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ABSTRACT

Acousto Optic Modulated Stroboscopic Interferometer for Comprehensive

Characterization of Microstructure

Murali Manohar Pai Sreenivasan

Mechanical and electro-mechanical advancements to the nano-scale require
comprehensive and systematic testing at the micro-scale in order to understand the
underlying influences that define the micro/nano-device both from fabrication and
operational points of view. In this regard, surface metrology measurements, as well as
static and dynamic characteristics will become very important and need to be
experimentally determined to describe the system fully. These integrated tests are
difficult to be implemented at dimensions where interaction with the device can seriously
impact the results obtained. Hence, a characterization method to obtain valid
experimental information without interfering with the functionality of the device needs to
be developed. In this work, a simple yet viable Acousto Optic Modulated Stroboscopic
Interferometer (AOMSI) was developed using a frequency stabilized Continuous Wave
(CW) laser together with an Acousto Optic Modulator for comprehensive mechanical
characterization to obtain surface, static and dynamic properties of micro-scale structures.
An optimized methodology for measurement was established and sensitivity analysis was
conducted. Being a whole-field technique, unlike single point or scanning
interferometers, AOMSI can provide details of surface properties as well as

displacements due to static/dynamic loads and modal profiles. Experiments for surface
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profiling were carried out on a micro-mirror, along with 2D and 3D profile
measurements. The ability of AOMSI to perform dynamic measurements was tested on
Micro-Cantilevers and on AFM (Atomic Force Microscopy) cantilevers. The resolution
of AOMSI was identified as 10nms. The results for static deflections, 1% and 2™ natural
frequencies and mode shapes were found to be in good agreement with results from the
developed theoretical model and manufacturers specifications. The approach is a novel
approach to investigate the surface, static and dynamic behavior of microstructures using

a single interferometer.
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Chapter 1

Introduction

1.1 Introduction

Micro Electro Mechanical Systems (MEMS) are miniaturized devices with mechanical
components with features in the range of few um and integrated with electronic circuitry
for signal processing and analysis. The versatility of MEMS has been the driving force
for next generation sensors, actuators and transducers in recent times. The field of MEMS
as it is known in North America is also known as Micro System Technology (MST) in
Europe and as Micromachines in Japan [1]. Over the years since its implementation,
MEMS have found its application in various fields from automobile to biological sensing

and some are yet to be uncovered.

1.2 History of Micro Electro Mechanical Systems (MEMS)

The integrated circuit (IC) technology is the starting point in the history of Microsystems.
Microfabrication for these IC technologies was developed with a level of fierceness
unmatched to other fields. These microfabrication technologies were rapidly matured
over the decades from early 1960°s. The field of microelectromechanical systems
(MEMS) was evolved as an off-shoot of these technologies. Several IC processing
technologies were used to make micromechanical devices that included cantilevers,
membranes and nozzles. Crucial elements like microsensor, including piezoresistivity of

silicon were discovered, studied and optimized [3,7,4]. The bulk micromachining and



surface micromachining technologies [9,10,12] produced sensors at low cost that
produced large impact on various products such as ink-jet printers manufactured by
Hewlett-Packard which work on silicon micromachined ink-jet printer nozzle in [14,13].
In 1989, first silicon surface micromachined micro-motor using the principle of
electrostatic force was demonstrated at University of California at Berkeley [15]. These
developments played a significant role in bringing MEMS to broader scientific
community and industries. In 1990s, MEMS grew rapidly with government and private
funding for research in various applications from optical attenuation in
telecommunication to biological studies using MEMS based miniature tools. Early
research in companies like Analog devices and Texas Instrument started to bear results
for their invention in inertia sensors and projection display. At present the trend is still on
to compose lab-on-a-chip to miniaturize analysis system in medical application. Nano
Electro-Mechanical System (NEMS) is on a threshold to make unprecedented sensitivity

and selectivity of detection [16,17,18,76,78].

1.3 Trends in Micro Electro Mechanical Systems (MEMS)

Outcome of the above mentioned applications made scientific society to create a separate
platform dedicated to research on MEMS. The developed Microfabrication and
micromachining process was customized to produce MEMS devices [79,81,82,75].
Processes developed offered significant advantages over macroscopic electro-mechanical
sensors, principally high sensitivity and low noises. Its Bulk micromachining [80]
advantage helped the sensor and other commercial application markets on a spin with

low-cost manufacturing with high sensitivity. Advance feature integration with ultra high
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sensitivity [19,20] are been offered. Today, one can find variety of micromachined
accelerometer sensors with various sensing principles like capacitive sensing [20],

piezoresistivity, optical sensing [21] have been demonstrated.

Its multi-disciplinary application from biomedical to aerospace has made researchers
customize their approach in development of MEMS device to satisfy their needs. In the
next 10 to 20 years the MEMS research is expected to continue its rapid growth curve
with advancements in several aspects: (1) An increased functional reach of MEMS in
interdisciplinary applications; (2) the maturation of design methodology and fabrication
technology; (3) the enhancement of mechanical performances such as sensitivity and
robustness; (4) a lowered development cost and cost of ownership [78,77]. Figure 1.1

shows SEM image of a gyroscope designed by the author to sense change in angle.

=

Figure 1.1 SEM image of gyroscope
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1.4 Factors Affecting the Growth of MEMS

From the talk given by Richard Feynman about “There is plenty of room at the bottom”
scientific community [16] developed a whole new area of getting miniaturized. The
factors that affect this growth are in developing new principles and theories that predict
the models in micro or nano scale [22]. The models were simulated for various
parameters and quantified. Since it is an electromechanical system the device was
characterized for electrical and mechanical properties. Scientific community always
needs a well proven feedback system to optimize their design either of the fabrication
techniques or system. This feedback system is a main factor that helps in the
advancement of further development. To create a feedback system, better characterization
tools have to be developed for understanding various properties [92,87]. Characterization
plays an important role in connecting the link between the theoretical and experimental
research [89]. It gives the actual performances of the system. It can predict the failure and
other responses which can be used in further development of the design. Figure 1.2 shows
the SEM image of internal stress induced in the MEMS design due to fabrication

technique and design compensation made to reduce the internal stress.



(b)

Figure 1.2 (a) SEM image of internal stress induced MEMS plate (b) Design

compensation on the MEMS plate.



1.5 Introduction to Characterization Tools in MEMS

Since the scope of the thesis is within the limits of the characterization of static and
dynamic behavior of the MEMS device, attention is drawn to various tools available to
characterize mechanical behavior of the MEMS devices in their working environment.
The parameters that need to be measured are out-of-plane motion, natural frequency, in-
plane motion and modal shape analysis. Other properties that need to be characterized are
surface metrology to understand the surface roughness of the material after it is either

deposited or fabricated on to a system.

1.6 Importance of Mechanical Characterization in MEMS

Micro Electro Mechanical System (MEMS) involves integration of electronics and
mechanical systems. The factors affecting the performances of MEMS devices have
equal effect from both systems (mechanical and electronics). Therefore optimization of
mechanical system needs tools which can characterize the mechanical behavior to study
the change in sensitivity or performances with change in design of its boundary
conditions or structure. Device level metrology plays an important role in characterizing
the parameters that governs the design of these microstructures. The important
parameters are surface roughness of the microstructure that governs the optical
attenuation properties [77,78] static behavior of these microstructures under various
working environments and sensitivity of these microstructures on loads with its
maximum capability to handle these loads. In MEMS devices, loads can be applied using
external forces (thermal or pressure) or electro-static force in the system [84]. Another

important parameter to characterize is the dynamic behavior in order to understand the
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resonance frequency of the microstructure which is usually very high compared to macro

systems and mode shapes in resonance frequency.

1.7 Classification of Characterization Tools in MEMS

The tools to characterize these microstructures are non-contact and non-destructive
methods. The ability to view and characterize these microstructures can be done either
through a microscope or other optical methods. Bosseboeuf et al [23] discuss about the
trends of many optical techniques for out-of-plane motions that are the latest trends built
using sophisticated electronic devices in order to visualize these microstructures in its
static or dynamic motion, tools available to characterize can be classified into non-optical

methods [24] and optical methods [23].

1.8 Non-Optical Methods

The most common of the non-optical methods is Scanning Electron Microscope (SEM)
[24]. From the discovery of electron to be used for imaging using electron backscattered
diffraction images, SEM [24,58] was invented. These microscopes gave a new trend in
visualization to view material in sub nanometer resolution, providing minute details of
the structure under test. The other non-optical method was using probes to give the
surface topography, where microscopes build using tunneling and magnetic principles
were employed. The various types of Non-Optical microscope are Scanning Capacitance
microscope (SCM)[90], Atomic Force Microscope (AFM) [60], Scanning Probe

Microscope (SPM), Scanning Tunneling Microscope (STM)[91], Tunneling



ElectronMicroscope (TEM), in addition to SEM. Figure 1.3 shows the schematic layout

of an SEM.

