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Micro-Masonry of MEMS Sensors and Actuators

Yong Zhang, Hohyun Keum, Kidong Park, Rashid Bashir, and Seok Kim

Abstract—Micro-masonry is a route to microassembly that
involves elastomeric-stamp-based micromanipulation and direct
bonding. This paper presents the assembly of MEMS mechanical
sensors and actuators using micro-masonry, demonstrating its
capability of constructing 3-D microdevices that are impossible
or difficult to realize with monolithic microfabrication. Micro-
fabrication processes for retrievable MEMS components (e.g.,
combs, spacers, and flexure beams) are developed. As microma-
nipulation tools, microtipped elastomeric stamps with reversible
dry adhesion are also designed and fabricated to pick up and
deterministically place those components. After the manipulation,
the components are permanently bonded together via rapid
thermal annealing without using any additional intermediate
layers. The assembled MEMS device is modeled and analyzed in
consideration of the microassembly misalignment. The sensing
and actuating capabilities of the assembled MEMS devices are
experimentally characterized. [2013-0149]

Index Terms— Microassembly, pick and place, elastomeric
stamps, direct bonding, micro-masonry.

I. INTRODUCTION

ICK-AND-PLACE microassembly is capable of inte-

grating separately fabricated components into micro-
systems with high flexibility and precision, representing
a unique approach to constructing devices that are impos-
sible to accomplish with microfabrication alone or other
microassembly methods (e.g., self-assembly, vibration-driven
assembly, and fluidic assembly). For example, individ-
val microfabricated photonic plates were picked up and
assembled together by a microprobe to form novel
3-D photonic crystals [1]. 3-D microstructures assembled by
a microgripper were also demonstrated [2].

Analogous in function to the assembly in the macro
world, pick-and-place microassembly can construct complex
structures from heterogeneous components. Thus, it has the
potential to not only build novel devices but also reduce the
fabrication complexity of some existing ones. Nevertheless,
there remain some challenges that hinder the development
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of this technology and also its application. Currently the
manipulation tools available for pick-and-place microassem-
bly are usually either single-ended microprobes or double-
ended microgrippers. Owing to strong adhesion forces at the
microscale (i.e., capillary forces, van der Waals forces, and
electrostatic forces), each tool has severe shortcomings that
are difficult to overcome.

Microprobes are widely used for micromanipulation
because they are easy to fabricate, inexpensive, readily avail-
able on the market, and easy to set up. The adhesion forces
between a microprobe and a microobject enable the pick-up
of the microobject from its substrate, and afterward must be
overcome for the release of the microobject to a target location.
Specifically, the pick-up step requires the adhesion forces
between the microprobe and the microobject to be larger than
the adhesion forces between the microobject and its substrate,
which is challenging due to the small contact area between the
microprobe tip and the microobject. Pick-up techniques such
as rolling the microobject on its substrate [3], [4], soldering
the micro/nanoobject to the microprobe [5], [6], and using two
microprobes in coordination [7]-[9] were attempted, but they
are skill-dependent and entail repeated trial-and-error efforts.

Releasing a microobject from a microprobe to a desired
location is even more challenging than the pick-up step,
thereby having motivated the development of a number of
release techniques. Depending on whether the release process
requires physical contact between the microobject and the
target substrate, those techniques can be classified into contact
release techniques and non-contact release techniques. The
former class includes rolling the microobject on the sub-
strate surface [3], [4], coating the substrate with adhesives
[10], [11], soldering the micro/nanoobject to the substrate
[5], [6], scraping the microprobe against the substrate edge
[12], and incorporating mating interfaces on the microobject
and the substrate such as snap-lock [2], [13], [14] and slots
[7]. The latter class includes applying a voltage between the
microprobe and the substrate to electrostatically attract the
microobject to the substrate [15], vibrating the microprobe
[16], and impacting the microobject with another microprobe
[17], [18].

