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A micro-electro-mechanical system (MEMS)-based image stabilizer is proposed to counteracting shaking
in cell phone cameras. The proposed stabilizer (dimensions, 8.8 x 8.8 x 0.2 mm?) includes a two-axis
decoupling XY stage and has sufficient strength to suspend an image sensor (IS) used for anti-shaking
function. The XY stage is designed to send electrical signals from the suspended IS by using eight signal
springs and 24 signal outputs. The maximum actuating distance of the stage is larger than 25 pm, which
is sufficient to resolve the shaking problem. Accordingly, the applied voltage for the 25 pm moving dis-
tance is lower than 20 V; the dynamic resonant frequency of the actuating device is 4485 Hz, and the ris-
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1. Introduction

Advances in device miniaturization and high precision systems
now enable micro fabrication of XY stages [1]. One of the most
common actuators used to drive MEMS-based XY stages is the elec-
trostatic actuator, which is often used in optical applications [2-7]
and probe position systems [8] because it has good controllability
and low power consumption; applications of the electrostatic XY
stage include SPM (Scanning Probe Microscopy) probe [9,10,12],
data storage [11-15], and nano-position control [1,16-18]. How-
ever, since electrostatic actuators often require a high driving volt-
age, the step-up circuit must be very large. To decrease driving
voltage and to increase actuating force, thermal actuators are used
to increase actuating displacement [25].

The camera function has a growing role in cell phone applica-
tions. In addition to meeting the consumer demand for increased
pixels, digital single lens reflex (DSLR) camera functions are now
being embedded in commercial cell phones. Anti-shake technology
is among the many new technologies developed for mobile phones.
Since increasing the number of camera pixels exacerbates the
problem of image blurring caused by hand shaking, an effective
image stabilization method is needed [19]. The most common im-
age stabilization methods include lens shifting [20], CCD shifting
[21], and signal processing [22]. Signal processing, which is the
anti-shaking technique conventionally used in DSLRs, is now used
in mobile phones. Although signal processing requires no addi-
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tional hardware and does not affect miniaturization of the system
module, performance and reliability depend on the algorithm used,
thus signal processing method usually require large memory. Gi-
ven the demand for device miniaturization, the lens shifting anti-
shaking approach is inadequate since adding a movable lens causes
nonlinearity that requires compensation with a complex control
algorithm. Although it requires an actuating system, IS shifting is
less disruptive of miniaturization; the overall size of the system
is also easier to reduce compared to lens shifting method [19].
The MEMS device enables precise movement of suspended micro-
structures and monolithic integration with microelectronic circuits
on a chip [23]. Therefore, an effective image stabilizer design is
needed to miniaturize cell phone camera modules.

The MEMS-based two dimensional decoupling thermal actuat-
ing XY stage proposed in this study has several advantages: 1.
Small chip size: since the presented XY stage is fabricated by MEMS
process, the dimensions are smaller than those of other commer-
cial anti-shaking devices. 2. Low driving voltage: the thermal actu-
ating mechanism requires a lower driving voltage and smaller
step-up circuit compared to conventional actuators. 3. Simple con-
trol method: the CCD shifting approach directly compensates for
blurred pixels, so complex control algorithms and optical path de-
signs are not needed.

The image stabilizer design is suitable for a cell phone equipped
with a 3x optical zoom, an actuator that can move at least 25 pm
[19], and a sufficiently strong structure to withstand a
3.5 x 3.5 x 0.1 mm?> IS load, from which it must be decoupled in
two dimensions when driven. Therefore, the proposed design has
a high aspect ratio and 50 pum-thick silicon springs. Four decou-
pling springs for the main suspended and decoupling structures
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connect with the shuttle. The fabrication process used to manufac-
ture the device includes double-side lithography, two ICP etching
processes, and flip-chip bonding process. The output routing for
electrical connection of the IS includes 24 signal outputs from eight
signal springs. The required 25 pm displacement is achieved when
driven in a moving direction lower than 20 DC voltages, and the
decoupling effect in the opposite direction is excellent.

