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ABSTRACT

As an important building block of various industries, silicon have been gaining more
importance day by day. Moreover, as the today’s technology is going forward for smaller
designs, nano-scale silicon objects such as silicon thin films and silicon nanowires (Si
NWs) are of such interest nowadays. Hence for reliable Si-based applications, knowing the
materials’ behavior is crucial. Although there have been a bunch of experiments in
literature on determination of the mechanical properties of Si NWs, they are all based on
nanomanipulated samples, which are first fabricated, then gripped on their ends before
tensile loading. In addition to gripping, there are also challenges in creation of nN forces
and detection of nm displacements for accurate mechanical tests. These critical issues
require different methodologies using devices designed for micro-scale mechanical tests.
The micro electromechanical systems (MEMS)-based devices are suitable for micro-nano
integration, i.e. testing platform-sample.

This work consists of two parts: MEMS design alongwith fabrication and S1 NW
fabrication. The strategy involves the fabrication and characterization of MEMS design for
later NW integration and the optimization of Si NW fabrication. As the first objective, the
design of a unique MEMS-based tensile testing method, which is specialized for Si NWs,
was completed. The uniqueness of the designed device is stemming from its ability to test
Si NWs without any grips. This is because the NW is fabricated at the same time with the
device through an monolithic top-down method. This method enables the elimination of
the interface effects between the nanowire and the device. The device is composed of a
comb-drive actuator to apply uniaxial force on Si NW and a triplate differential capacitive
force/displacement sensor to detect the force applied and the elongation of Si NW. The
finite element analyses of the devices were carried out using COMSOL Multiphysics.
After the comparison of the analytical and simulation results for certain designs, the first
batch microfabrication of the MEMS part was realized through various SOI
micromachining processes in Center of Micro and Nanotechnology (CMi) at EPFL with a
CD of 2 um. The critical dimension is the minimum linewidth in the design. These
processes includes defining the structrues and, preparing the devices for characterization.
The electrical characterization of the fabricated devices were conducted using
semiconductor parameter analyzer. The capacitance characteristics of the devices under an
applied voltage of 5 V were determined. The values for the changes in the total
capacitances were in the order of femtofarads(fF). The results were also compared with

finite element simulations. The comparison shows the small effect of measurement
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environment on the change in total capacitance of the devices. Other than this effect, the
experimental results show promising consistency with the simulations. These concludes
the verification of the MEMS design.

As the second objective of this thesis, a process route was proposed and a few trials
have been carried out for the fabrication of S1t NWs. The route includes the definition of
NW with e-beam lithography. The formation of the NW is realized with a two-step etching
process which includes two subsequent Bosch processes with different scallop dimensions.
The first step forms the Si NW and the second step etches around 1 um Si layer under the
NW. After the NW is protected with envelope-like structure, Si device layer is etched
through buried oxide (BOX) layer. The moment of this flow is to protect NW after
formation within an envelope-like structure for the latter steps of microfabrication. This
envelope-like structure will be alumina and formed using atomic layer deposition
technique. The Si NW was well-formed after etching steps. The formation of alumina
envelope remains as a matter of future work. A fabrication process flow is proposed in this

thesis which can be used for the formation of single Si NW.



OZET

Cesitli endiistri kollarinin 6nemli bir yap1 tas1 olmasindan 6tiirii silisyum, her gecen giin
daha biiyiik 6nem kazanmaktadir. Buna ek olarak, giiniin teknolojisinin daha kiiciik
tasarimlar1 hedef almasindan dolayi, son zamanlarda silisyum ince filmler ve ya silisyum
nanoteller (S1 NT) gibi nano-6lgekli silisyum nesneler daha biiyiik ilgi ¢cekmektedirler.
Gilivenilir Si temelli uygulamalar i¢in malzeme 6zelliklerinin bilinmesi gereklidir.
Literatlirde silisyumun mekanik o6zelliklerini belirlemeye yonelik bir ¢ok deney
bulunmasina karsm, bunlar tiimiiyle oncelikle iiretilip daha sonar uc¢larindan tutturulan,
nano Ol¢ekte miidahale edilmis numuneler iizerinde yapilmistir. Tutturmaya ek olarak, nN
mertebesinde kuvveterin olusturulmasi ve nm mertebesinde yer degistirmelerin saptanmasi
konularinda da zorluklarla karsilasilmaktadir. Bu kritik hususlar mikro-6lcek mekanik
testler i¢in degisik cihazlarin kullanilacagi farkli yontemler gerektirmektedir. Mikro
elektromekanik sistem temelli cihazlar mikro-nano (test platformu-numune ) birlesimi, i¢in
uygun bir se¢enek olusturmaktadirlar.

Isbu ¢alisma MEMS tasarimi ve iiretimi ile birlikte Si NT iiretiminden olusmaktadir.
Uygulanan strateji, MEMS tasarimmin sonradan NT ile birlesimi i¢in iiretimi ve
karakterize edilmesi ile Si NT iiretiminin optimize edilmesini icermektedir. Ilk amag
olarak, Si NT ler i¢in 6zellestirilmis, benzersiz bir MEMS temelli germe cihazinin tasarimi
tamamlanmistir. Bu cihazin  benzersizligi, Si NT’ler iizerinde tutturmaya gerek
duymaksizin germe testi yapabilecek olmasindan kaynaklanmaktadir. Bunun sebebi Si
NT’in cihaz ile ayn1 anda, yekpare bir yukaridan asagiya yontemle iiretilecek olmasidir.
Bu yontem ile cihaz ve tel arasinda olusacak arayiizlerin etkileri yok edilmis olacaktur.
Cihaz, Si NT iizerine tek eksenli kuvvet uygulayacak bir elektrostatik tarak tahrik
mekanizmasi ve Si NT iizerine uygulanan kuvveti ve telin uzamasini 6lgecek bir ticli
plakali diferansiyel siga sensoriinden olusmaktadir. Cihazlarin sonlu eleman analizleri
COMSOL Multipyhsics kullanilarak yapilmistir. Analitik sonuglar ile benzetim
sonuglarinin karsilastirilmasindan sonra, bazi tasarimlar icin ilk yigin MEMS kisimlarmnin
mikroiiretim ¢alismalar1 gesitli SOI mikroisleme ydntemleri vasitasiyla Isvigre Federal
Teknoloji Enstitlisii (EPFL) Mikro ve Nanoteknoloji Merkezi’nde (CMi), 2 pum kritik
boyut ile gerceklestirilmistir. Bu yontemler cihazlarin belirlenmesini ve karakterizasyon
siirecine hazirlanmasmi icermektedir. Cihazlarin elektriksel karakterizasyonu yariiletken

parametre ¢oziimleyici kullanilarak yiiriitiilmiistiir. 5 V’a kadar uygulanan potansiyel fark
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altinda, cihazlarin siga belirginlikleri saptanmistir. Toplam siga degisim degerleri
femtofarad mertebesindedir. Bu sonuglar ayrica sonlu eleman benzetimleri ile de
karsilagtirilmistir. Bu karsilastirma, 6lgiim ortaminin cihazlarin toplam sigasi iizerindeki
kiigiik etkisini gostermistir. Bu etkinin haricinde deneysel sonuglar benzetimler ile umut
verici bir tutarhlik gostermektedir. Bu, MEMS tasarimmim dogrulamasini
sonu¢landirmaktadir.

Isbu tez calismasmin ikinci amact olarak, Si NT’lerin iiretimi icin bir siire¢ hatti
onerilmis ve bir kag deneme yapilmistir. Bu hat NT lerin e-151n litografi ile belirlenmesini
icermektedir. NT’in olugmasi, arka arkaya uygulanan ve farkli e/ma 1sirig1 6lciilerine sahip
Bosch yontemlerini igeren iki adimli bir asindirma siireciyle gercekletirilecektir. Ilk adim
Si NT’in olusmasuni saglarken ikinci adim NT’in altindan 1 pm Si katman asidiracaktir.
NT’in zarf benzeri yapi ile korunmasimin ardindan Si cihaz katmani, oksit katmanina kadar
asidirilacaktir. Bu akisin 6nemi NT’in olusturulduktan sonra zarf benzeri bir yapi ile
sonraki mikroiiretim adimlarinda korunmasidir. Bu zarf benzeri yap1 alumina olup atomsal
katman birakim yOontemi ile olusturulacaktir. Si NT, asindirma adimlar1 sonrasi basariyla
olusturulmustur. Alumina zarfin olusturulmasi gelecek calisma konusu olarak kalmistir. Bu

tez ¢calismasinda tek bir Si NT tiretiminde kullanilabilecek bir tiretim akig1 onerilmistir.
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Chapter 1

INTRODUCTION

Nano-scale materials are gaining more importance day by day due to their different
material properties than their bulk counterparts. Silicon, as the raw material of electronics
industry, has different material properties at nano-scale. These differences are mainly
caused by the surface effects dominating below a critical size. The surface effect alters
some of the mechanical, thermal, electrical properties of silicon. This critical size has been
reported as 30 nm for mechanical properties by Zhu et. al. [1]. Bending strength of Si ,for
example, can be even about 23-28 times higher for nano-scale structures than milli-scale
structures [2]. Thermal conductivity, on the other hand, can be 20 times lower for nano-
scale than that of micro-scale [3]. In addition, electrical resistivity is lower for the Si
nanowire than that of original Si wafer and it decreases with decreasing wire diameter [4].
Interconnected with these different electrical properties, nano-scale silicon structures have
another promising property called giant piezoresistance which is the very high change in
electrical resistivity under applied mechanical stress. The piezoresistance of the
nano-scale components can be up to 40 times of the bulk Si ones [5]. On the contrary,
Milne et. al. claimed that this giant piezoresistivity is caused by the charge trapping and
detrapping characteristics of Si nanowires and microwires [6]. Hence, the material
properties of a nano-scale material have to be investigated in detail prior to any reliable
application.

At macro- and micro-scale, a set of mechanical testing platforms are used, for example
tensile test, bending test and fatigue test. Although the basic principles and analytical
expressions may be used at the nano-scale, testing devices and strategies must be different.
This is because the nano-scale material is difficult to handle and it is difficult to detect
displacements and forces at nm and nN scales, respectively.

The microelectromechanical systems (MEMS) may be the best choice for mechanical
testing of the nano-scale materials due to their smaller sizes that are suitable for in-situ
mechanical testing in high resolution microscopes such as atomic force microscope

(AFM), scanning electron microscope (SEM) and transmission electron microscope
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(TEM). The high optical resolution of SEM and TEM can measure the nano-scale
displacements with continuous imaging of the specimen.

In this work, a novel MEMS device is proposed. It is designed specifically for tensile
testing of silicon nanowires. The uniqueness of the design comes from the idea of
eliminating interfaces between the sample and the MEMS with the help of a monolithic
process flow. The contribution of this thesis is the realization of design and modeling and
the first generation microfabrication of the proposed microtensile device.

Microfabrication of various device designs was carried out and they were
characterized. The ultimate result of this project will be the determination of mechanical
properties of silicon nanowire samples of different volumes ranging from 10* to 10° nm’
more accuretly than the previous works without the effect of interfaces and grips.
Moreover, within this range, down to about 10° nm’, strength of silicon nanowires
increases steadily with decreasing volume reaching an ultimate strength of 17.53 GPa [2].
However, the data below 10° nm® limit is scattered due to inconsistencies in measurement
technology. Ultimate goal is to define this transition through 10° nm’ line.

In Chapter 2, literature review on both mechanical testing of nano-scale silicon samples
and micro-tensile testing of nano-scale materials will be given.

In Chapter 3, analytical modeling and finite element analyses of the proposed device
using MATLAB and COMSOL Multiphysics, respectively, will be discussed in detail.

