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ABSTRACT

Developing microelectromechanical system (MEMS) for the characterization of biological
cells can advance the capabilities of medical professionals to diagnose and treat different
diseases. This dissertation presents the design, modeling, fabrication process and
characterization of a BioMEMS for mechanical characterization of cell aggregates. This
actuator is intended to provide a set of large predefined lateral displacements. This device
has a high aspect ratio and is fabricated using deep reactive ion etching (DRIE). The
actuator includes five different pairs of comb drives translating five independent
displacements to a central shuttle. The successful operation of the actuator is verified in air
and examined in deionized (DI) water.

The device is designed to measure the mechanical properties of cell aggregates. The target
aggregates consist of human mesenchymal stem cells and are of great importance in
regeneration studies for the treatment of cardiovascular disease. This integrated micro-
actuator could provide actuation in micro-optics or microfluidics applications, allowing for

large displacements.



1.Introduction

1.1. Motivation and Significance

The application of microelectromechanical systems (MEMS) in biomedical devices has
expanded vastly over the last few decades, with MEMS devices being developed to
measure different characteristics of cells such as a device for measuring electrical
conductivity of cells [1], and a BioMEMS for measuring mechanical properties of cells
[2].The study of cell mechanics offers a valuable understanding of cell viability and
functionality [3, 4]. Cell biomechanics approaches also facilitates the characterization of
important cell and tissue behaviors [5, 6]. The study of cell biomechanics has a great
importance in biomedicine since it can improve the knowledge of the cause, progression
and cure of diseases. Furthermore, the biomechanical responses of the cells may play an
important role in metastasis and invasiveness of cancerous cells [6, 7]. More deformable
cancerous cells can propagate easier in body [8]. These studies may provide assistance with
diagnostic approaches for potential cancerous cells [9].

The key motivation is to develop systems for controlled mechanical stimulation and
characterization of cells. This study is focused on a novel system to provide actuation in
order to measure mechanical properties of cell aggregates such as embryoid bodies (EBs).
Using a culture technique known as embryoid body formation, human mesenchymal stem
cells (hMSCs) have been shown to spontaneously form a cell aggregate and differentiate
into cardiogenic cells [10]. The common technique used to culture EBs is known as the
hanging drop method, which is performed by placing a droplet of cell suspension on a flat
surface such as the inner surface of a petri dish lid. EBs can be formed after inverting the
lid due to the balance of gravitational and surface tension forces. This produces a hanging
droplet of cell suspension and it will cause the formation of a 3-dimensional aggregate
called EB. EBs are entities which emulate the conditions during early stages of

development of an embryo. Cardiac muscle cells are one type of cells that hMSCs can form



through differentiation [11] and EBs promote necessary conditions for hMSCs to
differentiate into cardiac muscle cells [12].

The biomechanical measurement of cell aggregates such as EB is important because
cellular mechanical properties not only change with age [4], but also change with
differentiation. For instance, there is a hypothesis that chondrogenic or osteogenic
differentiations might be caused by mechanical strain in undifferentiated hMSCs [13].
These mechanical changes could potentially be predictive in nature indicating if the cells
are in a state that could be subject to differentiation protocols, or if they are the proper type
of cell for transplantation. In fact, studying the cellular mechanical properties in cell
aggregates is important to the questions of how cellular mechanical properties ultimately
affect downstream cell properties. Using the mechanical properties, if we could
differentiate the cells into specific phenotypes more reproducibly, we could potentially use
the cells for transplantation to replace cells that had degenerated such as damaged cardiac
muscle cells in heart disease [14]. Studying mechanical properties of hMSC cells can have
a great impact in cartilage regeneration and cartilage tissue engineering [15].

The first step to study hMSC cells involves characterization of the mechanical
environment of single cells and single cell biomechanics. Several methods have been
developed to study the biomechanics of single cells. Micropipette aspiration, AFM method,
cytoindentation, optical traps and cell compression are among the most important ones [2,
16-18]. We have also utilized another method previously and measured mechanical
characteristics of single suspended hMSC cells with our developed BioMEMS device [19].
The previous generation of BioOMEMS which consists of an on-chip sensor and actuator
allowed us to measure biomechanical characteristics of single hMSC cells. The new
generation of BIoMEMS device discussed in this dissertation will let us measure the
viscoelastic properties of embryoid bodies (EBs) i.e. human mesenchymal stem cells which
are differentiated into cardiomyocytes. Studying mechanical properties of these cells of
different passages will help in finding the optimum cell culture conditions. Therefore, one
of the future applications of this device is to find the best culture conditions correlated with
mechanical properties of EBs of different passages. This will finally benefit the studies

about cardiomyocyte regeneration [20] and thus cardiovascular disease treatments. In fact,
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the fabrication and characterization of this novel BioMEMS device will pave the way for
future biomedical applications.

Apart from the biomedical perspective, the system can be used for mechanical
characterization of other materials such as polymers. The novel high aspect ratio
microactuator which provides multiple predefined large displacements, can be utilized to
provide on-chip actuation for other applications such as micro-optics or microfluidics. It
can also be used to provide cyclic strain for mechanical testing of different elastic and

viscoelastic materials or thin films that is hard to measure with conventional methods.

1.2. Objectives and Challenges

Our main goals include design, fabrication and characterization of a novel BloOMEMS

device. This BIoOMEMS device is designed for mechanical characterization of embryoid

bodies (EBs) in vitro. A list of the objectives is given below and each objective is explained
in the following section.

1. The first objective is to design an on-chip actuator which provides motion in a series
of discrete steps ranging from 5 % to 25 % of the EB diameter (up to 100 um).

2. The second objective is to extend the design of a piezoresistive force sensor to measure
the reaction force from EB.

3. The third objective is related to the need to have a positioning system incorporated into
the chip to place the target in designated area for compression.

4. The fourth objective is the fabrication of the MEMS device with the previously
mentioned components.

The objectives are explained in the following section.

1- The average diameter of EBs is 250 um to 290 um. In order to do mechanical
characterization without permanently deforming the target, we intend to provide
displacements from 5 % to 25 % of the EB diameter. Therefore, the micro actuator
needs to provide five different predefined displacements up to around 100 um. The
previous actuator design in our group was only capable of one to six microns of

displacement and it was designed for single-cell characterization but the current design
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requires relatively larger displacements because the average size of a cell aggregate is
more than 10 times larger than a single cell. This novel electrostatic actuator can
provide a large displacement and it is also compatible with micromachining techniques
and thus easy to integrate on-chip. The first challenge is to obtain a large displacement
with actuator. The other challenge is due to biomedical application of this system and
operation of actuator in ionic media (cell medium).

We have applied the idea of a piezoresistive force sensor from our previously designed
BioMEMS for single cell characterization [19]. This force sensor utilizes piezoresistive
silicon transducers to measure the reaction force of the target during compression. The
reaction force results in a stress distribution along the sensor cantilever beam and
transducers are located in the area with the maximum stress. The applied stress will
cause a change in resistance in piezoresistive elements and a voltage difference will be
measured. Force is related to voltage according the calibration of the device.

Our designed quadruple DEP structure that has been experimentally verified and
modeled for trapping a single cell [21] was accordingly modified in the new generation
for positioning EBs. DEP positioning is a contactless method that uses
dielectrophoretic force to trap the body to the center which in this case is the EB
characterization area between actuator and force sensor plates.

In order to accommodate EBs with minimum of 250 um in diameter, device height of
150 um is envisioned. Therefore, the fabrication process of this device involves etching
150 um of silicon using deep reactive ion etching (DRIE) method. Fabrication of a high
aspect ratio MEMS structure could be challenging. Moreover, as a result of a long
etching time, over- or under-etching and undercut of the structure can change main
characteristics of the device such as the electrostatic force or stiffness values of the
actuator. The fabrication process is given after explaining the details for specifications

and design of the device.

After fabrication, characterization of the novel on-chip actuator is performed to determine

the characteristics of the actuator such as static displacement and resonant frequency.

Characterization of the bank of actuators will be first done in the air. The future application
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of this actuator is intended to be in cell medium. Producing large and repeatable
displacements can be challenging specially in cell medium, because it is an ionic
environment and may require additional fabrication steps. Exploring the application of the
developed device in measuring viscoelastic parameters of EBs is one of the future goals.
The goal is to try to extend the mechanical measurements from single hMSC cells to EBs
using our novel BioMEMS device. The elastic and viscoelastic properties of EBs could be
measured by step compression tests.

A picture of the MEMS device is given in Fig. 1.

motion to shuttle

Supporting Springs
for Actuator

Figure 1. BioMEMS device with integrated actuator and sensor on-chip, the die size is 12 mm by
12 mm.



2. Actuator Design and Modeling

2.1. Different Actuation Methods

Different methods of actuation have been used in MEMS and microfluidics such as
electrostatic [22], magnetic [23], piezoelectric [24], thermal [25], chemical [26] and
pneumatic [27]. The advantages of pneumatic, thermal and chemical expansion methods
are large displacements and high energy densities (or pressures), but they have slow
response times (typically >1 ms and often >1 s) [28]. Piezoelectric actuation provides a
faster response at the cost of smaller displacement and energy density [28]. Magnetic
actuators are comparable to piezoelectric devices in terms of energy densities and response
times, magnetic devices can provide much larger displacements [28] . The problem with
magnetic actuators is that the current material choices for micromagnets are limited. Also
a limited number of those materials can be micromachined in conventional cleanrooms
[29].

Electrostatic actuators on the other hand, are capable of relatively large displacements (10—
100 um with interdigitated comb drives) at fast response times (typically us to ms in
vacuum or air, and limited only by damping in liquids). Electrostatic energy densities in
air are slightly lower than piezoelectric and magnetic actuation, but electrostatic actuation
gains two orders of magnitude in high dielectric constant fluids such as water. Electrostatic
actuators such as comb drives have a proven reliability [28]. Their design and fabrication
are simpler than most of the other actuation mechanisms, and they require only silicon-
based materials. They are quickly and easily integrated into microsystems because they can
be fabricated with standard IC micromachining processes and materials [28] . It is also
possible to achieve high forces and high displacements by optimizing the shape of comb
drive designs [29].

One of the challenges for electrostatic actuators is the limitation of stable traveling range
due to the electromechanical side instability. Side instability happens when the movable

comb fingers move perpendicular to the actuation direction and then make contact with the
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fixed comb fingers. As the overlapping area between fingers increases with the forward
displacement of the actuator, the cross-axis force becomes larger and larger that causes the
fingers to suddenly snap over the sideway. The other challenge is that the performance of
electrostatic actuators will degrade in liquids with higher conductivities due to
electrochemical reactions and ionic environment [30]. Also an optimal actuation method
for mechanical excitation of living cells should offer a high degree of accuracy in the
control of the applied force or displacement. The advantages and disadvantages of different
actuation methods are listed in Table 1.

Table 1: The advantages and disadvantages of different actuation methods

Advantages Disadvantages Reference

Electrostatic | - Compatibility with standard IC | - Limited stable range of movement [22, 31,

micromachining processes and due to side instability 32]
materials - Change in performance and initial

- Easy to integrate into micro stroke in conductive liquids

devices - Electrolysis in liquid environment

- Large displacements
- Fast response time

- Large forces

Magnetic Large displacements - Small energy density [23, 29]
- Requires specific material and

might not be easy to integrate

Piezoelectric | Fast response time - Small displacements [24, 29]
- Small energy densities
- Limitation in materials and

achievable geometries

Electro- - Large displacements - Slow response time [25]
thermal - High energy densities - Electrolysis in liquids

- High temperatures not good for

cells
Chemical - Large displacements - Slow response time [26]
- High energy densities
Pneumatic - Large displacements - Slow response time [27]
- High energy densities - Harder to integrate on chip




Different type of actuators could be compared based on energy density that represents
output energy per actuator volume. Output energy of the actuator can be calculated by the

following expression [33].
1
E=>.F.y (0

where E is output energy, F is force and y is the output displacement. A comparison
between energy densities of different actuators is given in Table 2 [34]. The energy density
value for our actuator based on finite element analysis (FEA) modeling is also shown in
the table. According to modeling which will be discussed in details in the following
section, our device will provide up to displacement of 110 pm and force of 275 uN. Using
equation (1), output energy for the actuator in our design was calculated and then divided
by volume of the actuator to determine the energy density. An overview of performances
for different actuation methods both in terms of displacement and force is given in Table
3.

Table 2. Comparison of different actuators with respect to energy density values [34].

Actuator Type Elastic Energy Density (J/cm?®)
Electroactive Polymer Artificial Muscle
Acrylic 3.4
Silicone (CF19-2186) 0.75
Electrostrictor Polymer P(VDF-TrFE) 0.3
Electrostatic Devices (Integrated Force Array) 0.0015
Our actuator® 0.0366
Electromagnetic (Voice Coil) 0.025
Piezoelectric
Ceramic (PZT) 0.10
Single Crystal (PZN-PT) 1.0
Polymer(PVDF) 0.0024
Shape Memory Alloy (TiNi) >100
Shape Memory Polymer 2
Thermal (Expansion) 0.4
Electrochemo-mechanical Conducting 23
Polymer
(Polyaniline)
Mechano-chemical Polymer/Gels 0.06
(polyelectrolyte)
Mechano-chemical Polymer/Gels 0.025
(polyelectrolyte)
Natural Muscle (Human Skeletal) 0.07

* Energy density for our comb drive actuator based on FEA results
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Table 3. Comparison of different MEMS actuation means for characterization of living cells [33].

Actuation technique Displacement Displacement Force Force
(max) (min) (max) (min)

Positioning Stages >1 mm 10 pm >1N 10 pN
Piezo& Polymers 700 pm 1 um 10 mN 0.1 uN
Electrostatic 250 um 0.8 pm 10 mN 10 uN
Electrothermal 300 pm 1 pm 10 mN 50 uN
Air pressure 10 um 10 nm 100 nN 10 pN
Magnetic fields 200 pm 1nm 400 uN 0.01 pN
Electrical fields 10 pm 10 nm 400 uN 0.01 pN
Optical gradients 100 um 1nm 40 nN 0.01 pN

2.2. Actuator Design Overview

As described earlier, the actuator role is to provide mechanical stimulation for the EB inside
the cell medium. To this end, the actuator system is expected to provide rather a large
displacement to compress the target to 25 % strain. The required displacement will be
around 72.5 pm for characterization of an EB with 290 um diameter. Integration on the
MEMS device and compatibility with microfabrication techniques utilized in the
fabrication process are also required. As it was mentioned in the previous section, the
electrostatic actuators have various advantages such as large displacements and forces,
speed, and ease of on-chip integration. Another advantage of using electrostatic actuator in
liquid media is that the electromechanical efficiency increases with the dielectric constant
of the medium and the energy density is at least 80 times larger in water relative to air.

One of the characteristics of the actuator system is operation in physiological conditions;
this means the actuator which is integrated on-chip will be immersed into cell medium

which is an ionic environment. The key challenges of operating electrostatic actuator in
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conducting media are electrostatic shielding, electrode polarization, and electrochemical

reactions [28].

2.3. Actuation in Ionic Media

Most of the applications of electrostatic actuators have been in environments such as air or
vacuum. During the last decade, devices have been utilized in ionic media using high
frequency signals to avoid electrostatic shielding and electrochemical reactions [28, 35].
Sounart et al. were the first to demonstrate AC actuation in ionic media [28]. This method
was used to operate electrostatic actuators in order to characterize cells in ionic solutions
[36, 37]. High frequency signals and low voltages were utilized to prevent the electrostatic
shielding, electrolysis and electrochemistry [28, 37]. The frequency of AC square waves
should be high enough so that the ions do not have time to accumulate at the electrodes.
The electric field will then be uniform since the electrostatic force is independent of the
polarity of the applied voltage. As reported in [28], more conductive solutions require a
higher frequency signal for actuation. However, at frequencies above 1 MHz attenuation
due to parasitic impedances prevents actuation. A differential drive electrode design was
utilized to overcome parasitic impedance losses in ionic media [37]. Although differential
design minimized high frequency losses, the limitation of drive electronics happened at 5
MHz and signal distortions were observed for higher frequencies. The maximum
displacement achieved in ionic media in previous works was less than 10 um [29, 37].
Using our novel actuator design which will be discussed in the following sections we intend
to achieve significantly larger displacements.

Our approach for actuation will be the on-chip electrostatic actuation. We will apply
differential electrode configuration to our custom-designed actuator. The differential
electrode configuration is the method of applying voltages with 180 degrees out of phase
to stators of a pair of actuators. This method will basically make it possible to use high
frequency signals which are needed to provide the large displacement in ionic media. The

use of 180 degrees out of phase voltages for a pair of comb drives will result in zero current
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through the actuator shuttle and thus will decrease the loss and temperature effects which
are the main obstacles for increasing frequency of signal [37].

Our other approach for providing displacement is using off-chip actuation. There is a place
designed for a probe tip that could be driven by an external off-chip piezo driver in the
actuator moving plate. Using piezo driver motion, the lateral displacement with 10 nm
accuracy can be obtained. With feedback control enabled (“servo” mode), exact position is
monitored with 10 nm precision, but in practice the accuracy is limited by the calibration
of the device [14].

2.4. Electrostatic Comb Drive Actuators

Electrostatic actuators are based on the force between capacitor plates with an applied
voltage. The actuators considered in this work are actuated by an integrated comb drive
actuator [38]. Comb drive actuator is one of the most common electrostatic actuator used
in MEMS applications. Comb drive actuators have been used as resonators [38],
electromechanical filters [39], optical shutters [40], micro grippers [41], voltmeters [42]
and micromechanical gears [43] . Comb drive actuator is chosen because of relatively large
displacements of the actuator in contrast to the actuators based on a close-gap
configuration. One of the other beneficial features of the comb drive is that the force
provided by the actuator is independent of the actuator displacement. This simplifies the
design and operation of the device and eliminates the undesired electrostatic pull-in
instability in the direction of the actuation. However, the structures actuated by a comb
drive are still prone to the lateral pull-in instability, which is often the main factor limiting
the stable displacement range [44].

Comb drive actuator consists of two interdigitated finger structures, where one comb
structure is fixed and the other one is movable and connected to a suspension. The
suspension must be compliant in the direction of displacement and stiff in the orthogonal
direction. The driving voltage between the comb structures causes the movable comb to

move towards the fixed fingers by an attractive electrostatic force. The movable comb
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fingers are connected to the ground in order to prevent electrostatic pull-down forces to the

substrate. A comb drive actuator schematic is shown in Fig. 2.

W
=

Figure 2. Electrostatic comb drive actuator, L is the length of finger, L_0 is the initial finger
overlap, w is the finger width and d shows the finger spacing.

The electrostatic force between the fixed comb and the movable comb is given in (2)

_ negytV? @

d

where n is the number of fingers, ¢ is the relative permittivity of the medium between the
comb fingers, &,is the permittivity of free space, t is the thickness of the comb fingers, [,
is the initial comb finger overlap, d is the gap spacing between the fingers and V' is the
applied voltage between the fixed and movable electrodes. Mechanical force is generated
through the spring of the suspension structure.
For allowing the actuator to have a large displacement the spring attached to the combs
should be properly designed. Different types of spring designs such as clamped-clamped
beam, crab leg flexure and folded flexure have been applied in comb drive actuators [38,
39, 41-43, 45-48], and they are shown in Fig. 3.
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Figure 3. Different spring designs, clamped-clamped beam (a), crab leg flexure (b) and folded
flexure (c) [45].

The spring stiffness generated from beam designs used in comb drive actuator needs to be
relatively small in the direction of movement and large enough in the other direction. The
folded flexure design with initially bent beams was found to be more advantageous in
applications with large displacement because of great compliance in lateral direction, great
axial stiffness, lower side instability and minimal area usage [45, 49].

A folded flexure consists of fixed-guided beam which is fixed on one end and is confined
to move at the other end. The two fixed-guided beams are connected by a rigid truss that
translates the displacement at the end of one to the other. The truss member is designed to
be much stiffer than the beam so as to act as a rigid bar. Under this condition, the folded
beams act as two springs in series, thus creating a more compliant system. The folded
flexure is designed with the same length on the two legs.

The folded flexure design strongly reduces the development of axial forces and exhibits a
much larger linear deflection range [45]. The springs remain within 1% of linearity for

deflections up to around 10% of the beam length [50]. After this the Euler beam theory is
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not valid anymore and non-linear stiffness and spring softening effects arise. In this design
the maximum deflections are within the linear range of deflection, thus the Euler beam
theory is true for the displacement range.

Some of the previously designed comb drive actuators were explored. The first comb drive
actuator was designed by Tang et al. [38] and is shown in Fig. 4. The original comb-drive
actuator had a folded-flexure suspension design and was symmetric along x and y

directions and provided two microns of displacement.

Figure 4. The first comb drive designed by Tang [38].

Gerson et al. in [44] introduced design of multistable comb drive actuators with large
displacements. These actuators allowed stable displacements up to 100 um. The
multistable actuators had a number of curved beams going through buckling events. The
beam snap events created a non-linear and hysteresis form of displacement voltage curve
which was not suitable for our application. Grade et al. [49] introduced a comb drive design
which was 50 % smaller than Tang’s design and was only symmetric about the y-axis (Fig.
5). With half the combs and half the suspension beams of the traditional design, the

actuator deflection and fundamental resonant frequency remained unchanged. By placing
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the folded suspension outside of combs the rotational stiffness was also increased. This
design was proved to be capable of displacements up to 110 um while biased with almost
150 volts. Since the displacement voltage characteristic for this design is close to a linear
relation, a similar design can be used for our application. Our design for a comb drive unit
will be symmetric along y axis but we are going to use folded flexure design with initially-
bent suspension beams to delay the electrostatic instability. The use of pre-bent beam
reduces development of the axial forces perpendicular to the direction of actuator
movement and thus will increase the stable range of displacement for the actuator. Besides
electrostatic forces along the actuation direction, there are also electrostatic forces pulling
the stator and rotor fingers together. Normally the forces on both sides of the comb fingers
cancel each other. However, when the first derivative of the electrostatic force becomes
larger than the restoring spring constant in the y-direction, side instability of the comb drive
is introduced. This incident could be delayed by the proper design of the spring and will

lead to larger stable displacements.

