follow any particular trend but all of them have 

the final value around the point of  temperature of 250ºC

with 10% error bars.  
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: A sample temperature vs. voltage plot with microbridges having aspect ratio 0.5 and 10% error bars

When the aspect ratio values are approximately similar for the microbridges, their 

temperature dependence on voltage also follows closely with each other. Figure 5.16 and 

5.17 are the plots with aspect ratios 0.8 and 0.5 respectively, with 10% error bars from the 

calculations involved with probe resistances. This holds well only when AR<1, that is when 

W<L. The voltage measurements are taken till or before the microbridge fractures. 

L), the data does not follow any particular trend but all of them have 

point of  temperature of 250ºC  as shown on the plot in Figure 5.18 

 

: A sample temperature vs. voltage plot with microbridges having aspect ratio 0.5 and 10% error bars. 

ately similar for the microbridges, their 

temperature dependence on voltage also follows closely with each other. Figure 5.16 and 

5.17 are the plots with aspect ratios 0.8 and 0.5 respectively, with 10% error bars from the 

resistances. This holds well only when AR<1, that is when 

W<L. The voltage measurements are taken till or before the microbridge fractures.  

L), the data does not follow any particular trend but all of them have 

as shown on the plot in Figure 5.18 



 

Figure 5. 18: A sample temperature vs. voltage plot with microbridges having aspect ratio greater than or equal to 1

5.5.2.2 Various dimension

 

Figure 5. 19: A sample plot of temperature vs. voltage of microbridges with a constant length of 460

width and 10% error bars. 
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: A sample temperature vs. voltage plot with microbridges having aspect ratio greater than or equal to 1

Various dimensions  

 

: A sample plot of temperature vs. voltage of microbridges with a constant length of 460

 

: A sample temperature vs. voltage plot with microbridges having aspect ratio greater than or equal to 1. 

: A sample plot of temperature vs. voltage of microbridges with a constant length of 460µm and varying 



 

When L is kept constant but 

in the plot of Figure 5.19 with 10% error bars, the temperature decreases with the increasing 

width. The area increases with the increase in width, leading the temperature to be distributed 

more evenly and thus decreasing it.

For W constant, as the L dimension is increased as shown in the Figure 5.20, there is 

not too much variation with the temperature within a 10% error. Effective length between the 

two probes is L’ and not L through which the curren

is varying, L’ is not varying by much effectively making the area similar in each of the cases 

and not changing the temperature.

Figure 5. 20: A sample plot of temperature vs. voltage 

length and 10% error bars. 
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When L is kept constant but the W of the microbridge dimensions is varied as shown 

in the plot of Figure 5.19 with 10% error bars, the temperature decreases with the increasing 

width. The area increases with the increase in width, leading the temperature to be distributed 

and thus decreasing it. 

For W constant, as the L dimension is increased as shown in the Figure 5.20, there is 

not too much variation with the temperature within a 10% error. Effective length between the 

two probes is L’ and not L through which the current passes. So even though the L dimension 

is varying, L’ is not varying by much effectively making the area similar in each of the cases 

and not changing the temperature. 

: A sample plot of temperature vs. voltage of microbridges with a constant width of 250

the W of the microbridge dimensions is varied as shown 

in the plot of Figure 5.19 with 10% error bars, the temperature decreases with the increasing 

width. The area increases with the increase in width, leading the temperature to be distributed 

For W constant, as the L dimension is increased as shown in the Figure 5.20, there is 

not too much variation with the temperature within a 10% error. Effective length between the 

t passes. So even though the L dimension 

is varying, L’ is not varying by much effectively making the area similar in each of the cases 

 

of microbridges with a constant width of 250µm and varying 



 

5.5.2.3 Analysis of the microbridges with gold contact pads

The probe resistance is taken as 2*Rp (8

taken from the TLM measurements as

temperature is distributed more evenly and the microbridge is also more stable. In the Figure 

5.21 plot keeping W constant, L is increased with a corresponding decrease in the 

temperature with 5% error bars.

low. When the temperature is high and comparable with each other when AR > 1,

bridges behave differently from the structures with no contact pads. Hence, it is difficult to 

form a period of wrinkles and they are more of bowing in nature.

Figure 5. 21: A sample plot of temperature vs. voltage of microbridges with a constant width of 400

length and 5% error bars. 
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Analysis of the microbridges with gold contact pads 

The probe resistance is taken as 2*Rp (8Ω) and the average contact resistance (2Rc) 

taken from the TLM measurements as 6Ω. With the gold contact pads for probing, the 

temperature is distributed more evenly and the microbridge is also more stable. In the Figure 

5.21 plot keeping W constant, L is increased with a corresponding decrease in the 

temperature with 5% error bars. Also it is observed that when the AR ≤ 1, the temperature is 

low. When the temperature is high and comparable with each other when AR > 1,

bridges behave differently from the structures with no contact pads. Hence, it is difficult to 

d of wrinkles and they are more of bowing in nature. 

: A sample plot of temperature vs. voltage of microbridges with a constant width of 400

 

) and the average contact resistance (2Rc) 

. With the gold contact pads for probing, the 

temperature is distributed more evenly and the microbridge is also more stable. In the Figure 

5.21 plot keeping W constant, L is increased with a corresponding decrease in the 

 1, the temperature is 

low. When the temperature is high and comparable with each other when AR > 1, so these 

bridges behave differently from the structures with no contact pads. Hence, it is difficult to 

 

: A sample plot of temperature vs. voltage of microbridges with a constant width of 400µm and varying 
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5.6 Stress-Strain (S-S) curves 

5.6.1 Procedure 

The following formulae are used to calculate the strain (ε) and stress (σ) from the ∆T and 

Young’s modulus (E) of Aluminum. 

• ε = αt∆T, where αt is the thermal expansion coefficient (CTE) taken as 1.5x10
-6

/ºC 

from the literature for 30nm Aluminum
13

. Initial strain for the just deposited 

aluminum is taken from the standard value as 0.002.  

• σ = E(∆T) ε, is used to find the uniaxial stress induced by the temperature. 

• Young’s modulus (E) value of 30GPa is almost half the reported value of 70GPa for 

pure aluminum in bulk form
14

. Other investigators have reported similar low values
15

, 

which we use as the starting point for the thermally deposited aluminum. From the 

section 5.3, we know that thin film aluminum changes its grain size and thus its 

elastic Young’s modulus (E) when driven electrothermally. Thus, Young’s modulus 

of the thin film aluminum is thermally sensitive, so it is dependent on the change in 

temperature (∆T). We now propose an equation for the Young’s modulus (E∆T) 

change with temperature, to fit our final data better. 

o ( )
( )

( ) ( )( ) .,....3,2,1,
2,
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0
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∆
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o In the above formulae i is the number of measurements taken of a microbridge 

when biased with increasing voltage. When i=0 the microstructure is not 

biased, thus the voltage applied is zero and the E of the film is E(∆T)0. For i=1, 

the bias is increased and between 0V and 0.5V making the film change its 

properties slowly. Thus we start now with initial E(∆T)0 = E(∆T)1. From here on 

as the bias increases greater than 0.5V, we note the measurement for major 

change in the bilayer like wrinkling which are denoted with i=2,3…n and 

corresponding E(∆T)i are calculated. As discussed earlier initial E(∆T)0 is taken 

to be 30GPa.    

o A sample plot for the microbridge structure of dimensions 460µm x 500µm 

with the Young’s modulus (E(∆T)) variation with  change in temperature is 

shown in Figure 5.22. The final sample calculations are shown in Appendix 

8.3. 



 

Figure 5. 22: Young’s modulus of 30nm thin film variation with 

 

•  Plotting the Stress-Strain curves for Aluminum metal. There are two types in these 

curves as shown in the Figure 5.23 (a) and (b) for aluminum like ductile metals. 

(a) Engineering Stress

(b) True Stress-Strain curves
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s modulus of 30nm thin film variation with change in temperature 

Strain curves for Aluminum metal. There are two types in these 

curves as shown in the Figure 5.23 (a) and (b) for aluminum like ductile metals. 

Engineering Stress-Strain curves  

Strain curves 

 

Strain curves for Aluminum metal. There are two types in these 

curves as shown in the Figure 5.23 (a) and (b) for aluminum like ductile metals.  
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Figure 5. 23:  Ideal Ductile (a) Engineering Stress-Strain curves (b) Comparison of Engineering and True Stress-

Strain curves. 

In the early portion (low strain), materials obey with the Hooke’s law (σ=εE), that is 

elasticity. As the strain is increased many materials eventually deviate from this linear 

proportionality. This non linearity is usually associated with stress induced plastic flow of the 

specimen. The curves for brittle materials are typically linear over full range of strain, 

eventually terminating in fracture without appreciable plastic flow. Necking is the point 

where the material has ultimate tensile stress, beyond which there is strain softening 

happening. But the true stress actually borne by the material is larger than the engineering 

stress computed as shown in the Figure 5.23(b). Until necking, the deformation is essentially 

uniform throughout the specimen, but after neck forms all subsequent deformation takes 

place at the neck. The neck becomes smaller and smaller, true stress increasing all the time, 



105 

 

until the specimen fails. This will be the failure mode for most ductile metals. As the neck 

shrinks, the non uniform geometry alters the uniaxial stress state to a complex one and the 

specimen fractures. 

The engineering stress-strain curve does not give a true indication of the deformation 

characteristics of a metal because it is based entirely on the original dimensions of the 

specimen, and these dimensions change continuously during the test. Also, ductile metal 

which is pulled in tension becomes unstable and necks down during the course of the test. 