2. Concept and structure design

The novel feature of the proposed MEMS-based image stabilizer
is a 2D decoupling actuator that can carry an IS to compensate for
blurring caused by shaking. The design of the XY stage is described
below.

2.1. Design of XY stage

The proposed image stabilizer is designed to provide excellent
decoupling performance and to minimize the size of the device
used for suspending the IS. The anti-shaking function is provided
by a decoupling structure that compensates for shaking with no
additional moving deviation in another direction. Fig. 1a shows a
simple schematic diagram of the proposed decoupling main struc-
ture. When a single direction force Fy is applied to the decoupling
structure, displacement Ax occurs only in the direction parallel to
the driving force, and displacement in the opposite direction is
negligible. Fig. 1b illustrates a simplified operating mechanism of
the proposed decoupling XY stage when different forces are applied
in the x- and y-directions. The decoupling design assumes perfect
displacement in the x- and y-directions (Ax and Ay, respectively)
and assumes perfect mechanical isolation between the two orthog-
onal driving directions.

The proposed for suspending the IS has a thickness of 50 pum to
provide sufficient stiffness in the z-direction. Circuit routing of sig-
nal outputs must be patterned on the device layer. The signal
springs and pads must be designed to maintain a working electrical
connection. Flip-chip bonding, wire bonding, routing springs, and
electrode pads are used to obtain an electrical connection between
cell phone circuits in the IS pads and the electrode pads in the de-
vice structure and also between the electrode pads in the device
structure and the output of the PCB pads. Fig. 2 schematically de-
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picts the entire device. Separate decoupling beams are used in each
direction to satisfy the kinematic design requirements shown in
Fig. 1. Each thermal-driven actuator has a push-only design, and
each operates in only one direction, i.e., X+, X—, Y+, or Y—. In the
symmetrical spring design, the electrical routings are arranged in
a balanced layout with two signal output springs and pads in each
direction. The signal output springs are designed to be as thin as
possible so that stiffness does not affect the overall spring constant
system. The isolation layers and the isolator SU-8 ensure that the
electric potential between each structure and signal output is
independent.

2.2. Operating principles of electro-thermal chevron actuator

The proposed image stabilizer is driven by electro-thermal
mechanical force. Fig. 3 shows a simple schematic diagram of the
electro-thermal chevron actuator of the proposed image stabilizer.
An electro-thermal mechanical force generated by applying a volt-
age to the pads changes the relative displacement between the XY
stage and pads.

When estimating driving displacement, several boundary con-
ditions are assumed: 1. The actuator is heated uniformly, 2. Pad
temperatures are fixed at 300 K, and 3. The expansion coefficient
is a constant equal to Si expansion coefficient, 2.5 ppm/K. Under
these conditions, the driving displacement is linearly related to
temperature. The equation for predicting driving displacement is
given below [26]:
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where EI is the flexural rigidity, F is the reaction force along x-axis
used to model the effects of thermal stress, and F, is the output
force. The L, W and T in Fig. 3 are the length, width and thickness
of the actuator, respectively. The AT is the temperature change,
AL is the change in L due to F, and « is the thermal expansion
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direction
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Fig. 1. Illustration of driving modes of decoupling XY stage: (a) in X-direction only and (b) in both X- and Y-directions.
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Fig. 2. Structure of XY stage, (a) Signal output beam (b) thermal actuator and SUS isolator (c) electrode pads (d) decouple beam.
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Fig. 3. Force acting on the chevron thermal actuator.

coefficient. Peak deflection is obtained by setting output force to
zero, and peak output force is obtained by setting deflection to zero.
The equation used to derive the relationship between the lateral
force for peak deflection and peak output force is

Fomax = 2Fmax tan 04 3)

The equation also gives peak output force according to peak deflec-
tion. The output force and displacement can be calculated by mod-
ifying the actuator beam dimensions and gradients.

2.3. Designing and estimating spring stiffness

Fig. 4 shows the three flexure beams used in this work. Fig. 4a is
a chevron thermal actuator. The small pre-bending angle can be
simplified as parallel clamped-clamped beams [10,12]. According
to Ref. [27], the decoupling ratio for the decoupling beam in
Fig. 4b must be larger than 10 when the pixel size and the maxi-
mum actuating displacement are 2.5 pm and 25 pm, respectively.

