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Abstract

In recent MEMS research, vertical comb drives (VCDs) have attracted lots of
attention due to their superior characteristics in out-of-plane motion. To date, all the
reported VCDs were fabricated by silicon-based micromachining with using silicon as the
structural material, and exhibit a high cost solution with the DRIE process and the mainly
required SOI-wafers. In contrast to silicon, the metals and polymers are becoming
attractively alternative materials for fabricating the low cost micro devices and components
to their silicon or glass-based counterparts. However, no polymer or metal-based VCDs
have been reported yet.

In this dissertation, novel fabrication methods are proposed to fabricate the VCDs in
different materials—polymer and metal. Both of them are low temperature and low cost
techniques, and provide a flexible and affordable solution with the basic equipment of
LIGA-like process. First, the operation model of VCD is performed with theoretical
analysis and FEM simulation for dimensional design. For the fabrication of
polymer-based VCD, the double-side multiple partial exposure (DoMPE) method is
developed to extend the multi-level morphology on both the front and back sides of the
suspended photoresist microstructures. Depending on the established processing data,
different 3D photoresist microstructures made of photoresist AZ9260® are successfully
demonstrated, as well as the polymer-based VCD. By comparing the analytical and
experimental results, the feasibility on fabricating polymer-based VCD is verified.

For the fabrication of metal-based VCD, the properties of electroplated nickel are first
characterized with different thicknesses and current densities, and obvious variations on
material properties are observed, which would be helpful in designing micro devices by
using electroplated nickel as structural material. To fabricate the metal-based VCD,
electroplated nickel and copper are used as the structural and sacrificial layers. By
electrodepositing nickel and copper in turn with thick photoresist as the molds, the VCD
structures are constructed with the final release performed by wet etching. Also, the VCD
with angled fingers could be further realized by controlling the angle of photoresist
sidewall by this approach.
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Chapter 1 Introduction

1.1 Background and Motivation

As a well known component, the electrostatic comb drive has rapidly occupied an
important position in microelectromechanical system (MEMS) technology since the first
report by Tang et al. [1]. With typically two sets of comb fingers, comb drive provides
good linearity on output force and capacitive sensing over a considerable displacement
range because of constant gap between stationary fingers and movable fingers during
operation. = Therefore, comb drive has been widely investigated, such as optimal shape
design [2] and sub-micron gap comb drive [3], and employed for MEMS applications, such
as filter [4], accelerometer [5], gyroscope [6], and optical switch [7].

In addition to operating in in-plane direction, comb drive has also been fabricated
with two sets of fingers owning a vertical offset to cause out-of-plane motion, which is
called vertical comb drive (VCD). Comparing to the parallel plate electrostatic actuator,
the VCD ideally generates steady force over its entire stroke under one applied voltage,
and exhibits no pull-in effect. Therefore, the VCDs are very suitable for applications
requiring large out-of-plane displacement, low driving voltage, low power consumption,
and high operation speed.  For these superior characteristics, lots of investigations on the
VCDs have been reported in recent decade [8-19]. In these literatures, the fabrication
methods could be divided into two categories. The first category fabricated two sets of
fingers owing a natural offset, such as SUMMIT-V process through defining two
polysilicon layers [8], polysilicon refilled to fabricate the moving fingers and followed by
bulk etching [9], deep reactive ion etching (DRIE) to form the upper and lower fingers and
followed by bonding method [10], SOI-based (silicon on insulator) technique combining

the DRIE etching [11-13], multiple DRIE etching on single-crystal silicon substrate [14]



and the micromachining on (111) single-crystal silicon substrate [15-16]. The second
category used the deforming mechanism to elevate or degrade one set of comb fingers to
create the required initial offset, such as bending beam caused by residual stress to degrade
the stationary fingers [17], photoresist reflowing [18] or residual stress [19] to elevate the
moving fingers, and permanent deformation by high temperature annealing to cause the
initial offset [20]. All these above mentioned methods used single crystal silicon or
polysilicon as structural materials. Most of them are limited in specific wafer, such as
SOI or (111) wafer, and the DRIE process is usually the only one way to create comb
structures. Thus, these silicon-based methods inherently produce a high production cost.

In contrast to the silicon-based materials, the polymer has become another attractive
material in the MEMS technology recently because of their relatively low cost and much
easier processing. For example, the polycarbonate (PC) and polymethylmetacrylate
(PMMA) have been utilized to fabricate the high aspect ratio microstructures by hot
embossing method for MEMS applications [21]. The micro fluidic devices for micro
total analysis systems (u—TAS) applications were also widely fabricated by PMMA, PC,
polypropylene (PP), and polydimethylsiloxane (PDMS), etc. [22-24]. In addition to the
passive components, the active micro devices have also been demonstrated by polymer
materials to lower the cost, such as the electrostatic comb drive constructed by PMMA via
the hot embossing technique [25], or by the thick negative photoresist SU-8 [26]. The
accelerometer has also been fabricated by using SU-8 as the structural material [27], and
the polymer micromechanical devices coated by metal layer via the electroless deposition
technique have also been demonstrated [28]. Therefore, polymer is becoming a greatly
important low cost alternative to their silicon or glass-based counterparts. However, no
VCD made of polymer material has been reported yet.

With full development on LIGA-like process [29], which typically comprises the
molds produced by thick photoresist and the metals deposited by electroplating, lots of
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MEMS devices were fabricated by electroplated metals, such as switches [30], micro
motors [31], electro-thermal actuators [32], accelerometers [33-34], inductors [35], and so
on. This metal-based micromachining technique attracts lots of attentions due to its
promising advantages including simple process, low cost, low temperature, low material
resistivity, easy achievement on thick structure, and easy access of equipment. Especially,
the low temperature process provides a good opportunity on integrating MEMS devices
with integrated circuit (IC) into single chip for high efficiency system. Comparing to
silicon-based materials which needs the doping process to lower resistivity, the superior
electrical conductivity of metal structures can remarkably simplify the fabrication process,
enhance the handling power and lower the power consumption of micro devices.
Furthermore, the great conductivity also exhibits a good potential to fabricate radio
frequency (RF) components with high quality factor [36]. Additionally, thick structural
layer, i.e. several hundreds um, which is difficultly deposited by silicon-based process, can
be easily achieved by electroforming technique, which is a low cost and easy access
process, and improves the device performance. Therefore, with the outstanding
characteristics mentioned above, metal-based micromachining has become one of the
mainstream fabrication approaches in micro system technology. Also, no investigation on
fabricating the metal-based VCD with LIGA-like process has been reported yet.

In this dissertation, novel approaches to fabricate the polymer and metal-based VCDs
are proposed, which provide a flexible and low cost solution on fabricating VCD for

MEMS applications.

1.2 Contributions

Here, instead of using silicon-based materials, novel approaches are proposed to
fabricate the low cost VCDs in different materials—polymer and metal. For the
polymer-based VCD, without any additional sacrificial layer, the proposed double-side
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multiple partial exposure (DoMPE) method, which has been developed for extending the
multi-level morphology on both the front and back sides of the suspended photoresist
microstructures, is applied to the positive thick photoresist AZ9260" to carve out the
suspending upper fingers and the fixed lower fingers. The front-side partial exposure
defines the height of the fixed lower fingers, and the back-side partial exposure creates the
suspending space of the upper fingers. Process parameters, including exposure dosage,
development time, development depth, soft-bake conditions, and the Ti film thickness as
gray-tone mask, have been experimentally characterized. With the proper overhang
design to realize the electrical isolation, the metal layer deposited on the structural surface
by sputtering provides a suitable electrical conductivity. This approach provides a simple,
flexible, and low cost solution to fabricate VCDs.

For the metal-based VCD, only LIGA-like process is used here. Nickel and copper
are electroformed in turn with thick photoresist AZ9260® as electroplating molds to form
the VCD structure and the sacrificial layer, respectively, in which the trench refilled by
nickel fabricates the moving fingers, and the electroformed copper layer works as the
sacrificial layer and provides the operation space. With removing the sacrificial copper
layer by wet chemical etching, the VCD made of electroformed nickel is released finally.
This approach also provides a low cost process for fabricating VCDs, and is IC-compatible
by providing a low temperature solution without destroying the underlying materials, i.e.

typically the silicon-based materials.

1.3 Dissertation Outline

The goal of this dissertation is to develop novel approaches for fabricating the
polymer and metal-based VCDs. The detailed investigations including theoretical
analyses, fabrication methods, experimental results, and characterizations are described in

the following chapters.



In Chapter 2, the operation principle of VCD, including the theoretical analysis and
FEM simulation, are discussed first.

In Chapter 3, the DOMPE process is proposed to enhance the complexity of suspended
3D photoresist microstructures. The related parameters are experimentally characterized,
and different complex 3D photoresist microstructures made of AZ9260" are successfully
fabricated to demonstrate the enhancement effect.

In Chapter 4, the polymer-based VCD made of photoresist AZ9260" is fabricated
through the developed DoMPE process. With a metal film deposited on the structure
surface by sputtering for the electrical conductivity, the polymer-based VCD is driven
successfully. By comparing the analytical and experimental results, the feasibility of
polymer-based VCD is verified, which also demonstrates one application of DoMPE
process on active devices.

In Chapter 5, the properties of electroplated nickel, such as Young’s modulus,
hardness, and coefficient of thermal expansion (CTE), are experimentally investigated with
different thicknesses and different current densities.

In Chapter 6, the fabrication method of metal-based VCD is described in detailed,
where the backside exposure with photoresist AZ9260" is utilized to create the desired
electroplating molds, and the experimental and fabrication results are discussed.
Additionally, methods to fabricate the slope photoresist are also investigated.

Finally, Chapter 7 concludes this dissertation and suggests some future research

directions. Two simpler fabrication methods of metal-based VCDs are also suggested.



Chapter 2 Operation Principle

For the dimensional design, the operation model of VCD is established here. The
theoretical analyses are carried out with solving the force balance equation, which
comprises the electrostatic force induced by the comb fingers and the mechanical force
generated by the torsion springs, to determine the static response under a driving voltage,
where the relationship of capacitance versus displacement is extracted by FEM simulation

and twelfth-order polynomial curve fitting.

2.1 VCD with Torsional Motion

As the schematic illustration shown in figure 1, the VCD demonstrated in this
dissertation can be simply expressed as two sets of comb fingers. One set of fingers,
called the stationary fingers (or the lower fingers, here), is fixed on the substrate and the
other set of fingers (or the upper fingers, here), called the movable fingers, is suspended
and connected to the suspending plate which is supported by the anchors through the

torsion springs. With the voltage applied between the upper and lower fingers, the VCD

Suspending plate Anchor

Torsion spring

\Substratc P — - - — —
~—— " Lower fingers

Figure 1. The schematic illustration of the vertical comb drive.



can be driven into torsional motion by the electrostatic force until it is balanced by
mechanical force of the torsion springs. Therefore, by solving the force balance equation,

the relationship of driving voltage and torsion angle can be determined.