Because the cross-sectional area of the specimen is decreasing rapidly at this stage in the test, 

the load required continuing deformation falls off. The average stress based on original area 

likewise decreases, and this produces the fall-off in the stress-strain curve beyond the point 

of maximum load. Actually, the metal continues to strain-harden all the way up to fracture, 

so that the stress required to produce further deformation should also increase. 

 If the true stress, based on the actual cross-sectional area of the specimen, is used, it 

is found that the stress-strain curve increases continuously up to fracture. If the strain 

measurement is also based on instantaneous measurements, the curve, which is obtained, is 

known as a true-stress-true-strain curve. This is also known as a flow curve since it 

represents the basic plastic-flow characteristics of the material. Any point on the flow curve 

can be considered the yield stress for a metal strained in tension by the amount shown on the 

curve. Thus, if the load is removed at this point and then reapplied, the material will behave 
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elastically throughout the entire range of reloading. The true stress σ, true strain ε are 

expressed in terms of engineering stress s and engineering strain e by, 

 

                                                   ( )1+= esσ                                                            (5.8) 

                                                   ( )1ln += eε                                                            (5.9) 

Since Al is a ductile material, we see the Strain-Strain curve similar to the ductile 

materials by using polynomial fit for the calculated data points. Citing above theory
16

, we can 

relate our wrinkling phenomenon occurring in the strain hardening region of the curves. 

From the plot the yield strength (σy), ultimate stress (σu), necking and fracture point can 

found as shown in Figure 5.23 (a). 

5.6.2 Analysis of microbridges without contact pads 

The plot in Figure 5.24 is a sample Stress-Strain (S-S) curve of 460µm x 500µm 

microbridge. A polynomial fit is used for the calculated data points of the stress and strain 

formulae. The engineering S-S curves follow closely with the theory discussed above till the 

strain hardening and then fractures without necking. We believe that for our aluminum thin 

film, the elastic region is skipped and reaches the plastic region for a small bias of 0.5V. The 

necking here is inhibited by the continuous strain hardening of the film and finally at 

maximum load fracturing. When heated, the aluminum elongates with an increase in grain 



 

size as discussed earlier. To achieve a large elongation, uniform strai

of the tensile microbridge has to be maintained. This usually occurs when localized necking 

of the specimen during loading (electrothermally driving in this case) is delayed. Strain 

hardening property has a pronounced effect in in

necking is present, at the onset the necked area experiences a higher rate of straining than the 

unnecked area. But in this case, a large value of strain hardening resists the development of 

necking, because the necked area strengthens more due to the larger straining it receives 

causing larger elongation, increased grain size and Young’s modulus (E).  

Figure 5. 24: Sample Stress-Strain curves for a 460
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size as discussed earlier. To achieve a large elongation, uniform strain along the entire length 

of the tensile microbridge has to be maintained. This usually occurs when localized necking 

of the specimen during loading (electrothermally driving in this case) is delayed. Strain 

hardening property has a pronounced effect in inhibiting the development of necking. If 

necking is present, at the onset the necked area experiences a higher rate of straining than the 

unnecked area. But in this case, a large value of strain hardening resists the development of 

ed area strengthens more due to the larger straining it receives 

causing larger elongation, increased grain size and Young’s modulus (E).   

Strain curves for a 460µm x 500µm microbridge. 

n along the entire length 

of the tensile microbridge has to be maintained. This usually occurs when localized necking 

of the specimen during loading (electrothermally driving in this case) is delayed. Strain 

hibiting the development of necking. If 

necking is present, at the onset the necked area experiences a higher rate of straining than the 

unnecked area. But in this case, a large value of strain hardening resists the development of 

ed area strengthens more due to the larger straining it receives 

 



 

It is well known this elongation influences the microbridge’s geometry which has a 

high ratio of width to thickness (3x10

with early necking or even tearing. The point at which this tearing happens is considere

the fracture point of the aluminum. This point gives us the ultimate stress of the aluminum. 

The high ductility associated with the annealed bulk material, is due to its large soft grains 

that have large capacity for plastic deformation. The true stre

Figure 5.24, actually follows the engineering stress

only found at necking region which is absent in this case. Thus, from now on only 

engineering stress-strain curves are plotted for t

microbridges. 

Thus, coupled by the elongation and inhibition of necking properties, the Al/SiN

microbridge forms period of wrinkles in the strain hardening region as shown in Figure 5.25 

(a) for a 460µm x 500µm, before it crashes/tears at the fracture point and Figure 5.25(b) is for 

fracture point of a 300µm x 500

point, then this phenomenon can be observed repeatedly. 

Figure 5. 25: Sample image of  microbridge (a) 460

fractured. 
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known this elongation influences the microbridge’s geometry which has a 

high ratio of width to thickness (3x10
3
 to 2x10

4
) and a low ratio of length to width (0.3 to 3) 

with early necking or even tearing. The point at which this tearing happens is considere

the fracture point of the aluminum. This point gives us the ultimate stress of the aluminum. 

The high ductility associated with the annealed bulk material, is due to its large soft grains 

that have large capacity for plastic deformation. The true stress –strain curve in the plot of 

Figure 5.24, actually follows the engineering stress-strain curve as the major deviation is 

only found at necking region which is absent in this case. Thus, from now on only 

strain curves are plotted for the data points calculated of various 

Thus, coupled by the elongation and inhibition of necking properties, the Al/SiN

microbridge forms period of wrinkles in the strain hardening region as shown in Figure 5.25 

m, before it crashes/tears at the fracture point and Figure 5.25(b) is for 

m x 500µm microbridge. If careful, not to go beyond the fracture 

point, then this phenomenon can be observed repeatedly.  

 

: Sample image of  microbridge (a) 460µm x 500µm with period of wrinkles. (b)  300µ

known this elongation influences the microbridge’s geometry which has a 

) and a low ratio of length to width (0.3 to 3) 

with early necking or even tearing. The point at which this tearing happens is considered as 

the fracture point of the aluminum. This point gives us the ultimate stress of the aluminum. 

The high ductility associated with the annealed bulk material, is due to its large soft grains 

strain curve in the plot of 

strain curve as the major deviation is 

only found at necking region which is absent in this case. Thus, from now on only 

he data points calculated of various 

Thus, coupled by the elongation and inhibition of necking properties, the Al/SiNx  

microbridge forms period of wrinkles in the strain hardening region as shown in Figure 5.25 

m, before it crashes/tears at the fracture point and Figure 5.25(b) is for 

go beyond the fracture 

m with period of wrinkles. (b)  300µm x 500µm  when 
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Table 5. 4: Average and Standard deviation values  microbridges for calculated ultimate stress and yield strength. 

Dimensions Aspect ratio Yield strength (σy) Ultimate Stress (σu) 

460µm x 500µm 1.08 3.42 x10
7
 3.13 x10

8
 

460µm x 400µm 0.86 6.00 x10
7
 8.07 x10

8
 

460µm x 250µm 0.54 6.00 x10
7
 9.62 x10

8
 

460µm x160µm 0.34 6.00 x10
7
 4.98 x10

8
 

500µm x 250µm 0.5 6.00 x10
7
 6.69 x10

8
 

300µm x 250µm 0.83 6.00 x10
7
 7.39 x10

8
 

220µm x 500µm 2.27 1.67 x10
7
 2.26 x10

8
 

300µm x 500µm 1.66 4.86 x10
7
 3.43 x10

8
 

  Average 4.99 x10
7
 5.70 x10

8
 

  Standard 

Deviation 

1.52x10
7 

2.47 x10
8
 

 



 

Table 5.4 gives the calculated average ultimate 

various microbridge dimensions.  Average 

to 60MPa and an estimated standard deviation of 1.52MPa. The average 

with values ranging from 226MPa to 962MPa with a standard deviation of 247MPa. These 

results are in agreement with the literature

5.6.2.1 Aspect ratio (AR)

 

Figure 5. 26: Sample plot of Stress-Strain curve for microbridges with aspect ratio of 0.5
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Table 5.4 gives the calculated average ultimate stress (σu) and yield stress (σy

various microbridge dimensions.  Average σy was 50MPa with values ranging from 34MPa 

to 60MPa and an estimated standard deviation of 1.52MPa. The average σu was 570 MPa 

with values ranging from 226MPa to 962MPa with a standard deviation of 247MPa. These 

results are in agreement with the literature
15

.  

Aspect ratio (AR) 

Strain curve for microbridges with aspect ratio of 0.5. 

y) values for 

was 50MPa with values ranging from 34MPa 

was 570 MPa 

with values ranging from 226MPa to 962MPa with a standard deviation of 247MPa. These 

 



 

Figure 5. 27: Sample plot of Stress-Strain curves for microbridges with aspect ratio greater than 

Figure 5.26 is the sample plot of S

(AR) of 0.5. It can be seen that both the curves follow each other closely, including 

keeping in mind the standard deviation value.  Figure 5.27 is again a sample plot of the S

curve with AR≥1. They also follow each other closely but at much lower 

these bridges do not go to higher temperatures and thus there is not enoug

Especially when AR>>1, these bridges fail to form period of wrinkles as shown in Figure 

5.28 (a) & (b) for 300µm x 500
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Strain curves for microbridges with aspect ratio greater than 

Figure 5.26 is the sample plot of S-S curve for the microbridges with aspect ratio 

(AR) of 0.5. It can be seen that both the curves follow each other closely, including 

keeping in mind the standard deviation value.  Figure 5.27 is again a sample plot of the S

1. They also follow each other closely but at much lower σu. This because 

these bridges do not go to higher temperatures and thus there is not enough strain hardening. 