_——

Figure 5. The comb drive designed by Grade [49].

2.5. Lateral Displacement of Comb Drive Actuator

The position of the movable finger structure is controlled by a balance between the
electrostatic force and the mechanical restoring force of the compliant suspension. The
capacitance between the fixed comb and the movable comb can be expressed as:

2 t(y +1
C= Neey C(ly 0) (3)
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where n is the number of fingers, ¢ is the relative permittivity of the medium between the
comb fingers, &,is the permittivity of free space, t is the thickness of the comb fingers, [,
is the initial comb finger overlap, y is the comb displacement and d is the gap spacing
between the fingers. The lateral electrostatic force in the y-direction is equal to the negative
derivative of the electrostatic co-energy with respect to y [45]:

_1ac

nesytV?
F=-_—"— _
20y

Vi=—— 4

y @
where V' is the applied voltage between the fixed and movable electrodes. Mechanical
force is generated through the spring of the suspension structure.

negytV?

F=ky,y=>y=
vy =Y =T

(5)

where k,, in the spring stiffness and y is the static displacement of the comb drive and a,the
slope of displacement-voltage incorporates all the effects of the actuator geometry and
material properties. The electrostatic force and static displacement of the comb drive are
proportional to the square of the applied potential. The electromechanical efficiency of a
comb-drive actuator can be characterized by replacing with an empirical constanta.

y = eaV? (6)
In the derivation of equation 5, a uniform electric field was implicitly assumed. This
behavior is modified if the operating medium contains mobile charges as in the case of
ionic/polar solutions. The presence of mobile ions leads to the well-known problems of
electrolysis, electrochemical corrosion and ionic screening. Therefore, equations 5 and 6
only apply to a comb drive actuated in a homogeneous dielectric of negligible conductivity.
In a leaky dielectric which supports an ohmic current, ions accumulate in an electrical
double layer (EDL) at the electrode interface, thus reducing or eliminating the applied force

and actuator displacement [28].
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2.6. Critical Frequency for Actuation in lonic Media

It was reported that in all liquids, electrostatic comb drive displacement is zero below a
medium-dependent critical frequency, above which the displacement reaches a frequency-

independent maximum value [28]. Critical frequency is defined as

ob
f'C_

EoxEod

()

Where b is the oxide thickness and o is the local electrical conductivity. The theory
suggests that the critical frequency can be adjusted higher or lower by growing or
preventing growth of the native oxide respectively. Minimizing the oxide layer thickness
will reduce the actuation frequency thus unoxidized electrode materials can do actuation
in higher conductivity electrolytes. On the other hand, very low thickness of native oxide
and high voltages might lead to corrosion of electrodes due to leakage currents [36]. Thus
lowering native oxide thickness can be a method to decrease the critical frequency which
means with applying lower frequencies actuation in ionic media can be achieved, however
magnitude of the applied AC signals should be low enough not to cause electrochemical
reactions at the electrodes. This suggests that there is a limitation for both frequency and
voltages applied in ionic media dependent on the electrical properties of medium. One
other method for enabling higher voltages could be coating electrodes with 1-3 nm Al203
which is deposited by atomic layer deposition (ALD). For on-chip actuation method we
are going to compare different coating conditions for electrodes such as electrodes without
native oxide, with a couple of nanometers of native oxide and electrodes coated with ALD
Al203.

Critical frequency inside NIH3T3 medium (conductivity=1.6 S/m) based on the gap size
will be the following:

g=6.5um=>f=12 MHz

g=8um=>f=10 MHz
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2.7. Dynamic Behavior

In a comb-drive electrostatic actuator the electrostatic force F is balanced by the suspension

of stiffness k,, in the actuation direction and depends on the applied voltage V as
negytV?

F = Q7 - ky.y (8)
where n is the number of fingers, ¢ is the relative permittivity of the medium between the
comb fingers, &,is the permittivity of free space, t is the thickness of the comb fingers, y is
the comb displacement and d is the gap spacing between the fingers. However, this is not
true in the case of a conducting liquid medium where the electric field is not uniform and
is shielded by the interface capacitance due to the formation of the electrical double layer
(EDL). In this case, AC signals with high frequency need to be applied to prevent the EDL
formation. Thus, the electrostatic force depends upon the frequency of the actuation signal
since the extent of shielding depends on the time available for the mobile ions to
accumulate at the electrode medium interface. By modeling the electrode-electrolyte
interface as a thin layer of capacitance and all components of the circuit as linear
components, the overall impedance of the electrode system (Z) and actuator gap impedance
(Zwm) are expressed as [51].

Silicon electrode
Gapd

EDL
charges Native oxide

Figure 6. Circuit model for comb drive inside liquid [51].
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The total impedance of the actuator system which is shown in Fig. 6 can be expressed as:

7= 2 + Ry 9
~ jwCiyr 1+ jwRyCy ©)

The impendence of the actuator gap is the second term in the above expression which is

Zy = Ry /(1 + jwRyCy) (10)

When an AC voltage is applied between the combs, the voltage across the actuator gap in

terms of the total gap can be expressed as below

VAC = VO eXp(]Wt) (11)
Zy . Zu
Vm = Re {| - Vo exp(jwt + go)} where ¢ = arg (7) (12)
Zy
Vi = {l A |V0} cos (wt + @) (13)

The assumptions for derivation of harmonics is that the voltage drops across all
components are sinusoidal without non-linear distortions. These assumptions are valid for
the range of concentrations and frequencies we are using here. Substituting V,, in the force
equation we obtain the electrostatic force as

Ntepy &0 2

Ty ,
F = 7 {|7|V0} cos“(wt + @) (14)

Therefore, the electrostatic force has a DC component superposed with second order
harmonics. (cos? 8 = (1 + cos20)/2) If we consider mechanical systems with natural
frequencies much less than the actuation signal, the mechanical response filters out the
higher harmonics (For such systems the actuator responds quasi-statically to the average
force determined by the root-mean square voltage). This is true in particular for the class
of actuators which their natural frequencies are lower than 1 KHz, while the actuation
signals are going to be above 10 KHz. Thus the electrostatic force for a sinusoidal signal

can be written as
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Since the term |¥| is a function of frequency the electrostatic force can be expressed as

Ntepg &0

=

fw) VRZMS (16)

2.8. Actuator Design Parameters

This device is designed for a cell aggregate of 250 um in diameter. There is a tradeoff
between accommodating the target and fabrication process limits for a high aspect ratio
structure. A device height of 150 um is chosen to accommodate 60 % of the target diameter.
The starting material is SOl wafer with device layer of 150 um, 2 pm silicon oxide and
handle layer of 500 um. Five variations of dies were designed to use in the wafer layout.
Differences are in design parameters of combs, finger spacing, spring length and finger
pairs. This will lead to different displacement capabilities as well as some fabrication
differences. For instance, the displacement will be larger for smaller values of finger
spacing but the structure with smaller gap has a higher aspect ratio and therefore will be
more challenging to fabricate. The design parameters are given in Table 4.

The minimum feature size is the finger width in our design which is 8 um. Different dies
are capable of various displacements that are brought in Table 5. Displacements in setl
corresponds to 5% to 25% of a cell aggregate with maximum diameter of 290 um.
Displacements in set 2 corresponds to 5% to 25% of a cell aggregate with diameter of 250
um. 40 um is added to these numbers because the gap for target placement is 290 um and
the device needs to move 40 um to touch the cell aggregate first.

Electrostatic force increases with decreasing the gap and increasing the number of comb
fingers. However, due to fabrication process and Deep Reactive lon Etching (DRIE)
limitations, dimensions are limited by the minimum feature size i.e. the minimum beam
width and gap spacing. The minimum feature size was derived based on aspect ratio of 20
for DRIE and thickness of 150 um for device layer of the wafer. This means the minimum
beam width can be equal or greater than 8 um. Therefore, the minimum feature size was

chosen to be 8 um as well as the gap between comb drive fingers. Only 10 dies out of 75
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dies have comb drives with finger spacing of 6.5 um (these structures were replaced with
8 um ones later due to fabrication limitations). The displacement and number of pairs of
fingers in certain length highly depends on the finger spacing. However due to possible
over-etching problem dies with 10pm minimum feature size were also incorporated into
the layout. There are also two type of dies with actuators providing only the maximum
displacement. Overall, there are total of six different designs on the wafer layout according

to the mentioned different actuators and minimum feature size.

Table 4: Design parameters for different types of dies

Design Parameter Typel | Type2 | Type3d | Typed | Type Type | Test | Total
5 6 Die
Finger Width (um) 8 10 8 10 8 10
Designed Set? Setl Set? Set2 100 100
Displacement (um)
Actuator Length 7861 7861 7861 7861 2961 2961
(um)
Finger Length (um) 120 120 120 120 120 120
Finger Spacing (um) 6.5 6.5 8 8 8 i8
Finger Pairs 70 62 70 63 70 63
Spring length (pum) 2100 2100 2310 2310 2310
2310
Initial overlap (um) 10 10 10 10 10 10
Beam Length (um) 1888 1888 1888 1888 1888 1888
Yoke Width (um) 120 120 120 120 120 120
Number of Dies 5 5 30 25 5 5 1 76

Table 5: Different designed set of displacements

Designed .
Displacements 25% 20% 15% 10% %
(hard stops)
145
Set 1 (um) 72.5 58 435 29
Set 2 (um) 100 90 775 65 52.5
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2.9. Spring Design

Different types of spring designs such as clamped-clamped beam, crab-leg flexure and
folded-flexure have been applied in comb-drive actuators. The spring stiffness generated
from beam designs used in comb drive actuator needs to be relatively small in the direction
of movement and large enough in the other direction. Folded flexure design with initially
bent beams as shown in Fig. 7 was found advantageous in applications with large
displacement because of great compliance in lateral direction, great axial stiffness, lower

side instability and minimal area usage [45, 49].
I

y
te .

Figure 7. Folded flexure design with initially bent beams [45], the gray part is movable and the
black part is fixed. There are two fixed-guided beams on each side of the structure.

Deflection of a cantilever beam with a point force applied on the tip is derived in the
following section. The moment equation is given in (17) and Euler bending equation is

expressed in (18). Equation 19 is derived from substituting equation 17 in equation 18.

M(x) =F(l—x) (17)
0%y  M(x)

axz EI (18)
0%y F(l—x)

ox2~  EI (19

where y is the direction of the beam, | is the length of the beam, F is the point force, | is
the moment of inertia, and x is the perpendicular direction to y. The boundary conditions

are the following

y=0@x=0 (20)
Z_z:o@x:() (21)
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Therefore, integration of equation 19 results in displacement and spring stiffness of

_ 1 3 22
3EI
ky = l_3 (23)

3
For a rectangular beam of width b and thicknesst, I = % the spring stiffness will be

Ebt3
y = 4l3

(24)

A folded flexure consists of two fixed-guided beams which are fixed on one end and
confined to move on the other end. The stiffness of this beam can be obtained in a similar
fashion as above while changing the boundary conditions for deflection at the free end.

12EI Ebt3
ky=—l3 = (25)

A folded flexure has two fixed-guided beams connected by a rigid truss that translates the
displacement at the end of one to the other. The truss member is designed to be much stiffer
than the beam so as to act as a rigid bar. Under this condition, the folded beams act as two
springs in series, thus creating a more compliant system. The folded flexure is designed
with the same length on the two legs. The combined stiffness of such a flexure is given as

Ebt3
ky = 213 (26)
The stiffness of folded flexure in the axial direction is
Ehb
x =T (27)
And the stiffness ratio is
k l
y 2
2 — 2
PRRee) (28)

The folded flexure design strongly reduces the development of axial forces and exhibits a
much larger linear deflection range [45]. The springs remain within 1% of linearity for

deflections up to around 10% of the beam length [50]. After this the Euler beam theory is
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not valid anymore and non-linear stiffness and spring softening effects arise. In this design
the maximum defections are within the linear range of deflection, thus the Euler beam
theory is true for the displacement range. The actuator design incorporates five pairs of
comb drive cells. Each actuator cell has a folded flexure beam structure which allows large

displacement while reduces side instability.

2.10. Side-instability

Comb drives inherently suffer from electromechanical instability called lateral or side
instability. Besides electrostatic forces along the y-axis, there are also electrostatic forces
pulling the stator and rotor fingers together. Normally the forces on both sides of the comb
fingers cancel each other. However, when the first derivative of the electrostatic force with
respect to x becomes larger than the restoring spring constant in the x-direction side
instability of the comb drive is introduced. When the driving voltage exceeds the so-called
side instability voltage V5; the comb drive becomes unstable leading to side sticking of the
rotor and stator fingers. Assuming kx >>ky, the maximum deflection that can be obtained
is:

ky Lo
2k 2

Ymax = d (29)

y

From this equation it can be seen that the side-instability voltage and maximum

deflection are proportional to the gap spacing and increase with the spring stiffness ratio.

2.11. FEA Modeling of Actuator

In order to verify the design, the actuator design layout was sketched in CoventorWare

(Coventor, Inc.), MEMS design and finite element analysis (FEA) software. The

fabrication process was defined and a solid model was built and analyzed using the built-

in  MemMech solver (mechanical simulation) and CoSolve solver (coupled

electromechanical simulation). The material is modeled as anisotropic silicon which is an

anisotropic crystalline material with cubic symmetry and thus three independent values
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should be used to explain the stiffness behavior. The silicon material properties used for
the simulation are shown in Table 6 while the axis are aligned along silicon fundamental
[100] directions. Due to more compliant Silicon crystal structure in the 110 direction, the
design beams are aligned in <110> directions and therefore at a 45-degree angle to the
wafer flat. (See Fig. 8).

Table 6: Silicon Material Properties used in CoventorWare FEA tool

Parameter Element Value
Stiffness Ci1 1.657e5 MPa
[ 6.39e4 MPa
Cas 7.96e4 MPa
Poisson ratio Vi 2.78e-1
Vis 2.78e-1
Va3 2.78e-1
Shear Modulus Gy 7.964 MPa
Gq3 7.964 MPa
[ 7.964 MPa
Density D 2.331e-15 kg/pym3
Conductivity P 5.556e+1 pS/um
Piezoresistivity M1 -5.300e-4 MPa
1o 2.77e4 MPa
a4 -7.05e-5 MPa™1!
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(a) (b)

Figure 8. Design orientation versus wafer flat which is located at the bottom of the wafer layout
(a), layout of one die is shown on the right which has a force sensor and a bank of actuators (b)

The actuator bank consists of a shuttle and five pairs of comb drive actuator units capable
of five different displacements. Comb drive unit and bank of actuator sketch are shown in
Fig. 9 and Fig. 10 respectively. Comb drive units in one bank of actuator are similar in
design parameters which were listed in Table 4, the only difference between them is the
anchor spacing with the moving comb. Thus each bank of actuator provides a set of five
different displacements designed to be 5 % to 25 % of an average embryoid body diameter
which are set 1 and set 2 displacements as previously shown in Table 5.

FEA analysis was done for a unit comb drive in CoSolve solver which performs
electromechanical simulation. The simulation results for actuation in vacuum for 150 V is
shown in Fig. 9. Maximum displacement of 95 um was obtained in simulation for vacuum
condition when applying 150 volts between combs. Four types of comb drive actuator
designs were simulated and used in the layout. The parameters and simulation results for
displacement and electrostatic force are given in Table 7. Since both displacement and
force values are measured to be larger after fabrication than design specifications, four
types of actuators should be capable of characterization of embryoid bodies according to

simulation results.
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Figure 9. Comb drive unit electromechanical simulation results, displacement of 95 um while
applying 150 volts in vacuum.

Figure 10. Bank of actuators showing 5 different pairs of comb drive units in the actuator which
provides 5% to 25 % displacement of embryoid body diameter.
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Table 7: Displacement and the maximum force for actuators from FEA simulations

Actuator | Finger Finger | Finger | Spring Finger Initial Electrostatic Displacement
Types Width | Spacing Pairs Length | Length, | Overlap Force (um)
(pm) (pm) (pm) (pm) (pm) (uN)
Type 1 8 6.5 70 2100 120 10 116 95
Type 2 10 6.5 63 2100 120 10 225 73
Type 3 8 8 70 2310 120 10 275 110
Type 4 10 8 63 2310 120 10 218 78

The meshing type is extruded bricks and the element size is 20 by 20 by 20. The iteration
method used in simulation is Newton. Buckling parameters such as numerical damping
coefficient and initial increment in software should be adjusted to 107-6 and 0.1
respectively. The initial increment indicates the initial size of the increment used in the
iteration process towards a solution. As the solver tries to converge, the current increment
will be adjusted using the minimum and maximum increment sizes, which are defined
separately. The initial increment size has a default setting of 1.0. For complex problems
this setting may be changed to a small number to increase the solver efficiency. Numerical
Damping Coefficient is used for nonlinear static problems that are unstable, such as
buckling or oscillation. If the instability is localized, there will be a local transfer of strain
energy from one part of the model to the neighboring parts. This setting can be used to add
volume-proportional damping to stabilize the problem. The optimum value for this setting
has to be determined by previous simulations. The value must be equal to or greater than
zero. Large deflection actuator modeling without buckling parameters result in divergence.
Simulation results including displacement magnitude, displacement in actuation direction,
reaction force, and Mises stress for the first type of comb drive actuator unit is shown in
Fig. 11.
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Figure 11. Typel of comb drive design, displacement magnitude (a) displacement in actuation
direction (b), reaction force (c), and Mises stress.

2.12. Actuator Modes

The first four natural frequencies of the comb drive actuator unit are shown in Fig. 12. The
first eigen mode corresponds to the actuation in y direction and the device is more
compliant while moving in this mode. The device generates small displacements when
moving in the other modes. This indicates stiffness of the device in x direction which,

protects the design from side-instability.

30



10E+400 i 005400 25E0 S0E-01 75E01 1 0E+00

COVENTOR umn 2 COVENTOR

DT T
25 5001 75E0)

Modal Displacement Mag 0 0E400 =) Madal Disy Mag  OOEWX 25E 50E 75E01 1.DE400

COVENTOR = 4137 Hz COVENTOR

(©) (d)

Figure 12. First four vibrational modes of the actuator. The first mode which is 582 Hz (a) is the
one where the actuator has maximum displacement in y direction. The displacements are
exaggerated to 50 times larger to demonstrate the modes.

2.13. Actuator Shuttle Model

Another series of simulations were done to compare different designs in order to find the
proper actuator shuttle and springs connected to it. The springs should be compliant enough
to allow for large displacement of around 100 pum displacement. Displacements for

different designs are displayed in Fig. 13. The design with maximum displacement was
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found to be more compliant based on displacement results for an equal force applied in the

actuation direction.
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Figure 13. Displacement results for different designs of actuator shuttle while applying an equal
force of 20 uN in actuation direction, the design in (d) shows maximum displacement of 77 um.

The design also should be stable agaist forces in direction perpendecular to actuation
direction (x-direction in this case). The selected design was compared to a design with
springs placed on the top of the shuttle and displacements in x direction were simulated for
an equal force of 50 uN. The results are shown in Fig. 14.
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Figure 14. Displacement results for two different designs (a) and (c) of actuator shuttle while
applying an equal force of 49 uN perpendicular to the actuation direction, (b) and (d) show the
deformed shapes. Design (c) shows more stability against perpendicular.

A comparison between the selected design vs. folded flexure spring for the top springs
shows the folded flexure spring is less compliant and therefore not proper for this
application which requires large displacement. The displacement results for both are
shown in Fig. 15. The first four vibrational modes of actuator shuttle are shown in Fig. 16.
The first mode will be important in determining the resonant frequency and ultimately

stiffness of structure.
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Figure 15. Comparison between rectangular springs and folded flexure springs for actuator shuttle.

Displacements are shown for an equal force of 49 uN in y direction.
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Figure 16. First four vibrational modes of the actuator shuttle.
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3. Force Sensor Design and Modeling

The force sensor is based on a free-standing cantilever beam combined with piezoresistive
transducers made of silicon. Four transducers on each side of the force sensor make a full
bridge which helps measuring the force due to calibration of the device. Increasing device
height to find biomechanical characteristics of embryoid body and fabrication limitation in
DRIE implies changes in minimum width of transducers in full bridge but the principle
remains the same as the previous design for single cells [14].

Using Euler-Bernoulli beam theory the overall sensitivity of the force sensor can be
estimated.

When a fixed-free cantilever beam is subjected to a force at the free end, the free end
deflects and stress is created along the edges of the beam. This stress is greatest at the base
of the cantilever where it is fixed and the piezoresistive transducers are placed in the region
of maximum stress and oriented so that they are in the pathway of electrical current so the
resistance can be measured. The structural regions and the sensing regions are made from
the same piezoresistive material in integral sensors used in this design and the sensing
direction is lateral direction. The direction of the force to be measured is also lateral to the
plane of the silicon wafer. The integral piezoresistive transducer design simplifies the
fabrication process to just one mask by defining the piezoresistive regions [14]. The
electrically separated mechanical structures will be formed using DRIE on a silicon-on-
insulator (SOI) wafer. The force sensor design schematic and design parameters such as
beam length, beam width, transducer length, transducer width and yoke length are shown

in Fig.17 and specified in Table 8.
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Figure 17. Schematic showing the force sensor design.

