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Abstract

Actuation converts one form of energy such as etadt thermal, or chemical
into mechanical energy acting on the physical worfkeveral Microsystem
applications require forces and displacements ekicge the capabilities of
conventional microscale actuation technologies.

Capillary Force Actuators (CFAs) are a new type MEMS (Micro Electro
Mechanical Systems) microactuator. They are capabléelivering significantly
greater forces and larger actuation strokes thanremuttechnology. CFAs operate on a
novel principle by employing a conducting liquididge between two surface
electrodes covered with a thin dielectric layer. aNhhe voltage is applied to the
electrodes, the contact angle of the liquid changgsocess known as Electrowetting
on Dielectric (EWOD). The contact angle change Itesn a change in the capillary
pressure the droplet exerts on the surfaces, gaukam to move in the direction
normal to the surface. It has potential applicaiomn microvalves of
micro-total-analysis systems, in optical switch, digital optics, and in variable
capacitors in telecommunication systems.

This dissertation focuses on the design, microfation and experimental
characterization of a CFA. We design standard CFAqpypes after the study of the
physics of CFAs and FEA simulations. An optimizeicnofabrication process is
proposed based on results from several trial anor @xperiments. We built up a

displacement test platform to characterize CFAs’ cimaaical behaviors. A



nanonindenter method measures their force. As @trese demonstrate the CFA
actuation principle.

Meanwhile, EWOD prototypes are fabricated and attarzed to understand the
electrowetting phenomenon, which is involved in CpAysics. A contact angle
measurement platform is set up by integrating Btadt current measurements to
study the electrowetting behaviors of our protosyde the electrowetting study, we
focus on the study of contact angle change in mspdo different time modulated
signals. After studying the influence of differemiaterials of dielectric layers and
hydrophobic layers, conductive liquids, and semitmtor wafers on the
electrowetting, we identify suitable materials at@hductive liquid solutions for a

CFA prototype.
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1 Introduction

1.1 Microactuators

Microactuators, like microdrivers, microoptics, maftuids, positioning and
gripper systems, are categorized based on thefereit physical principles or
applications [1-9]. Four common types of microatius are electrostatic, magnetic,
piezoelectric and thermal. Electrostatic actuatmes the most common due to their
simple structures, quick response, high efficienloyy power consumption, and
straightforward fabrication [10-23]. Magnetic miaatuators have the ability to
provide attractive and repulsive forces, unlikecttestatic actuators which can only
generate attractive forces. The advantage of migmetroactuators is their lack of
friction when operated in levitation mode; howevbkeir output force is small [24-26].
Thermal actuators can provide a considerably |lafgere and stroke; however they
have a low actuation speed and high power consomgi7-29]. Piezoelectric
microactuators take advantage of the coupling betweechanical deformation and
electrical polarization, but they are limited dwe few material choices that can
withstand a large bending force and typically haeey limited strokes [30, 31]. A
summary of different microactuators in terms otttoand displacement range is listed
in Table 1.1 based on data in [1]. It is usefuttonpare force and displacements of
different actuators by evaluating their size andig@olevel. In this dissertation, we will
focus on the comparison of a CFA with similarlyesizelectrostatic actuators. We will

give a comparison mathematically in the Section 1.3
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Table 1.1 Microactuator Comparison [1]

Microactuators Force Displacement
Electrostatic 16-10°N 10°%-10%m
Electromagnetic 1610°N 10°-10°m
Thermal 10-10°N 10°-10"m
Piezoelectric 16-10°N 107-10°m

1.2 Capillary ForceActuators

The Capillary Force Actuator (CFA) proposed by CKRospe at UVa, is a new
and promising technology for MEMS actuation, capabt delivering larger forces
and larger strokes than current MEMS technolog8®y. [As shown in Fig. 1.1, the
CFA employs a conducting liquid bridge between twsorfaces covered with
electrodes, thin dielectrics, and hydrophobic lay&/hen voltage is applied to the
electrodes, the contact angle of the liquid chamgesto the fringing electrical field, a
phenomenon known as Electrowetting on Dielectrd/(BD), which will be described
in section 2.1. Due to the change in contact artbke Laplace pressure of the droplet

changes, causing the electrodes to move in thetdirenormal to the surface.



Electrode

Dielectnc layer +hydrophobic layer

Liquid bndge

Dielectnic layer  +hydrophobic layer

Electrode

Fig. 1.1 Elements of a capillary force actuator [32]

1.3 An Electrostatic Perspective for Capillary Force Actuation

The advantages of a CFA can be understood throngéxplanation of the basic
electrostatic principles of the actuation [32]. Th#owing analysis derives from the
work of Madou [5] and Nezamoddini [33].

The electrostatic energy stored in two parallelgdar a comb configuration is

1.\,
E = EClV (1.2)
where E; is the electrostatic energ¢; is the capacitance and is the applied
voltage. The electrostatic forég, is the negative spatial derivative of the elesttmtc

energy (potential energy). The force is generatee t the changing capacitance

between the two plates due to distance variance:
|:1 = -(ﬁj
ox
. _i(ﬁjvz
2\ ox

HereC, = 5oh51 , & Is the permittivity of free spac& is the effective area is the

(1.2)
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displacement, and is the distance between the platéss the voltage between the

plates.

9G &S (1.3)

ox h?
We substitute Eqn.1.3 into Eqn.1.2 and get

F1 :1(50251 2
2\ h (1.4)

For a CFA, the capacitance change is due to thegehm the surface area of the

liquid forming one plate of the capacitor. The aafnce isC, :E‘:—SZ, &, Is the
d

effective dielectric constant of the laye8,is the effective area between liquid and
solid, ty is the effective thickness of the dielectric laysrd hydrophobic layer.
Assuming the volume of the conductive liquidv, is constant,

dV, =S, xdh+dS, xh=0= ds, :—%dh:—%dx

F2 = -[Ej
0X
= _l(aczj\/Z
2\ ox

HereE; is the electrostatic energy, afd is the electrostatic component of the

(1.5)

capillary force.

& - _15_(,6_52\/2

= 1.6
0X 2t, ox (1.6)
Finally,
1eg,S
F = d V2 1.7
2=t (1.7)

We can compare the forces of electrostatic actaand CFAs based on Eqgn. 1.4

and 1.7 as follows: assuming the surface area ehahthe capillary force actuator is
9



small, i.e.5=S,,

@i_lﬁz[ij(nj o

(acj & W1,
aX electrostéc

Usuallyg—dz 4 andﬂ >100, so the capillary force is generally higher thhatt
&o d

of the traditional two plate electrostatic actuajday a factor of greater than 400.

1.4 Dissertation Organization

The dissertation is organized as follows:

Chapter 2—Electrowetting will focus on electrowagtiphysics, a brief review of
the contact angle saturation phenomenon whichilisasiopic of considerable debate
in the electrowetting field, and our study of eteutetting behaviors in response to
various time modulated signals;

Chapter 3—Design will describe the physical desifrihe CFA, including the
corresponding mask design;

Chapter 4—Fabrication will discuss the fabricatimocess, fabrication results
and the final assembly process;

Chapter 5—Characterization will describe the CFAhanical properties in terms
of the force and displacement;

Chapter 6—Conclusions and Future work will sumneatize current research

work and explore potential future direction for BEA.
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2 Electrowetting

2.1 Electrowetting Basics

Electrocapillary wetting was introduced by Lippmainn1875 [34]; Berge later
initiated research of EWOD principles [35]. A gesleEWOD setup is shown in Fig.
2.1: a wetting liquid sits on top of a planar elede covered with a thin dielectric
layer and a hydrophobic layer. Applying a voltagéween the liquid and the electrode
changes the apparent contact angle of the wetinngdl The contact angle is

described by the Lippmann-Young equation [35]:

£
cosd, = cosf, + ——V? (2.1)
2t,0

where g, is the dielectric constant, is the thickness of the dielectric layer, is
the air-liquid surface tension constaéy, is the apparent contact angle with an electric
field, g, is the natural contact angle without an electiéddf andV is the voltage
applied to the device.

In the past decade, electrowetting has been sdattgsspplied to microfluidics
[36-38], optical applications such as autofocusés39] and display systems [40-42],
and capillary motors [43]. However, some aspectslettrowetting are not fully
understood. Contact angle saturation, for exampla,phenomenon not yet explained
with current model. Methods from electrocapillarjtudies [44, 45] and
electromechanics [46-49] have proposed the sammigisn of the apparent contact

angle (i.e., the macroscopic response); howevdratdecontinues about the real

11



contact angle near the triple contact line (therasicopic response).

(@ (b)

Fig. 2.1 A general setup of EWOD (a) Without bias (b) With bias

2.2 Contact Angle Saturation Review

In EWOD tests, especially tests with a sessile dnogir, the contact angle will
not continue to change as the applied voltage as&® this is referred to as contact
angle saturation. For example, the contact anglegn2.2. changes from 112 degree
to 90 degree as the voltage increases and satlaat®8 degree after 13 V. This
saturation behavior will limit CFA performance senihe capillary force is related with
the contact angle, see Eqn. 3.1. So during eleettow tests, we will be interested in
the voltage where the contact angle saturation recos a result, prototype CFA
devices will be operated below this voltage to duwbe influence of this contact angle

saturation.
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Fig. 2.2 An example of the contact angle change responding to DC voltage (wafer: P type, resist: 1-
10 ohm.cm, the dielectric layer: 21 nm SiO,, the hydrophobic layer: 22 nm Teflon AF1600 from
DuPont [50], the drop is DI water plus 1 wt% NaCl, the red dots show results under the positive
polarity to the drop, the blue dot show results under the negative polarity to the drop)

Over many years the phenomenon of contact angleas@n has been examined
by researchers worldwide but is still poorly undieosl. Several hypotheses have been
presented including nonlinear response of the nahtat high electric field [48],
charge trapping [51], dielectric breakdown [37,,5ctrical resistance of the droplet
[53], contact line instability [54], air ionizatioat the contact line [55], and zero solid-
liquid interfacial surface tension [56-58].