Especially when AR>>1, these bridges fail to form period of wrinkles as shown in Figure 

m x 500µm and 220µ x 500µm respectively. 

 

Strain curves for microbridges with aspect ratio greater than 1. 

S curve for the microbridges with aspect ratio 

(AR) of 0.5. It can be seen that both the curves follow each other closely, including σy and σu 

keeping in mind the standard deviation value.  Figure 5.27 is again a sample plot of the S-S 

. This because 

h strain hardening. 

Especially when AR>>1, these bridges fail to form period of wrinkles as shown in Figure 



 

Figure 5. 28: Bridges failing to form 

500µm. 

5.6.2.2 Various Dimensions

 

Figure 5. 29: Sample plot of Stress-Strain curves of microbridges keeping length constant at 460

width. 
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 uniform  wrinkles as the aspect ratios > 1. (a) 300µm x 500µ

Various Dimensions 

Strain curves of microbridges keeping length constant at 460µ

 

m x 500µm. (b) 220µ x 

 

Strain curves of microbridges keeping length constant at 460µm and varying 



 

Figure 5.29 is a sample plot for the S

(L) constant and varying width (W). It is observed that except for the microbridge with AR

(460µm x 500µm), the curves shift to the right with increase in width. With the increase in 

width, strain increases as it is dependent on the temperature. As 

AR≈1, the temperature decreases, causing it to behave differently from the other 

microbridges. 

 

5.6.3 Analysis of microbridges with contact pads

The stress-strain curve relationship for these devices is exactly the same as the 

microbridges without gold contact pads. When the microbridges with contact pads are driven 

thermally, they tend to distribute heat more uniformly thus causing the bridges to buckle 

rather than wrinkle at the strain hardening region. Figure 5.30(a),(b) & (c) are the 

buckling/wrinkling occurring in 400

microbridges respectively.  

Figure 5. 30: Sample image of buckling/wrinkling observed in microbridges with contact pads of length 400

width (a) 475µm (b) 375µm (c) 150µm
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Figure 5.29 is a sample plot for the S-S curves of various dimensions keeping le

(L) constant and varying width (W). It is observed that except for the microbridge with AR

m), the curves shift to the right with increase in width. With the increase in 

width, strain increases as it is dependent on the temperature. As discussed earlier when 

1, the temperature decreases, causing it to behave differently from the other 

Analysis of microbridges with contact pads 

strain curve relationship for these devices is exactly the same as the 

without gold contact pads. When the microbridges with contact pads are driven 

thermally, they tend to distribute heat more uniformly thus causing the bridges to buckle 

rather than wrinkle at the strain hardening region. Figure 5.30(a),(b) & (c) are the 

ckling/wrinkling occurring in 400µm x 475µm, 400µm x 375µm and 400µm x 150

: Sample image of buckling/wrinkling observed in microbridges with contact pads of length 400

µm. 

S curves of various dimensions keeping length 

(L) constant and varying width (W). It is observed that except for the microbridge with AR≈1 

m), the curves shift to the right with increase in width. With the increase in 

discussed earlier when 

1, the temperature decreases, causing it to behave differently from the other 

strain curve relationship for these devices is exactly the same as the 

without gold contact pads. When the microbridges with contact pads are driven 

thermally, they tend to distribute heat more uniformly thus causing the bridges to buckle 

rather than wrinkle at the strain hardening region. Figure 5.30(a),(b) & (c) are the 

m and 400µm x 150µm 

 

: Sample image of buckling/wrinkling observed in microbridges with contact pads of length 400µm and 
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From Table 5.5,  the average σy  is 54MPa with a standard deviation of 8MPa and an 

average σu is 437 MPa with a standard deviation of 150MPa. These values are close the ones 

found in literature with the deviation is much less when contact pads are used. 

Table 5. 5: Average and Standard deviation of the microbridges with contact pads for ultimate stress and yield 

strength. 

Dimensions Aspect ratio Yield strength (σy) Ultimate Stress (σu) 

475µm x 400µm 0.84 3.94x10
7 

1.84x10
8 

375µm x 400µm 1.06 6.00 x10
7
 4.73 x10

8
 

225µm x 400µm 1.77 6.00 x10
7
 5.68 x10

8
 

150µm x 400µm 2.66 6.00 x10
7
 5.24 x10

8
 

  Average 5.49 x10
7
 4.37 x10

8
 

  Standard 

Deviation 

8.92x10
6 

1.50 x10
8
 

 

The sample plot of S-S curves in Figure 5.31 for various microbridges keeping width 

constant and varying length. As the length decreases, the curves are shifted to right 

considerably with increase in ultimate stress (σu). Also, since these buckle rather than 

wrinkle, we do no further analysis on microbridges with contact pads. 



 

    

Figure 5. 31: Sample plot of Stress-Strain 

and varying length. 

5.7 Wavelength measurements

5.7.1 Procedure 

Understanding the material properties of the bilayer microbridge structure is necessary to 

predict the behavior of the wrinkles u

stress film and its properties are assumed to be constant and uniform. The mechanical and 
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Strain curves of microbridges with contact pads keeping width constant at 400

Wavelength measurements 

Understanding the material properties of the bilayer microbridge structure is necessary to 

predict the behavior of the wrinkles under applied voltage. The silicon nitride layer is a low 

stress film and its properties are assumed to be constant and uniform. The mechanical and 

 

curves of microbridges with contact pads keeping width constant at 400µm 

Understanding the material properties of the bilayer microbridge structure is necessary to 

nder applied voltage. The silicon nitride layer is a low 

stress film and its properties are assumed to be constant and uniform. The mechanical and 
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electrical characteristics of the aluminum film on the other hand are deposition dependent 

and as the current passes through the aluminum layer, the grain size changes which alters the 

characteristics of the film. Resistance of the film is important since the amount of joule 

heating is dependent on it.  

As we discussed earlier in the stress strain curves, after initial annealing the films are 

stiffer with higher Young’s modulus, implying that the film is no longer in the plastic region 

of the curve. As the temperature increases with the voltage at the center of the microbridge, 

corresponding the strain hardening comes into effect causing the bilayer to wrinkle. 

We now calculate the wavelength, using the formula by Cedra
1
.  

• 
4

1
4

1

~ 







×=⇒









K

B
c

K

B
λλ , where  

B is Bending Modulus of the Aluminum film,   

K is effective elastic foundation of stiffness (for the SiNx) 

c is the constant. (a number taken to make it closer to the measured values) 

• 
( )[ ]2

3

112 ν−
=

Et
B   , where 

E is the Young’s modulus of the Aluminum film, 
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ν is the poison’s ratio of the Aluminum film.(0.35, standard value taken) 

• 
L

WtE

L

AE
K == , where 

W, L, t are the width, length and the thickness of the SiNx, (t=200nm), respectively. E 

is the Young’s modulus of the SiNx (250GPa, standard value from literature). In the 

above calculations we get the same λ value for various voltage measurements, 

because it does not consider the thermal effect on Aluminum. K is for SiNx , not 

affected when heated in terms of change in the material properties, and cannot vary 

with various voltage measurements. But, considering the effect of strain hardening on 

30nm range Aluminum, we can confidently assume that bending modulus changes 

with various measurements.  

• Bending modulus (B) has two parameters which could be played with, they are ν and 

E. Thermal effect of aluminum causes increases the Young’s modulus. We can also 

vary the ν value to change the slope the linear fit for the calculated λ. But to reduce 

the number of variables, we vary only E.  

• An optical microscope with a reticule is used to measure the period of wrinkles 

formed on the microbridge when driven electrothermally as shown in the schematic 

of Figure 5.1. This way only two or more wrinkles can be measured as formed. 
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• Using the formulae above, comparison plots are done for the calculated and measured 

wavelengths to stress and voltage. 

5.7.2 Analysis 

5.7.2.1 Electrothermal wrinkling 

Electrothermal wrinkling phenomenon is shown in Figure 5.32 (a) to (d) for 

microbridges keeping L constant at 460µm and varying width by 500µm,400µm,250µm and 

160µm respectively. Going from left to right in each figure, it is again divided into 4 sections 

like (a)1,(a)2,(a)3 and (a)4 denoting the measured wavelength value taken after each step in 

the voltage measurement. The number of wrinkles formed solely depends on the dimensions 

of the microbridges, thus we can effectively control it and their wavelength by thermal 

actuation.  

Table 5.6 gives an overview for several values of the microbridges with number of 

wrinkles and the measured wavelength data points. For example the sequence for a 460µm x 

500µm bridge is shown as 3→3*→2→fracture, meaning that the first data point is taken 

when 3 wrinkles are present. On thermal heating, its amplitude increases, the wavelength 

changes,  but still three wrinkles are present and this data point is taken as 3* on the table. 

Upon further heating the number of wrinkles changes to 2 with the last data point before the 

aluminum reaching fracture point. As discussed previously, when aspect ratio values (AR) 



 

are greater than one  hardly  any  wrinkles were observed and  mi

width (W) behave similarly. 

Figure 5. 32:  Wrinkling phenomenon observed in various microbridges going left to right (1to 4) for increasing 

voltages and keeping length constant at 460

(d) 160µm. 
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are greater than one  hardly  any  wrinkles were observed and  microbridges having same 

 

:  Wrinkling phenomenon observed in various microbridges going left to right (1to 4) for increasing 

voltages and keeping length constant at 460µm going top to bottom, varying width (a) 500µm (b) 400

crobridges having same 

 

:  Wrinkling phenomenon observed in various microbridges going left to right (1to 4) for increasing 

m (b) 400µm (c) 250µm 
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Table 5. 6: Number of wrinkles and its sequence for various microbridges. 