(a)

(b) 1 B
-

(c)

Fig. 4. Illustrations of (a) chevron thermal actuator beams, (b) decoupling beams
and (c) folded flexure beams.
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Fig. 5. Illustration of folded-flexure spring.
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Table 1

Flexure beam specifications.
Spring Fig. 4a Fig. 4b Fig. 4c
type
Length La1:630 pum L:2000 pm  La1:900 pm

La2:300 pm La2:790 pm

Width 30 um 20 um 25 um
Height 50 pm 50 pm 50 pm

Fig. 6. Relationship between blurred pixels and hand shaking angle.

Fig. 4c is an IS signal output beam. Fig. 5 shows the spring design of
the structure [11,13], and the flexure beam specifications of Fig. 4
in this work are shown in Table 1.

2.4. Motion range analysis of decoupling XY stage

Most commercially available cell phones have multi-megapixel
cameras but lack an anti-shaking function. Because shaking is dif-
ficult to avoid when using a cell phone camera, blurring is com-
mon. Fig. 6 displays the relationship between the number of
blurred pixels and the angle of hand shaking. When the camera
moves through an angle d0 in the horizontal plane, the number
of blurred pixels can be represented as

BP = =Py )

where 0; denotes the horizontal angle and Py denotes the total
number of horizontal pixels. Cell phone cameras typically have an
angular field of view ranging from 35° to 45°. For an IS with a 45°
field of view, experimental data [24] show that, within a 2 s period,
hand shaking can cause horizontal drift of up to 0.08°. The device
proposed in this work contains a three-megapixel
(2056 x 1544 pixels) IS. According to Eq. (4), each pixel corresponds
to a horizontal angle of 0.022°. Therefore, the number of blurred
horizontal pixels is approximately 3.7. Since pixel size is
2.2 x 2.2 um?, the blurred image can only be adjusted if the range
of motion in the XY stage is larger than 8.14 pm. Since many com-
mercially available cameras have a 3x zoom function, the range of
motion must be threefold higher than this value, i.e., 24.42 pm.

3. System modeling and FEA simulation

The decoupling effect, stiffness and the natural frequency of the
designed image stabilizer is elucidated in a simulated actuator con-
structed using Intellisuite finite elements analysis (FEA) software.
The software is used for static simulations of in-plane distance
and the coupled mechanical interference of the image stabilizer
in each orthogonal direction. In dynamic simulation, this software
simulates the resonant frequency.

Fig. 7. Schematic of decoupling simulation in (a) the Y-direction and (b) the X-
direction when the main structure of image stabilizer is driven with an outside
force in the Y-direction.

3.1. Simulated decoupling of main structure

This section describes the design and simulation of the decou-
pling structure, and Fig. 7 shows the simulation results for the
decoupling effect. Notably, non-decoupling relative structures are
excluded. Four major decoupling springs are designed to connect
with the chevron thermal actuator. The simulated decoupling ef-
fect of the main structure is based on the following actual bound-
ary conditions: 1. The anchor is ignored since it is bonded with a
substrate and does not affect the simulation results. 2. The shuttle,
decoupling and flexure beams are suspended above the substrate.
If the moldings of the designed moving spring and a frame-loaded
spring are the same size as the image stabilizer, a significant
decoupling effect occurs in the x and y directions (Fig. 7a and b,
respectively). In the simulation, a specific force F, in the y-direction
causes a 31.27 um displacement in the y-direction. Simulation re-
sults indicate that the displacement in the x-direction is only
0.33 pum. The simulated decoupling ratio in the x and y directions
confirms the excellent decoupling effect in the design of the mova-
ble springs, which clearly meets the decoupling requirement.

