ABSTRACT

OUYANG, JING. Piezoresistive Self-Sensing and Feedback Control of a Z-Shaped
Thermal Actuator. (Under the direction of Dr. Yong Zhu).

This thesis demonstrates the feasibility of self-sensing of a Z-shaped thermal
actuator (ZTA). Based upon this characteristic, a feedback system is developed to hold
the position of the ZTA. The Z-shaped actuator is modeled analytically for obtaining its
displacement, stiffness, stability and output force. Multiphysics finite element analysis
for ZTA static response is performed and verified by the experimental measurements. In
addition, the dynamic performances of ZTA ware analyzed and measured. Moreover an
in-situ SEM nanomanipulation process is used to characterize the piezoresistive response
of ZTAs, which shows that ZTAs can be used as piezoresistive sensors for sensing the
external force and displacement. The experimental results agree very well with
multiphysics simulations for piezoresistive effect experiment. A new feedback scheme is
further explored, where the ZTA is treated as a two-input (applied current and external
force) and two-output (displacement and electric resistance) system. Based on the
calibrated relationships between the inputs and the outputs, a feedback system is
developed, which can simultaneously sense the external force and generate updated
current to actuate the ZTA to the desired position. We demonstrate the performance of
this feedback control by holding the ZTA at a constant position under various external

forces.
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Chapter 1 Introduction

In the field of microelectromechanical systems (MEMS), thermal actuators have
emerged as compact, stable and high-force actuation apparatuses [1-4]. And they have been
employed in a broad range of applications for obtaining in-plan displacement including on-
chip nanoscale material testing system [5-7], linear and rotary microengine [8],
nanopositioner [9], and bistable mechanism [10].

The project presented in this thesis is mainly focusing on that the Z-shaped thermal
actuator (ZTA) treated as displacement sensor by its piezoresistive effect so that it is able to
simultaneously sensing and actuating. Moreover, a closed-loop system is developed based on
this sensing characteristic to hold the ZTA at a constant position under various external
forces.

In Chapter 1, it firstly gives brief introduction of several popular actuators and
sensors used in the area of MEMS. Piezoresistive effect is then described.

The device used in this project, ZTA, is specifically analyzed in Chapter 2. The
mechanism of the device is shown firstly. Based on energy method, the static response is
then analyzed, including displacement, stiffness, average temperature change on the device,
etc. Experiments are carried out for attaining the static response and dynamic response of the
ZTA. What’s more, multiphysics simulation is performed in ANSYS 11.0 for comparison.
The simulated results are coincident with the experimental results very well.

Piezoresistive response of our ZTA is demonstrated experimentally in Chapter 3.
From the experimental results, it shows when the ZTA is experiencing external force, the
resistance would linearly decrease. The rate of decreasing is related to the applied current.
Therefore, it demonstrates that the ZTA could be as a piezoresistive sensor to sense the
external force. A multiphysics simulation is also performed in ANSY'S 11.0 for piezoresistive
effect. As a result, the experimental results agree very well with multiphysics simulations.

In Chapter 4, based on the feature of the ZTA obtained in Chapter 3, a feedback
controller is developed in LabVIEW 8.5 to hold the position of the ZTA under various
external forces by applying extra compensation current.



In the final Chapter, conclusions and discussions are formed about the experiments
we have done. We then outline the possible future research direction based on the feedback

system we developed.

1.1 Actuators and Sensors

Actuators and sensors are the major parts in MEMS. With the maturing of the
MEMS, various actuators and sensors are designed and fabricated. For actuators, based on
their actuating principles, they could be classified as electrostatic actuators, electrothermal
actuators, piezoelectric actuators, and so forth. For sensors, the same as actuators are
classified by their sensing principles, such as electrostatic sensors, piezoelectric sensors,
piezoresistive sensors, etc. Different kind actuators and sensors have different features and

functions. This part introduces several popular actuators and sensors used in MEMS area.

1.1.1 Actuators

Electrostatic Actuators

Comb drive actuator (Figurel.l) is a typical electrostatic actuator which was
demonstrated by Tang, et al in 1990 for the first time [11]. From then on, it has been used as
actuator in many MEMS applications to generate the electrostatic force and displacement.
Comb drive usually has two sets of interdigitated comb fingers — fixed set (stator) which is
connected to the substrate [12], and movable set (rotor) which is connected to the compliant
suspension. When a voltage difference is applied between the fixed and the movable sets, it
will lead to a displacement of the movable set towards the fixed set by electrostatic forces
generated between them. Depend upon the movement direction, commonly encountered
linear comb drive actuator can be classified to three types: lateral [13;14] (or longitudinal
[15]) vertical [16;17], and transverse [18].
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Figure 1.1 SEM Image of Comb Drive [14].

The advantages of electrostatic actuators are simplicity, low power consumption and
fast response. However, there are several drawbacks of comb drive. Firstly, high actuation
voltage is required. Secondly, to obtain relatively large force generated, much more combs

needed resulting in more area occupied. Finally, pull-in effect would happen when the

3
applied voltage is higher than §;<—gAg where K is the stiffness of the comb drive, g is the
initial distance between movable and stable comb (as shown in Fig 1.1), A is the overlapped

area of movable fingers and fixed fingers, ¢ is the permittivity of vacuum which is a constant

equaling8.85x107*C?/ (Nm?) . If pull-in effect happens, the device cannot be used anymore.

Electro Thermal Actuator:
There are two types of electro thermal actuators popularly used in MEMS area,
namely V-shaped thermal actuator and U-shaped thermal actuator. The thermal actuators are

basically depending upon the thermal expansion effect of the materials.
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Figure 1.2 Schematic of the VV-Shaped Thermal Actuator [5]

V-shaped thermal actuator, as shown in Figurel.2, is consisted of several pairs of
inclined beams which connected anchors and central free standing shuttle. After applying
voltage difference to the both ends of the anchors, the current would pass through the whole
actuator. Heat is accordingly generated in the whole body of the actuator due to Joule
Heating [19]. And because of the thermal expansion effect, the raising temperature expands
the beams, which pushes the shuttle to the direction shown in the Figurel.2.

The stiffness of the V-shaped thermal actuators is relatively high comparing with
other actuators so that they could generate high force.