2.2 Electrostatic Force
In general, the electrostatic force generated by the comb drive with n finger pairs is
given by [9]
n dC

Fe(Z)=EEV2 (1)

where C 1is the capacitance between two sets of fingers, z is the vertical displacement
in the out-of-plane direction, and V is the applied voltage. However, the capacitance C
could not be considered as a simple parallel plate assumption with the fringing fields due
to the limited height (or thickness) of fingers. To characterize the dC/dz relationship
accurately, the finite element method (FEM) through software ANSYS is used to simulate
the capacitance of single pair fingers at different displacements z. Then, these simulated
data are curve fitted by twelfth-order polynomial to obtain the capacitance C as a

function of displacement z, which is expressed as [9,19]
C(z)=a,z" +a,z" +a,z"° +-+a,z" +a,z+a, (2)

Therefore, the function of electrostatic force of VCD could be obtained.

As illustrated in figure 2(a), in addition to the case without the bottom plate, the
condition of lower fingers with bottom plate is also analyzed. Figure 2(b) shows one
example of the simulation and fitting results with the finger height of 35 pm, the finger
width of 14 pm, and the gap of 4 um. The fitting curve agrees well with the simulation
data. For the fingers with bottom plate, the capacitance is similar to that without bottom

plate at initial 2/3 stroke, but quite different in the final part of stroke.
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Figure 2. The simulated cases and results; (a) two simulated cases: with/without the bottom
plate; (b) the simulated capacitance of single pair fingers at different displacement, z, and

the curve fitting results; the overlap distance is normalized by the finger height of 35 um.

2.3 Force Balance Analysis

Under a driving voltage, the torque induced by electrostatic force is equal to the
torque generated by the torsion springs at equilibrium. Thus, the torsion angle could be
determined by this force balance analysis. Figure 3 shows side view of the upper finger
and torsion plate of the VCD, and the torque 7, induced by electrostatic force of VCD
could be expressed as

E:]E@ﬂﬂx 3)

x1

where xI and x2 indicate the overlap region of the upper and lower fingers along the
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suspending plate (x direction), and L, is the moment arm of the electrostatic force F,(z)
about the torsional axis and is equal to xcosé, in which & is rotation angle of the VCD.
Because the vertical displacement z could be expressed as xsin &, equation (3) could be

re-written as following by including equation (1) and (2)

nV?*cosf| & k(a xsin®! H) w2
T.(0)= > =k 4
) 2 Ll k+1 @

x1

Equation (4) describes the torque induced by the electrostatic force under different

rotation angle for a given voltage. In addition, the torque generated by the mechanical

Fe(2)

Figure 3. The illustration of the torque induced by electrostatic force from side view of the
upper finger and suspending plate, where 7, (&) is the induced torque by the mechanical

force of the torsion springs
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Figure 4. The calculated results of the static deflection of vertical comb drive including the

cases with or without the bottom plate



Table 1. The parameters used for the theoretical analysis

Symbol Value Symbol Value

- 1 2 (855.38)/(68.52)’

xl 400 um a (-3.15¢7)/(3.45¢8)'

x2 480 um as (-1.43e13)/(1.56e12)’

b 15 um a (8.38¢17)/(-3.22¢18)
35 um a; (2.30e22)/(-7.44€22)

L 90 um ag (-2.42e27)/(1.80€28)

G 407.9 MPa* 2 (1.20e31)/(2.84¢32)’

2 (1.03e-10)/(1.04e-41)  ay, (1.97¢36)/(-4.46¢37)

a (4.16¢-6)/(4.18¢-6)  ay, (-4.31¢40)/(-3.00¢41)

a (-6.98¢-3)/(-1.72¢-2)  ay, (2.70e44)/(4.02¢46)'

* G is obtained by G=FE/ [2(1 + v)]. As described in section 4.3, the effective elastic
modulus of 1.142 GPa and Poisson’s ratio of 0.4 are used.

¥ Value of (case without bottom plate)/(case with bottom plate).

force of the torsion springs could be described by

Go(b*h + i)

1.(@)= 6L

(%)
where G is the shear modulus of elasticity; &, 2 and L are the width, height and
length of the torsion springs, respectively. Therefore, by equations (4) and (5), the
rotation angle of VCD could be found.

Here, the software Matlab is used to calculate the numerical solutions. Figure 4
shows the calculated results with the relative polynomial coefficients and structural
dimensions listed in table 1. The initial overlap of two sets of fingers is 10 pm, and the
finger height, finger width, and the gap between fingers are the same as that used in
figure 2. For the case without bottom plate, the rotation angle increases faster in the first
half stroke but much slower in the second half stroke with the increasing voltage. For the
case with bottom plate, a similar behavior is observed in the first half stroke but there is a
pull-in effect for the rotation angle approximating to 2 degree due to the sudden increase of

the capacitance which induces the rapid rise of electrostatic force.
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2.4 Effect of Angled Fingers

As described in literature [2], the finger shape of comb drive will affect the delivered
output force. By changing the gap profile, the output force versus displacement exhibits
different profiles. Generally, the VCD fabricated by recent proposed methods [8-19] has
a constant gap between the stationary and movable fingers, thus the driving force ideally
keeps constant during most of its operation range with a given voltage. By the novel
metal-based VCD fabrication method proposed in this dissertation, the comb fingers with
different angles can be fabricated through the construction of sloped photoresist (the detail
is described in Chapter 6). Therefore, different output force profiles of VCD can be
expressed by controlling the angles of comb fingers. In order to characterize the effect of

angled fingers, the static responses of VCDs with different finger angles are analyzed by

14
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Figure 5. Six cases of VCD are analyzed and discussed; (a) € =0°, (b) 8=3°, (¢)
0 =6°, (d) &=0° with bottom plate, (¢) 8 =3° with bottom plate, (f) € =6° with
bottom plate. (unit: pm)
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the same analysis method discussed in above sections, and both the fingers with and
without bottom plate are also discussed. As shown in Figure 5, six cases are performed
here. Figures 5(a) and 5(d) show the VCDs with constant gap, which refers to zero angle
(@ =0°), and the other VCDs have the fingers with angles of 3° (figures 5(b) and 5(e)) or
6° (figures 5(c) and 5(f)). The related dimensions for this analysis are labeled in
Figure 5(a), which are the same as that used in Figure 2.

For the VCDs without bottom plate (cases of figures 5(a-c)), figure 6 shows the
simulation results of capacitance under different overlap distances by FEM method. The
curve fittings are also performed by twelfth-order polynomials. The simulation results
show that the increasing angle of finger provides the increasing capacitance, especially for
the large overlap distance. This increment on capacitance will enhance the output force
of VCD and lower the driving voltage. Figure 7 shows the simulation and fitting results
for the fingers with bottom plate (cases of figures 5(d-f)). A similar enhancement is also

observed—increasing finger angle provides increasing capacitance when the opposite

350
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i
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@
o
®
© 100t 1
50+ B
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Figure 6. VCDs without bottom plates; capacitances under different overlap distances are
simulated and curve-fitted with finger angles of 0° 3°, and 6° the overlap distance is

normalized by the finger height of 35 um.
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Figure 7. VCDs with bottom plates; capacitances under different overlap distances are
simulated and curve-fitted with finger angles of 0°, 3° and 6° the overlap distance is

normalized by the finger height of 35 pum.

fingers are closing. Furthermore, the static responses of VCDs with angled fingers are
also calculated. With the same structural dimensions listed in table 1, figures 8(a) and 8(b)
show the calculated results of VCDs without and with bottom plates, respectively. For
the VCDs without bottom plates (figure 8(a)), the driving voltage is obviously lowered
with the increasing finger angle. Additionally, for the VCD with finger angle of 6 degree,
a pull-in phenomenon is also observed. The remarkable increase of capacitance in later
half stroke induces the large rise of electrostatic force. For the VCDs with bottom plates
(figure 8(b)), a similar enhancement on output force is also observed. The driving voltage

is remarkably lowered with the increase of finger angle.
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Figure 8. The calculated static responses of VCDs (a) without and (b) with bottom plates;
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Chapter 3 Double-Side Multiple Partial Exposure (DoMPE)

Fabrication technologies on batch process of IC promote the rapid development of
MEMS. Recently, three dimensional (3D) microstructures have proved helpful in
applications such as photonics [37], chemical sensors [38], data storage [39], tissue
engineering [40], micro fluidic systems [41-43], and micro electronic devices
[26-27,44-45]. To date, different approaches have been developed for constructing true
3D  microstructures. Beyond the standard lithography technology, the
microstereolithography process [46] and two-photon absorption (TPA) polymerization
[39,47-49], which are based on light-induced polymerization in photopolymerizable resin,
have been proposed to create the 3D structures in arbitrary shapes. However, both
approaches lack batch fabrication ability, which must be supported by the introduction of
micro transfer molding (uTM) for replicating master structures [50]. Another technique,
called multibeam interference lithography (MBIL) [37,51], is a method for constructing 3D
microstructures with highly parallel processing; however, only spatially periodic structures
can be obtained using this technique. Even though microstereolithography, TPA and
MBIL provide specific approaches to construct true 3D or periodic microstructures, unlike
the standard lithography, limited equipment availability always restricts their practical
applications. Therefore, owning to the advantage of easy access to equipment compatible
with IC standard lithography, expanding the fabrication capability of standard lithography
technology to 3D microstructures still attracts considerable attention—even the IC
fabrication scheme is basically a planar technology.

For the standard lithography technique, the development of thick photoresist
technology makes fabricating the 3D microstructures increasingly feasible. First, the high

aspect-ratio structures achieved by LIGA or LIGA-like processes, which are often

15



considered 2.5D techniques, enhance the performance of micro components [29]. By
using the inclined and rotated UV lithography, the oblique or curved microstructures,
which have been called the 3D microstructures, can be constructed with the negative
photoresist SU-8 for the applications of micro channels, filters, mixers [41] and optical
mirrors [52]. However, the complexity of 3D microstructures is still quite limited when
using either approach. Another important technique, which reportedly defines the
photoresist in flexible shape, is the gray-tone lithography that changes the UV-light
transmission through the mask, thereby modulating the exposure intensity on the substrate
front side [53-56]. To generate the suspending microstructures, the backside partial
exposure scheme with glass substrate has been utilized to suspend photoresist
microstructures, such as cantilevers and bridges [42], without additional sacrificial material.
However, the suspending space was restricted to one level because the backside dosage
could only be controlled by the exposure time.

Based on standard lithography equipment, this study presents a novel batch process
called the double-side multiple partial exposure (DoMPE) method, which enhances the
complexity of suspended 3D photoresist microstructures by incorporating a gray-tone mask
on the backside exposure. Here, the gray-tone mask is realized by controlling the
thickness of the metal film [56]. The mergence of the gray-tone mask on the backside
produces the possibility of carrying out partial exposure on the substrate front and back
sides, the photoresist can then be carved out to form increasingly complex 3D
microstructures. In this study, microstructures with up to four levels on the front and
back sides generated via the DoMPE process are presented to demonstrate the
enhancement effect when constructing complex 3D microstructures made of positive

photoresist AZ9260".