3.2. Simulated structural stiffness and actuator force output

The stiffness and force output of thermal actuators in the XY
stage are simulated in three steps. First, establish a reference beam
where the width, length, thickness and folding number are 20 pm,
320 um, 50 pm and 8 wm, respectively, and apply a force of
1000 pN to the reference beam Then use Hooke law to calculate dis-
placement and stiffness. Fig. 8a shows the simulation results. Sec-
ond, apply 1000 pN to the actuator, and observe the displacement
to determine actuator stiffness for different series of numbers
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Fig. 8. (a) Reference beam displacement; (b) actuator beam displacement; (c) actuator displacement when apply 1000 uN. (d) Force output versus series number of thermal

actuators.

(Fig. 8b). Third, connect the reference beam with thermal actuators
of several series numbers, and apply a voltage to simulate the force
output (Fig. 8c).

Table 2 shows the stiffness, displacement and force output of
series numbers 1-7, where series number is thermal actuator
number, Disp. is actuating displacement, K, is actuator stiffness,
and K; is reference beam stiffness. Force outputs are calculated
using Eq. (5), and Fig. 8d plots the results. The simulation results
show a linear relationship between series number and force out-
put. However, power consumption correlates positively with series

F = (K, + K;) + Disp. (5)

3.3. Simulated dynamic frequency

To determine the resonant frequency and shapes of the de-
signed structure, an instantaneous analysis is performed using
Intellisuite FEM software is performed to verify the vibration char-
acteristics. The simulated flexure structures are completely re-
served and modeled, and the calculated weights of the shuttle

Table 2

Simulation results.
Series number Disp. (um) K, K; F (UN)
1 27.16 137.36 91.74 6222
2 34.62 283.29 91.74 12,984
3 38.03 425.53 91.74 19,672
4 40.00 568.18 91.74 26,397
5 413 714.28 91.74 33,289
6 42.25 854.7 91.74 39,987
7 42.96 1000 91.74 46,901

and IS indicate that they are equivalent to those of the other struc-
tures. The following equation gives the resonant frequency.

1 [k
Fresonant = E \/% (6)

where k is the system stiffness of the image stabilizer, M is the over-
all weight of the image stabilizer, and Fesonan: 1S the resonant fre-
quency of the XY stage. Because the structure is symmetrical, the
simulated resonant frequency of the first mode is 4660 Hz with
movement in x-direction and in y-direction.

4. Fabrication
4.1. Fabrication processes

The fabrication steps are device layer formation, substrate for-
mation, and the final combination of IS and XY stage. Fig. 9 depicts
the device layer fabrication process. This segment performs the
steps required for device layer formation, including structure def-
inition, heat isolation, circuit routing and electric isolation. Fabrica-
tion begins with a (100) SOI wafer, where the thicknesses of the
device layer, isolator and substrate are 50 pm, 2 pm and 350 pm,
respectively. The fabrication process is performed in the following
steps:

a. After basic RCA cleaning, use CVD process to deposit a
0.5 um-thick nitride layer on the topside and a 2 pm-thick
silicon oxide layer on the backside of the SOI wafer (Fig. 9a).

b. During photolithography, pattern the nitride as the electric
isolation between the shuttle and circuit on the SOI wafer
topside (Fig. 9b).
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Fig. 9. Fabrication process for the XY stage: (a) backside oxide and nitride deposition (oxide: 2 pum, nitride: 0.5 um), (b) nitride patterning, (c) Al patterning (1 pm), (d) device
layer patterning, (e) SU8 patterning, (f) backside oxide patterning, (g) backside layer patterning (350 pum), and (h) release.
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Fig. 12. Reflow profile of flip—chip process.

. Coat and pattern SU8 to isolate heat and electricity in the

actuators from the shuttle (Fig. 9e).

Use RIE process to pattern the backside oxide layer to be
hard mask (Fig. 9f).

Use the second ICP process to open the suspending area on
the back of the SOI wafer (Fig. 9g).

Release the structure by RIE process (Fig. 9h).

4.2. Flip—chip bonding

Fig. 10 shows an IS combined with the proposed image stabi-
lizer by flip-chip approach. Fig. 11 depicts the packaging process
captured on the flip-chip bonder monitor. Fig. 11a-c shows the

Function generator

Fig. 11. Flip-chip bonding process of the image stabilizer.

