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Abstract. We present a 3X3 micro-optoelectromechanical systems
(MOEMS) phase shifter array that achieves a \/4 vertical displacement
with peak-to-valley deformation within /10 (514-nm light source). The
mirror reflective surface is made of an aluminum layer with a high optical
reflectivity exceeding 90%. Each individual micromirror pixel is controlled
and driven by comb drive actuators. The phase shifter array is fabricated
using the Taiwan Semiconductor Manufacturing Company 0.35-um
2P4M complementary metal-oxide semiconductor process. In-house
post-processing is utilized to reserve a 40-um-thick bulk-silicon under
the 200 um X200 um mirror. This eliminates mirror deformation from
residual stress after the device is released. The micromirror demon-
strates a vertical displacement of \/4 at 38 V. The device resonant fre-
quency is 3.71 kHz, and the fill factor is 0.65. This MOEMS phase shifter
array can be used as a spatial light modulator in holographic data stor-

age systems. © 2010 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Micro-optoelectromechanical ~ systems (MOEMS) have
flourished over the last decade by leveraging IC microfab-
rication technology Their appl1cat10ns included projection
drsplays optical scanners,” and imaging systems.” Among
these devices, the MOEMS phase shifter plays an important
role in the light-diffraction interference. If a phase shifter
can be operated in in-phase mode (0-deg phase difference)
and out-of-phase mode (180-deg phase difference), respec-
tively, the capacity of a holographic data storage system
can be increased by double. Furthermore, this capacity can
be increased by 2" times when N phase shifters are in the
system.™

Among the existing actuation methods for MOEMS mir-
rors that were previously proposed are thermal, piezoelec-
tric, and electrostatic principles. Thermal actuation is based
on the difference between the thermal expansions of differ-
ent materials in a bimorphic actuation structure. Although
this excitation principle is easily implemented, it requires
high power consumption. ’ Note that a typical thermal ac-
tuator can be used for applications that require large
dlsplacement Piezoelectric actuation is frequently used to
drive micromirrors that need precision. However, piezo-
electric materials may cause hysteresis and are incompat-
ible with the complementary metal-oxide semiconductor
(CMOS) process. 8710 Electrostatic actuation is the most
widely used method in fabricating micromachined
mirrors.'™* The main benefit of electrostatic actuation is
due to its low power consumption and submicrometer dis-
placement in optical devices. Interferometry using an
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electrostatic-driven microactuator can precisely control dis-
placements in the nanometer range, and the required actua-
tion force is usually low.! Recently, many electrostatic ac-
tuation methods have been developed, such as the parallel
plate, lateral comb drive, and vertical comb drive struc-
tures. Vertical out-of-plane motion micromirrors with a par-
allel plate electrostatic actuator have a nonlinear pull-in
phenomenon, which severely constrams the stable region at
one-third the length of the gap " Electrostatic comb drive
actuators were developed to avoid pull-in. Numbers of op-
tical applications using electrostatic comb drive micromir-
ror have been demonstrated, such as optical scanners, 18.19
phase-shifting interferometers,”’ and laser dlsplays

In addition to the previously mentioned actuation meth-
ods, micromirror flatness is also an important issue when
designing MOEMS mirrors. Micromirrors made of thin
film materials usually have a curved surface due to residual
stress once the structure is released.”** Stress-induced out-
of-plane deformation must be small compared to the optical
wavelength to avoid adversely affecting device perfor-
mance. Thus, a number of methods have been proposed to
eliminate curvature or reduce residual stress of the micro-
mirrors. For example, a thick bulk-silicon micromirror fab-
ricated via the deep reactive-ion etching (DRIE) process
can overcome the nonplanarity of CMOS thin film
microstructures.”* Moreover, bombarding the microstruc-
ture surface with ions provides another method to modify
the residual stress gradient.25

In order to effectively overcome the previously men-
tioned drawbacks in fabricating micromirrors, this work de-
velops a MOEMS phase-shifting micromirror array that can
achieve a \/4 vertical displacement and a mirror peak-to-
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Fig. 1 Schematic of the individual mirror pixel: (a) top view, (b)
cross section of the comb fingers, and (c) cross section.

valley deformation within A/10. Electrostatic comb actua-
tors are employed to drive each individual mirror pixel. The
standard CMOS process and in-house post-CMOS process
are utilized to fabricate the device. The following sections
described the device design, theoretical analysis, simulation
results, and fabrication processes. Experimental results
have shown that the micromirror had a vertical displace-
ment of \/4 at 38 V with resonant frequency at 3.71 kHz.