16



3.1 Procedure of DOMPE Method

To remove various thicknesses of positive photoresist on the front and back sides,
multi-patterning on the front side and gray-tone lithography on backside are used to
achieve the dosage control in each exposure step to generate a desired depth. When these
exposure steps are complete, the development solution finally removes the exposed
photoresist to obtain free standing 3D photoresist microstructures without using a
sacrificial layer and an additional release step. The proposed DoMPE method comprises
front-side multiple partial exposure and back-side multiple partial exposure, and requires
only standard IC-compatible equipment, such as a spin coater, mask aligner, and PVD

system. Process steps for fabricating multi-level microstructures are described as follows.

3.1.1 Suspended front-side multi-level microstructures

Figure 9 illustrates three examples of fabricating suspended photoresist
microstructures with various levels on front side through the double-side partial exposure
techniques. A glass substrate is used for backside exposure. The front-side partial
exposure can utilize a standard front-side mask (figure 9(a)), where the photoresist is
partially exposed to define the groove. In figure 9(b), partial exposure on backside is
realized through a patterned metal layer, which is previously deposited on the glass
substrate as a back-side mask to create a suspending space. Groove depth, d, and
suspending space, S, are mainly controlled by exposure dosage. When standard masks
are used during front-side partial exposure, multi-patterning can be implemented easily in
the front direction by only changing masks with the dosage control; this process is called
front-side multiple partial exposure. Via this method, a suspended photoresist cantilever
with multiple levels on the front side can be fabricated after final development without an

additional release step (figure 9(c)).
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Figure 9. Fabrication of photoresist microstructures with multiple levels on front side; (a)
the grove with a depth of d created by front-side partial exposure; (b) the suspending
bridge with a space of S created by backside partial exposure; (¢) the suspended cantilever

with three levels on the front side by front-side multiple partial exposure.

3.1.2 Suspended back-side multi-level microstructures

To generate multiple levels on the backside of microstructures, a proposed back-side
gray-tone mask is utilized, since it is difficult to place and switch the mask for
multi-patterning the backside through the glass wafer in a standard aligner with precise line
width control. The gray-tone mask is achieved by depositing various thicknesses of metal
film on the glass substrate to modulate light transmitted through the glass wafer for
back-side multiple partial exposure. Figure 10 presents the fabrication process of a
photoresist cantilever with multiple levels on the backside via backside multiple partial
exposure. First, a thicker metal film is deposited and patterned by lift-off process as the
opaque back-side mask (figure 10(a)). A thinner metal film is subsequently defined at the
desired locations also by sputtering as the gray-tone back-side mask for modulating
backside exposure dosage (figure 10(b)). Then, the thick positive photoresist is
spin-coated and soft-baked (figure 10(c)). After re-hydration, back-side multiple partial
exposure is carried out by one exposure (figure 10(d)), in which the photoresist on

backside is exposed with different dosages due to the gray-tone mask to create different
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Figure 10. Fabrication process of 3D photoresist microstructure with multiple levels on the

(b)

backside; (a) defining the thick metal film as backside opaque mask; (b) defining the thin
metal film as backside gray-tone mask; (c) coating thick positive photoresist; (d)
completing backside multiple partial exposure by one exposure; () front-side full exposure
to define the overall area of structure; (f) development and release.

exposure depths. Subsequently, front-side exposure on proper area is applied to define
overall shape of the microstructures (figure 10(e)). At last, a cantilever with multiple
levels on backside can be obtained after final development (figure 10(f)).

By combining multiple partial exposures on the front and back sides, more complex
3D microstructures can be achieved using the proposed DoMPE method. For example,
when three front side levels are employed (level 0, 1 and 2)—where level 0 indicates zero
dosage—without the backside gray-tone mask, i.e., two different metal film thicknesses
(figure 11(a)), one partial exposure can produce two levels in the backside direction; thus,
six combinations of microstructures can be fabricated. By using the back-side gray-tone
mask (figure 11(b)), three different metal film thicknesses can generate three levels on the
backside. Thus, there are nine combinations. Expanding the multi-level fabrication
capability on the back or front sides directly enhances the complexity of 3D

microstructures.
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Figure 11. Possible combinations of microstructures fabricated by the DoMPE process
with three levels on the front side; (a) six combinations due to two levels on the backside;
(b) nine combinations due to three levels on the backside.

3.2 Photoresist Processing Parameters

The commercially available positive thick photoresist (AZ9260", Clariant) is used
here. First, the photoresist with a thickness of 58 um is spin-coated and then soft-baked
at 90°C. After re-hydration for over 30 minutes, the photoresist is exposed to different
dosages. Then, different development times are applied using an AZ-400K developer
diluted at a ratio of 1:4 with de-ionized water. Figure 12 shows the experimental results
for development depths at development times of 5, 10, 20 and 30 minutes and exposure
dosages of 66, 131, 262 and 394 mJ/cm’, respectively, where the photoresist is soft-baked
for 15, 60 and 90 minutes, respectively. Development depths are normalized using the
overall photoresist thickness of 58 um. According to experimental results shown in
figure 12(a), where soft-bake time is 15 minutes, a large exposure dosage or extended
development time increases development depth. Furthermore, the comparison of
development depths in figure 12(a) to figure 12(c) clearly indicates that soft-bake time also
plays an important role in this process. A longer soft-bake time increases stability and
decreases development depth under different development times, especially at the high
partial exposure dosages. When the soft-bake time is increased to 90 minutes, as shown

in figure 12(c), the development depth is further decreased, especially for the development
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Figure 12. Development depth under different development times and exposure dosages.
Photoresist AZ9260® is soft-baked at 90°C for (a) 15 minutes, (b) 60 minutes, and (c) 90

minutes.
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Figure 13. Bridges made of photoresist AZ9260" with soft-bake time of (a) 40 minutes (b)
90 minutes.

time of 5 minutes, indicating that the photoresist needs at least 10 minutes to reach the
stable region. For the development time over 20 minutes, a soft-bake of 90 minutes
generates a consistent development depth, which is suitable for processes needing long
development times. In addition to improved photoresist development, a long soft bake is
also helpful for reliable fabrication of 3D photoresist microstructures. Figure 13(a) and
13(b) show fabrication results for photoresist bridges with soft-bake times of 40 minutes
and 90 minutes, respectively. The bridge collapses down after release due to insufficient
soft-bake time, and the structure stands well on the substrate with sufficient soft-bake time.

A gentle vibration to refresh the developer above the photoresist during the
development may affect development depth, especially with short soft-bake times.
Figure 14 shows the influence of vibration on the development depth under two soft-bake
conditions with different development times, where the solid symbol indicates the
development with gentle vibration while the hollow symbol presents the results obtained
without any vibration. Experimental results show that the vibration markedly enlarges the
development depth when soft-baked for 15 minutes, especially under long development
times. For a soft bake of 90 minutes, the influence of gentle vibration on development
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depth is not obvious when development time exceeds 20 minutes. Figure 15 shows the
detailed relationship between development depth and exposure dosage under soft-bake
time of 90 minutes and development time of 45 minutes without the gentle vibration,
where development depths are normalized by overall photoresist thickness of 58 um.
Experimental results indicate a stable but not quite linear increase to development depth by

increasing exposure dosage.

——4&—— 15min, vibration i
1 —<&—— 15min, static
—@—— 90min, vibration
0.8 L| ——©—— 90min, static
0.6 -

04 -

0.2

Development Depth (normalized)

| | | |
0 5 10 15 20 25 30 35
Development Time (minute)

Figure 14. Development depth at different development times with or without gentle
vibration at two soft-bake times, where the exposure dosage is 394 mJ/cm’ and the

development depths are normalized by overall photoresist thickness of 58 pm.
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Figure 15. Relationship between development depth and exposure dosage for photoresist
AZ9260" at soft-bake time of 90 minutes and development time of 45 minutes.
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3.3 Gray-tone Mask

To achieve back-side multiple partial exposure, the modulation capability of the
gray-tone mask realized by different thicknesses of metal film must be characterized. In
this work, an opaque mask and gray-tone mask for backside multi partial exposure are both
formed by Ti film deposited by a sputtering system. With different thicknesses of Ti film
deposited on the glass substrate, the transmittance of Ti film is measured by a radiometer
with a spectral response of 310-515 nm and peak response of 405 nm. Experimental

results show (figure 16) that a thicker Ti film reduces transmittance. For example, Ti film

0.6 -

0.4 -

Transmittance (Normalized)

0 | | | | | |
0 10 20 30 40 50 60 70

Thickness (nm)

Figure 16. The measured UV-light transmittance at different Ti film thicknesses.
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Figure 17. Verification on the development depth versus Ti thickness with a photoresist of
58 um that is soft-baked for 90 minutes and developed for 45 minutes. Line with square
symbol is obtained by calculating data in figures 15 and 16. Line with triangle symbol is
obtained by direct measurements.
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with thicknesses of 15 nm and 63 nm provide about 68.9% and 16.9% UV-light
transmittance, respectively, where transmittance is normalized by the measured exposure
intensity of 34.1 mW/cm® under the glass substrate without Ti deposition. Therefore,
based on experimental data, the dosage distribution in the back-side multi partial exposure
can be designed to fabricate various desired suspending gaps when Ti thickness is properly
controlled. Figure 17 shows experimental verification of development depth under
different Ti thicknesses with an exposure dosage of 616 mJ/cm”, where the square symbol
indicates calculated depth using experimental data (figures 15 and 16), and the triangle
symbol indicates direct measurement results under different Ti thicknesses. Experimental
results show that the dosage modulation of Ti film characterized by the radiometer agrees

well with direct measurement results.

3.4 Results of 3D Photoresist Microstructures

After establishing the process parameters, different 3D microstructures made of
AZ9260" are fabricated and presented to demonstrate the effectiveness of the proposed
DoMPE process. The photoresist with a thickness of approximately 60 um is spin-coated
and soft-baked at 90°C for 90 minutes. Figure 18 shows the structures with only two
levels on the backside. For only one level on the front side, the meander (figure 18(a))
and coil (figure 18(b)) with the line width of 30 um is fabricated and suspended 19 pm
from the substrate with a back-side exposure dosage of 407 mJ/cm”. By introducing two
front dosages, the suspending channels have a depth of 20 um (figures 18(c)—(d)), in which
two levels exist on both the front and back sides.

Figures 19 and 20 show the microstructures fabricated by double-side multiple partial
exposure, where the gray-tone mask creates three levels on the backside. With two levels
on the front side, figure 19 shows a microinductor (figure 19(a)), a round 3D structure
(figure 19(b)), a square 3D structure (figure 19(c)), and a mini castle (figure 19(d)) with
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Figure 18. 3D microstructures made of photoresist AZ9260" with two levels on the
backside; the suspending (a) meander line and (b) coil with one level on the front side;

(c)—(d) micro channels with two levels on the front side.

different suspending gaps, respectively. Figure 20 shows the cantilevers (figure 20(a)—(b))
and bridges (figure 20(c)—(d)) with uneven thicknesses and three levels constructed on
both the front and back sides. Increased thickness variation on the gray-tone mask can
provide additional levels on the backside. With an opaque mask formed by a Ti thickness
of 160 nm and a gray scale formed by Ti thicknesses of 0 mm, 28nm and 48nm,
Figures 21(a) and 21(b) show the fabricated cantilevers and bridges with four levels on
both front-side and back-side directions. The 3D microstructure complexity is
successfully enhanced by incorporating gray-tone lithography on backside exposure.
These photoresist 3D microstructures are useful for enhancing the complexity of 3D molds
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Figure 19. 3D microstructures made of photoresist AZ9260® with three levels on the

backside and two levels on the front side; (a) microinductor, (b) microstructure with round

shape, (c) microstructure with square shape, and (d) mini castle.

on forming 3D micro channels with polydimethylsiloxane (PDMS) [42], or providing
channel cross sections with increased flexibility while directly fabricating micro fluidic
components, such as embedded channels, filters, and mixers [41,43].