Table 8: Die types and different force sensor design parameters

Minimu Numbe
£S m Beam | Beam TD TD Yoke r
Type Feature | Length | Width | Length Width Length
size (pm) | (nm) (nm) (nm) (nm)
(pm)
Type 1 8 1888 40 128 8 600 40
Type 2 10 1888 50 128 10 600 35

The reaction force from compressed body will be applied to the yoke and causes the
maximum stress in transducer region. The strain in the transducer region creates a change
in resistance due to piezoresistivity. The change in resistivity will be measured with change
in voltage in a full bridge because the resistors (transducers) are connected in a full-bridge
configuration. As long as the central yoke at the center is significantly less stiff than the
two symmetric cantilevers, the two cantilevers can behave as a pair of fixed-free beams
which increases the stress at the base compared to a fixed-fixed cantilever of equal length.
The governing equations based on Euler—Bernoulli beam theory can be found in the next
section.

The electrical potential is applied to the anchors. Two opposite anchors on both sides at
the very end of the force sensor will be connected to drive voltage Vs and Vo through metal

traces coming from pads. The voltage is sensed from the other two anchors which are
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located at the opposite ends of the pair of cantilevers. Each pair of anchors on both sides
of force sensor are connected through traces to make a full bridge. The difference in
electrical potential will be measured while an applied force unbalances the full bridge and
produces a voltage difference (V1- V2) which is the output voltage (See Fig. 18). Based on

calibration of the force sensor this value will be used to calculate the applied force.
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Figure 18. Transducers stretch or compress due to the applied force to the central yoke of force
sensor (12).

3.1. Linear Beam Bending

Force sensor can be modeled based on Euler-Bernoulli beam theory. Displacement and
thus spring stiffness of the structure due to applied force can be predicted using this model.
The change in resistance in piezoresistive transducers and thus the expected voltage of full
bridge can be calculated using predicted stress values. The force sensor as shown in Fig.
18 consists of two regions, one transducer region which is connected to three anchors to
substrate and the other one the relatively longer beam region with cut-out regions. The area
moment of inertia is different for two regions, the displacement in two regions will be
derived separately considering boundary conditions. The cut-out regions are incorporated
to facilitate the release step of the free-standing force sensor. In the case of point force
loading at the end of cantilever beam under fixed-free bending condition, the equations for
applied force will be the following [14].

d’y(x)  F

dx3  Ely(x) (30)
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Where y is displacement, F is force, E is young modulus and I, is moment of inertia

around the x-axis. Moment and stress are given in equations 31 and 32.

M(x)=F (L—x) (31)
_M(x).y
o) =" 7 (32)

The deflection and the corresponding moment of inertia around x-axis in the two regions
are shown in equation 33 and equation 34. x = 0 is at the base, x = [2 is where the two

regions meet and L = [1 + [2 is the total length of the beam.
x),x <12

(Le(x),x < 12}
16) = {le(x),x > 12 (34)
The boundary conditions are given by equations 35 and 36.
d*y, dy,
W |x=L = O;E |;vc=L =0,y |x=L

=0 (35)
d?y, _d*y dy, | _dn | I
Tz =2 = b=tz s b= = st Y2 lvmr = V1 s (36)
Integrating equation 32 two times considering boundary conditions will result in
deflection which is given in equations 37 and 38.
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3.2. Piezoresistive Force Sensor

The change in resistivity (Ap/p) due to stress can be expressed using the piezoresistive
coefficient (r11) for n-type silicon is given in equation 39.
Ap

=T11011 (39)

The four piezoresistive transducers in the force sensor are arranged in a full bridge so the
ratio of output voltage to drive voltage V/Vb is directly proportional to AR/R [14]. The
sensitivity of the force sensor is measured as volts per volt per newton ((V/V)/N) since the
output of the bridge is measured as the ratio of the bridge offset voltage to the bridge
driving voltage in response to an applied force.

3.3. FEA Modeling of Force Sensor

Finite Element simulations were performed in MemMech solver (mechanical simulation)
and MemPZR solver (piezoresistive simulation) in CoventorWare software. Design
parameters such as beam length and transducer length were varied, stress values were
determined and the sensor sensitivity was derived. The maximum sensitivity and the
corresponding design values was determined and used. The beam length should be
maximized and transducer width minimized to reach the maximum sensitivity.

The displacement and stress in force sensor for an applied force of 100 uN was determined
using FEA simulations (see Fig. 19). The displacement and stress will cause a change in
resistance of piezoresistive transducers. Applying a constant voltage to the electrodes, the
change in current density is obtained from the software. Therefore, the change in resistance
and sensitivity can be calculated. The displacement, stress, electrical potential and current
density simulation results in transducer region for the same applied force and 0.5V, 0.5V

and 0 V applied voltages in electrodes are shown in Fig. 20.
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Figure 20. Displacement (a), stress (b), electrical potential (c) and current density (d) in
transducer region of the force sensor, the applied force 100 uN, and voltages are 0.5, 0.5and 0 V.
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The sensitivity values calculated from the simulations are shown in Table 9. The required

sensitivity was determined according to previous design sensitivity and the minimum force

(See Table 10).

Table 9: Simulation results and calculated sensitivity of force sensor

Patch
Voltage Patch %Change Sensitivity
V) Current in Current | 1 (A) Ai R(Q) AR(Q) AR/R ((Q/Q2)/N)
0.16 2.7861 | 2.9417 | 0.00048 | 0.00016
0.5 1.69969E+11 0.016392 9969 E-05 0723 212 3891 1.638908626
0.16 2.7816 | 2.9425 | 0.00048 | 0.00016
0.5 1.69919E+11 -0.01637 9919 E-05 7618 178 3729 1.637287127
Table 10: Different sensitivity of the force sensor design
Min Force Sensitivity Device Height Beam Transducer
((Ghm/Ohm)/N) (um) Length (um) | Width (um)
Design 15nN 102 10 450 lor2
for single
cell
Design 1 pN 1.52 150 1888 8or10
for
embryoid
body
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3.4. Force sensor modes

The first four vibrational modes from modal mechanical simulation are given in Fig. 21.

The modes will be important in determining resonant frequency of the sensor.

COVENTOR . kst COVENTOR

(©) (d)
Figure 21. The first four vibrational modes of the force sensors, deformed shaped are
demonstrated (with exaggeration).
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4. Dielectrophoretic Positioning System

We have included a quadrupole electrode configuration to position the embryoid body in
the proper place for characterization. The embryoid body should be placed between the
force sensor and the actuator in order to be mechanically characterized. We have
successfully demonstrated trapping of a single cell with a similar configuration. This
method is using dielectrophoresis force as a contactless way to position the dielectric target
in the desired position. This method is explained in this chapter.

Dielectrophoresis is used more and more frequently in MEMS, most often as a method to
trap particles in predefined positions [52, 53]. Notable applications of this technique are
utilization of DEP for multielectrode arrays (MEASs) [54], and as an element of a
microsystem for determining mechanical properties of biological cells [2]. In fact,
dielectrophoretic trapping has been one of the most popular methods of manipulating
biological particles. Positioning the cell in the proper area of MEMS device to perform
different experiments without changing the characteristics of the cell is an important issue.
One of the advantages of this method is that it is a contactless approach to position cells in
predetermined places [55-57]. However, it is difficult to design an effective DEP trap.
Whereas some traps are functional for certain cell types, they do not work for other cell
types. Here we present a modeling approach verified by experiment where the cell
trajectories, type of dielectrophoresis (positive vs. negative), as well as the forces acting on
the cells during the DEP trapping process can be anticipated. This methodology can greatly
help in design of DEP positioning and trapping systems. Using negative dielectrophoresis
in quadrupole electrode configuration (very frequently used), microspheres can be trapped
in the center. In this work, we have investigated two types of particles: polystyrene
microspheres and mouse fibroblasts (NIH3T3). We have developed a MATLAB algorithm
to model the motion of the microspheres during the trapping process.

Modeling movement of a cell due to dielectrophoresis inside a microfluidic channel was

reported in [58], which we have used as starting point in developing our code.
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Figure 22. The DEP quadrupole electrodes, adjacent electrodes are powered with opposite
polarities, this results in electric field minimum at (172.5um, 172.5um), the point that corresponds
to the center in our coordinate system.

In this section, we model the dielectrophoretic force and the trajectories of the
microspheres while being trapped in the quadrupole electrode configuration which is
shown in Fig. 22. The adjacent electrodes will be powered with sinusoidal voltage with the
equal amplitude but 180 degrees of phase difference. This electrode configuration will
result in the electric field minimum in the center point and will cause the microspheres to

move towards the center.

4.1. Theoretical Background

The dielectrophoretic force is exerted on a particle when it is placed in a non-uniform
electric field surrounded by a medium with different dielectric constant. Dielectrophoresis
can be either negative or positive. In the former case, the particle will be attracted to the
electric field minimum while in the latter it will be attracted to the electric field maximum.
The time averaged dielectrophoretic force acting on a homogenous spherical particle of
radius r is given by [59]
F = 2nr3e,,Re[k]V|E|? (40)
where g, is the permittivity of medium at zero frequency is, Re[K] is the real part of
Clausius—Mossotti factor K, and E is the RMS value of the electric field. Both of the
microspheres were modeled as spheres. The Clausius-Mossotti factor for a simple sphere
is given by [60]
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K(w) = (gp — &m)/(gp + 2&m) (41)
where ey, is the complex permittivity of the medium surrounding the particle and ¢}, is the
complex permittivity of the particle. The dielectrophoresis is called negative when Re[K] <
0 and is positive when Re[K] > 0. The complex permittivity as a function of frequency is
& =¢+0/iw (42)
where ¢ is the permittivity at zero frequency, ¢ is conductivity and w is the field frequency.
It can be seen from equations 41 and 42 that the Clausius-Mossotti factor is a function of
electrical characteristics of both the particle and the medium as well as frequency of the
electric field.

The forces incorporated in our model are the dielectrophoretic force and the drag force.
Other forces such as electrothermal force are considered to be negligible in this model. The
gravity is assumed to be in equilibrium with buoyancy force and all the motion equations
were solved in the plane of electrodes. Considering the forces mentioned above, Newton’s
second law can be written as
Fpep = Fprag = ma (43)
where m is the mass of the spherical particle, a is acceleration and Fp,.,4 is the Stokes’

drag force. The Stokes’ drag force can be described with the following equation for a sphere

Fprag = 6TINT0 (44)

where 7 is the fluid viscosity, v is the particle velocity and r is the radius of the spherical

particle. From the equations listed above we can form a set of differential equations as

follows.
d?x dx

mﬁ = Fpepx — 67”7’”% (45)
d’y dy

mP = Fpgpy — 67T777”E (46)

where Fprp x is the dielectrophoretic force component in x direction and Fpgpy is the
dielectrophoretic force component in y direction, This set of equations was used in the

modeling efforts described in the following section.
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4.2. Modeling

The goal of our modeling efforts is to find the DEP forces, trajectories, and velocities of
our microspheres that we are trying to trap. The first step in our modeling process is to
determine the gradient of the electric field from the potential distribution, and then we
incorporate it in equation 40 and determine the DEP force. Subsequently we can solve the
differential equations and determine the trajectories and the velocities which are our
remaining goals. In order to model the microsphere motion, first the electrical potential
distribution as a function of position in the quadrupole electrode configuration was derived
using the relaxation method [61], [0.5um grid resolution] in MATLAB (version R2010a,
MathWorks). In the relaxation method, the solutions to Laplace’s equation are found by
setting the V value at each point equal to the average of its nearest neighbors. The potential
solution is found by cycling through the points on the grid and assigning to each one the
average of its neighbors. On each subsequent pass, the updated values are used. After a few
iterations, the values change less on each subsequent pass. Eventually, the changes are
negligible and a numerical solution will be reached. After finding the electrical potential,
the electric field was calculated by taking the gradient of the electrical potential. The
gradient of the electric field squared was obtained after this step and the dielectrophoretic
force was derived for each point from equation 40. In the following step, the differential
equations 45 and 46 were solved and the trajectory and the velocity of the microsphere
were calculated. A MATLAB algorithm was developed to solve our differential equations
by using the proper trapezoidal rule solver [62].

The inputs for the algorithm are the initial velocity and position of the microsphere, the
amplitude and frequency of the voltage applied to the electrodes and the electrical
properties of the microsphere and the medium. The electrical properties found from the
literature are conductivity of 1.6 S/m and relative permittivity of 80 for the NIH3T3 cell
medium [63], [64], conductivity of 10716S/m and relative permittivity of 2.5 for the
polystyrene microspheres, and the conductivity of 0.6 S/m and relative permittivity of 82
for NIH3T3 cells [63].
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In each time step, the dielectrophoretic force components Fpgp x and Fpgpy Will be
calculated based on the previous position. Also, the drag force components will be
calculated from the velocity determined from the previous time increment. The differential
equations for motion will be solved and the outputs will be the new x and y positions and
velocities. Modeling results show that for a given initial condition inside the electrodes, x
and y position will converge to the x and y of the center and velocity components are going
to zero which means the microsphere will move toward the center and eventually will be

trapped. Similar results were observed in the experiments as well.

Figure 23.The experimental setup. Four probe tips were used to apply desired voltages to four
Ti/Pt electrodes located on Si substrate.

4.3. Experimental Setup

We have designed the experiments to verify our modeling efforts. Experiments were
done to trap both polystyrene microspheres and cells. First we have trapped the polystyrene
microspheres (L14822 Molecular Probes) with a radius of 3 pm suspended in DI water
which had conductivity of 6.25 * 107 S/m as measured by conductivity meter EC410
(Extech Instrument). The second set of experiments was done on the NIH3T3 mouse
fibroblasts with an average radius of 10 pum. Cells were suspended in high glucose
Dulbecco's Modified Eagle Medium (DMEM), supplemented with 10% bovine calf serum
(BCS) and 1% Penicillin Streptomycin (PenStrep). We have trapped the microspheres by
applying the sine voltages using a signal generator (33521A Agilent Technologies). The
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frequency of the voltage was within the range of 400 KHz-2 MHz with amplitude of 10-
15 Vp-p. The experimental set-up is shown in Fig. 23.

For the range of frequencies used, the sign of the real part of the Clausuis-Mossotti factor
IS negative for polystyrene spheres in DI water, as well as NIH3T3 cells in the cell medium.
This negative sign leads to a negative dielectrophoresis, where microspheres are repelled
from the electrodes to the electric field minimum. The real part of the Clausuis-Mossotti
factor for NIH3T3 cells in cell medium and for the polystyrene microspheres in DI water
were calculated to be approximately -0.26 and -0.48 respectively at the frequencies we
used. Therefore, negative dielectrophoresis was observed and verified in our experiments.
As a result, the microspheres are attracted to the center of the trap where the minimum of
electric field is located. The trapping process was captured by Motic Image Plus 2.0 (Motic
PSM-1000) [65]. The experimental data was then analyzed and compared with the

modeling results.

4.4, Comparison of Modeling and Experimental Results
We analyzed the experimental data using CellTrack software [65] and MATLAB to find
the trajectories, the velocities and subsequently the DEP force. The trapping videos were

converted to time-stamped images using an image processing algorithm in MATLAB.

0 10 20 30 40
Time(s)

Figure 24. The magnitude of the measured DEP force (blue line) and the magnitude of the
modeled DEP force (red line) for a polystyrene microsphere. The time axis indicates the
experimental time. Both modeled and measured forces are plotted for the same position of the
microsphere. The voltage frequency was 400 KHz with amplitude of 6 V and the initial position
was (131 um, 198 um). The zero DEP force corresponds to the microsphere being trapped at
the center.
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Figure 25. The magnitude of the measured DEP force (blue line) and the magnitude of the modeled
DEP force (red line) for a NIH3T3 cell. The time axis indicates the experimental time. Both
modeled and measured forces plotted for the same position of the cell. The voltage frequency
was 1 MHz with amplitude of 5V and the initial position was (107 um, 237 um). The cell
started moving towards the center of the trap until the DEP force became zero and the cell

was trapped at the center [65].
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Figure 26. The experimental trajectories (blue line) and the modeled trajectories (red line)
along x (a) and y (b) directions while the polystyrene microsphere moves from initial position
(247.5 um, 244.5 pm) in the upper right corner of our trap to the trapping center (172.5 um,
172.5 um) in the middle of the trap-see Fig. 22.
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Figure 27. The experimental trajectories (blue line) and the modeled trajectories (red line) along x

() and y (b) directions for a NIH3T3 cell in cell medium with the initial position of (113 pm,
227.5 pm).
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The microsphere trajectories were traced using Optical Flow Tracking option of CellTrack
considering the same coordinate system as the experiment. The tracking information was
imported to MATLAB to determine the velocities and subsequently the DEP force by
another user-defined MATLAB routine. In order to be able to measure the DEP force,
velocities and accelerations were determined from the experimental trajectories. In the next
step, the drag force was calculated and the DEP force was determined according to equation
43.

Comparison between DEP forces from modeling and experiments are shown in Figs. 24
and 25. It can be seen that the general agreement is obtained between the experimental and
modeling results for the DEP force. The trajectories obtained from the simulations and the
experiments were also compared. Modeling results for x and y trajectories are close to the
experimental data for the trapped microspheres (Figs. 26 and 27). The initial position for

the polystyrene microsphere is (247.5 um, 244.5 um) which is located in the upper right
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section of our coordinate system (See Fig. 22), and the initial position for the cell is (113

um, 227.5 um) which is located in its upper left section.
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5. Fabrication and Characterization

The fabrication process was done on 6-inch SOI wafers in Sherman Fairchild Center (SFC),

Lehigh University. The properties of SOI wafers is given in Table 11.

Table 11: SOI wafer specifications

Device Layer Specifications
Diameter: 150+/-.2 mm
Type/Dopant: P/Boron
Orientation: <100>+/-.5 deg
Thickness: 150+/-1 ym
Resistivity: .001-.005 Ohmem
Particles: <10@.2 pm
Flats:
Semi std
Edge Exclusion: <5mm
Finish:
Polished
Buried Thermal Oxide
Thickness: 2um+/-5%
Handle Layer
Type/Dopant P/Boron
Orientation <100>+/-.5 deg
Resistivity: 1-20 Ohmem
Thickness: 500+/-15 um
Overall TTV: <2 pm
Finish: Polished

Fabrication of the device involves a set of three masks. Metal deposition, deep reactive ion
etching and atomic layer deposition are the main steps of the fabrication. Fabrication of
high aspect ratio (HAR) MEMS structures is challenging. Also simple microfabrication
techniques such as lithography might not work over the HAR structures. The fabrication
process for building the device could be performed in two methods based on the order of
release and atomic layer deposition (ALD) steps. The first approach will be to release the
free-standing structures after deposition of Alumina with ALD. In this case, after
lamination of dry resist we pattern it to open the pads and windows to later etch silicon

oxide underneath the alumina layer. Based on application of the dry resist, we could get
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side walls covered with alumina to have them insulated. The second fabrication approach
is to release the structure before ALD deposition of Alumina. However, this will cause the
high aspect ratio structures to become very fragile and the following patterning steps will
damage the structure. Therefore, the first method was chosen for fabrication.

Three masks were designed for the fabrication process. The first mask is to define the metal
pads and connect them to proper part of the design such as electrodes. The second mask is
to provide a masking layer of photoresist for deep reactive ion etching of silicon. The third
mask is to pattern insulation layer which is intended to provide electrical isolation for
operation in an ionic environment.

The fabrication process steps are listed in the following. The fabrication process flow

with the corresponding device cross sections is depicted in Fig. 28.

1- Starting material is SOl wafer with 150 um device layer, 2 um buried oxide and 500
um handle layer.

2- Photolithography with AZ nLOF 2020 using mask 1

3- Metallization, Cr-50nm, Au-250nm, Cr-10nm

4- Lift-off

5- Photolithography with SPR 220-7 using mask 2

6- DRIE for etching 150 um device layer

7- Stripping the resist

8- Atomic layer deposition (ALD) of Al203

9- Patterning dry resist using mask 3 (Lamination of resist in DEVCORP with ADEX 5
photoresist)

10- Etching isolation layer with SF6 plasma

11- Removing dry resist

12- Release of free-standing structures with vapor hydrofluoric acid
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Figure 28. Schematic cross-sectional view of the fabrication process flow.

5.1. Metallization and Lift-off

Developing the fabrication process and instructions e.g. exposure dose, photoresist
treatments, baking times, and rehydration time between the steps was performed for
AZ2020 negative lift-off resist. This step was crucial to for lift-off of stack of 310 nm
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chrome gold as the first layer. The metal structure after lift-off in the test and device area

of the wafer is shown in Figs. 29.a and 29.b.

(@) (b)

Figure 29. (a) Line pattern test showing metal lines from 4 um to 7 um after lift-off. (b)
Minimum feature size for metal layer is 4um and located in transducer area of force sensor

5.2. Process Development for Photolithography

SPR 220 was used as a masking layer for deep etching of silicon. Fabrication instructions
were developed for this resist in order to avoid cracking, bubbling and being able to act as
a mask for two hours of etching in the chamber. Photoresist profile tuning was also done
in order to provide almost 90-degree angle sidewalls. A series of experiments were
conducted to minimize the sidewall angle by changing the space between wafer and mask
in the mask aligner after the optimum exposure was determined. Once the photoresist was
properly patterned (Figs.30.a and 30.b), we started the etching experiments. The details of

photolithography conditions will be discussed in section 5.4.
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Figure 30. (a) Line pattern showing 4 um to 7 um lines of photoresist focus shift. (b) Comb drive
fingers had the minimum feature width covered by photoresist mask i.e. 8um.

5.3. Bosch Process

Deep reactive ion etching (DRIE) of silicon provides the ability to create vertical sidewalls
and make complex structures on silicon. As opposed to wet etching, which is isotropic etch,

DRIE using Bosch process is highly anisotropic allowing for creation of 3D structures.

Isotropic etch Anisotropic etch

Figure 31. Comparison of isotropic and anisotropic etch [66].