2 Design of the MOEMS Phase Shifter

The MOEMS phase-shifting micromirror array is fabricated
by the Taiwan Semiconductor Manufacturing Company
(TSMC) standard 0.35-um double polysilicon quadruple
metal (2P4M) CMOS process.27 The micromirror is de-
signed to achieve a \/4 vertical displacement for a 514-nm
wavelength light source. Figure 1(a) shows a schematic
drawing of an individual mirror pixel. It consists of a
200 um X 200 um micromirror structure and four sets of
comb fingers. The micromirror is supported by four suspen-
sion beams. The comb fingers are designed along the sus-
pension beams, acting as movable and fixed comb fingers.
One end of the beams is fixed to an anchor, and the other
end is attached to the micromirror. The mirror reflective

surface is an aluminum metal layer with a high optical re-
flectivity exceeding 90%. Figure 1(b) shows a cross-
sectional view of the vertical comb drive actuator. The
fixed comb fingers comprise M1, M3, and silicon dioxide,
and the movable comb fingers are made of M2 and silicon
dioxide. When a voltage is applied between the movable
comb (M2) and fixed comb (M3), the micromirror can be
pulled upward by the electrostatic force induced by the
fringe effect. Conversely, the micromirror can be pulled
downward when driving voltage applied to the fixed comb
is changed from M3 to M1. Thus, the multilayer structure
provides vertical motion capability.

A bulk-silicon under the micromirror is reserved for re-
ducing mirror deformation due to residual stress after the
structure is released, as illustrated in Fig. 1(c). The thick-
ness of bulk-silicon is estimated according to the design
specification that mirror peak-to-valley deformation is
within A/10 (51 nm). In order to design the thickness of
bulk-silicon, the curvature model is used for estimation pur-
pose. The curvature of a micromirror is defined as:?®

€2

2d (1)

p:

where p is the radius of curvature, € is the half length of
micromirror, and d is the mirror peak-to-valley deforma-
tion. Thus, p must be larger than 100 mm to satisfy d
within A/10. Note that the beam curvature model can also
be used to estimate the thickness of bulk-silicon. Since a
bowl-shape micromirror is created upon completing the re-
lease process, the free center point can be regarded as an
anchor with four fixed ends that are connected to the sus-
pension beams treated as free ends. This is similar to the
case where the composite beam is bent by residual stress.
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Fig. 2 Deformation of the simplified micromirror model with 70-V dc bias voltage.
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Fig. 3 Simulation result of z-axis displacement versus driving
voltage.

Therefore, thze9 curvature of the micromirror also can be
expressed as:

1 6(m-op—0y)
p_h'EB-[3-m+K/q-(l+q)2]’

(2)

where o4 and o are the residual stresses of materials A
and B. E, and Ejy are the Young’s modulus of materials A
and B. Symbols m=(E,/Eg), q=(t4/1p), h=t,+1p, and K is
denoted as:

K=l+4-m-q+6-m~q2+4.m.q3+m2.q2’ (3)

where 7, and 75 are the thicknesses of materials A and B. K
is a material coefficient of materials A and B. The material
A in the micromirror structure denotes silicon substrate, and
material B all used layers in CMOS process besides silicon.
The material properties are taken from the National Chip
Implementation Center (CIC).*® Notably, silicon residual
stress (o) is neglected due to the bulk-silicon, which is
reserved for reducing mirror deformation treated as rigid
body. Therefore, using Eqs (1) and (2), the thickness of
bulk-silicon (z4) can be calculated. The calculation result
indicates that ¢, have to be larger than 35-um for satisfying
the mirror peak-to-valley deformation within A/ 10. To con-
sider post-CMOS process variations, a 40-um-thick bulk-
silicon is reserved in the design.

