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The evaluation of MEMS devices during the developmental phase prior to packaging is chal-
lenging. However, evaluating a MEMS device in die form can be useful, as its electrical and me-
chanical test results can provide useful feedback to improve the design, modeling and fabrication
process. It can be worthwhile to evaluate the performance of MEMS devices in regard to various
parameters, such as in various gas chemistries and at different pressures, and with and without me-
chanical and/or electrical excitation. From these tests, the design and manufacturing processes can
be adjusted before packaged devices are available for in-depth testing.

To accomplish this goal, a vacuum chamber based MEMS evaluation system has been devel-
oped for electrically and mechanically evaluating MEMS die. The system consists of a bell jar
vacuum system with a pressure range from 0.050 Torr to ambient pressure. Additionally, the vac-
uum system has been constructed to allow other gases to be injected into the vacuum chamber for
device testing. A machined plastic fixture is used to mount the bare die during testing. It attaches to
a small electromechanical shaker that resides inside the vacuum chamber for dynamic mechanical

testing of the MEMS device. Two laser interferometers are used through the glass bell jar to then



measure the relative motion of two locations on the die, thus allowing the transmissibility and the
range of a microstructure’s motion to be measured. The evaluation system also has nine electrical
feedthroughs for external connection to the MEMS die or to other test equipment located inside the
chamber. Additionally, a graphite heating stage has been integrated into the chamber for thermal
testing.

To demonstrate the usefulness of this evaluation system, electrical and mechanical tests have
been performed on several MEMS devices and systems to measure the mechanical frequency re-
sponse, the mechanical quality factor in various gases at different pressures, and the closed loop
operation with integrated electronics. This system is directly compatible with the microfabrication

clean room. Thus, it allows early testing of new devices before packaging has been completed.
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CHAPTER 1

INTRODUCTION

In contrast to the very standardized design process for VLSI, MEMS device design requires
the consideration of not only electrical and mechanical functionality, but also the complex fabrica-
tion process and its influence on the design, if the MEMS device is fabricated using conventional
IC fabrication techniques. Additionally, a time consuming iterative process covering the entire de-
vice realization process, from design through packaging and test, may be required for successful
device development. In spite of an iterative design process, such as analysis and simulation with a
Computer-Aided Design (CAD) tool [1], testing the packaged MEMS device without fully evaluat-
ing the device at die level may result in the discovery of unexpected device characteristics, which
could result in a whole new iteration.

Various on-wafer testing systems aid in finding an optimal process with minimized production
costs through identifying possible errors and by maximizing yield. Similarly, a general purpose
MEMS evaluation system, that can be used prior to device packaging, can be useful in minimizing
the iterative MEMS development process. Once the device is fabricated according to the initial
design, it can then be tested and characterized by the MEMS evaluation system.

The MEMS evaluation system in this research endeavor was constructed with off-the-shelf
components, consisting of a vacuum bell-jar chamber with substrate quartz lamp heaters and a
heater controller, a small electromechanical shaker, two laser displacement interferometers and their
controllers, a pressure transducer, a digital pressure meter, and a signal analyzer, a vacuum pumping
system, and various vacuum system fittings and plumbing. The vacuum system supported a pressure

inside the bell-jar between 0.05 Torr and ambient pressure. The internal graphite heater could



heat the attached device and its surroundings to 200°C. The chamber possessed a gas inlet for
the supply of various gases. The glass bell-jar could be used with two laser interferometers to
measure useful mechanical properties of the MEMS device, such as the range of motion, the natural
frequency, the transmissibility and the quality factor. The small shaker provided the MEMS device
with a mechanical stimulus in a frequency range of 400Hz to 3.6 kHz. Additionally, the evaluation
system had nine electrical feedthroughs that provided the MEMS device and the small shaker with
electrical connections. The pressure transducer and digital readout meter had a resolution of 0.001
Torr. The dynamic signal analyzer had two input channels used to receive the two interferometer
outputs, and one source output to control the small shaker. The evaluation system utilized the
Microfabrication Laboratory mechanical vacuum pump, which was connected to the outlet port of
the vacuum chamber using flexible plastic pipe.

A literature review of relevant background information is presented in Chapter 2. This includes
MEMS features, analysis tools in design, and measurement methods.

System requirements for evaluating MEMS devices, consisting of stimulus and measurement,
are presented in Chapter 3. A discussion on currently available commercial MEMS evaluation
systems is also presented.

A detailed discussion on the MEMS evaluation system developed through this endeavor is
presented in Chapter 4. It describes mechanical, environmental, electrical, and optoelectrical re-
quirements of the system for various MEMS device evaluation procedures, design philosophy, and
how the system is constructed. Lastly, the capability of the system is presented.

The results from the evaluation of various MEMS devices and systems, performed with this

evaluation system, is presented in Chapter 5. This includes closed-loop damping control at low



pressure, relative velocity sensor performance at low pressure, capacitance vs. pressure and trans-

missibility vs. pressure in various gas environments.



CHAPTER 2

LITERATURE RIVIEW

2.1 MEMS Features

Microfabricated mechanical elements, structures, electrodes, traces, capacitors, piezoresistors
and sometimes even semiconductor devices, are integrated to realize complex Microelectromechan-
ical Systems (MEMS) devices such as sensors [2], actuators [3], RF switches [4] and energy con-
version devices [5]. Such diverse functionality in MEMS devices has required a new approach to
modeling and testing to ensure proper functioning of the system. MEMS devices are often fab-
ricated with processes borrowed for integrated circuit (IC) manufacturing techniques. The two
primary manufacturing techniques for Si based MEMS devices are Bulk micromachining [6] and
Surface micromachining [7]. These micro-fabrication processes have some limitations, which can
result in defects such as broken structures, under/over etching and stiction. Moreover, due to the
miniature size of the MEMS devices, mechanical characteristics are sensitive to variation in material
properties and to microfabrication limitations and tolerances. Therefore, evaluation and recognition
of mechanical behaviors as well as electrical performance are important in MEMS device develop-

ment.

2.2 Analysis Tools for MEMS

MEMS analysis tools allow for predicting the MEMS device’s behavior and optimizing the
various design parameters prior to device fabrication. While the analysis tools for electronics are
well established, the tools for MEMS devices are not yet well established due to the relative youth

of MEMS technology and the complexity involved.

4



The design flow in the MEMS CAD design environment includes iterative mechanical schematic
generation and MEMS simulation in the early design stage. Most analyses and simulations possess
two levels, as shown in Figure 2.1: the physics level for the detailed behavior in 3-D and the system
level for the behavior of the entire system. Tools for the physics level typically use finite element

(FE), finite volume (FV), or boundary element techniques.[8-9]

Physics Level:
IntelliSuite, MEMS
Pro/MEMS. xplorer,
etc,

System Level:
Simulink,. SPICE,

etc.

Figure 2.1: Two Simulation Levels

2.2.1 Finite Element Analysis (FEA)

FEA divides the device into very tiny elements through a meshing process, which is the first
activity at the physics level. This enables the analysis of complex geometries of MEMS devices in
points of mechanical and thermal interest. Examples of commonly used FEA tools include Coven-

torWare [10], IntelliSuite [11], and MEMS Pro/MEMS Xplorer [12].

2.2.2 System Level Analysis

In the system level analysis, the performance of a MEMS device, which was modeled with a
lumped element model, can be evaluated using tools such as Simulink or SPICE, where the MEMS

device is described by ordinary differential equations and nonlinear functions. An accelerometer,



for example, can be modeled using a proof mass, a spring, and a damper. An example of the system
level analysis for a commercial accelerometer, the Analog Devices ADXL180, is shown in Figure

2.2.

v/Q

DIFF DEMOD Sl

BESSEL
SENSOR AMP FILTER

MOD

T

Figure 2.2: System Level Model of the ADXL180 MEMS Accelerometer [50]

eSimulink: Simulink enables the implementation of a nodal model [13] for investigating the
dynamics of a MEMS device. Simulated result data can easily be post processed using Matlab [14].
oSPICE: SPICE is one of the ordinary differential equation (ODE) solvers that is used at the
system level. Although initially developed for simulating electrical circuits, it is a powerful tool that

can be used to model any linear system. A PC version, PSPICE [15], is commonly used.

2.2.3 Contamination Analysis

Contamination analysis is a process to analyze and predict feasible damages of physical ge-
ometries of a microstructure occuring during a fabrication process, which affect the structure or
material properties. The contamination leads to faulty MEMS behavior. Therefore, predicting the
effect of the contamination in the design stage is important to improve the quality of MEMS prod-
ucts. On another hand, contamination analysis [16] using software simulation tools can also be a
useful MEMS evaluation method. As the first step, Contamination-Defect-Fault (CODEF) simula-

tion tools perform simulations using microfabrication process recipe data, contamination properties,



and microstructure layout, which generates fault macro models of the various defective microstruc-
tures. For example, a CODEF simulation for a microsensor might reveal defects such as shuttle
defect, comb defect, and flexure defect. The photo of a comb defect is shown in the Figure 2.3.
Based on the locations and feasible defects from CODEF, a mechanical simulation with ABAQUS
can be performed to acquire some defects which can cause complete failure in the device. So, sim-
ulating the MEMS device in the design phase can be considered to be an efficient means for MEMS

device development.

Figure 2.3: Photograph of Comb Defect

2.3 Measurement Methods

Many useful test, evaluation, or monitoring methods have been proposed to verify that the
MEMS device mechanical characteristics and motion match the design requirements. There are
two basic categories of testing methods for measuring MEMS mechanical characteristics [16]. One
is a contact method using a microprobe or mass loading to measure a deflection, which is a kind
of static test for measuring mechanical properties of a MEMS structure or material. The other is a
non-contact method which includes electrical or optical technology. Examples include microtension

test, microbeam bend test, axisymmetric plate bend test, resonant frequency test, and M-test to



measure Young’s modulus or the fracture strength [17]. Those methods need excitation of the

MEMS structure to measure the changes either electrically or optically.