In Chapter 4, microfabrication effort of the designed devices carried out in cleanroom
facilities of Center of Micro and Nanotechnology (CMi) at Swiss Federal Institute of
Technology Lausanne (EPFL) will be discussed. The process consists of various
micromachining techniques which will be discussed in detail alongwith the results as SEM
images.

In Chapter 5, electrical characterization of the fabricated devices including the
determination of voltage-capacitance characteristics will be discussed and compared with

COMSOL results.

A vision of this work along with future work will be drawn in Chapter 6.
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Chapter 2

MECHANICAL TESTING AT SMALL SCALE

2.1 Overview

In literature there are mainly two different mechanical testing methods for nano-scale
materials: bending test and tensile test. For bending tests generally an AFM probe is used
to apply a load on the specimen that is clamped on at least one of its ends. On the other
hand, similar to a macro-scale tensile test machine, a MEMS tensile testing platform has an
actuator mechanism that mainly exerts a tensile force on the specimen and a sensor that
reads the applied force on the specimen and/or displacement of it. In this chapter, previous
work on both of these two types of mechanical tests will be shown. Then, examples of

tensile testing, will be discussed in detail.

2.2 Nano-scale Mechanical Tests

Mechanical tests on nano-scale samples, i.e. nanowires (NWs), nanotubes (NTs),
nanorods (NRs), nanofibers (NFs) etc., can be listed under two major groups, bending and
tensile tests. For the bending tests of nano-scale materials, first the specimen to be tested is
fabricated either through top-down or bottom-up approaches and clamped at least on one
of its ends and simply bent with an applied force by a sharp tip which is generally an AFM
cantilever as illustrated in Figure 2.1. Sample studies on bending tests of nano-scale

materials are listed in Table 2.1.

Figure 2.1: Nano-scale bending test using an AFM tip [7]
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Results Reported 3

Material (E:Young’s Modulus, o,: yield strength, o fracture strength, E)

N/M:not mentioned) ™

Si NW E=100-275 GPa, 6,=3-10 GPa [7]

Si NW E=assumed as bulk Si, 6=~12GPa [8]

Amorphous SiO, NW E=76.6+7.2 GPa, 6c=N/M [9]
ZnO NW E=29+8 GPa, c=N/M [10]
ZnO nanobelt E=38.2+1.8 GPa, 6c=N/M [11]
ZnO NW E=97+18 GPa(tensile), 6~=6-9 GPa [12]
ZnO NW E=~40 GPa, c=N/M [13]
ZnS nanobridge E=52+7 GPa, 6=N/M [14]
GaN NW E=33-62 GPa, c=N/M [15]
TiSi, NW Eaverage=194.5 GPa, 6=~9 GPa [16]
Ni NW E=262+29 GPa, 6~=3.88+0.9 GPa [17]

Table 2.1: Sample bending tests at nano-scale

There are issues related to bending tests which make them less reliable than tensile tests

[18, 19]:

(1) The displacements are higher in bending tests which make the detection of
deformation easier. On the other hand, force required to create same stress
levels on the specimen is much smaller for bending tests which calls for
higher force resolution values for force detection.

(2) Bending tests are more sensitive to any changes in geometry or alignment of
the specimen.

(3) Bending tests are more complicated due to large-deformation-behavior and
stress concentration phenomenon at the loading point. Hence, complete
modeling of the bending tests is required for reliable characterization.

The second testing method, microtensile testing, is similar to conventional tensile
testing by which the specimen is stretched along its longitudinal axis and the elongation is
measured. A microtensile testing device, on the other hand, is simply composed of three
main parts, an actuator, the sample to be tested, and the force/displacement sensor. There
are different types of actuation and detection mechanisms used in MEMS-based devices
[20]. The actuation and detection mechanisms of tensile testing machines are given in

Table 2.2 with reported results of the corresponding works.
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Results Reported 3
Specimen =
Material Actuator/ Sensor (E:Young’s Modulus, o,: yield strength, e
Attachment 5
oy fracture strength, N/M:not mentioned) é
) Electrostatic/ In situ SEM
SiNW . ) ] E=170+2.4 GPa, 6=5.4 GPa [21]
Capacitive nanomanipulation
Single Crystal Si |Electrostatic/Clamped| Cofabricated with
) E=161-167 GPa, 6c=N/M [22, 23]
Nanobeam Beam the device
Thermal/ Cofabricated with
Poly-Si Thin Film - ) E=156+17 GPa, 6=1417+3 MPa [24]
Capacitive the device
L Electrostatic/ Cofabricated with
Poly-Si Thin Film - ) E=154.5£12.5 GPa, 6~1.424+0.02 GPa [25]
Capacitive the device
) Nanomanipulation
Electrostatic/Clamped )
CoNW B and nanosoldering E=75.3+14.6 GPa, 6=1.6+0.4 GPa [26]
eam
with FEBID/FIBID
o Capacitive/ ) )
Polyacrylonitrile NF ) Nanomanipulation E=~0.5-6 GPa, 6=~50-350 MPa [27]
Optical
Electrostatic/
CNW ) FIB-CVD E=42.6-80.7 GPa, 6~4.3 GPa [28]
Cantilever
Electrostatic/ )
MWCNT o CVD on Si wafer E=315+11 GPa, 6=12-20 GPa [25]
Capacitive
. Thermal/ )
Ni nanobeam . Pt clamping E=208 GPa, 6=2.3+0.2 GPa [29]
Capacitive
Thermal/ )
GaN NW ) C-Pt clamping E=N/M, 6=4.0+1.7 to 7.5+3.4 GPa [30]
Optical

Table 2.2: Sample tensile tests at nano-scale

In thermal actuation, v-shaped structural beams are subjected to heating which drives
the testing machine due to thermal expansion of these beams as illustrated in Figure 2.2 on
the left [25]. The main problem with thermal actuators is that during actuation, i.e. heating
of the beams, the specimen to be tested is also heated which may alter the mechanical
properties of the material.

The other major actuation mechanism relies on generated electrostatic forces. There are
two designs for electrostatic actuation, parallel plate actuators and comb drive actuators.
An example of electrostatic comb drive actuator is given in Figure 2.3 on the left [25]. A
comb drive actuator is composed of two set of fingers that are fixed on an anchor

interdigitated with one set of fingers that are connected to a moving shuttle. The tensile
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The different types of actuators in MEMS technology are compared in Figure 2.4 [20].
The bubble chart is showing the maximum displacement and maximum force ranges of
various actuators. The comb drive actuators have comparibly high force and displacement
ranges among micro-scale actuators. The thermal actuators are indicated as solid expansion
on the chart and they have higher force values than comb drive actuators for the same
displacement values. However, as stated before, thermal actuators are not reliable as the

sample is heated at the same time with expansion beams.
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Figure 2.4: The comparison of MEMS and macro actuators [20]

In this work, comb drive electrostatic actuators are selected since they,
(1) are less dependent on fabrication processes, since the actuation is not due to
structural aspects, i.e. thermal expansion of beams, as it is for thermal actuators,
(2) enable large displacement ranges (up to 100 pm),
(3) do not require heating,
(4) make generation of highly in-plane forces easier [19].
The other part of the tensile testing systems is a sensor that basically reads the
force/displacement on/of the sample under test. The methods for the readout of a general

microtensile testing can be optical or capacitive.
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In optical detection, displacement of the sample is amplified by mechanical means
using clamped beams or cantilever as illustrated in Figure 2.5(a) and 2.5(b), respectively
[26, 28]. In 2.5(a), the position of the horizontal beam with respect to other two vertical
beams is detected under SEM which is an indication of specimen elongation. On the other
hand, in 2.5(b), the elongation of the specimen, §, is amplified with the indicated cantilever
in the measurement part and converted to the deflection of the cantilever, §pm,. Then, this
amplified displacement is detected by charge coupled device (CCD) camera or SEM.

% N

4\ [001]

i3 R, “l%
/, \
Ve ,'\
-4 P | [110]
\

\N 7

Actuator part
\
\
\.

I Measurement part |

7
7

®

()ulnp

Figure 2.5: Optical detection of sample elongation by (a) clamped beams [26] and (b) free-

end cantilevers and (c) the amplification of elongation with cantilevers [28]

The detection mechanism used in this work is based on capacitive detection of the
motion of interdigitated fingers of the sensor as illustrated in Figure 2.6. Examples of a
capacitive sensor are seen on the right in Figure 2.2 and Figure 2.3. The choice of
capacitive sensing is based on the low power, low noise, high sensitivity nature of it [31].

A simple capacitive sensor consists of two sets of fingers fixed on an anchor and one set of
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fingers placed on a moving shuttle. As the specimen is pulled by the actuator, x,, and
elongated during the test, AU, the shuttle of the force/displacement sensor moves as well,
Xps, Which creates a capacitive change. This capacitive change is converted into the
displacement of the fingers, hence with the known stiffness of the sensor, converted into

the force exerted on the specimen.

XFs
s Fixed

Movable

Figure 2.6: The mechanism of a tri-plate capacitive sensor

Different types of MEMS and macro force/displacement sensors are compared in
Figure 2.7 [20]. The bubble chart is showing the maximum force ranges and the force
detection resolution values of various types of macro- and micro-scale sensors. Among all
micro-scale force sensors, capacitive force sensors are the ones which can measure higher
forces with comparibly higher resolutions.

There are some issues to be considered related to tensile tests at the nano-scale as
discussed by Bell et. al. [20] as listed below.

(1) Integration of the sample with the testing device.
(2) Creation of small forces and detection of small displacements at nN and nm
scales, respectively.

(3) The effect of friction and machine compliance.
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Figure 2.7: The comparison of MEMS and macro sensors

The first problem is the integration of the sample with the testing device. In previous
works, sample to be tested was synthesized or fabricated individually and then placed in
the sample gap of the design with the help of nanomanipulators or probes. However, this
post-integration comes with its problems such as interfaces between the testing device and
the sample or misalignment of the sample. The misalignment of the sample may cause the
deviation of the force from unaxiality which is assumed for all calculations. This problem
is to be solved by this work since the S1 NW sample is designed to be fabricated on the
same chip with the device. By this design superiority, no interfaces will be formed between
the NW and the device. By the help of lithography NW will be aligned exactly on the same
axis with the generated force.

The second issue is the creation and detection of the nano-scale forces and
displacements which is possible by the utilization of comb drive electrostatic actuators and
capacitive sensors [20].

The last problem is the effect of friction and machine compliance which is caused by
the reaction forces, R, within testing system as illustrated in Figure 2.8 where the initial
length of sample is I . This reaction force creates a displacement, Aly;, in addition to the
sample elongation, AU, since the actuator and the force sensor can be considered as
springs. This compliance effect can be neglected during calculations since the stiffness of
the testing device is much larger than the specimen’s. Moreover, as there is no interface

between the sample and the device, there will not be a friction effect during stretching.
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Figure 2.8: The effect of machine compliance

In addition to the microtensile device, there is another design conducted within this
work, a pre-stress indicator. This indicator is designed to measure the pre-stress in Si NW
before mechanical testing which may be caused by various microfabrication processes.
There are several methods proposed in literature to measure the fabrication-induced stress
in micromachined structures [32-34]. Among these, microstrain gauge used by Ericson et.
al. was selected as shown in Figure 2.9. However, in this work, the structures are thicker
than the work done by Ericson et. al. Hence, it requires further modeling with respect to
this altered moment of inertia.

According to this pre-stress indicator design, due to initial compressive or tensile strain
the test beam in Figure 2.9 is rather extended or shorten, respectively. This change in the
length of the test beam is converted to the rotation of the indicator beam by the help of the
slope beam by the equations listed in Table 2.3. The deflection of the indicator beam in
radians is defined as 6;;, while the deflection in um is defined as x;;,. The elongation and
pre-stress in the test beam is defined as x;, and oy, respectively and E is the elastic
modulus of Si. Please see Table 3.3 for the definition of other geometric parameters. At the

end, the pre-strain within the wafer is measured by the movement of vernier gauge fingers.