Mugele proposed that the nonlinear response ofnidterial due to the divergence
of the electrical field at the contact line is lik¢o have the contact angle saturation
[48]. Meanwhile, this theory also provides a go@sdiption of electrowetting after
the calculation of the microscopic field distribanis. After reviewing the existing
mechanism of contact angle saturation, the papggesis improving the dielectric

13



strength and the chemical inertness of the insulalayer in order to have better
devices.

The charge trapping model is perhaps the mostanflal mechanism. Verheijen
and Prins [51] proposed that charge in the ligsiohjected into the solid at sufficiently
high fields. By applying a charge to the solid tleabpposite the sign of the charge
generated by the power supply, the voltage dropsaahe interfacial layer is reduced.
In this case, the electrowetting is not efficieasulting in contact angle saturation.
This charge injection mechanism, however, has eenbexperimentally verified at
this time.

Papathanasiou and Boudouvis made a connectionebptvwhe dielectric
breakdown strength and contact angle saturationg2J¢ They argued that the crucial
aspect of the contact angle saturation mechanistheidield strength close to the
breakdown. They conducted a series of experimentiifterent dielectric materials to
ascertain whether current leakage was relateddcsatid-liquid circle radius. They
suggested that a stacked oxide-nitride-oxide (ONi@Jectric layer with a high
breakdown strength is a good choice for some eleetiting devices.

For an experiment with a low-resistance liquid andiigh-resistance dielectric,
Shapiro et al [53] argued that the electrical tasise of a droplet will increase as the
contact angle decreases due to the longer trastlndie of ions in the liquid. However,
Sedev [58] did not observe a significant differemceontact angle saturation in their
experiments when they used solutions of differemicentration.

Vallet et al [54] presented a phenomenon of thaamtrline instability, i.e. it was

14



suggested that using pure water and a voltage abhmaztain value, small droplets
should be ejected from a large mother drop [54].weler, this instability
phenomenon was suppressed when salt water was bsauh. the luminescence
observed during experiments, they proposed thatahéact angle saturation was due
to the air ionization near but outside the conliaet[51].

Sedev restated that the zero solid-liquid intedflagurface tension is not a
mechanism hypothesis but that it merely demonsir#ite limit of the Lippmann
Young equation [58]. They tried to interpret thentawt angle saturation from the
thermodynamic limit perspective [56, 57]. Howevbtugele [48] objected to this
theory because of the poor understanding of alesefalue of solid-liquid interfacial
tension in the field of physical chemistry, no maaism to destabilize the solid-liquid
interface, and the constant solid-liquid interfatgnsion during electrowetting. Since
solid-liquid interfacial tension is poorly understh the contact angle saturation may

be interpreted well from the electromechanical pective.

2.3 Contact Angle M easurement

Using the Lippmann-Young equation, it is logical teasure the contact angle
change of a drop under an applied voltage in craleharacterize the electrowetting
phenomenon. This section introduces the sampleapagpn and the contact angle test

platform, and presents the test results along authanalysis.
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2.3.1 Sample Preparation

A 2 inch Si wafer with p type dopant (1-10 ohm.asused as the electrode. A
SiO; layer is thermally grown on Si in a rapid therraahealing (RTA) machine. Fig.
2.3 demonstrates a relationship of the thickness SIQ layer vs. the temperature in
RTA. After several tests, a 30 nm thick Si@yer, grown at 1100°C degree for 5 mins

with a 100 sccm flow rate of Owas chosen as the dielectric layer

35 +
30

25—

ES'S\,) nm
S

kn

15—~

- - L1l ____1___

Thic

|
|
|
,,,,,,,, ]
|
|
|
|
|

10 RRREREEE
i
0

0 400 600 800 1000 1200
Temperature, °C

Fig. 2.3 SiO; layer thicknessvs. temperaturein RTA

Cytop, a fluoropolymer, from Asahi Glass compa®m@][is widely used in
EWOD tests as a hydrophobic layer due to its eaalization of thinner layers and
lower hysteresis. Before depositing this on tophef SiQ layer, an edge area of SIO
was covered with a small piece of tape for latectical contact. A 30 nm thick

hydrophobic layer was then partially spun on th@,3ayer at 2000 rpm for 30 s. The

16



wafer was then baked at 160°C degree for half an &iver waiting for 5 mins at room
temperature. In order to get a good electrical acnthe Si@ not covered by Cytop
layer is removed in buffered oxide etchant (BOEpaHy, electrically conductive
epoxy is used to connect a wire to this bare Sa,asee Fig. 2.1. The substrate bias
voltage is applied through a 50 um diameter Au wiveapped on an Au needle and
held in place by conductive epoxy. Samples are kept vacuum desiccator before
testing to avoid contamination and surface degrawdlat

The thickness of the SiCand Cytop layers are measured with an ellipsometer
The layer thicknesses are verified using an AtorRarce Microscope (AFM)
instrument. Before each measurement, the surfacditiga like the cleanness,

roughness and morphology are checked using anabpticroscope.

2.3.2 Contact Angle M easurement Platform

An important parameter characterizing electrowgttsithe contact angle. We set
up a contact angle test platform in our laborateeg Fig. 2.4. It consists of two linear
transfer stages, one for moving the wafer and thermne for aligning the needle just
over the center of the drop. A microscope connewfiila Panasonic GPKR222 video
camera is used to record side views of the dropeutidhe modulated signals. A
Dazzle card with related Pinnacle software [60] wsasd to integrate the camera with
a computer. For the DC test, a step DC voltageasiged by an Agilent 3136A power
supply and controlled by Labview. A recorded videg@rocessed by the Virtual Dub

and Matlab programs. For the AC test, the signageserated using a National
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Instruments myDAQ card and a linear power suppiytrmdled by Labivew, Fig. 2.5.

This AC setup will also provide data for the dynamlisplacement of a CFA actuator.

camcorder microscope

Fower supply

Fig. 2.4 A contact angle test platform

Signal generator

(NI myvDAQ card )

Y

Ampliﬁer —_ Osc:illoscope

Co:mputer

(Labview)

Fig. 2.5 An AC signal generation system

2.3.3 Contact Angle Measurement Test Resultsand Analysis

Since the capillary force is related with the cehtangle, it is necessary to
18



understand how the contact angle of a droplet ader@n thinner dielectric and
hydrophobic layers. As a result, the contact amgémasurements can provide useful
information for our later CFA tests. We did mangtsetrying to determine best choices
for time modulated signal range, Si wafers, ligedution, and hydrophobic layer.

The contact angle measurement here focuses orottiact angle changes during
DC and time modulated signals. In addition, we 8sevafers with different doping
concentration and dielectric layer surface treatmienWe also performed
electrowetting tests on various hydrophobic layectuding Teflon (from the Dupont
company) and Cytop. Several types of solutionsuaesl to study the electrowetting
behavior, including 0.01 M NacCl solution, 0.01 MJS&, solution, and deionized (DI)
water plus propylene glycol.

A number of time modulated signals such as a st€psignal, a DC bias plus a
constant amplitude AC signal, AC signals at 500 HkHz and 10 kHz, and an AC
signal with variable amplitude and equal bias wagplied. Table 2.1 summarizes the

different time modulated signals.

Table 2.1 Summary of time modulated signalsfor electrowetting tests

Signal type Amplitude Frequency
DC 0-15V
AC 0-15V 500 Hz, 1 kHz, or 10 kHg
AC+DC AC and DC amplitudes equal and 1 kHz or 10 kHz

scanned from 0-15 V simultaneously

AC+DC AC: constantat 1 V 1 kHz or 10 kHz

DC: 0-20V
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We also studied the influence that different wafepant types and concentration
as well as the annealing treatment of a thinnelecliec layer have on the contact
angle change. Table 2.2 lists a summary of diffetest cases mentioned above. The
samples in these tests are still silicon waferdhwitSiQ as a dielectric layer and
Cytop as a hydrophobic layer. The drop is DI watgked with sodium sulfate
(NaxSOy) or DI water plus propylene glycol (PG) solutiaie apply DC voltages with
the amplitude scanned from 0 to 15 V and changé¢agel polarity to the drop.