2.3.1 Electrical Method

This method makes use of a piezoresistive, a piezoelectric or a capacitive property.

e Piezoresistivity: This property is a material effect where the material experiences a change
in resistance due to an applied strain. Semiconductor materials experience the piezoresistive effect
while metal films and foils experience a change in resistance in response to an applied strain due
to the geometric effect. Therefore, a metal foil strain gauge uses the geometric effect and not the
piezoresistive effect.

e Piezoelectricity: Certain classes of crystals produce an electric charge when they experience
a strain, and they also deform in response to an applied electric field. Quartz, zinc oxide, and lithium
niobate are examples of piezoelectric materials.

o Capacitive Technique: For example, one fixed electrode and one or more movable electrodes,
or two fixed electrodes with a movable dielectric material, experience a change in capacitance in

response to a change in the electrode configuration or the dielectric material.

2.3.2 Optical Method

Optical sensing methods primarily utilize the modulating properties of an optical frequency
electromagnetic wave. The non-contact sensing nature of these methods is suitable for measuring
the MEMS mechanical characteristics without a mass loading effect.

e Laser Doppler Velocimetry: The laser light reflected from the moving MEMS surface will

have a shift in frequency by an amount proportional to the velocity of the surface compared to that



of the radiated laser light source. The optical setup of laser Doppler velocimetry is presented in

Figure 2.4.

 XYZ Platform

Nensz
e“s . : : LaserSource

BTERET Sy

 MEMS Device

Figure 2.4: Laser Doppler Velocimetry Setup [16]

o Interferometry: The principle of interferometry is that two coherent optical beams will form
a interference or fringing pattern that is dependent on the phase difference between the two beams.
Typically, a single incident source beam of light is split into two identical beams, using a beam
splitter and mirror, and travel along two paths of either continuous or stroboscopic illumination.

The illustration of Figure 2.5 presents the principles of interferometry. The He-Ne laser beam
is split by a first beam splitter (BS1) into a reference beam and a measurement beam. After passing
through a second beam splitter (BS2), the measurement beam is focused onto the object under
investigation and then reflected from the object. This reflected beam is deflected by the second
beam splitter (BS2), then merged with the reference beam by a third beam splitter (BS3). Finally,
they reach the detector. As the length of the reference beam is constant over time, a movement of the
object under investigation generates a fringe pattern on the detector. One complete dark-bright cycle

on the detector corresponds to an object displacement of exactly half of the wavelength of the laser



Beam Splitter
<

Measurement

Beam Splitter Object

[¢]

Figure 2.5: Illustration of Interferometry [18]

used. As an example, an illustration of a stroboscopic interferometer system is presented in Figure

2.6. Electronic Speckle Pattern Interferometry (ESPI) is also used for measuring the vibration of

Glass Fiber
—-=—%» Analog Signal LD
I
----% Video Signal ‘
o A/2-plate
> Light Beam [ B Polarizer !
r/2-plate |
i Lens Polarizer !
Mirror m i
Piezo H [ [_,‘ ﬁg‘e !
Stepper U M \L. !
: |
i A/4-plate Polarization !
: [J Beam Splitter I
I
: |
‘ I
I e
i Im T Tmr T jh o Function L | j
i Generator
|
I v

Figure 2.6: Stroboscopic Interferometer System [19]

microstructures possessing a rough surface [20].
e Optical Microscope: This method is a non-interferometry method. The Computer Microvi-

sion System (CMS) developed by MIT is composed of a light microscope with a movable stage, a

10



CCD camera, a signal generator, and a PC [21]. A MEMS device placed on the stage is exposed
to a periodic LED light source and imaged by the microscope with a CCD camera. The LED is
strobed once per stimulus period at a chosen phase to produce a snapshot of the device position.
The repeated snapshots at several stimulus phases and at several locations are processed and result
in the capturing of the motion of the device through one period. An illustration of the Computer

Microvision System is presented in the Figure 2.7.

Video
Digitizer

LED Light LED
Source Driver - pg—

Signal  |g _
Generator

MEMS T | — | —

Driver

Focus
Controller

Figure 2.7: Computer Microvision System [22]

e High Speed Cine Photomicrography [23]: This method was developed for capturing the
image of fast moving structures due to optical magnification by combining a ultra high speed camera
and a microscope. This method captures the position of moving parts in microdevices with respect
to time. To analyze extremely fast movements of microdevices , a pulsed light source with high
constant intensity is needed. Therefore, the visualization of the movement of the microdevices
is performed using the stroboscopic principle. During the measurement, picture taking is repeated

several times and then visualized at subsequent points of time, which results in a sequence of images.

11



CHAPTER 3

TESTING OF MEMS DEVICES

3.1 System Requirements

In conventional IC testing, wafer level testing is typically performed using precisely controlled

wafer probes. Figure 3.1 presents an illustration of the the input, output, and environments for

Electrical -
(Input) i

Environment

: Temperature, EMC Shield

v

Figure 3.1: System Requirements for Testing Integrated Circuits

Electrical
(Output)

conventional IC testing. In MEMS devices, excitation as an input is used under a wider range of

environmental conditions. The output of the MEMS devices can be an optical signal or an electrical

signal, as presented in Figure 3.2. The requirements to accomplish the various types of MEMS

Excitation i
(Input)

—-

Environment

: Temperature, EMC Shield,

" Environment .
e

Gas, Humidity

Electrical/
Optical
(Output)

Figure 3.2: System Requirements for Testing MEMS Device
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testing can be very sophisticated. The MEMS evaluation system needs to be equipped with the
capabilities for analyzing the mechanical and electrical characteristics of the device. These testing
capabilities heavily depend on the type of MEMS Device Under Test (MDUT). The system must
provide electrical and mechanical stimuli to the MDUT and then detect the corresponding response
of the device. Electrical and mechanical stimuli are usually device specific. Therefore the stimuli
must be tunable with adjustable parameters, such as amplitude, frequency, bandwidth, duration, etc.
Additionally, the evaluation system should have the capability of evaluating environmental effects,
such as ambient gas pressure and temperature.

In order to evaluate some MEMS devices such as accelerometers, gyroscopes, pressure sensors,
and infrared (IR) detectors, the evaluation system is designed for operation in a low pressure or a
specific gas environment. This type of evaluation system can be called a “closed platform”. A pho-
tograph of the SUSS PAP200, manufactured by SUSS MicroTech, is presented in Figure 3.3. This

closed platform evaluation system is used not only for testing pressure sensors from 100mbar up to

Figure 3.3: Closed Platform Test Equipment: SUSS PAP200 [24]

50bar absolute pressure, but also for probing in a controlled gas atmosphere and/or with controlled
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humidity. The chamber has a top-side view-port for the microscope as well as four additional view-
ports. On the rear side, 192 high pressure electrical feedthroughs are located for the chuck stage
for probe-heads, probe-card, and chamber temperature measurement. Five fluidic feedthroughs can
be used with several connectors to the pressure supply system to supply atmospheric pressure. The
pressure supply system of the evaluation system consists of a compressor, a booster, a vacuum
pump, and a controller. The compressor generates a pressure of up to 30 bar, and the booster ex-
pands the compressor’s working pressure to 80 bar. The microscope mounted on the top window
provides features such as recording images and pattern recognition.

An “open platform” evaluation system can evaluate differential and absolute pressure sensors,

microphones, and micromirrors in an ambient environment. A photograph of the Model 622-A,

manufactured by EM Optomechanical, is presented in Figure 3.4 as an example of the open plat-

¢

Figure 3.4: Open Platform Test Equipment: EM Optomechanical 622-A (courtesy Auburn Univer-
sity)
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form. This 3D MEMS profiler is composed of a vibration isolation platform, two left-hand vacuum
base probe micropositioners, two right-hand vacuum base probe micropositioners, a non-coherent
green LED as a standard light source, a 2/3-inch black & white CCD camera, and an image pro-
cessing system.

The image processing system consists of a National Instruments analog output board, a Data
Acquisition (DAQ) PCI board, and device drivers. An application software package, MEMScript’¥,
provides analysis features and the ability to control MEMS devices and to make real time mea-
surements of performance, such as pattern matching, phase shifting interferometry, decision mak-
ing capability, stroboscopic imaging, and arbitrary waveform output. The photographs in Figure
3.5 presents a picture of MEMS device on the vibration platform and application software of

MEMScript™.

(@)

Figure 3.5: EM Optomechanical 622-A: (a) MEMS device on the Vibration Platform, (b) GUI
Screen of MEMScript’™ [25]
3.1.1 Electrical Stimulus

There are several excitation method for MEMS devices, such as, electrostatic stimulus, acoustic
stimulus, electrothermal stimulis, etc. [20, 26]. For a MEMS device that responds to an electrical

stimulus, the stimuli is an applied voltage or current. If a Built-In Self-Test (BIST) function is
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implemented in the electronics of the MEMS device, the required physical stimulus can be applied
to the device by applying an electrical signal to the BIST input pin, without externally applying
an excitation force [27-28]. As an example of a MEMS device with a BIST function, the Analog
Devices’ ADXRS300 angular rate sensor includes a BIST feature that allows two external signals
to be applied to the device to cause the internal microstructure to experience the same response as it
would to angular rates of +55°/s and —55°/s, respectively. This BIST scheme is designed so that a
microcontoller supplies the self-test signals to two BIST pins and then checks the rate from the rate
pin. However, MEMS devices at die level usually need external excitation to be tested.

e Electrostatic stimulus: The electrostatic stimulus uses the principle that an attractive force
will be produced between two parallel electrodes (or plates) when a voltage is applied between
them. An illustration of an electrostatic parallel plate actuator (PPA) is presented in Figure 3.6. The

energy stored in PPA without fringing effect, which is expressed as [29]:

W cv? _ €,€,AV?2
2 2L

3.1

may be differentiated with respect to L in order to obtain the force between the two plates. This
results in the following nonlinear relationship [29] between force and voltage:

AW g,g,AV?