Dimensions Aspect ratio Number  of wrinkles Measured points (1→2→3→4) 

460µm x 500µm 1.09 3.00 3→3*→2→fracture 

460µm x 400µm 0.87 3.00 3→2→2*→fracture 

460µm x 250µm 0.54 2.00 2→1→1*→fracture 

460µm x160µm 0.35 1.00 1→fracture 

500µm x 250µm 0.50 2.00 2→2*→fracture 

300µm x 250µm 0.83 2.00 2→2*→fracture 

220µm x 500µm 2.27 0.00 Fracture 

300µm x 500µm 1.67 0.00 Fracture 

 

5.7.2.2 Comparison  

Figure 5.33 and Figure 5.34 compare the calculated wavelength values with the 

measured ones against stress and voltage for various dimensions of the microbridges keeping  

the length constant at 460µm and varying width.  



 

Figure 5. 33: Plot of wavelength vs. Stress in logarithmic scale for  

460µm and varying width with 5% error bars for measure wavelengths

Figure 5.33 has the stress and wavelength in logarithmic scale with a linear fit for the 

calculated wavelength values. The exception is for

has only one wrinkle as discussed earlier, we have no further measured data points. Also the 

calculated wavelength shows the wrinkling should be around 30

width dimension there is more bowing tha

measured values are close to the calculated values with error bars of 5% from optical 

microscope measurements.  For the widths 400
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: Plot of wavelength vs. Stress in logarithmic scale for  various microbridges, keeping length constant at 

m and varying width with 5% error bars for measure wavelengths. 

Figure 5.33 has the stress and wavelength in logarithmic scale with a linear fit for the 

calculated wavelength values. The exception is for the 460µm x 160µm microbridge which 

has only one wrinkle as discussed earlier, we have no further measured data points. Also the 

calculated wavelength shows the wrinkling should be around 30µm, but because of small 

width dimension there is more bowing than wrinkling effect. All the other cases, the 

measured values are close to the calculated values with error bars of 5% from optical 

microscope measurements.  For the widths 400µm and 250µm the stresses are similar, but for 

 

various microbridges, keeping length constant at 

Figure 5.33 has the stress and wavelength in logarithmic scale with a linear fit for the 

m microbridge which 

has only one wrinkle as discussed earlier, we have no further measured data points. Also the 

m, but because of small 

effect. All the other cases, the 

measured values are close to the calculated values with error bars of 5% from optical 

m the stresses are similar, but for 



 

the width 500µm (AR≈1) the values 

Figure 5.34 has the voltage against wavelength with a linear fit for the calculated wavelength 

values. Here except for the width 160

match with each other with the measured and calculated wavelengths.

Figure 5. 34: Plot of wavelength vs. voltage for various microbridges, keeping length constant at 460

width with 5% error bars for measured wavelengths.

Figure 5.35 and Figure 5.36 display the calculated wavelength values with the 

measured against stress and voltage for various dimensions of the microbridges keeping the 

width constant at 250µm and varying length. Figure 5.35 has the stress and wavelength i
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1) the values shift to the left as it requires lower stress to wrinkle.

Figure 5.34 has the voltage against wavelength with a linear fit for the calculated wavelength 

values. Here except for the width 160µm which does not wrinkle, all other widths closely 

h other with the measured and calculated wavelengths. 

: Plot of wavelength vs. voltage for various microbridges, keeping length constant at 460

width with 5% error bars for measured wavelengths. 

Figure 5.35 and Figure 5.36 display the calculated wavelength values with the 

measured against stress and voltage for various dimensions of the microbridges keeping the 

m and varying length. Figure 5.35 has the stress and wavelength i

shift to the left as it requires lower stress to wrinkle. 

Figure 5.34 has the voltage against wavelength with a linear fit for the calculated wavelength 

m which does not wrinkle, all other widths closely 

 

: Plot of wavelength vs. voltage for various microbridges, keeping length constant at 460µm and varying 

Figure 5.35 and Figure 5.36 display the calculated wavelength values with the 

measured against stress and voltage for various dimensions of the microbridges keeping the 

m and varying length. Figure 5.35 has the stress and wavelength in 



 

logarithmic scale with a linear fit for the calculated wavelength values. In all cases, the 

measured wavelength values are close to the calculated values within the 5% error bars as 

seen in earlier in temperature and stress measurements. 

Figure 5. 35:  Plot of wavelength vs. Stress in logarithmic scale for  various microbridges, keeping width constant at 

250µm and varying length with 5% error bars for measured wavelengths

Figure 5.36 has the voltage against wavelength with 

wavelength values. All microbridges are closely matched with each other, where 5% error 

bars are present for measured values.
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logarithmic scale with a linear fit for the calculated wavelength values. In all cases, the 

measured wavelength values are close to the calculated values within the 5% error bars as 

seen in earlier in temperature and stress measurements.  

:  Plot of wavelength vs. Stress in logarithmic scale for  various microbridges, keeping width constant at 

with 5% error bars for measured wavelengths. 

Figure 5.36 has the voltage against wavelength with a linear fit for the calculated 

wavelength values. All microbridges are closely matched with each other, where 5% error 

bars are present for measured values. 

logarithmic scale with a linear fit for the calculated wavelength values. In all cases, the 

measured wavelength values are close to the calculated values within the 5% error bars as 

 

:  Plot of wavelength vs. Stress in logarithmic scale for  various microbridges, keeping width constant at 

a linear fit for the calculated 

wavelength values. All microbridges are closely matched with each other, where 5% error 



 

Figure 5. 36: Plot of wavelength vs. voltage for  various microbrid

length with 5% error bars for measured wavelengths
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: Plot of wavelength vs. voltage for  various microbridges, keeping width constant at 250

with 5% error bars for measured wavelengths. 

 

ges, keeping width constant at 250µm and varying 
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6 Analysis of Fabry-Perot MEMS Modulators 

This chapter discusses the data analysis the fabricated Fabry-Perot (FP) MEMS 

microcavity devices, which schematic is shown in Figure 6.1.  An optical cavity, created by 

the microbridge, modulates the incident light due to interference within the cavity.  When the 

incident light wavelength is tuned to the slope of a Fabry-Perot mode by actuation of the 

cavity, the corresponding modulating frequencies of the microbridge in the visible spectrum 

can be detected optically.  

 

Figure 6. 1: Schematic of Fabry-Perot MEMS microcavity modulator. 
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6.1 Introduction 

In an earlier study, using Fabry-Perot (FP) interferometry characterization of silicon 

nitride micromachined beams via remote optical interrogation has been demonstrated. 

Electrostatically actuated MEMS devices are being developed for a wide range of 

applications, including tunable Fabry-Perot filters, interferometers, resonators and 

modulators.  For all these uses, critical parameters such as actuation voltage or switching 

speed depend on the mechanical properties of the MEMS devices.  

 For eventual use in modulator applications, it is important to understand mechanical 

and optical characteristics of the FP microcavites. First, we need to know how the cavity 

modes behave in the visible spectrum and the best way to control them. Here the finesse, full 

spectral range (FSR), full width half maximum (FWHM) of the cavity modes are some 

parameters to be looked into as well as the alignment and tilt issues coming with the 

fabrication. Other issues exist, such as the microbridge not necessarily being flat, but curved 

and even in some cases buckled. The stiffness of buckled beams for instance can be expected 

to be very different that of a flat beam. Secondly, is to know how to maximize the 

modulating frequency for a microbridge of the FP cavity. In the previous chapter the bilayer 

wrinkling was discussed in detail, which can also affect the modulation. The experimental 

conditions such as temperature and pressure can also influence the measurements. The 

experimental data was in general collected using the following series of steps. 
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• Visual examination of the structure using a stereoscope. 

• Placing the sample within a sample holder. 

• Probing the device for the particular microbridge for actuation. 

• Connecting the probes with the necessary voltage generator depending on the 

type of actuation (DC power supply or a waveform generator with voltage 

amplifier). 

• Alignment of the optical setup such that the white light source and the 

microbridge are in focus and visible in the stereoscope. 

• Collecting the transmitted light from the cavity to the spectrometer through the 

optical fiber and necessary optics and noting the FP spectrum in the software 

setup. 

• Driving the microbridge through the probes and collecting the data for the 

corresponding shift in the FP spectrum and then stop the actuation. 

• Replacing the light source with red (632nm), green (532nm), blue (475nm) 

wavelength lasers/filters and collecting the spectrum. 

• Actuate the cavity again to tune the laser to appropriate maximum slope of the 

cavity mode of that particular wavelength based on the FP spectrum. 
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• Setting this driving voltage and frequency range, replace the spectrometer with 

a photo multiplier tube (PMT) with its output connected to an oscilloscope. 

• Measuring the modulating frequency of the microbridge from the modulated 

light collected through the PMT to the oscilloscope. 

The experimental data analyzed in this chapter comes from the two types of devices 

designated as DEVICE A and DEVICE B as shown in the Figure 6.2(a) and Figure 6.2(b). 

These devices primarily contain microbridges of various dimensions ranging from 100µm to 

1000µm in both length and width, to understand how the length to width ratio changes the 

optical and frequency characteristics. 