3 Theoretical Analysis and Field Emission
Microscopy (FEM) Simulation

3.1 Static Behavior

Vertical motion of an electrostatic comb drive actuator oc-
curs when a driving voltage is applied between the fixed
and movable comb fingers. The electrostatic force is given
by

ISy )
2 dz
where N is the number of comb fingers, C is the capaci-
tance of comb fingers, z is the displacement of movable
fingers, and V is the applied dc bias voltage. For a comb
finger pair, dC/dz can be expressed as
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Fig. 4 Diagram of clamped-clamped beam with a center mass.
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dz g

where e is the dielectric constant in air, L is the finger
length, and g is the gap between fingers. By using Eq. (5) in
Eq. (4), electrostatic force can be rewritten as a function of
applied voltage.

To understand the static behaviors of the device, an
FEM simulator, IntelliSuite, is utilized to simulate micro-
mirror deformation and displacement. Figure 2 shows the
simulation result of a simplified model for a quarter micro-
mirror with a driving voltage of 70 V. Micromirror dis-
placement is clearly the same with the free end of the sus-
pension beams. That is, deformation of the suspension
beams induced by the electrostatic force can fully pass to
the micromirror and lead to a vertical levitation of the mi-
cromirror. Figure 3 plots micromirror displacement versus
driving voltage. The simulation result demonstrates that the
micromirror can achieve a 128-nm (\/4) vertical displace-
ment when applied voltage is about 42 V.

3.2 Resonant Frequency

A simplified theoretical model is employed to calculate the
resonant frequency of the proposed micromirror device.
Deformation of the suspension beams induced by an elec-
trostatic force leads to a vertical levitation of the micromir-
ror. Thus, the device model is similar to that of a clamped-
clamped beam with a center mass, as illustrated in Fig. 4.
Four suspension beams can be regarded as two sets of
equivalent beams acting as a clamped-clamped beam. The
fundamental resonant frequency of the equivalent model is
expressed as:!

4{ 3x SN El ]”2

6
L3 (M4 +0.37m,) (©)

T
where N is the number of layers in the suspension beam; E;
and /; are the Young’s modulus and the moment of inertia
of each layer, respectively; L, and m, are the length and the
mass of the equivalent clamped-clamped beam, respec-
tively; and M, is micromirror mass. The theoretical reso-
nant frequency derived by Eq. (6) is 3.98 kHz. On the other
hand, resonant frequency is also simulated using Intel-
liSuite. Notably, the FEM simulations require only a mov-
able comb, suspension beams, and a micromirror to calcu-
late the resonant frequency. The simulation result indicates
that the fundamental resonant frequency is about 4.15 kHz
and the mode shape is vertical motion. These results can be
used as the reference data in actual experimental measure-
ments.
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Fig. 5 Post-CMOS fabrication process flow: (a) completion of
CMOS process, (b) reserving only 100 um of silicon by grinding
process, (c) defining proof mass area by backside lithography pro-
cess, (d) first backside ICP etching step, (e) second backside ICP
etching step, and (f) frontside anisotropic RIE etching process to
release suspended microstructures.

4 Fabrication

The proposed MOEMS phase shifter was fabricated by the
TSMC 0.35-um 2P4M CMOS process, which was pro-
vided by the National Chip Implementation Center (CIC)*’
and a self-designed post-CMOS process. The CMOS pro-
cess consists of two polysilicon layers, four metal layers,
three via layers, and several dielectric layers. All metal lay-
ers are made of aluminum, and the contact/via holes are
filled with tungsten plugs. The dielectric layers are silicon
dioxide, and the passivation layer includes silicon dioxide
and silicon nitride. The etched holes are filled with silicon
dioxide. In order to fabricate a flat plane surface, chemical
mechanical polishing (CMP) is employed after each depo-
sition layer was completed.

After the CMOS foundry process, all MEMS structures
are still connected with the silicon substrate. Notably for
the device releasing issue, the passivation window of the
MEMS structure must be opened in advance of post-
processinng. The self-designed post-CMOS process is ap-
plied to reserve a bulk-silicon mass for reducing micromir-
ror deformation and release the suspended structures. The

10.0kV 12.4mm x100 SE(U)

Fig. 6 SEM pictures of MOEMS phase shifter: (a) 3 X3 array, and
(b) an individual mirror pixel.
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Fig. 7 Surface flatness of the micromirror device.