U-shaped thermal actuator is based upon the asymmetrical thermal expansion of the
two arms with made of the same conductive material [20]. The U-shaped thermal actuator is
consisted of two arms with the same length, but different width (Figurel.3). Since the

resistance can be expressed as

Anchors Hot Arm
Current
\ / Y d
L / / 1
¥ s wh
I — |
/ i) le )
Flexure /! Deflection
Cold Arm

Figure 1.3 Schematic of U-Shaped Thermal Actuator [20]



R= p% (1.1)
where p is the resistivity of the material; L and A are the length and cross sectional area of the
resistor, respectively. Because the cross sectional shape is rectangle, the area is the product of
the width times the thickness of the thermal actuator. Therefore, the resistance of the arm is
in inverse proportion to the width. According to the Equation 1.2, the smaller the resistance
is, the higher the temperature can be reached when applying the same voltage.

V 2
"R

where H is the heat generated by resistor; P is the power; and V is the voltage applied to the

H=P (1.2)

resistor. Therefore, the rising temperature AT of narrower arm (hot arm in Figure 1.3) of the
thermal actuator is higher than the wider arm (cold arm in Figure 1.3) due to its smaller
width. Since the length change is proportional to the temperature change (Equation 1.3), the
length of hot arm can be extended more than cold arm, so that the actuator is able to bend to

the cold arm side to obtain the deflection.

Piezoelectric Actuator

Detector = BSE

Mag= 52X

EHT = 20.00 kV

Figure 1.4 SEM picture of piezoelectric actuator. [21]

Piezoelectric actuator is based on the piezoelectric effect. When the electric field is
applied to the actuator, the deflection is produced. And the relationship between the electric
field and deflection of the piezoelectric materials is given by the following equation [15]:
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where the [s] is the strain vector. [S] is the compliance matrix. The terms T, through T3 are
the normal stresses along axes X, Y, and Z, while T4 through T are shear stresses. (d) is the
piezoelectric constant matrix. [E] is the electrical field vector. And the Equation 1.4 can be
simplified as following format,

s=ST +dE (1.9)
If no mechanical stress applied, the strain would only be related to the electric field, and the

first term on the right-hand side of Equation 1.5 can be eliminated.

1.1.2 Sensors

Electrostatic sensors

Figure 1.5 Electrostatic sensor used in in situ nanowire tensile testing system [7].



Parallel plate capacitive sensors are the most fundamental electrostatic sensors used
in MEMS (shown in Figure 1.4). As its name suggests, it consists of two conducting plates

with their broad sides parallel to each other. Since the capacitance of a parallel-plate

capacitor is
c-Q_Q_ Q _¢£A (1.6)
V Ed gd d
eA

where Q is the amount of stored charge, V is the applied voltage, E is the primary electric
field, € is the permittivity of the media, A is the overlapping area and d is the spacing
between two plates. It is obvious that the capacitance of a parallel-plate capacitor is
proportional to the overlapping area, inversely proportional to the spacing. Therefore, the
sensors are able to detect the displacement along two directions, normal displacement
(spacing will change) or parallel-sliding displacement (overlapped area will change), by
detecting the entire capacitor change. In the meantime, based on its stiffness, external force
can also be obtained by F=kxU, where k is the stiffness of the sensor, and U is the
displacement.

However, the limitations of the electrostatic sensors are as following description.
Firstly relatively large space occupied. Secondly, the detection of position is constrained to
small vertical movement or horizontal movement. Finally, the output signal is small and

easily be influenced by noise.

Piezoelectric Sensor

Recently, piezoelectric sensor has been integrated into MEMS technology.
Piezoelectric sensor is based upon the direct effect of piezoelectricity, which is when the
piezoelectric materials are under mechanical stress, they can generate an electric voltage. The

general constitutive equation can be expressed as



b
(®) g Connecting layer Top v"ew
— Top electrode
P L]

Bottom

Sio !

Figure 1.6 (a) The top view of the zironate titanate (PZT) chip. (b) The cross-sectional view
and of the PZT chip arrangement. [22]
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where [D] represents the electrical polarization, [d] represents the piezoelectric constant
matrix, (&) represents the permittivity matrix. Equation 1.7 can be simplified as

D=dT +¢E (1.8)
If no electric field is involved, the second term on the right-hand side of Equation 1.8 could
be eliminated. Therefore, the external force could be attained due to the relationship between
the voltage change and the external stress. Zironate titanate (PZT) is the most popular

piezoelectric sensor material (shown in Figure 1.6).

Piezoresistive sensors

Piezoresistive sensors are more like piezoelectric sensors. However, piezoresistive
sensors are based on piezoresisitve effect, i.e. the resistivity of the sensor will change when
external stress is applied resulting in the output signal (voltage or current) change. Therefore,
the external force could be calculated. The details of piezoresistive effect on single

crystalline silicon would be presented in the following part.



1.2 Piezoresistive Effect on Single Crystalline Silicon (SCS)

The piezoresistive effect is a widely used sensing principle since it was documented
by C. Smith in 1954 [23]. When a piezoresistive material is experiencing a strain, its
resistivity may change. Depending on it, the mechanical change, which is difficult to be
detected, could be obtained via capturing the electrical signal change. Today, the
piezoresistive effect has been widely used in the MEMS field for sensing applications, such
as cantilever sensors [24-26], pressure sensors [27;28], strain gauges [29], accelerometers
[30;31], shear stress sensors [32;33], gyro rotation rate sensors [34;35], tactile sensors
[36;37], and flow sensors [38].

The electric resistance (R) of a structure is a function of its dimensions and resistivity
(p) as shown in Equation 1.1. When the resistor is experiencing external force, the relative
change in resistance could be calculated by [39]

227 2 1.9
R I w t p (19)

Since the width, thickness and length of a structure are related to Poisson effect, and the
relation could be expressed as

aw_At Al (1.10)

w t I

where v is Poisson’s ratio of the material. Consequently, Equation 1.9 could be simplified as

AR _s20)e+ 22 (1.11)
R p

: . Al : . . .
where ¢ is the strain (I—). From this equation, it is known that the electric resistance

change is due to two factors: dimensional change which is dominated by the first and second
term in Equation 1.11, and resistivity change which is dominated by the last term. In
semiconductor gauges, as Y. Kanda mentioned in [39], the resistivity change is
approximately 50 times larger than the dimensional change. Therefore, the resistivity change
is dominant. And piezoresistive effect is the very effect that changes the resistance by

changing the resistivity when experienced external force. Moreover, gauge factor (GF) is
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introduced to represent the ratio of relative change in electrical resistance to the mechanical
strain
GF:A—R/5:1+ZU+£/5 (1.12)
R p