Representative test results are shown in Fig. 26-2

Table 2.2 Summary of electrowetting testson different wafers

Test group Wafer dopant Wafer resistivity Dielectric layer
number type treatment
1 P 1-10 ohm.cm No annealing treatment
2 P 1-10 ohm.cm Annealing treatment
with Ar+H, gas
3 P 0.001-0.005 ohm.cm Annealing treatment
with Ar+H;,gas
4 N 0.02-0.024 ohm.cm  No annealing treatment
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Fig. 2.6 An Electrowetting test under AC voltage (AC amplitude: 0-15V, frequency: 500 Hz, the
drop showsthereisan oscillation along the drop edge at 500 Hz)

120 .
3 i |+ + polarity
- 3 i |- polarity
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Fig. 2.7 Electrowetting test results of AC plus DC (AC amplitude: 1V, frequency: 10 kHz, DC
amplitude: 0-20 V, solution: Na,SO,+DI water, the red dots show results under the positive
polarity to the drop, and the blue cr osses show resultsunder the negative polarity to the drop)
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Fig. 2.8 Average results of the contact angle change responding to DC voltage (wafer: P type,
resist: 1-10 ohm.cm, the dielectric layer without the forming gas treatment, the drop is DI water
plus Na,SO,, thered dots show resultsunder the positive polarity to the drop, and the blue crosses
show resultsunder the negative polarity to the drop)

From Fig. 2.6, we observe the oscillation alongdhegp curvature which has been
mentioned in other papers [61, 62]. The electramngttests under time modulated
voltages at a high frequency show that electromgthas a ‘quasi-static’ behavior.
That is why there is essentially no difference ohtact angle change observed
between the AC tests with a higher frequency anddtwith a DC signal applied, see

Fig. 2.7-2.8.
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Fig. 2.9 Average results of the contact angle change responding to DC voltage (wafer: P type,
resist: 1-10 ohm.cm, the dielectric layer with the forming gas treatment, the drop is DI water plus
Na,SO,, the red dots show results under the positive polarity to the drop, and the blue crosses
show resultsunder the negative polarity to the drop)

In addition, the electrowetting tests under DC agéts show that the contact angle
always starts to change at a lower voltage whemdgative polarity power is applied
to a drop compared with the case when a positiVaripp power applied to the drop,
see Fig. 2.7-2.9. This phenomenon is independethieodrop solution used, the dopant
types, and the doping concentration of the wafEng. contact angle also changes at a
lower voltage when the doping concentration oflias wafer is higher since it has a
higher conductivity. We notice that the electratyss likely to happen when the
dielectric layer is thinner (20 nm thick S)Gcompared with a thicker dielectric layer
(37 nm thick SiQ). We tried to anneal a thinner Si@yer in H plus Ar forming gas
after the thermal growth to get a higher qualiteleictric layer. However, the
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electrowetting test results do not show there difference in contact angle change
when the dielectric layer is treated with or withthe forming gas.
Table 2.3 lists a summary of tests on differentrbptiobic layers like Teflon or

Ctyop with different drop solutions used.

Table 2.3 Electrowetting tests with different solutionsand on different hydrophobic layer

Test Group Solution Hydrophabic layer
1 DI+PG (1:1 volume ratio) Teflon
2 DI+PG (3:1 volume ratio) Teflon
3 1 wt% NaCl Teflon
4 1 wt% NaCl Cytop
100 \ \ . .
S S | * negative polarity
1 | B . |+ positive polarit
B e e S A L posive poary |
® i +
= 1 1
(«b] | °
'O_90 ****************** + ***************** N
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75 { {
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Fig. 2.10 Average results of the contact angle change responding to DC voltage (wafer: P type,
resist: 1-10 ohm.cm, the dielectric layer: 23 nm SiO,, the hydrophobic layer: 32 nm Teflon, the
drop is DI water plus propylene glycol (3:1 volume ratio), the red dots show results under the
negative polarity to the drop, and blue crosses show results under the positive polarity to the drop)
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For tests with DI plus propylene glycol solution adeflon layer, the reader can
observe that there is still a shift between diiféngolarities to the drop, i.e. the contact
angle changes at a lower voltage when the neg@tvebias is applied to a droplet

compared with that when the positive DC bias idiadfo the droplet.

2.4 Hysteresistest

Hysteresis is defined as the difference betweemdvancing and receding contact
angles. It is not expected that a hydrophobic laydér have significant hysteresis
under time modulated signals; but such hysteresisldvbe harmful to actuator
performance. So it is necessary to determine thaetehgsis properties of various
hydrophobic layers and determine a preparation ogeti achieve low hysteresis.

Several methods can be used to test the hyststadisas tilting base method, i.e.
measuring the difference of advancing and recedimgles or a tensiometer based
method, i.e. a dynamic method, to measure the ath@mand receding angles. Here,
we used a tensiometer K100 from Kruss considetsigdcuracy and easy operation.

We turn to the dynamic test method to charactenysteresis on a Cytop layer
with different solutions. We also examine the hyestés of differently treated Cytop
layers. Careful efforts were given to prepare sasplith identical length (see Fig.

2.11) in order to have the same contact angletn® wafer surfaces.
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Sil Si2

Fig. 2.11 Sample preparation for hysteresistest (two Si waferswith the same length L were glued
together. A match bar was glued to one Si wafer for being held in the tensiometer.)

Fig. 2.11 shows how to prepare a sample for thitdmgsis test. The important
step is to maintain two pieces of wafers with thene length parameters in order to
get an accurate contact angle hysteresis. Experimesnlts show that the contact
angle hysteresis increases as we add either prapglkycol or salt water to DI water

see Fig. 2.12. and 2.13.
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Fig. 2.12 Contact angle hysteresis vs. concentration of PG on Cytop, a hydrophobic layer
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Fig. 2.13 Contact angle hysteresis ver sus concentration of Na,SO, with or without PG

2.5 Summary

The electrowetting behavior of various samples w&ialied, especially with
different time modulated signals. After we set bp tontact angle test platform, we
did many tests using time modulated signals, dgifieconductive liquids, hydrophobic
layers, and various wafer types. From the testlteswe do not find there is a
substantial difference in electrowetting between B@d AC signals at higher
frequencies. This is because the bulk inertia efdloplet limits the response to fast
signals, i.e. AC signals at a high frequency. Ftbm Lippmann-Young equation it is
understood that the droplet shape depends on thlee@poltage. Thus, the voltage
amplitude is a key parameter for the contact adgénge.

To minimize evaporation, increase conductivity, dimat hysteresis, a N&O,

27



plus propylene glycol/DI water solution was chosen the solution for the CFA
prototype. Cytop was chosen as a hydrophobic layere it is easy to form a thin
layer (30 nm) at a lower spin speed (1000 rpm), iarchs a smaller contact angle
hysteresis compared with those of Teflon. Also, alserved that the contact angle
usually starts changing at a lower voltage wheratieg polarity is applied to the drop

compared with the case of the positive polaritg; tfrechanism for this is not yet clear.
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3 Design

3.1 Physical Design

Following the study of CFA physics, the original Cprototype was designed as
shown in Fig. 3.1. This prototype takes into coesiion the design guidelines
developed by Nezamoddini [33], fabrication issuasd design experiences. The
design of a top moving plate begins with a commomcture: a movable central mass

with flexures. Parameters of the CFA prototypesenstrosen as shown in Table 3.1.

Support structure _ Conductive Liquid _ Cytop

Fig. 3.1 Prototype design of the CFA

Based on electrowetting tests, we decided to keema thinner dielectric layer
and a hydrophobic layer since we wish to operateGRA in a low voltage range.
Considering the available lab facilities, we chotise gap between two plates, the

volume of a conductive liquid, and the length otre@lement square. Finally, we
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calculate the force exerted on a CFA top plateedhas Eqn. 3.1 [33].
1. r
F =—27m*(—+—cosevJ (3.1)
2 h

Here, F is the capillary force acting on the moving platés the liquid radius on the
solid surfaceh is the liquid heightg is the surface tension of the conductive liquid,

and 6, is the apparent contact angle.

Table 3.1 Design Parameters

Parameter Value
\oltage 20V
Dielectric constant of the dielectric layer 3.8
Dielectric layer thickness 30 nm
Dielectric constant of the hydrophobic layer 1.8
Hydrophobic layer thickness 30 nm
Surface tension of the conductive liquid 50 mN/m
Gap between two plates 100 pm
Radius of the squashed conductive liquid 546 um
Volume of the conductive liquid 0.1 puL
Length of the central mass square 2 mm
Total force on the moving plate 1.35 mN

The major design consideration is how to fabrieateleased top platen structure,
i.e. the suspended structures connected with thigatanass square. Considering the
microfabrication technologies available in our desom, we employed a bulk

microfabrication technology. Silicon on Insulat@Cl) wafer is a good choice to
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release a structure with a controllable thicknessgithis microfabrication technology.

Taking into account available device layer thiclsgssin commercial SOI wafers, and
the mask resolution for the photolithography stép, thickness and the width of the
suspended structures were chosen jas &nd 3Qum respectively. To select the length
of the suspended structure, we were guided by Neddmi’s design chart [33]. The

CFA will produce a sufficiently large force, resny in a significant out of plane

displacement which precludes the use of linear beéeaftection equations to calculate
the necessary beam length; the linear beam modanig accurate when the

displacement is small.

We determined on the beam length using nonlineambéheory and Finite
Element Analysis (FEA) simulation. Beam nonlineaig largely due to two effects:
intrinsic material nonlinearity (the stress/stregtation is nonlinear), and the extrinsic
geometry nonlinearity due to the constrained gepmé€inly the extrinsic geometry
nonlinearity is important in this CFA design. Theaim sources of the geometric
nonlinearity are large axial stress and large geéomdeflection. It has been shown
that the geometric nonlinearity arises at a verglsalisplacement (less thanin)
compared with the thickness (@n) of a fixed-fixed beam (20Am long and 2Qum
wide) which is widely used in MEMS structures [6B].[63], Qi demonstrates that the
large axial stress is an important source of genmebnlinearity based on ABAQUS
simulations. When this geometric nonlinearity osguithe beam acts as a stretching
string. Here we also notice this geometric nonlittgdbased on ANSYS simulation

results, see Fig. 3.2. The fixed-fixed beam is@0long, 1um wide and Ium thick. It
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shows that the beam has this stretching stringwi@hahen the displacement is about

5pum.

DISPLACEMENT ?