MEMS microgrippers [2], [17]-[21] have also been devel-
oped for the pick-and-place operation, offering an advantage of
secure gripping over microprobes during the microobject pick-
up and transport. For the release, the aforementioned release
techniques can also be applied. However, none of those release
techniques is able to accurately place planar microfabricated
structures without mating interfaces or adhesives.

In addition to the aforementioned pick-and-place tech-
niques, a parts-transfer technique [22] has also been
demonstrated for MEMS assembly. Microfabricated sili-
con parts were transferred from a silicon substrate to a
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Fig. 1.
composed of a top comb, a bottom comb, two spacers, and two gold pads.

SEM images of an assembled MEMS comb-drive device that is

polydimethylsiloxane (PDMS) substrate that functioned as the
assembly site, making use of the surface adhesion property
of PDMS. However, it would be challenging to assemble
multilayer silicon structures with strong bonding in between
without the support of additional adhesive layers. Furthermore,
any high temperature or corrosive processes are not allowed
after the parts-transfer since they are incompatible with PDMS
that was used as the structural material in the work [22].
Recently, a novel microassembly approach (termed
micro-masonry) was developed [23]. Micro-masonry uses
elastomeric stamps [24] as micromanipulation tools for
pick-and-place microassembly and rapid thermal annealing for
bonding of assembled materials. During the pick-and-place
process, the adhesion forces between the manipulation tool
and the microobject can be actively switched on and off
to enable pick-up and release in a highly efficient manner.
Previously, we have demonstrated the micro-masonry of three-
dimensional structures from microscale silicon plates, blocks,
and rings [23]. In this paper, we advance this micro-masonry
technique further to address the long-standing challenge facing
MEMS assembly. In comparison with our previous assembly
of 3-D silicon microstructures [23], MEMS device assembly
requires more complex and fragile structures such as combs
and suspended flexure beams to be fabricated as retrievable
components on a donor substrate and to be subsequently
transferred to a receiver substrate. This paper reports the
microfabrication processes for retrievable complex MEMS
components and the microassembly processes for integrating
those components into MEMS sensors and actuators. Further-
more, we demonstrate the integration of gold films onto the
assembled silicon device via micro-masonry to form metal
contacts and to facilitate a subsequent wire bonding process.
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TABLE 1
STRUCTURAL PARAMETERS OF THE COMB DRIVE

values
1740 pm x 350 pm x 20 pm
350 um x 350 um x 20 pm
350 pm (length) x 15 pm (width) x

parameters
size of entire top comb
size of pads of top comb
dimensions of flexure beams of top

comb 5 um (thickness)

dimensions of comb fingers of top 350 pm (length) x 10 pm (width) x
comb 15 pm (thickness)

number of comb fingers of top 11

comb

width of gap between adjacent
comb fingers of top comb

size of spacers

size of entire bottom comb
dimensions of comb fingers of

22 pm

350 pm x 350 um X 15 pm
1080 um x 362 um x 20 pm
380 um (length) x 10 pm (width) x

bottom comb 20 pm (thickness)
number of comb fingers of bottom 12

comb

width of gap between adjacent 22 um

comb fingers of bottom comb

initial vertical overlap betweentop | 5 pm

and bottom comb fingers

width of gap between opposing 6 um

comb fingers of top and bottom
combs
size of one of gold pads

100 pm x 100 pm x 0.3 pm

Fig. 1 shows the device constructed in this paper via micro-
masonry. It is an out-of-plane vertical comb drive composed
of a top comb, a bottom comb, two spacers, and two gold
contact pads.