Because the piezoresistive coefficients () relate to two second-rank tensors of stress
and resistivity, they require four subscripts to be expressed completely. The first and second
subscripts relate to resistivity as measured electric field potential and the current density,
respectively; the third and fourth subscripts represent the stress. For the purpose of
conciseness, the subscripts of each tensor are collapsed, for instance, m1111 is simplified to 71,

1122 10 12, o323 1O 744. The piezoresistive tensor could be fully characterized as a matrix,

Ty Ty Ty Ty Ty T

[7]= a1 Tz gz gy Mg Tlg (1.13)

However, for semiconductor material, there are only three independent coefficients,

namely 711, 712 and zaq. Therefore, the matrix could be simplified as

Ty m, my 00 |

Ty Ty 7y 0 0

Ty Ty T 00 (1.14)
o o o0 =#€@® O

o o o 0 =,

0 0 0 0 0 =

O O O o o

Mason and Thurston used bonded gauges with longitudinal orientations to measure
displacement, force, and torque [40]. They also presented more general formulations for
longitudinal (z;) and transverse (z;) piezoresistive coefficients for a gauge in an arbitrary
crystal direction as

7y = My = 2y = 70, = ) x (FM + 1707+ n/my’) (1.15a)

7, = My + 270, — 71, = 70, ) (717 +mim; +n/n7) (1.15b)


http://en.wikipedia.org/wiki/Electrical_resistance
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where I, m and n are the direction cosines of the direction associated with () and (=), with
respect to the crystallographic axes.

The N- type piezoresistors exhibit opposite trends to the P- type piezoresistors in
resistance change and different direction-dependent magnitudes under stress. The magnitude
and sign of the piezoresistive coefficients (z) depend upon several factors including impurity
concentration, temperature, crystallographic direction, as well as the relation of voltage,

current and stress to one another [41].
1.3 Our Approach

The ZTA static responses in vacuum environment were tested and simulated. The
dynamic response of this device was analyzed and tested. The piezoresistive effect on the
ZTA was then tested by using the manipulate tip to apply the external force to push the ZTA
back, meanwhile obtaining the output signal change to calculate the electric resistance
change with the external force. We fitted the relation between two inputs, i.e. current and
external force, and two outputs, displacement and resistance. Then based on these fitting
equations, we developed a feedback system to hold the position of the ZTA in LabVIEW 8.5.
We tested the feasibility of the feedback system under ranging from 6 to 9.5 mA current

levels with different external forces.
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Chapter 2 Z-Shaped Thermal Actuator (ZTA)

Description

2.1 Mechanism

The Z-Shaped electro-thermal actuator, designed by C. Guan and Y. Zhu [2], consists
of two pairs of beams symmetrically connected to a central shuttle. The ends of the beams
are anchored to the substrate to fix the movement and rotation, as well as to provide the

electric connection and transportation.

i e oa—. e T B |
| ————————— e

| -

1| f

Eccentricity

Figure 2.1 SEM image of a Z-shaped thermal actuator. The black area is the etched hole
underneath the actuator.

The mechanics of this Z-Shaped electro-thermal actuator are, as shown in the Figure
2.1, that after applying the input voltage across the beams, the Joule Heating effect generates
heat and temperature rise along the beams. As a result, thermal expansion happens within the
beams. Due to the short vertical beam in the Z-shape design (eccentricity as defined in Figure
2.1) and the overall symmetry, the Z-shaped beam deflects towards the desired direction and

hence forces the central shuttle forward [2].
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y I I I
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4y / M
B
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Figure 2.2 Free body diagram of single ZTA beam [2].

The mechanical response of the ZTA structure is able to be computed by using energy
method. Based on its symmetric structure, we can analyze one beam of the ZTA to derive the
stiffness, displacement, temperature and internal force as functions of the device’s
dimensions. The free body diagram is given in Figure 2.2. Three reaction loads, shown in
Figure 2.2, are considered: 1) the axial force, Fy; 2) the moment, M; and 3) the virtual force P

(in order to gain the displacement). During calculation, we set P equal to 0. The moment in

the three segments (shown in Figure 2.2 as I, 1, and 1l) is
M,(x)=Px,—M O<x <L
M,(x,) =PL-M +x,F, 0<x, <l (2.1)

M,(X)=P(L+%x)-M +IF, O<x, <L

By using strain energy method [42], the displacement and rotation could be obtained

M09 M, o Mo 0O M g Mo M o
El OF, El OF El OF,
3 2 2 2 2
=(£+I—+H)FX+(3LI+ Ll )P —( | +LI)M
EA 3ElI EI 2El  2El 2El EI
L M, (x) aMldx+LL M, (X) 8M2dx+LLM3(x) 6M3dx
El  oP El oP
3 2 2
+ )FX+(I—+8—L+IL)P—(2—L+L—I)M
2El  2El EA 3El EI El El
0= [ MO M, g (M) My 1 M) My o
El oP ElI  OP El oP

|2

2El

(l@:2mﬂ1:2££%m+ﬂ

D, =

< ElI 0P
L2l 3LI?
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217

213
(=
El

_(E

__ L 1 i 2.2
\ = +=F, +=)P +oM (2.2)
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where E is the Young’s Modulus, « is the thermal expansion coefficient, AT is the average
temperature change in beams, A is the cross sectional area of the beam, | is the beam moment
of inertia. Therefore, if let the virtual force P equal to zero, the displacement and generated
force of the ZTA can be calculated.

The deflection D in the shuttle tip can be written as

12aATL®
D= W (2.3)
17 +6L(+ a)

where « is the thermal expansion coefficient, AT is the average temperature increase in the
beams which is able to be expressed as Equation (2). L, I, and W are the length of Z-shaped
beams, length of the eccentricity, and width of the beams, respectively, as indicated in Figure
2.1. The average temperature (AT) is given by

VE

AT =
12k, p

(2.4)

where V is the applied voltage, k, is the thermal conductivity, p is the resistivity of the
device. The heat convection and radiation are neglected here for average temperature
calculation. And since the underneath of the ZTA is completely etched as a hole (shown in
Figure 2.1) due to the SOIMUMPSs process [43], the heat conduction to the substrate through
the underneath air layer does not occur either.
The stiffness k of the device can be calculated as
Ko 2EW°h(I® +2LW?* +6LI%) 2.5)
(81 +W?21* +16W2L" + 2W*LI +12L"1% + 6W °LI®)
where E is the Young’s Modulus, h is the thickness of the ZTA.