STEP=1
3B =1

TIME=1 FEB & 2013
DME =5.00001 18:57:36

Fig. 3.2 ANSY S simulation result (The fixed-fixed beam is 20 um long, 1 um wide and 1 um thick
under a central point force. The beam has shown the streching string behavior when the
dispalcement isabout 5 um.)

Based on the discussion about the geometry nonilipeand FEA simulation
results, we calculate the beam length based omé&xémum out of plane displacement

(30 um) predicted by design chart in [33].
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Fy

Fig. 3.3 The geometry of a defor med beam having a streching string behavior

The dimensions of the beam can be estimated usenfpliowing equation,

F, = EAgsin®@ B
HereE =180GPa, the Young’s Modulus of SiA=bh=90u", the cross sectional
area;b =30um, the beam widthh =3um, the beam thickness;is the axial strain of
the beam, andis the angle shown in Fig. 3.3. Based on the gedcnetiationship,
the beam length is aba2@5m.

After the initial design of the suspended beam, m@ve to mask design and
fabrication process steps. However, because wadrgty encountered crack failure in
the beam gap region during the Xeftching step, we designed a series of masks with
different beam length in order to optimize the bdangth. The mask included beam
length ranging from 20Qum to 350 um. Finally, we identify the optimized beam
length at about 250m.

After the design of the suspended beam structunes p platen, simulation is
done by ANSYS, see Fig. 3.4. We choose elemeid 486 for a central mass and
element shell 63 for beams. Young's modulus is G8&a and Poisson ratio is 0.27.
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Fig. 3.5 shows that the simulated displacementovse of both single-beam and two-
beam designs connected with a central mass. Tecengnsimulation time, we only
simulate the quarter of a top platen structureesihis symmetric. From the simulation
results, we can tell that the force/displacemetfdtimship is nonlinear, and results
confirm the approximation used in our design of thespended structures. The
displacement of the single beam is double as th#teodouble beam structure when
the force is smaller than 3N. The geometry nonlinearity is apparent in eanven
the force applied to a single beam structure. Tineulation results indicate the

feasibility of our design.

s /0SYS

MRR 15 2013
19:42:46

Fig. 3.4 A quarter of the suspended structure on thetop platen

34



DISELACEMENT ?

STER=1
5B =1
IIME=1 MRR 15 2013
DMX =.131E-04 20:37:57

Fig. 3.5 ANSYS smulated results of deformed beam showing a nonlinear behavior like a
stretching string
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Fig. 3.6 ANSY Ssimulated results of displacement vs. force of the suspended structures
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3.2 Mask Design

In order to optimize the flexure design, a seriégest beams with different
lengths and shapes were designed and microfaltjcsee Fig. 3.7. Fig. 3.7 (a) is the
back side mask. The five CFA top platen elemergs2zamm square in the center and
the gap width is about 20m considering the isotropic etching property of Xakd
the wafer thickness. Two group marks near the edgdor the double side alignment
in the later steps. Fig. 3.7 (b) is the mask fantaot pads on the top side of a wafer.

Fig. 3.7 (c) is the top side mask. Fig. 3.7 (dHostrate various flexure designs.

(@) Themask for a CFA top platen (b) The mask for contact pads
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Several patterns are shown in (d)-(h)

(c) Themask of thefront side (d) Pattern 1

(e) Pattern 2 (f) Pattern 3
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(g) Pattern 4 (h) Pattern 5

Fig. 3.7 Masks for defining the top plates of the CFA (beam dimensions in c-h: length-250 pum,
width-30 pm, thickness-3 um)

Finally we choose the design of Fig. 3.7 as it kitbd the best fabrication yield
rate and mechanical behavior.

After characterizing the first generation CFA ptgpe, we subsequently
redesigned our mask to increase the fabricatiold gied achieve a larger out-of-plane
displacement. Fig. 3.8 is the final mask for theosel generation CFA prototype. We
increased the five CFA top platen elements to amethe same size SOI wafer). To
get a larger out-of-plane displacement, we redbheeeight beams to four at each
element to make the plates more compliant. Otheedsions are the same as those in

Fig. 3.7.
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Fig. 3.8 Mask of the second generation CFA prototype of top platen (Beam dimensions. length-250
pUm, width-30 pm, thickness-3 um)

3.3 Summary

The CFA designd based on previous electrowet test results, the design ch
of Nezamoddini [33and fabrication factorsSpecial effor$ are given to the design
a top platerby making use f nonlinear beam theorgnd FEA simulatio. ANSYS
simulation resultconfirm the nonlinear relationship between théesplacemer and
applied force.Then the design of mas for different CFA prototypesds discussed
considering fabricationissues (includingyield) and mechanical behaviorThe

fabricationprocess is explored in the next chag
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4 Fabrication

This section describes the fabrication processhef@FA prototype. The whole
structure of the CFA prototype is shown in Fig..4t1s a sandwich structure including
two plates and a conductive liquid between these filates. The top wafer contains
the moving part is referred to as the top plateth@ther one is called the bottom plate.
Each plate consists of a thin dielectric layer arttiin hydrophobic layer. Two plates

were fabricated first and then assembled together.

Support structure _ Conductive Liquid _ Cytop

Fig. 4.1 Prototype design of the CFA

4.1 Fabrication of the Bottom Plate

A 2 inch Si wafer with p type dopants is used &sdiectrode. A 30 nm thick S}0
layer is thermally grown on Si wafers in a rapiérthal annealing (RTA) machine at

1100°C degree for 10 mins with 100 sccm flow rdt©o In order to cut this 2 inch

40



wafer to a size small enough (5 mm square, thelemai wafer in Fig. 4.2) to fit the
assembly process, photoresist is spun on the Srveaf2000 rpm for 30 s, baked at
100°C for 2 mins, and cut. The small wafer is rihaéth acetone, DI water, and dried
with N.. A 30 nm thick hydrophobic layer (Cytop [59]) lseh spun on the Spdayer

at 2000 rpm for 30 s and baked at 170°C degreg fayur after waiting for 5 mins at
room temperature. To obtain a good electrical atinthe native oxide layer on this Si
wafer is removed first using buffered oxide etch@BOE). A thin Au layer is
deposited on it by electron beam evaporation. Aexbaiire is fixed to the Si wafer by
conductive epoxy 8331 from MG chemicals and cuteth@m temperature overnight.
We paint a Galn metal liquid onto the back of #wgér Si wafer and sit it onto this big

Si wafer. A final view of the bottom plate is shownFig. 4.2.

=l 1 Ic

Fig. 4.2 A schematic figure of the bottom plate assembly showing method of electrical contact

4.2 Fabrication of the Top Platen
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To produce a structure that is both thin and snmaBize, there are two major
fabrication approaches—bulk and surface fabricati@onsidering our clean room
capabilities, we decided to use a bulk method twidate the platen structure. A
silicon-on-insulator (SOI) wafer is advantageoustfos considering the accuracy of
the thickness control for the flexures. Here, vatsith a 3 um thick Si layer (device
layer), a 1 um thick buried SyQayer (the buried oxide layer), and a 400 um tt8ck
bulk layer (handle layer). We explored both wet afrg etching techniques for

performing the bulk release etch.

4.2.1 Wet Etching Method

After the mask design of the top platen, we filsbse to pursue the wet etching
method since it is usually a fast and easy wayt¢h the Si bulk. KOH (Potassium
hydroxide), TMAH (Tetramethylammonium hydroxidendaEDP (Ethylenediamine
pyrocatechol) are three chemical etchants for ®weéVer, the selectivity between
SiO; and Si is small when using KOH etchant; EDP isagive; and we did not obtain
consistent results using TMAH. Therefore, we turteed dry etching approach for the

bulk etch process.

4.2.2 Dry Etching Method

XeR,; is a dry, plasma-less, and fast etchant for Shiegc However, it is an
isotropic etchant so we need to parameterize ttterate of Si in Xef: In order to get

a beam with a length of 250 um, we need to lapotek side of the SOI wafer to an
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optimized thickness taking into consideration thetriopic property of Xefand the
mask resolution limit. A series of SOI test wafevere used to parameterize the
etchant rate. To optimize the etch rate, the gagthmof the beam structure, and the
SOI wafer thickness, several test samples withewdfit thicknesses and gap widths
patterns were etched in XgR\Ve finally converged to a process employing a 60
thick SOI wafer with a 3(um wide initial gap.

A reproducible fabrication process of the top plaaéong with the optimized etch
rate and thickness is shown in Fig. 4.3. Fig. 4Bi$¢ a color guide for different
materials used in the whole fabrication flow. Hg3 (b-I) only show major steps of

the fabrication process. Detailed fabrication resipre described in Appendix B.

| | ]
Si SiO, Photoresist

| I I | I
Al Cytop Wax Glass slide

/ 30 nm SiQ

<« 3umSi

¥~ 1um Sio,

<«— 400pum Si

(b) Thermal growth of SIO, on SOI wafer

The SOI wafer is put into the rapid thermal anmgplmachine and heated at
1100°C for 10 mins with 100 sccm flow rate of @he SiQ is thermally grown on the
SOl wafer.
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/ Glass
/ Photoresist

‘«——— 30 nm SiQ

(¢c) Lap Si substrateto 100 um \

The SOI wafer is then cut to a linch square anddfixo the lapping glass

100um Si

substrate (with the device layer facing down). Ttiek SOI bulk layer is then lapped
to 100 um thick. The reason we want to lap the B&fer is that the isotropic etching

property of the Xefin a later step must be considered.