Silicon etch with fluorine is naturally isotropic. In order to get isotropic etching, two

gases for etching and passivation need to be alternating.

Mask SF, \ C.Fs \ \ | SF, i
| i i 1. ¥ |
e . . W N NS
Silicon Polymer ... o Silicon

Figure 32. Bosch process [66].
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Two common gases in Bosch process are SF6 for etching and C4F8 for passivation. In each
cycle, fluorine ions etch the bottom of trenches followed by C4F8 polymer deposition on
the bottom of trenches and sidewalls. During the following cycle, passivation on the bottom
of the trenches will be removed by SF6 and etching will create deeper trenches into silicon
while maintaining the sidewalls ideally intact from etching. Main parameters in etching are
source power, pressure, bias power, gas flow and duration. Source power is usually kept at
13.56 MHz generating the plasma. Bias power can be either radio frequency (13.56 MHz)
or low frequency (280-320 kHz) intended to accelarate ions inside plasma and provides
directionality. Gas flow and times for etching and passivation are also important factors in

Bosch process and need to be taylored for the requirements of the structure.

Aspect Ratio Dependent Etching
The trenches with different size get etched differently, with larger features getting etched
more than the smaller openings. This effect is called aspect ratio dependent etching and

therefore etch stops such as oxide are used in SOI wafer.

l"l'”l HH"'_?IH"'JI.I!' tm[ nll[ T rm[ lIH

100um

EHT = 500 kY Mog= 88X

Figure 33. Aspect ratio dependent etching is shown. Narrower trenches are etched less
than the wider ones, width of trenches increase from left to right and there are four
trenches of each width.
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5.4. DRIE Tests and SEM Characterization Results

A number of deep reactive ion etching experiments were performed in order to find the
proper etching recipe for our experiment using Adixen AMS 100 (Alcatel) etching system.
Our process utilizes a single mask etching step for etch depth of 150 pm in silicon with
photoresist as a masking layer. Since the masking layer of photoresist should protect the
underlying layer up to two hours in etching chemistry, photolithography parameters needed
to be adjusted accordingly. This is important in order to avoid damage to the structure to
the end of etching time (See Fig. 34).

Signal A= SE2 WD= 15mm EHT = 5.00 kV Mag= 143X

Figure 34. Damage to top of features due to lack of photoresist mask.

The photolithography parameters include resist thickness, exposure dose, bake time and
required time for rehydration to avoid cracking and bubbling in the resist. Initial
photolithography parameters and final parameters that was established with process
development after the device mask revision are given in Table 12 and Table 13.

Photolithography  with mask 1 was done using a projection system
(ASML Projection Aligner Model 700). The starting recipe and the derived parameters for

etching are given in the following sections.
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Table 12: Photolithography parameters for SPR 220 as a masking layer for DRIE

Surface Spin Target | Measured | Exposure Soft PEB Time | Dehydrati
Preparatio | Spee | Thicknes | Thickness Dose Bake (sec) on
n d s (um) (um) (mJ) Time
(rpm) (sec)
HMDS 2000 8 8-8.5 400-550 | 2-5 min | 2-5 min | Overnight
Treatment 115C 115C

Table 13: Revised photolithography parameters for SPR 220 as a masking layer for DRIE

Surface Spin Target | Measured | Exposure Soft PEB Dehydratio
Preparatio | Spee | Thicknes | Thickness Dose Bake Time n
n d s (um) (um) (mJ) Time (sec)
(rpm) (sec)
HMDS 1500 11 11-11.1 500 2 min 2 min Overnight
Treatment 50C 50C
5 min 5 min
110 C 110C

To avoid resist bubbling, baking was adjusted to be done in two steps instead of one. This
will eliminate an abrupt change in temperature of the resist in one step and solve the bubble
formation. The thickness of resist was increased to resist more etching time. Exposure dose
was adjusted by multiple experiments and measurements of line pattern width in the center
and edge and according to the average vales for desired measurements for 10 um lines.

In order to be able to release the free standing sensor and actuator, there are etch holes
designed throughout their structures. However, the etch holes need to be completely
opened to the oxide for the structure to be released. For this to happen, the holes need to
get etched 150 um. Etching experiments were designed to reach that goal. The first DRIE
experiment was done with the default substrate temperature of 10 C. The test wafer was
then cleaved along the test structure to be characterized by SEM pictures taken by Hitachi
TM1000 and Zeiss 1500. The SEM pictures were taken from cross section of the trenches

with different depth designed in the test pattern. The SEM picture of a test wafer etched
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for 72 min in 10 C is shown in Fig. 35. The images were analyzed in ImageJ to find out the
depth of the trenches. The measured etch depth for different trenches from 4 um to 13 pum
is given in Fig. 36.

i
TM-1000_013¢ 2014/09/19  16:22 500 um

Figure 35. SEM picture of a test wafer etched for 72 min in 10 C.

Trench Etch Depth vs. Trench Width
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Figure 36. Trench etch depth vs. trench width.

The next experiment was carried out at -10 C to avoid RIE lag i.e. lower etch rate in the
narrower trenches [67]. The thickness of photoresist mask was increased to 10 pm and the

etch time was increased to 1.5 hour trying to find the maximum etch depth in the narrowest
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etch hole of 8 um by 10 um. The etch depth measured in the wide areas, between fingers
and inside of the smallest etch hole in the free standing structure (8 um by 10 um) is given
in the Table 14. In the SEM picture in Fig. 37, different trenches with widths from 4 um to
13 pum are shown. This shows with the revised DRIE parameters, mainly the lower
temperature, trenches with 8-um width can get etched down to 150 um (Fig. 38) but the
depth of the 8 um by 10 um etch hole is still less than 150 um (Fig. 39), and therefore it
would not reach the oxide in a SOl wafer to be released. The etch depth of finger spacing
was also measured to be larger than 150 um. The DRIE parameters are given in section
5.6.

Table 14: Etch depth for different openings on the wafer

Etch Depth Size of the opening
110 um | Etch hole (8 pm by 10 um)

161 pm | Finger Spacing (8 um)
210 um | Wide area (~200 pum)

Lower temperatures such as -20 C was also experimented but the etch rate of silicon was
very low and therefore it was not suitable for etching 150 um of silicon. The test that was
done at -10 C lead to the best results in terms of etch rate in the narrow holes and uniformity
of etch throughout the wafer. In addition, this temperature results in the minimum resist
etch rate which is important in maintaining the masking layer to the end of the experiment.
The following SEM pictures show more details on the profile of trench pattern, line pattern

and the etch depth in 8-um trench which is our narrowest trench in the structure.
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Signal A= SE2 WD= 16 mm EHT = 5.00 kY Mag= 82X

e —

Figure 37. SEM graph of trench pattern with 4 um to 13 um width (width of trench increases
from left to right).

Signal A= SE2 WD= 16 mm EHT = 600 kV Mag= 302X

Figure 38. Trench pattern in the center of wafer is shown. 8-um trench reached more than 160
pm.
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Signal A= SE2 WD= 17 mm EHT = 5.00 kV Mag= 174X

Figure 39. This picture shows etch depth in wide area and in the shuttle etch hole of 8 um by 10
pm.

5.5. Generation #1 Layout and Revision of Device Mask

Since the smallest etch holes in the structures would have not been etched deep enough to
reach the oxide with the current mask, we had to redesign the device mask. In addition, a
number of revisions were done to improve the design that will be discussed in details. The
device mask was redesigned with enlarged etch holes in the free standing structure and also
added test structures for more effective and less time consuming characterization of etch
depth. Also different comb drive test structures were added. Also, some of the
modifications were related to the effect of fabrication over etching. The layout design was
optimized to ensure it will be released and finger spacing minimum was also increased
from 6.5 um to 8 um to make it more feasible.

The previous layout dimensions were given in Table 4. The design dimensions in the new
layout is given in Tables 15 and 16. The die distribution in the wafer is given in Table 17.

Major revisions to the device mask are listed below:

63



Etch holes were adjusted in force sensor, comb drive actuators and shuttle. Previously
they were 8 um by 10 um (min), 15 um by 20 um, and 8 um by 20 um they got
etched to 110 pm. based on design and shapes they were maximized throughout free
standing structures. Now it is 30 um by 52 um, 35 um by 48 pm, 20 pm by 72 um,
New test structures

In 10 dies spring width increased 2 um due to over etching in wide areas.

10 dies with 6.5 um finger spacing replaced with 8 um finger spacing, less number of
pairs.

Stress concentrators were reduced in the design of actuator springs in order to avoid
breaking

In the free standing structures, beam width was increased to 12 um everywhere instead
of being 10 um to avoid over etching problems (The minimum anchor width is 20 um)

6- Test structures were modified in the center (details are given in the following section)

7- 12 um trenches for force sensor were included for 15 dies (in addition to 10 um and 8

um in the previous design)

8- All spring widths are increased to 10 um or 12 pm instead of 8 um and 10 um which

were used in the previous mask respectively

9- Variations for initial finger overlap of 18 um for 10 dies and 14 um for 30 dies was

added instead of all 10 um

10- More space for trapping EBs were added to Die 1, Die 2 and Die 8 types.
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Table 15: Design dimensions of actuator (AT) in the revised layout

Die 5

10

Set

Set

10

12

7861

7861

70

63

2310

2310

Die | Minimum | AT Designed AT AT Comb | Comb | Spring | Initial | Count
Type Si Displacement | Spring | Length | Finger | Finger | length | overlap
Width (nm) Width | (um) | Spacing | Pairs (um) (nm)
(num) (um) (um)
Die 1 8 Set* 12 7861 8 63 2100 18 5

14

10

15

25

Die 6

10

Set

12

7861

63

2310

10

Die 8 100

Test 1
Die

Total 76

*Set means the bank of actuators provides a set of five displacements including 100 pm, 90 pm,
77.5 um, 65 um, and 52.5 pm.

Table 16: Design dimensions of force sensor in the revised layout

Die 3

Die 5

10

50

1888

1888

120

120

435

Die Type Min Si FS Beam FS Beam FS Yoke Plunger Count
Width(pm) | Width (um) | Length (um) | Width (um) length
(um)
Die 1 8 54 1888 120 435 5

435

15

25

Die 6

10

54

1888

120

435

Die 8
Test Die 1
Total 76
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Table 17: Die distribution in the wafer after revision (See Tables 15 and 16 for color codes)

T D19 | D18 T
T2 | D17 D15 | Al4 | A15 | Al6 | T2
T D13 D11 | Al10 Al2 | A13 | T
D10 D08 | DO7 | D06 A06 | AO7 | AO8
D05 | D04 | DO3 | D02 Test | AO1 | A02 | AO3
CO05 CO03
C10 | C09 Co7

T | Cl4 | C13 | C12

T2 C16

T | C19

Test structures for DRIE were designed to help with the characterization of the etch process
(Figs.40-42). Trench pattern and line pattern with varied widths from 4 um to 13 um are
included in the test diel. The characterization process involves cleaving through the test
die to measure the etch depth. The arrangement of lines and trenches in this test die, in
addition to the special way the test dies are located in a larger test area are carefully
designed to increase the probability of at least one structure in the proper area to coincide
with any random cleaving line (Fig. 40). This design maximizes the probability of cleaving
through the proper area of trench pattern to be able to measure the depth and therefore
obtaining successful characterization results from SEM.

In order to make sure our revised structure will provide the expected performance we ran
the FEA simulations and made sure results are within the required range. Displacement
which is one of the important goals was increased in simulations after the modifications.
The coupled electromechanical simulation results for the new comb drive design is given
in the Fig. 43.
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Figure 40. This picture shows trench and line pattern. Trenches are from 4 um to 13 um wide.
Making a cut with scribe through trenches is necessary for SEM characterization, however the
previous test structures needed cleaving line to be in one millimeter margin which is a very narrow
line and easy to miss. With inclusion of this structure, two parallel trench patterns on the left and
right will increase the chance of cleaving in the right place to happen at least in one of them.

Figure 41.This test structure is a DRIE test structure for holes and includes the three smallest
holes in the structure 30 um by 52 um, 35 um by 48 pm, 20 pm by 72 pm.
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Figure 42. This structure has different comb drives with different spring widths (8 um, 10 um,
and 12 um) and different number of pairs that are currently in the design (63 pair and 70 pair).

Digplacement Mag.. 0.0E+00 F3E+D ] B.BE+D] B.AEH | SE+D2

um COVENTOR

Figure 43. Displacement of 130 pum is the result of applying 150 V instead of 120 um for 150 V
in the previous design.
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After revision of mask, in order to find the conditions for achieving uniform etching
everywhere on the wafer especially in narrow trenches we performed a series of
experiments. Substrate at temperatures from -20 C to 10 C were experimented and etch
depth of wide and narrow trenches were characterized using SEM images (Figs. 44 and
45). There is a trade-off between etch uniformity in trenches with different width and
silicon etch rate. The uniformity of etch increases in trenches with different width by
decreasing the temperature but the silicon etch rate decreases at the same time. For instance,
after characterization of the wafer etched at -20 C, the etch depth is around 25 pm in the
widest area which is well below the target etch depth of 150 um. The etch rate of the resist
do not considerably change and considering there is 5 um resist left, the maximum etch
depth to achieve in silicon will be only 50 um and therefore this recipe do not achieve the
etch depth target.

Etch rate of silicon and resist as well as selectivity were determined for different
temperatures. Based on the etch rate of silicon in different areas for different temperatures
(Table 18) and especially the etch rate in the trench with the minimum width of 8 um, the
required etching time of two hours was calculated for the etch depth of 150 pm.

Table 18: Etch rate of silicon and resist selectivity in different temperatures

T=10C T=-10C T=20C
Etch rate of silicon, wide 2.5 um /min 2.4 um /min <0.4 pm/min
area
Etch rate of silicon, 8-pum 1.6 um /min 1.9 um /min Very small
trench
Etch rate of silicon, etch 1.21 pm /min 1.26 pm /min Very small
holes
Etch rate of resist 0.086 um /min 0.079 pum /min 0.079 um /min
Selectivity 29 30 30

In the following experiments, -10 C was found to be the optimum temperature for this

etching process. Center of the wafer had the least thickness of resist after etching.

Thickness of resist in the center of the wafer (4 um) is 2.3 um thinner than the flat of the
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wafer (6.3 um). This measurement was done for a wafer that was etched at 10 C for 72
min. The lithography error might have contributed only 0.2 um towards that difference in
thickness of the resist.

A test wafer patterned with 11 um resist was etched for 2 hours at -10 C. The result later
shows the aspect ratio was reached and wafer was etched 150 um everywhere up to etch-
stop layer. By optimization of lithography and temperature we will be able to etch
minimum required amount of 150 um in all trenches including the minimum feature size

of 8 um trench.

TM-1000_0380 2015/03/22 18:18 500 um

Figure 44. SEM picture of trench pattern in test wafer etched at -10 C.
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Trench Etch Depth (um) vs. Trench Width (um)

200
180
160
140
120
100

80

Figure 45. Trench etch depth vs. trench width.
Table 19: Etch depth for different trenches in test pattern

Trench Trench
Depth(um) | Width(pum)
109 4
124 5
135 6
142 7
153 8
160 9
166 10
168 11
174 12
177 13

It was also confirmed that the revised etch holes (corresponding test die was shown in Fig.
41) were etched more than 150 pum in this process. SEM pictures from the etch holes
located in the center of the wafer is shown in Fig.46. The results were confirmed with SEM

instrument (Zeiss, Inc.) and are shown in Figs. (47-49).
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TH-1G00_0358 2005102104 1732 1 mm

Figure 46. Three types of etch holes similar to the ones in the device structure are etched down
more than 150 um. The smallest etch hole which is 20 um by 72 pm is etched more than 151 pm.
This confirms the release of free standing structures for the revised design.

Signal A= SE2 WD= 7mm EHT = 500 kV Mag= 84X

—
I
Figure 47. SEM picture of trench pattern in a test wafer etched at -10 C, 4 um to 13 um from
right to left.
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Signal A =SE2 WD= 8mm EHT = 6.00 kV Mag= 201X

Figure 48. SEM picture showing etch depth of an 8um-trench in a test wafer etched at -10 C.

Signal A= SE2 WD= 8mm EHT = 6.00 kV Mag= 29X

Figure 49. SEM picture showing the etch depth of wide area for a test wafer etched at -10 C.

Fabrication process for the device wafer was executed afterwards. After patterning metal
layer with lift off, SPR 220 was patterned as a masking layer for DRIE. The first device
wafer (SOI wafer) was then etched with the revised mask and recipe for 2 hours at -10 C.
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The SEM pictures are given in the following figures. SEM images from different sites of
the SOI wafer are shown in Figs. (50-55).

The test pattern in Fig.53 shows the 8-um trench was etched down to oxide (depth of etch
around 150 pm). In the zoomed-in photo (Fig. 54), some post-etch residue can be seen on
the side walls of the patterned structure. Part of this residue is fluorocarbon residue possibly
coming from the products of polymer deposition step (C4F8) of Bosch process. There is
also silicon grass residue on top of the oxide (Fig.55). We tried to clean the polymer residue
from the silicon test wafers by ashing and oxygen plasma cleaning and the results are given

in the following section.

Signal A= SE2 WD = 39 mm EHT=10.00 kV Mag= 13X

BNl § I § IEE 0 W NAC _
Figure 50. SEM image of SOI wafer etched for 2 hours at -10 C, 3 pair of comb actuators, DEP
electrodes and force sensor are shown.
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Signal A= SE2 WD= 18 mm EHT = 300 kV Mag= 51X

Figure 51. SEM imae of SOI wafer etched for 2 hours at -10 C, actuator shuttle and comb drive
actuators are shown.

Signal A= SE2 WD= 14 mm EHT= 3.00 k¥ Mag= 82X

Figure 52. SEM image of SOI wafer etched for 2 hours at -10 C, trench pattern on the test die is
shown, each five group of 10 um features are spaced from 4 pm (left) to 13 um (right). Over
etching increases from left to right.
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Signal A= SE2 WD= 13 mm EHT = 5.00 k¥ Mag= 83X

Figure 53. SEM image of SOI wafer etched for 2 hours at -10 C, line pattern is shown on the
bottom and trench pattern is shown on the top.

Signal A= SE2 WD= 9mm EHT = 6.00 kV Mag= 206 X

] A = :
Figure 54. SEM image of SOI wafer etched for 2 hours at -10 C, zoomed in photo from the
actuator area shows residue on the sidewalls.

76



L e aae e i S

ey

e e e o o e ey e ey ey ey e
Yy —r—

-
i
-

]

-

!

!

|-

!

|-

i
.

Signal A= SE2 WD = 10 mm EHT = 5.00 kV Mag= 38X
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Figure 55. SEM image of SOI wafer etched for 2 hours at -10 C, dots on the surface of the wafer

are silicon grass residue on oxide.

5.6. Developed DRIE recipe

The DRIE tool that was used was Alcatel Adixen AMS-100. The starting DRIE recipe
was the following

1. Thermalization

Wafer Temperature: 10 C
Center He Pressure: 8 mbar

2. Temporization 30 sec

3. Process
Table 20: Starting DRIE recipe process parameters
Flow (sccm) Priority Time (Sec)
SF6 200 2 2
C4F8 150 1 1
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The flow of SF6 and C4F8 gases and duration of each gas are given in Table 20. Priority
shows which gas enters the chamber first in each cycle.

Power/Pressure:

Source Generator (Inductively Coupled Power): 1500 W

Substrate Holder Bias, Low frequency (Pulsed): 80 W for 10 ms, 0 W for 90 ms
Center He Pressure: 8 mbar

Process Time: 5 min

The above recipe was used for creating 10 um etch depth

The DRIE process steps used for etching 150 um in all trenches with width equal or

greater than 8 pm on Adixen AMS 100 (Alcatel) are the following. The etching time is
relatively long for this process (two hours).

1. Thermalization

Wafer Temperature: - 10 C
Center He Pressure: 8 mbar

2. Temporization for 30 sec

3. Process
Table 21: DRIE recipe Process parameters
Flow (sccm) Priority Time (Sec)
SF6 200 2 2
C4F8 100 1 1
Power/Pressure:

Source Generator (Inductively Coupled Power): 1500 W

Substrate Holder Bias, Low frequency (Pulsed): 80 W for 10 ms, 0 W for 90 ms

Center He Pressure: 8 mbar

Process Time: 2 hours

The above recipe was used for creating 150 um etch depth in narrowest trench with 8 um
width

Differences between two recipes are given below:
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e C4F8 flow was changed from 150 sccm to 100 sccm because of the flow meter

limitation/malfunction at 150 sccm.

e Substrate temperature was changed from 10 C to -10 C to avoid RIE lag i.e. [67] to be
able to etch faster in narrow trenches, also to increase etch rate selectivity of Si to
photoresist i.e. photoresist tends to etch slower at -10 C compared to 10 C (details were

mentioned in section 6.4).

e Process time increased from 5 minutes to 2 hours to increase the etch depth from 10
pm to 150 pm.

In the next section, we will talk about our method to remove a major part of the residue

called silicon grass.

5.7. Silicon Grass

Needlelike surfaces produced in c-DRIE are referred to as silicon grass (See Fig. 56).
Effect of different parameters in silicon grass formation are discussed in literature [68-71]
and summarized here. Etching experiments that were done to remove the silicon grass are

presented in the following section.

Signal A= SE2 WD= 26 mm EHT =20.00 kV Mag= 1.02KX

Figure 56. Silicon grass that looks like needle-shape silicon on our wafers is mostly formed at the
bottom of the wide etched areas on the substrate.
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What is the main reason for formation of silicon grass?