The output force f of the ZTA is able to be computed as the product of the deflection
and the stiffness based on Hooke’s Law, namely
f =kD (2.6)
Comparing with other thermal actuators frequently used, ZTAs have distinct advantages.
The ZTAs share many features in common with the V-shaped ones, such as less space
occupied, rectilinear motion generated, etc. They possess a large range of stiffness and output

force that is in between those of the comb drives and V-shaped thermal actuators, thus fill the
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gap between these two well-established actuators. In particular, they can achieve smaller
stiffness without buckling. Note that the stiffness of the ZTA scales approximately with the
square of the beam width, while for VV-shaped actuator stiffness almost does not change with
the width.

2.2 SOIMUMPs Process

The ZTAs were fabricated at MEMSCAP (Durham, NC) using the SOI-MUMPs
(Silicon on Insulator — Multi User MEMS Process) [43]. The structure layer is n-type
(phosphorus) doped single crystalline silicon (SCS). The SOIMUMPSs process is a 4-mask
level SOI patterning and etching process. The 4 mask levels are PAD METEL, SOI,
TRENCH, and BLANKET METAL, respectively. It has 4 material layers (after etching away
the sacrificial layer, i.e. Bottom Oxide) (Figure 2.3 (a)), namely Metal (including Pad Metal
with 0.52 pum thickness and Blanket Metal with 0.65 pm thickness), Silicon (10 pm
thickness), Oxide (1.0 um thickness), and Substrate (400 pum thickness).



16

(b)
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(

Figure 2.3 SOIMUMPs fabrication highlighted processing features

The SOIMUMPs fabrication flow chart of key steps is shown in the Figure 2.3
(masks are not shown here). In the beginning of the fabrication, the top surface of the Silicon
layer is doped by PSG (Phosphosilicate Glass) and then removed by wet comical etching
after annealing at 1050°C for one hour in Ar, which is not shown in the Figure 2.3. By liftoff
process, the Metal layer (20 nm of chrome and 300 nm of gold) is deposited on the surface
over the photoresist pattern that is patterned by exposing the photoresist with light through
the first level mask (PAD METAL). The function of this Metal layer is providing electric

connection and conduction (Figure 2.3(a)). After that, the photoresist is dissolved. The UV
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(ultraviolet) light sensitive photoresist then is lithographically patterned and exposed to UV
light through the second level mask (SOI). Therefore, the exposed area of photoresist is
removed, and the leaving region is treated as the mask for structure etching. Then, Silicon
layer is etched down to the Oxide layer using deep reactive ion etching (DRIE) to obtain the
device structure (Figure 2.3(b)) depending upon the mask of leaving photoresist. This mask
then is chemically removed after etching. After coating the front side a protection material,
the wafers are reversed for developing the backside. The Bottom Oxide layer firstly is
patterned with photoresist using the third mask level (TRENCH). Reactive ion etching is then
used to move away the exposed Bottom oxide layer (Figure 2.3(c)). Substrate layer is
subsequently etched away by DRIE completely stopping by the Oxide layer (Figure 2.3(d)).
A wet oxide etching is used to remove Oxide layer (Figure 2.3(e)). After removing the
backside photoresist, the wafers are reversed again to make the front side to the top.
Remaining bared Oxide layer is then etched from top surface using a vapor HF process after
removing the front side protection layer. The device now is free to move without substrate.
Finally, the shadow mask is prepared by the METAL mask separately and aligned to the SOI
layer. Based on this mask, Blanket Metal layer (with 50 nm Cr+ and 600 nm Ay) is deposited

on the top surface of the SOI layer. After evaporation, the shadow mask is removed.
2.3 Static Response

2.3.1. Multiphysics Simulation

The nonlinear multiphysics simulation is performed to analyze the static response of
the ZTA in vacuum condition using ANSYS 11.0. This coupled-field analysis includes
electrical, thermal and mechanical fields. And the simulation is to mimic the static response
of the device under condition of vacuum and room temperature.

The dimensions of the ZTA (the same as those in experiments) and the temperature
dependant material parameters used in the simulations are listed in the Tables 2.1 and 2.2,
respectively. The element type for the multiphysics simulation used in ANSYS is Solid 226

that is a 3-D element type for thermal-electro-structural analysis.
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Table 2.1 Dimensions of the Z-shaped thermal actuator used in simulations.

Dimension Symbol Value Unit
Beam length L 88 pum
Beam width W 4 pum

Thickness h 10 pm
Eccentricity I 20 pm

Shuttle length Ls 92 pum
Shuttle width Ws 60 pum

Table 2.2 Material parameters used in simulations.

Parameter Symbol Value Unit
Young’s modulus E 160 GPa
Poisson’s ratio v 0.28 -

Thermal conductivity
K 146 W/(mK)
(constant)
Thermal conductivity
K(T) 210658 x T 124 W/(mK)
(temperature dependant)
Thermal expansion coefficient 6 1
a 2.5 x 10 K

(constant)

Thermal expansion coefficient 1o o ; .
a(T) -4x10°T°+8x10°T+4x10 K
(temperature dependant)
Resistivity 5

p 51x 10 Qm
(constant)
Resistivity 5 2
p(T) 51x107[1+3x 107°(T - 273)] Qm

(temperature dependant)

11 -15 x 10™ Pa*

Piezoresistance coefficients 12 75%x10™ Pa’!

a4 212 x 10 Pat
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For the boundary conditions of the simulation, since both ends of the beams are fixed
to the anchors to limit the motions and rotations, Uy = Uy = U, = Ry = Ry =R, = 0.
Furthermore, the thermal boundary conditions are zero temperature change at the anchors.
The input of the simulation was applied current across the beam ranging from 0 to 9.5 mA.
Because, in real experiment, if the applied current is too high (e.g. over 10 mA), the
recrystallization [44] would happen and so that damage the device. Thus we kept the applied
currents less than 10 mA in all our simulations and experiments. The outputs included ZTA
voltage (to calculate resistance), temperature and displacement distributions.

Figure 2.3(a), 2.3(b) and 2.3(c) are showing the displacement, temperature and
voltage distribution of the ZTA at the applied current of 8.5 mA, respectively. The highest
temperature occurs on the center shuttle part since the shuttle is the farthest from the anchors.
And the shuttle attains the highest displacement since the symmetric structure of the device
and thermal expansion effect.