. Xib
sinf;, = —
Lip
20ip lsp
X =
tb 3¢ °
11
where C = i d_3)’

Wi
where d = =2
lsb

Xtb
O-tb = E
Ltb

Table 2.3: Equations related to pre-stress indicator
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Figure 2.9: The pre-stress indicator inspired for this work [32]
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Chapter 3

MEMS MODELING

3.1 Overview

In this chapter, the parameters and criteria for the design of microtensile testing device
will be explained. Analytical modeling effort and finite element analysis of the system will
be given in detail. At the end, a comparison will be made between analytical design and
simulation results. In addition to the testing device, pre-stress indicator modeling will be

discussed at the end of the chapter.

3.2 Design Parameters and Mechanical Model

Main parameters for the design of the microtensile testing device are the geometric
dimensions of the fingers of both the comb drive actuator and capacitive force sensor.
These include the gaps between fingers (gy, gx, d1, d;), the overlapping distances (h, lfs)
and the widths of the fingers (W,, Wgs), the lengths (Ix41, lkaz, lkrs1, lkrs2) and the widths
(Wga, Wirs) of the structural beam springs and, the thickness (t4, trs) of the device. The
other parameters related to design of the device are the electrical parameters including the
driving voltage of the actuator (V,;) and the driving voltage of the force sensor for
capacitive readout (Vgs). These geometric parameters are shown in Figure 3.1 and

tabulated in Table 3.1.



ACTUATOR FORCE SENSOR
SPRINGS
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Figure 3.1: A schematic representation of all geometric parameters of the microtensile testing device
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Design parameter Notation Design parameter Notation
Width of the actuator finger Wy Width of the force sensor finger Wrs
Smaller gap between the two force sensor
Gap between the two actuator fingers 9y d,
fingers
Larger gap between the two force sensor
Gap between the two actuator finger sets Jx d,
fingers
Overlap distance between the two actuator L Overlap distance between the two force l
FS
finger sets sensor fingers
Width of the actuator springs Wia Width of the force sensor springs WiFs
Lenghts of the actuator springs lkats leaz Lengths of the force sensor springs lersis lersa
Number of the actuator fingers N, Number of the force sensor fingers Ngg
Applied driving voltage to the actuator A Applied driving voltage to the force sensor Vis
Thickness of the actuator ta Thickness of the force sensor trs

Table 3.1: Design parameters with corresponding notation

28
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The mechanical model of the testing system is given in Figure 3.2. The Si NW and the
force sensor are in series and they are parallel to the actuator as they are modeled by
individual springs, Ks, Krs, K4, respectively. With respect to this model, the electrostatic
force generated by the actuator, F,, is separated into two parts: the actuator and the S1 NW.
The elongation of the Si NW, AUs can be calculated using the displacements of the
actuator, x4, and the force sensor, xrs. Moreover, the force on Si NW, Fs, is the same as

the force on the force sensor, Frs.

Ks Krs

Figure 3.2: Mechanical model of tensile testing system

AUs = x4 — Xps > & = AUs/ls
where & and [g are the strain
FFS = FS = xFSKFS and the lnltlal length Of the NW,
respectively.

Table 3.2: The equations related to mechanical model

3.3 Working Principle of Microtensile Device

The actuation of the microtensile device relies on the generated electrostatic force due
to the applied voltage between the interdigitated fixed and movable finger sets. As the
voltage increases, force generated increases and the actuator pulls the specimen. The force
generated by the electrostatic actuator, F,, is calculated as in equation 3.1. For the

definition of related parameters please see Table 3.1.
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t
F, = NygoV} (—A> 3.1
9y

The force sensor, on the other hand, is based on the change in capacitance between
fixed and movable finger sets. This change is caused by the movement of the fingers as the
specimen elongates. The triplate geometry is used to increase the voltage output by the
applied AC drive voltage with 180° phase difference. The change in total capacitance, AC,
is calculated as in equation 3.2 with the assumption of xpg < d? < d? [21], where Agg is
the overlapping area between force sensor fingers. For the definition of related parameters

please see Table 3.1

1 1 ) Aps

AC = 2Nps€oArs (d% —xZs - dZ — xZ Xps = ZNFSEOd_%xFS 3.2

The output voltage, V,,;, due to this capacitance change, C;,tq;, 15 calculated as in
equation 3.3. Since the geometry of the force sensor is symmetric and hence it has
differential capacitance nature, the total capacitance is not changed during the operation.

AC, . 1s equal to AC where xpg 1s maximum, i.e. at the end of experiment.

Vout = —Vps 33

3.4 Design Criteria

Parameters given in the previous part are chosen with respect to four major design
criteria: stability, linearity, simplicity of the device and limitations related to
microfabrication. The algorithm followed for the design of microtensile device is

illustrated in Figure 3.3.
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» The geometric parameters of the force sensor are iterated for certain

criteria, i.e. the linearity, the simplicity, the microfabrication limits.

* For a specific force sensor design, the stiffness of the force sensor,Kgg

, is entered to the remainder of the code.

» For a certain value of the force sensor stiffness, a geometry is

determined for structural beam springs.

* Another geometry for springs for the actuator part is also determined

for the minimum stiffness.

* An equivalent stiffness for whole device, K,,, is entered to the

q->
remainder of the code.

* A geometry for the actuator is generated by the code from the
parameters iterated and evaluated in terms certain criteria such as the

Geometry for| stability, the simplicity of the device and the microfabrication limits.

COMSOL J « The geometry of the device is transferred to the COMSOL
Multiphysics analyses.

Figure 3.3: The algorithm of microtensile device design

3.4.1 Stability of the Device

The stability of the device is mostly related to the driving voltage that is applied to the
actuator and the sensor. This driving voltage causes an electrostatic force which alters the
displacement of the movable fingers. This force may affect the measurement sensitivity,
and even the whole operation itself. This parasitic electrostatic force creates a parasitic
capacitance that makes the real capacitance difference difficult to read. On the other hand,
if this parasitic force becomes higher than the restoring force of the suspensions, the pull-in
phenomenon occurs. For the actuator part, due to applied potential difference across the
fixed and movable fingers, the movable fingers may stick to the fixed sets of fingers which
terminates the operation. For the sensor part, larger driving voltages may also cause pull-
in. Therefore, due to pull-in, there will be no capacitance that can be read from the sensor.

The pull-in effect can be discussed further as the side pull-in and the front pull-in.



32

The side pull-in is one form of the pull-in effect which is the sticking of the side of the
movable electrode to the fixed electrode. Since the movable electrode between two fixed
electrodes is in an unstable position, a small displacement after some critical value on the
y-direction for the actuator or on the x-direction for the force sensor may cause the sticking
of the electrode. For the definition of coordinates please see Figure 3.1 For the actuator,
there is not any motion along the y-direction. Hence, side pull-in effect cannot be seen
unless there are instabilities coming from microfabrication processes. However, since the
electrostatic force, which should be smaller than the restoring force of the actuator springs
in order to avoid side pull-in, is getting larger as the movable fingers are moving into the
fixed fingers, i.e. overlapping area increases, the side pull-in may occur easily. Thus, the
side pull-in voltage, VQ,/ , 1s calculated as in equation 3.4 where ¢, is the permittivity of free
space. Please see Table 3.1 for related parameters.

1
= K9y :
2eoNytia (X + h) 3.4

where, K, is the stiffness of the actuator springs on y-direction and xJ'** is the
maximum displacement of the actuator during the tensile test.

On the other hand, for the force sensor, the side pull-in effect is to be examined
carefully since its motion is along x-direction. A critical spring constant in x-direction for

the force sensor part where sticking occurs, k..., can be calculated as [35],

ko = %l _ 2NgpseotpslpsVis
cr ax x=0 d% 3.5
where,
_ NeséotpslpsVis 1 _ 1
x 2 (dy — xps)? (dy + xps)? 3.6

and xps is the displacement of the force sensor along x-direction. The previous
parametric study by Arkan [36] shows that the critical distance which the force sensor
shuttle move safely is not larger than the half of the smaller gap, d,. Therefore, whole

sensor designs have been made for maximum shuttle movement of d, /2.
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As the name implies, in the front pull-in effect, front surface of the movable fingers of
the actuator stick to the surface of the fixed electrodes. For the sensor part, the front pull-in
effect can be neglected since the stiffness of the force sensor in y-direction is very high that
it is unlikely to see front pull-in. However, for the actuator part, since the stiffness of the
actuator is kept as low as possible and there is parallel-plate capacitor effects between the
front surfaces of the actuator fingers and the fixed electrode fingers, the front pull-in effect
should be analyzed in depth. The electrostatic force generated on Ny number of parallel-
plate capacitors, F,, can be calculated as in equation 3.7. [35].

> I'p>

_ NygotawaVi
P (gx - xA)z 3.7

where x, is the displacement of the actuator along the x-direction. In order to avoid
front pull-in, the restoring force of the springs, F..;, must compensate the electrostatic
forces both due to actuation, F,, and parallel-plate effect, F,.

Fres = F, + F, 3.8

Hence, the relation below must be satisfied;

ox — Ox 39

At the end, a critical distance for the stable operation of the comb drive actuator, x.,., is
calculated from the relation given.

Another concept that should be considered for the stability of the testing system is the
levitation phenomenon [37]. The levitation of the device is the movement of the fingers
perpendicular to the ground plane that is caused by the electric field between the device
and handle layers of the silicon on insulator (SOI) wafer. This unwanted electric field is
created due to applied voltage to the fixed fingers which may result in an out-of-plane
motion of the shuttle. However, the previous models [38] show that this motion is
negligible, as shown in Figure 3.4, when the travelling range and the gap are small. The

gap here is equal to the thickness of buried oxide (BOX) layer of the SOI wafers, which



34

creates the gap between the fingers and the ground plane. Although this levitation is
negligible, in order for further elimination of this unwanted motion of the shuttle, spring
design is optimized such that they have symmetrical locations around the device that limits
this out-of-plane motion. Moreover, the spring stiffnesses along z-direction are much

higher than those along moving directions.
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Figure 3.4: The distribution of levitating displacement for diverse distances traveled by

movable finger and gaps between fingers and ground under applied voltage of 20 V [38]

3.4.2 Linearity of the Measurement

The displacement-capacitance characteristic of the force sensor is considered to be
linear during modeling. However, there are non-linearities caused by the displacement and
the actuation of the force sensor for readout. The non-linearity caused by the displacement,
nly, is caused by the assumption of xpg < d? <« d3 [21] as the change in total capacitance

of the force sensor, AC, is calculated as,
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1 1 Aps
AC = ZNFSEOAFS d% _ XIZ:S - d% _ XIZ:S Xpg = ZNFSEO d_%xFS 3.10

Thus, the term [(1/d? — x25) — (1/d3 — x%5)] may cause a non-linearity on the
displacement-capacitance behavior of the force sensor. Another source of non-linearity in
the measurements could be the actuation voltage applied to the force sensor in order to
read differential capacitance change which can be named as the non-linearity due to

electrostatic force, nlg. The electrostatic force caused by the actuation voltage, Vgg, can be

calculated as [39],

F.. = 2NpcenAncl2 . d
es — Fs€o FSVFSxFS (d% _ x}%s)z + (d% — xlgs)z 311

Hence, the term {[d,/(d3 — x2)?] + [d,/(d? — x%5)?]} may cause some non-
linearity in the measurement of the capacitance.