II. DESIGN AND FABRICATION OF MEMS COMPONENTS

The comb fingers of the top comb and bottom comb form a
comb drive, as shown in Fig. 1. The comb drive can function
as either an electrostatic actuator or a capacitive sensor. The
dimensions and structural parameters of the device design are
shown in Table I. The flexure beams have a length of 350 xm,
a width of 15 um, and a thickness of 5 um. They are the
most fragile portion of the top comb and may be fractured
during the retrieval and placement of the top comb. Thus, the
elastomeric-stamp-based manipulation of the top comb must
consider the fragility of the flexure beams. The two gold pads
have an area of 100 gm x 100 #m and a thickness of 0.3 um,
sufficiently large and thick for wire bonding to integrate the
assembled device on printed circuit board (PCB). This vertical
overlap between the top comb fingers and bottom comb fingers
is initially 5 um by design, to ensure that the comb drive
operates in the linear range.

The top combs, bottom combs, and spacers are all fabricated
from silicon-on-insulator (SOI) wafers.The top comb is fabri-
cated from an SOI wafer with a 20-um-thick device layer and
a l-um-thick buried oxide (BOX) layer. The representative
steps in the fabrication process of the top comb are illustrated
in Fig. 2. First, 200-nm-thick silicon dioxide is thermally
grown on the top side of the SOI wafer and is then patterned
using reactive ion etching (RIE) to define comb fingers and
two pads [Fig. 2(a)]. Subsequently, this silicon dioxide pattern
and photoresist are used as two etch masks for a two-step deep
reactive ion etching (DRIE) process to pattern the device layer
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(a) device layer (®) Box layer

Si0,
handle layer

flexure beam
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Fig. 2. Microfabrication process flow of top combs. (a) RIE of the
top thermal oxide layer to pattern an etch mask. (b) Two-step DRIE of
the device layer using thermal oxide and photoresist as two etch masks.
(c) Photoresist patterning, followed by BOE to create undercuts below the
device layer patterns. (d) HF etching after photoresist spinning and flood
exposure to suspend the top comb on photoresist anchors.

to form four 5-xm-thick flexure beams, two pads, and comb
fingers [Fig. 2(b)].

To make the top comb retrievable from its substrate, the
following steps are used to suspend the top comb on pho-
toresist anchors. Photoresist is spun and patterned [Fig. 2(c)]
for the selective etch of the BOX layer using buffered oxide
etch (BOE). When the exposed BOX layer is fully etched,
there are approximately 1-um-wide undercuts below the edges
of the device layer patterns. After the photoresist removal,
the top comb undergoes photoresist spinning again and flood
exposure, leaving the photoresist remaining only at those
undercut locations. Finally, HF is used to etch away the entire
remaining BOX layer including the areas beneath the device
layer patterns, resulting in the top comb suspended only on the
photoresist anchors [Fig. 2(d)]. It can be seen from Fig. 2(c)
that the photoresist covers the entire flexure beams, leading to
the absence of photoresist anchors below the flexure beams,
as shown in Fig. 2(d). The purpose of this design is to make
the retrieval of the top comb facile without fracturing flexure
beams.

With a similar process flow, the retrievable spacers are
fabricated from an SOI wafer with a 15-ym-thick device
layer and a 1-um-thick BOX layer. The bottom comb does
not require retrieval and is fabricated using one-step DRIE
on an SOI wafer with a 20-um-thick device layer and a
1-um-thick BOX layer. The retrievable gold pads are fabri-
cated from a gold thin film of 0.3 xm thick sputtered on a
silicon dioxide layer on top of a silicon wafer. The fabrication
details of the gold pads have been presented elsewhere [25].

III. MICRO-MASONRY PROCESS

The retrievable components, i.e., spacers, top combs, and
gold pads, need to be transferred from three different substrates
where they are fabricated respectively to the bottom comb
substrate to be assembled. Since the top comb must be
aligned well (~1 gm accuracy) with the bottom comb during

the assembly in order for the comb drive to function prop-
erly, a deterministic micromanipulation technique is required.
The experimental setup for the microassembly processes
includes x, y, z, and rotational mechanical stages and an
optical microscope. The alignment precision of the setup
is approximately 1 um, satisfactory for the microassembly
operation.