The main reason behind the formation of silicon grass is found to be micromasking effect,
which is caused by the presence of micrometer-size foreign particles. In many cases, some
undesired foreign particles used to be present on the wafer surface. These micrometer-size
particles start acting like a mask and protect the silicon area (See Fig. 57). In almost all
cases, this foreign material particle has a slower etching rate than silicon and hence, the
surrounding silicon surface etches faster and the needle-shaped silicon structure starts
growing. During passivation cycle, a thin coating of Teflon-like polymer keeps on
depositing on this silicon grass structure, further reducing the etching rate of this grass

structure.

What are the causes?

These foreign particles impurities may come from four possible sources: incompletely
removed natural oxide on the silicon-wafer surface during the wafer cleaning process,
involatile photoresist mask material, polymer deposited during the passivation step, and

aluminum atoms caused by plasma sputtering on an aluminum clamping ring.

Flasma ions [F, CF’T’ o*)
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Alurrinum Trenches of Silicen Alurrirm Silicon w afer
clarmping ring varying widths grass sputtered stoms

Figure 57. Schematic diagram showing an example of a micro-mask, i.e. aluminum atoms
sputtered from clamping ring used to hold the wafer [91].

Main solutions to try?

1- Using ceramic ring instead of aluminum ring
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2- Increasing SF6 flow time and therefore ratio of SF6 time to C4F8 time (ratio should
not exceed a certain number to avoid grass formation, the recommended maximum ratio
for etching to passivation time before is specified as 3) [69]

3- Increasing chuck power and duty cycle

What is the physics behind it?

1- The etching tool uses an aluminum clamping ring to provide the electrical contact to the
silicon wafer. During DRIE operation, highly directed ions O+, CF3+, and neutral atoms
are directed toward the substrate. Being a conductive metal, the aluminum ring is also
polarized along with the wafer, and hence, these highly energized ions start bombarding
the aluminum clamping ring. This continuous ion bombardment results in a minor
sputtering process in which some aluminum atoms leave the clamping ring and redeposit
on the wafer. These deposited micrometer-size aluminum atoms act as a micromasking
layer and result in silicon grass formation.

2- Due to short etching period, bottom polymer layer is not completely etched away and
the remaining polymer layer acts as a secondary mask and protects bottom silicon from
etching. This results in long needle kind of silicon ‘grass’ structures

3- If the chuck power increases, the ion energy increases as well. lon energy supplies
directional kinetic energy to silicon wafer for etching. Therefore, as the chuck power
increases, the amount of silicon grass decreases as expected.

Effect of chamber on silicon grass

A clean chamber will help creating less micro masks and therefore less silicon grass. There

are methods that are typically used for cleaning chambers which two of them are the

following.

1- The first method starts with performing a 1-hour oxygen plasma cleaning. If chunks
of material remain, they have to be removed with a plastic wedge. After this step, the
remaining material needs to be vacuumed out. Chamber needs to be cleaned with IPA

followed by a half hour oxygen plasma cleaning.
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2- The second method in addition to run the oxygen plasma cleaning, conditions
the chamber by running the etching process with a dummy Si wafer for about 20
minutes. If the wafer comes out grassy, then another run of etch for 5-10 minutes is
recommended. If it’s still looking grassy, then it is recommended to modify the
process parameters.

Chamber cleaning was performed and a DRIE test was done with the original recipe

mentioned previously (C4F8 150 sccm, Temperature 10 C) on a test wafer for two hours

after an oxygen plasma cleaning for chamber (200 sccm 15 min 2000 W,100 W pulsed)
was performed.

Results of this test showed a lot of silicon grass, (Fig 58). The trenches were full of grass.

This could be due to several factors including micromasking of aluminum particles

released due to cleaning of the surface of aluminum ring inside the chamber or other

organic particles released by IPA cleaning. In the following experiments, the process

parameters were modified to remove the silicon grass.

! s e . |
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Figure 58. Result of etching after chamber cleaning, lots of silicon grass is present on the
substrate.
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5.8. Post Etch Residue and Cleaning Methods

Traditional residue removal methods typically are a combination of vapor and liquid
processing. Vapor processing includes oxygen-reactive ion etching and oxygen ashing.
Liquid chemistries include treatments in an aqueous sulfuric acid/hydrogen peroxide
mixture, hydroxylamine, aqueous ozone with additives, and solvent-based solutions.
Liquid solutions routinely require temperatures between 50 and 80°C for effective removal.
Both dry etch and wet etch methods are recommended in literature. Dry methods such as
oxygen plasma cleaning are less corrosive to the metals so they are examined first.
However, there might be a need to try wet etching methods to remove the remaining
residue. Piranha cleaning is one of the wet etch methods that could be tried, but because
we have Cr as an adhesive layer for gold and there is an etch rate of > 16 nm/min for Cr,
piranha can damage the metal layer in our structure.

In order to clean the residue, we have used oxygen ashing on Technics PE II-A plasma
etching system. The power was set to 200 W and we have tried 10 minutes. After that step,
sample was exposed to oxygen plasma cleaning at 250 W for 20 minutes in RIE system
(high frequency 13.56 MHz).

Sidewalls of structure on the test wafer that were etched for 2 hours at -10 C are shown in
Fig. 59, these images show the structure both before (left) and after (right) ashing and
oxygen plasma cleaning were performed. (Note: these two processes are both done in
plasma etching machine, with oxygen as a gas, but on different power levels and
frequencies)

Color of metal structures (gold) covered with photoresist was visibly changed after this
process which means that photoresist was partially removed from the metal layer and thus
the sample. The SEM images (Figs.59.d and 59.e) show that the most of the residue
including the delaminated fluorocarbon from sidewalls is removed after the oxygen plasma
cleaning process.

The remaining silicon sidewall has vertical striations on the sidewalls that can be seen after
oxygen plasma cleaning. There is a difference in the first ~ 20 um of the sidewall that might

be related to the high reflected power which is more than 50 % of the forward power in the
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first few minutes. During rest of the etching time, the reflected power will decrease but it
keeps overshooting sometimes to ~ 25 % of the forward power. (The forward power is 80
W).

As mentioned before, temperature was decreased from 10 C in original recipe to -10 C in
current recipe to avoid the RIE lag. We have compared SEM images from two tests
previously done at -10 C and 10 C to investigate if there is a correlation between
temperature and residue.

SEM images of a test wafer previously etched at 10 C for 72 mins is also shown (Fig.60.a
and 60. d). We have noticed that SEM images of previously etched samples both at 10 C
and -10 C look cleaner on the sidewalls than current samples. This suggests temperature
might not be the reason for the residue because we did not observe it in our earlier
experiments with either of the temperatures. That led us to believe that we have to clean

the etching chamber, because that might be part of the reason for the residue buildup.
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SEM images of a silicon test wafer before cleaning, SEM images of a silicon test wafer after
etching time = 2hrs at -10 C, the etch depth is cleaning, ashing at 200 W 10 mins + Oxygen
measured to be 267 um in wide areas. plasma cleaning at 250 W 15 mins

il

Figure 59. SEM images of sample before cleaning (a) delaminated residue on the sidewalls (b)
delaminated residue and horizontal lines on sidewalls can be seen (c) silicon grass is seen on the
surface, SEM images of sample after oxygen plasma cleaning (d) delaminated residue on
sidewalls is almost gone (e) delaminated residue on sidewalls is almost gone, horizontal marks on
sidewalls are more visible (f) silicon grass is still seen on the surface.
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Figure 60. SEM images of test wafer previously etched at 10 C, Etch time = 72 mins. (a) actuator
area shows no residue (b) zoomed in photo of anchor (c) silicon grass in wide areas near the
actuator.
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In order to confirm whether the temperature is the reason for creating the residue we have
performed an etching test with current situation of etching system on a silicon test wafer at
10 C for 1.7 hrs. while the rest of the parameters of DRIE recipe kept the same. After the
test, we could still see some residue on the sidewalls and grass on the surface therefore
residue was not due to temperature.

In order to clean the remaining residue, another oxygen plasma cleaning experiment was
done for a sample that was etched 2 hours at -10 C. An increased power of 300 W was used
for 20 minutes (after 10 minutes of ashing at 200 W) in order to remove the residue. The
SEM images showing the comparison before and after the oxygen plasma cleaning are
given in Fig.61. The final determined conditions for oxygen plasma cleaning are given in
Table 22.

Table 22: Conditions for oxygen plasma cleaning.

Gas Flow Power Time Frequency
Oxygen 20 sccm 300 W 20 min 13.56 MHz

SOI Wafer after Oxygen Plasma Cleaning

In order to clean the sidewalls, an oxygen plasma cleaning procedure that was confirmed
on the test wafers was performed on the SOl wafer. The result is shown in Figs. 62 and
63.

Some of the fluorocarbon residue on sidewalls has been cleared using ashing and oxygen
plasma cleaning methods. However, there is still some residue left. A liquid cleaning step
might remove the rest but considering we have chromium on the structure, acidic liquids
might also attack the metal. For removing some of the silicon grass, buffered HF might be
a way but might cause stiction for movable parts. The summary of the residue cleaning

methods that were tried are given in the following section.
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Figure 61. SEM images of a sample that was etched 2 hours at -10 C before (column on the right)

and after cleaning (column on the left) are shown.
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Signal A= SE2 WD= 16 mm

Figure 62. SOI wafer after oxygen plasma cleaning, some of the residue has been cleared.

Figure 63. Some residue is still seen on the sidewalls, they might be fluorocarbon materlals
generated in passivation cycles.
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DRIE tests performed to investigate how to clean the structure

A few DRIE tests was done in order to investigate cleaning of the structure after deep
etching. They are listed in the following

1- Test with higher temperature for substrate 10 C Instead of -10 C

Characterization result: same residue and silicon grass

2- Test after chamber cleaning

Characterization result: a lot of silicon grass

3- Test with original recipe, i.e. 150 sccm of C4F8 instead of 100 sccm and temperature
10C

Characterization result: Very low etch rate and therefore not applicable

Liquid Cleaning Methods

For removing silicon residue, there are some wet etching methods such as HNA (acetic,
nitric, hydrofluoric mixture) which are not suitable in our case because they attack
chromium or oxide. Chromium was used as an adhesion layer for gold, titanium was used
in the previous generations and caused delamination of metal layer in release step.[14]
Piranha cleaning is another method which is again not suitable in our case because it also
attacks chromium.

In order to remove the effect of the etching tool on the results, we have run etching
experiments with other DRIE tools in University of North Carolina (UNC) and University
of Michigan (UMICH). Comparison between different deep reactive ion etching that was

done at Lehigh, UNC and UMICH are given in the following section.

The first recipe that was tried at Lehigh is DRIE recipe 1 with the following details.
DRIE recipe 1:

SF6: 200 sccm, 2 second
C4F8: 150 sccm, 1 second
Temperature: -10 C

Time: 2 hours
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In order to decrease the silicon grass, flow of SF6 gas was increased to 3 seconds as
opposed to 2 seconds in the previous recipe while the C4F8 gas flow remained 1 second.
The result of experiment show silicon grass was almost removed. The reason could be that
the longer time of etching will etch the bottom polymer away and does not allow the
polymer particles to act as micro masks. According to the SEM pictures such as Fig. 64,
silicon grass density was reduced to a great extent.

DRIE recipe 2 parameters are given below.

SF6: 200 sccm, 3 second
C4F8: 100 sccm, 1 second
Temperate: -10 C

Time: 1 hour

Result of etching with DRIE recipe 2 is given in the Fig. 64.

Wwo= 11 mm EMT=10.00 = i A
= E R P

Figure 64. SEM images showing little or no grass

Depth of etch in wide areas vs 8-um trench can be calculated according to the
measurements (see Fig. 65). In order to have more accurate measurements, the wafer was

cleaved later along the trenches to find out the depth of the etch.
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Figure 65. SEM images indicating depth of etch for wide areas 46.19/ sin (13.6) = 196.43
um (left) and depth of etch for 8-um trench is 94.12/ sin (30) = 188.24 um (right)

DRIE etching was performed previously with a similar tool in University of North Carolina
and results are given in Fig. 66. The main problem with this etch was that the process
etched all the resist in the center of the wafer leaving the silicon exposed to ion
bombardment. A very thick layer of photoresist creates photolithography non-uniformities

and large dimension errors and therefore it was avoided.

5.0kV 14.0mm x1.00k SE(M) 3/28/2016 50.0um 5.0kV 13.8mm x1.00k SE(M) 3/28/2016 line 10 50.0um

Figure 66. Depth of etch = 52/ sin (tilt angle=17deg) = 177 um, Sidewall angle= Arctan
{177um/ {(14.19-5.56)/2= 4.315 um}} = 88.6 degrees (left), the resist is etched away in
some areas of the wafer (right).

The DRIE results from University Michigan looks good in terms of sidewall angle and
sidewall roughness but there is some residue between the trenches. If the residue that exists
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in narrow trenches is conductive, the fingers of comb drive might have been shorted out
this way.

The DRIE recipe in this case is creating the minimum undercut and better uniformity for
different size features. It consists of a quick Ar descum, 20 min of etching to get straight
sidewall with ramping the etch rates, 20 minutes with another step with different etch rates
to maintain straight sidewalls.

The following are the etch rates of different features in this recipe:

2um feature is 3um/min

10pum feature is 4.5pm/min

100um feature is 5.6pum/min

Undercut about 180nm

After DRIE, oxygen plasma cleaning and XeF2 treatment was performed to remove the

residue. SEM images indicate the residue is still present as can be seen in Fig. 67.

f"i’t' 1

1R

Figure 67. SEM image of 7 um, 8 um and 9 um trenches on the test pattern. The residue
exists in between these narrow trenches (left), depth of etch is 61.38/ sin (14) = 253.71

um (right).

EDS experiments was utilized to characterize the residue, the top of the feature and in
between the trenches were examined. The result for the characterization of the top of the
feature shows the material is mostly silicon and also a bit of carbon is present. On the area

between the trenches with more residue, the amount of carbon is more in spectrum (Fig.
68).
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Figure 68. X-ray characterization to identify elements in residue. (a) Comparison of
spectrums. Spectrum 8 was showing more carbon and less silicon that spectrum 9.
Spectrum 8 was from the residue and spectrum 9 was from the top of the feature.

The etched wafer with the new DRIE recipe that removed the silicon grass was cleaved
on the trench test pattern area to measure the depth of etch for the minimum feature size
i.e. 8 um trench. SEM was done at 90-degree tilt and SEM images indicated the depth is
about 118 um for the 8 um trenches as indicated in the Figs. 69 and 70. Two areas of the

wafer were measured and are in good agreement.

1 A=SE2 WD= 18 HT =12.00 kV Mag= 86X

Figure 69. Trench pattern showing 13 pm to 4 pm trenches from left to right.
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Signal A=SE2 WD= 16 mm Mag= 256X

pum and therefore more etching time is required

Photoresist thickness was measured to be 4.6 um on the edge of the wafer Measurement
was also done using profilometer on the edge and center of the wafer. Following
calculations indicates that the time of the test needs to be increased at least 16 minutes and
the maximum possible increase time according to the photoresist etch rate is 23 minutes
considering half a micron margin for the resist left to cover the device.

Additional etching depth:150 -118 = 32 um left

Photoresist thickness in the center = 3.5 um and edge= 4.5 pym

Average resist etch rate = 11.5 - 3.5 pm / 60 min=0.133 pm/min

Resist extra holding time = (3.5 um- 0.5 um)/0.133= 23 min

Average silicon etch rate = 1.97 um/min Minimum etch time = 1 h+ 32/1.97=1h 16
min

Estimation of depth of etch in 23 min:

Max etch rate ~1.2 * 1.97 = 2.364 pm/min => 2.364*23= 54 pm

Min etch rate ~ 0.8 * 1.97 = 1.576 um/min => 1.576* 23= 36 um

These calculations show the extra 23 minutes should be enough to reach the desired

depth.
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5.9. Releasing the device

In fabrication of the previous generation of BioOMEMS, the release step was performed by
a manual vapor HF method. The etching is done on a beaker of liquid HF while back of
the wafer is heated by a lamp [14]. The method was very slow and it took 3 to 4 hours to
release the structure. In this fabrication process, we have utilized a vapor HF process that
is more accurate and controllable and at the same time faster and safer approach for device
release.

Because of the previous long etching step, the oxide underneath the device layer was
attacked during etching and created undercut that is called DRIE footing. The amount of
DRIE footing is maximum in the center of the wafer because of the maximum etch rate in
this area. Measurements before releasing the free standing structure was done in order to
find out the minimum width and maximum width of structure to be released (Fig. 71). Also
the minimum width of the anchor was measured to make sure etching will not release the

over-etched anchors (Fig. 72).

Figure 71. Measurements of force sensor beam and cantilevers. Beams appear to be over-
etched specially on top of the structure.

Measurements show over etching of beams during etching. For instance, beam with design
width of 12 pm is measured to be 8.2 um. Considering over-etching measurements and an

estimate of undercut, an initial etching time of 40 minutes was calculated.
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Figure 72.The maximum beam width to be released is measured. Also the width of the
narrowest anchor that should not be released is measured. These two measurements
determined the minimum and the maximum etching time.

12.63 um

12.55um

12.62 um

=13.44 um

Figure 73. Measurements of finger spacing before release. The movable comb may move
slightly after release and this could be an indication of release.
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Figure 74. Sidewall of a broken beam which is released and lying flat on top of silicon
substrate, the beam height is around 152 um.

N

12.55 um

Figure 75. Measurements of the spacing between comb fingers after 40 minutes of
etching. It does not show much difference; therefore, it is probably not released.
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Si02 was etched with the etch rate of 1000 A per minute in uEtch vapor HF tool (SPTS
Technologies). After this step, some of the detached silicon grass was observed on the
silicon surface. The silicon grass was observed to be increasing radially towards the edge

of the wafer.

/ i
Figure 76. Released silicon gras
(dark field image).

s is shown at the bottom of the structure near the edge

In order to verify the absence or presence of the underlying oxide layer, infrared technology
is normally used. However, because of the thickness of this structure (150 pum), the
conventional infrared test to monitor the presence of oxide underneath the structure was
not possible. After inspection under the microscope, a tape test was done in order to find
out if the structure is released. A small piece of tape was used to remove part of a dummy
die. Some parts of the structure such as force sensor or actuator beam were fully released
and removed with tape (See Figs. 77-80). The bright spots seen on the back of the structure
are indicating the areas that were actually released. These areas are making less than one-
third of the total free standing beam; the rest of the beam was detached from oxide in the

DRIE step because of footing.
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Figure 77. The bottom of the force sensor attached to the tape is shown here. The bright
area was the only part that was released by VHF while the darker area was undercut
during DRIE step.

Figure 78. Tape test confirming release of the actuator shuttle, the bottom of the shuttle
removed with tape is shown, the total area that would have been etched was around 20
um (left picture) but almost half of it is already detached by DRIE footing.
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Figure 79. Tape test showfné force sensor is not fully releaséd and could not be removed
by tape in the transducer area after 50 mins of VHF. Therefore, more time was added in

the next step.

Figure 80. The narrowest trench in the structure is located on the force sensor transducer
area. This results in the minimum undercut in this area which requires more etching time.

However, some areas such as transducers were not fully released in some areas because
they could not be fully detached from oxide. Therefore, 10 more minutes of etching was
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added in uEtch etching tool. At this point, broken comb drives was seen to be displaced

and finger spacing were not symmetric anymore (Fig. 81).
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Figure 81.The movable comb that was not attached to anchor is relocated after release.

The change in finger spacing is even visible with eyes indicating the release of this
structure.

A probe test was done afterwards to confirm the structure is fully released. The test includes
applying a little force on the probe tip to the force sensor plunger and observing movement
of four transducers (Fig. 82). The beam bending test was recorded in a video. Analyzing
the recorded video shows no bending in the area of the transducer which was close to the
anchors, which means they were not released (Fig. 83).

In the next step, 15 more minutes of Vapor HF was added. The release of free standing
structures was examined under probe station. A probe tip was used and by
micromanipulator, lateral force was applied to the force sensor. The transducer area is the
last part of the structure to release because of the minimum undercut in this area. The
minimum undercut happens in transducer area because of the presence of the minimum
trench size in this area of the free standing beam. Therefore, the release of this part indicates

the completion of releasing step.
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Figure 82. Release test on probe station is shown, free standing force sensor is being
poked by a probe.

Figure 83. Force sensor transducers have the minimum trench size i.e. average of 10 um,
this area will be the last area to release in the free standing structure and therefore videos
were taken from this area while poking at the tip of the sensor.
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5.10. Inspection Results

Dies were examined for grass, crack or broken beams and are listed in color coded Table
23. Green dies have silicon grass and red dies have actuators with one or few broken beams.

There are 36 functional dies on this wafer.

Table 23: Inspection results for SOI1 after release for 65 minutes in vapor HF showing color
coded dies with silicon grass (green) and dies with one or more broken beams (red). Letter g
indicates grassy, ¢ indicated cracked areas and b indicates broken.
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5.11. Characterization of Al203 and TiO: thin films deposited using
Atomic Layer Deposition (ALD) after vapor HF treatment

Atomic Layer Deposition (ALD) thin films are used in microelectronics and as a
controllable, biocompatible insulation layer for Micro-Electro-Mechanical Systems
(MEMS). In order to investigate the application of two types of ALD layers for MEMS
applications, we have measured the etch rate of ALD Al;O3 and TiO- thin films in vapor
HF which is an important step in fabrication of MEMS devices with free-standing
structures. The materials on the surface were characterized after vapor HF treatment. The
low etch rate of the ALD alumina n vapor HF shows it could be a reliable protective
insulator material for MEMS and BioMEMS applications.

ALD deposition has advantages in comparison with other deposition techniques. This
method provides a conformal coverage for high aspect ratio devices and can be performed
at relatively low temperatures as opposed to other techniques such as Chemical Vapor
Deposition (CVD). The benefits of ALD include thickness control at the atomic scale,
production of highly conformal films, low temperature growth, and wide-area uniformity
[72].