Moreover, the spring softening effect may also decrease the effective stiffness of the

Keff

springs of the force sensor, K¢,

due to applied voltage as shown in equation 3.12 [36].
Therefore, it is important for linear measurements to keep the design limited in terms of the
number of the fingers of the force sensor as well as the applied voltage for readout, and

overlapping area of the two subsequent force sensor fingers.

dq dy

(d? —xZ)?  (dZ — xZ)?

ngf = Kps — ZVFZSNFSEOAFS

The total non-linearity of the measurement is kept under 5% for all designs which is the

summation of the two non-linearities due to displacement and the force.

3.4.3 Simplicity of the Device

The last criterion for the device design is basically the simplicity of the actuator and
the force sensor. This simplicity includes keeping the number of fingers for both parts as
low as possible. Higher number of fingers, as discussed above, increase the risk of pull-in
instabilities and increase the non-linearity of the measurements. Moreover, higher number

of fingers, in microfabrication, means higher possibility of fabrication-related trouble.
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3.4.4 Limitations Related to Microfabrication

These limits includes the minimum linewidth, i.e. ~2 pm, highest aspect ratios for the
structures, i.e. ~200, and the largest depth can be etched for that highest aspect ratio. All

the geometric parameters are iterated within these limits.

3.5 Finite Element Analysis of the Device

For the finite element analysis, COMSOL Multiphysics software was utilized with its
Electrostatics, Deformed Mesh, AC/DC, and Plane Stress modules. The design parameters
were selected using a MATLAB code given in Appendix A, considering afaromentioned
design criteria. In order to simplify finite element analyses, first, 2D and 3D displacement-
capacitance analyses of a single comb drive finger were compared with each other and
with analytical values in the range of actuator motion during tensile testing.

The slope of the lines in Figure 3.5, dC/dx, is the indicator of the capacitance behavior
due to displacement of each analyses type. Since the behavior of 2D analyses were not
very different than the one of 3D analyses, especially for the movement range of the

actuator as shown in Figure 3.5, 2D models were used for device simulations.
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Figure 3.5: The Results Displacement-Capacitance Analyses
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For the comparison of the analytical model and the finite element analyses, the
sensitivity of the device, i.e. voltage readout from the force sensor for unit strain of the Si
NW is used. Two different sets of design parameters are identified and put into COMSOL
model. In order for further simplification of the finite element analyses, the microtensile
device is separated into two parts. For the first part as given in Figure 3.6, voltage is
applied to the actuator. The actuator is connected to Si NW at the end its shuttle and the
force sensor springs were also connected to the other end of the Si NW to maintain
equivalent stiffness of the whole device. By the applied voltage, electrostatic force is
generated between comb drive actuator fingers and it pulls S1 NW. Since Si NW is elastic,
there is some amount of elongation instead of rigid body motion. This elongation transfers
the movement of the actuator to the force sensor with an amount less than the movement of
the actuator. This difference in motions of actuator and the force sensors is the elongation
of S1 NW itself. For the second part as given in Figure 3.7, the movement of the force
sensor taken from the first part was prescribed to the force sensor shuttle which creates a

capacitive difference resulting a voltage output.

COj

CO16

Figure 3.6: The geometry used for the first part of finite element simulations

At the end, voltage output data were plotted against the strain of Si NW. Two different
designs of the actuator and the analytical model gave the same result for the sensitivity of
the same force sensor design as given in Figure 3.8. This graph indicates that the analytical
model generated with MATLAB code is reliable and gives concurrent data with finite

element simulations.
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Figure 3.7: The geometry used for the second part of finite element simulations
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At the end of modeling, device designs prepared for Si NWs with a diameter of 75 nm
are selected for microfabrication. The specifications of these force sensors are 0.44 nm
displacement and 24.28 nN force detection for every step provided that 2200 data points
are taken throughout the tensile test. On the other hand, for the actuator, generated total

electrostatic force is around 80 uN up to the fracture of St NW.

3.6 Modeling of Pre-stress Indicator

For the modeling of pre-stress indicator, another MATLAB code given in Appendix A
was generated. All the geometric parameters are shown in Figure 3.9 and tabulated in
Table 3.3. These parameters are iterated within the code and selected with respect to four
major criteria as the residual strain in the slope beam, the stiffness of the slope beam and,
the buckling effects in the slope beam and in the test beam. A residual stress is assigned to
the test beam and the movement of the indicator beam is calculated by the code. The
analytical result given by the code is compared with COMSOL simulation results. Almost
no difference is found between the code and the simulation. Then a geometry is selected
for the pre-stress indicator. The resulting design is chosen to indicate 20 MPa pre-stress per

around 2.5 pm of indicator beam deflection.
- Vernier gauge

Indicator beam

Test beam Wip Width of indicator beam

Lip Length of indicator beam
Wep Width of slope beam

lsp Length of slope beam
Wyp, Width of test beam

lip Length of test beam

Slope beam

/ Anchors

Figure 3.9: The pre-stress indicator design ~ Table 3.3: Table of indicator parameters
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Chapter 4

FABRICATION

4.1 Overview

In this chapter the microfabrication procedures will be discussed. Fabrication was
performed in the cleanroom facilities of Center of Micro and Nanotechnology (CMi) at
Swiss Federal Institute of Technology Lausanne (EPFL). The fabrication period is
composed of two parts: the test structures and the calibration devices. These two parts will
be discussed individually. The results from the first part and the modifications made up for
the second part will be given thoroughly. The first part of fabrication was carried out in
November and December in 2011. The second part was carried out in January and

February in 2012.

4.2 Microfabrication: Part I

As the first step of microfabrication, process flow was identified which may also affect
the photolithography mask design. This first batch includes test structures for further
definition of the design parameters. The process flow for first batch is given in Figure 4.1
for the cross-section of released fingers of the device.

For all designs, 4” SOI wafers with 50 um of device layer thickness and 2 pm of BOX
layer were used. These SOI wafers are Boron doped (p type) and have a resistivity range of
1-10 Q-cm. The photolithography masks which are given in Appendix B were prepared on
5” Cr blanks with photosensitive resist (PR) on them using Heidelberg DWL200 Laser
Lithography system. Once the laser lithography on Cr blank was done, Cr etching was
executed and then PR was removed. The two different runcards are given in Appendix C
which are followed for two SOI wafers.

The first step shown in Figure 4.1, (a), is the wafer preparation for photolithography.
For this step, wafers were put into hexamethyldisilzane (HMDS) prime oven for about 20

minutes processing.
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Device Si Layer<—__

BOX Layer g— T — _—
Handle Si Layer\

(a) (©) (e)
| I
(b) (d) ®

:Sim:SiOm:PRm:Cri:Au
Figure 4.1: Process flow for the first batch (a) Wafer preparation, (b) Photolithography, (¢)

Bosch process, (d) Resist removal, (¢) Dicing and HF vapor release, (f) e-beam

evaporation

After preparation, in step (b), photolithography of the test structures and devices was
carried out. This includes first the coating of 2 um thick PR, AZ92XX series, using
Ritetrack 88 Series Automatic Coater. Then, this PR was exposed using Siiss MA150
Double Side Mask Aligner. The exposure time is a critical fabrication parameter for the
correct definition of dimensions. Overexposure may result in bigger dimensions while
underexposure may result in smaller dimensions than that of designed structures. After a
set of experiments, 8.5 seconds of exposure was chosen as the best resulting dimensions
with the designed structures with critical dimension of 2 um. Then, unexposed PR was
developed using Ritetrack 88 Series Automatic Developer. Sample SEM images are given
through Figure 4.2 to 4.4. In Figure 4.2, the comb drive fingers of the actuator are shown
and seem to be uniformly defined with photolithography. In Figure 4.3, the force sensor
fingers and so-called Halo fingers designed to avoid microloading effect are shown. The
basis of Halo fingers is to create sacrificial trenches on large areas to maintain certain
etching rate all over the wafer. In Figure 4.4, the anchor and the Vernier gauge structures

are shown. As it can be seen, the Vernier fingers with 4 pm x 2 pm dimensions were well-

defined.



v e 10pm EHT = 3.00kV  Signal A= SE2 Date :2 Dec 2011 EPFL-CMI
= i | l WD= 7mm Stageat T= 0.0° File Name = berkay_07 tif -
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EHT = 3.00kV  Signal A= SE2 Date :2 Dec 2011

10pm
Mag= 4.72 KX|_| EPFL-CMI
WD= 7mm Stageat T= 0.0° File Name = berkay_08 tif

Figure 4.3: SEM image of the force sensor fingers and sacrificial fingers
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10pm EHT = 3.00kV  Signal A= SE2 Date :2 Dec 2011

Mag= 2.17K Xl I WD= 7mm Stageat T= 0.0° File Name = berkay_03 tif EPFL-CMI

Figure 4.4: SEM image showing Vernier gauge of pre-stress indicator

In step (c), Bosch process was applied using 2 pm-thick PR as the etching hard mask.
Dry etching of Si was carried out using Alcatel AMS 200 DSE with the recipe called
SOI_accu++++ that is considered to prevent notching effect. The recipe details are given in
Appendix D. The Bosch process is the series of subsequent steps of physical etching and
deposition of a chemically inert passivation layer in order to keep etching mostly vertical
[40]. In this step, the most critical parameter is the etching time for the selected recipe.
There are narrow trenches within devices besides the larger areas between devices.
Therefore, etching time should be well-defined in order not only to achieve BOX layer all
around the wafer but also prevent overetching of structures which may cause notching as
shown in Figure 4.5.

After several trials, optimum etching time was determined as 25 minutes to have 50 pm
deep etching of Si on whole wafer. Since the etching rate of PR with this recipe is around
75 nm/min, there is no need to use another hard mask for etching such as SiO, or SizNa.
Sample SEM images after dry etching are given through Figure 4.6 to 4.8. In Figure 4.6,
50 um deep etching of the indicator beam of pre-stress indicator can be seen. The wall is
seen undamaged which is an indication of correct etching time. In Figure 4.7, Halo fingers

can be seen with identical trenches in between. The etching depth is the same for all
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trenches. The quality of etching in Figure 4.6, i.e. no notching effect was observed, shows
that the sacrificial fingers are unnecessary in case of well-defined etching time. In Figure
4.8, tiny scallops of Bosch process can be seen those caused by subsequent etching and

passivation steps.

" 110K X 10pm EHT = 3.00kV  Signal A=InLens Date :28 Feb 2012 e
LA H WD= 6mm  StageatT= 40.2° File Name = E_081if g

Figure 4.5: SEM image showing the effect of overetching on structures

10pm EHT = 3.00kV  Signal A=lInLens Date :17 Feb 2012

Mag= 1.35 H -
23 KX WD= 7mm Stage at T = 27.1 ° File Name = E_13 tif EPFL-CMI

Figure 4.6: 50 um deep etching of Si with Bosch process
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EHT = 5.00kV  Signal A=InLens Date :7 Dec 2011

WD= 4mm Stage at T= 15.1 ° File Name = SOI_15 1if EPFL-CMI

EHT = 3.00kV  Signal A=InLens Date :7 Dec 2011

1um
Mag = 32.02 K)1_| EPFL-CMI
20 WD= 4mm Stage at T= 15.1 ° File Name = SOI_11 if

Figure 4.8: SEM image of the tiny scallops of Bosch process
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In step (d), remaining PR after etching was removed with repeating steps of both wet
remover using UFT Resist wet bench and oxygen plasma stripping using Tepla GiGAbatch
asher. After all steps, optical inspection on the wafer was carried out in order to be sure
about resist removal. The removal of PR is the last step prior to dicing which was carried
out to separate wafer into chips using Disco DAD321 automatic dicing saw. Before dicing
process, the wafer was coated with a thick PR to cover the structures. In addition, there is
water spraying during dicing to cool the wafer. All these extra processes may cause
damages as shown in Figure 4.9. In this figure, the tip of the shuttle is shown which broke

during dicing.