Moreover, by incorporating metallization schemes, such as electroless [44] and
physical vapor [26,27,45] depositions, polymer-based 3D microstructures have been
demonstrated to extend to be electrical-conductive devices, such as microinductors [44],
electro-thermal actuators [45], accelerometers [27], and comb drives [26]. Here, for
example, with metallization by physical vapor deposition, a 3D microinductor by the
DoMPE process is fabricated (figure 19(a)) instead of using the conventional
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(c) (d)
Figure 20. 3D microstructures made of photoresist AZ9260® with three levels on both the
front and back sides; (a)—(b) cantilevers, and (c)—(d) bridges.
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(a) (b)
Figure 21. 3D microstructures made of photoresist AZ9260® by the DoMPE process with

four levels on both the front and back sides; (a) cantilevers, (b) bridge.
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Figure 22. Different beam structures can be fabricated with three levels on both the front
and back sides for constructing vertical comb drives with different strokes by the DoMPE
process; (a) 9 various beam structures; (b) type I vertical comb structure design with fixed
lower comb fingers; (¢) type 11 vertical comb structure design with suspended lower comb

fingers.

layer-by-layer method. An electrostatic actuated vertical comb drive can also be realized
with the DoMPE process by fabricating two staggering sets of fingers. Figure 22(a)
illustrates structures that can be fabricated using the DoMPE process with three levels on
both the front and back sides. By selecting different pairs of structures, VCDs with
different strokes can be constructed. Figures 22(b) and 22(c) show VCD with the fixed
lower fingers and VCD with the suspended lower fingers, respectively. A metal layer
finally deposited on the structural surfaces by sputtering can provide the desired electrical

conductivity for these vertical comb drive structures to act as active devices.

3.5 Summary

Using standard lithography equipment, the proposed DoMPE process enhances the
complexity of suspended 3D photoresist microstructures by incorporating back-side
gray-tone lithography and a partial exposure technique. Process parameters, including
exposing dosage, development time, development depth, soft-bake conditions, and the Ti

film thickness as gray-tone mask, have been characterized experimentally. Experimental
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results indicate that soft-bake time plays a significant role in the DoMPE process, and
affects development depth and fabrication stability. By increasing the thickness variation
on the gray-tone mask, complexity of 3D microstructures can be further enhanced. The
DoMPE process can act as a basic platform that provides an affordable solution to

construct flexible features in three dimensions for MEMS applications.
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Chapter 4 Polymer-Based Vertical Comb Drive

As described in Chapter 3, by the DOMPE process, two sets of comb fingers owning
the initial vertical offset can be directly constructed, which composes the vertical comb
drive (VCD) to perform the out-of-plane motion. Here, the DoMPE process with two

levels in both front and back sides is employed and totally needs only three masks.

4.1 Fabrication Process

Figure 23 shows the detailed fabrication procedure of the proposed polymer VCD.
The soda-lime glass is used as the substrate, and the commercial positive thick photoresist,
AZ9260® (Clariant), is utilized to demonstrate this process. First, the Ti layer of 2500 A
is deposited and patterned by the lift-off process as the mask for the backside partial
exposure, as shown in figure 23(a). Then, the photoresist AZ9260® with thickness about
55 pm is spin-coated and soft-baked at 90°C for 90 minutes, as shown in figure 23(b).
After re-hydration, the photoresist is exposed by the front-side partial exposure for the
desired development depths, as shown in figure 23(c), which defines the height, i.e.
thickness, of the lower fingers. Then, the backside partial exposure is carried out for the
suspending space of the upper fingers, as shown in figure 23(d), which provides the desired
operation stroke of VCD. Subsequently, the full exposure is carried out to define the
overall structure, as shown in figure 23(e), in which the upper and lower fingers are
self-aligned to avoid the misalignment problem. After all the required exposing
procedure, the final development is performed with the developer of AZ400k (20% diluted
by de-ionized water). At this step, the release process of VCD is also completed without
any additional sacrificial layer and etching step. Then, the structure of VCD is fabricated,
as shown in figure 23(f). Furthermore, in order to provide the desired electric

conductivity to activate the VCD, a thin Cu layer with thickness of 2000 A is deposited on
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Figure 23. The fabrication process of the polymer VCD on the AA cross-section; (a)
defining the Ti film as the backside mask; (b) coating the thick positive photoresist; (c) the
front-side partial exposure; (d) the backside partial exposure; (e) the full exposure to define

the overall structure; (f) development and release.

the structural surface by sputtering system. In addition, to achieve a locally electric
isolation to avoid the electric short between the upper and lower sets of fingers, the
overhang design at the anchors of suspending structures is employed. The backside
masks under the anchors are defined as a smaller size, so the overhang structures are

created after the development.
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As described in Chapter 3, the development depth of photoresist is mainly controlled
by the exposure dosage. In other words, the larger dosage creates the deeper depth.
Additionally, other processing parameters of photoresist, such as the development time and
soft-bake time, also play important roles in this process. Therefore, a proper set of
parameters is needed to obtain the stable fabrication results. Here, the photoresist
thickness about 55 um, the soft-bake time of 90 minutes and the development time of 45
minutes are employed on the fabrication of polymer VCDs. Depending on the
experimental data shown in figure 15, the desired suspending space of upper fingers and

the height of lower fingers could be fabricated by using the corresponding dosages.

4.2 Fabrication Results

With photoresist processing conditions described above, the polymer VCDs with two
levels both in front and back sides are fabricated by the DoOMPE process. Figure 24(a)
shows the fabricated VCD made of AZ9260® after the final deposition of Cu by sputtering,
where the size of suspending plate is 300x360 pum, and the width and length of torsion
springs are 12 pm and 60 pum, respectively. The introduced partial exposure dosage of
426 mJ/cm’ creates the development depth about 20 um in the front-side direction, which
results in the height of lower fingers about 35 uym. By the introduced partial exposure
dosage of 525 mJ/cm’ in the backside direction, the suspending space of upper fingers
about 24 pum is obtained, which induces the thickness of suspended structures about 31 pm.
Figures 24(b) and 24(c) show the closed view and top view of the finger structures,
respectively. Finally, the torsion springs near the set of upper fingers are removed by the

manual probe locally with the tip diameter about 10 um for the following measurement.
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Figure 24. The fabricated polymer vertical comb drive by DoMPE process; (a) the over

view of VCD; (b) the closed view and (c) top view of the finger structures.
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4.3 Characterization and Discussions

The static deflection and dynamic response of the polymer VCD are measured by the
white light interferometer and the MEMS motion analyzer, respectively. According to the
measurement on static deflection, the maximum rotation angle of 2.31° can be achieved by
the driving voltage of 158.3V with the same dimensions shown in figure 24. Figure 25
shows the measured results of dynamic response, where the VCD is activated by a sinusoid
wave with amplitude of 20V and offset of 20V, and the first mode natural frequency of 6.6
kHz is obtained. = With this characterized natural frequency, the elastic modulus could be
found by further determining the density of photoresist. Here, a simple experiment is
performed to obtain the density of AZ9260®. The photoresist is spin-coated on a wafer
with the calibrated weight, and then patterned into a circle with a specified diameter. By
determining the increase of total weight and the final thickness of photoresist film, the
density of photoresist could be obtained through the characterized value of weight over
volume. Then, with the determined density of 1180+7 Kg/m® and first natural frequency
of 6.6 kHz, the effective elastic modulus of 1.142 GPa is used in the FEM simulation,
where the Poisson’s ratio is assumed as 0.4. Figure 26 shows the simulated results of
modal analysis, in which the model of the VCD includes the suspending plate, the torsion
springs, and the upper fingers. The second, third, and fourth natural frequencies are also
found as 41.40 kHz, 44.10 kHz, and 54.02 kHz, respectively.

With the above material properties, the static deflection of polymer VCD is
calculated by the software Matlab through the analytical model described in Chapter 2.
Figure 27 shows the experimental and analytical results of the polymer VCD, where the
latter includes the cases with and without the bottom plate. In the analytical results, the
case without bottom plate presents a more linear behavior but a little lower rotation angle
under different driving voltages. For the case with bottom plate, a similar behavior is
observed in the first half stroke but there is a pull-in effect for the rotation angle of 2.17°
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with the applied voltage of 167.37V due to the obvious increase of the capacitance which
induces the rapid rise of electrostatic force. By comparing to experimental results, where
a snapping phenomenon is also observed between the voltages of 158.3V and 161.8V, the
bottom plate effect has an evident influence on the performance of VCD, especially at high

driving voltage.
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Figure 25. The dynamic response of vertical comb drive; the peak response is obtained at
6.6 kHz.
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Figure 26. The mode shapes and natural frequencies of the vertical comb drive; (a)
£1=6.60 kHz, (b) ,=41.40 kHz, (c) f3=44.10 kHz, and (d) f4=54.02 kHz.
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Figure 27. The experimental and analytical results of the static deflection of vertical comb

drive, where the analytical results include the cases with and without bottom plate.

4.4 Summary

This investigation proposes a reliable approach to fabricate the polymer-based vertical
comb drive by using the positive thick photoresist AZ9260® as the structural material. A
double-side multi partial exposure (DoMPE) method is employed to create the suspending
upper fingers and the fixed lower fingers without any additional sacrificial layer and
etching process. The proper processing parameters of photoresist for the fabrication of
polymer VCDs have been established. For the activation of the polymer VCDs, the metal
layer deposited on the structural surface by the sputtering system provides the desired
electric conductivity while the overhang design realizes the electric isolation. According
to the measurement results, the rotation angle of 2.31° can be achieved by the driving
voltage of 158.3V, which agrees with the analytical results and verifies the feasibility of the

proposed approach to fabricate the polymer VCDs.

37



Chapter 5 Property Characterization of Electroplated Nickel

The electroplated nickel is one of the typical metals utilized in micro
electromechanical systems (MEMS) for its low electrical resistance, low process
temperature, and wide thickness range from several um to hundreds of um [29,31-32].
The mechanical properties of materials used in micro component will affect the
performance of the device directly. Therefore, the accurate values on material properties
become important for MEMS designers to obtain the predictable performance on the
designed micro components. For the past decade, the properties of electroplated nickel,
including the microstructure, micro texture, Young’s modulus, yield strength, ultimate
tensile strength, and hardness, have been studied extensively [57-62]. The effects due to
different electroplating solutions were reported [59] and the influences due to different
electrodepositing conditions were also studied. It was found that, differing from the
traditional bulk nickel, the mechanical properties of electroplated nickel are strongly
influenced by the deposition conditions. The increasing of electrodepositing current
density would reduce the hardness, Young’s modulus, and tensile strength [60]. Also, the
dramatic deterioration of strength was observed after annealing [59,61], or at high
temperature environment [62].