Electron Gun

2\

i

<inm-

Scanning

Figure 1.3 Schematic layout of Scanning Electron Microscope [24]

The Table 1.1 below shows the capability of these non-optical microscopes. These
microscopes have unique ability to visualize at high resolution but are expensive

instruments, need rigorous sample preparation and skilled operations.



SEM/TEM SPM/AFM

Operation Vacuum Air, Liquid, High Vacuum

Depth of Field Large Medium

Later Resolution 1-5nm-SEM 2-10nm -AFM
0.1nm-TEM 0.1nm — STM

Vertical Resolution N/A 0.1 nm - AFM

0.01nm- STM

Magnification 10X-10°X 5x10°X- 10°X

Sample Un-chargeable, vacuum Surface height < 10mm
compatible thin film: TEM

Contrast Scattering, diffraction Tunneling

Table 1.1 Comparison of non-optical characterization methods for MEMS

Moreover the non-optical approaches mentioned here are used for surface profile
measurement [58,59] but that fail to understand the static and dynamic behavior of
microstructure in real time. Optical techniques described by Bossebouef. A et al [23]

show a promising trend in developing characterization tools for static and dynamic

behavior.




1.9 Optical Based Method

Optical characterization techniques developed for the assessment of microstructure [42]
have promising trend to develop low-cost, high resolution, high sensitivity instruments to
conduct static and dynamic behavior of microstructure at high speed under normal
environments. The inclusion of CCD sensor and software integration with this hardware
makes the system more versatile in testing for various parameters. Optical based
characterization tools can be classified into two main categories as shown in Figurel.4

focus sensing and interferometric techniques.

Optical Technique

| |
Focus sensing Techniques Interferometric
Techniques

Figure 1.4 Classifications of optical techniques

1.10 Focus Sensing Techniques

Optical microscope is the common focus sensing device. It magnifies the object under
test to a given order. Many principles like epifluorescence are used in characterizing
microstructures (microchannels) [93]. To be mentioned is confocal microscope which is
an important type of focus sensing technique. Its a replacement of diamond tip stylus to

an optical stylus to scan the surface profile of a microstructure or can be used for
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understanding static behavior of microstructures in full-field [25,26]. It is one of the
most important focus sensing technique for surface profiling for structures in micro-
regime and other materials (biological and bio-medical) [107]. Gu M et al [25] proposed
a scanning system confocal microscope to record various sections of a microstructure
using CCD and then to reconstruct them in 3D profiles. Figure 1.5 shows the schematic
layout of the confocal microscope. The disc is spiral configuration of various pinholes
(Nipkow disc) helps in deleting the out-of-focus information for better imaging, a CCD

camera is used to capture the image and white light source for focusing images.

CCD Camera

Light Source

P Niphow Disc

i microstructure

Figure 1.5 Full-field white light confocal microscope [25]

While microscopes are mainly focused for 3D profile information, interferometric
techniques developed are most widely used due its capability to conduct characterization

for surface information, static and dynamic behavior.
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1.11 Interferometric Techniques

Interferometric techniques are an extension of focus sensing technique by using the
concept of interference of light [94,95,97]. Analyzing the surface or other parameters
like motion and frequency using interferogram is the basis of an interferometric
technique. An interferogram is recorded by interference signal between two or more
beams of light exciting from the same radiation source. Interference usually refers to the
interaction of two or more light waves [95]. An interferometer is an optical setup to
create required interferences. Depending on the applications, a suitable interferometer is
used to create an interferogram. Christian Rembe et al [30] review the various trends on
optical interferometric techniques to study the dynamic behavior of the MEMS.
Bossebouf. A et al [23] also review various trends developed to study the surface
information and static behavior of MEMS devices. Some of the techniques used in

MEMS are reviewed below.

1.12 Interferometric Techniques for Surface Profile and Static Behavior

Assessment of surface profile of microstructure is important in fabrication process
optimization for designing of microstructure. Static behavior characterization gives the
information of performances of microstructure under static loads. Microscopic
interferometry are widely used for the same with most common configuration using
monochromatic or white light source such as a Michelson, Mirau or Linnik

interferometric methods. C.Quan et al [27] developed an experimental setup with Mirau

12



objective to understand the nanoscale deformation of MEMS structures. A schematic
layout of the experimental setup of the optical system is shown in Figure 1.6. The
technique was to develop a microscope with a mirau objective to obtain fringe pattern

with the structure for measurement of surface profile and static deflection.

1 CCD sensor I ~~~~~~~~~~~~~~~~~~~~ 1
i
i
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Adjusiable probe

S-nxis translifion stage

Figure 1.6 Schematic layout of Mirau interferometric technique [27]

The system developed showed the feasibility to understand the 3D deformation and
surface contour measurements for microstructures, but unable to perform dynamic

characterization.

1.13 Interferometric Techniques for Dynamic Characterization

Dynamic characterization of microstructure leads to measurement of dynamic properties
of microstructure while it is vibrating and modal analysis of the microstructure at high

frequencies. Advances in optical methodology to develop tools to measure microstructure

13



made a noteworthy development. Laser Doppler Vibrometer (LDV) which is used for
dynamic characterization of macrostructure was implemented into micro level
[35,34,36,37]. P.Kehl et al [28] introduced high speed visualization to develop
diagnostic tool for microstructure. M.Hart et al [29,31] developed stroboscopic
interferometer using LED (Light Emitting Diode) for dynamic characterization. Osten,W
et al [32] developed stroboscopic holographic systems to record digital hologram[33] of
structures at dynamic state. The details of the dynamic characterization both with their

relative pros and cons are discussed below.

1.14 Laser Doppler Vibrometer (LDV)

Laser Doppler Vibrometer works on the principle of Doppler effects to remotely acquire
the vibration Velocitieé. Vibration induces a Doppler shift on the incident laser beam.
This frequency shift is linearly related to the velocity component in the direction of laser
beam. A relationship is established between the laser beam frequency variations with that
of the object velocity. To isolate this Doppler shift to understand the dynamics of
microstructures interferometry techniques are implemented. A scheme of a Vibrometer

incorporating a Mach-Zender interferometer is shown below in Figure 1.7
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Object beam

oy

&

Adplate Lens
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~ 1 : back senttered beam
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Where BS1, BS2, BS3 are beam splitter, J/4 is quarter wave plate and PD1, PD2 are photodetector’s

Figure 1.7 Schematic layout of LDV [34]

The light from the laser is split into a “reference beam” and an “object (measurement)
beam” by beam splitter BS1. The object beam passes through beam splitter BS3 and is
focused to a point on the vibrating object by the lens. The backscattered light is diverted
by BS3 towards BS2. At BS2, the backscatter from the object mixes together (interferes)
with the frequency shifted reference beam. To isolate this frequency heterodyne
interferometric technique is implemented [34]. Heterodyne interferometry observes the
interferences between two beams with slightly different optical frequencies. This
frequency difference is usually achieved by introducing a frequency shift into one of the
beams which is created byAthe Bragg cell [70,100] in the optical setup. Vibrometer
usually employ He-Ne lasers. Finally, the optical signal is converted to an electrical
signal by photo detectors PD1 and PD2. When the two beams interfere in a photodetector
its records a traveling interferences signal at the beat frequency. The LDV is widely used

for dynamic characterization of microstructures. Its limits the technique only on a
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vibrating body, which makes it not viable for surface profile or static characterization.
One of the first commercial dynamic characterization tools was developed based on LDV
by Polytec™ Inc. In the latest product it has a capability to detect up to 20MHz signal
with scanning system to predict more precisely the dynamic property of a whole device
[71,72]. Since LDV is either single point system [37] or scanning system [34,73] it
removes the real time assessment [38, 29] and does not have a method to visualize the
motion at higher frequency. Being a single point measurement, the position of the laser
beam along the device can also misdirect the results (eg: at nodal point in second or
higher mode analysis).To visualize these motion and to extract dynamic parameters of the

whole device in real-time, whole -field approach would be a better solution [101].

1.15 Whole Field Technique

There is a need for a static and dynamic characterization tool which can visualize the
whole system. Opting for non-optical system is expensive and time intense. An optical
system with Doppler principle can be reliable but it is either point or scanning method for
testing and cannot be used for static behaviors and it is not a whole field technique. The
implementation of interferometric technique with a suitable interferometer to measure the
phase of whole system is feasible. To make it compatible for dynamic behavior we can

use the principle of stroboscopic imaging [39,40]
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1.16 Stroboscopic Interferometer

Stroboscopy is an alternative method [62,63] for high speed visualization[98] of cyclic
motions. Instead of using an expensive high-speed CCD camera to capture the motion of
vibrating body, the light is pulsed at the same frequency at which the object is vibrating,
In this method a normal 30 Hz CCD camera is sufficient to capture these motions.
C.Rembe et al [40] developed a stroboscopic interferometer at BASC (Berkeley Sensor&
Actuator Center) to measure in-plane and out-of-plane displacement in a single
experiment. The motion was measured with out-of-plane resolution in the order of 5nm.
The setup had capability to strobe laser at 1 MHz. Figure 1.8 is the schematic layout of

the stroboscopic interferometer developed at BASC [29].