EHT = 3.00kV  Signal A=InLens Date :16 Dec 2011

20pm
Mag = 1.43 KX}——| EPFL-CMI
= WD= 8mm Stageat T= 0.0° File Name = 1612_05 tif

iy ¥

Figure 4.9: The damage of the dicing process on structures

Then, the devices on diced chips were released using IDONUS HF-VPE100 by HF
vapor. HF vapor release is chosen in order to prevent stiction of released structures. The
etching rate of SiO,, i.e. BOX layer, is around 4-6 um/hr, thus the release time was chosen
as 2 hrs for the release of the most wide structures with the width of 12 pm. Sample SEM
images after HF vapor release are given in Figure 4.10 and 4.11. In Figure 4.10, the
shadow on the handle layer indicates the full-release of the structure. In Figure 4.11,
indicator beam of the pre-stress indicator is the most wide beam on the wafer and it was

tried to be moved by the probe of a surface profilometer to assure full-release. Since the
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device is 50 pm thick, the profilometer could not step over it during surface roughness test.

Instead, it moved the indicator beam a little which exhibits the beam was released.

o= 408K EHT= 3.00kV SignalA=InLens Date :24 Feb 2012
ag= 403KX| | WD= 10mm StageatT = 43.5° FileName = C_091f

Figure 4.10: SEM image after HF vapor release

EHT = 3.00kV  Signal A=InLens Date :24 Feb 2012
WD= 9mm Stage at T = 43.5° File Name = C_10if

EPFL-CMI

Figure 4.11: SEM image after release of the indicator beam and Vernier gauge fingers of

the pre-stress indicator
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The last step of the microfabrication, step (f), is the e-beam evaporation of Cr and Au
on devices in order to enhance electrical conductivity during characterization. For this
purpose, Leybold Optics LAB600H was used, and 10 nm Cr and 300 nm Au films were
coated on the devices. This thicknesses were chosen with regard to the needs of the wedge
wirebonding that may be utilized for characterization. Sample SEM images after e-beam
evaporation are given through Figure 4.12 to 4.14. The coating is on horizontal surfaces as
can be seen from these three figures since there is no connection between fingers or
between the device layer and the handle layer. In Figure 4.13 and 4.14, fingers of the force
sensor and the actuator are shown, respectively. There is not any connection between these

fingers through Cr-Au coating.

20pm EHT = 3.00kV  Signal A=InLens Date :24 Feb 2012

Mag= 748X |_|
= WD= 8mm Stage at T = 39.0 ° File Name = C_03tif

Figure 4.12: SEM image of the shuttle tip of the force sensor



Mag= 1.91 KX

10um EHT = 3.00kV  Signal A=InLens Date :24 Feb 2012

WD= 10mm  StageatT= 39.0° File Name = C_08 tif

Figure 4.13: SEM image of the force sensor fingers

EHT = 3.00kV  Signal A=InLens Date :24 Feb 2012

10pm
Mag= 329 KX| | WD= 9mm  StageatT= 42.9° File Name =C_131f

Figure 4.14: SEM image showing the actuator fingers

EPFL-CMI
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4.3 Microfabrication: Part I1

This part of microfabrication includes the devices that are designed for stiffness
calibration which are basically individual comb drive actuators and triplate capacitive force
sensors without any specimen attached to them. Some modifications on the design and the
process flow were made based on the results of the first part of microfabrication. These can
be listed as:

(1) Maintain critical dimension as 4 um for structures and 3 pm for trenches.
(2) Avoid dicing. Use scribing instead.
(3) No need for Halo fingers.

The first and the third modifications were made on the design part while the second one
was modified through process flow. According to this modification, the only change made
in the process flow is utilizing scribing instead of dicing in Figure 4.1. The scribing was
carried out manually with RV125 Diamond Scriber at EPFL. Scribing the wafer eliminates
the effect of additional PR coating and water spray damage. On the other hand, MEMS
design was changed according to critical dimension needs.

At the end of the second period of microfabrication, chips including individual
actuators and force sensors designed for stiffness calibration were packed and brought for
characterization as will be discussed in the coming chapter. The new device designs are
shown in Figure 4.15 and 4.16. These devices includes large pads, i.e. 500 pm to 500 pum,
for probing which are kept far to decrease the noise. The inventory brought to Istanbul is
given in Table 4.1. The “new design” indicates the design for the second batch. The reason
that there is no working “old design” force sensor is that the damage during etching as
illustrated in Figure 4.5. There is notching on structural beam springs of the “old design”
force sensor due to overetching since the linewidth of these beams is 2 pum. This shows the
first modification is appropriate.

These devices then investigated to compare designed and fabricated dimensions. The
results are shown in Figure 4.17 to 4.20. In Figure 4.17, a set of actuator fingers are shown
and the width of a finger is measured by SEM. The designed value for that width is 5 pm
whereas the fabricated dimension is around 4 pm. In Figure 4.18, the width of the
structural beams of the actuator is shown and the measured values are around 3.5 pm. The
actual designed width of these beams is 4 um. In Figure 4.19, force sensor fingers are

shown. The designed value for these fingers is 10 pm, while the fabricated dimension is a



51

little different. In Figure 4.20, the beam springs of the force sensor is shown. The widths of
these beams were fabricated as around 4.5 pum instead of the designed value of 5 pum.
Further analyses were also done statistically by taking at least five different measurements
of the widths of the fingers and beam springs and also the gaps between fingers of both the
actuator and the force sensor. These analyses were carried out on different devices placed
on different chips. The average results of these analyses are tabulated with the actual

designed values in Table 4.2.

200um EHT = 3.00kV SignalA=SE2  Date :23 Feb 2012

Mag= 137X |— WD= 8mm  StageatT= 308° FieName=2:02 015t Lo r 1 CM

Figure 4.15: The actuator designed for stiffness calibration
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100um EHT= 300kV SignalA=SE2  Date :23 Feb 2012

WD= 15mm StageatT= 39.8° File Name = 2302_03 tif EPFL-CMI

Mag= 108X ||

Figure 4.16: The force sensor designed for stiffness calibration
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Type of the device Number of working devices
Old design force sensor/actuator 0/6
New design force sensor/actuator 9/9

Table 4.1: The device inventory after both microfabrication periods

Figure 4.

Signal A = SE1 WD = 10.0 mm

EHT = 10.00 kV IProbe = 30 pA
Mag= 2.00KX Beam current= 100.0 pA KUYTAM

—

10 pm Signal A = SE1 WD = 10.0 mm

EHT = 10.00 kV IProbe= 30 pA

Mag= 1.20KX peam current= 100.0 A KUYTAM

18: The actuator spring beams
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Figure 4.20: The structural beam springs of the force sensor
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Geometric Parameters Actuator Force Sensor
(nm) Designed | Fabricated Designed Fabricated
Width of the finger 5 4.28 10 10.04
Gap between fingers gy=2 gy=3.14 d,=4 d,=24 | d;=5.91 d,=26.35
Width of the beam springs 4 3.64 5 4.40

Table 4.2: The comparison of designed and fabricated dimensions

4.4 Proposed Process Flow for NW Fabrication

The microfabrication of the MEMS part of the device is the first step of the

microfabrication of the whole device. The second step is the fabrication of a single Si NW

with the etch depth of 50 pm. Then, the last will be the integration of these two processes

to achieve single-chip MEMS-NW integrated microtensile testing device. For the second

step, a process flow is proposed utilizing atomic layer deposition (ALD) of alumina as

given in Figure 4.15.
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Figure 4.21: Proposed process for single Si NW fabrication (a) ALD Al,O; deposition, (b)
e-beam lithography, (c) AL,Os etching, (d) Si etching (Bosch process), (e) ALD Al,O3
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The basic idea of this process is to protect Si NW using ALD ALO; as an envelope
around it throughout the whole flow. Due to high amount of undercut during the Bosch
process it is very unlikely to maintain passivation of all layers including around the Si NW
at the top. Therefore, while etching Si down to BOX layer, i.e. 50 um, it is difficult to
prevent Si NW from etching until the end of etching cycles. Hence, a process flow was
constructed and a few trials were made. In step (a), ALL,Os is deposited with ALD method.
The thickness of the Al,Os is critical since it should be thick enough to serve as the mask
for Si etching in case e-beam resist is stripped during etching. Then, in step (b), e-beam
lithography is carried out to define NW region. The thickness of the e-beam resist should
be determined precisely. There is an upper limit for this thickness coming from the e-beam
lithography itself. There is a ratio of the thickness of the resist to the width of the structure
that is to be defined. As the width of lithography is decreased, i.e. smaller diameters for Si
NW, maximum allowable thickness value is decreased as well. However, there is a lower
limit for the resist thickness as it will be serving as the mask for Al,Os etching. Moreover,
the e-beam resist is also etched during Al,O3 etching steps, therefore, the etching rates of
e-beam resist during Si and Al,Os etching should be determined. In third step, (c), ALOs is
etched down to Si device layer. After that, in step (d), single Si NW is formed by Bosch
process with a depth around 1 um. The etching process is a two-step procedure with two
different recipies called Z SOI accu and SOI accu+++. The first step is 7 seconds and the
second step is 20 seconds. The recipe details are given in Appendix D. Then, in step (), a
thin layer of ALOs is deposited again with ALD in order to form the envelope-like
structure around Si NW. In step (f), anisotropic Al,O; etching is carried out to reach Si and
in step (g) remaining Si is etched down to BOX layer. At the end, in step (h), ALO; is
etched anisotropically in order to have Si NW released.

In the first trials of this flow the main problem was the durability of the e-beam resist as
the mask for ALOs etching at step (c). There is an upper limit for the resist thickness to
define the narrow NW width. Since the NW diameter was designed to be 75 nm, this upper
limit was determined as around 300 nm. This thin layer of e-beam resist could not endure
ALO; etching with Ar ion milling process using Alcatel AMS 200 DSE. In order to
prevent this issue, other processes should be tried for ALOs etching or the initial thickness
of the Al,O3; should be optimized and kept as small as possible. A possible process can be

the one called Saphir using STS Multiplex ICP dry etcher.
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Chapter 5

CHARACTERIZATION

5.1 Overview

For the characterization of fabricated devices, i.e. comb drive actuators and capacitive
sensors, the voltage-capacitance characteristics were investigated. Electrical
characterization experiments were conducted in Micro and Nanocharacterization
Laboratory (MNL) at Bogazi¢i University, Istanbul. In this chapter, the procedures will be

given and the results will be discussed.

5.2 Characterization of the Actuator

For the comb drive actuator, Keithley 4200 SCS semiconductor parameter analyzer
with CV unit was used as shown in Figure 5.1. The probing was carried out using Cascade
M-150 Probe Station. DC voltage is applied to the fixed combs of the device up to 5 V and
shuttle was grounded, i.e. connected to low current-potential channel of the analyzer.

The handle layer was grounded by grounding the sample chuck of the probe station and
directly using another probe. However, native oxide on handle layer or metal coating
creates a capacitance source since it prevents handle layer from grounding. This extra

capacitance source should be considered as it may affect the results.

KEITHLEY SCS 4200

___/

LPOT HPOT

@ ®

Figure 5.1: Actuator charactetization setup
Total capacitance measurements were taken from different devices as given through
Figure 5.2 to 5.5. The first three devices are on the same chip from the first SOI wafer on
which 25 minutes of Si etching was done. For the second SOI wafer, on the other hand,

etching time was 20 minutes. The letters A, B, and C designate the three same-designed
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devices on one chip. The results of the 10 subsequent measurements have very small
standard deviation for a certain device, however, there are some differences in total
capacitance values between devices. These 10 measurements were taken in series under
same conditions on the same day. This small standard deviation may be caused mainly by
the measurement environment and equipments.