The simulation results for the center shuttle deflection, temperature change and the
voltage distribution along the device versus applied current are shown in Figure 2.4(a), (b)
and (c). The simulation results will be validated by experiments. However, since the
temperature distribution measurement is difficult to operate in vacuum. Therefore, the
temperature simulation results would compare with the experimental results under air

condition.
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Figure 2.4 Simulation results at 8.5 mA. (a) The displacement distribution of ZTA at the 8.5
mA current level. The unit is in micro-meter. (b) The temperature distribution of ZTA at the
8.5 mA current level. The unit is in Kelvin. (c) The voltage distribution of ZTA at the 8.5 mA

current level. The unit is in Volt.
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Figure 2.5 The multiphysics simulation results. (a) The displacement simulation results. (b)
The shuttle temperature simulation results. (c) The resistance (converted by output voltage
results) simulation results.
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2.3.2. Experimental Results

The static response of the ZTA with the dimensions shown in Table 2.1 was tested in
vacuum environment and room temperature condition to validate the simulation results. And
the tests were carried out inside an SEM (JEOL6400F). The deflections of ZTA were

measured from the SEM images with a resolution of 4.6 nm.
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Figure 2.6 The experimentally static response of the ZTA comparing with simulated results
(a) Displacement as functions of applied current. (b) Resistance as functions of applied
current.
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The deflection of the shuttle was measured with the actuation current from 0 to 9.5
mA. The experimental results are shown in Figure 2.6 comparing with the simulated results.
Figure 2.6(a) shows that at low applied current (0 to 6 mA), the ZTA’s displacement would
not change much with the current rise. And the relation is approximately linear. However, the
ZTA can achieve relatively large deflection when applied current is higher 6 mA. This large
deflection of the center shuttle is because the geometry of the ZTA amplifies the relatively
small thermal expansion in beams. We also tested the V-I relationship of the device and
converted it to resistance based on Ohm’s Law. And the resistance versus applied current is
shown in Figure 2.6(b). The initial resistance without apply any external power is 367.3 Q.
From Figure 2.6(b), it indicates that the resistance has the same change trend as the
displacement. Initially, the resistance increases only 10 © when current increased 6 mA.
However, when current was over 6 mA, the resistance changes dramatically. This is because

the resistivity of the single crystalline silicon is changing with the temperature.
2.4 Dynamic Response

In a thermal actuator, there are three modes of temperature transfer, conduction,
convection and radiation. However, the static response results are showing, in out
experiment, the temperature increase, at most, to 1000 K (room temperature considered).
Therefore, the heat dissipation through radiation to the ambient is negligible. The chip we
were using was SOI, therefore, no substrate underneath. The heat loss through the surface
area to the substrate is also neglected. A simple model for heat transfer was used to evaluate
the temperature of the thermal actuator as Figure 2.7 shown. Because the thermal actuator is
long enough comparing with its thickness and width, the one dimensional analysis of the heat
flow was performed. If we just consider the center part of the plate with the length dx shown
in Figure 2.7, three factors will affect the temperature of this part, namely the temperature
transferred from the previous part, the temperature transferred to the next part, and the

generation heat of itself. Therefore, the temperature on this part can be expressed as
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where 15 IS the time required for temperature reaching the stable status. aa_t is the temperature

change rate, k;, is the thermal conductivity, A is the cross-sectional area, J is the current

density, p is the resistivity.
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Figure 2.8 Cross section of the actuator for thermal analysis.

According to [45], the temperature change is equal to
a7 K, d2T+V2/R
dt Cp, dx* Cp,AL

(2.8)

where C and p; are the specific heat and the density of single crystalline silicon, respectively.
R is the resistance of the structure we are analyzing, L is the length of the analyzed part.
Therefore, ts can be calculated as 65 ps. Consequently, time constant is

7,0 = 6545%63.3% = 41.145us (2.9)

The resistance dynamic response of the ZTA was tested. The dynamic response
testing was performed experimentally in the same environmental condition as static response
testing. The input was applied from function generator (Agilent, 33250A). The function
generator can only generate voltage signal, therefore, the digit multimeter was used to obtain
the effective output current (i.e. Root Mean Square value). The ZTA was driven by the signal
with the magnitude of 4 V and the frequency ranging from 5 to 40k Hz. The phase transfer of
the ZTA was detected by Lock-in Amplifier (SR 830). The reference signal was sent out

directly from Sync port of function generator so that the frequency would be equal to the
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actuation frequency of ZTA. Figure 2.7 shows the bode plot of the frequency response of the
ZTA.

The steep magnitude drops-off at about 50 Hz firstly. This change is in the same
frequency range reported in [2] for displacement dynamic measurement. Because the
displacement is due to the thermal expansion and the temperature change is because of the
resistivity change. Therefore, if the resistance changes, the displacement should also follows.
Then the resistance is tending to be stable. However, when the frequency increases higher
than 10 kHz, the resistance decreases dramatically results from the heat transfer dynamics of
the ZTA. The ZTA is a temperature dependent device. After the voltage applied to the
device, the ZTA needs time to be heated up and cooled down for moving forward and back.
In addition, the resistivity of the SCS is also temperature dependent. It would accordingly
change with the temperature. However, the temperature change of the ZTA cannot response
as fast as the voltage change when the frequency frequency of the applied voltage increases

gradually and rises over a critical value. The resistivity, thereby, will gradually decrease.
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Figure 2.9 Dynamic response of the ZTA. (a) Magnitude versus frequency. (b) Phase versus
frequency.
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Chapter 3 Piezoresistive Effect Experiment

Two effects can result in resistance change in a ZTA, namely, temperature change
and piezoresistivity [46]. The temperature change is mainly due to the input actuation
change. The resistance rises as its applied current increases has shown in Figure 2.6. With an
external force, the resistance at the given current further changes due to the piezoresistive
effect.

3.1 Piezoresistive self-sensing of the ZTA

3.1.1 Experimental Measurement of Piezoresistivity

To test the resistance change due to the piezoresistive effect only, a given current of
the ZTA was maintained constant while an external force was exerted to the ZTA. A tungsten
probe (Model 7B-2, Micromanipulator) attached to a nanomanipulator (Klocke Nanotechnik,
Aachen, Germany) inside SEM was used to push the ZTA in the opposite direction of its
movement. The probe was positioned in the middle of the shuttle (quided by SEM imaging)
to prevent in-plane rotation of the ZTA. For each given current and external force, the
voltage (thus resistance) and displacement of the ZTA were recorded in the following

procedure. Then different values of current and external force were repeated.

1) The initial position Py (i.e., the distance between the shuttle of the ZTA and the
tungsten probe, where the tungsten probe served as a reference point) was recorded. The
displacement of the ZTA was set as zero. The initial resistance of the ZTA was recorded as
Ro.