Lo

Power amplifier

c. Deposit a 1 pm-thick Al layer by DC sputter and pattern as
the circuits and pads (Fig. 9c¢).

d. Pattern the device structure using the first ICP process to a
depth of 50 pm (Fig. 9d).

Fig. 13. MMA system.
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Fig. 14. Displacement of x- and y-direction on 14 V.
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Fig. 15. Static measurement of XY stage in x- and y-directions.

IS absorbing process. Before absorption, the spectroscope is used to
align the pick-up head and sensor (Fig. 11b). Fig. 11d-f shows how
the sensor bumps and pads of XY stage are aligned by the com-
bined processes of the XY stage and IS. Fig. 11e and f shows how
3 N force is applied to the IS before the bumps are reflowed to
235 °C, and Fig. 12 shows the reflow profile.

5. Results and discussion

Experiments performed to test the effectiveness of the proposed
image stabilizer included a static driving test with the actuator dri-
ven by a DC voltage and actuator displacement measured with a
MEMS motion analyzer (MMA) (Fig. 13). When a 14-V square wave
was applied to the proposed device in the y-direction, moving dis-
placement in the y-direction was 27 um, and displacement in the
x-direction was only 1.42 pm (Fig. 14). The experimental decou-
pling ratio in the two directions was 19, which conforms to the
minimum ratio of 10 required by the system. Fig. 15 shows how
displacement varies with driving voltage. The MMA system was
also used in the dynamic characterization to evaluate the resonant
frequency of the proposed image stabilizer. Fig. 16 shows that
although system resonant frequency approximates 4485 Hz, the
operating bandwidth is determined by the thermal time constant.
In this case, Fig. 17 shows the step wave test results for the thermal
actuating XY stage, and the device has a rising time of 21 ms.

Fig. 18 shows the measurement results for thermal imaging.
The red' and blue triangles represent the maximum and the mini-
mum temperatures of the actuator, respectively, when 10V is ap-
plied at 1Hz. The figure shows that the maximum temperature

! For interpretation of color in Figs. 1-18, the reader is referred to the web version
of this article.

pm Dynamic measurement
0.5 7

0.45 4

0.4 ﬂ

0.351

4485Hz

0.3 A
0.25
0.2 1

0.15 4
0.1 A
0.05 4

0 T T T T T T T T .
4380 4400 4420 4440 4460 4480 4500 4520 4540 4560
Frequency (Hz)

Fig. 16. Measurement results for resonant frequency without IS.
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Fig. 17. Step wave test in 10 V.

(b)

Fig. 18. Measurement results for thermal imaging in 10 volts 1 Hz. (a) Thermal
actuator without isolator. (b) Thermal actuator with isolator.

occurs in the middle of the actuator and that the pads approach
room temperature. Additionally, comparison of Fig. 18a and b shows
that the maximum temperature of the thermal actuator is about
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290 °C when it is not connected to the isolator and about 360 °C
when it is connected to the isolator. Therefore the isolator design en-
ables a lower driving voltage to achieve the same actuating
displacement.

6. Conclusion

This work simulated, fabricated, and tested a novel design for an
integrated micro decoupling XY stage. The integrated XY stage is
designed to load an IS. The IS was accurately bonded to the shuttle
by flip-chip bonding method. The electrical signals of the IS were
also connected to the output circuits according to the signal spring
design. The proposed XY stage has potential applications in com-
mercially available cell phone cameras owing to its anti-shaking
function. The main components of the proposed device are a sili-
con-based XY stage and chevron thermal actuators fabricated and
packaged with two ICP etching processes by flip-chip bonding
technique. Experimental results indicate that a driving voltage of
14V produces a 27 pm displacement in the driving direction and
a 1.42 pm displacement in the vertical direction, which are suffi-
cient for effective anti-shaking. The results for the perpendicular
direction are similar since the design is symmetrical. Some varia-
tion between the simulation and the experimental results from
the undercutting of thermal actuators during ICP etching as well
as room temperature variations. The natural frequency of the pro-
posed XY stage design approximates 4485 Hz, and the response
time approximates 21 ms when measured by MMA system. The
isolator SU8 not only insulates the heat flux and driving current,
it also increases actuating displacement given a similar driving
voltage.
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