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A Micromirror With Large Static Rotation
and Vertical Actuation

Jin-Chern Chiou, Chin-Fu Kou, and Yung-Jiun Lin

Abstract—A micromirror with large rotation angle and vertical
displacement is proposed and developed. The proposed micromir-
ror is actuated by newly developed prestress comb drive actuators,
which exhibit no pull-in, no hysteresis, and large vertical displace-
ment range characteristics. The micromirror was fabricated using
commercially available PolyMUMPs. Experimental results indi-
cated that the maximum rotation angle and vertical displacement
of the device are 26 and 45 pum, respectively.

Index Terms—Microelectromechanical systems (MEMS), mi-
cromirror, microoptoelectromechanical systems (MOEMS), pre-
stress comb drive actuator (PCA).

1. INTRODUCTION

ECENTLY, microelectromechanical systems (MEMS)-

based micromirrors have been applied in optical switch
and displays [1]-[3]. They are also used in a wide range
of applications such as interferometric systems [4], confocal
microscopes [5], wavelength-selective switches [6][9], vari-
able optical attenuators [10], and biomedical image [11]-[13].
MEMS-based micromirrors have higher operating speed and
lower mass than that of traditional fabricated technology, and
potential for lower cost through MEMS fabrication process. A
successful example of MEMS-based micromirrors is Texas In-
strument’s digital micromirror device (DMD) [14].

In most applications, electrostatic actuators are preferred be-
cause of their low power consumptions. Most of the micromir-
rors reported to date employ the parallel-plate electrostatic ac-
tuator. It is relatively simple in terms of design and fabrication;
however, it suffers from the pull-in phenomenon, which lim-
its its useful scan range. To overcome the pull-in phenomenon,
vertical comb drive actuators have been developed. The verti-
cal comb drive is considered to be regarded as the most feasible
technique for obtaining large angular motion. Here, angular mo-
tion plays an important role in optical applications such as digital
switching [15], [16] and raster scanning [17], [18]. Recently, a
high aspect ratio micromachining process using electroplating,
deep reactive ion etch (DRIE), and inductively coupled plasma
(ICP) has been demonstrated to be important in further increas-
ing an even larger angular motion [19]. Si dry etching is carried
out from the top and bottom surfaces of the silicon-on-insulator
(SOI) wafer in constructing a vertical comb. However, these
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methods are difficult to implement, because they need com-
plex fabrication process, and may easily cause the problems of
misalignment and gap-expansion problems [20]-[22].

In this regard, a prestress comb drive actuator (PCA) that is
capable of achieving no pull-in, no hysteresis, and large vertical
displacement range characteristics is developed to overcome the
limitations of the actuation range of the aforementioned elec-
trostatic actuator and achieve out-plane degree of freedom [23].
In this paper, a micromirror device that consists of two PCAs
is proposed to achieve large rotation and vertical actuation. The
device is fabricated through commercial available PolyMUMPs.
This paper is organized as follows. First, we describe the design
and analysis of the PCA. Next, we present the design and fab-
rication of the micromirror. Finally, we report the measurement
results including static dc scanning characteristic and frequency
response.

II. ACTUATOR DESIGN AND ITS WORKING PRINCIPLE
A. Actuator Design

Surface micromachining provides a flexible mechanical and
electrical structure. Here, the working/motion space of vari-
ous actuators is limited in in-plane actuation or small out-plane
motion displacement [17]. Chen et al. used the stress-induced
bending of a composite cantilever beam to raise a vertical mir-
ror mounted in the free end [24]. A cantilever beam with a
length of 1500 um with a 300-pum vertical displacement is
developed [24]. Its driving mechanism is similar to that of a
parallel-plate electrostatic actuator that has the drawback of pull-
in, which limits its applications. The mechanical stability of the
actuator becomes crucial when it is applied to other MEMS de-
vices that require analog tuning. Rosa et al. proposed an external
electrode concept that contrasts with the conventional concept
and frequently employed a parallel-plate electrode scheme for
the electrostatic actuation of MEMS devices [25]. The exter-
nal electrode configuration allows the operation of electrostatic
actuators to be controlled over their entire range of motion by
preventing electrostatic pull-in instability. It is based on the ap-
plication of the fringe effect between the moving electrode and
the fixed external electrodes. Notably, the shape of the external
electrodes seems to be designed arbitrarily. However, the fringe
effect between the moving and fixed external electrodes is rel-
atively inefficient. Accordingly, the static characteristic criteria
in obtaining the actuating force of the electrostatic actuator are
severely limited. Akiyama et al. have demonstrated a comb-
shape electrostatic actuator for high-speed feedback motion,
with which they achieved almost 1-um stroke under 50-130
applied voltages when the initial height difference, due to the
residual stress, was 2 um [26].

1077-260X/$25.00 © 2007 IEEE
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Fig. 1. PCA at different driving states. (a) Initial state. (b) Bias voltage state.
(c) Critical bias voltage state.