4
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Where L — /2 -wave-plate, P- polarizer, PBS — polarization beam splitter, f— condenser lens, f; -
imaging lens, and f,, — microscope objective for imaging, LD — laser diode, M — reference mirror

Figure 1.8 Schematic of stroboscopic interferometer system [29]

The interferometer was built on using LED as a source on a Twyman-Green

interferometer [102] platform with a CCD camera connected to a frame grabber card. The
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pulsing and the driving frequencies of the microstructure were controlled using a
computer and the capturing of the motion was done using software. The post processing
of the interferogram was done using phase-shifting method. In phase shifting method
there is a need to capture images of the same motion at different phases. Even though a
better resolution is obtained using this method it complicates the system. Moreover PZT
based phase shifting induces mechanical errors which is compensated by algorithms. The
strobing is done using a pulse generator on a LED whose reliability fails at higher
frequencies. Moreover LEDs are not monochromatic and have restrictions in coherence
length and frequency stability. Use of Acousto-Optic Modulator is feasible to get a He-
Ne laser source to strobe. He-Ne laser are monochromatic of light at 632.8 nm, unlike
LED they are frequency stabilized which is important for high precision metrology

[64,99].

1.17 Acousto Optic Modulator (AOM) in Stroboscopy

The laser system that emits continuous wave of monochromatic light are not expensive
and comes in lower power ranges is best suited for interferometric process [42]. To strobe
continuous wave laser, shutters are required. Common methods of strobing include
mechanical/electronic shutters that are good at lower frequencies. The electronic shutters
available are in few KHz ranges [108]. At higher frequencies there are LED modules.
The dynamic range on MEMS device is between few KHz to few MHz. Alternative
methods with ability to strobe at higher frequencies is necessary. AOM is widely used for
modulation in telecommunication [68], in heterodyne interferometers (Bragg cell) for

frequency variation and acoustic switching on high power pulsed laser [53], non-
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mechanical scanning [38]. AOM with low random access time can be used for strobing a

laser in high frequency range.

1.18 Working of Acousto Optic Modulator (AOM)

The modulation in an Acousto Optic Modulator is based on the elasto-optic effect, where
the change in refractive index of the material is based on the strain. With acoustic waves
having sinusoidal properties there is grating effect caused on the crystal which diffracts
the light at various orders [65]. A parameter is called the‘ “quality factor, Q”, determines

the interaction regime. Q is given by

274 L
nA

(1.1)

where A is the wavelength of the laser beam, n is the refractive index of the crystal, L is
the distance the laser beam travels through the acoustic wave and A is the acoustic

wavelength.

For Q<<1 : This is the Raman-Nath regime. The laser beam is incident roughly normal
to the acoustic beam and there are several diffraction orders as shown in Figure 1.9. For
Q>>1 : This is the Bragg regime. At one particular incidence angle®,, only one
diffraction order is produced the others are annihilated by destructive interference as

shown is Figure 1.9. Where ®, is defined by

®, = sin (Ej (1.2)

2v
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Where F is acoustic frequency and v is the acoustic velocity and A is the wavelength of

the laser [69,65,64].
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Figure 1.10 Modulation graph of AOM [64]

For the experimental setup in the thesis the AOM is positioned in Bragg angle with
respect to laser and the first order beam is used in the classical interferometer. A TeO,

crystal is used for the modulator with the modulation frequency fixed at 85MHz.In the
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experiment 632.8 nm laser is converted from continues wave (CW) to pulsed wave using
AOM in combination with a TTL signal generator. The beam size of the laser is 500 pm
which is given as the input to the AOM, as per the graph in Figure 1.10 a maximum
modulation capacity of 4 MHz for the given beam size is expected. With the decrease of
the beam diameter in the input side of AOM a modulation of up to 70 MHz can be
achieved [64]. The principle of AOM to strobe the light was implemented in digital laser

microinterferometer which is discussed further.

1.19 Digital Laser Microinterferometer

L.Yang et al[41] developed a digital laser microinterferometer using AOM to strobe the
laser, together with a Michelson interferometer to implement an electronic speckle
pattern interferometry. Speckle interferometry uses the speckle patterns to get the
information of the test object. It can record the displacement by co relating these speckle
patterns after a force is applied. Speckles are well defined on rough surface and
displacement measurement can be more precise, if the speckles are well defined. Figure
1.11 below shows the schematic layout of digital laser microinterferometer based on
speckle interferometry. The drawback of this system is that it needs a surface suitable to
create a speckle pattern. Most of the MEMS device surfaces are made of either metals or
silicon which reflects light. Primary requirement of speckle is to have rough surface
where the surface instead of reflecting, scatters the light to form local interferences to

create speckles. Thus it limits its range of usability in MEMS field.
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Figure 1.11 Schematic layout of digital laser microinterferometer [41]

1.20 Processing Techniques on a Fringe Pattern

The application of interferometric techniques in MEMS was made feasible only with the
introduction of CCD camera and highly sensitive optical detectors. To detect surface and
other information in macro structure holograms were used to record the information.
Image processing was made easy after introducing the image processing programs using
computers. To install a real time vision system in an interferometric technique a CCD
camera connected to a frame grabber is used to capture static images of the
interferogram. The CCD camera captures the images in pixels array where the intensity is
recorded in their respective pixel. Since the intensity is recorded in an array, various

processing techniques can be used to get the measured phase value of the interferogram.
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1.21 Fringe Tracking

Until 1970 fringe tracking was the foremost method to analyze interferogram
quantitatively [43]. It requires only one interferogram but was relatively imprecise.
Fringe tracking works by recording the positions of the intensity maxima and minima,
rest of the data is interpolated in order to create a phase map across a plane. Tilt direction
between the references and test object should be known to determine the shape of the
object, i.e. concave and convex as shown in Figure 1.12. Understanding a complicated

surface profile like that of MEMS device using fringe tracking is impossible.

Figure 1.12 Fringe tracking method

23



1.22 Temporal Phase Measurement/Temporal Heterodyning

Temporal phase measurement introduces a known increment in the relative differences
between the test and reference beams called phase shift. It is also called phase shifting

method. From the phase shifting equation [45,46,47]

I yy= oy 1+Veoso(x,y)] (1.3)

Where Iy is the intensity of the interference pattern at the corresponding pixel of the
CCD camera, @,y) is the phase difference between the object and reference at that
particular pixel, and ¥ is the modulation of the fringes. This equation has three unknowns
in Iy, ¥ and @. Therefore, a minimum of three phase-shifted images is required to find out
the phase ¢ value of a particular point. Therefore at least three interferograms are

necessary to process the phase measurement like as shown in Figure 1.13.

no phase shift (0°) /2 phase shift (90°) 7 phase shift (180°)

Figure 1.13 Interferogram of different known phase shifts
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The most common way to shift the phase is by changing the reference mirror in the
optical axis. It is made possible by mounting the mirror on piezo stage which moves the
mirror in nanometers. The measurement precision can be improved using more samples
and using better algorithms [46,63]. The measurement can be precise with nanometer
resolution with high repeatability. But temporal phase shifting methods are not most
suitable for dynamic characterization. The setup to capture three or more interferograms
instantaneously (also referred as spatial phase shifting) is possible only with multiple

cameras, where alignment of cameras with pixel to pixel accuracy is complicated.

1.23 Fourier Transform

Fourier transform technique discretizes a single interferogram into three distinist spectral
orders for a cosinusoidial function that represents the fringes. The number of fringes from
the induced tilt between the references and test wavefront must be large enough to
separate the spectral orders to enable filtering at the spatial frequency of the fringes.
Inverse transform is then performed to phase encode the interferogram from arctangent
function of the real and imaginary parts of the inverse transform [48,49]. A phase
measurement from Fourier transform is more precise than fringe tracking but less than
phase shifting. Its algorithms are much simpler and fast to process. Better filter to remove
spatial noise improves the measurements [44]. The advantage of using Fourier transform

over phase shifting (Temporal Phase measurement) and fringe tracking is given in Table

1.2 below.
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Parameters Fringe Phase Shifting | Fourier Transform
Tracking

Number of Interferograms | 1 Minimum 3 1

Resolution 1to 1/10 A 1/10to 1/100 A | 1/10to 1/30 A

Experimental effort Low High Moderate

Sensitivity to external Low Moderate Low

influences

Cost Low High Moderate

Table 1.2 Comparison of different fringe processing techniques

1.24 Objective and Scope of the Thesis

The primary objective of this research work is to develop a simple yet viable stroboscopic
interferometer with a CW laser for comprehensive mechanical characterization of
microstructures. The scope of the thesis includes
e Modeling and design of simple MEMS microstructures to study static and
dynamic behaviors using the Raleigh-Ritz method.
e Designing and building Acousto Optic Modulated Stroboscopic Interferometer
(AOMSI).
e Conduct experiments on various microstructures to characterize their surface,
static, dynamic behavior.
e Comparing the experimental results with that of theoretical models to validate the

design of the interferometer.
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Chapter 2

Design and Modeling of MEMS device

2.1 Introduction

In microsystems, theoretical modeling and simulations play a vital role. Theoretical
modeling [74,89] of MEMS devices involves understanding the microstructure when it is
subjected to various electrostatic loads and boundary conditions. The modeling is done in
order to understand the properties to predict their static and dynamic behaviors under
different influences. For example, when these microstructures are activated with an
electrostatic field, the structure deflects under the applied voltage. Similarly when the
microstructure is made to vibrate, it resonates at a particular natural frequency to take the
shape of the vibration mode. In our dynamic modeling natural frequency of the device

and also the mode shape is simulated to understand the dynamic behavior.