Although the total capacitance value levels are different for four different devices, the
change in total capacitance of the actuator, i.e. Crprq; (atV = 5V) — Cropar (at V = 0),
does not vary too much. Moreover, the change in capacitance simulated through COMSOL
coincides with the experimental results with a very small deviation as given in Figure 5.6.

This simulations were done using the fabricated dimensions tabulated in Table 4.2.

Device 2-2 A (1 SOI)

1.30 —

Total Capacitance (pF)

T T T T T
0 1 2 3 4

Applied Voltage (V)

Figure 5.2: C-V characteristic of device 2-2 A from 1* SOI
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Figure 5.4: C-V characteristic of device 2-2 C from 1 SOI
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Figure 5.5: C-V characteristic of device 2-2 C from 2™ SOI
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Figure 5.6: The change in capacitance of measured actuators compared with simulation
results

This deviation is mainly caused by the extra capacitance sources such as the probes and

the specimen chuck of the probe station. The less capacitance change in the simulation of

fabricated device than the one of designed device is caused by the increased gaps between
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fingers, on the other hand. Although the spring widths are decreased, i.e. larger
displacement of the actuator, the change in capacitance is decreased, since the gaps are

mcreased.

5.3 Characterization of the Force Sensor

The same experiments were executed on the force sensors to observe the CV
characteristics of the devices as illustrated in Figure 5.7. The grounding problem for handle
layer explained in previous section was remained in force sensor characterization. The
effect of the extra capacitance sources will be considered during discussion of the results.
Moreover, dynamic characterization of the force sensor was carried out which is explained
in Appendix E. However, there are no results from these experiments due to high noise

levels during the characterization.

KEITHLEY SCS 4200
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Figure 5.7: The force sensor characterization setup

The graphs in Figure 5.8 and 5.9 show the total capacitance values for two different
force sensors. Each of the devices was again tested 10 times. These tests were carried out
on the same day and in the same environment. Both of the devices are on the same chip
from the first SOI that was etched for 25 minutes.

Similar to the actuator part, the change in total capacitance values can be examined by
taking an offset approach as given in Figure 5.10. The graph shows very close results of
the change in capacitance for the experiments and simulation. This very small deviation in
values from the simulations are basically caused by the extra capacitance sources as

exemplified in the previous section.
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Figure 5.9: C-V characteristic of device 5-2 B from 1 SOI
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20

—— Device 5-2 A (1" SOI)

—— Device 5-2 B (1" SOI)
----- COMSOL (designed)
-+=-- COMSOL (fabricated)

—
W
|

Capacitance (fF)
o
|

Voltage (V)

Figure 5.10: Change in capacitance of the force sensor (experimental and simulation)

5.4 Pre-stress Characterization

The designed stress indicator was imaged with SEM to determine the pre-stress after
microfabrication. Figure 5.15 shows the deflection of indicator beam. Since the deflection
1s too small, i.e. around 1 um, pre-stress is assumed to be less than 10 MPa and neglected.
The indicator beam was proved to be released as explained in Chapter 4 using a surface

profilometer. The beam was successfully moved by the tip of the profilometer.

Cursor Height= 3.946 pm

Indicator beam

EHT = 3.00kV  Signal A=InLens Date :21 Feb 2012

10pm
Mag = 3. |—| o
o JoRX WD= 9mm Stageat T= 0.0° File Name =R_07 tif S

Figure 5.11: Pre-stress indicator after release
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Chapter 6

FUTURE WORK AND CONCLUSION

6.1 Overview

Based on the guidance given by this thesis, second generation microfabrication
procedures are planned in order to both characterize MEMS part directly by mechanical
means and integrate Si NW to the MEMS tensile device. In this chapter, the process flow
will be given for the MEMS fabrication. The Si NW-MEMS integration will be the

ultimate goal of this work and it requires another process flow for the whole device.

6.2 Process Flow for MEMS Fabrication

The electrical characterization of the designed comb drive actuators and capacitive
force/displacement sensors was already carried out as a part of this work. However, the
mechanical characterization of them is still required to determine how much force the
actuator generates when the voltage is applied and whether the force sensor gives the exact
voltage output when a known force is applied. These calibration experiments can be
realized by using commercial micro force sensors. These force sensors are also based on
capacitance changes which are induced by the movement of fingers attached to a shuttle
with a long tip as the probe. The idea of mechanical characterization of MEMS part is to
detect directly the force generated by the actuator using these force sensors. On the other
hand, for the sensor part, a known force using commercial sensors is applied and the
voltage output will be compared with applied force.

A different process flow is needed to have the tip of the shuttle as a protrusion from the
base of the chip for both the actuator and the force sensor as shown in Figure 6.1 and 6.2.
A possible way for this is backside photolithography and etching of handle Si layer to
remove the layer below the tip. A process flow is proposed as given in Figure 6.3 for the
cross section AA’ shown in Figure 6.1 and 6.2 which includes both the tip of the shuttle
and released fingers. Based on this flow, the etched device layer is protected with parylene
coating, in step (e), using Comelec-C30-S. The handle layer can be protected, i.e. by blue
tape, from coating by parylene. Then, backside lithography and etching is done in steps (f)
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and (g), respectively. After etching, both the resist mask and parylene is removed, in step
(h), by O, plasma. The only critical issue here is that backside Si etching must be done
using Alcatel 601E, since He backside cooling is needed in Alcatel AMS 200 DSE. The

parylene coating on device layer will prevent backside cooling.

Shuttle tip

Figure 6.1: The actuator design for mechanical characterization

Shuttle tip

Figure 6.2: The force sensor design for mechanical characterization

(a) (c) ©) (8)

(b) (d) ) (h)

:Sim:SiO:.m:PRm:Parylene m:Cr:Au

Figure 6.3: Process flow for MEMS devices designed for mechanical characterization (a)
Wafer preparation, (b) Photolithography, (c) Bosch process, (d) Resist removal, (e)
Parylene coating, (f) Backside photolithography, (g) Backside etching, (h) Parylene and

resist removal, (i) HF vapor release, (j) e-beam evaporation

0}
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6.3 Evaluation and Contribution

This thesis is the first step to a unique MEMS device. Within this work the design of
the microtensile device was completed and realized in a leading microfabrication facility.
The electrical characterization of the devices were carried out and compared with the
design itself. The comparison showed that the design is reliable and can be used for further
integration of the MEMS device to the Si NW. The fabrication process details were
characterized and defined properly.On the other hand, the first Si NWs were fabricated

without any envelope around it as shown in Figure 6.4.

EHT = 3.00kV  Signal A=InLens Date :30 Jan 2012

2um
Mag = 1158 )
29 K3— WD= 3mm  StageatT= 104° File Name=D1700_150mm_ agnr ML

Figure 6.4: Si NW with diameter around 100 nm

The next step of this project will be the micro, i.e. MEMS device, and nano, i.e. Si NW,
integration and to conduct microtensile test on samples with different volumes. This
integration can be developed by modifiying the process flow for NW fabrication in such a
way the metallization of the MEMS device can be carried out simultaneously. The only
critical point is to protect NW from metallization in order to prevent any deviation on

mechanical behavior due to metal coating.



Appendix A

MATLAB Code of the Design

clc

close all

clear all

SYSTEM DESIGN FOR MICROTENSILE TESTING OF Si NANOWIRES

%

o

o
o

VARIABLES RELATED TO THE SAMPLE
d: NW diameter (m)

sigma f: fracture stress (Pa)
asp_rat: aspect ratio

A s: cross-section area of NW (m"2)
E: elastic modulus of Si (Pa)

K s: stiffness of the NW (N/m)
F s: force on NW (N)

F _smax: max force on NW (N)
deltaU _s: elongation of NW (m)
epsi s: strain of NW

1 s: initial length of NW (m)

o° 00 o o° o° o° A° A° o o
o° 00 o o° o° o° A° A° o oP

o
o

d=75*1e-9;
asp_rat=400;

sigma f=12*1e9;

A s=pi* (d"2)/4;
E=170*1e9;

K s=A s*E/(asp_rat*d);
F smax=sigma f*A s;
epsi s=0.05;
deltaU_s=F smax/K_s;

1 s=d*asp_rat;

o\
o

VARIABLES RELATED TO THE FORCE SENSOR

epsi 0: permittivity of air

t fs: thickness of a sensor finger (m)

w_fs: width of a sensor finger (m)

1 fs: length of a sensor finger (m)

N data: number of data points

x fsstep: travel distance of force sensor at one step (m)
x_fsmax: max travel distance of force sensor (m)

dl: small gap between two fingers (m)

d2: large gap between two fingers (m)

b=d2/dl ratio

N fs: number of sensor elements (# of sensor fingers/3=fix-mov-fix)
deltaC: generated capacitance difference (F)

deltaC min: minimum capacitance difference (F)

C _total: total capacitance (F)

A fs: overlapping area of a sensor finger (m"2)

K fs: stiffness of the force sensor (N/m)

F fs: force on force sensor (N)

F fsmax: max force on force sensor (N)

V_fs: voltage applied to force sensor (V)

V_out: voltage read from force sensor (V)

V_outmin: min voltage can be read from analyzer (V)
delta: e.s.force/rest.force ratio (parameter for stability)
x fs: travel distance of movable sensor finger (m)

0% A° o° 0° O A O O A A° A A° A O A O A° A A° o° o o
0% A° o° A° O A O O A A° A O A O A O A A A° o° A o

o\
o
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xtilda: x/dl ratio

xtilda max: x fsmax/dl

nl d: non-linearity due to displacement (deltaC) (percent)
nl f: non-linearity due to force(V_fs) (percent)

nl dmax: max non-lin. due to disp. (percent)

nl fmax: max non-lin. due to force (percent)

S: sensitivity (V_out/epsi_s)

0% o0 o o o o
o° 00 o o o o

o\
o

epsi 0=8.854*1le-12;

t fs=50*le-6;
w_fs=10*1le-6;

1 fs=780*1e-6;

N data=2200;

F fsmax=F smax; % Since the force on the NW and the force sensor is the
same.

dl= 4*le-6;

b=6;

K fs=55.17;

x_fsmax=F fsmax/K fs;

S=0;
V_fs=2; %Voltage applied to the force sensor to read the differential
capacitance.