The reader is referred to [24] for the working principle of
microtipped stamps. Briefly,when a microtipped stamp shown
in Fig. 3(c2), is pressed against an object on a donor substrate,
the region between microtips are mechanically collapsed,
establishing a large contact area (corresponding to adhesion-
on state), i.e., a high adhesion force, between the stamp and
the microobject. Subsequently, the stamp is quickly retracted
to retrieve the microobject, followed by the microtipped stamp
returning to its initial shape due to an elastic restoring force.
Thus, after the retrieval, the microobject is in contact with only
the microtips, resulting in minimized adhesion at the stamp-
microobject interface (corresponding to adhesion-off state).
The microobject is then transferred to above a receiver sub-
strate and lowered to establish the contact with the substrate.
Finally, the stamp is slowly retracted, thereby delaminating the
microtips from the microobject to complete the deterministic
micromanipulation process.

It should be noted that the pick-and-place procedure is
conducted on single components in this paper, rather than
multiple components over a large area (e.g., wafer scale).
Nevertheless, large-area assembly is possible through a parallel
procedure using an array of microtipped stamps or a serial
procedure using automated stages for high throughput, which
remains as future work.

Here we extend this stamp-based technique to the assembly
of MEMS components. As an example, the transfer process
of the top comb is explained in detail below. The microtipped
stamp designed to transfer top combs picks up a top comb,
with the photoresist anchors remaining on the donor substrate
[Fig. 3(a)]. It can be seen that the stamp has three sections to
avoid its contact with the flexure beams; otherwise, the flexure
beams may adhere to the sides of the microtips after the pick-
up and fracture during the delamination for placing. After the
pick-up, however, the comb fingers face inward to the stamp,
making it impossible for them to mate with the bottom comb
fingers. To flip over the top comb, it is transferred to a second
microtipped stamp that is more adhesive than the first stamp
[Fig. 3(b)]. Fig. 3(c1) and (c2) show the SEM images of the
top comb on the second stamp. The degree of adhesiveness
of a stamp can be controlled by two means: (i) altering
the spacing between adjacent microtips in the stamp design;
(ii) altering the mixing ratio of PDMS base and curing agent
for the stamp molding.

In Fig. 3(d), the second stamp is approaching the bottom
comb to place the top comb onto the two spacers that have
already been assembled on the receiver substrate via micro-
masonry. The resultant assembly is shown in Fig. 3(el)(e2).
To permanently bond the two pads of the top comb to the
two spacers, the device is annealed at 1000 °C for 30 min for
silicon fusion bonding. To facilitate the wire bonding from the
device to a PCB, gold thin films are transferred and assembled
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(a) microtipped stamp

stopcomb‘

photoresist anchor second microtipped stamp

spacer
bottom comb

Fig. 3. Pick-and-place process of the top comb. (a) Pick-up of the top
comb with a microtipped stamp from the donor substrate, with the photoresist
anchors left. (b) Transfer of the top comb to another microtipped stamp to flip
over the top comb to make the comb fingers face outward. (c1) SEM image
of the top comb on the second stamp. (c2) Close-up SEM image of the comb
fingers and microtipped stamp. (d) The stamp is approaching the bottom comb
to print the top comb on the two spacers. (el) The top comb is printed to
form a comb drive. (e2) Optical microscopy image of the assembled comb
drive. (f) Two gold pads are printed to facilitate wire bonding.

to one pad of the top comb and one pad of the bottom comb,
followed by annealing at 360 °C for 10 min to enhance their
adhesion [Fig. 3(f)].

To investigate the effect and quality of the direct bonding,
infrared transmission imaging is performed on a silicon plate
placed onto a silicon substrate. Prior to the annealing, there is
a weak-contact region, as shown in Fig. 4(a). However, that
region disappears and the entire area of the silicon plate is
bonded to the substrate after the annealing [Fig. 4(b)]. This
test indicates that thermal annealing enhances uniform contact
between the silicon plate and the silicon substrate, thereby
enabling high quality direct bonding between them.