 

 

Figure 6. 2: (a) Image of the final chip of Device B and (b) Image of the final chip of Device A.  
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6.2 Fabry-Perot microcavity analysis with SU-8 bonding 

Initial microcavity devices as discussed were bonded using SU-8 resist. These devices 

were fabricated to be driven electrothermally. Even though these devices have fewer steps in 

fabrication, issues like alignment and tilt become important in modulating the device.  

6.2.1 Fabry-Perot White Light Spectrum 

Figure 6.3(a) plot shows FP cavity transmission spectrum when the white light is 

focused on the microcavity device bridge.  There are 17 cavity modes (transmission peaks) 

present in the visible spectrum (400nm to 800nm), each with a different intensity as the white 

light source varies in intensity with wavelength. Highest peak is at 617nm and there on 

decreasing either side till end of the spectrum. We calculate the cavity gap at this bridge for 

the 17 transmission peaks as 7µm deviating from the expected value of 6µm, using the 

formula below where i = 0, 1, 2…. depending on the transmission order, n = index of the air 

and h= cavity gap, 

i

nh
i

2
=λ

 
 

Figure 6.3(b) is an inset of the same spectrum zoomed in at 617nm peak with FSR 

and FWHM. The free spectral range (FSR) is the frequency range between two adjacent 

transmitted peaks, calculated as 26nm. The total tuning range of the cavity is limited by FSR 

rather than the actuation voltage. Full width at half maximum (FWHM) is an expression of 
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the extent of the function given by the difference between two extreme values of the 

independent variable at which dependent variable is equal to half of its maximum value and 

come to 9nm. This is controlled by mirror reflectivity. The finesse is the ratio of FSR to 

FWHM and is 2.8nm in this case. This depends entirely on the parallelism when reflectivity 

is a given value. 

 

Figure 6. 3: Fabry-Perot (a) white light transmission spectrum. (b) Inset of the spectrum at 617nm with FSR and 

FWHM. 

6.2.2 Alignment and Tilt 

Since the microbridge and the substrate are approximately parallel, there is no 

alignment issue regarding to the external optics. Any vibrations of the whole integrated 

microstructure do not affect cavity gap of the device. This is important since the microcavity 
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is sensitive to the effective cavity gap and also cavity modes depend on the gap between 

microbridge and substrate.  

  

Figure 6. 4: Spectrum of microbridge cavities at the four corners of the device. 

Figure 6.4 is a plot of the spectrum of the microbridge cavities at the four corners of 

the device. There is a clear variation in the number of transmitted peaks of the spectrum at 

each corner. Calculations show a variation of 5µm to 9µm in cavity gap, which shows there 

is considerable tilt in the device, because the SU-8 resist is not really uniform and during the 

bonding step, the pressure is not equal on all sides. There are also alignment issues in the 

electrothermal actuation of the device, because of the difficulty involved in bonding. 
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6.2.3 Electrothermal Actuation 

These Fabry-Perot (FP) microcavity devices can be actuated (driven) electrothermally 

to tune the wavelengths of the spectrum. Figure 6.5(a) and Figure 6.5(b) plots the spectrum 

of electrothermal actuation when a microbridge is biased from 0 to 35V causing a blue shift 

(right to left) of 5nm at 35V, inferring the bridges are buckling downwards. To be specific, 

it’s a combination of wrinkling/buckling as discussed in the previous chapter depending on 

the dimensions of the microbridge. When the voltage is turned back to 0V, the spectrum is 

back to its original position showing that this is a reproducible process if  the procedure was 

executed before the bridge suffered any fracture. 

 

Figure 6. 5: Fabry-Perot Spectrum with Electrothermal actuation by direct voltage (a) For various voltages (b) Inset 

at 619nm peak showing a blue shift of 5nm at 35V. 
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6.3 Fabry-Perot microcavity analysis with Indium bonding 

Indium bump bonding resolved the tilt and alignment issues that were caused by 

bonding process in addition to permit microbridges to be electrostatically biased along the 

electrothermal actuation. The analysis shown in next sections are for a microbridge of 460µm 

x 250µm dimensions. 

6.3.1 Fabry-Perot White light spectrum 

We can infer the following from the Fabry-Perot white light spectrum plot shown in 

Figure 6.6.  

• Number of transmission peaks is 13 and thus giving a calculated cavity gap of 5µm 

equal to the expected value, showing the fabrication is precise. 

• FSR is 40nm, FWHM is 10nm and finesse is 4nm. There is an increase in the finesse 

value showing a better parallelism was achieved. 
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Figure 6. 6: Fabry-Perot White light spectrum of a 460µm x 250µm microbridge. 

6.3.2 Alignment and Tilt 

Figure 6.7 is the overlap plot for the measured results of 13 transmission peaks of 

four different corners of microbridge cavities in a same device. These results show that the 

Indium bolding yields comparable devices in respect to tilt and alignment.  
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Figure 6. 7: Spectrum of 460µm x 250µm microbridge cavities at four corners of the device. 

6.3.3 Parallelism 

The smallest spot size of the focused light beam on the microbridge, from the optical 

setup is about 100µm. Flatness is analyzed by moving the location of the focused spot on 

single microbridge as shown in schematic of Figure 6.8(a), where the different locations is 

denoted by L1 to L7. From the spectra on various locations as shown in Figure 6.8(b), there 

is no significant variation. 
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Figure 6. 8: For a 460µm x 250µm microbridge (a) various focused spot locations (L1 to L7) taken. (b) Various 

spectra at locations shown in the schematic for the microbridge.  
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6.3.4 Electrothermal Actuation 

Figure 6.9 is the plot at 604nm peak when actuated electrothermally, showing a blue 

shift of 4nm at 35V bias.  When the bias is removed, the peak does not go back to the 

original position, confirming that the Aluminum has changed its properties. This shift is 

relatively small but within the modulating range of the devices. 

 

Figure 6. 9: Fabry-Perot Spectrum at 604nm peak with electrothermal actuation (DV) showing a blue shift of 4nm at 

35V. 
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6.3.5 Electrostatic Actuation 

With electrostatic actuation there is a blue shift of 18nm in the spectrum when biased 

with 35V as shown in the plot of Figure 6.10 (a). If there is shift larger than the thermal 

actuation thus the lasers can be tuned for the modulation data. FSR limits the tuning range of 

the cavity mode, the maximum range of 40nm is found at 617nm and minimum range of 

24nm is found around 400nm. So, considering there is a potential for more than 18nm tuning 

at least at the 617nm peak at higher voltages, the voltage supply is replaced with a wave form 

generator coupled with a voltage amplifier (Piezo controller).  

 

Figure 6. 10: For a 460µm x 250µm microbridge when driven electrostatically (a) 18nm blue shift with a bias of 35V.  

(b) 24nm blue shift with an amplified bias of 45V using voltage amplifier. 
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Figure 6.10 (b) shows a blue shift of 24nm when biased at 45V. At 55V is goes 

beyond the FSR and forms a realigned peak when is similar when biased with 0V. From this 

point, all the analysis is done using the waveform generator with a voltage amplifier. 

6.3.5.1 Red, Green and Blue lasers 

 

 

Figure 6. 11: Sample Fabry-Perot Spectrum plot of Intensity vs. Wavelength when driven electrostatically from 0 to 

55V. (a) Red laser (632nm). (b) Green laser (532nm). (c) Blue laser (475nm). 

The white light source is replaced with red (632nm), green (532nm) and blue 

(475nm) wavelength lasers one after the other in the same setup and driven electrostatically. 

The corresponding intensity variations of the FP spectrums by red, green, blue lasers are 

shown in Figure 6.11(a), Figure 6.11(b) and Figure 6.11(c) respectively for another  460µm x 

250µm microbridge . In this case the blue shift is 22nm, with maximum FSR is 32nm, and 

minimum FSR 21nm and at 43V bias the cavity mode realigns with the mode when not 

biased.  
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6.3.5.2 Voltage Amplifier 

 

Figure 6. 12: Voltage amplifier output through an oscilloscope at 3V and 30V for frequencies (1) 1kHz, (2) 5kHz, (3) 

10kHz, (4) 20kHz, (5) 50kHz, (6) 100kHz, (7) 150kHz and (8) 200kHz respectively. 
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A wave form generator used for driving the microbridges with square waves, is 

coupled with piezo resistive controller that acts a voltage amplifier required for the 

electrostatic actuation. An important component is to know the behavior of the amplifier at 

various frequencies for increasing bias for analyzing the modulation data later.  Figure 6.12 

shows the amplifier output through an oscilloscope coupled with square wave generator at 

frequencies varying from 1 kHz to 200 kHz at 3 and 30V. The amplifier is bandwidth limited 

with 200 kHz cutoff.  There is substantial ringing observed at 5 kHz and 10 kHz for 3V and 

30V respectively. After which at both the voltages with each increasing frequency, clipping 

comes into place. As we can see still there is some kind of signal even at 200 kHz, thus we 

can test the MEMS device till this range for modulation. Even though after 10 kHz we cannot 

expect to see square wave, but if there is modulation present in the microbridges of the 

MEMS device some acceptable signal maybe be found.  

6.4 Modulation Analysis of the Fabry-Perot MEMS device 

To find the frequency at which the microbridges of the MEMS device modulate, it is 

first required to tune the laser to the slope of the cavity mode of the investigating wavelength. 