2.2 Rayleigh-Ritz Method

Fundamental Frequency is of greatest interest when it comes to the analysis of vibration
in a mechanical system. Rayleigh-Ritz improved the method with introduction of a series
of the shape function multiplied by a constant co-efficient. The equation resolves to give
better solution for natural frequency and mode shapes when a satisfying shape function is
used for the geometric boundary conditions [50]. In the analysis for both static and

dynamic behavior of the MEMS device the Rayleigh-Ritz energy method is used. In the
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dynamic analysis of the cantilever the boundary characteristic orthogonal polynomials

were employed and the same is adopted for the static deflection.

2.3 Energy Formulation

The energy formulation takes into account electro-mechanical influences. The thermal
influences, however, are not considered in the model. Shown in Figure 2.1 is a schematic

representation of a microcantilever with electrostatic and geometrical influences.

L »
x :
Z ___________________ Jf:—::f}._é
Z. wl "o
v
% B

Insulator

(b)

Bottom electrode

Figure 2.1 (a) Schematic top view of microcantilever width contouring (b) Schematic
side view of an electrostatically actuated microcantilever

Where L is the length, x is the longitudinal coordinate, w(x) the positional width, wy the

unconditioned width, d the dielectric gap (microcantilever-electrode spacing), V the

applied voltage, and Wg(x) the static deflection along the length of the microcantilever.
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The electro-mechanical influences affecting a microcantilever are modeled with artificial

springs as shown in Figure 2.2.

Kr K

\\12\:;(0 ) ke(1)

Kg = Jke(x)dx

Figure 2.2 Equivalent microcantilever with artificial springs

2.4 Theoretical Formulation

The theoretical models for the static and dynamic analysis are introduced. The
formulations are based on an energy approach in which the static and dynamic behaviour
of the microstructure can be estimated by employing boundary characteristic orthogonal
polynomials [50,51]. In the dynamic analysis the formulation becomes the classical
Rayleigh-Ritz method, whereas in the static analysis a linearized non-homogeneous

system is obtained for a given applied voltage.

2.5 Modeling the Static Behaviour

The static deflection Wy, is estimated from,
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Ws(x)= Zn: Ais¢i (x)
i=1 2.1

where the, 47, are the static deflection coefficients of the beam, and ¢,, are the

orthogonal polynomials, x, is a non-dimensional quantity equal to £/ L and varies from 0
to 1, n is the total number of polynomials in the set. The strain energy of the beam is

given by,

1

v [Feoors () ds

U, =
Booap

2.2)

Where E is the elastic modulus, L is the length of the cantilever, w is the width, 4 is the
thickness, Fis a geometry conditioning function and W;"is the second derivative with

respect to x. For the static analysis, the electrostatic potential energy is given by [22],

U, Ebel?? [ (x){l AS +(Ws (x)) ] "
2d d d

0

(2.3)

where third and higher order terms are ignored. Here, W is the static deflection for a
given applied voltage V, g and & are the permittivity of free space and relative
permittivity of the dielectric medium, respectively, and d is the dielectric gap. In the case
of an electrostatically actuated cantilever, the static equilibrium position is obtained from

the condition,

0
—éZ[UB +U,]=0 (2.4)
The above equation results in the following linear system,
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ez -nEpls =v ljﬁ(xw,. (x)dx
0

= (2.5)
Vi=1l.n
where the following definitions apply,
1 ~
E} = [F(0¢, ()6, (x)dx
0 (2.6)
! A
EY = [F(4, ()8, ()d
0 2.7
41,2 41,2 3
s & WLV o _EEWLVT wh 2.8)

1 =

Elid 2EIF T 12

where I is the moment of inertia. One could obtain the static behaviour using Equation
(2.5) for a given voltage. Static behaviour for various applied voltages on SOl MicraGem
cantilever whose specification given below in Table 2.1 where calculated using the model

described above.

Parameter Considered Values

Length of the cantilevers (L) 810um (measured)

Thickness (h) 10.5um (measured)

Maximum width ( w(x)) 90um (measured)

Dielectric gap(do) ~11pm (measured)

Young’s modulus £ 129.5 GPa (values given by the manufacturer)
Density p 2320kgm'3 (values given by the manufacturer)

Table 2.1 Specification of the SOI MicraGem Cantilever
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The deflection was calculated for 15V, 29.5V and 55V and the magnitude of the
deflection at the tip of the cantilever is tabulated below in Table 2.2 the characteristic

shape of the deflected cantilever for the said voltages is shown in Figure 2.3.

Voltage Magnitude of Tip at 810pm deflection (nm)
55V 377

29.5V 109

15v 27

Table 2.2 Theoretical tip deflection for static characterization

x10° Electro-Static Deflection
4 T T T T T T T T

55V

25 —

Deflection (m)
o
T
1

T 295V 3

as- .
15V

Figure 2.3 Static deflection
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2.6 Modeling the Dynamic Behaviour

The estimation of the natural frequencies and mode shapes of the AFM cantilevers are
carried out using the normal mode approach by applying boundary characteristic
orthogonal polynomials in the Rayleigh-Ritz energy method [50]. This approximate
numerical method is a simple way to analyze the flexural response of variety of structures
such as beams and plates [51,52,54] and is employed here for this reason.
The assumed dynamic deflections W), of the cantilever beam are given by,
Wy () =3 424,

=l (2.9)
where A" are the dynamic deflection coefficients of the beam. The natural frequencies
@, (rad/s), of the system can be obtained by minimizing the Rayleigh quotient defined

as,

2 _ U

0" ===
Thaax (2.10)

where Upy, is the maximum strain energy. In this analysis, the total strain energy of the
cantilever system is given by,
Unax = Up (2.11)

where Up is given by,

ER*w ' 2
Uy == [EG)0," ()’ dx
24L
0 (2.12)
The maximum kinetic energy Ti4yx, is defined by,
Tyux =T5 =0 Ty (2.13)

and is given by,
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@ pth

T, = j'F(x)(W (x)) dx

(2.14)
where p is the material density. For the dynamic analysis, an artificial electrostatic
stiffness per unit length is obtained from the static equilibrium position of the cantilever

for a given applied voltage, and is given by

()= g,e,wL'V? l:(d F(x) :I

= -1 2.15)
The electrostatic potential energy for the dynamic analysis is then given by,
1 1
Uso =5 [ke 07, ()" dx
0 (2.16)

where Ws has been replaced by W) for the dynamic analysis of the flexural deflection of

the cantilever. Minimizing Equation (2.10) with respect to the deflection coefficients Ajl.) ,

results in an eigensystem that uniquely characterizes the dynamic behaviour of the

cantilever. The eigensystem obtained is given by,

V2 U —1 250 |4P =0
]Z[, o= AR A, @2.17)
Vi=l..n

Where the following definitions apply,

2 z_a)sz nL*

= 2.18
K EI 2.18)

Solution of Equation 2.17 will provide the natural frequencies and mode shapes for »
number of modes. Dynamic behaviour for 1% and 2™ natural frequency of AFM

cantilever whose specification given below in Table 2.3 was calculated using the model
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described above. Shown in Table 2.4 are the calculated natural frequencies compared

with that of the manufacturers’ specification. Figure 2.4 shows the normalized 1% and 2

mode shape obtained using the model.

Parameter Considered

Values

Length of the cantilevers (L)
Thickness (h)
Maximum width ( w(x))

Young’s modulus £

350um (measured)
1pm (measured)
35pum (measured)

169.5 GPa (values given by the manufacturer)

Density p 2330kgm™ (values given by the manufacturer)
Table 2.3 Specification of AFM Cantilever

Mode | Natural frequency(simulated) | Natural frequency (by manufacturer)

¥ 11.2 kHz 10.0 kHz * ~3 kHz

2" | 70.4kHz n/a

Table 2.4 Theoretical Resonance Frequency
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Figure 2.4 Analytical Representations of the 1% and 2™ Mode Shapes
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2.7 Summary

Design and modeling of MEMS device is done to understand the electrostatic and
mechanical influences for its static and dynamic behavior. The Rayleigh-Ritz energy
method is implemented for the simulation. The results obtained from the theoretical
model presented here were evaluated experimentally using the developed AOMSI and the

comparisons are shown in chapters 5 and 6.