The coefficient of thermal expansion (CTE) is another important mechanical property
for MEMS devices, especially for electro-thermal microactuators. Qian et al. reported
that the CTE of the nanocrystalline copper increased with the increase of the microstrain
[63]. Furthermore, it was found that the permanent strain would enhance the CTE of the
graphite [64], and the residual stress in the sputtered thin film was suggested to act as an
important mechanism to influence the CTE [65]. However, only few literatures have

investigated the CTE on electroplated nickel. Dini and Johnson characterized CTEs of
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Table 2. Summary of recent investigations on electroplated nickel; several materials, such

as Au, Ti, and Al, are also included.

Reference [58]|[61]][60] |[62]|[69]|[59]|([70]]|([66]|[71]1]|[72]|[651][73]|[74]

Year 1997/2001{2002 {2003 {2003 2003|2004 | 1975|2001 |2005|2000|2003|2005
. ol e Fe BN | | | | T

Materials Ni | Ni | Ni | Ni | Ni Ni-Co Ni-Fe Ni | Ni | Ni Al Au | Au

Ni-Fe

Process EP | PE | EP | EP | EP | EP | EP | EP | EP | EP |PVD|PVD| EP

Elastic modulus (] o { ( J J ] ] e | o

Yield stress o e o o ]  J [ )

Ultimate stress { e o o [ ) [ )

Hardness { ] ®

Creep {

Fatigue { ]

Micro structure ° e o { ( ] ] o

Orientation [

Texture/XRD ( (

Fracture behavior ]  J

CTE e | o [

Residual stress ] °

Residual strain ]

Stress gradient ]

Current density [ J L o

Testing Temp. { { ]

Anneal ( L

KD of Electrolyte  J

Width of sample o [ )

THK of sample o o e | o

P.S. EP, KD, and THK indicate ‘electroplating’, ‘kind’, and ‘thickness’, respectively.

nickel electrodeposited from the sulfamate bath electrolyte [66], but no investigation about
the influences by the deposition conditions and the dimension effect on electroplated nickel.

Table 2 lists the summary of recent investigations on electroplated nickel, and some
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investigations on gold, titanium, and aluminum deposited by physical vapor deposition
(PVD) system or electroplating are also included for comparison.

In MEMS devices, the requirement of a structural thickness may depend on different
applications. Therefore, the CTEs of electroplated nickel films by the LIGA-like process
at different electroplating current densities and different film thicknesses around 10 pum are
investigated here. Other properties, including the hardness, elastic modulus, and residual
strain are also experimentally characterized. The measured results show the obvious
variation when the thickness and current density are changed, and these experimental data

are also useful for the design of metal-based VCDs.

5.1 Sample Preparation

In order to characterize the mechanical properties, including CTE, hardness, Young’s
modulus, and residual strain of electroplated nickel films, suspended cantilever beams and
strain sensors with different thickness and electroplating current densities are fabricated.

The electroplating seed layer of Cu/Ti is first deposited on the silicon substrate by
sputtering, and the electroplating molds are formed by novolak positive photoresist
(AZP4620", Clariant) for the desired structures. The nickel films are electroplated with
thicknesses at 4, 8, 12 and 16 pm, respectively, using a commercially available
nickelsulfamate solution, and the current density is set at 5, 10, 15 and 20 mA/cmz,
respectively. The composition of the electrolyte is listed in table 3. The operation
temperature of electroplating is 50+1°C, and the pH of the electrolyte is kept in the range
of 3.5~4.4. The thickness of electroplated nickel film is identified by 3D micro profile
measurement instrument (ET4000, Kosaka) with the vertical resolution of 0.1 nm after the
removal of electroplating molds by acetone.

The electroformed nickel cantilever beams of 1000 um in length are fabricated for the
measurement of mechanical properties. Figure 28 shows the fabrication process of the
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cantilever beams. The photoresist AZP4620" with thickness of 5 pm is coated and
defined as the sacrificial layer, as shown in figure 28(a), then the seed/adhesion layer of
CwTi with thickness of 1000A/200A is deposited by the sputtering. The second
photoresist AZP4620” with thickness of 20 pm is formed as the electroplating mold, as
shown in figure 28(b). After the electroforming of nickel to the desired thickness
(figure 28(c)), the structures are released in acetone with ultrasonic agitation, and the
nickel cantilever beams are fabricated, as shown in figure 28(d). With the same process
flow, the strain sensor [67] is also fabricated for the characterization of the residual strain

which is built in the nickel film during the electrodeposition.

Table 3. The composition of the electrolyte for nickel electroplating.

Composition Quantity
Nickel Sulfamate, Ni(SO3NH;), - 4H,0O 400 g/L
Nickel Chloride, NiCl, - 6H,O 5¢g/L
Boric Acid, H;BO; 40 g/L
EPC-30 10 ml/L
NPA 2 ml/L
Wetting Agent 5 ml/L

Photoresist 1

/

(a)
o C¢u /Ti = Photoresist 2

(b)
:MM: [ | Photoresist 1

[ Jcwri

© [ Photoresist 2
M e— [ Nickel

(d)

Figure 28. The fabrication process of the nickel cantilever beams made by electroforming,
(a) photoresist 1 patterning for the sacrificial layer; (b) seed/adhesion layer sputtering and

photoresist 2 patterning for the molds; (c) nickel electroplating; (d) release.
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5.2 Measurements

The CTE is measured by an in-house CTE measurement apparatus illustrated in
figure 29, and the hardness as well as Young’s modulus is characterized by the
nanoidentation system. The CTE of the electroplated nickel is determined by measuring
the elongation of the nickel cantilevers directly. The sample is placed on the stage in the
chamber with a transparent cover on top for observation with the optical microscope above.
The chamber is heated by the heating coil and cooled by the water with temperature
control through the thermal couple surrounding the sample stage. The heating rate in the
chamber is 20°C/min. The elongation, AL, of the nickel cantilevers are determined by the
optical microscope with the x-y stage, which provides the resolution of 0.5 pm in the
planar direction. By measuring the elongations of nickel cantilever with the length of L at
temperature increment of AT at steady states, the CTE of the electroplated nickel, &, can be
obtained by the equation of a =AL/LAT .

The hardness and Young’s modulus of the electroplated nickel are measured by the
nanoindentation system. From the load-displacement data, the Young’s modulus £ can be
obtained by the following equations:

E*:iﬁxy ©)
2VA4 dh

2 )
El* _1 Ev _I_lEVi 7

1

where E” is the reduced modulus, 4 is the projected area of elastic contact, dP/dk is the
stiffness at the as-unloading region of the load-displacement curve, and the v; and E; are the
Poisson’s ratio and Young’s modulus of the indenter [68], respectively. The Poisson’s
ratio of the specimen, v, is 0.31 here, which is assumed to be the same as the traditional
bulk nickel. The indentation is carried out by the three-sided pyramidal indenter

(Berkovich) with the tip radius of 50 nm.
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Figure 29. The experimental setup for the measurement of CTE.
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Figure 30. The strain sensor to determine the residual strain [14]. (a) Deflection directions
with different strain types; (b) pair design to double the deflection.

The residual strain of the electroplated nickel is in situ determined by the strain sensor
with a long-short beams design [67]. As shown in figure 30(a), the tip of the strain sensor
deflects laterally due to the different elongation, in compressive stress, or the different
contraction, in tensile stress, caused by the residual strain between the two beams. Then,
the doubled deflection, 2 A, of the tip is determined by the optical microscope with CCD
camera through the arrangement of a pair of strain sensors shown in figure 30(b). By
means of the equations of ¢ =y-A [67]and o =FE¢,where &£ and o are the residual
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strain and stress respectively, - is the geometrical factor described in reference [67], A
is the displacement of the tip, and £ is the Young’s modulus, the residual strain and stress

of the electroplated nickel can be obtained.

5.3 Results and Discussions

The nickel cantilevers with thicknesses of 4, 8, 12 and 16 pum are successfully
fabricated. The actual thickness is found to be deviated within 0.7 um. However, the
CTE of cantilever at thickness of 4 um can not be carried out due to serious warps.
Figure 31 shows some samples of the fabricated nickel cantilevers at thickness of 8 pm
with different length. Figure 32 shows the calibrated results of CTE at 300°C in different
film thickness with various electroplating current densities. The results indicate that CTE
is elevated with the increasing thickness and electroplating current densities. For
example, at the current density of 10 mA/cm?, the CTE is increased from 9.9+1.8 (10°%/C)
to 13.6+1.8 (10°°/°C) when the thickness of nickel film increases from 8.2 pm to 15.9 pm,
which is about 37.4% enhancement in CTE. For samples at the same thickness, for
example at 12 pm, CTE is varied from 10.0£1.8 (10°/°C) to 16.6+1.8 (10°%/°C) when the
current density increases from 5 mA/cm® to 20 mA/cm?, about 66% enhancement in CTE.
This result reveals that the CTE of electroplated nickel is strongly affected by the
electroplating current density.

The hardness and Young’s modulus are measured at the anchor area of the cantilever
by the nanoindentation system, and each specimen is calibrated eight times at different
locations. Figure 33(a) and 33(b) show the measurement results of hardness and Young’s
modulus, respectively, which reveal a different trend with increasing thickness and current
density. For the films at similar thickness, for example 7.5~8.2 pum, with different

electroplated current densities from 5 mA/cm® to 20 mA/cm?, the averaged hardness is
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Figure 31. The SEM picture of the fabricated nickel cantilevers for the CTE measurement
with the thickness of 8 um and the suspending space of 5 um.
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Figure 32. The variation of CTE at 300°C in different film thickness and various current

densities changing from 5 to 20 mA/cm2.

found to be decreased from 5.32 GPa to 4.58 GPa, and Young’s modulus is reduced from
209.9 GPa to 197.0 GPa, which is consistent with the results reported by Fritz et al. [39]
where a lower current density was shown to result in higher mechanical strength. For the
commonly used current density of 10 mA/cm® the averaged hardness is found to be
reduced from 5.29 GPa to 4.52 GPa, Young’s modulus is decreased from 212.5 GPa to
191.0 GPa, when the thickness increases from 4.0 pm to 15.9 um. Both properties show a
falling trend with the increasing current density and film thickness.