ALD technology has been utilized in microelectronics to deposit high-k gate oxides such
as HfO2 and TiO> in addition to fabrication of dynamic random access memories (DRAMS)
where the control of ultrathin films and conformality are essential [73]. The Al.O3z and
TiO> layers show promise for example as etch-stops in deep silicon etching, as protective
layers, and as high-dielectric constant materials for RF-MEMS [74, 75]. TiO2 ALD films
grown on polysilicon cantilever beam arrays and sidewall friction testers demonstrate self-
assembled monolayer stiction performance and superior wear resistance [76]. The first
application of ALD Al>Os film as a protective coating in MEMS devices was described in
[77] where the ALD film was used to prevent mechanical wear and electrical shorting
between contacting parts of a released cantilever MEMS. ALD Al,O3 was utilized as wear-
resistant coating for a MEMS micro-engine [78] and as a low temperature electrical
insulation in a 3D magnetometer aimed for portable devices because it provides conformal,

pinhole-free uniform layers at relatively low temperatures [74]. The possible application
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of ALD film may allow BioMEMS to operate in aqueous environments and prevent
electrolysis and corrosion of electrodes [36].

One of the important steps in fabrication of MEMS devices with free standing structures is
the release step. Conventional liquid HF is normally used to release the structure, rinsing
and drying steps are usually required after wet release step. Dry releasing the structure with
vapor HF eliminates the need and cost for rinsing and drying steps in addition to reducing
the stiction and undesirable adhesion of free standing structures to the substrate [79]. Vapor
HF also shows better selectivity to some of the materials used in standard IC
micromachining in comparison with liquid HF [80].

We have characterized for the first time the etch rate of ALD Al;O3 and TiO2 in vapor HF.
X-ray photoelectron spectroscopy (XPS) characterization was done to confirm the resulting
materials on the surface. Therefore, ALD Al>Os and TiO thin films can be used as reliable

protective and insulation coatings in MEMS and BioMEMS devices.

ALD Deposition

Atomic layer deposition was carried out in an Ultratech Cambridge Nanotech S100 thermal
ALD instrument. Aluminum oxide was grown at 100 C using trimethylaluminum and water
(1000 cycles).

TiO2 was grown at 100 C using tetrakis dimethylamido titanium (TDMAT) and water
(2500 cycles). All precursors were held at room temperature except TDMAT which was
heated to 75 C.

Vapor HF Etching Experiments

The etching experiments were done at SPTS Technologies, (an Orbotech company), using
uEtch vapor HF etching tool to characterize the etch rate of ALD titania and alumina oxides
that could be used for insulation purposes.

Thickness of samples were measured by a Filmetrics thickness measurement tool. Half of
the samples were baked prior to the experiment. Baking is done before etching to avoid
water on the surface. Silicon dioxide samples were also included to make sure that the

conditions were calibrated. Samples Al>O3 #1, TiO2 #2, and SiO2 #1 were baked 25 min at
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310 C on a hotplate prior to etching. All of the samples were etched in a uEtch tool for 5
minutes with recipe given in Table 24. Thickness of samples were measured after the
experiment.

Table 24: Vapor HF recipe details.

Pressure EtOH Step Time| Etch Time
Temp (C) (Torr) HF (sccm) | (ul/min) N2 (sccm) Steps (min) (min)
60.00
45 125 525 400 1000 2 30

X-ray Photoelectron Spectroscopy

XPS analysis was performed with a Scienta ESCA-300 spectrometer. An excitation energy
of 1486.6 eV, Al(k-alpha) was used with analysis performed of electrons escaping in a
direction normal to the sample surface. Survey spectra were collected using a pass energy
of 300 eV, while high resolution spectra used a pass energy of 150 eV. Energy resolution
was on the order of 0.6 eV at full width half maximum. Sampling depth was on the order
of 3 nm. Charge compensation with an electron flood gun was invoked during analyses.
Analysis was performed on the “baked” member of each pair (Al.O3 #1 and TiO> #2).
Samples of each material pressed onto conductive tape with moderate pressure and
transferred to a sample holder. This was performed in a glove page under a N2 atmosphere.
A brief (< 30 s) exposure to air for the samples was necessary during the transfer of the

sample holder to the XPS system.

Thickness measurements and etch rates for Al203 and TiO2 in Vapor HF

Thickness of the ALD TiO2, ALD Al>O3 and thermal SiO, and the resulting etch rates for
5 minutes of vapor HF treatment are given in Table 25.

The measured etch rate for thermal SiO2 was in agreement with the expected calibration
value of 0.1 um per minute for the same recipe in uEtch tool. Since thickness of both Al>Os
and TiO2 samples almost did not change and slightly increased, the increase in thickness

was confirmed by performing an hour long etching with the same recipe.
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Samples were etched for one hour in uEtch tool (SPTS Technologies) with the same
conditions. Measurement of thickness for samples were done before and after etching and
etch rates (A/min) calculated. One of the important observations of this experiment was
TiO: “migration”. TiO2 migrated to different spots on the sample and sample holder. It was
noted that the TiO. sample surfaces were “speckled” with bright spots, suggesting an
incomplete film on the substrate surface.

Table 25. Etch rate of ALD TiO2, ALD Al203 and thermal SiO2 after 5 minutes of vapor HF
treatment.

AlOs #1 AlOs#2 | TiO2#2 | TiO2#3 | SiO2#1 | SiO2#2
Starting Thickness (A) 829 825 1385 1388 9473 9488
Thickness After Vapor 830 829 1386 1394 4311 4156
HF(A)
Etch Rate (A /min) -0.22 -0.86 -0.26 -1.14 1032.28 | 1066.46
Bake Condition Baked Not baked Baked | Notbaked | Baked | Not baked

Al>03 had no overall thickness change, but some pinholes were observed with a thickness
gradient around them. A thickness gradient which was visible by a change in color was
also observed near the edges of the film. Baking did not have any noticeable effect on the
etching results. The etch rates are given in Table 26. Pictures of ALD Al>O3 and TiO:

samples after etching are given in the Fig. 84 and Fig. 85 respectively.

Table 26: Etch rate of ALD TiO; and ALD Al,O; after an hour of vapor HF treatment.

Al2O3 #1 AlOs #2 TiO2 #2 TiO2 #3
Starting Thickness (A) 838 839 1390 1400
Thickness After Vapor HF(A) 851 842 1545** 1560**
Etch Rate (A /min) -0.18 -0.10 -2.2%* -2.3%*
Bake Condition baked not baked baked not baked

*The single measurement error for thickness is typically ~10 A. For small thicknesses (<500 A), the fitting

can become very sensitive to noise in the spectrum. Very small thicknesses tend to “snap” to a value of zero.

** Values near the center of the sample. The measurements indicated TiO, migrated on the surface.
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Figure 84. Close-up view of TiO, sample after etching. Blue areas are thicker than pink or orange
according to the measurements. Possibly indicates TiO, migrates from edges toward the center of
the sample. Thickness is measured to be ~ 1545 A in the center and ~1438 A near the edges.

Figure 85. Al,O3 sample after etching. Color changes to blue near the edges of the film and
around pinholes which indicates a thickness gradient.

In order to do material characterization on the surface of etched samples, experiment was
repeated, and Al,O3 and TiO> samples were vacuumed immediately after etching. Some
desiccants were also added to the package before vacuuming.

XPS analysis of ALD TiO2 and Al203 films following etching in vapor HF

A survey spectrum from Al;Os sample #1 which was baked is shown in Fig.86. The
spectrum is dominated by F features due to 1s photoelectrons and KLL Auger electrons.
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Also clearly present are features associated with O, Al, C and trace N. High resolution
spectra associated with these elements are found in Fig. 87. Approximate compositional
quantitation is shown in Table 27. Generally, these are calculated by measuring the area of
an element’s characteristic peak and then adjusting that value by a literature-based relative
sensitivity factor (RSF) for that specific feature. The regions used for these calculations are

illustrated in the high resolution spectra and indicated within Table 27.

Table 27: Apparent sample composition (at %).

Sample Al(2p) | Ti(2p) | O Cc Si (2p) F (1s) N (1s)
(1s) (1s)

1. Al-2 25 - 17 14 - 42 1.3

2:Ti-2 - 0.7 19 11 68 1.2 0.3

The surface of TiO2 sample #2 appears to be dominated by the presence of Si and O, as
seen in Fig.88. Smaller features correspond to Ti, F, and C. The detailed spectra from this
sample shown in Fig. 89 also indicates trace N. Compositional values determined for these
samples are also shown in Table 27. It would appear that almost all of the TiO2 had been
removed during the HF treatment. One might also suspect that the residual F and N are
associated with the residual Ti on the basis of compositional correlations seen in the Table.
A qualitative summary of some of the peak characteristics is presented in this section. The
C spectra from samples #1 and 2 can be each deconvoluted to at least 3 features. This is
shown in Figs.87 and 89. Table 28 presents the center energy of each component and its
relative composition. The largest feature for each likely corresponds to C bond solely to
other C or H, with a typical literature value near 285.5 eV. On this basis, it would appear
that the XPS peaks for sample #1 may be shifted by 1.7 eV due to sample electrostatic
charging.

The Al (2p) spectrum in Fig. 87 can be deconvoluted to at least 2 peaks at 78.4 eV (68%)
and 76.8 eV (32%). From literature values, adjusting for sample charging, the former peak
is most likely associated with Al bonded to F, while the latter to Al associated with O [81].
There are likely at least two O (1s) features, here calculated to be at 535.2 (78%) and 533.5
eV (22%), with former likely associated with aluminum oxide and the latter with carbon-
containing species. The F (1s) spectrum does not clearly evince more than one state.
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Table 28: C spectral components.

Peak energies (eV) and % composition
Sample # Cl Cll Clll
1 287.2 - 81 289.0 - 10 291.7-10
2 285.5 73 287.1-18 289.3-10
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Figure 86. XPS survey spectrum of sample #1 (Al,Os, baked)

The Si (2p) spectrum for sample #2 (Fig. 89) has at least 2 features at 99.6 (93%) and 103.7

eV (7%), likely associated with elemental and oxidized Si, respectively. The two peaks in

the Ti (2p) spectrum are largely a result of spin-orbit electron coupling that typically

produces separate features for 2ps2 and 2p12 photoelectrons, and do not indicate different

chemical environments. The F (1s) suggests multiple chemical states, but have not been

deconvoluted here. Similar results are seen for non-baked sample.
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Figure 87. XPS detailed spectra of sample #1 (Al,O3, baked)

There likely remains some residual sample charging during the analysis of the three
samples, resulting in a uniform shift of the energy scales. It is common practice to adjust
such spectra such that the major C (1s) feature is set to 284.6 eV, the typical literature value
for C (1s) for C bonded to C and/or H alone. This has been done for all three of the samples
in the following analysis. As it is not known for certain if the chemical environment
corresponding to the major C line is the same for all samples, some offset error may remain.
The C spectra from samples can be each deconvoluted to at least 3 features as shown in the
attached C high resolution spectra. Similarly, the somewhat asymmetric O (1s) spectra are
best fit by using at least two components. Table 29 presents the center energy of each C(1s)
and O (1s) component and its relative composition. The largest feature for each likely

corresponds to C bond solely to other C or H, with a typical literature value near 285.5. eV
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[81]. On this basis it would appear that the XPS peaks for sample #1 may be shifted by

1.7 eV due to sample electrostatic charging.
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Figure 88. XPS survey spectrum of sample #2 (TiO2, baked)

Table 29: C (1s) and O (1s) spectral components.

Peak energies (eV) and % composition
Sample # CclI* clil cln Ol Ooll
1 284.6 286.4 289.1 532.6 530.8
81 10 9 77 23
2 284.6 286.3 288.5 532.2 530.4
73 18 10 92 8

(* Each spectra is offset to have its C | feature at 284.6 eV.)

The samples also have the presence of F and N in common, with a particularly greater

concentration of F for #1. Two F (1s) lines are apparent with #1, while at least three each

for #2. The N (1s) spectrum for #1 is deconvoluted to two states in Fig. 87, while the signal

intensity is too weak for the other sample to ascertain the value of separating its signal.
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Derived peak energies for F (1s) and N (1s) are given in Table 30. The remaining elements

that have been observed are given in Table 31.
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Figure 89. XPS detailed spectra of sample #2 (TiO,, baked)

Table 30: F (1s) and N (1s) spectral components. (Each spectra has been offset to have its C |
feature at 284.6 eV.)

Peak energies (eV) and % composition
Sample # Fl Fll F Il N | N 1l
1 686.3 684.7 - 400.5 402.1
87 13 60 40
2 686.5 684.3 689.0 400.6 -
52 34 14 100

As noted previously, the C I component for each spectrum (Table 28) has been set to
coincide closely with the literature values for carbon in graphene and hydrocarbons. On
that basis, the energy of the C Il features might be assigned to C atoms having an associated
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single C-O bond. The C (1s) bonding energies associated with C 111 may be associated with
carbonyl (C=0) or single fluorocarbon (C-F) bonds. The highest value for C 11 associated
with sample #1 potentially indicates some doubly fluorinated C atoms, coinciding with the

greater F concentration.

Table 31: Al (2p), Si (2p) and Ti (2pa12) spectral components. (Each spectra has been offset to
have its C | feature at 284.6 eV.)

Peak energies (eV) and % composition
Sample # Al l Al ll Si | Sill Ti
1 75.8 74.2 - - -
68 32
2 - - 98.6 102.8 458.6
89 11 100

The O | states noted in Table 29 have energies consistent with literature values for O in
SiO2 and Al,03[82]. The lower energy component O Il in sample 2 may be associated with
O bonded to Ti. However, this does not explain the presence of a similar peak in sample
#1 in which Ti is not present. It is surmised that this O may also be associated with Al,
albeit in a different manner than the O 1 line in sample #1.

The identification of the F states is vague. The F Il peaks are possibly related to
fluorocarbon compounds. Literature values for F associated with Al and Si typically reside
near 685-6 eV [82], which is likely associated with F I. The cause of the F Il line is not
known at this time. The N (1s) states are likely associated with C. The Al 1l line is likely
due to oxides while the Al 1 line is in the region of fluoridated Al. The Si (2p) line near
102.8 eV is likely from SiO. while the line near 99 eV is most likely elemental Si. (Recall
that XPS probes to a depth on the order of 5 nm.) The Ti (2p) line corresponds to an oxide.
As previously noted, it appears that most of the original TiO2 deposition on samples #2 has

been removed by the vapor HF etching process.

Comparison of etch rate of oxides with wet etch HF method
Conventional method for releasing MEMS devices are still utilizing wet etch HF methods.
The etch rate of ALD Al>Oz and TiO- in HF are measured and summarized in Table 32.

The samples have the same deposition method explained in materials and methods section
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of this paper. Thickness measurements were done using VASE Ellipsometer VB-400 (J.A.
Woollam Co., Inc.) at Lehigh University. Etch rates were characterized in different HF
solutions of 50%, 25%, 12.5 % and 6.25 % concentration. Etch rates were not measurable
in 50% and 25% HF solutions for both samples as the oxides were removed very quickly.
Based on the etch rates, TiO: is etched at a much slower rate than Al.Oz and this is also
compatible with literature [74]. This suggests that TiO2 could be used as a protective layer
while wet HF chemistry needs to be included in the processing. On the other hand, either
of these oxides could be potential insulation layers compatible with vapor HF chemistry,
because as it was previously shown in Table 26, both TiO2 and Al>Os are not considerably
etched. The fact that the ALD layers are not etched considerably in vapor HF verifies that

they can be used as insulation layers for microelectronics applications.

Table 32. Etch rates of ALD Al.O; and TiO- in liquid HF.

Wet Etch 12.5 % HF 6.25 % HF
Dip time 5 seconds 5 seconds
Deposition Temperature (C) 100 100
Etch rate of ALD Al,O3 (A /sec) > 168 > 168 *
Etch rate of ALD TiO, A /sec) 98 3.4

* Al,O3 sample with starting thickness of 838 A appears to be completely stripped during the short
dip into different HF solutions.

One of the applications of insulation ALD layers could be for BioMEMS devices which
operate in ionic medium. One example is an electrostatic actuator integrated on a
BioMEMS for measuring mechanical properties of cell aggregates. In order for the
operation of electrostatic actuator in ionic medium, higher frequency signals in MHz range
are required. Electrolysis and electrochemical reactions in ionic medium could be

prevented by application of ALD layers as insulation layers on electrodes.
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5.12. Characterization of Micro-actuator

Characterization of micro-actuator was done using DC voltages to measure the
displacement generated by actuation of comb drive actuators. The displacement translated
to actuator shuttle that could be directly applied to a target is being measured.
Characterization in air via AC voltage was performed to measure the resonant frequency
and to determine the stiffness of the structure.

Characterization of actuator in DI water was investigated. For future applications in cell
medium, an average finger spacing of 8 um, will result in a critical frequency of 10 MHz.
This means the actuator should be operated with more than 10 MHz signals in cell medium
to avoid the effect of double layer in ionic medium. In order to improve the performance,
the insulation layer should be added to protect the metal electrodes from delamination in

ionic media.

5.13. DC Characterization of Actuator

Static displacement of micro-actuator was measured using DC voltages. As previously
mentioned, the displacement is a result of electrostatic force generated by comb drive
actuator pairs and is translated to the central part of the actuator. Comb drives in this design
mechanically engage with the central part of actuator to move it forward.

DC characterization experimental set up incorporated a current limiting resistor, a digital
voltmeter (Hewlett Packard, 34401A millimeter), a DC power supply (PR18-5 Kenwood
Inc.), and a high voltage wideband amplifier (9100 Tabor Electronics Inc.). The actuator
movement is recorded by live imaging software (Motic) and voltmeter readout is recorded
by a LabVIEW program. Characterization experiments for 5 different displacements i.e.
100 um, 90 pum, 77.5 um, 65 pm, and 52.5 um was performed. DC characterization
diagram is shown in Fig. 90. Wafer level characterization was done using probe station
(SuSS MicroTec) as shown in Fig. 91.
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Figure 90. Diagram of simplified DC characterization set-up

In the experiments with the initial set-up, the DC power supply was connected to digital
voltmeter (DVM) and the DVM was connected to a LabVIEW program through a GPIB
port to desktop computer and voltages were recorded in a text file. The resistance between
probes were measured to be around 20 kOhm and therefore 10 mA of current was needed
that could not be provided by the original power supply. Therefore, a high voltage wide
band amplifier was later used to amplify the voltage and current at the same time. A setup
was designed to limit the current using a 1 kOhm resistor so that it would not damage the

instruments.

Figure 91. Experimental set up with four probes, the first pair of comb drive actuators was actuated
here.
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5.14. Characterization Procedure

DC characterization of actuator involves a few steps that is explained below.
1- Preparation of set up and probes on SuSS MicroTec

2
3
4

Taking a picture from actuator with 10 X lens before experiment

Making measurement of resistance between two probes before experiment

Reading the voltage across limiting resistor and therefore determine the current of
limiting resistor

5
6
right before the experiment

Start recording voltage-time measurements from DVM (Hewlett Packard, 34401A)

Start recording the video of actuator movement from Motic live imaging software

7- Running the characterization test, increasing DC voltage linearly from 0 Volts to 10
Volts by regulated DC power supply (PR18-5 Kenwood Inc.) connected to the high voltage
wideband amplifier (9100 Tabor Electronics Inc.) and decrease the voltage back to zero
8- Taking a picture from actuator with 10 X lens after experiment and repeat 4

9- Analyzing data: MATLAB extraction of photos and Image J analysis of video for
actuator movement, (Kinovea is the motion tracing software that was later used for
analyzing the videos and generating displacement time figure)

10- Plotting voltage time from LabVIEW measurement data in Excel

5.15. DC Characterization Results

In the initial experiments, comb drive actuators were actuated separately to verify the
performance. For instance, the comb drive corresponding to the smallest displacement was
actuated with a semi-linear voltage up to 52.5 um until anchor was touched, the actuator

then moved back but hysteresis was observed (Figs. 92 and 93).
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Figure 92. Hysteresis was observed after actuator went back to the initial state.

2.50E+02
2.00E+02
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0.00E+00
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Time(sec)
Figure 93. Voltage applied vs. time, the actuator on the right moved until hitting the
anchor

In the following experiments, the pair of comb drive actuators was actuated and both
actuators on the left and right moved together. An example of applied voltage and actuator
movement is shown in Figs. 94 and 95 for the actuator corresponding to 52.5 pum.
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Figure 94. Total voltage applied vs. time, both actuators on the left and right were moving
together.

Figure 95. The first pair of comb drive actuators is shown after actuation for the
displacement of 52.5 pm.

In the following experiments, bank of actuators on A06, A10, Al11, D01, D02, D06 and
D11 dies were characterized. Designed displacements of 52.5 um, 65 pm and 77.5 um, 90
um and 100 pm were demonstrated on the bank of actuators. For instance, the 4" and 5™
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full displacement corresponding to 90 um and 100 pm were demonstrated on DO1 (Figs.
96 and 97).

Some of the actuators moved less than full actuation. The cause was ranging from silicon
grass contamination, part of unintentionally released anchor acting as a mechanical stop,
or a broken spring that happened because of an artifact in lithography (Fig.98).

Also sometimes the actuator does not return to the initial state after actuation that might be
due to charging [83]. This effect may be removed by low frequency AC actuation. The
result of DC characterization is summarized in Table 33 and the detailed measurement

results are given at the end of this chapter and in Appendix I1.