2) A current (1;) was applied across the ZTA. The actuated position (P1) and the
output voltage (V1) were recorded. D; = Py - Py is the displacement of the ZTA at current I;.
The resistance (R;) was calculated by the Ohm’s Law. The resistance change R; — Ro is due

to the temperature effect.
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3) The current was turned off, and the tungsten probe was moved towards the ZTA
with a gap G; between them (smaller than D,) (Figure 3.1(a)).

4) The same current I; was turned on again. The ZTA moved G; due to the blocking
of the tungsten probe (Figure 3.1(b)). The output voltage (V,) was recorded to compute the
resistance R,. The resistance change R, — Ry is due to the external force exerted by the
tungsten probe. Note here the ZTA displacement was G; and the external force was

F =(D,-G,)xk, where k is the stiffness of the ZTA. Therefore, the resistance value under a

given current and a given external force was obtained.

5) Steps 3) and 4) were repeated with different gaps between the tungsten probe and
the ZTA (G,, Gs3, G4 and etc.) at the same current (I;) to obtain more external forces (and
ZTA displacements) for this given current.

6) Steps 2) to 5) were repeated with different current levels (I, I3, 14 and etc.) until

sufficient data points were acquired.

414 . o 1um ‘ } 1um

Figure 3.1 The experimental process for the piezoresistivity measurement. (a) The gap
between the ZTA and the manipulator probe tip is less than D; (581 nm at I; = 8.6 mA) to
block the ZTA movement. (b) The probe pushes the ZTA back by 117 nm after 1, is applied
again to the ZTA.

Two assumptions are made in the above experiments and data analysis. First, the
tungsten probe does not affect the temperature profile of the ZTA at a given current when
they are in contact. A ceramic thermal insulator layer is placed between the tungsten probe
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and the nanomanipulator base. Second, the tungsten probe is treated as a rigid body in view
that its stiffness is much larger than that of the ZTA. These assumptions will be checked with

finite element analysis (FEA) (to be described).

3.1.2 Experimental Results of Piezoresistivity

All experiments were carried out inside a SEM (JEOL 6400F) under vacuum and
room temperature. The displacements and gaps were measured from the SEM images with a
resolution of 4.6 nm. The initial resistance (under room temperature) and the stiffness of the
ZTA were 367.3 Q and 274.3 N/m, respectively.

In our experiments, the data were collected for the applied current ranging from 6.0 to
9.5 mA. When the current is smaller than 6.0 mA, the displacement of the ZTA is very small
(< 200 nm), which presents a challenge to precisely control the gap between the ZTA and the
tungsten probe. On the other hand, if the applied current is very high (e.g., >10 mA),
recrystallization of SCS could occur [46] as discussed in Chapter 2.

The experimental results are shown from Figure 3.2 to 3.4. Under different current
levels, the output voltage (V,) is plotted as a function of the external force in Figure 3.2(a). In
the experiments, the direction of the external force was opposite to the moving direction of
the ZTA, which is set as positive. Note that at the same current level, the resistance (Ry)
(obtained from voltage shown in Figure 3.2(a)) decreased with the increase of the external
force, due to the piezoresistive effect. As shown in Figure 3.2(a), at 8.6 mA current level, for
instance, the output voltage linearly decreased from 4.114 to 4.086 V (i.e., the resistance
decreased from 478.4 to 475.1 Q) when the external force increased from 0 to 128.65 uN.
For a given current level, an unloaded ZTA reached its maximum displacement. Applying an
external force while maintaining the same current, therefore, increases the compressive
stresses in the beams, which in turn induces the decrease in voltage due to the piezoresistive
effect. Figure 3.2(b) plots the relationship between the measured displacement of the ZTA
and the output voltage. Figures 3.2(a) and (b) show that the ZTA can be used to sense both

external force and displacement by measuring the output voltage.
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external force starts as zero (no applied force) and increases. (b) Voltage versus displacement

for all current levels.

The sensitivity «, defined as the slope of the linear fitting under each applied current

level in Figure 3.2(a), varies with the applied current, as shown in Figure 3.3. The negative

value of the sensitivity means that when the external force increases, the output voltage

decreases. The sensitivity levels off initially and increases sharply when the current is over
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8.6 mA. For example, at the current level of 8.6 mA, when the ZTA is pushed back by an
external force of 1 uN, the output voltage and resistance decreases by 0.22 mV and 25.4 mQ,

respectively. The resolution of the force sensor is ultimately determined by the noise level.
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Figure 3.3 The external force sensitivity at different current levels.

Figure 3.4 shows the resistance fluctuation at 8.6 mA current in 8 minutes. The noise

can be quantified by the root mean square deviation (RMSD) of the experimental data, viz.,

(3.1)

where the R, is the resistance noise, R; is the data point, R is the average value, N is the
number of the data. The resistance noise was 0.043 Q at 8.6 mA according to Equation 3.1.
The noise is possibly due to stray electromagnetic fields present inside the chamber, stage

vibration or exposure to the electron beam. Based upon the measured sensitivity and noise,

. L R, . .
the resolution of the force sensor is given by —"—, where | is the applied current. The load

o
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resolution of 1.68 uUN at 8.6 mA current was obtained. Note that the load resolution can be

substantially improved by reducing the stiffness of the ZTA.
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Figure 3.4 Noise of the resistance at the applied current of 8.6 mA. The red line is the average value of all

the data points.
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Figure 3.5 The simulation results at the 8.6 mA current level with the external force of 20
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UN. (a) Displacement of the shuttle changes from 0.584 um to 0.513 um. (b) Output voltage

changes from 4.114 V to 4.109 V.



36

To validate the assumptions in the experiments, nonlinear multiphysics simulations
using ANSYS 11.0 were performed. The dimensions of the ZTA (the same as those in
experiments) and the material parameters used in the simulations are as the same as listed in
the Table 2.1 and Table 2.2, respectively. The three piezoresistance coefficients (711, 712, and
m44) are dependent on several factors including temperature, doping concentration, original
bulk resistivity, crystalline structure, and surface concentration of the diffused layer [15;47].
Some of these factors are difficult to measure or quantify. In our work, these coefficients are
approximated from [48] and [39] (see Table 2.2). The element type for the multiphysics
simulation in ANSYS 11.0 is Solid 226 that is a 3-D element type for both thermal-electro-
structural analysis and piezoresistive analysis. A series of simulations were performed at
different currents and external forces. Figure 3.5 (a) and (b) show the simulated displacement
and output voltage of the ZTA before and after subjected to an external force of 20 uN,
respectively, while the current is maintained at 8.6 mA. When the ZTA is pushed back by
0.071 um under the 8.6 mA current, the output voltage decreases by 0.005 V.