The capacitance between the top comb and bottom comb
of the assembled device is modeled, in consideration of the
translational and angular misalignments between the top comb
and bottom comb, as illustrated in Fig. 5. The lengths of a bot-
tom comb finger and a top comb finger are denoted by I, and
l;, respectively. The translational and angular misalignments
are denoted by (a, b) and 0, respectively. The width of a top
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Fig. 4. Infrared transmission images of a silicon plate placed on a silicon
substrate. (a) Prior to annealing, there is an noncontact region. (b) After
annealing, the silicon plate is entirely bonded to the substrate.
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Fig. 5. Top view of the assembled comb drive for the capacitance calculation
taking into account the translational misalignment (denoted by a and b) and
angular misalignment (denoted by ) of the top comb relative to the bottom
comb.

comb finger is denoted by w;. The upper extension of the left
side of a top comb finger intersects with the extension of the
bottom comb finger at point O, with an extension length of
r¢1. Similarly, the lower extension of the right side of a top
comb finger intersects with the extension of the bottom comb
finger with an extension length of r;». The total capacitance
between the top comb and bottom comb is [26]

C=n(Ci+C)=n (SEIHM + el +r’2) )
0 1 0 rm
where n is the number of top comb fingers, C1 (C3) is the
capacitance between a top comb finger and its left (right)
adjacent bottom comb finger, ¢ is the permittivity of air, and
p is the vertical overlap between the top comb and the bottom
comb.
The electrostatic force between the top comb and the bottom
comb at an applied voltage of V is

1 I !
o (iln trn +§1n ’+r’2). )

1dC
V2
0 r't1 2

2dp
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Fig. 6.  Characterization of the comb drive as force and displacement
sensors. (a) Stiffness was characterized via a nano indenter. (b) Capacitance-
displacement relationship was characterized. Inset shows a device wire bonded
to a circuit board with a capacitance-to-digital converter (CDC) for capacitive
readout.

This force results in a top-comb displacement of

F F
4= = ks )
AN
where k is the total spring constant of the four flexure beams,
E is the Young’s modulus of silicon, and w, ¢, and L are
respectively the width, thickness, and length of a flexure
beam.

The following comparisons are made to illustrate the effect
of the misalignment (a, b, and #) on the capacitance and the
electrostatic force between the top comb and the bottom comb,
using the structural parameters in Table I. With the assumption
of no misalignment (¢ = b = 0 um, 8 = 0°), the initial
capacitance of the assembly is 56.8 fF. With the misalignment
ofa=0.5um, b= 1.0 gum, and § = 0.16° (resulting in the
dislocation of point A in Fig. 5 for (1.0 gm, 1.0 gm), which
represents the alignment precision of the experimental setup),
the initial capacitance becomes 57.3 fF, 0.93% higher than
that of the zero-misalignment assembly, indicating that this
misalignment has a minimal effect on the capacitance value.

With the assumption that the Young’s modulus of silicon
is 150.0GPa [27], the spring constant of the top comb, k, is
calculated to be 26.2 N/m. At an applied voltage of 70.0 V,
the vertical displacement of the top comb is calculated to be
1.06 um for the case of no misalignment. With the aforemen-
tioned misalignment parameters, the displacement is calculated
to be 1.07 xum. The mass of the top comb, m, is calculated
to be 2.82 ng, given its geometry (Table I) and the density of
silicon (2.3290 g/cm?®). Thus, the resonant frequency of the

top comb is calculated to be f = % % =15.3 kHz.

—_
o]

4  measured data
— linear regression

slope = 1.66x10™ pm/V:

—
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e
o

6000 8000 10000

4000
applied voltage squared (V?)