Continuing with same 460µm x 250µm microbridge sample analysis of the previous sections, 

the FP spectrum plots of cavity modes and lasers are shown in figure 6.13 (a), (b), (c) for red, 

green, blue lasers respectively.  
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Figure 6. 13: Fabry-Perot Spectrums of electrostatically actuated white light cavity modes biased at 0V to 55V, at 

each lasers wavelength spectrum, (a) Red laser at 632nm, (b) Green laser at 532nm and (c) Blue laser at 475nm. 

When the microbridge is biased at 30V and 42V the corresponding FP cavity modes 

are at the slope of the 632nm transmission peak. At 42V bias as discussed earlier the device 

exceeds the FSR, thus 30V is the ideal biasing voltage for modulating the device through red 

laser. Similarly cavity modes at 3V and 42V correspond to the slope at the 532nm and 

475nm transmission peaks. But at 3V bias the blue shift is small to modulate the device. 

Thus, 42V being the ideal bias voltage for modulating the green and blue laser. 

With the photo multiplier tube (PMT), biasing the microbridges of the MEMS device 

corresponding to the respective lasers used the modulation at various frequencies is 

investigated through an oscilloscope. Using red, green, blue lasers in the Figure 6.14(a) and 

Figure 6.14(b), for the 10 kHz square wave modulating microbridges of dimensions 460µm x 

250µm and 300µm x 250µm respectively are plotted. In the plot of the Figure 6.14(a), the red 

laser modulation is out of phase with the green and blue laser. This is due to the ideal voltage 
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for biasing being 42V, where the cavity modes of the spectrum realign as it exceeds FSR of 

the microcavity. In Figure 6.14(b) none of them exceed the FSR, thus being in phase with 

each other. 

 

Figure 6. 14: Sample plots of 10 kHz modulating microbridges at 632nm, 532nm and 475nm wavelengths, (a) 460µm 

x 250µm, (b) 300µm x 250µm. 

 The plots in Figure 6.15 show the modulating waveforms along with of the reference 

square wave voltage waveforms of the amplifier, for a maximum frequency of 110 kHz in the 

green wavelength region. Looking for acceptable signal from the PMT following the 

degraded square wave after 10 kHz from the voltage amplifier, we can infer that the 

microbridge 460µm x 250µm can modulate till 110 kHz. In the rest of the analysis this 

reference waveform is not shown in the plots. Also for the same microbridge, the maximum 

modulating frequency for red, blue region is 80 kHz and 50 kHz respectively.  
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Figure 6. 15: Sample plots of various modulating frequencies at 532nm wavelengths along with the reference square 

wave from the voltage amplifier of 460µm x 250µm microbridge (1) 5 kHz, (2) 10 kHz, (3) 50 kHz, and (4) 110 kHz. 

6.4.1 Various Dimensions 

Figures 6.16(a), 6.16(b) and 6.16(c) are the plots for the maximum modulating frequency 

achievable along with 5 kHz modulation waveforms, for a set of microbridges in the MEMS 

device from red, green and blue lasers respectively. Here the dimension width is kept 

constant at 250µm and length is varied by 200µm, 300µm, 400µm, 460µm in the figure 

denoted as (1), (2), (3) and (4) respectively. Table 6.1 gives the summary of the maximum 

achievable modulating frequencies with the present characterization setup.  
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Figure 6. 16: For the microbridge, (a) Maximum achieved modulation frequency using red laser along with 5 kHz 

modulation waveform keeping width constant at 250µm and varying length, (1) 200µm, (2) 300µm, (3) 400µm and (4) 

460µm.  
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Figure 6. 16: For the microbridge (b) Maximum achieved modulation frequency using green laser along with 5 kHz 

modulation waveform, keeping width constant at 250µm and varying length, (1) 200µm, (2) 300µm, (3) 400µm and 

(4) 460µm. 
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Figure 6. 16: For the microbridge (c) Maximum achieved modulation frequency using blue laser along with 5 kHz 

modulation waveform, keeping width constant at 250µm and varying length, (1) 200µm, (2) 300µm, (3) 400µm and 

(4) 460µm. 

 

As the length increases, there is tendency to bow or buckle and the maximum 

modulation of the microbridge also increases from 50 kHz to 90 kHz in the red wavelength 

region except when AR=0.8. Modulation of around 50 kHz is maintained even with the 

increase in length in the blue wavelength region.  
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The modulation in the green wavelength region is the highest, when compared to the 

other two and greater than 100 kHz when theaspect ratio is close to 0.5 and 0.8.  Highest 

modulation is achieved in all the three regions when the aspect ratio is 0.8. 

Table 6. 1: Summary of the maximum achieved frequencies for the various microbridge dimensions keeping width 

constant and varying length for the red, green and blue lasers. 

Width Constant, varying Length  Maximum frequency in kHz 

Microbridge Dimensions Aspect ratio Red (632nm)  Green (532nm) Blue (475nm) 

200µm x 250µm 1.25 40 70 50 

300µm x 250µm 0.83 90 150 50 

400µm x 250µm 0.62 70 50 40 

460µm x 250µm 0.54 80 110 50 

 

Figures 6.17(a), 6.17(b) and 6.17(c) are the plots for the maximum modulating 

frequency achievable for a set of microbridges in the MEMS device from red, green and blue 

lasers respectively. Here the dimension length is kept constant at 460µm and width is varied 

by 120µm, 600µm, 780µm in the figure denoted as (1), (2) and (3) respectively. Table 6.2 

gives the summary of the maximum achievable modulating frequencies with the present 

characterization setup for various widths.  

As the width increases, the maximum modulation of the microbridge also decreases 

from 60 kHz to 40 kHz in the red wavelength region for 460µm length and 60 kHz to 5 kHz 

for 580µm length. As the width increases, the stiffness also increases making it harder for 
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them to buckle or bow. Similarly, in the green wavelength region modulation frequencies 

decrease from 100 kHz to 50 kHz for 460µm width and 160 kHz to 20 kHz for 580µm width. 

There appreciable very high modulation, like 160 kHz for 580µm width when the aspect ratio 

is 0.2. In the blue wavelength region also the modulation frequency of the microbridge 

decreases with the increase in width, except when the aspect ratio is 0.2 then there is almost 

no modulation present. When the aspect ratio is very high (2.5), the microbridges tend to 

modulate at low frequencies in all three regions, because there is no noticeable buckling is 

present. 

 

Figure 6. 17: For the microbridge (a) Maximum achieved modulation frequency using a  red laser, keeping length 

constant at 460µm and varying width, (1) 120µm, (2) 600µm, and (3) 780µm. 
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Figure 6. 17: For the microbridge (b) Maximum achieved modulation frequency using a  green laser, keeping length 

constant at 460µm and varying width, (1) 120µm, (2) 600µm, and (3) 780µm. 

 

Figure 6. 17: For the microbridge (c) Maximum achieved modulation frequency using a blue laser, keeping length 

constant at 460µm and varying width, (1) 120µm, (2) 600µm, and (3) 780µm. 
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Table 6. 2: Summary of the maximum achieved frequencies for the various microbridge dimensions keeping length 

constant and varying width for the red, green and blue lasers. 

Length Constant, varying Width  Maximum frequency in kHz 

Microbridge Dimensions Aspect ratio Red (632nm)  Green (532nm) Blue (475nm) 

460µm x 120µm 0.26 60 100 0 

460µm x 600µm 1.3 50 40 50 

460µm x 780µm 1.69 40 50 10 

580µm x 120µm 0.2 60 160 5 

580µm x 600µm 1.03 50 50 50 

580µm x 780µm 1.34 50 70 30 

580µm x 1460µm 2.5 5 20 5 

 

 

Some of these devices were sent to Naval Research Laboratory for characterization 

with a similar optical setup.  The data is in Appendix 8.4.
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7  Conclusions  

A MEMS Fabry-Perot cavity modulator device was fabricated with a double clamped 

microbridge structure and investigated as function of the bridge dimensions. Incorporating 

indium bumps for bonding, increased the finesse of the cavity modes and permitted to drive 

the device electrostatically in addition to improve the overall performance (without issues 

like alignment, tilt and parallelism). With 14 cavity modes for a 5µm gap, the transmission in 

the visible region spectrum was obtained with the reflectivity of the aluminum mirrors close 

to 90 percent. The variation in the absorption property of silicon nitride microbridges at 

different wavelengths of the spectrum, causes the observed deviation shown in the spectrum 

from an ideal case. A maximum full spectral range (FSR) of 40nm at 620nm transmission 

peak with a finesse of 4 was achieved close to the calculated values for an ideal cavity, when 

considering the atmosphere and fabrication induced errors. The tuning range of 5nm (driven 

electrothermally) and 24nm (driven electrostatically) was achieved within the preset limit by 

the FSR value.  

The fabricated devices achieved maximum frequencies around 50 kHz, 150 kHz, and 

90 kHz when modulated using 475nm (blue), 532nm (green) and 632nm (red) lasers, 

respectively, showing dependence to the microbridge length and width. In the blue region the 

maximum modulating frequencies achievable is width dependent, and decreases as width 

increases in general.. In the green region maximum modulating frequencies achievable is also 



155 

 

width dependent, increases as width increases, achieving the high value of 150 kHz for 

aspect ratios of 0.2, 0.5 and 0.8. where it has frequencies as high as 150 kHz achievable. The 

red region is also width dependent, decreasing frequencies with increasing widths and 

achieving the highest value of 90 kHz when the aspect ratio is 0.8. Overall the best 

performance in the three wavelengths is achieved when the aspect ratio of the bridge is 0.8 

whilst the worst is with the aspect ratio of 2.5.  In the latter case when the width is too long 

compared to the length the microbridge cannot deflect properly. The limitation in the present 

work lies on the measurement set up: these microbridges have the potential for several 

hundreds of kHz modulation when used with a wider bandwidth voltage amplifier. 