37



Chapter 3
Experimental Setup of Acousto Optic Modulated

Stroboscopic Interferometer

3.1 Introduction

In this chapter the setup of the Acousto Optic Modulated Stroboscopic Interferometer
developed for static and dynamic characterization of microdevices is detailed.
Stroboscopy creates the illusion of slow-motion. In this regard, stroboscopy has been
widely used in photography and also in industrial applications to freeze the motion of
moving objects. The fundamental principle being that when the strobing frequency is
equivalent to the frequency of the device in periodic motion, the motion appears frozen
and is visualized in a still position. This strobing principle can be exploited in the freeze-
frame visualization of high frequency cyclic motion [28] and hence, applied to high
frequency resonating microstructures. Through the combination of a classical
interferometer and a strobed monochromatic light source, measurement of in-plane and
out-of-plane motions of microstructures is possible with resolution in the order of few
nanometers. In the experimental method presented here, an AOM is used as the strobing
module. This setup is the first of its kind to characterize the static, dynamic and surface
profile characteristics of microstructures using on single equipment with a relatively

simple design.
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3.2 Basic Layout of the Interferometer

The optical setup of the Acousto Optic Modulated Stroboscopic Interferometer is shown
in Figure 3.1. A SmW, 632.8nm He-Ne laser source is directed into an AOM positioned
at a Bragg angle (0g), of 0.7mrad with respect to the laser so as to maximize the
efficiency of the first order diffraction. The AOM is excited at its center frequency of
85MHz, using a driver. A function generator is employed to modulate the AOM for
strobing the laser at a desired frequency. When the crystal in the AOM is excited it
creates an acoustic grating which splits the single incident laser beam into two optical

outputs, the zero and the first order Bragg diffractions when the AOM is placed in the

Bragg angle with respect to laser. Two ’% 0 mirrors are used to widen the zeroth and

first order diffractions. The zeroth order Bragg diffraction is terminated and the first order
diffraction is then used for the experiments. The excitation is controlled with the TTL
signal of the function generator which creates the time delay to modulate the first order
diffraction beam which is used for measurements. A spatial filter is used to remove the
spatial error in the optical path in order to obtain a smooth Gaussian beam profile [53,55].
The spatial filter employed here consists of a 10X objective lens, and 40um pinhole and

is used on the first order diffraction.

The interferometer configuration employed in the experimental setup is a Twyman-Green
interferometer which consists of a polarizing beam-splitter cube, two quarter wave plates,
and a reference mirror [29]. The advantage of using a Twyman-Green interferometer is
the capability to control the intensity of the optical beam. In this aspect, the ability to

control the optical intensity is important with regards to the material of the microstructure
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being tested [45]. The polarizing beam-splitter divides the laser beam into two paths, one
for the reference mirror and one for the microstructure and the quarter wave plates
ensures the directional continuity of the optical path to the CCD camera [56,57]. Lens L1
is used to collimate the laser beam from the spatial filter. The collimated laser beam is
passed through a lens pair of L2 and a microscope objective to define the field of view.
Lens L3 is used for imaging the object onto the focal plane of the CCD camera which is
connected to a data acquisition card. This module helps in transferring all the images
captured in given time frame for further processing. A schematic overview of the layout

is given in Figure. 3.1. A digital image of the experimental setup is shown in Figure. 3.2.
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Figure 3.1 Schematic overview of the principal components in AOMSI
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Figure 3.2 Digital image of the layout of the AOMSI assembly

3.3 Systematic Design and Alignment of the Optical System

The interferometer is built on a coherent optical path. The optical path needs to have
exfra attention in order td build a reliable setuplof interferometer, theréfore extra care
should be given on every level of the setup to make sure that optical system is straight
and aligned. Initially the He-Ne laser is mounted on a holder. The laser is aligned straight
to a given reference. In the setup the mounting hole on the vibration isolation table is

taken as reference to align the optical path and pinhole to align the height. The laser is
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made to impinge on the AOM mounted on a stage that has 3 degrees of freedom to
control the tilt, height and angle. This enables to properly align the crystal of the AOM
with that of the incoming laser beam. The AOM is then connected to the output of the
SMA (SubMiniature version A) connector of the RF driver using a 50 ohm impendence
matched cable. The AOM is customized for an 0.5mm input beam with an active aperture
of 0.8mm, that enables the laser to be directly passed on to the crystal without focusing.
The AOM is adjusted to the Bragg angle of 0.7 mrad with respect to the laser [65]. When
the laser beam intersects with the acoustic wave at the Bragg angle, there is first order
and zero order beams getting diffracted from the AOM, as described earlier. Due to very
small distances between the 0" and 1% order beams, two mirrors are used to increase the
distance between them. The 0™ order beam is then purged and the modulated 1% order

beam is passed onto the spatial filter before being used for measurement.

Due to contaminants in the atmosphere the laser beam has spatial disturbances that can
affect the accuracy of measurement. In order to filter these disturbances and to achieve
uniform intensity, the measurement beam is spatially filtered. A spatial filter assembly
consisting of an objective lens, pinhole, alignment system, and focusing axes can be used
to remove the undesirable noise while transmitting most of the beam’s energy. Here a
10X objective and $40pm pinhole is used to obtain a uniform beam output for our optical
setup. The spatially filtered laser beam is collimated using a lens of 100mm focal length

which increases the beam diameter to 4mm.
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The collimated laser beam is passed through a lens pair of L, of 150mm focal length and
a microscopic objective O of 50mm focal length placed 200mm apart. The object is
placed on the focal plane of the objective lens to define the field of view. The reflected
beams from the object pass through objective lens and Lens L3 of 300mm focal length
which images the object onto the CCD sensor. To get a sharp focus CCD sensor of the
camera which is connected to a data acquisition card is positioned 300mm from Lens L;.
The CCD camera used in our system is progressive scan CCD with 648X492 active
pixels with sensor size of 4.9X3.7mm.This optical arrangement gives us the field of view

of 816X616 um over the entire sensor and 1.1667um per pixel.

3.4 Fringe Analysis using Fourier Transformation

In Fourier-transform method, intensity distribution I(x,y) of the interferogram is fitted
with a linear combination of harmonic spatial functions[48].

I(x,y)=a(x,y)+b(x,y)cos[D(X,y) + 2nfpx] (3.1)
where f; is the carrier frequency in the x-direction. Below in Figure 3.3(a) is the

interferogram where the fringe is formed by two A/10 mirror by the interferometer.
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Methodology for static charactrization of vibrating microstructure

(a) (b)

Figure 3.3 (a) Interferogram (b) Spectrum image of the interferogram

The interferogram is then processed using FFT (Fast Fourier Transform) method to
obtain the spatial frequency. The intensity is resolve into the equation below in the
interferogram on each pixel.

I(x,y)=a(x,y)+e(x,y)+c*(x,y) (3.2)
Where c(x,y)= Y2.b(x,y). exp[i o (X,y)] (3.3)
Here the symbol * denotes the complex conjugation and C is the complex Fourier
amplitudes. The spectrum image above shows the both complex conjugation amplitudes
of the interferogram in x- direction.

In the spectrum I(x,y) is a hermitean distribution in the spatial frequency domain. Using
an adapted bandpass filter the unwanted additive disturbances can be eliminated together
with the mode C or C* as show in Figure 3.3(b). Performing an inverse Fourier

transform on the filtered image gives the phase value calculated using Equation 3.4.

& (xyy= arctan [Im(C(,yy/ Re (C x y)] (3.4)
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Figure 3.4(a) below shows the band pass-filter and Figure 3.4(b) shows the result of
inverse Fourier transform which gives a discontinuous phase image. The 2D line profile
of the discontinuous phase image is shown in Figure 3.5. Taking into account the sign of
the numerator and the denominator from Equation 3.4 the principal value of the arctan

function having a continuous period of 2 is reconstructed.

(a) (b)
Figure 3.4 (a) Band — pass filter mask (b) Inverse transform image of the
interferogram

3.1

7.50:06

I
) 255 511

Figure 3.5 2D profile of the discontinuous image
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The final step in fringe processing is to obtain a continuous phase from the wrapped mod
2n discontinuity. This process is called unwrapping where depending on the slope; a
value of 2z is either added or subtracted along a line where phase jumps from 0 to 2z in
order to obtain continuity. Figure 3.6 below shows 2D line profile of the continuous

phase obtained from the discontinuous line profile in Figure 3.5.