The residual strains of the electroplated nickel at different thickness and current

densities are also measured by means of the strain sensors. The length of the long-beam,

45



Ly, is 700 um, the length of short-beam, L,, is 300 pm, the beam width, w, is 10.5 pm, and
the space, S, is 20 um. Figure 34 shows the SEM pictures of the fabricated nickel strain
sensor with the thickness of 7.6 pum. The measurement results of the residual strain are
shown in Figure 35 with each point averaged by four strain sensors at least. The
deflection direction of the tip of strain sensor indicates that electroplating conditions in this
work induce a compressive residual strain in the nickel film. Figure 35(a) shows the

residual strain at different thickness with the constant current density of 10 mA/cm”.  The
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Figure 33. Measurement results of (a) hardness and (b) Young’s modulus in different

thickness with current densities changing from 5 to 20 mA/cm®.
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Figure 34. The fabricated nickel strain sensor with the thickness of 7.6 um and the used
current density of 20 mA/cm’.
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Figure 35. The determined residual strain (a) in different thickness with constant current
density of 10 mA/cm? (b) in different current density with thickness of 7.6~8.4pum.
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Figure 36. TEM images with plane view of the nickel films at different current densities
and thicknesses, which are (a) 5 mA/cm® and 3.6 um (Ni-4), (b) 15 mA/cm® and 3.9 pm
(Ni-3), and (c) 5 mA/cm” and 16.8 pm (Ni-5), respectively.

averaged residual strain is found to be reduced with increasing film thickness.
Figure 35(b) shows the residual strain at different current densities of 5, 10 and 20 mA/cm®
at the similar thickness around 8 pm. The averaged residual strain is found to be only
slightly decreased with the increasing current density. The measured results on residual
strain indicate that the residual strain variation is more evident at various thickness than the
cases of different current densities within our testing range.

Furthermore, the grain sizes of electroplated nickel with different deposition

conditions are also identified by transmission electron microscope (TEM). The TEM
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images with plane view of the nickel films are shown in figure 36, which includes three
samples: nickel films with current density and thickness of 5 mA/cm® and 3.6 pm for
figure 36(a), respectively, 15 mA/cm® and 3.9 um for figure 36(b), and 5 mA/cm’® and
16.8 um for figure 36(c). According to the TEM images shown in figure 36(a) and 36(b),
the averaged grain size decreases from 43.97 nm to 35.15 nm when current density
increases from 5 mA/cm® to 15 mA/cm® with the similar film thickness. The increase of
current density slightly reduces the grain size of electroplated nickel. By comparing
figure 36(a) with 36(c), the averaged grain size changes from 43.97 nm to 42.56 nm when
thickness increases from 3.6 pm to 16.8 pm with the same current density of 5 mA/cm’.
The increase of film thickness almost does not influence the grain size of electroplated
nickel within our testing range.

Figure 37(a) shows the cross section view of an electroplated nickel film with
thickness of 3.6 um and current density of 5 mA/cm®. It can be seen that grain size is
different at various thickness range. Grain size variance can be further observed by the
dark field TEM images shown in figure 37(b) and 37(c), which show the top part and

bottom part of the nickel film, respectively. A fine grain size is found on the bottom part

'y BT

Figure 37. TEM images with cross section view of electroplated nickel film; the dark field

images show different grain size in top and bottom regions.
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while a coarse grain size is observed on the top part of the nickel film. It is suggested that
the amorphous copper seed layer deposited by PVD induces the fine grain size of nickel
film near the seed layer since the electrodeposited metal will try to copy the structure of the
substrate [75]. When thickness of nickel film exceeds about 1 um, the grain grows
obviously. Then, the grain size is almost consistent when film thickness is over 4 um,

which can be found by comparing figures 36(a) and 36(c).

5.4 Summary

In this study, the CTE and thickness effects of the electroplated nickel films below
20um at different electroplating current densities are experimentally investigated, and
evident variations on CTE, hardness, and Young’s modulus are observed. The
experimental results indicate that the CTEs are enhanced by the increasing of film
thickness and current density. At the current density of 10 mA/cm?, there is about 37.4%
enhancement in CTE with the thickness increased from 8.2 uym to 15.9 um. At the same
thickness about 12 um, CTE is elevated about 66% when the current density is increased
from 5 mA/cm® to 20 mA/cm®. It is also found that hardness and Young’s modulus are
reduced with the increasing thickness and current density. Furthermore, at different
thicknesses, variation of residual strain is a little more evident than that at different current
densities, and no obvious deviation on grain size is observed. These results would be

helpful in designing micro devices utilized electroplated nickel film at different thickness.
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Chapter 6 Metal-Based Vertical Comb Drive

Recently, different fabrication methods of vertical comb drive (VCD) have been
widely reported by literatures [8-20] due to its superior characteristics, especially for the
considerable out-of-plane displacement with relatively low driving voltage. However, all
the reported methods for fabricating VCD are the silicon-based micromachining, which is
generally considered as a high cost process and difficult to be integrated with IC circuit.
To lower fabrication cost and enhance integration with IC circuit, a low temperature
process based on LIGA-like technique to fabricate metal-based VCD is proposed here. In
this chapter, the fabrication methods of metal-based VCD are described in detail, and the
experimental results are presented and discussed. Furthermore, the fabrication of VCD
with angled fingers is also illustrated, which could be achieved by constructing the slope

photoresist molds.

6.1 Fabrication Process

The metal-based VCD is fabricated by LIGA-like process, where the lithography
technique defines the photoresist as the electroplating mold and the electrodeposition
technique produces the metal structures. In this investigation, nickel and copper are
electroformed in turn to form the comb structures and sacrificial layers, respectively, and
the electroplating molds are created by commercial positive thick photoresist AZ-series
(Clariant). Furthermore, electroplated nickel and copper also can act as the seed layer for
each other. Therefore, no additional seed layer is required in this process except the first
seed layer deposited by sputtering system. With total five photo masks, figure 38 shows
the detailed process flow from the combination of AA and BB cross section, where AA
cross section presents fabrication of finger structures and BB cross section shows
fabrication of springs. First, the seed layer of Cu/Ti is deposited by sputtering system and

51



copper is electroformed as the 1% sacrificial layer with the 1 mask, as show in figure 38(a),
where the 1% copper sacrificial layer provides the operation space (stroke) of the upper
(movable) fingers. Subsequently, thick phtoresist is spin coated and patterned with the

2" mask as the molds for the following electrodeposition, as shown in figure 38(b).

[ Jcu [__INi [__]Photoresist

(d) (h)

Figure 38. Fabrication process of metal-based VCD by electroforming; (a) electroform Cu;
(b) define the electroplating molds; (c) electroform Ni and Cu in turn; (d) remove the
molds; (e) electroform Cu; (f) electroform Ni for upper fingers; (g) electroform Ni for
springs; (h) release.
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Then, nickel is electrodeposited to form the lower fingers which are followed by
electroplating copper for creating the 2™ sacrificial layer, as shown in figure 38(c) , where
the 2" sacrificial layer also provides the stroke for VCD operation. After removal of
thick photoresist, as shown in figure 38(d), the 3™ sacrificial layer of copper is
electroformed with the 3™ mask and creates the gap between the upper and lower fingers,
as shown in figure 38(c). Subsequently, with the 4™ mask, the upper comb fingers are
fabricated with refilling the trenches through nickel electroforming, and the anchors are
also constructed simultaneously, as shown in figure 38(f). Then, the springs are
electroformed with the molds created by the 5™ mask, as shown in figure 38(g). Finally,
the fabrication of metal VCD is completed after the release process by wet etching, as

shown in figure 38(h).
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Figure 39. There is a angle of comb finger fabricated by the photoresist with un-vertical

sidewall. By (a) positive photoresist and (b) negative photoresist.
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By fabrication method of metal-based VCD described above, shape of comb finger is
determined by shape of photoresist mold. Generally, the sidewall of comb finger of
metal-based VCD is not exactly perpendicular to the substrate because there is always a
slight or serious slope of photoresist sidewall, no matter we use positive or negative
photoresist. Therefore, the different slope sidewalls of photoresist causes the different
finger shapes, called the angled fingers, which affects the actuation performance of VCD.
As illustrated by figure 39(a), positive photoresist finally creates the fingers with a wide tip
and a narrow root. On the contrary, negative photoresist fabricates the fingers with a
narrow tip and a wide root (figure 39(b)). Therefore, negative photoresist is preferred
here because it creates a better slope angle of comb finger, which provides the larger output

force and the lower driving voltage as described in Chapter 2.

6.1.1 Modified Process of Metal-Based VCD

In general, positive photoresist is more available and has better sidewall performance
than negative photoresist for the commercial thick photoresist. For positive photoresist,
the profile similar to negative photoresist can be achieved by backside exposure, which
means that UV light source is at the backside direction of substrate, because the high
intensity region is located on the bottom of photoresist and causes a wide opening on
bottom of the photoresist trench, as shown in figure 40. Otherwise, for the backside
exposure, contact between photoresist and mask is better than that of the general front side

exposure because the photoresist is directly coated on the backside mask, and then creates
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Figure 40. Positive photoresist created by (a) front side and (b) backside exposure.
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Figure 41. Metal-based VCD fabrication process by the backside exposure method; (a)
electroform Cu; (b) removal of 1* seed layer; (c) backside exposure; (d) deposit 2™ seed
layer; (e) electroform Ni and Cu in turn; (f) remove photoresist; (g) electroform Cu; (h)

electroform Ni for upper fingers; (i) electroform Ni for springs; (j) release.
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the better photoresist profile. Therefore, a modified fabrication process of metal VCD by
backside exposure is proposed here. The total mask number (4 masks) is one less than
that described in figure 38 (5 masks). Additionally, there is also an auto alignment
mechanism between 1% sacrificial layer and lower comb finger structure.  This
mechanism greatly reduces the misalignment problem and makes this process much
feasible. Figure 41 shows the detailed fabrication process flow, and the transparent
substrate is used here for backside exposure. First, the 1% seed layer of Cu/Ti with
thickness of 1000/200 A is sputtered on the glass substrate, and the 1 sacrificial layer of
copper is electroformed (figure 41(a)), which provides the stroke of upper fingers. Then,
the seed layer is removed by wet etching for backside exposure (figure 41(b)), where the
seed layer of copper is etched away by diluted CR7T (chromium photomask etchant) and
titanium is removed with the diluted B.O.E. (buffered oxide etchant). ~After spin coating
the thick positive photoresist, backside exposure is carried out to define the molds (trench
structures) for electroforming the lower fingers (figure 41(c)). Subsequently, the 2™ seed
layer of Ni/Cr is deposited by electron beam evaporator (figure 41(d)), in which the seed
layer deposited on top of photoresist should be electrically isolated from the seed layer
deposited on the substrate to avoid electroplating metal on top of photoresist. So, a thin
seed layer is preferred here. Then, the lower comb fingers of nickel and the 2™ sacrificial
layer of copper are electroformed in turn (figure 41(e)), where the 2™ sacrificial layer also
provides the stroke for VCD operation.  After removal of photoresist (figure 41(f)), the 3™
sacrificial layer of copper is electroformed to separate the upper and lower comb fingers
(figure 41(g)). Then, the upper comb structure and the anchors are fabricated by
electroformed nickel (figure 41(h)), which is followed by electroforming the nickel springs
(figure 41(1)). After the final release by wet etching, sacrificial copper layers are removed

and the metal-based VCD is fabricated (figure 41(j)).