10
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Figure 3.6 The comparison between the simulated and experimental results at 8.6, 8.8 and 9.0

mA current levels. In the multiphysics simulations, temperature-dependent resistivity and
thermal expansion coefficient were used (see table 2).

The simulation results agreed very well with the experiments, as shown in Figure 3.6.
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Chapter 4 Feedback Control of the ZTA

A feedback control system based on the piezoresistive sensing characteristics of the
ZTA is demonstrated. The function of this feedback control system is that, when the ZTA is
pushed by an external force, the feedback system actively updates the current input to
compensate the ZTA displacement to the value without the external force (i.e., bring the ZTA

to its initial position), while measuring the external force simultaneously.
4.1 Data Fitting of the Piezoresistivity Measurements

The ZTA response can be viewed to have two inputs and two outputs; the two inputs
are electric current (1) and external force (F), and the two outputs are displacement (D) and
electric resistance (R) (or voltage, V). The relationships between inputs and outputs are
plotted in Figure 4.1(a) and (b). A key step is to identify two fitting functions. First of all, the
displacement and resistance (when external force is zero) are fitted as functions of the current
alone. The best functions we identified are given by

0.141

D =

leo = 1221 +1255 (4.1a)

R m3RTTI 36725 .
F=0 = 00061 +1 (4.10)

Figure 4.2 shows the fittings for both outputs (displacement and resistance). Several material
properties, such as thermal conductivity, thermal expansion coefficient and resistivity, are
typically temperature dependant (see Table 2.2). This fact determines the types of fit

(rational), numerator (linear polynomial) and denominator (linear polynomial).
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Figure 4.1 (a) The displacement and (b) the resistance change with the external force
increasing at different current levels.
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Figure 4.2 Data fitting for (a) diaplacement and (b) resistance using the piezoresistive
experimental results.

Note that the contribution of the current to both the displacement and resistance is
independent of the external force. When considering the contribution of the external force,

the displacement and resistance are best fitted by



40

0141 F
~1.221 +12.55 274.3

32.771+367.26  —0.211 +2.37 F (4.2b)
00961 +1  -1.861 +18.29 |

The displacement depends on the external force simply following the Hooke’s law with the

(4.23)

D(l,F) =

R(I,F) =

stiffness of the ZTA equal to 274.3 N/m. Such dependence does not change with the current.
The resistance also depends on the external force due to the piezoresistive effect. The
piezoresistive effect is dependent on the current. As shown in the Figure 3.3, the sensitivity
(i.e. the slope of the data points at each current level in Figure 3.2(a)) changes with the
current. This is why the second term in Equation 4.2b involves the current. Figure 4.3 shows
the fittings for both outputs (displacement and resistance) as functions of the inputs (current
and external force).

The accuracy of the above fitting functions was evaluated by the coefficient of
determination, which is defined as

SSEFI’
ss

R®=1- , R? €[0,1] (4.3)

tot
where SSer = Z(zi —2.)*and SSyt = Z(zi —7)% (n represents the number of data points, z;
i=1 i=1

the measured data, Z, the fitted data, and Z; the mean of the measured data). The coefficients

of determination for Equations 4.1a, 4.1b, 4.2a and 4.2b were 0.993, 0.994, 0.991 and 0.991,
respectively, which indicated that excellent fittings were indeed obtained.
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Figure 4.3 (a) Displacement as a function of the applied current and external force. (b)
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4.2 Design of Feedback Control System

A feedback control system was built based on the calibrated relationships as shown in
Eqg. 3. The objective of the feedback system was to, for a given current, maintain the constant
displacement under various external forces under quasistatic loading. Here the desired
displacement is the set point (for simplicity, when the external force is zero), the sensed
resistance is the process variable, the current is the manipulated variable and the external
force is the disturbance. The block diagram of the feedback system is shown in Figure 4.4.

F

D command  + arror ¢
B Controller Lor V.‘-—- Plant » D actual

Dewice) or R

LR D)

Figure 4.3 Feedback control system with compensator block diagram.

The controller was built in LabVIEW (version 8.5, National Instruments) with a
nonlinear algorithm given as

0141 . 014l
~1221 +12.55  -1.221,+12.55

(4.4)

where | is the updated current, Iy is the initial current and e (:—%43) is the error between

the initial displacement and sensed displacement. The signals of output voltage and updated
current were read and written by the computer through a multifunction data acquisition
module (DAQ NI USB-6211, National Instruments). The LabVIEW controller works as
follows: when an output voltage is read in from the ZTA, the controller converts it to a
resistance value based on the given current, and then computes the external force and the
sensed displacement according to Equation 4.2b and 4.2a, respectively. The updated current
to maintain the displacement is computed by Equation 4.4. The data acquisition module can

only read/write voltage signal, hence a simple circuit was built to convert voltage signal to
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current signal and vice versa. Figure 4.5 shows the circuit where a dummy resistor (1 kQ) is
in series with the ZTA. Vg is the voltage on the dummy resistor. With the measured current
(=Vr /1 kQ), the resistance of the ZTA is known by measuring Vz. Vo, Was the voltage
output from the data acquisition module (and the LabVIEW program), which was equal to

the updated current times the resistance sum of the dummy resistor and the ZTA.

[
I
I
| Dummy
: Resistor
I
I
From the DAQ ——» Q} |
ou
I
I
I
I
I ZTA
I
I
I
f

Figure 4.5 Circuit diagram for converting the voltage signal to current signal. Vg is the
voltage on the dummy resistor (1 kQ), which is in series with the ZTA. With the measured
current (=Vg /1 kQ), the resistance of the ZTA is known by measuring Vz. Vo was the
voltage output from the data acquisition module (and the LabVIEW program).
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4.3 Experimental Results of Feedback Control

(@) ~11°
ZTA
Chip —» — .
I
Tilted Cantilever
— Tip
ZTA _ B Tilted Cantilever

"

Chip

| ZTA
(b) (Stiffness = 274.3 N/m)

Tip

Tilted Cantilever

(Stiffness = 40 N/m)

Figure 4.6 Overview of the closed-loop feedback experiment. The AFM cantilever is oriented
perpendicular to the ZTA and parallel to the electron beam. The AFM tip is used to push the
ZTA. (a) A schematic showing the position of the ZTA and cantilever. Left is side view and
right is top view. 11° tilt of the AFM cantilever is used to ensure a clear observation of the
setup. (b) SEM image showing the overview of the closed-loop feedback setup.
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In the feedback control experiments, the stiffness of the blocking object (applying the
external force) cannot be infinite as the tungsten probe used in the piezoresistivity
measurements. Consequently, an atomic force microscope (AFM) cantilever (Model ACTA,
Nanoscience Instruments) with a stiffness of 40 N/m was used. The AFM cantilever was
oriented perpendicular to the ZTA and parallel to the electron beam as shown in Figure

4.6(a). An overview of the experimental setup inside SEM is shown in Figure 4.6(b).