30 nm SiQ

/3 pm Si
<+——1pum SiG,

<+——100pm Si

™~

(d) BacksideAl deposition 200 nm Al

After the SOI wafer is lapped to 100 um thick, thafers are released from the
glass substrate. A 200 nm thick Al layer is depabiin the back side of the SOI wafer

using electron beam evaporation equipment.
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00 nm Al

/Photoresist

100um Si
\200 nm Al
Photoresist
(e) Contact patterning, deposit Al
Glass

(e2) Contact patterning mask for step (€)

With the SOI wafer fixed to the glass substrategfase of handling, the top side of
the SOI wafer is patterned using photolithograpflye SiQ is etched in BOE and

rinsed in DI water before 200 nm thick Al layer is deposited on the top side.
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30 nm SiQ
— ——— /

<«——3umSsi

<«—— 1um Sio,

<«———100pum Si

200 mAl

(f) Thetop view of theAl liftoff

The contact pads are patterned on the top sidaeoSOI wafer by the lift off

photolithography in heated N-Methyl-2-pyrrolidorié¢MP).

/Glass
/Photoresist

—

3umSi
1 um Sio,

\
———[— v'sloo“m s

\ 200 nm Al
Backside patternin
@ P g Photoresist

—>
—>

(92) The mask for backside patterning
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The back side of the SOI wafer is patterned by g@itbhbgraphy after the SOI
wafer is fixed to a glass slide. Then the Al laigewet etched in a commercial Al type
D etchant. The Al layer here defines marks as mtrés are used for double sided

alignment.

Glas:

/ Photoresist
30 nm SiQ

"\200 nm Al
(h) Backside XeF2 etch through Si substrate

Photoresist

Just before we put the SOI wafer in the XdRe wafer except the 5 oreements
in the middle part is protected by a HF resistapet The wafer is etched with 20

cycles (each cycle takdsminute).
lass

Photoresist
30 nm SiQ

/ 3um Si

«——— 1um Sio

<«— 100pum Si

] —————— 200 nm A
(i) Buried oxide etch \

Photoresist

The SOI wafer is dipped in BOE for one hour to remt¢he 1 pum thick buried

oxide layer. Then the tape is removed in acetodenaated NMP.
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Photoresist

/30 nm Si
:?Spm Si

- 1M SO
<«———100um Si

"sPhotoresist

(1) Electrode/suspension pattern definition
Glass

(12) Mask for electrode/suspension pattern definition

The top side of the SOI wafer is again patternedguthe EVG 620 double side

Photoresist
/ 30nm Sio
/ 3um Si
é 1 um Sio,
<«—100pm Si

200 nm Al

:s Photoresist

(k) Etch Silayer in SFg
Glass

aligner. The thermal of Sids etched using BOE.

The silicon device layer is etched in asPkasma to produce the final structure.
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Cytop

/30 nm SiQ
A‘éa um Si

(1) Spin hydrophobic Cytop film 200 nm Al
Fig. 4.3 Fabrication process of the top platen

After the SOl is released in heated NMP, the hydodyic Cytop layer is spun at
1000 rpm for 30 s on the top side of the SOI wafet baked at 160°C for 30 minutes.
A scanning electron microscopy (SEM) view of thp pbaten is shown in Fig.4.4.
We firstly began with an eight-beam structure tondastrate the functionality of a
CFA, see Fig. 4.4 (a). Then, we redesigned ouptan with a four-beam structure to

increase the out of plane displacement, Fig. 4.4 (b

[
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EHT = 3.00 kV Signal A= InLens Date :9 Jan 2012
WD =13.3 mm Photo No. = 833 Time :16:43:00

EHT = 3.00kV Signal A = InLens
WD=10.2mm Photo No. = 837

Date :9 Jan 2012
Time :17:24:15

(b)
Fig. 4.4 Scanning Electron Microscopy (SEM) images of the true top moving platen (a) The first
generation prototype of a CFA top platen. (b) the second generation prototype of a CFA top
platen

4.3 Assembly Processes

4.3.1 Evapor ation Tests

Before we assembled the top and bottom plates,aenfermed evaporation tests to
optimize the ratio of electrolyte to propylene gicUsing comparable volumes of
different liquids on the same bottom plate, untierdame environment conditions, the
results (Fig. 4.5) show that the drop evaporatesemapidly with lower concentration
of PG. Though the DI : PG=1 : 2 solution has tloevelst evaporation rate. Instead, we
chose a 0.05 M N&0QO, 1:1 DI-PG volume ratio for use in subsequent expents

since both the evaporation rate and its dropletigotivity must be considered.
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Fig. 4.5 Evaporation tests of various conductive liquids

4.3.2 The Top Platen Assembly Process

The final prototype is illustrated in Fig. 4.6. Aftthe fabrication of the top
moving platen, the SOI wafer is fixed to a PDMSI{Eonethylsiloxane) layer on an
Acrylic plate using super glue. A cold curing contive epoxy is bladed on a 25 um
thick Al foil by using two 25 pm thick Kapton filmas spacers. The end with the
bladed conductive epoxy on the Al foil is stuckhe Al contact pad. The other end of
the Al foil is anchored to the Acrylic plate usiagper glue. A length of coated wire is
fixed to the top side of the Al foil with conductivepoxy.

After the successful fabrication and characterwatof the first generation
prototype of the CFA top platen, we modified theeasbly process to provide greater
protection to the fragile platen wafer during assgmThree small pieces of foam
replaced the PDMS layer to act as a flexible supgddris allows the spacers to set the

alignment between the platen and the stationaremsaivithout the development of
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stress concerdtions at points of coact, Fig. 4.7. We used bofitastic micr-beads

(diameter 100 umand lapped wafe as spacersthe former has the advantage

being more robust to any curvature of the top pl

Polycarbonate (3 mm)

[ 1]
|:| Foam (2-3 mm thick)
|
1

Epoxy

Silicon On Insulator (SOI)

Fig. 4.7 Schematic figure of the second generation CFA prototype fixed into a piece of
Polycarbonate

4.3.3 The CFA Device Assembly Process

We use a flip chip” method to assemble the tq@aten andbottom wafers
togetherto form a completed actuator, sFig. 4.8.The top and bottom wais are

aligned usinga microscopeand linear translation stagebirst, theliquid drop is



deposited on the bottom plate using a micropip@te pL to 0.5 pL). The top platen
wafer is then positioned close to the bottom péate the platen square is aligned with
the drop. Finally, the bottom plate is moved umgsihe microscope fine focus knob
so that the sessile drop contacts the platen sqadoem the liquid bridge. The entire
process is recorded by a side view camera attach second microscope. A frame
from this view is shown in Fig. 4.9 to illustratbet assembly steps. During the
assembly process, we can tell the focus image tkensare the completion of the
assemble process. Several different types of spagere used during this research.
For early tests, 100 mm insulated wafers were tsedntrol the distance between top
and bottom wafers. Later, 100 mm polystyrene mieaals were used. These were
deposited in solution via micropipette on eithege top or bottom wafer. We found
ultimately that this was achieved more successiullthe following manner, see Fig.
4.10. On the bottom plate, we patterned photordgisten in Fig. 4.10) to form
“landing zones” for the beads. We then dispensed#ads (black in Fig. 4.10) on the
zones to act as spacers. The photoresist proviagscgion to avoid scratching the
hydrophobic and dielectric layers during the precefsdispensing beads, and thereby

creating an electrical path.
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Fig. 4.8 A schematic picture of theflip chip assembly process
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Fig. 4.9 A video frame of the assembly process
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Fig. 4.10 Final method for dispensing microbeads on a bottom plate, photoresist landing zone
shown in green

4.4 Summary

This chapter describes the fabrication process ©FA prototype, consisting of a
bottom fixed wafer and a top moving platen wafdre Fabrication of the top platen
wafer is based on bulk microfabrication technoloflye parameters of several major
steps were characterized so that the fabricatioogss is reproducible. Finally, the flip

chip assembly process of a CFA prototype is desdrib
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5 Characterization of CFA Prototypes

Following the fabrication of CFA prototypes, we chaerized their performance,
in particular the displacement as a function otage, and the generated force. In this
chapter, we describe the displacement measurermstieins and discuss how the force

can be inferred from the mechanical behavior.

5.1 Characterization Systems

5.1.1 Displacement M easurement System

We considered a number of approaches to measunegCFA displacement,
including contact methods, capacitive sensing, anqtical techniques. After
considering the available laboratory equipment facdities, we chose a non-contact,
optical method to measure the displacement.

A test platform for measuring the displacementef €FA prototype was set up as,
shown in Fig. 5.1. This system consists of an OlysnBHM microscope with a
Panasonic GPKR222 camera, linear translation stageP3631A power supply and
a Fluke 45 multimeter. Labview software is usegitoultaneously control the voltage
level and monitor the leakage current. Displacenex® monitored using a fiber optic
reflectometer from Luna Innovations, Inc., operatesl an extrinsic Fabry-Perot

interferometer.
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Fig. 5.1 The static displacement measurement platform, version 1.

After obtaining initial results, we encountered wber of experimental issues
which needed to be addressed. These included afoedhtkxible multi-axis stage
control, a stable but adjustable fixture to posittbe optical fiber, improved sample
illumination, and an additional camera to recoré tmuid bridge from the side.
Considering these factors, we set up an improvsglattement measurement system,
illustrated in Fig. 5.2. The improved setup in@ada goniometer stage for the CFA
bottom plate, and a new side view camera. The gostier is used to maintain parallel
alignment of the top and bottom plates during asdgnThe side view camera and
associated optics provide a way to record thedigliop bridge during alignment and

actuation.
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Fig. 5.2 The static displacement measurement platform, version 2.