56



6.1.2 Slope Photoresist for Angled VCD

As described in figure 39, the shape of comb finger is determined by the shape of
photoresist mold. Therefore, the angled metal-based VCD can be fabricated with slope
control of photoresist sidewall, and its fabrication process flow is the same as the
metal-based VCD. There are three general methods to fabricate photoresist with slope
sidewall, as shown in figure 42. The first method is proximity exposure (figure 42(a)).
Gap between the mask and the photoresist causes diffraction which provides gray scale
light intensity at the edge of mask, which produces slope sidewall of the photoresist. The
second method is the inclined exposure [41,52], as shown in figure 42(b). Depending on
the UV light incident angle, no mater we tilt the light source or the wafer, the photoresist is
exposed with an inclined angle, which creates the desired slope sidewall of photoresist.
The third method is called multiple shifted exposure [76], as illustrated in figure 42(c).
By the partial exposure at each shifting step, the gray scale intensity of UV light can be
created with dragging mask in in-plane direction. Thus, the slope of photoresist sidewall

can be controlled.
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Figure 42. The fabrication methods of slope sidewall photoresist. The negative photoresist

is used here. (a) the proximity method (b) inclined exposure (¢) multiple shifted exposure.
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6.2 Results and Discussions
6.2.1 Metal-Based VCD by Modified Process

The metal-based VCD is fabricated by the modified fabrication process shown in
figure 41 in anticipation of better results and performance. In this process, nickel and
copper are electroformed as structure and sacrificial layer, respectively, and two positive
photoresists, AZP4620" and AZ9260%, are used for electroplating molds. The designed
dimensions for the fabrication process are indicated in figure 43. The widths of upper and
lower fingers after fabrication are 4—14 um and 8—15 pum respectively when thickness of
3™ sacrificial layer of copper is deposited as 3 um. The total stroke of VCD will be
12.5 pum, and the overlap distance of the moving and fixed fingers is 5 um.

For constructing the molds with backside exposure method (figure 41(c)) to
electroform the lower fingers and the 2™ sacrificial layer (figure 41(e)), different
photoresists provide different performances. Figure 44 and 45 show SEM pictures of the
experimental results after backside exposure (figure 41(c)) by means of AZP4620® and
AZ9260%, respectively. As shown in figure 44, a serious shrinkage on bottom of the
AZP4620" molds caused by diffraction effect is observed. This shrinkage not only
affects the shape of lower comb fingers, but also makes the following process be failed and
lowers the production yield. As shown in figure 45, AZ9260" obviously exhibits less
shrinkage and provides a more vertical sidewall of electroplating mold than AZP4620",
and this improvement also results in a better yield in the following processes.

In the fabrication step shown in figure 41(d), electron beam evaporator is employed
due to its poor capability of lateral deposition, and the seed layer as thin as possible is
attempted to avoid the deposition of metal on photoresist sidewall, which induces electrical
short between the deposited seed layers on top of photoresist and on glass substrate. Here,
the 2" seed layer of Ni/Cr with thickness 80/50 A is utilized. Figure 46(a) shows the
optical microscope pictures of the results after the deposition of 2™ seed layer, which
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Figure 43. The designed dimensions for fabricating the metal-based VCD by the modified
fabrication process. (unit: um).
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Figure 44. SEM photographs of positive photoresist AZP4620" after backside exposure;
(a) overview and (b) closed view of the molds.
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Figure 45. SEM photographs of positive photoresist AZ9260" after backside exposure;
(a) overview and (b) closed view of the molds.
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Ni/Cr

failed area successful area

Figure 46. Optical microscope pictures of fabrication results: (a) the 2™ seed layer of Ni/Cr
deposited on the phtoresist and substrate, (b) after electroforming nickel to form the lower

fingers and anchors, and (c) after removing photoresist.

successfully supplies the following electroforming. Although the seed layer on top of
photoresist is initially not electrical short to the seed layer on substrate, some devices are
still failed after electroforming the lower comb structures because metal is finally
electroplated on top of the photoresist. As shown in figure 46(b), some Ni films are
electroplated on top of the photoresist in the failed areas, which is not expected, and no
unwanted metal films are deposited in the successful areas. Yield (without electroplating
on top of the photoresist) of this step is about 5~10% with AZP4620%, and 90% with
AZ9260". Figure 46(c) shows the fabrication result after removal of photoresist, in
which the 2™ sacrificial copper layer is deposited (as the step shown in Figure 41(f)).
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Figure 47. Optical microscope pictures of the fabricated metal-based VCD; the process is
completed except final release; (a) top of moveable fingers, (b) anchor and torsion spring,

and (c¢) mirror plate.

Figure 47 shows the optical microscope pictures of different parts of the fabricated
metal-based VCD without the final release. The silver areas are the electroformed Ni
structure and the brown areas are the electroformed Cu sacrificial layer. Figure 47(a)
shows top of the moveable fingers, figure 47(b) shows anchor and torsion spring of the
VCD, and figure 47(c) shows the mirror plate made of nickel. After wafer dicing, the
chips are etched by solution of NH4OH + H,0, for final release, which is followed by
immersing the chips in isopropyl alcohol (IPA) to replace water for reducing the surface
tension force during drying. Figure 48 shows the SEM pictures of VCD fabricated by
means of AZP4620” after final release, in which the serious shrinkage of AZP 4620 during

backside exposure causes the tooth shape of lower fingers. Figure 48(c) illustrates the
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formation process of tooth shape. Furthermore, when the trench is narrow, there are holes
remained at center of cross section of upper fingers due to incomplete nickel refilling
during electroforming, as shown in figure 48(d), and the wide trench helps eliminate these

remaining holes with the complete nickel refilling, as shown in figure 48(e).

NCOTUME WD3Z2.7mm 15.0kv x1.8k  20um

SE 28-Jul-04 NCTUME WD24 .7mm 15 .0kV 2.0k  20um SE 28=-Jul-04 NCTUME WD28.2mm 15.0k

Figure 48. SEM photographs of fabricated metal-based VCD by AZP4620" with tooth
shaped lower fingers; (a) upper and lower fingers, (b) closed view, (c¢) schematic
illustration of tooth shape formation, (d) narrow trench with remaining holes, and (e) wide

trench without remaining holes.
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NCTUME WD27.4mm 15.0kV x1.2k 30um

Figure 49. SEM photographs of fabricated metal-based VCD by AZ9260"; (a) upper and
lower fingers, (b) closed view, and (c) closed view in another angle. Thickness of 3"

sacrificial layer is about 2-3 pm here.

Employment of photoresist AZ9260" provides a good improvement on reducing tooth
shape of the lower fingers caused by diffraction. As shown in figure 49, the tooth shape
of lower comb finger is reduced obviously, and there is a properly vertical sidewall of
lower fingers, as shown in figure 49(b). However, the upper fingers are stuck on the
lower fingers, even though a long releasing time is tried (7 days). It is suggested that
thickness of 3" sacrificial copper layer about 2-3 pm utilized here is insufficient to
separate the upper and lower fingers. To create the desired gap, the thicker 3" sacrificial
copper layers about 4—6 um and 68 um are electroformed, respectively. However, as
observed by experimental results shown in figure 50, the upper fingers are still stuck on the
lower fingers with the increase of copper thickness. The thicker copper layer does not

work. In figure 50(b), it is clearly found that gaps on roots of the upper fingers are large
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especially, which reveals that the electroformed 3™ sacrificial copper layer is concentrated
on top of the 2" sacrificial copper layer. Therefore, as schematic illustration in figure 51,
it is suggested that concentration of electric line on the metal corners results in
concentration of the next copper deposition. Additionally, the trench structure also limits
the copper ion to be transported from top to bottom of the trench. So, it is difficult to
deposit a uniform metal layer in a trench with high aspect ratio, and the upper and lower
fingers cannot be separated successfully by increasing thickness of the 3™ sacrificial

copper layer.

SE 15-Dec-04 NCTUME WD28.7mm 15 .0k¥ x1.5k 30um 27-Dec-04 NCTUME WD28.0mm 15.0kY¥ x1.8k 20um

(a) (b)
Figure 50. SEM photographs of the fabricated metal-based VCD with the increased
thickness of 3" sacrificial copper layer; (a) thickness of copper layer about 4—6 um, and

(b) thickness of copper layer about 6—8 pm.
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Figure 51. The electroplated copper concentrates on top of the lower fingers when

thickness of 3™ sacrificial layer is increased; (a) the desired uniform deposition of copper
layer; (b) the deposition results of copper layer due to electric line concentration and ion

delivery problem.
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6.2.2 Slope Control of Photoresist Sidewall

As described in figure 39 and section 6.1.2, the angled metal-based VCD can be
achieved through controlling the photoresist profile. Here, the technique for fabricating
slope photoresist is also developed. In order to construct the slope thick negative
photoresist for the preferred inclined angle of comb finger, the process of SU-8 GM1060
with thickness about 60 pum is investigated. Figure 52 shows the experimental results by
proximity exposure, in which the thickness of SU-8 is about 60-62 um, the tested gaps
include 0 um, 100 um, 200 pm and 300 pm with the same exposure dosage, 5 sec with
exposure intensity of 40mW/cm®. The experimental results indicate that proximity
exposure enhances the slope of SU-8 with increasing gap, but it is an obviously curved
sidewall, which is not expected. Therefore, increase of exposure dosage is further tested

(c) (d)
Figure 52. Experimental results of SU-8 structures with thickness of 60—62 pum, and the

proximity gaps are (a) 0 pm, (b) 100 um, (c) 200 pm, and (d) 300 um, respectively.
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Figure 53. Experimental results of SU-8 structures with thickness about 55 um, exposure

proximity of 300 um, and the exposure times are (a) 3 sec, (b) 5 sec, (¢) 8 sec, and (d) 12

sec, respectively.

for constructing the non-curved sidewall of photoresist. As shown in figure 53, exposure
times including 3 sec, 5 sec, 8sec and 12 sec are tested with SU-8 thickness of 55 um and
proximity gap of 300 pm. However, it is found that the increase of exposure dosage only
makes the SU-8 structures wider, but not straighter. The curved photoresist sidewall has
not been improved.

Another method by multiple shifted exposure is also tested here. In this experiment,
the SU-8 thickness about 62—65 um and proximity gap of 70 um are used. The total
exposure times are 1.0 sec, 2.0 sec and 2.6 sec, respectively. The detailed exposure

conditions are listed in table 4, and each shifting distance (step) is 5 um. For sample 1,
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the exposure is divided into 10 steps, and the exposure time in each step is 0.1 sec. Thus,
the total exposure time is 1 sec for sample 1. For sample 3, the exposure condition is
similar to sample 1, but the exposure time in each step is increased from 0.1 sec to 0.2 sec.
For sample 2, the exposure is also divided into 10 steps, but the exposure dosage is
doubled in the center steps. Figure 54 shows the experimental results, which indicate that
a large slope angle can be obtained by multiple shifted exposure. But the serious curve of
photoresist sidewall is also observed, which cannot be further eliminated even though the

exposure dosage is increased in medium of moving range.