F=""—
dL 212

(3.2)

However, this method often requires high voltages in order to achieve sufficiently high electrostatic
forces, which often results in utilizing narrow gap microstructures fabricated using surface micro-
machining process. Comb-drive actuators, gap closing actuators and scratch drive actuators are

other types of electrostatic actuators.

16



X
F| Attractive,

Figure 3.6: Electrostatic Parallel Plate Actuator

e Electrothermal Stimulus: The principle of the electrothermal stimulus is that two materials
possessing different Coefficients of Thermal Expansion (CTE) are bonded together to realize a
composite structure that bends in response to a temperature change above or below the temperature
at which materials were bonded together. An example device is a thermal vertical bimorph actuator
[30-31]. Joule heating can be used as the electrothermal stimulus by passing an electrical current
through an resistive heater integrated into the MEMS device [26].

e Piezoelectric Stimulus: An applied voltage across the electrodes of a piezoelectric material,
whose crystal structure is asymmetric, produces a deflection. The most commonly used piezoelec-
tric material is lead zirconate titanate (PZT) [32].

e Electromagnetic stimulus [33]: An electromagnetic force (Lorentz force) occurs in a direc-
tion perpendicular to the current and a magnetic field when a current flows within a conductor in
the magnetic field. The externally applied magnetic field may be produced by a permanent magnet

of by an electromagnet, which is brought into close proximity to the MEMS device.

3.1.2 Non-electrical Stimulus

e Vibration: The vibration stimulus provides sinusoidal or wide bandwidth vibrational motion
or velocity to the MEMS device. An electromechanical shaker is often used to produce a vibra-

tion stimulus. Accelerometers [34] and velocity sensors [35] are examples of MEMS devices that
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may be evaluated using a vibration stimulus. A photograph of the V830 Electrodynamic Shaker

manufactured by LDS is presented in Figure 3.7.

Figure 3.7: LDS V830 Electrodynamic Shaker [36]

o Rotation: Some MEMS devices, such as MEMS gyroscopes, directly respond to angular rate,
where the applied angular rate may be constant or time varying. Additionally, the centrifugal force,
resulting from an object, which is located a fixed distance from the center of rotation, can be used
as an acceleration stimulus for a MEMS accelerometer. A photograph of a high speed angular rate
table is presented in Figure 3.8.

e Pressure: Applied ambient gas pressure can be a stimulus to MEMS devices designed to
respond to pressure changes, such as MEMS pressure sensors [37]. It can also be a stimulus to other
MEMS devices that are affected by ambient gas pressure, such as resonating structures [38], where
the pressure stimulus here would change very slowly over time.

e Acoustic: Sound is actually high frequency pressure waves that propagate in the ambient

fluid that surrounds the MDUT. Although MEMS microphones are designed to respond to sound,
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Figure 3.8: MEMSense High Speed Angular Rate Table (courtesy Auburn University)

some MEMS devices, such a gyros, may adversely respond to sound [39]. An acoustic chamber
may be used in evaluating MEMS devices with this stimulus.

e Electromagnetic Radiation: This stimulus could include RF energy, IR, visible light, UV, and
X-rays. Different types of evaluation equipment are required for each of these types of radiation.
Many MEMS devices could benefit from evaluation with radiation stimuli, including RF devices,

thermal sensors, optical devices, and radiation sensors.

3.1.3 Measurement

Sensing the mechanical movement of a MEMS device requires the appropriate measurement
methods. As discussed in Chapter 2.3, electrical measurement method includes piezoresistive,
piezoelectric and capacitive techniques. These measurement methods can be implemented in a
MEMS device to convert mechanical movement into an electrical signal. When using the optical

measurement methods, a light beam interacts with one or more movable microstructures on the
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MEMS device. As a result, microstructure motion can then be measured by detecting changes in in-
tensity, phase, wavelength, frequency, and/or spatial position. The optical measurement method has
a merit of being a non-contact technique, which usually does not affect the microstructure motion

during device testing.

3.1.4 Fixturing

Some type of fixture is usually required to hold or mount the MEMS device during evalua-
tion. This can be particularly challenging for bare die MEMS devices, as they can be very fragile.

Fixturing is very much application specific.

3.2 Commercial MEMS Evaluation Systems

3.2.1 Open System

e Laser Doppler Velocimetry: The Polytec’s LSV 6000, a laser surface velocimeter, is an
example commercial system that uses the laser Doppler velocimetry technique. This system consists
of a sensor head and a controller. The sensor head is a light source using a visible diode laser, and
the controller is a signal processor that evaluates the Doppler frequency change of the laser signal

by means of FFT analysis. A photograph of a LSV 6000 is presented in Figure 3.9.

Figure 3.9: Laser Doppler Velocimeter: Polytec LSV 6000 [40]
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o Interferometry:

> Micro System Analyzer: The Polytec MSA-500 uses a white light interferometry method
for high resolution topography measurement. This system can visualize and measure system in-
plane and out-of-plane resonances and transient responses of microstructures of MEMS devices. A

photograph of a MSA-500 analyzer is presented in Figure 3.10.

Figure 3.10: Interferometer: Polytec MSA-500 [41]

> Dynamic MEMS Measurement System: The Wyko NT1100 system with the DMEMS option
is a dynamic and static MEMS metrology system that uses phase-shifting and white light vertical
scanning interferometry. The capabilities for this system include a 3D visualization of moving
MEMS devices as well as the measurement of in-plane and out-of plane dimensions. A photograph

of a Wyko NT1100 manufactured by Veeco is presented in Figure 3.11.

3.2.2 Closed System

o Pressure Sensor Tester (SUSS PAP200): This system is a probe station primarily designed for

evaluating pressure sensors from 100 mbar up to 50 bar absolute pressure. Additionally, this system
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Figure 3.11: Dydnamic MEMS Measurement System: Wyko NT1100 [42]

can simulate a controlled gas atmosphere with controlled humidity. As shown in Figure 3.12, the
pressure chamber has a top-side view-port for a microscope and four additional view-ports. On
the rear side, 192 multi-pole electrical feedthroughs are located for the chuck stage, measurement
cables, chamber temperature measurement, and operating a temperature controlled chuck. Five

fluidic feedthroughs for a relative pressure sensor are connected to the pressure supply system.

Prober Stage

lectrical Feedthrough

Figure 3.12: Pressure Sensor Tester: SUSS PAP200 [43]

e Micro System Analyzer (Polytec MSA-400) combined with a vacuum chamber: This system
is a combination of a vacuum chamber and a micro-scanning laser Doppler vibrometer for charac-

terizing MEMS devices over a wide range of ambient pressures. Through a window in the vacuum
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chamber, the micro system analyzer measures the motion of a MEMS device excited by broadband
stimuli, including periodic chirp and white noise. A photograph of a MSA-400 is presented in

Figure 3.13.

Figure 3.13: Micro System Analyzer with Vacuum Chamber: Polytec MSA-400 [44]
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CHAPTER 4

MEMS EVALUATION SYSTEM

4.1 System Requirements

The requirements for the MEMS evaluation system to test MEMS devices can be categorized
into four factors: stimulus, environmental, electrical, and measurement requirements. Due to the
mechanical and electrical functionalities of the MEMS device, the equipment for the stimulus and
measurement can be varied according to the device application. The closed system can simulate
various packaging environments and should be equipped with an electrical interface to provide the

needed electrical signals and to receive output signals.

4.1.1 Stimulus Requirement

The system is equipped with an electromechanical shaker that can shake the MDUT in a con-
trolled fashion for the measurement of mechanical characteristics such as mechanical transmissibil-
ity and quality factor. As the system is designed for various tests using the MEMS velocity sensor,
other stimulus equipment, such as a rate table, a microphone, or an electromagnetic radiation source,

are not needed.

4.1.2 Environmental Requirement

To simulate various packaging conditions at pressures lower than ambient, the pressure needs
to be controlled, and various gases may need to be injected. When the system is a closed platform
and optical measurement equipment is used, the chamber should have a transparent window for the

light source of the optical equipment to shine onto the device surface.
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4.1.3 Electrical Requirement

The system should provide an electrical interface, such as an electrical feedthrough, which
can be connected between the external equipment and the MDUT in the chamber. The electrical

feedthrough should also have enough pins for electrical power, control and measurement signals.

4.14 Measurement Requirement

Since many unpackaged MEMS devices lack on-chip electronics for converting the applied
mechanical stimulus to an output electrical signal, external optical detection equipment, such as a
laser velocimeter, a laser interferometer, or an optical microscope, may be used. However, if the
MDUT possesses suitable on-chip electronics, then electrical characteristics can be measured using

an oscilloscope, a LCR meter, or a multi-meter.