Initial position
(120 I

Actuation without block
(l = |1) |
| |
|
Place the block I
(1=0) - 4 : Cantilever tip
|
—> Dz

Actuator is pushing back -
(1=1) 4

ly updated ' I
Apply updated current
(=19 -4

Figure 4.7 The feedback control experiment to maintain a constant position of the ZTA.
Ideally D¢ equals D;.

The feedback control system experiments were also carried out inside the SEM
chamber, with the same experimental conditions as in the piezoresistivity experiments. The
experimental process is shown schematically in Figure 4.7. Initially, the process was the
same as the piezoresistivity experiment from step 1) to step 4). Then, the output voltage was
read into the computer through the input port of the data acquisition module. How much the
updated current should be applied to generate the corresponding displacement for
counteracting the external force was calculated by the LabVIEW 8.5 program in real time.
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Finally, the updated current was written out to the ZTA through the output port of the data

acquisition module.

Table 4.1 The comparison of original current and updated current under different external
force applied for feedback experiment.

Initial Current (mA) External Force (UN)  Updated Current (mA)

8 45.53 8.56
8 99.74 8.94
8.5 75.84 9.03
8.5 109.92 9.17
9 120.281 941
9 178.175 9.53
9.3 113.01 9.56
9.3 127.165 9.575
9.3 226.29 9.703
9.5 98.91 9.65
9.5 323.104 9.85
9.5 355.137 9.87

The performance of the feedback control system under different current levels (from
8.0 to 9.5 mA) was tested. Table 4.1 lists all the initial currents, measured external forces
(using the feedback system) and the updated currents. The displacements of the ZTA after
applying the updated current were compared with the case of no external force (AFM
cantilever). The actuator movements were independently measured by SEM images. To

evaluate the accuracy of the feedback system, an error coefficient, ¢, is introduced as follows

D. -
= e - B x100% (4.5)
1 D2

where D¢ is the displacement of the ZTA after applying the updated current with the
presence of the AFM cantilever, D; is the displacement of the ZTA without the external
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force, and D, is the displacement with the external force (as shown in Figure 4.7). The
smaller ¢, the better the feedback accuracy. £ = 0 means the ZTA is moved back to the initial
position.

The distribution of ¢ as a function of the external force at different current levels is
plotted in Figure 4.8. It is seen that the error coefficient is smaller than 10% in nearly all
cases (except one case), which indicates that the feedback system works quite well. Main
error sources include resistance measurement, displacement measurement using SEM and
data fitting. Wheatstone Bridge [41;49], is a common method to improve the performance in

resistance measurement.

20

* S0mA
4 85mA
2 0mA
15 4 * O03mA
¥ 95mA
= 104
éi 4
] *
*
54 v
* v
¥
o T T T * T T T T T T T T T
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External force (plN)

Figure 4.8 The error of the feedback control system.
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Chapter 5 Conclusion

In this project, we firstly described the mechanism of the Z-shaped thermal actuator
(ZTA) and theoretically analyzed the displacement, average temperature, stiffness of the
structure by energy method. We built a 3-D model depending upon the real geometry and
dimensions of the ZTA for multiphysics simulation including electrical, thermal, and
mechanical fields. The multiphysics simulation was performed in ANSYS 11.0 with the input
of current ranging from 0 to 9.5 mA to mimic the static response of the device under
condition of vacuum and room temperature. The displacement, temperature, and voltage
distributions were output signals we observed in the simulation. Static response testing was
performed under the SEM in vacuum. The relationship among the applied current, actuator
deflection and output voltage of the ZTA was measured. After comparing the experimental
results with the simulated results, we can verify they are coincident. Dynamic response, such
as the time constant and resistance versus frequency, etc. were tested and bode plot was
shown in Chapter 2.

Piezoresistive effect of the ZTA was presented in Chapter 3. It was found that the
output voltage decrease with the increasing external force pushing the ZTA back. The
sensitivity and noise increase with the increasing applied current. In addition, the relationship
between two inputs, namely current and external force, and two outputs, namely resistance
and actuator deflection, was obtained. Multiphysics simulations, including piezoresistive,
electrical, thermal and mechanical fields, were performed in ANSYS 11.0, which provided
reasonable agreement with the experimental results.

In Chapter 4, we applied closed-loop to the ZTA to hold its position. The ZTA is
treated as a two-input (applied current and external force) and two-output (displacement and
electric resistance) system here. Depending upon the calibration between the inputs and
outputs, we built the closed-loop in LabVIEW. Different current levels (ranging from 6 to 9.5
mA) with different external force at each current level were tested. It is seen that the error

coefficient, ¢, is smaller than 10% in nearly all cases (except one case), which indicated that



49

the feedback system works quite well. Closed-loop performance is limited mainly by

resistance measurement, displacement measurement using SEM and data fitting.

5.1 Future Work

The static response testing can only test the displacement and resistance of the ZTA with
the input. Temperature testing is needed to compare with the simulation results. RAMAN
spectroscope will be used in the future experiment for testing the temperature distribution
of the ZTA. Depending upon the relation between the temperature and the spectrum of
single crystalline silicon, we will be able to indicate the temperature distribution of the
ZTA with different applied current levels.

The major errors of the feedback control experiments come from unstable environmental
condition, fitting equation error and thermal drift. Employing a Wheatstone bridge would
be a good method to solve this problem. However, we need 4 devices with the same
geometry and dimensions in the same chip. Therefore, a bunch of new devices have been
designed for this purpose (Figure A-1).

PID controller will be integrated into the system to optimize the performance. And all the
feedback control experiment will be redone under SEM based upon the new system for
more accurate control.

One application of feedback system is integration of nanomaterial testing system. Once
the system is initialized, the position of the ZTA would be fixed. Therefore we could use
it to test the relaxation phenomenon (fix the position and test the force generated) of the

nanomaterials.
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Appendix A

HI”*

Figure A-1 The layout drawing of SOIMUMPs 10mm x 10mm chip. The arrows show the
Wheatstone bridge of Z-shaped thermal actuator.