AT

0 2%5 511
Figure 3.6 2D profile of the continuous profile

In the Figure 3.6 above, the X axis exhibits the field of view in pixels. The Y axis shows

the displacement of the object in terms of unit less phase value that needs to be quantified

in meters. A sensitivity analysis is done using two A/10 mirrors to quantify this phase

value which is discussed further.

3.5 Sensitivity Analysis

To identify sensitivity, a A/10 mirror is used as an object. Since the reference mirror is in
line with the camera the new object mirror is adjusted to get straight fringes on the
camera. Obtaining straight line fringes in any direction proves that the optical setup is
prefect and the optical path of the interferometer is giving planar wave fringes. With this
we change the angle of the object mirror and capture images with different number of
fringes to calculate the sensitivity of the system. The field of view, as discussed earlier,

for each pixel is calculated to get the distances between the fringes. In planar wave

47



interference, the distances between the fringes depend on the wavelength of the
interfering beams and the half angle between them as shown Figure 3.7. The angle of the

interfering beam can be calculated using the following Equation 3.5.

d = 1/2sin@/2) (3.5)

Figure 3.7 Planar wave interference,d,= ¢,= ¢ /2 (in Eq: 3.5)[95]

Where d is the distance between the fringes and A is the wavelength of the light source
and @is the angle of interference. The fringes were analyzed using Fourier transform
function of the FringeProcessor™ software [104]. The output of the Fourier transform for
out-of-plane displacement is a unit less phase value. In order to correlate this unit less
phase value to a measurement of displacement in width dimensions, sensitivity is
required. To identify the sensitivity the out-of-plane displacement calculated knowing the
field of view and the angle of interference between the two mirrors at different angles, as

shown in Figure 3.8.
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Figure 3.8 Angle between reference mirror and object mirror
When there is change in the angle, the fringe formation is altered in the image. For each
and every angle a respective interferogram was captured and analyzed using

FringeProcessor ™. The experiments done with different number of fringes and their

corresponding displacements are shown in Table 3.1.
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# of Fringes | Interference Angle (rad) | Out of plane displacement (M) | Phase Value
1 0.0335 3.64E-07 6.27

2 0.0535 5.81E-07 12.53

5 0.08 8.68E-07 18.55

7 0.1195 1.26E-06 31.38

9 0.1675 1.82E-06 43.88

10 0.199 2.16E-06 50.16

14 0.2815 3.06E-06 68.98

16 0.339 3.68E-06 75.26

19 0.3925 4.28E-06 94.05

Table 3.1 Tabulation of number of fringes to out of plane displacement

The out-of-plane of displacement was plotted against the unit-less phase value in the
Figure 3.9 to calculate the sensitivity factor.
The sensitivity factor can also be theoretically calculated using Equation 3.6.

b= AD
27(Cos¢, + Cos@,)

(3.6)

where @ is the phase value, Ais the wavelength, &, and @, are the angle of incidence
and angle of reflectance of the laser beam with respect to object normal. For designed
optical system the ¢ | = ¢, = 0 which reduces the Equation 3.6[61] to

h=A® /4n 3.7)
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Figure 3.9 Sensitivity Data of the System

The slope of the line gives the sensitivity factor as 50nm which matches with the
theoretical value for 632.8nm which is 50.38nm using Equation 3.7. Sensitivity analysis
is investigated to understand the sensitivity of the system in addition to the error caused
in post processing, which is due the background intensity in the interferogram. Varying
the number the fringes also causes the object to move away from the focus. Therefore a

optimal number of fringes is required for experimental work.

3.5 Optimization of Measurement Method

The post processing of the interferograms not only provides us with the out-of-plane

displacement but also the surface information in the form of average surface roughness
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(Ra) with suitable filters. R, represents the noise level in the system which get reduced
when the number of fringes are at 8 to10 .The graph in Figure 3.10 shows the value of the

R, for various numbers of fringes.

RA Value
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Figure 3.10 Ra Value of the micro mirror for various number fringes.

From the graph it is concluded that to get better surface information it is better to opt for
8-10 fringes. Ideally if there is less number of fringes, the depth of focus would be
optimum. But fringe processing using Fourier transformation which requires more
number of fringes; however tilting the object to obtain more fringes will move the object

away from the depth of focus of the optical arrangement, which is clearly indicated in the

graphs.
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3.4 Summary

An optical setup is done on a vibration isolated table as per the schematic layout done for
AOMSI. Instrumentation required for surface profiling, static and dynamic behaviors are
implemented. The camera is connected for real time vision and for capturing static
images. Sensitivity analysis of the tool was carried out and optimization of measurement
methodology was established. The sensitivity factor of the optimized measurement

methodology was found to be in good agreement with reported results.
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Chapter 4

Surface Metrology and Static Characterization

4.1 Introduction

In the development of microstructure devices, there is a significant focus in the surface
information of the microstructures. Currently, surface profile is studied using scanning
electron microscopeA(SEM) or AFM. However there are various constraints on resolution
and the types of materials that can be tested [58, 59]. Considering the limitations of these
instruments, which are also expensive, an interferometric optical method [103] can be a
versatile solution. AOMSI is one such instrument designed to give surface information of
the structure in nanometer resolution and static deflections for different loads. It can be
used on any type of material that has a minimum reflectivity around 30%. Presented in
this chapter are the experimental details of surface metrology conducted on a micro-

mirror and low frequency static characterization on micro-cantilever.

4.1 Surface Metrology

A sample surface metrology is presented using a torsional micro-mirror fabricated using
the MicraGeM SOl fabrication process. The surface area of the mirror is 250 x 250pm?,

Given in Figure 4.1 is an SEM image of the torsional micro-mirror.
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Figure.4.1. Torsional scanning micro-mirror fabricated using MicraGeM SOI

technology.

In the experimental setup, a single CCD camera was employed; hence, it was possible to
capture only a single interferogram at one time. The main focus in fringe processing is to
calculate the phase information of the interferograms and the most widely used methods
in optical metrology for fringe processing are either Fourier transformation [44] or phase
shifting methods [45]. Since this interferometer is generally better suited for dynamic
measurements, it is not possible to employ temporal phase shifting. Hence Fourier
transformation was employed in order to obtain the phase information. Shown in Figure
4.2 is a torsional micro-mirror with a characteristic fringe pattern obtained with the

AOMSIL

55



. Micro Mirror

™ Hinges

Figure 4.2 Fringe pattern from surface of the torsional micro-mirror.

The Fringe pattern is analyzed using the Fourier transform method with
Fringreprocessor ' software and the wrapped phase value of the image is obtained,
Figure 4.3. Subsequent unwrapping and conversion of phase to height values using
Equation 3.3, provides us with the topography and out-of-plane displacement in Figure

44.

Figure 4.3 Wrapped image after the inverse analysis of the Fourier transform

method
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Height Information

Phase Value
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2D 3D

Figure 4.4 2D and 3D information of the micro-mirror with the tilt information

A least squares fit was carried out on the unwrapped phase image to remove the tilt from
which the surface information is obtained with a resolution of ~10nm. Figures 4.5 and
4.6 represent the surface information obtained for the torsional micro-mirror in 2D and

3D. The micro-mirror tested shows stress formation on the surface [88,11,86].

N B
[eNe)

Displacement
(nm)
o

S AR
880
1

T

0 50 100 150 200 250 300 350 400
Number of pixels

Figure 4.5 2D Profile of the surface of the torsional micro-mirror.
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Figure 4.6 Surface characteristics obtained for the SOI torsional micro-mirror. The

curvature and edge deflections are indicators of stress concentrations

4.2 Surface Metrology on a Connecting Pads

The experimental results show the ability of AOMSI to measure the surface profile of a
micro-mirror with nanometer resolution. In order to understand the ability of AOMSI to

characterize devices other than regular mirrors that have depth information, experiments
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were conducted on connecting pads on a MEMS loose die. Figure 4.7 shows the
interferogram and surface information of MEMS loose die along with the pads taken into

consideration.

Pads

(@) (b)

Figure 4.7 (a) Interferogram (b) Surface information of the surface

4.3 Importance of Static Characterization

MEMS are unique in their integration of electronics and mechanical components within
the design architecture. In this context, intrinsic factors such as mechanical, electrical
and material properties,  affecting the performances of MEMS devices, need to be
investigated in order to quantify their combined effect on the static behavior of the
microsystem. In this regard, low frequency static applications, where the repeatability of
the motion after a given time period, include torsional micro-mirrors, micro-switches and

other micro-active-components. These types of devices can be said to operate in a quasi-
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static state due to the surface motions of these types of micro-devices being much lower
than the natural frequency of the device. Hence, on its own, the analytical model can
only serve to estimate the operational characteristics of the MEMS device, therefore,
experimental testing is needed to augment and complement the theoretical model [87]. In
order to obtain accurate data, specially designed testing methods for microscale devices

are needed [86,74].