4.2 Design

The system configuration schematic of the MEMS evaluation system is presented in Figure
4.1. The system was designed as a closed platform type. The bell jar vacuum chamber has a small
shaker, which is located on the heater plate. Since the MDUT is mounted on a small shaker located
on the graphite heat plate, the MDUT cannot be heated by the heater. Therefore, the heater and the
small shaker are not used at the same time. If the heater is to be used, then the shaker is removed
from the bell jar first, and the MDUT is then placed on the plate. A MEMS device is attached
to the small shaker. Outside the bell-jar, two optical laser interferometers and their controllers are
connected to the signal analyzer, which also controls the small shaker in specific frequency and
displacement ranges. A pressure transducer is attached to a mechanical feedthrough, and a readout

meter displays the chamber pressure. The vacuum pump and gas cylinder are connected to the bell
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Figure 4.1: System Configuration Schematic

jar through the gas lines. With this configuration, the evaluation system can excite MEMS devices

and measure the electrical and mechanical characteristics of them.

4.3 Construction

As presented in the Figure 4.2, the constructed MEMS evaluation system is assembled using
a glass bell jar with a L-gasket, a metal base with electrical feedthroughs and a heater, an analog
pressure gauge, and a mechanical vacuum pump.

e Bell-jar Chamber: A glass bell-jar chamber was chosen for the vacuum chamber. The glass
bell-jar size is 12” in height with a 12.5” diameter. The chamber has a transparent glass bell-jar
which is suitable for laser interferometer usage. The chamber is mounted on the four stiff metal

legs. In the middle of the glass bell-jar and metal legs, five feedthroughs for an electrical connector,

26



: Vacuum Outlet Line to Pump

: Manual Bellows Valve for Vacuum
Heater
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: Gas Inlet Line from Cylinder

: Precise Control Valve in Flow Meter
: Main Ball Valve for Injecting Gas
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@000 6O 0
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Figure 4.2: MEMS Evaluation System: Front View

a heater, a pressure transducer, several valves, and an analog pressure gauge are located around the

metal chamber body, as presented in Figure 4.2 and Figure 4.3. On the bottom of the metal body,

@@: Digital Readout for Pressure Transducer
@: LCR meter
@2: Electrical Feedthrough with 9 D-sub Connector

Figure 4.3: MEMS Evaluation System: Side View

three additional feedthroughs are also located that can be used for expansion. An inlet gas line is

connected through a ball valve and a precise control valve with a flow meter for fine control of the
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gas supply, and an outlet gas line through a manual bellows valve to the vacuum pump. An electrical
feedthrough with a 9-pin D-sub connector is also located in the chamber body and can provide nine
electrical interfaces, as presented in the Figure 4.3.

o Stimulus Equipment: A photograph of an Mini-shaker Type 4810, manufactured by B&K, is
presented in Figure 4.4, which is located on the heater plate inside the chamber. The small shaker is
connected to a power amplifier driven by the dynamic signal analyzer. The power amplifier provides
the small shaker with regulated power to vibrate at a specific amplitude and/or over a bandwidth of
frequencies. A photograph of the Power Amplifier Type 2706, manufactured by B&K, is presented
in Figure 4.2. For securely mounting the MDUT, a 10*32NF threaded hole is located at the center
of the shaker head. Therefore, it is relatively easy to attach a printed circuit board (PCB) to the

shaker hole.

@: Small Shaker
@@: MEMS Velocity Sensor
@: Graphite Heating Plate

Figure 4.4: MEMS Evaluation System: Inside View

e Vacuum Pumping System: A mechanical vacuum pump is connected to the outlet port of the
vacuum chamber using flexible plastic pipe. As the pumping system is the combination of the vac-
uum pump, the chamber, and its sealing, the vacuum system components also depend on how well

the bell-jar chamber is sealed. There may be many leaking places at junctions between feedthroughs
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and the chamber. Leaks can occur at many locations in the vacuum system. A photograph of the

Model 5KC36PN4 vacuum pump, manufactured by General Electric, is presented in Figure 4.5.

Figure 4.5: Photograph of the Mechanical Pump

e Optical Measurement System: A laser vibrometric system is composed of a laser unit and
a vibrometer controller. A photograph of the optical measurement system including the signal
analyzer is presented in Figure 4.6. The constructed system has two laser units; the motion of the
moving part of a MEMS device is measured by the first laser interferometric system, and the sec-
ond interferometric system is used to measure the motion of the frame of the MEMS device. The
two output signals are recorded simultaneously, then the transmissibility of the MEMS device can
be determined using the dynamic signal analyzer. The dynamic signal analyzer is an instrument
that processes input signals to yield various information about the signals as opposed to an oscillo-
scope, which simply displays the input signals. The analyzer has an FFT mode for calculating the
frequency spectrum of a time domain signal.

e Electrical Measurement System: The electrical measurement system of the evaluation sys-

tem consists of a LCR meter, a digital oscilloscope, and a digital multimeter (DMM). They are
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Figure 4.6: Photograph of the Optical Measurement System (two laser units, two controllers, and a
signal analyzer)

located outside the vacuum chamber and are connected to the wires coming out from the electrical
feedthrough of the chamber. A tripple output power supply is often a necessary piece of equipment
to supply power to the MDUT.

e Gas Supply: A gas is injected from the gas cylinder outside the chamber and controlled by
a ball valve and a precise control valve of the vacuum chamber for adjusting the gas flow rate. A
photograph of the valves for supplying gas is presented in Figure 4.7 (a). When a different gas is
required for testing, the new gas cylinder must be added to the system. As presented in Figure 4.1,
the inlet gas line combines with nitrogen from the microlab supply lines at the back in the vacuum
pump room. To pump down the pressure in the chamber or vent a gas from the chamber, a bellows
valve, presented in Figure 4.7 (b), is used. An illustration of a connection of gas supply plumbing
is presented in Figure 4.8. The N, gas is used every test to pump up the pressure inside the bell-jar
chamber. Especially, when a toxic gas is used, the N, gas is also used to purge residual toxic gas

from the line and the chamber. As an example, the SO, cylinder and N, Gas Control Valves in the
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Figure 4.7: Valves of the MEMS Evaluation System: (a) Inlet Line Valves, (b) Outlet Line Valve
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Figure 4.8: Illustration of Gas Plumbing
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pump room are presented in Figure 4.9. A method to control SO, and N, Gas Valves is presented in

Appendix A.2.

(b)

Figure 4.9: (a) SO, Cylinder and Valves (b) N, Gas Control Valves

4.4 Capabilities

The major components of the MEMS evaluation system consist of a bell-jar vacuum chamber,
a small shaker, two laser displacement interferometers, and a dynamic analyzer. The capabilities of

the components in the MEMS evaluation system of this study are presented below.
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4.4.1 Bell-jar Vacaum Chamber

This vacuum chamber allows MDUT characterization over the pressure range of 50 mTorr to
ambient. The pressure can be controlled with two hand valves, which are connected to the vacuum
pump and the opened gas cylinder, respectively. The analog gauge provides a rough pressure reading
and a combination of the pressure transducer and the digital readout allows the user to read the
pressure at high resolution. The electrical feedthrough assembly is compatible with the D-sub 9-
pin connector, which allows easy connection to the vacuum chamber. With the substrate quartz
lamp below the plate, thermal evaluation can also be performed. The detailed specifications for the
components of the bell-jar vacuum chamber are:

- Cover Material: Glass

- Chamber Lowest Pressure: 50 mTorr

- Electrical Feedthrough: 9-pin D-sub

- Heater Max. Temperature: 200°C

- Dynamic Range of Pressure Transducer: 0 to 1 Torr for 10V

- Digital Pressure Readout: 1 mTorr resolution

- Analog Pressure Guage: -30 to 200 psi

- Vacuum Pump: Mechanical Pump

4.4.2 Small Shaker

This shaker uses a electromagnetic field to induce sinusoidal motion with a frequency range of
DC to 18kHz in the attached shaker head onto which the MDUT is mounted. A photograph of the
Mini-shaker Type 4810, which is manufactured by B&K, is presented in Figure 4.10.

- Frequency Range: DC to 18 kHz
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- Force Rating (peak): 2.25 Ibf @65 Hz to 4 kHz, 1.5 Ibf @ 65 Hz to 18 kHz
- Max. Bare Table Acceleration: 56 g

- Dimension: Diameter- 3 in, Height- 2.9 in

Figure 4.10: Photograph of the Mini-shaker Type 4810

4.4.3 Optical Measurement System

A photograph of an OFV-353 laser unit and an OFV-2610 vibrometer controller, manufactured
by Polytec, is presented in Figure 4.11. The laser unit emits a single, visible laser to the object,
and focusing can be adjusted with the lens housing. The laser unit also has a mirror allowing the
placement of the laser spot to be manually adjusted. The unit has an adjustable measurement range

of 20um/V to 5120um/V.

(b)

Figure 4.11: Optical Measurement System: (a) Vibrometer Controller, (b) Laser Unit
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4.4.4 Dynamic Signal Analyzer

Figure 4.12 presents a photograph of the HP 35665 Dynamic Signal Analyzer. The analyzer
can analyze two input signals with a maximum 800-line resolution and a 51.2kHz frequency band-
width. The fast averaging function, over 12KHz in speed, is useful for viewing statistical graphs.
The analyzer allows analysis in the time and frequency domains. The source output port provides
various types of signals, such as sine, random, pink noise, and chirp signals, which can be used to

control the power amplifier for the small shaker.