V_outmin=1*le-6; % for KEITHLEY 4200 SCS Semiconductor parameter analyzer
it=1;

N fs=][
A fs=][

K fsval=
V fsval=

V out=[0
Sval= [01;

]
]
[
=1
1 _fsval=|[
1
[
[
I

for t fs=45*1e-6:50*1e-6:145*1e-6
for w fs=5*le-6:1e-6:10*1le-6

for 1 fs=200*1e-6:50*1e-6:800*1e-6

for N _data=2000:100:3000
for dl=2*le-6:1*1le-6:10*1e-6

for b=5:1:10

for K £5=50:10:200

for V_fs=2:1:5

d2=b*dl;

xtilda max=x fsmax/dl;

x fsstep=x_ fsmax/N data;

deltaC min=1*le-15; S1fF
a=2*epsi 0* (t _fs*1l fs)*x fsstep;

o
pas
@)

simplify formulas

N fs(it)=ceil (deltaC min/ (1/(d1"2-
x fsstep”2)-1/(d272-x_fsstep”2))/a); %ceil operator rounds N fs to the

next larger integer.
A fs(it)=N_fs(it)* (dl+d2+3*w_fs)*1 fs;
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x fs=0:x fsstep:x fsmax;
deltaC=ceil (deltaC min./(1./(dl."2-
x fsstep”2)-1./(d2.72-
x fsstep”2))/a)*2*%epsi 0* (t fs*1 fs)*x fs.*(1./(dl.”"2-x fs.”2)-1./(d2."2-
x fs.”2));

%% Force sensor ARDE analysis

asp_rat fs=45;

if t fs/dl>asp rat fs
break

end

%% Force sensor fringing field analysis

if xtilda max>0.5
break
end
%% Force sensor simplicity analysis

if N _fs(it)>55
break
end

%% Force sensor stability analysis

delta=2*N fs(it)*epsi 0*(t fs*1 fs)*V fs"2/ (K _fs*dl1"3);

xtilda=0:1e-2:1;

ind=length (xtilda) ;

f=xtilda.* (1-delta* (1./ (b"3*(1-
xtilda.”2/b"2) .72)+(1./ (1-xtilda.”2).%2)));

peak=max (f) ;
for i=1:ind
if f(i)==peak
peakx=i;
end
end

if peakx/100<xtilda max
break
end

%% Force sensor linearity analysis
xtilda=0:1le-2:xtilda max;

nl d=(xtilda/xtilda max).* ((1./(1-
xtilda.”2)-1./(b"2-xtilda.”2))/(1/ (1-xtilda max”"2)-1/(b"2-xtilda max”"2)) -
1);

nl f=(xtilda/xtilda max).* ((1./(1-
xtilda.”2)-1./(b"2-xtilda.”2))/(1/ (1-xtilda max”"2)-1/(b"2-xtilda max”"2))-
(l1-delta* (b./ (b"2-xtilda.”2)."2+1./(1"2-xtilda.”2) .7"2))*1./(1-
delta*((b./bA2—Xtilda_maX.A2).A2+1./(lAZ—Xtilda_maX.AZ)AZ)));
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nl dmax (it)=max(abs(nl _d));

nl fmax (it)=max(abs(nl f));
if nl fmax(it)>0.05

break
end

%% Force sensor finger stability analysis

safety=3;
fingerdisp=safety*3*1 fs"5*epsi 0*V fs"2*(d2/(d2"2-x_fsmax"2)"2+dl/ (d1"2-
x_fsmax”2)"2)*x fsmax/ (E*w_fs*t fs"2);

if fingerdisp>(dl-x_ fsmax)
break
end
%% Output voltage (V_out) analysis

C total(it)=ceil(deltaC min./(1./(dl."2-
x fsstep”2)-1./(d2.72-x_fsstep”2))/a)*epsi 0*1 fs*t fs*(1/dl+1/d2)*2;

V_out (it)=max (deltaC)/C total (it)*V_fs;

if V_out(it)<V_outmin*N data
break

end

%% Sensitivity analysis

S=V_out (it) ./ ((x_fsmax*K fs/K s)/1 s);

dlval (it)=dl;

d2val (it)=d2;

t fsval(it)=t fs;
w_fsval(it)=w fs;

1 fsval(it)=1 fs;

N dataval (it)=N_data;
K fsval (it)=K fs;
V_fsval(it)=V_fs;
Sval (it)=S;

it=it+1;
end
end
end
end
end
end
end
end
FST(d,t fsval,w fsval,l fsval,N dataval,dlval,d2val,K fsval,V fsval,N fs,
A fs,nl fmax,Sval); % The function that tabulates the results
VARIABLES RELATED TO THE FORCE SENSOR SPRINGS
K fs: force sensor stiffness (N/m)
t _kfs: thickness of sensor spring finger (m)
w_kfs: width of sensor spring finger (m)
1 kfs: length of sensor finger (m)
N kfs: number of sensor springs
K kfs: sensor spring stiffness (N/m)

o° o° o o° o o
o° o° o o° o o

o\
o



K fs=55.17;
K kfsval=[0]
K kfs=K fs;
t _kfs=50*1le-

w_kfsval=[0];

1 kfslval=[0
1 kfs2val=[0
aspratlfsval
asprat2fsval
i=1;

for w_kfs=5%*

for 1 kfsl=10*1le-6:5*1e-6:500*1e-06

’

6;
17
17
=[0];

[0];

le-6:1e-6:15*1e-6

for 1 kfs2=20*1le-6:5%1e-6:500%1e-6

end
end
end

K kfs=8*E*t kfs*w kfs”3/(1 kfsl”3+1l kfs2"3);

if 1 _kfsl-1 kfs2<100%le-6

break

end

if 1 kfsl/w _kfs>100 || 1 kfs2/w_kfs>100
break

end

if K kfs>100 || K _kfs<50
break

end

1 kfslval (i)=1 kfsl;
1 kfs2val (i)=1 kfs2;

w_kfsval (i)=w_kfs;
K kfsval (i)=K kfs;
aspratlfsval (i)
asprat2fsval (i)

i=i+1;

=1 kfslval(i)/w kfsval (i);
=1 kfs2val(i)/w kfsval (i);
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FSKT (t_kfs,w _kfsval,1l kfslval,l kfs2val,K kfsval,aspratlfsval,asprat2fsva

1); % The function that tabulates the results

o

o
o

K a: actu

o o° o oP
o° o° o oP

o\
o

K ka: act

o\
o

o
o

t _ka=50*1le-6
w_ka=6*le-6;
1 kal=600*1le
1 ka2=600*1e
1 ka3=600*1le
1 ka4=600*1e
1 kab5=600*1le
1 ka6=450*1e
w_kaval=[0];
1 kalval=[0
1 ka2val=[0

[0

]
]
1 ka3val=[0]

ator stiffness (N/m)

’

_6;
_6;
_6;
_6;
_6;
_6;

’
’

’

% VARIABLES RELATED TO THE ACTUATOR SPRINGS

t _ka: thickness of actuator spring finger
w_ka: width of actuator spring finger
1 ka: length of actuator spring finger
N ka: number of actuator springs
uator spring stiffness (N/m)

K kay: actuator spring stiffness along y-direction
K kaz: actuator spring stiffness along

(m)
(m)

z—-direction

(m)



1 kadval=[0
1 _kabval=[0
1 ka6val [0
K kaval=[0];
aspratlval=
asprat2val=

i=1;

for w_ka=5*le-6:1le-6:15*1e-6

[0
[0

17
17

for 1 kal=200*1le-6:50*1e-6:700*1e-6
for 1 ka2=200*1le-6:50*1e-6:700*1e-6
for 1 ka3=200*1e-6:50*1e-6:700*1e-6
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for 1 ka4=200*1le-6:50*1e-6:700*1e-6
for 1 ka5=200*1le-6:50*1e-6:700*1e-6
for 1 ka6=200*1e-6:50*1e-6:700*1e-6

K ka=4*E*t ka*w ka”3/(l kal”3+1 ka2”3+1 ka373+l kad"3+1 ka5"3+1 ka6"3);

1 ka3/w_ka>100

end
end
end

end

if 1 kal-1 ka
break
end

if 1 kal/w _ka

1 ka4/w_ka>100 || 1 kab

break
end

if K ka>10
break

end
1 kalval
1 ka2val
1 ka3val
1 kadval
1 kabval
1 ka6val
w_kaval (1
K kaval (i) =
aspratlval (i
asprat2val (i
asprat3val (i
(1
(1
(1

)
)
)
):
)
)

i
i
i
i
i
i
i)

)

1

aspratédval

aspratbval

asprat6val
=i+1;

3<30*le-6 || 1_ka2-1 ka3<30*le-6

>100 || 1 kaZ/w ka>100 ||
/w ka>100 || l_ka6/w_ka>100
_kal;
_kaz;
_ka3;
_ka4;
ka5,

_ka6,

ka;

ka;
=1 kalval(i)/w_kaval(i);
=1 ka2val(i)/w_kaval(i);
=1 ka3val(i)/w_kaval(i);
=1 kadval (i) /w_kaval(i);
=1 kaSval(i)/w_kaval(i);
=1 kaé6val (i) /w_kaval(i);

K kaz=4*E*w_ka*t ka"3/(l kal”3+1l ka2”3+1 ka3”3+1 ka4”3+1 ka5~"3+1 ka6"3);
K ay=4*E*w_ka*t ka/ (1l kal+l ka2+l ka3+l ka4+l kab5+l ka6);

AST(t _ka,w kaval,l kalval,l ka2val,l ka3val,l ka4dval,l kabval,l ka6val,K_
kaval); % The function that tabulates the results

K_a=6.27;



%% VARIABLES RELATED TO THE ACTUATOR
%% epsi 0: air permittivity
%% t_a: thickness of actuator finger (m)
%% w_a: width of actuator finger (m)
%% h: zero voltage overlap of actuator finger (m)
%% gx: gap between actuator fingers in x-direction (tip of finger)
%% gy: gap between actuator fingers in y-direction (actuation gap)
%% gz: gap between testing device and handle layer (m)
~a: applied voltage (V)
amax: max applied voltage (V)
X _a: displacement of actuator finger (m)
X amax: max displacement of actuator finger (m)
%% F e: generated electrostatic force (N)
F emax: max generated electrostatic force (N)
F a: force at the tip of the actuator (transferred to actuator
springs) (N)

%% N_a: number of actuator fingers
%% A area of the actuator
%% K actuator stiffness (N/m)

a
a
%% V pix: pull-in voltage for front pull-in (V)
piy: pull-in voltage for side pull-in (V)
%% V piz: levitation pull-in voltage (V)
%% K _eq: equivalent stiffness of whole system (N/m)
%% x_pi: pull-in distance (m)

t _a=50*1le-6;
w_a=5*le-6;
h=6*1le-6;
gx=96*1le-6;
gy=4*le-6;
gz=2*le-6;
V_amax=40;

N a=[0];
A_a=[0];
fin sol=[0];
ir=1;

for t a=45*1le-6:50*1e-6:145*1e-6
for w _a=5*le-6:1e-6:15*1e-6
for gx=76*1le-6:2*1e-6:100*1e-6
for gy=4*le-6:1*1e-6:20*1e-6
for h=6*le-6:1e-6:20*1e-6

X amax=deltalU s+x fsmax;

if h+x amax>gx
break

end

while gx<x amax
gx=gx+le-6;

end

K eg=(K fs*K s+K a*K fs+K a*K fs)/ (K fs+K s);
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F _emax=F smax/((K s*K fs)/ (K s+K fs))*K eq;

N a(ir)=ceil (F emax/ (epsi 0*t a*(w_a/ (gx-
X _amax)~2+1/gy) *V_amax”"2)) ;

A a(ir)=(2*gx-h)* (gyt+2*w_a)*N _a(ir);

%% Actuator ARDE analysis

asp_rat a=45;

if asp rat a<t a/gy

break
end

%% Actuator simplicity analysis

if N _a(ir)>1000

break
end
%% Actuator stability analysis----Front pull-in
X pil=
1/3% (27*w_a*gy+3* (3*w_a”3*gy 3+81*w_a’2*gy”~2) 1/2 1/3)—
w_a*qgy/ ( 7*w a*gy+3* (3*w_a”3*gy”3+81l*w_a"2*gy"2) 1/2 ~(1/3) +gx;
X piz2= -
1/6% (27*w_a*gy+3* (3*w_a”3*gy 3+81*w aAZ*gyAZ)A(l/Z))A(1/3)+1/2*w_a*gy/(27
*w a gy+3*(3*w a”3*gy”3+81l*w_a”2*gy”2)~(1/2) (1/3)+gx+1/2*1i*3"~(1/2)*(1/3
(27*w a*gy+3* (3*w_ aA3*gyA3+81*w aAZ*gyAZ) ( /2)) " (1/3)+w_a*gy/ (27*w_a*gy
+3* (3*w_a”3*gy"3+81l*w_a"2*gy”2)"(1/2))"(1/3))
X pi3= -
1/6% (27*w_a*gy+3* (3*w_a”3*gy 3+81*w aAZ*gyAZ (1/2))~(1/3)+1/2%w_a*gy/ (27
*W o a gy+3*(3*w a”3*gy”3+81l*w_a”2*gy”2)”"(1/2) (1/3) +gx—
1/2%5%3~ (1/2) % (1/3% (27%w_a*gy+3* (3*w_ aA3*gyA3+81*w aA2*gyA2 1/2 ~(1/3)
tw_a*qgy/ (27*w_a gy+3*(3*w a”3*gy”3+481l*w_a”2*gy”2)~(1/2) (1/3)