After electrothermal actuation in the device, a permanent shift in the transmission peak 

from the initial peak at zero bias was observed, confirming the change in the material 

properties of thin film aluminum. Various double clamped microbridge structures were 

investigated for wrinkling and its control as a function of bridge width and length. Thin film 

aluminum showed the change in grain size after electrothermal heating changing its 

mechanical properties like resistivity, Young’s modulus and stress induced. Microbridges 

with contact pads buckle/wrinkle and the structures without contact pads form a period of 

wrinkles before reaching the fracture point due to strain hardening feature shown in the 

stress-strain curves. The number of wrinkles depends on the bridge aspect ratio. Average 

yield strength of 50MPa and ultimate stress 600MPa was calculated as expected for 30nm 

range thin film aluminum. The temperature and stress measurements are low when the width 
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to length aspect ratio of the bridge is approximately equal to one.  For aspect ratios greater 

than or less than one, all bridges behave about the same in terms of temperature and stress. 

Microbridges without the contact pads are width dependent except when the aspect ratio is 

greater than one, as the stress-strain curves shift left with decrease in width and the bridges 

with the contact pads are length dependent, as the curves shift right with decrease in length. 

Thus thermal heating with width dependent microbridges constitute the recipe for wrinkling. 

The wavelengths of these periods of measured wrinkles can be controlled and compared 

successfully with a model used to calculate wrinkling in thin films taking into consideration 

the changes in Young’s modulus of the aluminum due to heating.   

Effective control of wrinkling in thin films has the potential for applications in micro 

lens arrays
1
, stretchable electronics and optical switches. In the Fabry-Perot optical resonance 

device fabricated, the finesse of the cavity can be controlled by electrothermal wrinkling of 

the mirrors resulting in a change from high to low transmission at the optical resonance 

showing its potential application as an optical switch
2
. Figure 7.1 shows the sample plot of 

the spectrum with electrothermal wrinkling of this device.  



 

                 

Figure 7. 1: Sample Spectrum showing high to low transmission with electrothermal wrinkling in a Fabry

cavity. 

Recently the demand of short range free space optics in underwater has increased. The 

research emphasizes for the low ban

with higher bandwidth free space optical communications

a light source, modulation/demodulation device and transmitting/receiving telescopes.

Previous work was done for the underwater communication using LED’s and photodiodes 

with signal processing techniques

effective only in the blue/green wavelengths region of the spectrum. The MEMS Fabry

device developed for this research can act as the modulator, for its effective use in the 

blue/green region of the spectrum. By varying the cavity gap, a modulator with a 

transmission mode for the required wavelength of the spectrum can be fabricated. Figure 7.2 

shows a transmission spectrum plot for an ideal device with 1

400nm, 500nm and 660nm.  
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Recently the demand of short range free space optics in underwater has increased. The 

research emphasizes for the low bandwidth acoustics communications links to be replaced 

with higher bandwidth free space optical communications
3
. A free space optical link requires 

a light source, modulation/demodulation device and transmitting/receiving telescopes.

for the underwater communication using LED’s and photodiodes 

with signal processing techniques
4
.   However, various properties of the sea water make this 

effective only in the blue/green wavelengths region of the spectrum. The MEMS Fabry

loped for this research can act as the modulator, for its effective use in the 

blue/green region of the spectrum. By varying the cavity gap, a modulator with a 

transmission mode for the required wavelength of the spectrum can be fabricated. Figure 7.2 

s a transmission spectrum plot for an ideal device with 1µm cavity gap, with modes at 
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dwidth acoustics communications links to be replaced 

. A free space optical link requires 

a light source, modulation/demodulation device and transmitting/receiving telescopes. . 

for the underwater communication using LED’s and photodiodes 

.   However, various properties of the sea water make this 

effective only in the blue/green wavelengths region of the spectrum. The MEMS Fabry-Perot 

loped for this research can act as the modulator, for its effective use in the 

blue/green region of the spectrum. By varying the cavity gap, a modulator with a 

transmission mode for the required wavelength of the spectrum can be fabricated. Figure 7.2 

m cavity gap, with modes at 
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Figure 7. 2: Transmission spectrum of an ideal Fabry-Perot cavity designed for 400nm, 500nm and 660nm 

wavelengths.  
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8.1 Mask Layouts of Transparency m

Figure 8. 1: Layout design of transparency mask for aluminum metal step for Device A
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Layouts of Transparency masks 

: Layout design of transparency mask for aluminum metal step for Device A. 

 



 

Figure 8. 2: Layout design of transparency mask for aluminum metal step for Device B
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: Layout design of transparency mask for aluminum metal step for Device B. 
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8.2 Process flow tables 

Table 8. 1: Detailed process flow 

 

Step 

# 

Process Objective Device 

A 

Part # 

Device 

B 

Part # 

1 Nitride deposition Deposit low stress silicon nitride on double sided 

polished 4” silicon wafers.  

1 1 

2 Dicing Fit into the various processing equipment and also to 

satisfy the final device dimensions. 

1,2 1,2 

3 Full Cleaning To have clean the substrates ready for further 

processing. 

1,2 1,2 

4 Baking Heating the substrates to evaporate any solvents left 

on the surface 

1,2 1,2 

5 Cooling Cool down the substrates  1,2 1,2 

6 Photolithography-

1 

Exposing the pattern on the back side of the wafer 

and act as an etch mask in dry etching the silicon 

nitride 

1 1 
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Table 8. 1: Continued. 

7 RIE Dry etching the silicon nitride to expose silicon for 

bulk etching 

1 1 

8 Inspection Checking if any nitride film is left in the optical 

microscope 

1 1 

9 Wet etching To form silicon nitride membrane free of silicon. 

Nitride film acts as the etch mask for silicon. 

1 1 

10 Short Clean DI water rinse for 2 minutes and blow dry with N2 1 1 

11 Inspection Check to see that silicon is completely etched using 

optical microscope 

1 1 

12 Photolithography-

2 

Forming patterns for forming the partial mirrors in 

the microcavity.  

1,2 1,2 

13 Metal deposition Aluminum was deposited to act as the partial mirror 

and also etch mask for RIE recipe  

1,2 1,2 

14 Lift-off Removes the unwanted aluminum when soaked in 

acetone solution. 

1,2 1,2 

15 Inspection Check for if any unwanted aluminum left using 

optical microscope 

1,2 1,2 
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Table 8. 1: Continued. 

 

16 RIE To free the partial mirror silicon nitride bridges from 

the membranes by etching the exposed nitride film 

1 1 

17 Inspection Check if the bridges are freed using optical 

microscope 

1 1 

18 Photolithography-

3 

Patterns void of photoresist to form the contact pads 

to drive the bridges 

1 2 

19 Metal deposition Chrome/Gold metal layer was deposited using e-

beam evaporator. 

1 2 

20 Lift-off Removes the unwanted gold when soaked in the 

acetone solution. 

1  2 

21 Inspection Check if any unwanted gold left using optical 

microscope. Check the thickness of the metal 

deposited matched with the expected value using a 

Dektek. 

1 2 

22 Photolithography-

4 

To have circular patterns void of any photoresist 2 2 
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Table 8. 1: Continued. 

23 Baking The substrates are baked onto the wafer boat 

which goes into the MBE. Using a syringe 

AZ5214E  resist is added at the four corner of 

the substrate in small amounts before placing 

on the hot plate for 30 minutes at 115ºC 

2 2 

24 Metal deposition A very thick layer of Indium was deposited 

using MBE.  

2 2 

25 Removing Now the substrates are removed from wafer 

boat with little force at edges using tweezers 

2 2 

26 Lift-off Dissolves the resist when soaked in PG 

remover. Giving a cylindrical In bumps 

2 2 

27 Inspection Check for In bumps using optical 

microscope. Also Dektek them for thickness 

of the deposition. 

2 2 

28 Bonding To have a micromachined FP cavity device. 

Bonded using the flip-chip aligner with the 

help of alignment marks 

3 3 
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Table 8. 2: Glass mask location 

MASK # Location (Figure #, layer) 

1 Figure 3.5, MEM0  

2 Figure 3.1, MET1 

3 Figure 3.2, MET1 

4 Figure 3.1, MET2 

5 Figure 3.2, MET3 

6 Figure 3.3, MET1 

7 Figure 3.4, MET1 

8 Figure 3.3, MET2 

9 Figure 3.3, MET3 
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Table 8. 3: Process flow for photolithography. 

Photolithography 

Step # 

Process flow 

1 Spinner: Spin SU-8(5) on the spinner in a 2 step process on the back side of 

wafer, 

 (a) 500rpm for 5seconds 

              (b) 1000rpm for 30seconds 

Pre Bake: (a) 2 minutes at 65ºC  

                (b) 5 minutes at 95ºC 

Cool down the substrates. 

Expose: use MJB3 Aligner 

             use MASK1  

             expose mode: vacuum and contact mode 

             expose time: 10seconds 

Post Bake: (a) 1 minute at 65ºC   (b) 2 minutes at 95ºC 

Cool down the substrates. Develop: SU-8 Developer, 1 minute with agitation 
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Table 8. 3: Continued. 