Table 33: Characterization results summary

Inspected & | Disp. 1, Disp. 2, Disp. 3, Disp. 4, Disp. 5,
Green Dies | 52.5 um 65 um 77.5 um 90 pum 100 um
Lithography Lithography
A06 Full actuation | Full actuation | Full actuation artifact artifact
Mechanical Broken
Al10 obstacle Full actuation ~0 pum Spring Broken Spring
All N/A* N/A N/A N/A ~67 um
Half way
D01 ~45 um actuation ~ 60 um Full actuation | Full actuation
D02 Full actuation ~0um ~ 60 um ~ 60 um ~0 pum
D06 Full actuation ~10 um Full actuation ~24 um Full actuation
D11 ~10 pm ~0pum ~10 pm ~10 um 0 pm

*A11l is designed for providing one type of displacement (100 um).
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Figure 97. Full actuation for actuator on displacement 5 = 100 um
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Figure 98. Actuator could not move further here due to part of silicon mechanically resisting it.

To analyze the data, a motion tracking software called Kinovea were utilized to track the
motion of the actuator. This software works well when there is a high contrast between
moving object and the background. Displacement vs. time was obtained from the output
file from Kinovea. A text file from LabVIEW program was used to generate the voltage
vs. time figure. The dies that were characterized along with their characteristics are listed
in Table 34.

A comparison of modeling and experimental deflection is shown in Table 36. Experimental
full actuation was observed in a lower voltage. Modeling displacement according to linear
extrapolation would be 74 um as opposed to displacement of 95 pum in experiment.
Fabrication changes such as over-etching might be the cause of discrepancies between
modeling and experimental results. Over etching of structures occurred because of the long
DRIE time and resulted in narrower and more compliant beams in addition to a lighter

structure.
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Table 34: Selected dies for characterization and their corresponding actuator design parameters

Die Min Si AT Designed AT AT Comb Comb | Spring Initial

Name | Width(um) Displacement | Spring | Length | Finger Finger | length | overlap
(um) Width (um) | Spacing Pairs (um) (um)
(pum) (um)

D01 8 Set 10 7861 8 70 2310 14
AO06, 10 Set 12 7861 8 63 2310 10
A10,

D02,

D06
D11 10 Set 12 7861 8 63 2310 10
All 8 100 8 2961 8 70 2310 14

Table 35: DC characterization results for maximum voltage, measured displacement and
corresponding designed displacement

Dies Max Voltage (V) Designed Measured
Displacement (pm) Displacement (pm)

A06_1 114 52.5 61.16
A06_3 119 775 85.3
Al10 2 114 65 53.68

All 58 100 67.12
D01_4 88.7 90 98.57
D01_5 69.7 100 108.02
D02_1 113 52.5 57.74
D02_4 71.6 90 59.56
D06_1 88.7 52.5 58.2
D06_3 98.82 775 98.13

Table 36. Comparison of modeling and experimental deflection

Displacement (um) | Voltage (V) | Voltage "2 (V/2)
Modeling 130 150 22500
Modeling Linear Extrapolation 74 113 12769
Experimental 95 113 12769
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Calibration of DC amplification

Calibration of DC amplification of high voltage amplifier was done in order to find the
amplification characteristic for DC voltages. Fig.99) Power supply voltage is changed from
0 to 10 volts and the readout voltage is being measured. The voltage is almost linearly
amplified. In the next step, voltages need to be applied for step voltage characterization

experiment was calculated based on calibration.

Calibration of DC Amplification

160

140 y =15.362x - 3.0255

120
100

0 2 4 6 8 10 12
Power Supply Voltage (V)

Readout Voltage after Amplifier (V)

Figure 99. Calibration of DC amplification.

Detailed results for DC characterization with different types of voltages are given in the
following section with more results included in Appendix Il. Different type of voltages
such as linear, delta and step voltages were applied and actuator displacement was
recorded. The reverse displacement was also recorded when voltage decreased back to

Zero.

126



Displacement (um)
90
80
70
60
50
40
30
20

10

0

10 0 10 20 30 40 50 60

Figure 100. Displacement of actuator vs. time after applying linear DC voltage.
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Figure 101. Linear DC voltage applied to comb drive actuator.

Usually actuator is stiffer in the initial trial and the response gets smoother in the following
experiment. This may be attributed to the mechanical stiction or contamination below the
free-standing structure.

Results for delta voltage characterization is given in Figs 102 and 103. A delta voltage was

applied and the recorded displacement resembles a delta change as well. Delta voltage
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causes an abrupt change in displacement and the response time is sufficiently fast for the

application of device which is mechanical characterization experiments.

Delta Voltage (V)

2.50E+02
2.00E+02
1.50E+02
1.00E+02

5.00E+01

0.00E+00 W

40 45 50 55 60 65

-5.00E+01

Figure 102. Delta DC voltage applied to actuator.
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Figure 103. Displacement of actuator vs. time after applying delta DC voltage.

In the next series of characterization experiments, step voltages were applied and the
displacements recorded. Displacement was then synchronized with voltage and was shown
for both forward and reverse actuations. Step voltages were applied in 10 V step

increments, starting from 0 V to 130 V. Each step was 10 seconds to 15 seconds in order
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to synchronize displacement voltage more accurately. Then voltage was then decreased in
a step fashion and displacement was recorded. Time were eliminated and displacement-
voltage curves were obtained (Fig. 106). These curves are in agreement with the equation
for displacement versus voltage which was given previously in (5) i.e. it is showing a
second degree polynomial behavior for displacement vs. voltage. Also the displacement
voltage curves are symmetric showing reliable forward and reverse displacement of the

actuator.
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Figure 104. Displacement of actuator vs. time after applying step wise DC voltage.
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Figure 105. Step-wise DC voltage applied to actuator.
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Displacement vs. Voltage
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Figure 106. Displacement vs. voltage curve for forward and reverse actuation.

5.16. AC Characterization

AC Characterization of actuator was performed in air to determine the resonant frequency
and stiffness of the actuator using a characterization setup with diagram shown in Fig. 107.
AC characterization was also done in DI water, although a large displacement was
demonstrated, there is a need for a protective layer to avoid electrolysis and
electrochemical reactions. The details of these experiments are discussed in the following

sections.
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Figure 107. Simplified AC Characterization Diagram

Resonant Frequency Measurements

Resonant frequency was measured by sweeping AC voltages and the stiffness of the
structure was determined. Frequency of AC voltage was swept in order to find the
maximum oscillation amplitude which corresponds to the resonant frequency. Camera rate
was 9990 frames per second. Electrodes were actuated with 3 VVp-p from function generator
which is amplified by wide-band amplifier. Frequency was swept from 1 Hz to 1 kHz. The

applied voltage was 9 Vp-p on function generator.

Resonant Frequency
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Frequency (Hz)

Figure 108. Oscillation amplitude for different frequency signals applied to actuator to measure
resonance frequency.
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In the next step, screening of the resonant frequency in the region of the maximum
amplitude was performed. Frequency was swept from 100 Hz to 350 Hz with 25 Hz steps.
The 3 Vp-p was utilized for this experiment. The maximum amplitude was located to be
around 250 Hz. In the next experiment, frequency was swept with 5 Hz increments around
250 Hz and where the maximum amplitude was located. The resonant frequency was
located at 244Hz based on the experiments. The total mass of the actuator was calculated
and based on the resonant frequency, the spring constant of the system was derived. Results

of AC characterization are given in Table 37.

Table 37. Spring constant of the actuator system.

Silicon Density Total Actuator Mass Resonant Frequency Spring Constant of
(g/cm”"3) (kg) (Hz) Actuator System (N/m)
2.329 5.01153E-07 244 0.029837

Resonant Frequency

Oscillation Amplitude (um)
[N [ N N w w
(93] o wv o (9] o w

o

0 50 100 150 200 250 300 350 400
Frequency (Hz)

Figure 109. Oscillation amplitude for different frequency signals applied to actuator to measure
resonance frequency with more accuracy.

A Feasible Tool for Cyclic Strain Actuation
The experiments proved the feasibility of the actuator to be used in cyclic strain
experiments for mechanical characterization of cells or other viscoelastic targets. Pair of

comb actuators were energized and oscillations could be controlled very well by a low
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frequency such as 150 mHz and amplitude of 7-10 V from function generator which results
to output voltage from 88 V to 107 V. Using this voltage, D02 fourth pair could be actuated
up to 50 um in cyclic motion and no hysteresis was observed as opposed to DC actuation.
Also by reducing the amplitude in function generator from 10 V to 1 V, the actuator
movement will stop right away, resulting in an accurate tool for performing cycling strain

tests.

Characterization of Actuator in DI Water

The actuator corresponding to displacement 4 which equals 90 pm was characterized in DI
water. The amplitude of oscillation in the air with same voltage was recorded to be 7.43
pum. The actuator moved in DI water at 100 Hz AC voltage frequency and 3 Vp-p source
voltage but a lot of bubbles were created in a few seconds and prevented further actuation
(Fig. 110). This phenomenon happened because of electrolysis and electrochemical
corrosion. Since gold is electrochemically passive, the underlying chromium adhesion
layer is being corroded in the solution [30]. Also after the experiment in DI water, damage
and delamination of metal layer due to electrochemical corrosion was observed for this

actuator.

Figure 110. Formation of bubbles at frequency of 100 Hz in DI water.

In the next experiment with actuator corresponding to displacement 2, frequency was
increased to 10 kHz and source voltage to 5 Vp-p. The actuator moved ~ 50 um but the
same bubbling happened that prevented actuator from further operation. Actuator
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corresponding to displacement 5 was successfully actuated with increased frequency of
1MHz and bubbling did not happen (Fig. 111). Further increasing the frequency to the
maximum limit of source (30 MHz) also resulted in bubbling problem and no movement

was observed.
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Figure 111. By increasing the frequency of voltage to 1 MHz no more bubbling was observed.
Actuator forward and reverse displacement was verified in DI water though hysteresis was
observed
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6. Mechanical Properties of h(MSC

Understanding of the biological response of cells to their biomechanical environment
would enhance the knowledge of how cellular responses correlate to tissue level
characteristics and how some diseases, such as cancer, grow in the body. Mechanical
properties of human mesenchymal stem cells (hnMSC) are particularly important in tissue
engineering and research for the treatment of cardiovascular disease. We measured the
elastic and viscoelastic properties of hMSC cells using a miniaturized custom-made
BioMEMS device. We compared our results to the viscoelastic properties measured with
other methods such as atomic force microscopy (AFM) and micropipette aspiration.
Different models were applied to the experimental force data, including elastic, Kelvin and
Standard Linear Solid (SLS) models, and the corresponding values were derived. The
values were compared to the literature based on micropipette aspiration and AFM methods.
We then utilized a tensegrity model, which represents major parts of internal structure of
the cell and treats the cell as a network of microtubules and microfilaments, as opposed to
a simple spherical blob. The results of this model were similar to the recorded experimental
data.

Study of cell mechanobiology is also very beneficial to repair and tissue engineering
strategies [84]. It was observed that normal cells and cancerous cells can exhibit different
stiffness values [6] and it was hypothesized that higher deformability corresponds to more
invasive cells [19], which can be a basis for their separation and detection [85, 86].
Furthermore, mechanical stimuli play an important role in basic cellular behavior,
including proliferation, cell lineage, function and differentiation [87]. Since the mechanical
properties of a cell is one of the important factors in determining its response to external
mechanical forces [88], it is essential to characterize single cells to have a better
understanding of the cellular mechanisms.

Viability and function of hMSC cells, which have promising use in gene therapy [89] and
cardiac tissue engineering, are influenced by the presence of mechanical stimuli similar to

other type of cells [4]. Furthermore, mechanobiology of differentiation can be better
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understood by studying mechanical properties and inter-relations of hMSC cells. There is
a hypothesis that chondrogenic or osteogenic differentiation might be caused by
mechanical strain in undifferentiated hMSCs [9]. Mesenchymal stem cells
are multipotent stromal cells. Stromal cells are connective tissue cells of any organ. Their
interaction with tumor cells is known to play a major role in cancer growth and progression
[90].

Modeling and analysis of single-cell responses to mechanical stimuli is the first step
towards gaining knowledge about mechanical responses in tissue [91]. Several methods
such as micropipette aspiration, AFM, cytoindentation, and magnetic beads have been
developed to study mechanical properties of single cells and different models were applied
to single cell responses to quantify their mechanical characteristics [10-13].

A miniaturized device such as a BioMEMS provides another way to characterize the single
cells. This kind of device has the advantage of being smaller and easier to integrate onto a
lab-on-a-chip with clinical use in addition to the possibility of using in for multiple
experiments. We have utilized a BioMEMS device previously developed in our laboratory
[2]. The device and its main components are shown in Fig. 112. The device incorporated a
force sensor to measure the force, an electrostatic actuator to provide 1 pm to 6 um
displacement, a resistance temperature detector to measure the temperature, and a heater
loop to maintain biological temperature. Its fabrication process and characterization have
been previously described in [2]. We measured the mechanical characteristics of single
hMSC cells in vitro using the mentioned BioMEMS device and an external piezo driver.
Characterization of a single cell was done in ionic media.

The actuator design is depicted in Fig. 113. The actuator was based on electrostatic
clamping between electrodes and was designed to provide displacements from 1 um to 6
um [2]. However, electrode clamping is not possible in ionic media due to charge screening
effects. Therefore, an off-chip piezo driver was used to provide the displacement, and a
piezoresistive force sensor was utilized to measure the reaction force. The goal of this study
is to quantify biomechanical characteristics of single detached hMSC cells using elastic
and viscoelastic models, in addition to a tensegrity model that partially represents the

internal structure of the cell. We have studied detached cells in this study and therefore
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eliminated the dependability of cells over cell cycle [92] that exists in other methods
characterizing adherent cells. We compressed a single cell and measured the response on
our device. We collected the data with LabVIEW and fit the data to different models in
MATLAB. Our experimental and modeling methods for single cell characterization are

explained in the following sections.

Force Sensor | £ = | 7 Quadrupole
Calibration | = N ) DEP
' Electrodes

Actuator I~ 7 i #l|  Temperature
Shuttle = gy Sensor

Electrostatic i
Actuator Array

Figure 113.The actuator array in previous generation of BioMEMS for single cell
characterization. The actuator was designed to provide 1 um to 6 pm.
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6.1. hMSC Cell Culturing Conditions

Cell lines were originated from bone marrow cells (Lonza), cryopreserved and cultured in
a monolayer in 10 ml culture dishes. The dishes were incubated at 37°C and 5% carbon
dioxide (CO>). Culture media consisted of low-glucose Dulbecco’s modified eagle medium
(DMEM), 10% fetal bovine serum (FBS) and penicillin antibiotic at 1%. Cells were
harvested when there was a 90 % confluent monolayer on the culture dish. The cells used
for the experiment had a passage number of n=4. For experiments involving cell
compression, cells were placed in solution using trypsinization and were kept in suspension
in cell medium during the duration of the experiment (<2 hours). A single-cell solution was
prepared by using a diluted solution of two to three hundred cells/mL, and were kept at

37°C during the experiment.

6.2. Single Cell Characterization Experiments

One of the methods for determining the mechanical characteristics of materials is stress
relaxation [93]. Using our developed BioMEMS device, we were able to perform a stress
relaxation on cells by applying a step compression and measuring the resulting force.
Compressions were done for about 2 minutes and the cell was released afterwards. The
hMSC cell was placed on the device between the sensor and actuator, as shown in Fig.114,
and compressed by 20% of its diameter. The cell's diameter was measured before and after

compression, with the data being incorporated into the fits from the models.

Figure 114. Single hMSC on device prior to a creep test.
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The hMSC cells were cultured and used immediately after harvesting for experiment. The
cells were diluted in hMSC cell medium to get single suspended cells solution. The forward
motion was generated using an external piezo driver and was translated to the on-chip
actuator by using a probe tip. The resulting force was measured using a piezoresistive on-
chip sensor. Acquired at a sampling rate of 40 kHz and a sample window of 500 ms, the
amplified signal was then filtered with a 4™-order infinite impulse response (11R) bandpass
Butterworth filter in LabView. The applied and measured deformation through the piezo
driver is shown in Fig. 115. The corresponding force-time curve is shown in Fig. 116. A
drift, possibly due to thermal noise, was observed in this data, but was eliminated from the

force data.
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Figure 115. Controlled (blue line) and measured (black dots) deformation applied to the cell
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Figure 116. Raw force data (back-dotted line), and force data after compensating for the drift
(blue line).
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Figure 117. Experimental data (black-dotted line), elastic fit (red-dashed line) and viscoelastic fits
i.e. Kelvin model (blue-solid line) and SLS model (pink-solid line) are depicted. The viscoelastic

models visually coincide and fit the data closely.

6.3. Elastic and Viscoelastic Models

Displacement application and stress relaxation response measurements were used to
determine the elastic and viscoelastic properties of hMSC cells. Three different fits were
used to generate mechanical properties from experimental data. The linear-elastic model
considers the cell to be a spherical solid with homogenous, elastic properties governed by
Hooke’s law [94]. The elastic fit and viscoelastic fits, including the Kelvin model and SLS
models for a typical force response, are included in Fig. 117. Drift was removed from the
data before modeling. Young’s modulus by elastic model was determined to be 205Pa. The

equation describing force of the Kelvin model can be written as the following:

1

(o) = g ———= |R%5Vd*S wheret =L (47)
—+E(1+€ T)

E1

where E1, E2 and n are parameters in the Kelvin model which, depicted in Fig. 118,
generated an E1 modulus of 398.4Pa, an E2 modulus of 32.9Pa and a viscosity of 3.3e4
Pa-s. (R"2=87%).

The force expression for SLS model can be written as the following:
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where E1, E2 and n are parameters in the SLS model which, shown in Fig. 119, produced
an elastic modulus of 397 Pa for E2, 2.8e-4 Pa for E1 and a viscosity of 3.4e4 Pa-s
(R"2=88%). The very small value for E1 could be because the model did not represent the
peak of data at the beginning perfectly. The applied strain was equal or less than 20 % of
the diameter of the cell, therefore linear viscoelastic regime was still applicable. For the
cells in our study, and also in the literature, the SLS model closely exhibits the cell response
[91].

E,

Figure 118. Kelvin Model.

Figure 119. SLS Model.

6.4. Results and Discussion

The feasibility of mechanically testing suspended single hMSC cells using step
compression was demonstrated. Elastic and viscoelastic properties of hMSC cells were
extracted using three different models. The derived biomechanical properties are listed in

Table 38. The average Young’s modulus by the elastic model was determined to be
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0.69kPa. The Kelvin model generated an average E1 modulus of 1.18kPa, an E2 modulus
of 0.064kPa and an average relaxation time constant of 517.1s. Fitting the force-
deformation curve to the SLS model, produced an average E1 modulus of 0.022kPa, a
modulus of 1.15kPa for E2, and a relaxation time constant of 29.9s.

Table 38. Elastic and Viscoelastic Properties of hMSC Cells Measured by Step Compression.

a) Elastic Model b) Kelvin Model c) SLS Model
Elastic E (kPa) 0.240£0.030 - -
Viscoelastic El (kPa) 0.780+£0.330 0.0001340.00012
E2 (kPa) - 0.020+0.010 0.78040.330
T(S) - 10074992 29.4+28.5
Viscosity (kPa-s) - 22.7+£8.96 23.0+£9.54

The measured values are average + standard deviation. R? values for the fits were in the range of
88 % to 49%. T is defined in equations (47) and (48).

Other methods, such AFM, micropipette aspiration and optical methods have been
developed to measure the biomechanical characteristics of single hMSC cells. Results of
AFM and micropipette aspiration methods are compared in Table 39. The reported values
from previous studies were interpreted with the SLS model in order to eliminate variations
because of different models. Our findings are generally in agreement with previous reports
on the biomechanical properties of hMSCs measured with the other techniques, but there
are also differences (See Table 39 for comparison). The reported values from the AFM
method for cell modulus are larger than our values, likely due to the larger applied
displacement in AFM [16, 17]. The micropipette aspiration method determined a lower
Young’s modulus and viscosity than AFM and our method [18, 20]. The differences in
results may be caused by cell source, culture environment, culturing substrate, testing
device and method.

It should be noted that the adherent cells in previous reports exhibited different mechanical
properties and in most cases were stiffer [17]. This may be the reason why the spherical

hMSC cells in our study showed lower modulus values in comparison to the attached cells
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in other methods such as AFM. This might also be the cause of smaller reported values for
the micropipette aspiration method, as the cells were also suspended in that method. It is
also possible that this could be due to the absence of stress fibers in the suspended state.
One of the benefits of interrogating cells in the suspended state is the ability to represent
the alternate extreme mechanical extracellular environment relevant to cell delivery,
allowing for the investigation of fundamental cellular mechanisms such as post-detachment
remodeling and rheology. Additionally, cells show less passage-dependent trends in
mechanical behavior, suggesting this approach could be a more robust biomarker [92].
Due to differences in methods used, applied displacements, cell culture surface and cell
preparation, a direct comparison between these types of experiments is difficult, with

variations existing among the results of the same method.