5.1.2 Force M easurement System

After the fabrication of the top platen, we chaeaieed the nonlinear
force/displacement behavior using a specializetiungent. The mechanical properties
of the top platen were measured using an MTS Imstnis nanoindenter with a
dynamic contact module (DCM ll) and a Berkovichrdand tip. These measurements
made use of the nanoindenter instrument in Profithda Begley's laboratory. (We
acknowlede the assistance of Prof. Begley and @Gdskins for access to and use of
the MTS machine.) From combining the experimentahsurements of displacement
with the nanoindenter characterization, the forecedpced by the CFA can be

estimated from the measured displacement of thelaipn.
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5.2 Displacement M easurement Resultsand Analysis

5.2.1 Static Displacement M easurement Resultsand Analysis

For the static performance of the CFA, we are edtad in the displacements at
different DC signal levels. In these tests we usednge of 0-40 V.; this was based on
the results of our previous electrowetting expentae The static displacement was
tested with both the first and second generatiatopypes of the CFA; these differed
in having eight or four support flexures on the faaten, respectively, but were
otherwise identical.

After the assembly of a top platen and a bottonepltests were done twice
without separating the top and bottom plates. Bash was done by scanning the
voltage from O to 40 V and back to 0 V with a std@ V. Each voltage level was

maintained for 3 s. Typical results are illustraitedrig. 5.3 to Fig. 5.5.
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Fig. 5.3 The static displacement vs. voltage (The first generation prototype of CFA, the test was
done on the same assembly)

59



—increaéing voltage

5 e Lo decreasing voltage| - /
£ 1 1 1 /
> S S Y A
I —— B 7
E ; i ;
X .. 3b 55 SRRERRE ke ]
s | | 3

e it e o :

) ; ; ;

0 10 20 30 40

Voltage, V
Fig. 5.4 The static displacement vs. voltage (increasing voltage and decr easing voltage, 1st test)
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Fig. 5.5 The static displacement vs. voltage (increasing voltage and decr easing voltage, 2nd test)

Fig. 5.3 shows the maximum out of plane displacdgnseabout Sum when a 40

V potential exists between two plates during tingt fiest. The maximum displacement
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of the second test done with the same assemblyastal um when the same 40 V
potential is applied. The reason for the different@y be due to the contact angle
hysteresis such as that shown in Fig. 5.4, or & s@akdown of the dielectric layer.
(By ‘soft’ we mean a low leakage current which aainbe measured by the Fluke 45
multimeter, which has a resolution of about 100) Fig. 5.4 and 5.5 show how the
out-of-plane displacement changes when the voltageases from 0 to 40 V and then
back to 0 V. The difference between 0 volt disphaeets before and after the test is
about 1.2um in the first test (Fig. 5.4) and the QuB in the second test (Fig. 5.5).
This behavior may be due to the contact angle hasite of the hydrophobic layers,
trapped charge, and/or evaporation. This trappadgehphenomenon has been seen in
electrowetting experiments by other researcherg [51

Tests were also done by using the same top platerdifierent bottom plate
samples. The applied voltage signals were the sanbefore. Results of such tests are

shown in Figs. 5.6 and 5.7.
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Fig. 5.6 The static displacement vs. voltage (The first generation prototype of CFA, the test was

done on a different bottom plate)
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Fig. 5.7 The static displacement vs. voltage (increasing voltage and decr easing voltage)

From Fig. 5.6, we can see that the maximum displace is about 3.8m when
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40 V potential exists between two plates. The difiee between the displacements is
due to two factors. One source is the inabilityptecisely control drop volume and
gap from one assembly process to the next. A setactdr causing differences is
changes to the top platen during the first testhSthanges are indicated in Fig. 5.7
which shows the hysteresis of displacement is alibdtpm when the voltage
increases from 0 to 40 V and then back to 0 V.

In these tests, the uncertainty represented byeth& bars on the graphs is
calculated based on the standard deviation ofaligphent at each voltage level for the
3 s duration. The deviation is probably due to mmnental factors like temperature
change and air flow in the lab, along with quabfythe interference pattern obtained
from the platen.

Fig. 5.8 is a displacement result of first generafprototype of a CFA compared
with that of a semi-analytical model. The CFA foinethe semi analytical model is
calculated based on the contact angle observedhgwgiectrowetting tests. The
displacement is then determined from the force gusihe displacement-force
relationship obtained from the nanoindenter expenits. The only unknown variable

that is used to adjust the fit of the model isdhaplet volume.
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Voltage, V

Fig. 5.8 Static displacement vs. voltage of the first generation CFA prototype. Black crosses are
experimental results; the green curverepresentsthe semi-analytic theoretical result.

The maximum displacement of abouuf® at 40 V is considerably larger than that
obtained with a comparably sized electrostaticaotuoperating at the same gap: 0.4
pm at 40 V. The reason is the force produced by A €fnuch larger than that of a
similarly size electrostatic actuator, as descriipelign. 1.3 in Chapter 1.

To achieve an even larger displacement, we chatigestructure of the top platen
by reducing the number of beams, so as to makerie mompliant. Fig. 5.10 is a test
result of displacement done on a second generatioiotype of CFA. The tests are

done in the same conditions as previously discugb€ilvoltage, drop volume and

gap).
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Fig. 5.9 Static displacement vs. voltage for first and second generation CFA prototypes

Fig. 5.9 shows the displacement of a second geaeratototype is about gm at
18 V while it is about 1um in the first generation CFA prototype. (In fathe
maximum out of plane displacement was observec tagproximately 1m at 40 V
for the second generation prototype. Unfortunatgignificant leakage current was
recorded for applied potentials greater than 18e¢ Fig. 5.10. These results were

considered to be unreliable so are not publisheel he
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Fig. 5.10 The leakage current vs. voltage (The second generation prototype of CFA)

5.2.2 Dynamic Displacement M easurements

5.2.2.1 CFA Dynamic Displacement Measurementsat 1 Hz

Dynamic tests were performed with the same displ@ceé measurement setup,
but with different time modulated signals. We udexbview to control a National
Instruments (NI) myDAQ card connected with the afigslto produce various signals.
For example, AC signals were employed with an angdi sweeping from 0 to 30 V
or (40 V), and then back to 0 V. These AC signals were tesfieu frequencies of
either 1 or 1000 Hz. We observe that electrowettiaug follow an AC signal at 1 Hz;
the resulting displacement is at twice the freqyesioce the actuation is proportional
to the square of the applied voltage. However ttog dhows a quasistatic behavior
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when an AC signal at 1 kHis applied. This frequency is too high for the
electrowetting to follow the applied field; the pemse is thus related to the rms value
of the signal. From the displacement results usihey1l kHz signals, we observe

actuator performance similar to the DC results.sTiasult is consistent with the

dynamic electrowetting test results described iaftér 2.

Results shown in red in Fig. 5.11 illustrate displaents using 1 HAC signals.

In this experiment, a sinusoidal voltage is appliedh the amplitude increasing in 1V
steps from 0 to 30 V and back to OBach voltage level is held for 1 s; i.e., a 1 \dlpe
sinusoid for the first second, 2 V for the nextaet; etc.. The maximum displacement
of a CFA is about 2im. The gap is estimated to be about po@ All dynamic tests
were done on the second generation prototypes.

Also results shown on this graph are the displacésnebtained when the device
is operated in electrostatic mode in blue, withautiquid drop. In this case, the
maximum displacement is about Quéh. From these results we can tell again that a
CFA can provide displacements more than 10 timeatgr than that of a comparably
sized electrostatic actuator. In both cases thpubudisplacement signal is at double
the frequency of the input voltage, which is expdcsince an attractive force will
result regardless of the voltage polarity.

The CFA displacements in Fig. 5.11 (red curve)nshn asymmetry between the
positive and negative half cycles. Available evickerstrongly supports that this is
caused by an internal voltage drop generated inbielesemiconductor substrate, this
drop acting as a DC bias. To investigate this &ffge fabricated CFAs where both the
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top and bottom plates are P type wafers and amatteconfiguration, described next.
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Fig. 5.11 The dynamic displacement vs. time (b isa zoom in part of pictureafrom 12 sto 22 s)

A simple equivalent electrical model for the CFA tsvo metal-oxide-
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semiconductor (MOS) capacitors in series. Sinceameusing semiconductor wafers
as the substrate electrodes, the applied voltaljéewd to accumulate one surface and
deplete or invert the other when both wafers aeestlime conductivity type (P or N
type). However, if the wafers are opposite conditgtiype, they will both accumulate
for one voltage polarity, and both will depleteimvert synchronously for the opposite
voltage polarity.

CFA prototypes were fabricated using P type silie@ier for the top platen and
an N type wafer for the bottom plate. Results &a@a in Fig. 5.12. Here we applied
a 1Hz AC signal from 0 to 50 V and back to 0 V. Timaximum out of plane
displacement was approximately aboufir corresponding to a 34 V peak to peak
signal. At higher voltages, an electrolysis waseobsd in the video image (indicative
of high leakage current) and a corresponding retldcgplacement is also seen. From
the video it was also observed that the contaetwas pinned at one side, i.e. only the
curvature of the other side of the bridge appeaoedhange. As a result, the force
produced by this CFA would seem to be reduced tiaguin only 2um out of plane
displacement at 19 Vs (Vims.707*Vac). An analysis of the peak asymmetry in this

configuration is described later.
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Fig. 5.12 The dynamic displacement vs. time (The second generation prototype of CFA, b isa
zoom in picture of a, thelabel isthe AC amplitude)

Two interesting phenomena were observed duringtéisis see Fig. 5.11-Fig. 5.12.
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First, the number of peaks in displacement perecyélvoltage changes. At a lower
voltage level, only one peak per cycle occurs. ighér voltage, peaks per cycle occur.
We believe this is caused by the wafers beingfiierdint modes during the cycle: both
top and bottom plates in inversion or both in acelation. So the voltage drops in the
wafers are different during the cycle in respormsditferent modes.