Figure 4.12: Photograph of the HP 35665 A Dynamic Signal Analyzer
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CHAPTER 5

APPLICATION OF THE MEMS EVALUATION SYSTEM

To demonstrate the usefulness of this evaluation system, a multipurpose MEMS device was
fabricated and utilized in a variety of tests involving this evaluation system. This micromachined
device was used in several applications, including as a relative velocity sensor [35], as an active
vibration isolator [45-46], and as a testbed for evaluating the performance of a MEMS device in
different gas environments. In the relative velocity sensor application, the performance of the sensor
was investigated by measuring the relative displacement and the relative velocity between a fixed
electrode and a movable electrode while the device was excited by the electromechanical shaker in
the evaluation system. The MEMS device was also used as a passive vibration isolator to evaluate
the effects of packaging a MEMS device in different gas chemistries at various pressures, through
measuring the effect on the mechanical quality factor of the device when excited by the shaker.
This same device was then used in an active vibration isolator, which was evaluated in the system.
Finally, the MEMS device was used as a capacitor structure for evaluating the relative permittivity

of different gas chemistries at various pressures.

5.1 The MEMS Device

The MEMS device consisted of a micromachined Si square structure with a proof mass pad
attached to a surrounding frame by eight springs. The frame and proof mass pad had a nominal
thickness of 375um. The spring thickness was set during microfabrication by the length of time
the wafer was DRIE etched. The surrounding frame was 19.6mm long and 3.5mm across, and the

center square proof mass pad was 10mm across. Each of the eight springs was 1300 ym long and
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225 um wide. 40um was selected as the designed spring thickness, which resulted in a designed
mechanical natural frequency of 1.39KHz. The design for this MEMS device had previously been
used in other applications [47]. A photograph of the fabricated Si MEMS device is presented in
Figure 5.1.

Proof Mass Pad

Surrounding Frame

Spring Members

Figure 5.1: Si MEMS Structure

5.2 Fabrication of the MEMS Device

A detailed fabrication process traveler for fabricating the MEMS device is included in Ap-

pendix A.1.

I. Wafer & Mask:

A 375um thick silicon double-side polished 4-inch wafer, with a resistivity of 1-10 Q-cm, was
utilized to fabricate the MEMS device. Since the feature size was relatively large, two laser
photoplot masks were used to pattern the front and bask sides of the wafer. Seven devices

were fabricated per wafer.

37



IL.

III.

IV.

V.

Cleaning:

There were several wafer cleaning steps used to get rid of contaminants and foreign materials
from the surface of the wafer. First, the wafer was cleaned with a 50:1 H,O:HF solution
at room temperature to remove oxides from the wafer surface. To remove alkali metal and
hydroxides, the wafer was soaked in a 6:1:1 solution of H,O:HCL:H,0, at 80°C for 10 min.

Next, the wafer was rinsed and blow dried.

Dehydration & HMDS Deposition:

The wafer was cleaned with oxygen plasma in the Matrix etcher for 3 min. Then, the wafer
was dehydrated in a dehydration chamber at 120°C for 20 min to remove moisture. Right
after dehydration, the Hexamethyldisilazane (HMDS) deposition was performed in a HMDS
chamber at ambient temperature for 5 min, after cleaning the inside of the chamber and then

pouring 2 to 3 drops of HMDS into the chamber, which was used as an adhesion promoter.

Top Side Photolithography:

Before patterning with a mask, Clarient 5214E photoresist was spun on at 1000 rpm for 30s,
which resulted in a thickness of approximately 2.5 ym, and the wafer was then softbaked
on a hotplate at 108°C for 2 min. Mask exposure was performed in the MABA 6 aligner
using two 10s exposures. Finally, the wafer was developed in a 2:1 solution of water:AZ
400K developer. It took more than 30s to develop the wafer. If there had been residual
photoresist on the pattern even after 30s of developing, additional developing was performed
in 30s intervals, followed by microscopic inspection, until the remaining photoresist was

removed.

Top Side DRIE Etching & Photoresist Strip:
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As the spring thickness was designed to be 40um, the wafer was etched in the STS ASE
DRIE etcher with frequent inspections to meet the 40um depth as close as possible. After
etching was completed, the wafer was placed in the Matrix for 5 min to strip the remaining

photoresist.

Bottom Side Photolithography:

The bottom side photolithography was very similar to the top side photolithograpy process,
except for the photoresist, the mask, and related parameters. After a 3 min descum in the
Matrix and a 5 min HMDS deposition, Clarient 4620 photoresist was spun on at 1000rpm for
30s. Then a 108°C 2min softbake was followed by a 60s exposure using the bottom mask
in the MABA 6 aligner. In this step, the pattern on the top side of the wafer was aligned to
the bottom side mask using cross alignment marks on both sides. The exposed wafer was
developed in a developer with the same ratio as used in the top side photolithography, and

then finally hardbaked at 120°C for 2 min on a hotplate.

Bottom Side DRIE Etching:

The bottom side of the wafer was DRIE etched until the depth reached 140um, which was
enough to cleave the wafer.

Wafer Cleaving:

Once the DRIE etching was finished, the outer square patterns on the bottom side were ex-
tended by scratching with a diamond cutter. The wafer was then cleaved very carefully along

the extended scratch lines.

DIE Mounting;
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5.3

To complete the etching, each cleaved die were attached to a Si wafer. Clarient 4620 pho-
toresist was used as an adhesive. It was spun on at 1500 rpm for 30s, and then the wafer was

softbaked on the hotplate at 108°C for 2 min.

. Bottom Side DRIE Etching:

To complete the DRIE etching that removes the remaining 170um of Si, the wafer is placed
back in the STS ASE and further etched in DRIE machine. Checking often to prevent over
etching, the DRIE etching was continued until the red photoresist was seen using a micro-

scope.

Post DRIE MEMS Die Removal & Cleaning:

The wafer and die were soaked in acetone until they separated. After separation, first, a wiper
tissue was soaked in isopropyl alcohol, and then the die was placed on the tissue for 30s. The
wiper tissue was used to take the die out instead of using tweezers.

E-Beam Metallization:

The top side of the die was then metalized with titanium (Ti) and gold (Au) by E-beam

evaporation, after taping the four corners of the die to a clean wafer using Kapton tape.

Background for a Micromachined Parallel Plate Capacitor Structure [46]

e Mechanical and Electro Dynamics:

An illustration of a two parallel electrode MEMS structure, where the bottom electrode is fixed

and the top electrode can move up and down relative to the bottom electrode, is presented in Figure

5.2.
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Figure 5.2: Parallel Electrode Structure[46]
For this type of structure, the equation for transmissibility is:
. (%°)* + o
T(jo)| = (5.1)

V(@ =022+ (%2)

Where |[T(jw)| is the transmissibility, Q is the mechanical quality factor, ®, is the natural frequency
of the system, where:

W, =4/ — (5.2)

and

0= 5.3)

Since most MEMS devices have Q values greater than five, |T(jo)| has a high resonant peak at
approximately .
e Current Flow into the MEMS Capacitor:

Let the relative electrode motion by modeled by:

x(t) = xasin(odt) (5.4)
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and the resulting capacitance between the parallel electrodes can be modeled as:

€,€,A

G = o sin(an) )

where €,¢, is the permittivity of the dielectric material between the two electrodes, A is the over-
lapping electrode area, x, is the rest distance, x4 is the amplitude of the sinusoidal relative motion
with frequency ®,. This model for the capacitance ignores fringing, which is usually small if the
electrode area is much larger than the separation distance. If a small voltage, V;(t), which is less
than the pull-in voltage, is applied across the two electrodes, then charge, q(t), accumulates in the

time varying capacitor, Cy(t), according to:

q(1) = C(1)Vs(1) (5.6)

The current flowing into the capacitor, I;(¢) can then be obtained by taking the derivative of q(t),

resulting in
dv (1)
dt

dC(1)
dt

1) = G =2 v (1) 5.7)

Suppose that V(t) is constrained to be a small, constant DC voltage, V,. Therefore the current

flowing into C,(t) becomes

dCs(t) Vi€o€rAxsmcos(wt)
L) =V, =— 5.8
) =Vo—y, (xo + xasin(or))? (>8)

The negative sign in the numerator indicates that current flows out of the capacitor when the distance
between the two electrodes is increasing, which is correct since the capacitance is decreasing. Like-

wise, when the distance between the electrodes is decreasing, capacitance is increasing, resulting in
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current flow into the capacitor and a positive value for I,(t). For x,/x4 having a large ratio,

Vp€oErAxsWcos (ot
1(1) = — VeEotrA%A cos(wt) (5.9)
Xo
and that the relative velocity between the electrodes is
x(t) = xpcos(0t). (5.10)

If x,/x4 is small, (5.9) is not a valid approximation for I;(t). However the polarity of I (t) correctly

identifies the direction of relative velocity.