In many applications electrostatically actuated MEMS are subjected to dynamic
excitation frequencies well below the natural frequencies of the device. For example,
pressure sensors and scanning mirrors applications require movement of the flexible
structure at frequencies well below the natural frequencies. It can be safely assumed that
at very low frequencies, well below the natural frequencies, the dynamic effects are
negligible. Consider a MEMS device, as shown in Figure 4.8, in which an
electrostatically actuated device is subjected to an external dynamic excitation. In Figure
4.8 the MEMS microcantilever structure is actuated with an applied piezo-electric
mechanical excitation, and an applied DC voltage modeled with artificial electrostatic
spring’s kg. In applications where electrostatically actuated MEMS structures are used at
low frequencies, it is important to estimate the behavior of the MEMS structure at these
low excitation frequencies. Even though, the behavior of the structure is close to being
static behavior at very low frequencies, it is important to measure the deflection at lower

excitation frequencies.

60



MEMS structure

Figure 4.8 Low frequency excitation using a piezo-stack. Applied electrostatic

potential is modeled with artificial springs kg

This necessitates a method that can measure the static deflection under very low
frequency excitation. Here it proposes an AOMSI based method to measure the static
behavior under low frequency excitation. By tuning the AOM frequencies close to the
excitation frequency, one can measure clearly the deflection. An experiment without

strobing facility would not be able to measure this static behavior.

One of the principal factors to consider is how to perform direct measurements on MEMS
devices in a way that is indicative of the actual micromechanical elements used in the
microsystem. However, due to the micron-scale of MEMS devices, the method used for
the testing must be carefully considered because of the difficulties in directly measuring

forces and other influences at the micro-level. In this regard, the elastic property
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governing the mechanical qualities of the microsystem, for a given operational
environment, can be deduced through the response of the system to an applied load

[83,6].

A non-contact interferometric optical instrument is a versatile solution for the testing of
the static deflection of MEMS structures. Measurements of surface profiles of MEMS
components are currently achieved by two main techniques, probing methods [5,4] and
optical nondestructive methods [32,85]. Optical methods are advantageous over probe-
based techniques as optical methods are of high speed, non-contact and are capable of
providing full-field results with high spatial resolution [85]. AOMSI is one such
instrument designed to give static surface information and dynamic mode shapes with

nanometer resolution.

In this work, the low frequency static deflection of a MicraGeM technology SOI
cantilever [105] to an applied electrostatic potential is investigated using the AOMSI

approach.

4.4 AOMSI for Low Frequency Static Characterization

The important capability of stroboscopic interferometry compared to other
characterization tools is that it gives a static image of the device through an interferogram
obtained even when the device is in the dynamic state. Interferogram images can be used
to predict the elastic properties of the device more precisely. An overview of the process

is shown in Figure.4.9.
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Figure 4.9 Methodology for static characterization of vibrating

microstructure

In Figure 4.9b, the driving signal for the MEMS device tmems, is triggered at the same time
as the strobing signal tpuise, At is the time delay applied to the strobing signal in order to
capture the surface image with the CCD camera at a position along the dynamic state that

is of interest as shown in Figure 4.9c.
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With w as the frequency at which the device is driven, it is assumed that,
w=2rxlt,,,. 4.1)

In order to obtain static images, the following condition is required

tpulse = tmem.v (42)
therefore,
tpse =271 @ 4.3)

4.5 Measurement of Static Deflections

Shown in Figure 4.11 is a scanning electron microscope (SEM) image of a MicraGeM

SOI technology cantilever array. In this figure, the length of the cantilevers is 810um,

the thickness was measured as 10.5um, and the maximum width is 90pum as shown in

Figure 4.10. The measured dielectric gap was ~11um. One cantilever was tested device

under test (DUT) at 15V, 29.5V and 55V, respectively. The DUT with fringes at 15V,

29.5V and 55V that were used for computing the deflections are shown in Figure 4.12.

In the theoretical analysis, Young’s modulus £ was taken as 129.5 GPa, and the density

as 2320kgm™ (values given by the manufacturer).
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Fixed End
Free End

Figure 4.10 Microscopic image of the micragem SOI technology cantilever used for

static deflection experiment.

Figure 4.11 An SEM image of an SOI MicraGem technology cantilever array

As described earlier, a 30Hz progressive scan CCD camera with 648 x 492 pixels is used

to capture the interferogram. The setup allows one to view the microstructure and to
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evaluate the behavior in real time. Shown in Figure 4.12 are the interference fringes as

seen on SOI MicraGeM cantilever actuated at various static DC voltages.

Cantilever edge

A)

®

©

Figure 4.12 Fringe patterns obtained for the DUT at various voltages. (a) 15V. (b)

29.5V. (c) 55V.

For the characterization of static deflection, the fringe pattern was obtained after strobing
at the same frequency as the excitation (the device was excited at 5% of its natural
frequency). Processing the interferogram as described in described earlier using Fourier
transformation and subsequent filtering, deflection of DUT at various static voltages was
obtained. Shown in Figure.4.13 is the deflections of DUT for three different static

voltages obtained experimentally compared with the theoretical deflection obtained
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analytically, using Raleigh-Ritz approach as discussed in Chapter 2. For the experimental

graphics the size of each pixel corresponds to length of 1.1667um as discussed in chapter

3 so that the 350 pixels seen correspond to 410pm seen on the cantilever.
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Figure 4.13 Static deflection comparisons

The interferogram obtained depends upon the field of view obtained by the optical system
employed. In this regard, the field of view for the AOMSI employed in this work was
limited to 410pm. Hence, the results for the static deflections shown in Figure 4.10 are
truncated due to this limitation of the optical system. In this regard, a deviation between
theoretical and experimental values of ~3% was calculated for the 55V, 29.5V and ~9%
for 15V deflection. Below in Table 4.1 are the tabulated results between the experimental
and theoretical with its error percentage. The variations between the theory and
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experimental results are due, in part, to optical effects related to the surface effects of the

reference mirrors. Commercial interferometers employ traceable reference mirrors for

higher accuracy. Since in this setup a normal A/10 mirror is used as a reference the

resolution of the measurement system is ~10nm. The results tabulated below show clearly

the reliability of measurement above 10nm. However, the results in themselves

demonstrate very good agreement with the analytical model, thereby demonstrating the

sensitivity of the detection methodology and also the suitability of employing this

approach for microstructure static analysis.

Voltage | Magnitude of Tip deflection (nm) | Magnitude of Tip deflection Error
at 410 pm (Theoretical) (nm) (Experimental)

15v 9.12 8.01 ~9%

295V |36 34.8 ~3%

55V 126 130 ~3%

Table 4.1 Tip deflection of the DUT for static characterization
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4.6 Summary

Experiments were done for surface profiling on a micro-mirror. 2D and 3D profiles of
the micro-mirror and the connecting pads were measured. The out-of-plane curvature
profiled was attributed to the internal stress formation on free-standing microstructures.
Static characterization methodology and experimental results were presented on micro-
cantilever vibrating at 5% of their natural frequency. The results of low frequency static

characterization found to be in good agreement with the theoretical predictions.
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Chapter 5

Dynamic Characterization

5.1 Introduction

Presented in this chapter are the experimental studies of dynamic behavior on AFM
cantilever. The length, width and thickness of the test structure are 350pm, 35um and
1pm, respectively. The density of the single-crystal-silicon used is 2330kgm™ with an
elastic modulus of 169.5 GPa. The methodology and process to conduct dynamic test on
AOMSI are detailed out. The mode shapes obtained from the experiments are compared
with the simulated mode shapes. The SEM image of the device under test (DUT) is show

in Figure 5.1

Figure 5.1 SEM image of the AFM Cantilever
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5.2 Dynamic Characterization

Dynamic characterization gives the performance evaluation of a device. While
performing dynamic characterization on a MEMS device the device performs is
investigated in its working state. Due to the extremely small size nature of MEMS device
very few tools have been developed (eg: LDV) for understanding the dynamic nature of
the MEMS device. AOMSI finds a huge possibility for this type of characterization and
has capability to extend it testing capacity to device with higher natural frequency.
Compared to other testing method, AOMSI enables high speed visualization of dynamic
objects because of its strobing nature. The interferogram of dynamic objects provide
higher resolution and higher sensitivity displacement measurements. It can also give

details of all the response of the device like various vibration mode shapes.

Figure 5.2 gives details of dynamic characterization on a MEMS device In order to
capture the displacement of the device in slow motion there is very small difference 3t
between the strobing frequency and the driving frequency of the MEMS device. In a
periodic motion this difference will help is capturing the motion part by part in a given

time frame, so that a standard CCD camera can be used for capturing high-speed motion.
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Figure 5.2 Methodology To Conduct Dynamic Characterization

While keeping the same terms as that of static characterization and introducing 6t as the
difference in the frequency it describe the process in mathematical terms for out-of-plane
displacement as follows.