% solutions are for x pi (pull-in distance)

Soln=[x pil,x pi2,x pi3];
Soln=sort (Soln);
if min(Soln)>=0

fin sol(ir)=min (Soln);
end

if min(Soln)<0
if Soln(1)<0
fin sol(ir)=Soln(2);
elseif Soln(2)<0
fin sol(ir)=Soln(3);
end
end

V _pix(ir)=(fin sol(ir)*K eq/ (epsi 0*t a*(w_a/ (gx-
fin sol(ir))"2+1/gy)*N_a(ir))).”0.5;

if V pix(ir)-V_amax<l
break
end



V_piy=safety* (K _ay*

written on the tabl

end
end
end
end
end

ACT (d,t_aval,w_aval
that tabulates the

%% END OF THE CODE

if x amax>fin sol (ir)
frontpullin=fin sol(ir);
break

end
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%% Actuator stability analysis----Side pull-in

safety=4;
gy”~3/(2*epsi 0*t ka*(x_amax+h)))”.5;

if V_amax>V piy
sidepullin=V piy;
break

end

%% Actuator linearity analysis

if (h+x_amax)/gy* (gx-x_amax)/w_a<40
break
end

%% Actuator levitation (out-of-plane motion)

V _piz=(8*K kaz*gz"3/(27*epsi 0*A a(ir)/2));
e.

gxval (1
gyval (1
hval (ir
w_aval (
t_aval(

) =gx;
) =9Y;
=h;
):
)

w_a;
=t _a;

r
r
)
i
i 4

r
r

ir=ir+1;

Q

analysis

%Can be

,hval,gxval,gyval,K a,V_amax,N a,A a); % The function

results

o0
)



MATLAB Code of Pre-Stress Indicator Design

close all
clear all
clc

o\
o
o

Ltb
wtb
Lsb
wsb
Lib
wib
del tb
BE

str
AR

Length of test be
width of test bea

o
o
o

o\
o
o

o
o
o

width of slope be
Length of indicat
width of indicato
deflection of tes
Modulus of elasti
Residual stress i
Aspect Ratio

o
o
o

o
o
o

o
o
o

o
o
o

o
o
o

o\
o
o

o
o
o

Limitations:

Residual Strain in the
Stiffness of the Slope
Buckling Effect in the
Buckling Effect in the

o
o
o

o
o
o

o
o
o

o
o
o

if

o\
o
o

(wsb<h)
eps max_com L4=4*pi~2
else

eps max_ com L4=4*pi~2
end

o\
o
o

o
o
o

o
o
o

o
o
o

o

%

eps _max_com L3=pit2*t"2*
50e-6;

%

t

AR=100;
E=170e9;
str=20e6;
i=1;

format long

for Ltb=100e-6:100e-6:3500e-
for wtbh=5e-6:5e-6:100e-6
for Lsb=t*10:10e-6:1
for wsb=le-6:1le-
for Lib=100e
for wib=
d=wi
rati
if
(Ltb/wtb<=100) && (Lib/wib<=30

am
m

Length of slope beam

am
or beam

r beam

t beam

city

n test beam

Slope Beam
Beam

Test Beam
Slope Beam

*h"2*wsb*Ltb"2/ (3*Lsb"2*wtb"3) ;

*wsb"3*Ltb"2/ (3*Lsb " 2*wtb"3) ;

wtb*Lsb"3/ (3*wsb"3*Ltb"3) ;

6

000e-6

6:10e-6
-6:100e-6:2000e-6
le-6:1e-6:10e-6
b/Lsb;

o=Lib/wib;

0) && (Lsb/wsb<=100) && (d<0.1)
I=(wtb"3*t)/12;

M ratio= eps*wtb"3*Lsb”3/ (4*Ltb"3*wsb"3);
k ratio= Ltb*wsb”"3/ (Lsb”"3*wtb);

eps_comp L3=pi~2*I/(0.5"2*Ltb"2*t*wtb);

I 3=(wsb 3*t)/12;

eps_comp L4=pi~2*I 3/(0.699"2*Lsb"2*t*wsb) ;
def tb=str*Ltb/E;
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d=wib/Lsb;
C=(1-d*2)/(1-d"3);

eps max_com L3=pi”2*t"2*wtb*Lsb”"3/ (3*wsb"3*Ltb"3);
eps max_com_ L4=4*pi”2*t"2*wsb*Ltb"2/ (3*Lsb"2*wtb"3) ;

theta (i)=3*def tb*C/(2*Lsb);

uzama (1) =Lib*sin (theta(i));

if
(M ratio<0.05)&&(k _ratio<0.05) && (eps_comp L3<eps max com L3) &&(eps_comp L
4<eps max com_ L4)

if (uzama (i) >2.4e-6) && (uzama (1) <2.6e-6)
LTB (i) =Ltb;
WTB (1) =wtb;
LSB (i) =Lsb;
WSB (1) =wsb;
LIB(i)=Lib;
WIB(i)=wib;
a(i)=d;
RATIO(1i)=Lib/wib;
i=i+1;

end

end
end
end
end
end
end
end
end
para=[LTB',WTB',LSB',WSB',LIB',WIB',uzama(l:end-1)"',a',RATIO"]

plot(l:1:1length(uzama),uzama, '*")



Appendix B

Photololithography Masks
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Figure B.1: Photolithography mask used for determination of microfabrication limits

(Chips and building blocks of chips are shown.)
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Figure B.2: Photolithography mask designed for calibration devices




Appendix C

Runcards for Microfabrication
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ﬁtep Description Equipment Program / Parameters Target Actual | Remarks
0 WAFER PREPARATION

0,01 | Stock out

0,02 | Check

1 PHOTOLITHOGRAPHY

1,01 | HMDS Z1/YES3 Prog. 0

1,02 | AZ 92xx coating Z1/Rite Track C_AZ92xx_2um 2 ym

1,03 | PR bake Z1/Rite Track C_AZ92xx_2um 2 ym

1,04 | PR expose Z1/MA150 Manual Align, HC, 10.0 mW/cm?

1,05 | PR develope Z1/Rite Track Dev_AZ 92xx_2um

1,06 | PR postbake Z1/Rite Track Temperature 114C

1,07 | Inspection Z6/uScope Resolution and alignment

1,08 | Descum Z5/Tepla Descum Oz, 5min

2 SCALLOPED TRENCH FORMATION

2,01 | Chamber Priming | Z2/AMS200 SOI_accurate++++ 5'

2,02 | Soalloped Trench | 7/ams200 SOI_accurate++++ 25, 50 um
2,03 | inspection Z2/uScope

3 CLEANING

3,01 | Remover 1165 Z2/WB_PR_Strip Bath 1 : main remover 5min, 70°C
3,02 | Remover 1165 Z2/WB_PR_Strip Bain 2 : clean remover 5min, 70°C
3,03 | Fast fill rinse Z2/WB_PR_Strip DI Rinse

3,04 | Trickle tank Z2/WB_PR_Strip DI Rinse 5min, 70°C
3,05 | Spin Rinser Dryer | Z2/Semitool SRD prog 1

3,06 | Plasma O2 clean Z2/Oxford 02, 20 min

3,07 | Spin Rinser Dryer | Z2/Semitool SRD prog 1

3,08 | Inspection Z6/uScope

4 WAFER SCRIBING

5 HF VAPOR RELEASE

5,01 | HF vapor etch Z5/ldonus HF VPE 100 | SiO2 2h, 6 um

6 e-BEAM EVAPORATION

6,01 | Cr evaporation Z4/LAB600OH Cr-Au 10 nm
6,02 | Au evaporation Z4/LAB600OH Cr-Au 300 nm

Table C.1: Runcard for process executed on 1% SOI wafer
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Step

N° Description Equipment Program / Parameters Target Actual | Remarks
0 WAFER PREPARATION

0,01 | Stock out

0,02 | Check

1 PHOTOLITHOGRAPHY

1,01 | HMDS Z1/YES3 Prog. 0

1,02 | AZ 92xx coating Z1/Rite Track C_AZ92xx_2um 2 ym

1,03 | PR bake Z1/Rite Track C_AZ92xx_2um 2 ym

1,04 | PR expose Z1/MA150 ms&‘/‘éﬁ:ﬁ"gn’ HC, 10.0

1,05 | PR develope Z1/Rite Track Dev_AZ_92xx_2um

1,06 | PR postbake Z1/Rite Track Temperature 114C

1,07 | Inspection Z6/uScope Resolution and alignment

1,08 | Descum Z5/Tepla Descum O2, 5min

2 SCALLOPED TRENCH FORMATION

2,01 | Chamber Priming | Z2/AMS200 SOI_accurate++++ 5'

2,02 | ealoped Trench | 75/Ams200 SOI_accurate++++ 20', 50 pm
2,03 | inspection Z2/uScope

3 CLEANING

3,01 | Remover 1165 Z2/WB_PR_Strip Bath 1 : main remover 5min, 70°C
3,02 | Remover 1165 Z2/WB_PR_Strip Bain 2 : clean remover 5min, 70°C
3,03 | Fast fill rinse Z2/WB_PR_Strip DI Rinse

3,04 | Trickle tank Z2/WB_PR_Strip DI Rinse 5min, 70°C
3,05 | Spin Rinser Dryer | Z2/Semitool SRD prog 1

3,06 | Plasma O2 clean | Z2/Oxford 02, 20 min

3,07 | Spin Rinser Dryer | Z2/Semitool SRD prog 1

3,08 | Inspection Z6/uScope

4 WAFER SCRIBING

5 HF VAPOR RELEASE

5,01 | HF vapor etch Z5/1donus HF VPE 100 | SiO2 2h, 6 um

6 e-BEAM EVAPORATION

6,01 | Cr evaporation Z4/LAB60O0OH Cr-Au 10 nm
6,02 | Au evaporation Z4/LAB600OH Cr-Au 300 nm

Table C.2: Runcard for process executed on 2™ SOI wafer




Appendix D

Recipe Details

SOI_accu++++:

81

SF¢ Flow 300 sccm
C4Fg Flow 150 sccm
SF¢ Time 8 sec
C4Fg Time 2 sec
Z. SOI _accu:

SF¢ Flow 200 sccm
C4Fg Flow 150 sccm
SF¢ Time 2.5 sec
C4Fg Time 1 sec
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Appendix E
AC Characterization of the Force Sensor
For the dynamic characterization of the force sensor, HP 4195A network analyzer was
used. The connection scheme is shown in Figure E.1. Since there were no results by
connecting the devices directly to the analyzer, an amplifier circuit [41] was constructed as

shown in Figure E.2. However, it was not enough to increase the AC signal coming from

the force sensor, hence the analyses comed to end without any reliable data.

HP 4195A NETWORK ANALYZER

waw VAV /\_/
<WAVAVAVAVAVAVAVAVAVAVAVAVAV|AVAVA INPUT FEEDBACK OUTPUT
| | o} @ ®
74 Y| A

rAv

Figure E.1: Dynamic characterization scheme of the force sensor

1 MQ
——MWW—
~L p
+ 2 T T I F
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GND _
10 uF=—.
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Figure E.2: Signal amplifier circuit
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