The second phenomenon is the failure of the disph@nt to return to zero when
an AC polarity is switched. This only happens whHeAC amplitude is larger than 15
V. It may be due to the ion charges trapped inpblymer and that cannot respond

quickly to an AC signal.

5.2.2.2 Dynamic Displacement Tests of both Electrostatic Actuatorsand CFAs

Following the AC tests, we design additional tesis understand the peak
displacement asymmetry in the CFA dynamic respoNde.did electrostatic tests first
with pure AC signal at 1 Hz. The amplitude of eacltage was kept constant for 3
seconds. Results of Fig. 5.13 showed that two peakne period were the same no
matter what types of wafers were used as bottorregldn electrostatic mode, the
capacitance of the depletion or inversion laydaige compared with that of the gap
between two plates. Therefore, the voltage draggntgely across the air gap between
the two plates. No asymmetry is observed sinceppoegiable voltage is dropped in

the semiconductor layers.
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Fig. 5.13 The dynamic displacement of an electrostatic actuator vs. time (both top and bottom

platesare P type, AC: 0-40V, 1 Hz; b isazoom in picture of a)
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We also did tests with AC plus a DC bias to segbefe was any influence of DC



bias on the two peak pattern for an electrostaticador. We incremented the AC
amplitude as before, but simultaneously appliedxedf DC bias. (The AC voltage
amplitude was incremented in 1steps every 3 s as before.) We noticed that thase w
only one peak per cycle at lower voltages and tivem peaks per cycle at higher
voltage, see Fig. 5.14. This makes sense sinceglaemhAC voltages the net applied
voltage reverses polarity, generating a doubledef@t the frequency response, while
at low AC voltage, the polarity does not reversgomparing this with the results in
Section 5.2.2.1, we see that the peak asymmetrypeayualitatively accounted for if

there is a DC offset in the system.
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Fig. 5.14 The dynamic displacement of an electrostatic actuator vs. time (Top plate is P type and
bottom plateisN type, AC: -30-0V, 1Hz, DC: -5V)

We did tests on CFA prototypes (both P-P and Piigorations) with an applied
AC signal plus an adjustable DC bias. The DC bias wdjusted to remove the
asymmetry in the peak displacements on each helécyhe tests were repeated with
different AC amplitudes (7 V, 10 V); the same DGsef was found to equalize the
peak displacement in each case. We found thatD@isoffset was about 0.32 V for
tests with a P type top moving platen and an N §jpeafer as a bottom plate, see Fig.
5.15. The graph shows the DC bias being switchedtdan= 33 s; applying the DC
offset removes the displacement asymmetry. Thisevéd consistent with expected
voltage across an inverted silicon electrode.

The DC bias needed to equalize peak displacement €FA prototype using P
type Si wafers as both plates is abeD8 V. The magnitude of the asymmetry is
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smaller in this case since, unlike the P-N case PP configuration has one electrode
deplete or invert on each half cycle. The nonzesoremetry is likely due to variations
in dopant concentration for the two wafers; the ewa$pecifications allow the
resistivity to vary over an order of magnitude rang

Based on these results, we believe the use of saductor electrodes will
adversely impact the operation of a CFA by intradga DC offset and also a series
depletion capacitance which serves to reduce thikage applied across the
dielectric/hydrophobic layers. This suggests thattah materials, which unlike

semiconductors will not deplete, should be expl@ag€FA electrodes.
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Fig. 5.15 The dynamic displacement of a CFA vs. time. Thetop plateis P type and bottom plateis
N type AC: 7V, 1Hz TheDC biasiszerofor t <33 s; for t >33 sthe DC biasis: 0.32 V.

5.2.2.3 CFA Dynamic Displacement Measurementsat 1 kHz

Tests were conducted using AC signals at 1 kHz watiplitude values sweeping
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from O to 40 V (i.e. up to \i=28 V). We observe a quasi-static displacement\ieha
as expected, see Fig. 5.16. The results show tmatntaximum out of plane
displacement in the tests was about drd for a CFA but only about 0.@m for an
electrostatic actuator with the same gap, approein200um. When the AC signal
is at this higher frequency, the behavior was simih several tests conducted: AC

only, AC plus constant bias, AC plus variable bses Fig. 5. 17- 5. 18.
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Fig. 5.16 The dynamic displacement vs. time (The second generation prototype of CFA, AC 0-40V
@ 1kH2)
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Fig. 5.17 The dynamic displacement vs. time (The second generation prototype of CFA)
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Fig. 5.18 The dynamic displacement vs. time (The second generation prototype of CFA)
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5.3 CFA Force Estimation

Using the nanoindenter results discussed in Sedidr?, we determined the
relationship between applied force and platen diggghent. The experimental results
are shown in Fig. 5.19 along with the simulatiorsutess from ANSYS. These
experimental results are useful in estimating haweimforce was generated by a CFA

prototype using the displacement data.
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Fig. 5.19 The ANSY S simulation and nanoindenter experimental results of the static displacement
v.s. theforce (thefirst generation prototype of CFA)

After obtaining 5um displacement of the first generation CFA protetygwith
double flexures), we can estimate the force geedrdby the actuator was
approximately 20QUN. This value is considerably larger than that picstl by the
equivalent electrostatic actuator: onlyuBl for the same applied voltage. Since the

second generation CFA prototypes had the sameguoafion only greater compliance,
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the force should be similar although the displacgnveould be different. From the
results in Fig. 5.9, we observe that the displacentd the second generation
prototype of CFA increases dramatically compareth what of the first generation
CFA prototype under the same force. For exampke fdhce corresponding to aun

displacement of the first generation prototype parduce 4.5um displacement of the
second generation prototype. The estimates of faweesponding to a given
displacement is thus consistent with the results oaf static displacement

measurements of both first and second generatiénp@iotypes in Fig. 5.9.

5.4 Summary

This chapter focuses on the characterization ofFA @ terms of displacement
and force. It begins with a brief introduction afrccustom displacement measurement
system based on interferometry. This system is ad®al for assembling the top and
bottom plates. For force characterization, we ws@dnoindenter system to obtain the
displacement vs. force relationship. We can esertta force produced by the CFA by
reading the displacement vs. force curve givenxgemmental value of displacement.
We performed tests of static displacements of Bodhand second generation of CFAs.
The maximum out-of-plane displacement is aboutrbat 40 V applied for two plates
of a first generation CFA. The displacement ofskeond generation CFA can reach 5
pum just at 18 V compared dm with the same voltage applied to the first getena

CFA. The dynamic displacement results show thaffA @sponds synchronously with
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an AC signal at 1 Hz while it has a quasistaticavedr when an AC signal at 1 kHz is
applied. The dynamic displacement is aboyin® at Vac=34 V applied to two plates
of a CFA while it is about 0.22m with the same voltage applied to a similar size
electrostatic actuator. From the force test, wanege the CFA can produce about 200
MUN force while just 3uN force would be produced by an electrostatic dotuaith
similar dimensions. These results experimentallynalestrate that our CFA can
produce both considerably larger forces, resuliting larger out of plane displacement

compared with the similar size electrostatic adtsat
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6 Conclusions and Future Work

This chapter summarizes and concludes the dissertaind proposes future

avenues for this CFA research work.

6.1 Conclusions

A new type of microactuator, CFA, was designed, rofabricated and
characterized in this work. A theoretical analysfsthis structure shows that, for a
given electrode size, the CFA can deliver signiftba greater forces and longer
actuation strokes than comparably sized electiostatuators. Also, the CFA can
work with considerably larger electrode gaps (1@ with applied voltages in the
tens of volts, much less than would be requiredafiorelectrostatic actuator with a
comparable gap.

A CFA was designed based on the design chart messeoy Nezamoddini,
nonlinear beam theory, and FEA simulation. We dgwedl a microfabrication process
for a top platen using bulk micromachining of acsih-on-insulator (SOI) wafer
lapped to a thickness of 1@@n. The platen and supporting flexures are definetthe
3 um thick top silicon layer using double-sided phikamlgraphy and bulk silicon
etching in Xek. The top plate, supported by flexures (2&0 long, 30um wide and 3
pum thick) was successfully released. As a resulf tregmit the platen to move in the

direction normal to the silicon surface. Both tineedl, bottom plate and the moving
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platen are covered by a 30 nm thermal Sil@lectric layer and a 30 nm spin-
deposited amorphous hydrophobic fluoropolymer (C¥P)Qayer. The actuator is
hand assembled after depositing a nominauQ.tirop of electrolyte (Ns&5O, water /
propylene glycol solution) on the fixed electrode.

Prior to the CFA assembly, the platen structure wharacterized using a
nanoindenter and also simulated with finite elenmodeling (ANSYS); the force-
displacement characteristics are nonlinear. Aotuperformance was assessed by
applying voltage and measuring the displacementhef platen with a broadband
source interferometer (Luna FiberPro2). The maximdisplacement of the first
generation prototype observed, approximatelyr is a consequence of the large (100
um) electrode gap in this prototype; decreasing rtbminal gap would result in a
larger range of displacement. With 40 V applie& @FA is generating approximately
200 uN of force; a conventional air-gap electrostatituator with the same area, gap,
and voltage would generate less thar\N3 The displacement of the second generation
CFA prototype is about pm with 18 V applied to the two plates separated @yum.
The experimental characterization follows preditsioof a model based on the
Lippmann-Young equation. The dynamic displacemérithe second CFA is about 2
pm when an AC signal at 1 Hz with a magnitude o3& applied. We believe the
smaller displacement is due to the pinning effeaissed by hysteresis or nonoptimal

electrowetting conditions.
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6.2 FutureWork

To improve the behavior of a CFA in terms of foraed displacement, the

following future work is suggested:

1. Electrowetting can be studied in an oil environmegnborder to reduce the
hysteresis, evaporation, and environmental contatoim. By reducing
hysteresis and contact angle pinning, the contagieawill start changing at a
lower voltage. Also the drop curvature will be cgad more if the pinning
behavior is reduced. In this case, the force preduc CFA will be increased
resulting in a larger out of plane displacement.