Table 39. Comparison of Biomechanical Properties of hMSC Cells Obtained via Different

Methods, our results are included in the Step Compression column on the right.

a) AFM [19] b) AFM [16] | c) Micropipette | d) Step
Aspiration [18] | Compression
Cell Spherical Spread Spherical Spread Spherical
Shape
Elastic | E(kPa) | 2.50+1.8 | 3.20+2.2 | 2.00+0.50 - 0.240+0.030
0 0
E: (kPa) | 0.47+0.5 | 2.20+1.9 - 0.250+0.080 0.00013+0.00012
2 0
o E2(kPa) | 4.82+0.8 | 2.03+0.4 - 0.340+0.280 0.780+0.330
E 3 5
8 T(s) | 9.60+1L | 10.1+16. - 7.92+1.48 29.44285
> 30 8
Viscosity | 46.3+19. | 20.5+15. - 2.71+1.63 23.0+£9.54
(kPa-s) 29 68
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6.5. Modeling the Viscoelastic Cell Behavior Using Tensegrity

Tensegrity is a structural principle based on the use of isolated components, consisting of
a set of compression and tension members arranged in such a way that the compressed
members do not touch each other and the pre-stressed tensile members delineate the system
spatially. This allows for the whole structure to be in the mechanical equilibrium. Starting
with pioneering work of Ingber [95], a number of researchers have utilized this powerful
approach to model cell behavior. The six-strut tensegrity model was used to predict the
static elastic modulus of cells [96]. A cell is modeled as a network of interconnected
tension-bearing elements, such as actin filaments, and compression-bearing elements, such
as microtubules, to provide shape and stability to the entire cell [97]. Several models are
based on the idea that the mechanical behavior of a cell mainly depends on the filamentous
structure, or cytoskeleton, by means of its components, microtubules, microfilaments and
intermediate filaments, which form an integrated network. A number of models have been
developed using numerical and computational tools [98]. Some models treat the
cytoskeleton as a pre-stressed cable network in order to predict the elastic properties and
emerging forces by deforming the model mechanically [99], while another mechanical
model was proposed by Maurin [100] to investigate the form-finding structure of a
cytoskeleton by using a granular structure, representing the interconnected network of
filaments in the cytoskeleton. The tensegrity cell model utilized here consists of thirty
components, including six struts representing microtubules and twenty-four cables

representing microfilament of the cytoskeleton (Fig. 120).
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Figure 120. Cytoskeletal tensegrity model. The thick bars represent 3 pairs of mutually parallel
microtubules (struts) and thin lines represent microfilaments (cables).

Typically, one node needs to be attached to the surface to simulate the focal adhesion. Rest
of the nodes are free, allowing for morphing or geometry change when external or internal
forces are applied to the cell. ANSYS Mechanical APDL! was used as a finite element
analysis tool to calculate internal forces and deformations in each of the thirty elements
(cables and struts) due to the applied external excitation.

In this study, a 30-member tensegrity structure is used to simulate a cell’s viscoelastic
behavior. The mechanical properties of microtubules and microfilaments were assigned on
the basis of the experiment implemented by Mickey et al.[101]. In our study, most of the
parameters of cells’ properties were based on this experiment, but the value of the cross
section was enlarged to assure that the whole structure is stable under the external force.
For the elastic case, the physical and mechanical properties of the cellular members are
displayed in Table 40.

L ANSYS, Inc., Canonsburg, PA, USA
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Table 40. Physical and Mechanical Properties of the Cellular Members in the Cell Model.

Properties Micro-tubules Micro-filaments
Radius (nm) 36.0 18.00
Cross-sectional area (nm?) 4070 1017
E (GPa)
) 1.20 2.60
(Elastic modulus)
Poison’s ratio 0.300 0.300

We modeled stiffer micro-tubules as internal elastic members while more flexible micro-
filaments are modeled as internal viscoelastic members of the cell, resulting in a
viscoelastic response for the whole cell. In ANSY'S, one can model viscoelastic behavior
by utilizing a Prony series, which describes the Wiechert model (Fig. 121).

)

=

= = =
~ ~ \\ ™
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Figure 121. Schematic of the Wiechert model.

The Wiechert model is composed of a spring in parallel with an infinite set of Maxwell
units i.e. spring-dashpot elements. The Wiechert model containing only one set of spring-
dashpot element represents the SLS model. This model was used in the experimental data

curve-fitting. The mathematical representation for a Prony series is given in (49):

B =E,+ ) E, exp(—-) 49)

n=1

Using a one-term Prony series, E(t) can be written as the following:

E(t)=E, +E, exp(—%) (50)
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As shown from the SLS model that was previously derived for the single cell, E; = 0.022
kPa, E» = 1.15 kPa and t = 29.9 s. We treated the previously determined viscoelastic values
for a single cell as the starting values for mechanical properties of the viscoelastic

microfilament members inside the cell. Therefore, we can write the E (t) as (51):

t
E(t) =0.022+1.15*exp(——— 51
(t) Y (51)

Denoting the relative shear modulus asa® , and the relaxation time constant as , the

ANSYS input parameters were calculated as follows:

Eo=E1 +E»=0.022+1.15=1.172 (52)

ol :5:0.98 (53)
0

T =29.9(s) (54)

The transient analysis was used to model the behavior of a cell under the constant
deformation of 5 microns. The pre-stress was applied [102, 103] and the top surface nodes,
i.e. nodes 10, 11 and 12, were given a displacement of 5 microns in the negative z direction.
From the experimental data, the total elapsed time of the test was 90 seconds, the initial
force was about 18nN and the final force was about 9nN, thus the ratio of initial force to
final force was 2. From the results obtained by the tensegrity viscoelastic model, the
elapsed time for the applied displacement is 90 seconds, the starting force is about 13.5 nN
and the final force is about 8.2 nN, producing a ratio of starting force to the final force of
1.65. It should be mentioned that the parameters derived here on the basis of the SLS
model represent viscoelastic behavior of the whole cell. The tensegrity model needs
viscoelastic properties for each microfilament, thus these values do not have to be the same.
In order to closely match the experimental results, the experimental average values of
elastic modulus and relaxation time constant were modified (Table 41). These changes are

within the standard deviation range of the measured values.
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Table 41. Comparison of Modified and Experimental Parameters.

Experimental value Modified value
Elastic modulus

of micro-tubules (GPa) 12007 1236

o (microfilaments) 0.98 0.98

7 () (microfilaments) 29.9 20.9

*[101]
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Figure 122. Reaction force versus time (with modified parameters).

Using the modified values (Table 40) as input into our model, one can obtain a modified
curve (Fig. 122) that shows a starting force at 18 nN and the final force at 9 nN. These
values more closely represent the experimental data.

The experimental data together with SLS and tensegrity models are presented in Fig.123.
The first approach assumes the cell is a single homogenous object and the tensegrity
modeling method simulates mechanical behavior of the cell considering the mechanical
characteristics of internal components such as microfilaments or microtubules. The
difference between the experimental data, SLS and tensegrity models is relatively small

and can be attributed to inaccuracies in the mechanical properties of the microfilaments
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and microtubules used in the current model and to the low number of components used to
model viscoelastic cell behavior. Also other internal members such as nuclei were not

being considered here and could be added in the future to make the model more accurate.
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Figure 123. Comparison of the force generated by tensegrity model, which considers viscoelastic.

parameters of internal structure of the cell, versus SLS model that models the cell as a continuum.

Overall, our results for hMSC viscoelastic properties are close to the reported values. Since
biomechanical properties can also act as a biomarker representing a special type of tissue
[17], this method may also have applications in the sorting and classification of different
cell types. Furthermore, studying mechanical properties of hMSC cells can have a great
impact on cartilage regeneration and cartilage tissue engineering, leading to a cure for heart
disease [104]. This approach utilizes a miniaturized device and is cost effective in

comparison with AFM and could be arrayed to characterize more cells at the same time.

Elastic, viscoelastic and tensegrity models were utilized to describe mechanical behavior
of hMSC cells. Cells exist in extracellular matrices inside the body and they need to
conform to various surfaces and change their shape. In order to model the cell mechanical

behavior and interactions within different surfaces, it is necessary to study viscoelastic
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properties of the cells, taking internal structure into account. To study a cell’s viscoelastic
behavior more realistically, it internal structure was partially simulated by a tensegrity
model. By comparing the simulation results with the experimental results, the plot obtained
by the computational model matched the curve obtained by the experiment. The tensegrity
model has the potential to be improved by including the effect of more internal members
of the cell and therefore more accurately modelling the mechanical behavior of living cells.
In conclusion, this study presents experimental data of mechanical properties of hMSC
cells measured by using as BioMEMS device and shows the feasibility of the SLS model
and the tensegrity approach in representing the viscoelastic behavior of a single detached
hMSC cell. The cell was modeled both as a continuum by SLS model and as a network of
microtubules and microfilaments with tensegrity. In the future, the tensegrity approach
can be used to model the cell’s motion and mechanical behavior in collective cell
migration, which can have potential applications in cancer studies and tissue engineering.
In the future work, we would like to validate the model for single cells also for cell

aggregates.

6.6. Force-Deformation Models

In order to meet the design specifications, the required force range for characterization of
EBs was calculated according to the literature values for Young’s modulus of hMSC cells
and the equation for force-deformation.

For explaining the behavior of viscoelastic spherical objects such as cells under
compression, a model based on the standard linear solid model and Hertz contact
mechanics is developed [105]. Based on this model, force and displacement are related as
follows:

4 E

— § T vz RO.Sdl.S (55)

where E is Young’s modulus, v is Poisson’s ratio, d is displacement and R is radius of the
cell. This equation used to find the reaction force in the following table and graphs. The

average size of EBs is ranging from 250 um to 290 um in diameter. Because of high aspect
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ratio of device and fabrication limitations, we have primarily designed our system for
smaller size of 250 um diameter size. Force-deformation was plotted for an embryoid body

diameter of 250 pm in Fig. 124 for the Young’s modulus range in literature [16, 20].

35
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1 L
% 30 35 40 45 50 55 60
Deformation(um)

Figure 124. Force-deformation using standard linear solid model and Hertz model for an
embryoid body with diameter of 250 pm, E_Minimum=0.25 kPa (blue) and E_Maximum=3.3
kPa (red)

Different Young’s moduli were reported from different methods of characterization [16,
20]. Based on Young’s modulus for hMSC single cells from literature, forces needed to
compress the embryoid body were calculated using equation 55. Assuming the same
Young’s modulus for embryoid bodies as single hMSC cell, forces for 10% and 25%
displacement for different diameters of the embryoid bodies based on values from different
methods for measuring cell stiffness such as AFM and micropipette aspiration are given in
Table 42 and Table 43. These forces are believed to be needed to be provided by the
designed actuator in order to compress the embryoid bodies.
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Table 42: Force range based on AFM method (Young’s modulus of 0.6 kPa to 3.3 kPa) [16]

Predicted force Diameter = 250 um
10% deformation 1.49 uN - 5.89 uN
25% deformation 8.2 uN - 32.4 uN

Table 43: Force range based on micropipette aspiration method (Young’s modulus of 0.25 kPa to
1.18 kPa) [20]

Predicted force EB Diameter = 250 um
10% deformation 0.62 uN - 2.46 uN
25% deformation 2.93 uN - 11.6 uN

The summary of the corresponding design specifications is given in Table 44. The force
range was determined based on the Young’s modulus range from Table 42 and Table 43.
The maximum required force is determined based on the reaction force and displacement

needed for characterization.

Table 44: Design specifications for EB characterization system

Diameter of Displacement Device Minimum Young’s Force (uN)
Embryoid (um) Height Feature Modulus
Body (um) (um) Width Range*
(nm) (kPa)
250 25 150 8 0.25-3.3 0.6-25
250 62.5 150 8 0.25-3.3 8.2-32.4
*[16, 20]
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Conclusion and Outlook

In this research, a micro-electro-mechanical-system for measuring the mechanical
properties of cell aggregates was designed and developed. A novel high aspect ratio micro-
actuator that can provide five predefined large displacements up to 100 um was designed
and modeled using finite element analysis. Five displacements include 52.5 um, 65 pm,
77.5 um, 90 um and 100 pum which correspond to 5% to 25% of a cell aggregate with
diameter of 250 um. 40 um is added to these numbers because the gap for target placement
is 290 um and the device needs to move 40 pm to touch the cell aggregate first.

A fabrication process was successfully developed for etching the high aspect ratio
structure. This included both DRIE recipe and photolithography recipe for a thick masking
layer of photoresist. A deep etching recipe for fabrication of high aspect ratio MEMS with
different trench sizes down to 8 um was developed and process was tuned to remove the
silicon grass contamination. Aspect ratio of device was 20 and the mask consists of features
and trenches with different sizes including 8 um trenches to 250 um wide areas.

Static and dynamic characterization was performed for the bank of comb drive actuators.
Five designed displacements up to 100 um were successfully demonstrated by the actuator
in the air and a large displacement of 50 pm was recorded for the first time by electrostatic
actuation in DI water. By addition of insulation layer with ALD alumina for the metal
electrodes, this actuator may be characterized in ionic medium in the future. The fabrication
process method for addition of the insulation layer is discussed in the fabrication and
characterization chapter of this dissertation. In AC characterization experiments, resonant
frequency of this actuator was measured to be 244 Hz and the stiffness of the structure was
accordingly determined.

The etch rate of Al2O3 and TiO- thin films deposited by ALD in vapor HF was for the first
time characterized and material characterization of etched oxides in vapor HF was
performed using XPS method. ALD method has advantages in comparison with other
deposition techniques. This method provides a conformal coverage for high aspect ratio

devices and can be performed at relatively low temperatures as opposed to other techniques
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such as Chemical Vapor Deposition (CVD). ALD layers may be used as protective and
insulation layers for microelectronics and specifically BioMEMS applications enabling
operation of biomedical tools in ionic environments. The measured etch rate of ALD layers
in wet etching method is much larger than the vapor HF method. This shows vapor HF
release is more compatible with ALD layers than wet etching process. In the future we will
investigate the effect of deposition temperature and annealing on the etch rate of ALD
layers.

A quadrupole electrode configuration for contactless positioning of cell aggregates was
integrated into the system. The application of these DEP electrodes which utilize MHz
voltages for trapping of microspheres and single fibroblast cells were modelled and
experimentally verified. In the future, the performance needs to be validated for trapping
cell aggregates.

This device currently provides large displacements which are needed to characterize a
viscoelastic target such as a cell aggregate in the air and has the capability to perform in
DI water. In the future, more improvement of the tool will be needed to provide required
deflections in ionic medium, since the cells need to be characterized while they are inside
ionic cell medium. lonic screening and electrochemical problems may arise in ionic
medium and they may be avoided by high frequency actuation and electrode insulation.
Further performance improvements of the actuator, increasing repeatability and reliability
also involves developing a process to avoid DRIE undercut and to enhance quality of
sidewalls. In the future, the biomedical application of the device in measuring mechanical
properties of cell aggregate could be further investigated. This novel microactuator can
provide actuation for other application such as micro-optics and microfluidics in addition
to biomedical applications.
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Appendix I

Fabrication Instructions

Starting Materials

1. 6 inch SOI wafers
e 2 um buried oxide layer,150 um device layer and 500 um handle layer
e Device resistivity 0.001 — 0.005 Q-cm
Native Oxide Removal

1. Dilute HF approximately 50:1 mix by volume
(Typically mixed in a 600 ml polyethylene beaker with 600 ml water and small
amount of HF)

2. HF dip for 35 seconds until water zips off the back indicating that native oxide is
removed

3. Rinse in DI water

4. Blow dry with nitrogen

Metal Layer Photoresist Patterning (Mask 1-Metal Mask)

1. Dehydration
Bake 3 min on the hotplate at 180 C

2. Spin-coat HMDS
a. HMDS Program 1, 3000 RPM, 30 sec
b. Bake 1 min on hot-plate at 170 C
c. Letcool 15 min

3. Spin-coat negative photoresist
a. negative tone lift-off photoresist AZ nLOF 2020 target thickness 2 um
b. Program 2, 2000 RPM, 30 sec

4. Softbake
a. Bake 30 sec on hot-plate at 50 C and 1 min on hot-plate at 110 C

b. Let cool an hour
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5. Mask Exposure
a. Warm-up the machine and load Mask 1 in projection system
b. Expose wafer at 48 mJ via aperture 1 (account for major changes in
humidity or temperature for adjusting the exposure accordingly by
keeping a log)

6. Post Exposure Bake
a. Bake 1 min on hot-plate at 110 C
b. Allow enough time 40 min-an hour based on humidity for rehydration

7. Develop
a. AZ 300 MIF developer full strength
b. Submerge in beaker for 2 min and agitate with gentle swirling motion

8. Rinse & dry
a. Rinse in DI water
b. Blow dry with nitrogen

9. Inspection (optical microscope)
a. Test structures located on test dies in the center and edges of the wafer are
a good indicator of photolithography accuracy
b. If failure, strip in AZ 400T and repeat photoresist patterning.

Metallization and Lift-Off

1. Using e-beam evaporator:
500 A (50 nm) Chrome
2500 A (250 nm)Gold
100 A (10 nm) Chrome
(Note: titanium cannot be substituted for chrome due to HF release step)

2. Lift-off
a. 2hours in heated AZ 400 T at 80 C (1 hour in first bath, 1 hour in second
bath)
b. Rinse in DI water
c. Blow dry with nitrogen

Device Layer Photoresist Patterning (Mask 2-Device Mask)

1. Dehydration
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a. Bake 3 min on the hotplate at 180 C

. Spin-coat HMDS

a. HMDS Program 1, 3000 RPM

b. Bake 1 min on hot-plate at 170 C
c. Letcool for 5 min

. Spin-coat positive tone photoresist
a. SPR220, target thickness 11 pm
b. Program 9, 1500 RPM, 30 sec

. Softhake

a. Bake 2 min on hot-plate at 50 C and 5 min on hot-plate at 110 C
b. Rehydration and resist relaxation for a day to avoid resist bubbling

Mask Exposure
a. Warm-up the machine and load Device Mask in projection system
b. Expose wafer at 48 mJ via aperture 1 (account for major changes in
humidity or temperature for adjusting the exposure accordingly by
keeping a log)
c. Rehydration for a day to avoid resist cracking

. Post Exposure Bake

a. Bake 2 min on hot-plate at 50 C and 5 min on hot-plate at 110 C
b. Rehydration for 2-3 hours

Develop
a. AZ 300 MIF developer full strength
b. Submerge in beaker for 3 min and agitate with gentle swirling motion until
the pattern is clear of resist (This resist is very thick and development is
trackable with eyes)

Rinse & dry
a. Rinse in DI water
b. Blow dry with nitrogen

Inspection (optical microscope)
a. Test structures located on test dies in the center and edges of the wafer are
a good indicator of photolithography accuracy
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b.

Deep Reactive

If failure, strip in AZ 400T and repeat photoresist patterning.

lon Etching

1. LOWROUGHNESS Process using Adixen AMS 100 I-Speeder
This process lasts about 2 hours and etches about 150um deep in 8um trench and

etch wi

@ ~o a0

Il stop on buried oxide layer

It is recommended to clean the chamber with 30 min oxygen plasma
cleaning before the etch. Also conditioning the chamber with a dummy
wafer is recommended to avoid silicon grass

Clean the back of the wafer from any remaining photoresist with acetone,
this will improve the seal of the wafer

Vent the load luck and place the wafer on wafer holder

Pump down the load lock

Select transfer wafer from load lock to chamber on the program

Wait and inspect that wafer is in place inside chamber

Select Go Process, the process will begin with bringing the substrate to the
set temperature first. After wards, SF6 and C4F8 plasmas will switch for
etching and passivation cycles respectively. SF6 plasma is purple and C4F8
plasma is blue, the color that can be seen from chamber window indicates
which cycle is in progress.

After completion of the etch, the handle bring wafer from chamber to
load-lock automatically.

Vent the chamber and take the wafer out.

2. Photoresist strip

a.

3. Inspect
a.

Oxygen plasma cleaning can be used to remove part of the hardened resist,
if the resist remains try wet strip

30 min in AZ400T heated on hot-plate at 80 C (standard 2-bath method)
Do not agitate like normal wafer — small cantilever structures will break.
Rinse in DI water

Blow dry with nitrogen

If there is residue remaining after wet strip, try oxygen plasma cleaning
until there is no residue

ALD Deposition
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Deposition of 10 nm ALD Alumina on the wafer
Insulation Layer Photoresist Patterning (Mask3- Insulation Mask)

1. Lamination of dry resist at Dev Corp, the dry negative tone photoresist will be
laminated with lamination machine using pressure and heat on top of the wafer
2. Patterning dry photoresist at Lehigh

Pad Etch

Note that Chromium Etchant is acidic and produces toxic fumes.
1. Work with the etchant where there is white light.

2. Prepare a beaker with DI water
3. Place the wafer in the Chromium Etchant and wait 40 to 60 seconds
a. The pads will suddenly change from silver color to gold color
b. Remove the wafer as soon as all pads are visibly gold and transfer
immediately to the water bath
c. Do not over-etch or the insulation layer will delaminate!
4. Rinse carefully in DI water.
5. Blow dry gently with nitrogen

Wafer Dicing

Since the structure is high aspect ratio (aspect ratio of ~ 19) and fragile beams are
present, laser dicing is the best approach to preserve the structure. Furthermore,
there will be no residue and no need to protect with photoresist. Wet chemical
processing might be damaging to the narrow beams at this point.

Device Release via Vapor HF

uEtch Vapor HF (SPTS Inc.) tool was used for releasing the device.

Standard recipe with etch rate of 0.1 um per min

The device will require 50 minutes of etching

It is recommended to calculate the time for etch according to the DRIE footing
and allow for a margin before complete etching to avoid over-etching and
releasing anchors

5. Probe the structure under microscope to determine if it is released (force sensor
transducers are the last section to release based on the design)

BPowbhPE
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Figure 126. Mask2_Device Mask (revised version).
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Appendix 11

Supplemental Figures of Experimental Data

Static displacement and corresponding applied dc voltage versus time is given for
actuators in different dies.

(X axis is time in seconds for all the following figures)
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A06_3 Trial 1
Hysteresis was observed.
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A06_3 Trial 2
The displacement curve was smoother in the second trial and about 4 um of hysteresis was

removed when the actuator went back to its initial state. The reason that the first time that
actuator was moving, displacement is a stepped curve might be slight mechanical obstacles

underneath the movable structure.
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A06_4 trial 1
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A06_4 trial 2
A delta voltage was tried and the displacement looked like a delta as well.
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A10 2
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DO1_1
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D01 3
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D01 5
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D02_1
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The displacement voltage curve is given in the following figure.

Displacement (um) vs. Voltage (V)
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