From Equation

tpulse —tMEMS = 5t (5.1)
tpuse — 1270/ 0= Ot 5.2)
tpuse =27/ 0+ 1S (5.3)
Forn=0,1,2
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t, =0t
t,=4n/w+20t 54
t, =67/ w+30t

From the above equation 6t plays a vital role in dynamic characterization. The smaller the
ot more the number of frames per cycle. In this work we use frame grabber card so
different frames where captured manually. Using a data acquisition card will enable the
automation of the image capture to various level of detail. With the developed system
dynamic behavior of microdevices actuated by different mechanisms can be studied
under various environmental conditions. For example a microcantilever can be actuated
either using electro static force or piezo stack to its natural frequency. The system can

also be used in vacuum or non-vacuum condition to see the Q-factor of the device.

To prove the concept of dynamic characterization using AOMSI experiments have been
conducted on AFM cantilever for detecting its natural frequency and mode shape in its
first and second mode of vibrations. The experiments were conducted in non-vacuum
conditions. The mode of excitation was using a piezo stage connected to a function

generator. The stage was excited using a sinusoidal function.

5.3 Identification of Natural Frequency

The AFM tip is carefully mounted on a piezo stage which is mounted on a six axis stage
of the AOMSI. Initially the laser is strobed at higher frequency (1 MHz). The AFM tip is

focused with desired number of fringes on it. When the AFM is mounted perfectly the
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piezo stage is connected to the function generator for detecting the various natural
frequencies of the device. Along with the mode shapes, the 1% and 2™ natural frequencies
of the AFM cantilever were also determined. This was achieved, initially, by monitoring
the surface motion of the cantilever for a given swept frequency range. The upper bracket
of the frequency range was then reduced incrementally in such a manner to obtain a low
amplitude surface motion of the device, similarly, the lower frequency bracket was

gradually increased to obtain an equal surface displacement as for the upper bracket.

Hence, by using this approach, the shoulders of the resonance frequency response curve
were obtained, from which the average of the two values resulted in the center frequency,
or resonance frequency of the AFM cantilever. This method was applied for several
different lower and upper shoulder values, and an average of the center frequencies
obtained was then taken. The experimentally determined 1% and 2™ natural frequencies
were 10.7 kHz and 74.6 kHz, respectively. These values are in good agreement with the
theoretical values of, 11.2 kHz and 70.4 kHz, for the 1% and 2™ natural frequencies,

respectively. The manufacturer supplies a nominal value of 10.0 kHz + ~3 kHz.

Mode | Natural Natural frequency Natural

Frequency(simulated) | (from manufacturer) | frequency(Experimental)

™ 11.2kHz 10.0 kHz + ~3 kHz 10.7 kHz

ond 70.4 kHz n/a 74.6 kHz

Table 5.1 Comparison of natural frequency

74




5.4 Characterization of mode shapes

To understand the mode shapes experimentally, the device was excited at 10.7kHz and
74.6kHz, respectively. As described earlier, a 30Hz progressive scan CCD camera with
648 x 492 pixels is used to capture the interferogram. The setup allows one to view the
microstructure and to evaluate the behavior in real time. This is made possible by the
strobing the laser in tandem with the vibrating frequency. Digital image of the AOMSI

while testing the mode shape is shown in Figure 5.3.

Figure 5.3 Digital image of the interferometer during dynamic characterization
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The oscilloscope is used to control the 3t to enable manual triggering of the frame
grabber card so that the interferograms can be captured at the desired position. Shown in
Figure 5.4 are the interference fringes as seen on tipless AFM cantilevers. In this figure,
for the middle, and bottom frames the device was driven at the 1% and 2™ resonance

frequency, respectively.

For the dynamic flexural mode shapes, the AOMSI method was applied to the AFM
cantilever (DUT). In this manner the 1% and 2™ mode shapes were obtained. Higher
order modes are also possible; however the limitation of the piezo-excitation source must
be considered [2]. Processing the interferogram as described in chapter 4 using Fourier
transformation and subsequent filtering, mode shapes of DUT was obtained. Shown in
Figure 5.4 is the mode shape of 1% natural frequency at 10.7 KHz obtained
experimentally. The three dimensional mode shape obtained experimentally is compared
with the mode shape obtained analytically, shown in Figure 5.5 using Raleigh-Ritz
approach as discussed in chapter 2. Similarly experiments where done on 2™ natural
frequency of 74.6 KHz, for which experimental and analytical mode shapes are shown in
Figure 5.6. For the experimental graphics the size of each pixel corresponds to length of

1.1667um as discussed in chapter 3 so that the 300 pixels seen correspond to 350um.
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(a)
Highly deflected portion

(b)

Node

: Highly deflected portion

Figure 5.4 The observed fringe pattern obtained seen on AFM cantilevers. a)

Device-Under-Test (DUT). b) 1% resonance mode. c) 2™ resonance mode.
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Figure 5.5 Top: AOMSI Surface profile of a resonating AFM cantilever in the 1*

mode. Bottom: Analytical representation of the 1** mode shape.
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Figure 5.6 Top: AOMSI surface profile of a resonating AFM cantilever in the 2"

mode. Bottom: Analytical representation of the 2" mode shape.
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5.5 Summary

Experiments were done to characterize the dynamic behavior of AFM cantilever.
Experimental methodology for identifying the natural frequency was presented. The
experimentally determined 1% and 2" natural frequencies were found to be within the
manufacturer’s specification and the theoretical predictions. Further experiments were
done to profile the 1% and 2™ mode shapes. The normalized mode shapes obtained

experimentally were in good agreement with those obtained from the theoretical model.
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Chapter 6

Conclusion

6.1 Conclusion

Design and modeling of a simple MEMS device was simulated to understand the
mechanical influence on its static and dynamic behavior using Raleigh-Ritz method. A
simple yet viable Acousto Optic Modulated Stroboscopic Interferometer (AOMSI) is
developed using a frequency stabilized CW laser together with an Acousto Optic
Modulator for comprehensive mechanical characterization. The designed interferometer
was setup on a vibration isolation table to conduct experiments on microstructures. The
real-time vision system was employed on the interferometer to visualize high speed
motion and to capture static images of those motions. An optimized methodology for

measurement was established and sensitivity analysis was conducted.

Experiments for surface profiling were done on a micro-mirror. The 2D and 3D profile
was measured. The out-of-plane curvature found on the micro-mirror was attributed to
internal stress formation in the microstructure. Additional surface characterization on
MEMS loose die with pads on them was done. The ability of the stroboscopic
interferometry to perform measurements accurately on dynamic microstructures was
presented in two scenarios, where the microstructures was made to vibrate at 5% of its
natural frequency and static deflection to various DC electrostatic voltages were studies
in the low frequency static characterization. The results showed good agreement with the

theoretical model. The error in comparison between the experimental and theoretical
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static influences was ~3% for deflections higher than 10nm. The errors for tip deflections
below 10nm were found to be having a higher error percentage which clearly

demonstrates the ability of the experimental tool to measure reliably with a resolution of

about 10nm.

To further test the ability of dynamic characterization, an AFM cantilever was excited at
its natural frequency and the assessment of dynamic behavior was demonstrated.
Identifying the natural frequency and modal profile for 1¥* and 2™ resonance frequencies
was carried out. The comparison with the theoretical model showed good agreement and
reliability of the AOMSI for investigation of dynamic parameters. The experimental
methodology mentioned above explored the feasibility of conducting Fourier transform
for fringe processing on a stroboscopic interferometer. The approach is first of its kind
developed to investigate the surface, static and dynamic behavior of microstructures
using a single tool. Thus the concept of single multi-functional tool to conduct

comprehensive mechanical characterization on microstructures was developed.

6.2 Future Work

From the perspective of high precision metrology, objective for improvisation to build
and design better characterization tool, opened new approaches on various stands and a

few of them are discussed further in recommendation for future work.

Acousto Optic Modulated Stroboscopic Interferometer was built on a vibration isolation

table. The setup was developed using open optics with an array of lens and mirrors. The
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main constraint was alignment of the optical path through these arrays of optics. It gave
us the advantage on various fronts to modify and change the design during the setup.
Since the concept is in the stage of maturity, implementation of fiber-optic in AOMSI is a
good advancement. It makes its more compact, portable and improves spatial resolution
of the tool, in addition to removing noises due to reflections from the various free space
optics. To improve the resolution of the AOMSI one of the recommendation is
implementation of spatial phase-shifting method. It complicates the experimental setup to
a certain extend but can be compromised on for higher out-of-plane resolution to an order
of ~ 0.1 to 1 nm. During the post processing of interferogram various image filtering
technique were implemented to compensate on the surface profile effect of the reference
mirror (A/10). A solution to enhance the resolution and also improve the tool would be
implementation of a reference mirror that has traceability [106] to National Standards, as
is done in commercial interferometers. AOMSI has modulation capability of 4 MHz as
designed, but this can be improved up to 85 MHz by implementing a focus system in

front of the AOM to reduce the beam diameter of the laser.
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