2. In order to avoid the depletion issues from a sendactor, a metal like Al
can be considered to work as an electrode. Thateatroplated AlO; can be
used as a dielectric layer. People in our groupafasther project have had a
recipe for a dielectric layer of AD; and characterized it in terms of
breakdown strength. In this case, the dielectritstant can be improved from
3.8 to almost 9. As a result, the force producethieyCFA will be increased.

3. Another possible way to improve the force of tHeAGs to reduce the gap
between two plates, say from 10éh to 50um or 20pm. A simple way to
realize it is to use a microbead with a diametes@fim or 20pm. Or we can
use SU8 which is often used to pattern a high dagp¢io structure. In this
case, the force will be increased from 1.35 mN (gafOOum) to 2.7 mN

(gap is 5Qum) or 6.75 mN (gap is 2am).
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Appendix

1 Fabrication Procedure of Bottom Plate

Bottom plate
1. 2inch Siwafer
2. 300 pm thick
3. (100) orientation
4. P type (Boron dopant)
5. 10-20 ohm.cm resistivity

6. One side polished

Bottom plate cleaning
1. Ethanol, D’Limonene and methanol clean
2. Buffered oxide etchant (BOE) dip for 1 min
3. Deionized (DI) water rinse for 1min

4. Ny blow dry

Silicon dioxide (SIO,) asa dielectric layer growth
1. Dry thermal growth of Si@in rapid thermal annealing (RTA) at 1f00degree
for 10 mins with 100 sccm of Qlow rate

2. Measure Si@layer thickness with the ellipsometry
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Bottom plate cut
1. Spin AZ 4330 photoresist on the Si wafer at 2008 fpr 30 s, wait for 5 mins
at room temperature and bake it at @@egree for 2 mins
2. Cut the wafer into a 5 cm long and 1cm width regltammne
3. Remove the photoresist with Acetone
4. DI water rinse for 1 min

5. N blow dry

Hydrophobic layer spin
1. Mix Cytop from (Bellex International Corporation)@its solvent to 1 wt%
2. Spin 1 wt% Cytop on the Si wafer at 2000 rpm fors3Wait for 5mins at room

temperature and bake it at 170°C degree for 1 hour

Pattern the bottom plate for the wire connection and drop position
1. Cover the Si wafer with the window mask in the Mrgdlasma etching machine

2. P=50 mT, ICP-100 W, RIE=50 W,,625 sccm, t=45 s

Connect a coated wireto the bottom plate
1. Connect a coated wire (30AWG from DigiKey) to thettom plate by using a
cold temperature conductive epoxy from MSChem

2. Cure it at room temperature for 3 hours
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2 Fabrication Procedure of Top Moving Platen

Top moving platen
1. 4-inch SOI wafer
2. 3 um thick of Si device layer, 1 um thick burieddexlayer and 300 pum thick
Si handle layer
3. (100) orientation for the device layer and the heutalyer
4. P type (Boron dopant)
5. Resistance (0.1-0.5 ohm.cm)

6. Double side polished

Top moving platen cleaning

Silicon dioxide (SIO,) asa dielectric layer growth

Top moving platen cut

These three steps are the same as those for tioenlqoiate except that the top moving

platen size is 1 inch square.

L apping thetop moving platen
1. Stick 4 pieces SOI wafers on the glass substrate thve wax at 145°C degree
hot plate (the device layer facing down)
2. Put the glass substrate with wafers onto a hoe @atl50°C degree with the
mechanical jig for at least 1 hour
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3. Cool it at room temperature for at least 30 mins

4. Set up the lapping machine with flatten plate ficstevel the plate

5. Put the glass substrate with wafers to the vacuagesf the lapping machine

6. Lap the samples to 110 um thick

7. Check the thickness of samples with the mechastghls once every hour

8. Release samples from the glass substrate in 70§¢2eald’Limonene for 2
hours and Methanol for 5 mins

9. DI water rinse for 1min

10. N blow dry

Easy handle of samples preparation
1. Spin AZ 4330 photoresist on a glass slide at 2pd@for 30 s
2. Put a piece of 1 inch square wafer onto the glisds @op side up)

3. Bake it at 100°C degree for 2 mins

Contact pad on thetop side
1. Spin LOR5B resist on the wafer at 2000 rpm for 3Q wait at room
temperature for 5 mins and bake it at 100°C defgre® min, 130°C degree for
1 min and 160°C degree for 2 mins
2. Spin AZ 4330 photoresist on a glass slide at 4@00 for 30 s, wait at room
temperature for 5 mins and bake it at 110°C defgmre2 mins
3. Patter the contact pad with mask 1 in 8.4 with Mé&&posure for 200 s with
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the soft contact at 320 nm UV wave length

4. Develop the pattern in 1:3 solution (AZ400k:DI wattor 45 s and DI water
rinse for 1 min

5. N blow dry

6. Check the pattern under the microscope

7. BOE etch for 1 min and DI water rinse for 1 min

8. Ny blow dry

9. Load samples in Ebeam and deposit 200 nm thickn/Ahem

10. Lift off the Al layer beyond the contact pad arégashe heated (90°C degree)
N-Methylpyrrolidone (NMP) for 10 mins

11.DI water rinse for 1 min

12.N; blow dry

Al deposition on the back side of wafers
1. Load samples with the bottom side up with a 8mmasgunask covering the
center part into Ebeam

2. Deposit 200 nm Al on them

Easy handle of samples preparation
1. Spin AZ 4330 photoresist on a glass slide at 2pd@for 30 s
2. Put a piece of 1 inch square wafer onto the gliéds gottom side up)
3. Bake it at 100°C degree for 2 mins
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Back side pattern

1.

Spin AZ 4330 photoresist on a glass slide at 4@00 for 30 s, wait at room
temperature for 5 mins and bake it at 110°C defgmre2 mins

Patter the contact pad with mask 2 in 8.4 with Mé&&posure for 200 s with
the soft contact at 320 nm UV wave length

Develop the pattern in 1:3 solution (AZ400k:DI wattor 45 s and DI water
rinse for 1 min

N> blow dry

Check the pattern under the microscope

Residual photoresist clean in Trion plasma macliife50 mT, ICP=100 W,
RIE=50 W, Q=25 sccm, t=45 s)

Tape the samples with HR resist tapes

Load samples into XeFSi dry etching machine (Cycle number=10, eachecycl
duration =60 s, BNpressure=3 mT)

Check the pattern under the microscope

10. Release tapes from samples in Acetone-2 mins

11. DI water rinse for 1 min

12. N, blow dry

13. Spin AZ 4330 photoresist along the wafer edgeot@cthe marks on the back

side of the wafer at 2000 rpm for 30 s

14. Bake it at 100°C degree for 2 mins

15. Tape the wafer again with HF resist tape
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16. Etch the buried oxide layer in BOE for 1 hour

17. Dl water rinse for 1 min

18. N, blow dry

19. Release tapes in Acetone and samples from the glides in the heated (90°C
degree) N-Methylpyrrolidone (NMP) for 10 mins

20. DI water rinse for 1 min

21. Dry samples naturally

Easy handle of samples preparation
1. Spin AZ 4330 photoresist on a glass slide at 2pd@for 30 s
2. Put a piece of 1 inch square wafer onto the glisds @op side up)

3. Bake it at 100°C degree for 2 mins

Top side pattern

1. Spin LOR5B resist on the wafer at 2000 rpm for 3Q wait at room
temperature for 5 mins and bake it at 100°C defgree min, 130°C degree for
1 min and 160°C degree for 2 mins

2. Spin AZ 4330 photoresist on a glass slide at 3500 for 30 s, wait at room
temperature for 5 mins and bake it at 110°C defgmre2 mins

3. Patter the front side with mask 3 in 8.4 with EV@auble aligner for 300 s
with the gap exposure mode

4. Develop the pattern in 1:3 solution (AZ400k:DI wattor 45 s and DI water
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rinse for 1 min

Check the pattern under the microscope

BOE etch for 1min and DI water rinse for 1 min

Dry etch 3um thick Si in Trion plasma machine (p=100 mT, ICB&3WV,
RIE=150 W, Q=3 sccm, SE=25 sccm, t=120 s)

Check the pattern under the microscope

Release samples from the glass slides in the he@@dC degree) N-

Methylpyrrolidone (NMP) for 2 hours

10. Dry samples in the Critical Point Drier (CPD) #5 mins

Fix top moving platen

1.

Fix the PDMS onto the Acrylic with the super glue

Stick the top moving platen on the PDMS with thpesuglue

Blade the conductive epoxy on the BB thick Al foil with 25 um thick
Kapton as spacers

Stick the Al foil with the conductive epoxy ontcetibontact pad of the wafer
Cure for 2 hours at least

Anchor the Al foil into the Acrylic

Stick the wire to the top side of the anchored sidine Al foil and cure it for 2

hours at least
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