 DI rinse with IPA , Blow dry: Nitrogen 

Inspect: optical microscope 

2 Spinner: Spin AZ5214E on a spinner in a one step process, 

              at 4700rpm for 50 seconds 

Pre Bake: at 90ºC for 2 minutes 

Cool down the substrates 

Expose: use MJB3 Aligner 

             use MASK2/MASK3 (for device A) or MASK6/MASK7 (for device B) 

             expose mode: vacuum and contact mode 

             expose time: 1second for glass mask / 4seconds for transparency masks 

             reverse bake: at 115 ºC for 90 seconds 

             cool down the substrates 

             flood exposure: for 90 seconds, no mask   

Develop: MF-319 developer, 30 seconds with agitation, DI rinse for 2 minutes 

Blow dry: Nitrogen,  Inspect: optical microscope 
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Table 8. 3: Continued. 

3 Spinner: Spin AZ5214E on a spinner in a one step process, 

              at 4700rpm for 50 seconds 

Pre Bake: at 90ºC for 2 minutes 

Cool down the substrates 

Expose: use MJB3 Aligner 

             use MASK4 (for device A) or MASK8 (for device B)  

             expose mode: vacuum and contact mode 

             expose time: 1second for glass mask / 4seconds for transparency masks 

             reverse bake: at 115 ºC for 90 seconds 

             cool down the substrates 

             flood exposure: for 90 seconds, no mask   

Develop: MF-319 developer, 30 seconds with agitation 

DI rinse for 2 minutes 

Blow dry: Nitrogen 

Inspect: optical microscope 
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Table 8. 3: Continued. 

4 Spinner: Spin omnicoat  as a precoat in a 2 step process, 

(a) 500rpm for 5 seconds 

(b) 3000rpm for 30 seconds 

Bake: at 200ºC for 1 minute    

Cool down the substrates. 

Spinner: Spin SU-8(5) on the spinner in a 2 step process on the back side of 

wafer, 

  (a) 500rpm for 5seconds 

              (b) 1000rpm for 30seconds 

Pre Bake: (a) 2 minutes at 65ºC     (b) 5 minutes at 95ºC 

Cool down the substrates. 

Expose: use MJB3 Aligner 

             use MASK5 (for device A) or MASK9 (for device B)  

            expose mode: vacuum and contact mode,  expose time: 10seconds,  

Post Bake: (a) 1 minute at 65ºC,  (b) 2 minutes at 95ºC 
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Table 8. 3: Continued. 

 Cool down the substrates. 

Develop: SU-8 Developer, 30 seconds with agitation 

               rinse with IPA 

Blow dry: Nitrogen 

Develop: MF-319 developer, 30 seconds with agitation 

               DI rinse for 2 minutes 

Blow dry: Nitrogen 

Inspect: optical microscope 
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8.3 Wrinkling Calculations 

Table 8. 4: Sample calculations for a 460µm x 500µm microbridge structure. Temperature, stress and strain can be 

found using the measured applied voltage and the corresponding current. 

 

Table 8. 5: Sample calculations for a 460µm x 250µm microbridge structure. Temperature, stress and strain can be 

found using the measured applied voltage and the corresponding current. 

 

Table 8. 6: Sample calculations for a 460µm x 500µm microbridge structure. Wrinkling wavelength can be calculated 

and compared with measured wavelength using appropriate formula. 

 

Table 8. 7: Sample calculations for a 460µm x 250µm microbridge structure. Wrinkling wavelength can be calculated 

and compared with measured wavelength using appropriate formula.  

 

V I(A) R-2Rp ρ ρₒ T ∆T α ε = α∆T E or E(∆T) σ = ε E

0 0 24 0 1.50E-05 2.00E-03 3.00E+10 3.00E+10

0.5 4.90E-02 2.204082 3.52E-08 2.65E-08 100.0999 76.09991 1.50E-05 1.14E-03 3.00E+10 3.00E+10

1.21 1.12E-01 2.803571 4.47E-08 2.65E-08 184.0525 160.0525 1.50E-05 2.40E-03 5.61E+10 5.61E+10

1.32 1.20E-01 3 4.79E-08 2.65E-08 211.5604 187.5604 1.50E-05 2.81E-03 6.94E+10 6.94E+10

1.36 1.21E-01 3.239669 5.17E-08 2.65E-08 245.1238 221.1238 1.50E-05 3.32E-03 7.84E+10 7.84E+10

1.46 1.29E-01 3.317829 5.29E-08 2.65E-08 256.0693 232.0693 1.50E-05 3.48E-03 8.52E+10 8.52E+10

V I R-2Rp ρ ρₒ T ∆T α ε = α∆T E σ = ε E

0 0 24 0 1.50E-05 2.00E-03 3.00E+10 6.00E+07

0.5 2.80E-02 9.857143 8.21429E-08 2.65E-08 512.3133 488.3133 1.50E-05 7.32E-03 3.00E+10 2.20E+08

1 5.30E-02 10.86792 9.0566E-08 2.65E-08 586.2339 562.2339 1.50E-05 8.43E-03 5.88E+10 4.96E+08

1.18 6.00E-02 11.66667 9.72222E-08 2.65E-08 644.6475 620.6475 1.50E-05 9.31E-03 7.32E+10 6.82E+08

1.32 6.40E-02 12.625 1.05208E-07 2.65E-08 714.7325 690.7325 1.50E-05 1.04E-02 8.29E+10 8.59E+08

1.36 6.50E-02 12.92308 1.07692E-07 2.65E-08 736.5314 712.5314 1.50E-05 1.07E-02 9.01E+10 9.63E+08

Κ tf ν B λ=const*(B/K)^(1/4) λ(measured)

2.93E+04 3.65E-08 0.35 1.39E-13

2.93E+04 3.65E-08 0.35 1.39E-13 1.1662E-04 1.20E-04

2.93E+04 3.65E-08 0.35 2.59E-13 1.3637E-04 1.35E-04

2.93E+04 3.65E-08 0.35 3.20E-13 1.4382E-04 1.60E-04

2.93E+04 3.65E-08 0.35 3.62E-13 1.4828E-04

2.93E+04 3.65E-08 0.35 3.93E-13 1.5140E-04

Κ tf ν B λ=const*(B/K)^(1/4) λmeas

1.46E+04 2.90E-08 0.35 6.95E-14

1.46E+04 2.90E-08 0.35 6.95E-14 1.1671E-04

1.46E+04 2.90E-08 0.35 1.36E-13 1.3808E-04

1.46E+04 2.90E-08 0.35 1.70E-13 1.4588E-04 1.40E-04

1.46E+04 2.90E-08 0.35 1.92E-13 1.5047E-04

1.46E+04 2.90E-08 0.35 2.09E-13 1.5366E-04



 

8.4 MEMS Fabry-

8.4.1  Resonant frequency analysis

This analysis was done by using a network analyzer and at mid infrared range tuning 

for the initial set of devices fabricated.

Figure 8. 3: Resonant frequency analysis set1
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-Perot Cavity data 

Resonant frequency analysis 

This analysis was done by using a network analyzer and at mid infrared range tuning 

for the initial set of devices fabricated. 

: Resonant frequency analysis set1. 

This analysis was done by using a network analyzer and at mid infrared range tuning range 

 



 

Figure 8. 4: Resonant frequency analysis set2

There is definite resonance at 20 

in the mid-infrared region. 

8.4.2  Parallelism and flatness analysis

This analysis was done by using a Zygo device for various widths of the array of 

microbridges in the MEMS device. 
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: Resonant frequency analysis set2. 

There is definite resonance at 20 kHz, 300 kHz, 500 kHz and 700 kHz in some of the devices 

Parallelism and flatness analysis 

This analysis was done by using a Zygo device for various widths of the array of 

microbridges in the MEMS device.  

 

in some of the devices 

This analysis was done by using a Zygo device for various widths of the array of 



 

Figure 8. 5: Parallelism analysis for microbridges set 1
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: Parallelism analysis for microbridges set 1. 

 



 

Figure 8. 6: Parallelism analysis for microbridges set 2
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: Parallelism analysis for microbridges set 2. 

 



 

Figure 8. 7: Parallelism analysis for microbridges set 3

 

From the above figures, it is clear that the microbridges are very much flat in most the cases 

even after bonding as widths ranging from 20

width axis. 

8.4.3 Modulation analysis

The modulation analysis of the various microbridges was done using 

to ours, but has better characterization equipment to analyze. The following plots were the 

very first analysis using a blue laser 457nm in this case and a microbridge was modulated to 

25 kHz. 
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: Parallelism analysis for microbridges set 3. 

clear that the microbridges are very much flat in most the cases 

even after bonding as widths ranging from 20µm to 250µm were tested along their length and 

Modulation analysis 

The modulation analysis of the various microbridges was done using an optical setup similar 

to ours, but has better characterization equipment to analyze. The following plots were the 

very first analysis using a blue laser 457nm in this case and a microbridge was modulated to 

 

clear that the microbridges are very much flat in most the cases 

m were tested along their length and 

an optical setup similar 

to ours, but has better characterization equipment to analyze. The following plots were the 

very first analysis using a blue laser 457nm in this case and a microbridge was modulated to 
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Figure 8. 8:  Modulation analysis on microbridges showing 25 kHz for 457nm laser source. 



 

The next sets of plots are for some of the recent devices fabricated and some microbridges 

even go to 100 kHz. 

Figure 8. 9: Modulation analysis on microbridges showing 100 

 

 

180 

The next sets of plots are for some of the recent devices fabricated and some microbridges 

: Modulation analysis on microbridges showing 100 kHz for 457nm laser source. 

 

The next sets of plots are for some of the recent devices fabricated and some microbridges 

 