5.4 Relative Velocity Sensor in Low Pressure Environment

The relative velocity sensor was evaluated in the evaluation system at ambient and low pres-
sure.

e Assembly

The micromachined Si structure was assembled with exactly the same parts as for the closed-
loop damping control testing except for the PCB board, which is discussed in detail in the closed-
loop damping control section. The PCB board used in this test had a micromachined capacitor
interface circuit consisting of a transimpedance amplifier and a two stage voltage amplifier on the
front side and bottom electrodes on the back side.

e Micromachined Capacitor Interface Circuit

A schematic diagram of the capacitor interface circuit is presented in Figure 5.3. The first
stage, a transimpedance amplifier (TIA) with a gain of -100,000€2, converted the current flowing

into the sensor capacitor into a voltage signal. Then, a two stage amplifier consisting of an inverting
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amplifier and an non-inverting amplifier, with a combined gain of -10100V/V, were used to amplify

the TTA output voltage to a reasonable level for recording the data.
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Figure 5.3: Schematic Diagram of Capacitor Interface Circuit

o Testing

The velocity sensor assembly with the capacitor interface circuit was mounted on the small
shaker inside the MEMS evaluation system. The resonant frequency of the velocity sensor was
investigated first using a wide bandwidth random vibration excitation. A time trace of the velocity
sensor at the resonant frequency was recorded with the signal analyzer by detecting the relative
displacement with two interferometers. This experiment to test the relative velocity sensor was per-
formed at ambient pressure and at low pressure (approximately 0.2 Torr). Time traces of the relative

displacement between the two electrodes, measured using the interferometers, and the output signal
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from the sensor board are presented in Figure 5.4 (ambient pressure test) and Figure 5.5 (low pres-

sure test). As would be expected for a sinusoidal displacement, the relative velocity sensor’s output

Time Trace of Velocity Sensor in Ambient Pressure
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Figure 5.4: Time Traces of the Measured Relative Electrode Displacement and the Sensor Output
at Ambient Pressure

Time Trace of Velocity Sensorin Low Pressure

o T T ] I Relative Displacement
; : —— —Relative Velacity
: 1
sl : i 4/\-\ § ’/ Ross]
a B , \
i 7 | i
i M 4% y e i S [ i
| ¥ £ | X f [
G [ il \ i 5 £ Il \E | I H
P i ,i | ,/ 4 r‘ \»: J “ f [: ! \ rI !
; | i |
Lo Lo pod . i T [ Ik roly
s i i Do Lop L ron A f) P
5 A t P i fe ! 1 i b /
Y | i | | }
AP I o £ ok & IR b1 o[ : y -
= ! i | 1 o ! ! | / \ i ! { I | | {
g i ! ] ! .lr i i ! / } ! | { i | | |
g | : | | ] | :
G R IEERI AN IRRTI AR AT TR RN R LR N
g | i | ! i | i 4 | 1 / ; { 0 / I !
2L \‘ ! ; | | | l I | | | | 1 Vol B
] ! J g | | I | : 1 | ! ! LA il
| | i i L :
b [ B Lo3i [ ) [ vk P Lo |
A= oA Vb il P (. (R L [
’ L L v Vol L | L L
i \ v
sl ’J Vo Lol 1 i i A [T 3 i i —
; e o v ] i i LY
! i o Ly i Vo L4 o W
| Yy ¢ L 7 47 b ¥
8 [y bt L ¥ X 3
| | | 1 1 | 1
a 1 2 3 4 5 B 7
Time () win®
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signal is also sinusoidal and leads the displacement waveform by 90 degrees. Much of the noise
in the relative velocity signal is due to the differentiation of the noise in the relative displacement
signal.

This test was performed primarily to verify the operation of the MEMS evaluation system.
Also, since the relative velocity sensor is a key component of the closed-loop damping controller,
it was important to verify that the small shaker in the system was powerful enough to generate

sufficient relative motion between the device’s electrode to measure the relative velocity.

5.5 Closed-loop Damping Control At Low Pressure[45]

A closed-loop damping control system was evaluated using the MEMS evaluation system.

e Assembly:

The backside of the proof mass was the upper or movable electrode. The micromachined Si
structure was mounted onto the back side of a double layer printed circuit board directly over a
planar electrode, the fixed electrode, using a nonconductive spacer with a nominal thickness of
100um, which set the rest distance between the two electrodes. The feedback controller PCB, a
photograph of which is presented in Figure 5.6, was integrated with the micromachined Si structure
as the top electrode for several evaluations. A photograph and an illustration of the assembled
MEMS device are presented in Figure 5.7. The parallel plate actuator (PPA) and the sensor bottom
electrode are on the feedback control circuit PCB. The small round center sensor electrode was
used to detect the relative velocity and the donut shaped outer electrode acted as the PPA bottom

electrode and connected to the feedback controller circuit.
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PPA bottom electrode

@ )

Figure 5.6: Feedback Controller Circuit Board [45]: (a) Front side, (b) Back side

Sensor Bottom Electrode

Frame

Feedback Circuit PCB Sensor Top Electrode

(a) (b)

Figure 5.7: MEMS Device with the Feedback Controller PCB: (a) Assembled MDUT with the
Feedback Controller Circuit PCB, (b) Illustration of the side view of an assembled MDUT [45]
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e Feedback Controller Circuit:

The feedback controller electronics circuit consisted of a low impedance op amp current to
voltage conversion circuit (transimpedance amplifier), a two stage voltage amplifier and a voltage
comparator. The output of the comparator powered a PPA, which was used to increases the me-
chanical damping of the active isolator. A schematic diagram of the feedback controller circuit is
presented in Figure 5.8. CS1 represented the velocity sensor capacitance and CX1 the PPA capac-
itance. When the upper electrode was moving toward the bottom electrodes, the sense capacitance
was increasing in size, resulting in current flow into the sense capacitor. This resulted in a positive
voltage being applied to the comparator’s noninverting input and +25V on the comparator output
being applied to the bottom PPA electrode. With the top electrode hardwired to +25V, both PPA
electrodes had the same potential and no electrostatic force was generated. Therefore the PPA was
off whenever the top electrode was moving toward the bottom electrodes. When the upper electrode
moved away from the bottom electrodes, the sense capacitor decreased in size, resulting in current
flow out of the sense capacitor. This resulted in a negative voltage being applied to the comparator’s
noninverting input and -25V on the comparator output being applied to the bottom PPA electrode.
Since the top electrode was hardwired to +25V, the PPA electrodes had a 50V potential difference,
which resulted in the generation of an electrostatic force that attempted to retard the separating mo-
tion of the upper and bottom electrodes. As soon as the electrodes quit moving away from each
other, the PPA shut off. The net result was that kinetic energy was removed from the oscillating

mechanical system, resulting in an increase in mechanical damping.
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o Testing:

To evaluate the closed loop system, the assembled MEMS device was placed in the chamber
and evaluated at low pressure. Using the electromagnetic shaker, the device was vibrated with and
without the control loop activated. For the closed loop tests, the comparator trip voltage, VTR,
was tied to ground. The feedback controller circuit could lower the quality factor in low pressure,
and the results of this test are presented in Figures 5.9. The data shows that Q decreased a large
amount with the controller activated, from approximately 138 to 50, when the device was tested
at 50 mTorr pressure. Observe that the plot in Figure 5.9 shows a shift in the resonant frequency
of approximately 100Hz when the controller is activated. It is speculated that the change in the
resonant frequency is due to an increase in the system spring constant due to the nonlinearity in
the double clamped spring system when the biased controller electrodes result in a nonzero average

proofmass displacement.
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Figure 5.9: Mechanical Frequency Responses Due to Feedback Control Signal at Low Pressure
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5.6 Electrostatic Enhancement of MEMS Devices

In this test, the effects of packaging an electrostatic MEMS device in a gas with a relatively
high dielectric constant were investigated. The MEMS test article was the same micromachined Si
device used in the other tests. It was attached to a PCB having a single large electrode, just like
the relative velocity sensor was assembled. The capacitance between the two electrodes was then
measured in different gas chemistries at various pressures. A photograph of the bottom electrode of

the PCB is presented in Figure 5.10.

Figure 5.10: Bottom Electrode of the Test PCB

For this test, the MEMS device’s capacitance was measured in air, N, SO,, SFs, and water
vapor using a model LCR-821 LCR meter, manufactured by GW Instek. A photograph of the LCR-

821 is presented in Figure 5.11.

Figure 5.11: Photograph of GW Instek LCR-821
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The purpose of these tests were to investigate if the packaging of an electrostatic MEMS device
in various gas environments could be used to enhance performance either by using a gas with a high
relative permittivity or through effecting the system mechanical quality factor. The relevant physical
properties for air, N;, SO, SFs, and water vapor are presented in Table 5.1. The density properties
were calculated by

p=— (5.11)

where R=8.314472(J/K-mol).

The permittivity of water vapor was calculated with

p(3aT +3Db)

e=1
+ T

(5.12)

where 3b=3449 and 3a=0.671 [49].

Table 5.1: Viscosity, Density, and Permittivity for Air, N, SO,, SFg, and Water Vapor [48-49]

Gas Viscosity(uPa -s) Density(Kg/m?®) Dielectric Constant
@27°C, 100kPa  @25°C, latm @20°C, latm
Air 18.6 1.1845 1.0005364
N, 17.9 1.1458 1.0005480
SO, 12.9 2.6195 1.0082500
SFs 15.3 5.9738 1.0020000
Water Vapor 9.7 0.7369 10.181060

The measured capacitance values in various gases at different pressures are presented in Table
5.2. The capacitance values decrease as the pressure decreases for each gas chemistry. It was not
meaningful to compare absolute capacitance values to each other as the calibration of the probes of
the LCR meter had a big discrepancy between tests. When the absolute capacitance values of the

results were compared separately, as presented in Figure 5.12 and Figure 5.13, the magnitude
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of the measured capacitance for each gas compared well with the magnitude of the dielectric con-
stants for each gas, except for SFg in Testl and air in Test3. However, when the difference of the
capacitances between the lowest and the highest pressure were compared to eliminate the calibration
errors, instead of comparing absolute capacitance values, the capacitance difference is proportional
to the gas permittivity, except for the air. The reason for this was speculated to be that the air was
not dry air. Water vapor has a high relative permittivity, and it is thought that water vapor in the
air injected into the system, or from water molecules that liberated from surfaces in the chamber,
affected the capacitance measurement. In order to perform this test, the gases except for water va-
por were injected into the chamber, while water vapor was evaporated from water in a plastic bottle
inside the chamber for the test. This method to fill the chamber with water vapor was problematic,
because the liquid water in the plastic container would freeze as the pressure was lowered. There-
fore for water vapor, the capacitance was measured while the pressure was deceasing, unlike with
the other gases. As a result of these tests, it was concluded that hermetically packaging an electro-
static MEMS device in a low pressure high dielectric constant gas would not significantly enhance

the device’s performance.
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5.7 Transmissibility vs. Pressure in Various Gases

These tests were performed to investigate the effect on mechanical damping of a MEMS device
by packaging it in various gas chemistries at pressures equal to or lower than ambient pressure.
The same gases were evaluated here as were evaluated in the electrostatic enhancement of MEMS
devices tests. The various gases were evaluated at these pressures: every 220 Torr from 760 Torr to
100 Torr and every 0.1 Torr from 0.9 Torr to 0.2 Torr. The theoretical mechanical frequency response
indicates that the Q values at each testing pressure should increase as the pressure deceases and as
the gas viscosity decreases. The viscosity at 25°C and the density at 25°C, at latm for each gas in
Table 5.1 is as follows; Air- 18.5 uPa -s and 1.19 kg/m?, SFs- 15.3 uPa -s and 6.1 kg/m>, N>- 17.9
uPa -s and 1.14 kg/m?, water vapor- 9.7 uPa -s and 0.7369 kg/m’

Measuring the transmissibility yields information regarding the type of response: lowpass,
bandpass, or highpass frequency response, and its resonant frequency or frequencies and the me-
chanical quality factor, Q. The measurement of the quality factor reveals both the susceptibility of
the device to ringing at its resonant frequency and what the time response will be to a step input.