SE 14 -May-05

EE

Figure 54. Experimental results of multiple shifted exposure; (a) sample 1, (b) sample 2,
and (d) sample 3 the photoresist thickness is about 62—65 um, and the proximity gap is
70 pm;
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Table 4. The exposure conditions for multiple shifted exposure. (step = 5 um)

Sample No. Exposure conditions
1 0.1 sec x 10 steps
2 0.2 sec x 4 steps — 0.4 sec x 3 steps — 0.2 sec x 3 steps
3 0.2 sec x 10 steps
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Figure 55. Experimental results of the improved method; original proximity exposure with
gaps of (a) 0 pm, (b) 300 um, and (c) 500 um; (d)—(f) the proximity exposure with z-axis
shifting.
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Here, another new idea is tested by combining the proximity exposure and the
multiple shifted exposure. By this method, the multiple shifted exposure is carried out in
z axis direction and provides a new approach for adjusting the dosage profile in proximity
exposure. In this experiment, the total exposure time of 3 sec is used with SU-8 thickness
about 57 um. Then, the exposure is divided into 6 steps. Thus, the exposure time is
0.5 sec in each step. The proximity gaps of 0 um, 100 um, 200 pm, 300 pm, 400 um and
500 pm are performed in turn. Figure 55 shows the SEM images of experimental results.
Figures 55(a), 55(b), and 55(c) show the original proximity exposure results with
proximity gaps of 0 um, 300 um, and 500 um, respectively, and figures 55(d)—(f) show
experimental results of the modified method, proximity exposure with z-axis shifting.
Obviously, this exposure method improves the curve problem of photoresist sidewall
comparing to the original proximity exposure method and the multiple shifted exposure—
the slope sidewall of SU-8 is straighter. These experimental results are helpful for

fabricating the metal-based VCD with angled fingers.

6.3 Summary

Here, a novel method with low cost and low temperature process for fabricating the
metal-based VCD is proposed, in which nickel and copper are electroformed in turn to
form the VCD structures and the sacrificial layer. Employment of photoresist AZ9260"
improves sidewall quality of the electroplating molds created by backside exposure, and
the 2" seed layer of Ni/Cr with thickness of 80/50 A deposited by electron beam
evaporator provides a successful electrodeposition for the following structures. However,
the non-uniform deposition of copper film (3" sacrificial layer), which is concentrated on
top of the trench structures, fails to separate the upper and lower fingers. Three methods
are suggested here to overcome this non-uniform problem: first, a thin copper layer
pre-deposited on the trench surface by sputtering could improve the film uniformity in the
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following electrodeposition. Second, the pulse-reverse current source generally enhances
uniformity of the deposited film. Third, the superconformal electrodeposition of copper
film used in damascene process provides a good deposition on bottom of the trench [77-78],
which avoids the deposited copper concentrating on top of the trench.

Additionally, the slope control of photoresist sidewall is also investigated with the
commercial negative photoresist SU-8. A new method, called proximity exposure with
z-axis shifting, is demonstrated to improve the curve problem of photoresist sidewall, in
which the slope sidewall of photoresist SU-8 is increasingly straight. ~The fabrication of

slope photoresist mold is helpful for fabricating the metal-based VCD with angled fingers.
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Chapter 7 Conclusion

7.1 Summary

In this study, novel fabrication methods are proposed to fabricate the polymer and
metal-based VCDs. All methods are low cost and low temperature, which provides the
increasingly processing flexibility and the potential on integrating with IC, and only the
basic equipment of LIGA-like process is required.

In Chapter 2, the operation model of VCD is established first. The theoretical
analyses are performed with solving the force balance equation to determine the static
response of VCD, where the relationship of capacitance versus displacement is extracted
by FEM simulation. According to the static analysis, the bottom plate has an evident
influence on the performance of VCD, especially for the final part of operation stroke. It
is also found that the angled finger enhances the output force of VCD, which results in a
low driving voltage at the same rotation angle.

In Chapter 3, the DOMPE process is proposed to enhance the complexity of suspended
3D photoresist microstructures by incorporating backside gray-tone lithography and a
partial exposure technique. The process parameters are experimentally characterized. It
is found that soft-bake time plays a significant role in the DoMPE process, and affects
development depth and fabrication stability. Different 3D photoresist microstructures
with multiple levels on the front and back sides are successfully fabricated and presented to
show the enhancement effect using the proposed technique. The increase of thickness
variation on the gray-tone mask can further enhance the complexity of 3D microstructures.
Without any additional sacrificial layer and etching process, the DoOMPE process can act as
a convenient and basic platform that provides an affordable solution to construct flexible

features in three dimensions for MEMS applications.
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In Chapter 4, the polymer-based VCD by using the positive thick photoresist
AZ9260" as the structural material is fabricated through the proposed DoMPE process.
The front-side partial exposure defines the height of the fixed lower fingers, and the
back-side partial exposure creates the suspending space of the upper fingers. The
staggering sets of fingers with a proper initial overlap and self-alignment are easily
achieved by this way. The metal layer is finally deposited on the structural surface by the
sputtering system for the suitable electric conductivity to activate the polymer VCD, and
the desired electric isolation is realized by the overhang design. By comparing the
analytical and experimental results, the feasibility on fabricating polymer VCD through
DoMPE process is verified with a measured rotation angle of 2.31° under the driving
voltage of 158.3V. This investigation also demonstrates one application of DoMPE
process on active devices.

In Chapter 5, the material properties of electroplated nickel are experimentally
characterized, and evident variations on CTE, hardness, and Young’s modulus are observed
under different film thicknesses and current densities. By increasing the film thickness
and current density, experimental results indicate that the CTEs are enhanced, and the
hardness and Young’s modulus are both reduced. These results would be helpful in
designing micro devices with utilizing electroplated nickel film at different thicknesses and
current densities.

In Chapter 6, the novel method for fabricating the metal-based VCD is proposed,
where the nickel and copper are electroformed in turn to form the VCD structures and the
sacrificial layer. Experimental results show that introducing photoresist AZ9260®
improves the sidewall quality of the electroplating molds and also provides the high
production yield. However, it is found that depositing a uniform copper film cover the
trench surface as the 3" sacrificial layer is a key step in this process. Furthermore, the
investigation of slope control of photoresist sidewall indicates that a novel method, called
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proximity exposure with z-axis shifting, improves the curve problem of photoresist

sidewall, in which the sidewall of the sloped photoresist SU-8 is increasingly straight.

7.2 Future Research Direction

The future research directions focus on improving and extending the current results.
For the polymer-based VCD, the removal of torsion springs near the stationary fingers is
performed by manual probe in this dissertation. This method lowers the production yield.
In the future, the yield should be obviously improved by using excimer laser or focus ion
beam (FIB) micromachining to cut the torsion springs. Additionally, with the better
physical and chemical properties, photoresist SU-8 may replace AZ9260® on fabricating
the polymer-based VCDs for the better performances, in which IPA can be further
introduced to reduce the stiction phenomenon during the final release.

For the property characterization of electroplated nickel, one should be interested to
the mechanism that induces the large variation range of CTE. According to literatures,
grain size [79-81] and internal stress (or strain) [63-65] should be important factors that
result in CTE deviation, because the change of former causes different occupied volumes
of grain boundaries, where the structure in grain boundary is much different from that in
grain, and the latter indicates the defect quantity contained in material. Generally, texture
also affects the material properties due to different orientations [75]. In the future, x-ray
diffraction (XRD) characterization may help to determine the grain size, internal stress,
and texture, which should reveal some information about CTE deviation.

For the fabrication of metal-based VCD, a uniform copper film cover trench surface
as the 3" sacrificial layer should be deposited successfully for separating the upper and
lower fingers. Three methods are suggested:

(1) Pre-deposition of a thin copper layer on trench surface.

(2) Pulse-reverse electrodeposition.
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(3) Superconformal electrodeposition.
where a thin copper layer pre-deposited on the trench surface by sputtering could improve
the film uniformity in the following electrodeposition, and the pulse-reverse current source
generally enhances uniformity of the deposited metal film. The superconformal
electrodeposition of copper film used in damascene process provides a good deposition on
bottom of the trench [77-78], which avoids the deposited copper concentrating on top of

the trench.

7.2.1 Other Approaches to Fabricate the Metal-Based VCD

Here, two approaches for fabricating the metal-based VCD are proposed. The first
approach employs the multi-level electroplating mold constructed by front side multiple
partial exposure to fabricate the staggering fingers. Figure 56 shows the process flow in
detailed. First, a thick metal film as the opaque mask is deposited and patterned by
lift-off process on the glass wafer (figure 56(a)). With the same process, a thin metal as
the gray-tone mask is also defined on the desired areas (figure 56(b)). Then, this glass
wafer is used as the mask for the front side multiple exposure. On another substrate, a
seed layer is deposited by PVD first (figure 56(c)). Then, the nickel posts, which work as
the anchors of VCD, are constructed by LIGA-like process (figure 56(d)). Subsequently,
a thick positive photoresist is spin-coated (figure 56(e)), and the front side multiple partial
exposure with the pre-fabricated glass wafer as mask is carried out (figure 56(f)), where
trenches with different depths (shallow or deep) are created. In figure 56(f), the dotted
line indicates the shallow trench for constructing the torsion springs, which also provide
the required electroplating current through the nickel posts. After development, the
trenches are fabricated, which is followed by metal deposition by electron beam evaporator
(figure 56(g)). This metal film works as the 2™ seed layer for the following nickel
deposition. Then, the nickel is electroformed to form the whole structures of the

74



B etal fim A B
|:| Photoresist \. — Ai|
[ ] Exposed Photoresist
|:| Seed layer
OG0 0040100
Thick metal
= I
Thin metal
&y
(b)
Seed layer
l (2)
()
| A |
(d) (h)
Plllotoresist
o YL
(e) @)

Figure 56. Process flow on AA cross-section to fabricate the metal-based VCD through
multi-level photoresist mold; (a) deposit thick metal film; (b) deposit thin metal film; (c)
deposit seed layer; (d) electroform nickel posts; (e) coating thick photoresist; (f) front side
multiple exposure with the glass wafer; (g) deposit 2" seed layer; (h) electroform nickel

structures; (i) release.
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metal-based VCD, including the upper fingers, lower fingers, torsion plate, and torsion
springs (figure 56(h)). Finally, the VCD is fabricated after removing the photoresist
molds (figure 56(1)).

The second approach introduces the electroformed copper as a sacrificial layer to set
up the upper fingers for the required operation space. The detailed process is shown in
figure 57. First, the seed layer is patterned by lift-off process and divided into two groups,
electrode A and electrode B, where the electrodes A and B provide the electroplating
current for the lower and upper fingers, respectively (figures 57(a) and 57(b)). Then, a
thick photoresist is spin-coated and defined as the electroplating molds (figure 57(c)), and
the lower fingers are constructed by nickel electroplating with current provided only by
electrode A (figure 57(d)). Then, the copper and nickel are electroformed in turn to form
the sacrificial layer and upper fingers with current provided only by electrode B
(figure 57(e)). After removing the molds (figure 57(f)), nickel is electroformed to
construct the anchors of the suspending comb structures (figure 57(g)), where current is
supplied by electrode B. Finally, the sacrificial copper layer is removed by wet etching,
and the metal-based VCD is fabricated (figure 57(h)).

These two approaches are simpler and more feasible than the original method

described in Chapter 6, and both of them just require three photo masks totally.
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Figure 57. Process flow on AA cross-section to fabricate the metal-based VCD through the
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patterned seed layer; (a)—(b) pattern the seed layer; (c) construct the electroplating molds;
(d) electroform nickel as the lower fingers (e) electroform copper and nickel in turn as the
sacrificial layer and upper fingers; (f) remove molds; (g) electroform nickel as the anchors;

(h) release.
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