0 L
0 2000

displacement of top comb (pm)

Fig. 7. Characterization of the comb drive as an actuator, with the resultant
displacement of the top comb as a function of the applied voltage squared
measured by an optical profiler. Inset shows the optical profiler image of the
comb drive.

IV. CHARACTERIZATION OF ASSEMBLED COMB DRIVE

To obtain the actual spring constant of the top comb, a
nano-indenter (TI 950 Triboindenter, Hysitron) is used to push
down the top comb and measure the resistance force. The
indentation force as a function of the indentation depth is
shown in Fig. 6(a), yielding a stiffness of 39.0 N/m. The
inaccuracy from the calculated result (26.2 N/m) could be
attributed to (1) the actual Young’s modulus of the silicon
is higher than the assumed value (150.0 GPa) [27], or (2)
the actual thickness of the flexure beams is thicker than the
designed value (5 um) due to the microfabrication error.

To use the comb drive as a displacement or force sensor,
the relationship between the capacitance change of the comb
drive and the displacement of the top comb needs to be
calibrated. To measure the capacitance change of the comb
drive, the device is glued and wire bonded to a custom-
made PCB with a capacitance-to-digital converter (AD7746,
Analog Devices). The calibration results are shown in Fig.
6(b). Determined from the noise level of the readout voltage,
the comb drive exhibits a displacement-sensing resolution of
0.17 um and a force-sensing resolution of 6.63 uN at a
sampling frequency of 10 Hz. If a higher displacement-sensing
resolution is desired, the number or the length of the comb
fingers can be increased, or the gap between the opposing
comb fingers can be decreased.

The actuation function of the comb drive is also character-
ized, by applying a voltage to the comb drive and measuring
the resultant displacement of the top comb using an optical
profiler (NT1000, Veeco). The results are shown in Fig. 7.
At an actuation voltage of 70.0 V, the displacement is
measured to be 0.68 um, smaller than the value from the
theoretical calculation (1.07 um) for a certain misalignment.
The difference between the measured and calculated values
is attributed to the aforementioned underestimated stiffness of
the flexure beams.

The frequency response of the comb drive is also charac-
terized, as shown in Fig. 8. A sinusoidal actuation voltage
with an offset, expressed as V (t) = 0.5 x sin(2z fyeet) + 0.5,
is applied to the top comb, while the bottom comb is
grounded. The actuation frequency, fyc, iS varied between
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Fig. 8. Magnitude of the velocity of the top comb as a function of the

frequency of actuation voltage. The mean (thick black curve) and standard
deviation (thin red curves) of the velocity measured for 5 times are plotted.
The resonant frequency of the structure is 17.6 kHz. The quality factor is
2.93.

1 kHz and 30 kHz. The magnitude of the actuation voltage is
small in order for the comb drive to work in the linear range.
The velocity of the structures is measured by a laser Doppler
vibrometer (MSV-300, Polytec), with the magnitude of the
velocity at the actuation frequency being obtained by a lock-in-
amplifier (7280, Signal recovery). The maximum displacement
at resonance is only 126 pm, ensuring the linear behavior of
the comb drive. The resonant frequency is determined to be
17.6 kHz, which is larger than the calculated value (15.3 kHz),
mainly due to the underestimation of the flexure beams’s
stiffness. The quality factor is determined to be 2.93.

V. CONCLUSION

Micro-masonry has herein been demonstrated to be a route
to constructing MEMS devices that would be challenging
or impossible to accomplish with monolithic microfabrica-
tion. Fragile as well as sturdy MEMS components were
fabricated and assembled using an elastomeric microtipped
stamp, followed by rapid thermal annealing for direct bond-
ing. The assembled comb-drive device was characterized for
its sensing and actuating capabilities. Future opportunities
include optimizing device parameters and developing high-
performance microdevices based on micro-masonry, such as
microscale weight sensors [28], [29], micromirrors [22], [30],
and vibration-driven energy harvesters [31], [32].
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