Detailed mechanical frequency response results for each gases are presented in Figures 5.14
through 5.18, and mechanical frequency response results for each test are presented in Figures 5.19
through 5.22. The measured quality factors for all the tests are presented in the Table 5.3. The
results showed that as the pressure decreased, the Q value increased, and the resonant frequency
was substantially shifting to higher values. It is speculated that the gas adds a term to the system
mass due to the gas having to be displaced by the motion of the vibrating proof mass. As the pressure
decreases, the mass term would then decrease, thus increasing the resonant frequency of the device.
The ambient pressure test with SFg, SO, N,, and water vapor was not performed, because it was

difficult to keep the vacuum chamber at ambient pressure while supplying a pressurized gas to the
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bell jar. Even though transmissibility tests in ambient pressure with SFg, SO,, N, and water vapor
could not been performed, when comparing the average quality factor values at pressures between
760 Torr and 100 Torr in Table 5.3, SFg gas resulted in the lowest quality factor. The order of
average measured quality factors in this pressure range is exactly the reverse order of each gases’
density factor. This results indicate that gas density is a more critical factor than the viscosity at the
higher end of the pressures evaluated in this study: the lower the density, the higher the Q (order
of density at 25°C, latm: SFs > SO, > Air > N, > water vapor). As presented in Figures 5.14

through 5.18, the quality factor commonly increased as the pressure decreased.
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Figure 5.14: Mechanical Frequency Response in Air
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Mechanical Frequency Response in Water Vapor
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Figure 5.17: Mechanical Frequency Response in Water Vapor
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Mechnical Frequency Response of Test1
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Table 5.4: Quality (Q) Factor under SO;, SFgs, and Water Vapor at Different Pressures

Pressure SO, SFg W. vapor
(Torr) Test1 Test1 Test3
760 - - -
540 26.5@1.292 15.7@1.276  28.8@1.348
320 21.2@1.300 18.7@1.296 31.6@1.352
100 21.8@1.300 21.7@1.324  28.8@1.360
Avg. Q | 23.2 18.7 29.7
0.9 68.3@1.308 58.3@1.328 68.4@1.356
0.8 549@1.304 61.6@1.336 79.2@1.352
0.7 69.5@1.308 59.1@1.336 87.8@1.352
0.6 50.3@1.308 65.8@1.340 80.3@1.348
0.5 704@1.308 95.5@1.336 87.9@1.340
04 62.0@1.304 104.0@1.344 99.3@1.336
0.3 60.1@1.308 131.9@1.344 125.5@1.328
0.2 76.0@1.304 150.2@1.348 124.0@1.320
0.1 124.1@1.304 - 133.9@1.312
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CHAPTER 6

CONCLUSIONS

In this thesis, the MEMS evaluation system and its application have been discussed. The eval-
uation system was designed and constructed for the mechanical and electrical characterization of
unpackaged MEMS die and was used to measure the mechanical frequency response, the capac-
itance, and the behavior of closed-loop damping control, at various pressures in different gases.
Current research efforts in MEMS evaluation system development show how such a system can be
useful for testing MEMS die. The evaluation system provides practical mechanical and electrical
characterization data on the MEMS device, which can be useful for design modification during the
device development stage.

The test results for the closed-loop damping control system at low pressure showed that damp-
ing by the feedback control circuit reduced the quality factor by one-third from the quality factor
when the feedback controller was off. This evaluation system enabled the investigation of the per-
formance of the MEMS active vibration isolator in a low pressure environment. This is important
since many applications would require its use in a hermetically sealed package at low pressure.

The MEMS evaluation system was useful for investigating the MEMS relative velocity sensor’s
output response at low pressure. This was important because it is a key part of the active vibration
isolator. Previously, the results showed that the displacement in low pressure was greater than the
displacement at ambient pressure, where the MEMS structure had a lower quality factor.

The damping effect in various gases at different pressures was investigated in the MEMS eval-

uation system. It was observed that the density of the gas was more critical than the viscosity. As

64



the pressure decreased, the damping also decreased, which was detected by observing changes in
the device’s quality factor from the recorded transmissibility plots.

The evaluation system was also used to investigate the effects on capacitance in various gases
at various pressures. Since the force produced by MEMS electrostatic actuators is proportional to
capacitance, this test was performed to see if the performance of these actuators could be enhanced
by optimizing the surrounding gas chemistry and pressure. A comparison with absolute capaci-
tance values was meaningless due to a large discrepancy in probe calibration of the LCR meter.
The measured capacitance decreased as the pressure and permittivity of the gas under investigation
decreased, except for air. It is believed that this was due to moisture in the air used during the test.
The moisture resulted in higher measurements than would be expected with dry air. Furthermore,
it is speculated that as the pressure was lowered, water molecules were liberated from surfaces in
the vacuum chamber, which would keep the measured capacitance values higher than expected, due
to the high dielectric constant of water vapor. It is also speculated that the “pure” gases evaluated
in the system may not have had the same interaction with water molecules in the vacuum system,
thereby occluding their effect on the overall capacitance measurements.

In summary, the primary accomplishment of this endeavor was the development of an evalua-
tion system for unpackaged MEMS die that allowed both electrical and mechanical characterization.
Furthermore, this system allowed the evaluation to be performed in various gas chemistries at pres-
sures lower than ambient air pressure. This system was then used to evaluate several MEMS devices

and integrated microsystems.
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CHAPTER 7

FUTURE WORK

The current MEMS evaluation system does not have the capability to control vaporization of
water at very low pressure inside the bell jar chamber for evaluating the effects of high concentra-
tions of water vapor at low pressures. This could be useful due to the high dielectric constant of
water vapor. Attempts to control the water vaporization were not successful with a Thermal Electric
Cooler (TEC). If a TEC with more power capacity is used, and a hygrometer is added, water vapor
control could possibly be achieved at a low pressure for a more accurate evaluation.

The leak rate of the vacuum chamber was observed to be approximately 0.007 Torr/min. This
can affect the gas environment inside the vacuum chamber during the test by adding moisture as well
as air into the chamber. Therefore decreasing the leak rate would improve the evaluation system.

Thermal testing using the built-in heater was not performed under this research effort. Evalu-
ating the viscosity of various gas chemistries over pressure and temperature would be useful. Other
evaluation tools could be added to the system to enhance its capabilities. Examples could include
a rotating stage for MEMS gyroscope testing, a residual gas analyzer (RGA), and an embedded
optical camera with magnification optics. An integrated miniature probe station would enhance the

evaluation of bare die without having to use machined fixtures to hold the die.
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APPENDIX A

A.1 Micromachined Si MEMS Device Fabrication Procedure

I. 350um DSP Si Wafer Clean

1. 50:1 H,O:HF at ambient for 30s
2. 6:1:1 H,0:HCL:H50, at 80°C for 10min

3. DI water rinse and blow dry

II. Dehydration

1. 20min at 120°C in dehydration oven

III. Top Side Photolithography

1. 3min O, clean in Matrix

2. 15min vapor phase HMDS deposition at ambient

3. PR spin: Clarient 5214E, 1000RPM, 30s

4. Softbake: 108°C for 2min on hotplate

5. Soak glass plate in cooled (after 10min) piranha etchant for 2min
6. DI water rinse and N blow dry glass plate

7. Mount “Pas Top 11/12/04” photoplot on glass plate with tape

8. MABAG: 14s exposure with photoplot attached to glass plate mask

9. Develop: Clarient AZ 400K, 2:1, 30s
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10. DI water rinse and blow dry

IV. Top Side DRIE

1.

2.

3.

40um Si etch in STS ASE
Inspect often

As close to 40um as possible

V. Top Side Photoresist Strip

1.

Smin O, clean in Matrix (500W, 5Torr)

VI. Bottom Side Photolithography

10.

11.

12.

3min O, clean in Matrix

15min vapor phase HMDS deposition at ambient

. PR spin: 1045, 1000RPM, 30s

. Softbake: 108°C for 2min on hotplate

Soak glass plate in cooled (after 10min) piranha for 2min
DI water rinse and N blow dry glass plate
Mount “Pas Bot 11/12/04” photoplot on glass plate with tape

MABAG6: 60s exposure with photoplot attached to glass plate mask

. Develop: Clarient AZ 400K, 2:1, 30s+ (until fully developed)

DI water rinse and blow dry
Hardbake: 120°C for 2min on hotplate

DI water rinse and blow dry
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VII. Bottom Side DRIE 1

1. 140um Si etch in STS ASE

VIII. Cleave Wafer

1. Using a diamond cutter, the etched lines parallel to the flat edge of the wafer are extended
to each end of the wafer. The wafer is then aligned in a clamp and carefully snapped at

each horizontal cut. This snapping is then repeated for the perpendicular etched lines.