post-process includes one grinding process, one backside
alignment photography, a two-step backside inductively
coupled plasma (ICP) etching process, and a frontside re-
active ion etch (RIE) step. Figure 5 illustrates the post-
process flow. Figure 5(a) shows the device fabricated after
the CMOS foundry process with the passivation window
already open. A backside grinding process is then utilized
to grind down the silicon substrate thickness, reversing
only 100 um for economic considerations, as shown in Fig.
5(b). After that, a backside lithography process is applied to
define the proof mass area, and then the first anisotropic
ICP etching step is utilized to etch the silicon substrate for
proof mass reservation, in which photo-resister (PR) is used
as the hard mask, as illustrated in Fig. 5(c) and 5(d). Figure
5(e) displays the second step in the ICP etching process.
The polyimide tape (PI tape) is applied as the mask instead
of PR. Although the ICP process will etch the PI tape, it
will extend the etching time to form the proof mass. In this
etching step, silicon dioxide is utilized as the etching stop
layer because the etching selectivity of silicon dioxide is
significantly higher than that of PI tape. Last, a frontside
anisotropic RIE etching process is used to release the mi-
cromirror device, as shown in Fig. 5(f). Figure 6 displays
scanning electron microscope (SEM) images of the device
fabricated using the CMOS process and post-CMOS pro-
cesses.

5 Experimental Results
5.1 Flatness of the Micromirror

In order to examine micromirror flatness, a white light in-
terferometer (WYKO NTI1100 system) is used for the pre-
liminary measurement. Micromirror flatness is an important
issue in phase shifter applications. The x and y directions of
the micromirror surface are scanned. Figure 7 shows the x
direction roughness scanned at 200-um distance from one
side, passing through the mirror center to the other side.
The measurement result demonstrates that roughness only
about 60 nm and no mirror deformation occurred in this
device. Deformation induced by residual stress from the
CMOS process is totally eliminated because the curve is
distributed uniformly and does not gather on any side of the
mirror. A similar scanning result is obtained for the y direc-
tion. Thus, mirror peak-to-valley deformation conforms to
the optical specification.
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Function generator

Power amplifier

Fig. 8 Experimental diagram of the static characteristic
measurement.

5.2 Static Characteristic Measurement

The WYKO interferometer is also used for static character-
istic measurement. Figure 8 shows the experimental setup.
A dc bias voltage provided by the power amplifier is uti-
lized to actuate the MOEMS phase shifter. Figure 9 com-
pares simulation and measurement results for vertical dis-
placement versus driving voltage. The experimental result
demonstrates that vertical motion of the micromirror can
achieve a 128-nm displacement (A/4 of the 514-nm light
source) when 38 V is applied to the comb actuator. The
vertical displacement of the micromirror of 0 to 128 um is
obtained by increasing the driving voltage from 0 to 38 V;
thus, the requirement of N/4 displacement can easily be
reached less than 40 V. Figure 10 displays the WYKO in-
terferometer image of a mirror pixel before [Fig. 10(a)] and
after [Fig. 10(b)] actuation with 38 V. It is clear that a
180 deg phase difference is observed. This result shows
that the micromirror achieves a A/4 vertical displacement
precisely.

5.3 Frequency Response Measurement

Figure 11 shows the frequency response of the micromirror
device measured by using an MEMS motion analyzer
(MMA). The micromirror is biased by a sinusoidal wave
with voltages offset of 30 V and amplitude of 5 V, and the
frequency ranges between 2 and 5 kHz. The first resonant
frequency mode is measured at 3.71 kHz, and it closely
matches the calculation (3.98 kHz) and simulation result
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Fig. 9 Static characteristic of the micromirror.
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Fig. 10 WYKO interferometer images of a mirror pixel: (a) before
actuation, and (b) after actuation with 38 V.

(4.15 kHz). The error is due to variations of the CMOS
fabrication process and post-process. The quality factor of
the mirrors is 41.

6 Conclusions

This work presents a 3 X3 electrostatic MOEMS phase
shifter array fabricated by TSMC 0.35-um 2P4M CMOS
process and the self-designed post-CMOS process. The in-
dividual mirror pixel is 200 um X 200 um. Mirror defor-
mation resulting from residual stress of the CMOS process
is eliminated via proof mass reservation design. The design,
modeling, simulation, and measurement are presented. Pre-
liminary measurement results demonstrate that the micro-
mirror can achieve a 128-nm (\/4) vertical displacement
with a driving voltage of 38 V and that the resonant fre-
quency is 3.71 kHz. This MOEMS phase shifter array has
potential as a spatial light modulator (SLM) in holographic
data storage systems in the future.
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