IX. Oxidize Test Wafer

1. Push in at 900°C
2. Ramp to 1050°C
3. N; - 5 minutes
4. O, - 5 minutes
5. Oy, Hy - 1 hour
6. O - 5 minutes
7. Ny - 5 minutes

8. Ramp down to 900°C and pull out

X. Die Mount 1

1. PR spin: 4620, 2000 rpm, 700 ramp, 30s

2. Place four die symmetrically on the test wafer with bottom side up and gently apply

pressure onto each die.

3. Softbake: 108°C for 3min on hotplate
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XI. Bottom Side DRIE 2

1. 170um Si etch in STS ASE

2. Etch until part released - check if the top and bottom etching side meet each other under
the microscope; if they meet, the color turned to red or black. If not, check it after every

cycle: rotate the wafer by 90° every cycle.

3. Check often to prevent over etching
XII. Post DRIE MEMS Die Removal
1. Prepare two glass dishes and pour the acetone. Cut the wiper tissue and put it into each
dishes; this tissue will be used for moving the die from the dishes not to break them.

2. Soak the wafer for 30 to 60 min.

3. Gently stir the dish and check if each die are away from the wafer. If not, wait more.

Repeat it every 15min.

4. Move the wafer and die using the wiper tissue. Gently remove each die and move them

to another dish to clean.

5. Prepare a glass dish and pour the isopropyl alcohol. Rinsel: Move the die and put them

into the the isopropyl alcohol using the wiper tissue.

6. Rinse2: Move them out of the dish using the wiper tissue. Change the alcohol to a new

one and put them into it again using the wiper tissue.
7. Soak MEMS die in DI water bath using the wiper tissue.
8. Allow MEMS die to air dry in a very soft blow.

9. Rinse test wafer in DI water and N blow dry.
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XIII. Post DRIE Clean

1. Place MEMS die on holder wafer, bottom side up.
2. 5min O; clean in Matrix (500W, 5Torr) [until all photoresist removed]
3. Place MEMS die on holder wafer, top side up.
4. 5Smin O, clean in Matrix (500W, 5Torr) [until all photoresist removed]
XIV. E-Beam Metallization
1. Mount die onto a holder wafer with top side up. Die are held down with a narrow piece
of Kapton tape on each corner.
2. 2min Ar ion clean
3. 800A Ti - E-beam
4. 2000A Au - E-beam

5. CAREFULLY remove blue tape from corners of MEMS die (The edges of the tape are
carefully pealed up from the wafer, but left on the die. Once all the edges have been

removed, and the die can be lifted from the wafer, the tape can be fully removed from

the die.)

6. Inspect MEMS die
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A.2 How To Use the Evaluation System

This section explains how to use the MEMS evaluation system to test MEMS devices.

1. Locating the small shaker

- The shaker is located on top of the graphite heating plate. Make sure that the heating
plate is securely mounted over heating lamp and put the shaker on the even heating plate.
Once the shaker is located on the plate, the shaker’s power cable should be connected
through the electrical feedthrough to the shaker. Then, DUT article can then be attached

to the shaker head.

2. Cable Setup Between Equipment

- The Nine Connection wires between Inside and Outside: Inside and outside the bell jar,
there are nine electrical connections passing through the 9-D sub electrical connector
in the electrical feedthrough. Among the nine connection wires, two lines are used for
the shaker power cable, which is a very thin coaxial cable connecting to the shaker. For
the applications under this endeavor, four connections are used not only to provide an
electronic circuit board with +/-25V power and ground but also to receive the output
signal of the capacitor voltage from the board. The rest of the three connection wires
are reserved for additional purpose. For example, if a TEC peltier and a thermistor are
installed inside the chamber to control the water vaporization, four more wires would
be needed. So, three reserved wires and one wire among the used ones need to connect
to them. Nine connection wires are connected to the external cable through the elec-
trical feedthrough. Under this endeavor, the nine electrical wires from the 9-pin D-sub

connector are used to connect to a power supply, a LCR meter and/or an oscilloscope.
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- Cables between Laser Interferometer Controller and Signal Analyzer: The coaxial cable
is connected between the BNC port of the interferometer controller and one of two
input channel ports of the signal analyzer. The output from the interferometer controller
measuring the displacement of MEMS outer frame should be connected to channel 1

port of the signal analyzer.

- Cables between Shaker Power Amplifier and Small Shaker: The small shaker needs to
receive power from the shaker amplifier, so the power line from the red and black ports
are connected to the small shaker through the 9-pin D-sub connector. A BNC line port
in the small shaker, which receives the control signal, is connected to two line from the

9-pin D-sub connector inside. (Refer to Figure A.1)

- Cables between Shaker Power Amplifier and Signal Analyzer: A BNC output port of
signal analyzer is connected to the input port of the shaker power amplifier by using a

coaxial wire. (Refer to Figure A.1)

3. Dynamic Signal Analyzer Setup

- Measuring the Mechanical Frequency Response: To measure the mechanical frequency
response, the analyzer should be set to FFT mode for two channels. Then, set it to the
dual display mode and Hamming mode. Adjust the input frequency range, source level,
and input wave type. (400Hz to 3600 Hz, 70 to 100 mVrms, and random signal are
the parameters used for transmissibility testing for this endeavor). Once the resonant
frequency is detected, while shaking the MDUT with a sine wave input at the resonant

frequency, time traces of the velocity direction are recorded. Especially, in order to get
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OFvY-2610
9-pin D-sub

Connector

Mini-shaker

Power Amp Type 4810

Type 2706

Figure A.1: Cable Connection between Equipment

78



a clean output result, change unit of um/V in the laser controller until noise in the output

wave disappears.

4. Laser Controller Setup

- The laser controller has a range of 20um/V to 5120um/V unit. Depending on the output

signal level, a suitable unit needs to be set for a clean output result.

5. Focusing the Laser Spot of the Interferometer

- For a test in ambient pressure, the glass bell jar is not used. Therefore, the laser beam
directly reflects from the surface of MDUT, and the signal strength is over 90%. For a
low pressure test, the chamber is covered with the glass bell jar, which leads to difficul-
ties in focusing and obtaining a high signal strength due to the refraction by the curved
surface of the bell jar. Move the laser beam position and adjust the mirror until over

90% of the signal strength can be received.

6. Gas Handling Valves

- Please refer to the valve pluming configuration diagram in Figure 4.8. The N, valve and
SO, gas valve are located in a metal cabinet at the back of the yellow room. The Nj is
used for purging as well as an evaluation gas. To supply the N, and SO, (or other gases)
to the chamber, the valve in the cabinet needs to be open or closed. In the case of SFq
gas, the gas cylinder in its cart is connected to the Tee of the flow meter, which has the
main ball valve and precise control valve. These three valves including a valve of the

SFg gas cylinder are used to open or close for supplying the SFg.

7. Pumping Down the Chamber
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- To pump down the chamber, the main ball valve and precise valve are closed and the
bellows valve is opened. The analog pressure gauge is used over the range of 760 Torr
to 1 Torr, and for lower pressures (less than 1 Torr), the digital, digital readout displays
accurate pressure reading. The minimum pressure obtainable in the current system is 50
mTorr. It takes around four hours to reach at 50 mTorr and less than 15 minutes to reach

at 1 Torr. If it takes longer, the operator should check for leaks in the system.

8. Pumping Up the Chamber

- The N, is injected into the chamber while the bellows valve is closed and the precise
valve is open slightly, so that the bell jar cover does not pop up due to the high pressure
of the Np. While watching the pressure gauge and the flow meter, the precise valve

should be used to regulate the gas flow.

9. Maintaining a Certain Pressure

- Maintaining a certain pressure is not easy due to leaks in the system. By adjusting the
bellows valve precisely with the two inlet valves closed, equilibrium status between

pumping down and air injection can usually be accomplished.

10. Controlling the N, and SO, Gas Valves in the Pump Room

- As presented in Figure 4.9, the main valve should be open to supply SO, gas. Then, a
proper pressure can be adjusted with the regulator valve of the SO, cylinder. N, gas can
be supplied by opening the N, main valve and then the N, control valve. The N, check
valve allows the operator to determine if there is NV, gas in the tank. In order to stop

supplying a gas, the main valves for each gas are closed.
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11. Purging a Gas

- After a toxic gas such as SO, is used for a test, valves of the SO2 and N2 gases are
closed. Then the bellows valve is opened to vent the residual SO, gas from the plumbing
and the chamber for a few minutes. Then N, gas valve is opened to inject N2 gas into
the plumbing line and the chamber. The N, gas valve should not be opened fully when
the bellows valve is open, to avoid overconsumption of N> gas. The operator can also

adjust the N2 gas flow using the precise valve, even when the N, valve is fully open.

12. The Order of Turning on Equipment

- Once all the cables are connected, as explained in the cable setup section, turn on the
equipment in the following order. Vibrometer controller — laser unit — (signal analyzer
— set all the parameter of the signal analyzer) — (the small shaker power amplifier —
increase the amplification by rotating the adjustment knob to the designated line), When
turning off the equipment, do this procedure in the reverse order. NOTE: if the signal
analyzer is off with the shaker power amplifier is on, the shaker can be damaged due to

the peak surge from the analyzer.
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