In this regard, a PCA that could overcome the limitations of
the actuation range of the aforementioned electrostatic actuator
and achieve an out-plane degree of freedom was developed [23].
Fig. 1 schematically depicts a PCA with different driven states.
The PCA consists of an anchor, a composite beam, and a set
of comb fingers. These comb fingers, designed along the com-
posite beam and substrate, acted as the movable and fixed comb
fingers. Fig. 1(a) shows one end of the composite beam, which
is clamped to the anchor while the other end is elevated due
to the residual stress between the two deposited materials. No-
tably, the initial lift height of the PCA can be further enhanced
by increasing the residual stress of the composite beam using a
postheat treatment process [24]. When a voltage V' is applied
between the movable and fixed comb, the movable composite
beam could be pulled downward to the substrate by the electro-
static force induced by the fringe effect, as shown in Fig. 1(b).
The taper-like distances between each movable and fixed comb
are obtained from the free end to the fixed end based on the
curved-up shape of the composite beam. In the actuating mech-
anisms, the movable comb fingers that are closed to the anchor
provide the main actuation force. As the actuation progresses,
the retral movable comb fingers will be pulled down accordingly.
As the driving voltage is increased, the vertical displacement of
the free end of the PCA is increased. Notably, the electrostatic
force is constrained when the movable comb finger is closed to
the fixed comb finger, independent of the input driving voltage.
Therefore, the vertical electrostatic force approaches zero as the
movable comb finger reaches its equilibrium position. Fig. 1(c)
demonstrates that, when a critical bias voltage is applied be-
tween the movable and fixed comb, the PCA will land itself to
the substrate.

B. Modeling and Simulation

The PCA cantilever composite beam consists of two materi-
als A and B that possess tensile and compress residual stress,
respectively, as shown in Fig. 2(a). With the released and heat
treatment processes, the composite beam is assumed curving up
with lift height H, at the free end due to the induced stresses. In
the present derivations, the symbols a,,, P, Hpy, and L repre-
sent the distance related to the anchor, electrostatic force induced
by the comb finger 1 — n in kth and (k—1)th state, lift height of
the nth movable comb finger, and length of composite beam, re-
spectively. Here, one-movable and two-fixed comb fingers were
defined as a single pair of comb fingers for the purpose of sim-
ulating and extracting capacitance function during electrostatic

force calculation. A cross-section view of the PCA is shown in
Fig. 2(b), where L¢ is the engaged length between the movable
and fixed comb fingers.

1) Decomposition of Multiple Loads: In the mechanics of
material analysis, the deflection of a straight beam with constant
multiple loads can be calculated as follows [26]:

P, a2
Zon = GTCIIC(&J’” —x)
» , for0<z<a (1)
'
Zan = 3BT, (2a, — x)
Pna%
Zon = GBI Bz —ay)
, fora, <z<L )
) _ Pyal
Zan = 2E. 1.

where z is the position of the beam, z,,, is the shape of small
deflection of strength beam of position « from the nth load, 2/,
is the slope of shape of position x from the nth load, a,, is the
position of the nth load, P, is the electrostatic force induced
by the comb finger 1 — n in kth and (k—1)th state, E. is the
Young’s module of equivalent single material beam, and 1. is
the moment of inertia of equivalent single material beam. The
following section discusses the equivalent material parameters
and electrostatic force.

2) Moment of Inertia of Composite Beam: In order to accu-
rately calculate the moment of inertia of the designed beam, the
composite beam can be recast into a T-shaped single beam, as
shown in Fig. 3.

The material A with width b was replaced by material B with
width ab, where b is the width of the composite beam, « is the
proportional constant between the Young’s module of materials
A and B, h; is the distance between the top side of material
A and neutral axis of T-shaped beam, and hy is the distance
between the bottom side of material B and neutral axis of T-
shaped beam. The moment of inertia of T-shaped beam can be
expressed as [27]

1 4 ta 2
I. = EbtA-l—btA hi1 — —

2
1 ts\?
+ ﬁ(ab)t?jg +...+abtp <h2 - 2) (3)
where E.=FEp, OzZEB/EA,}h Z(tAAA+tBAB)/

(Aa+ Ap),ho =ta+1tp —hy, and Ay and Ap are the
cross-section areas of materials A and B, respectively.
3) Extraction of Electrostatic Force: In general, the electro-
static force of a comb drive can be expressed as [28]
1 dC _

Frg = 2NLC sz “)
where N is the number of comb fingers, Lo is the engaged
length of comb fingers, dC/d: is the gradient of capacitance of
comb fingers in z-motion direction, and V" is the applied dc
bias voltage. In a static state case, N, L¢, and V2 are constant,
and the dC/dz term, the electrostatic force index, is a function of
2 [29]. In order to extract the function accurately, an electromag-
netic simulation software AnSoft/Maxwell 2D was employed to
calculate the comb finger capacitance at different z-positions.
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Fig. 2. Schematic of the PCA. (a) XZ plane cross-section view. The circle indicates a single pair of comb finger. (b) YZ plane cross-section view.
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By using Matlab simulation software, a sixth-order curve fit- 0 0 P 10 5 20 2% 30 35
ting was used to extract the capacitance function C(z) and the 2(um)
electrostatic force index was obtained by the derivative of the
capacitance function. The electrostatic force can be rewritten as  Fig.4.  Capacitance versus displacement simulation of single-pair comb drive.

1
Fpn(2,V) = 5z\fLC(coz6 +C12° + Cyzt

+ 0323 + C422 + 0521 + CG)V2 (5

where Fg,(z, V) is the unit electrostatic function of the nth
single pair of comb drive in the PCA. Since each movable comb
finger has different position, the electrostatic force contributed
from each comb finger is experiencing taper-like behavior from
fixed end to free end. Consequently, P,, denotes the difference
of electrostatic force induced by the comb finger 1—n in kth
and (k — 1)th state that can be expressed as

Py = Fpn(2, Vi) — Fpn(2, Vi-1). (6)

Fig. 4 shows the simulation result of a single pair of comb
drive. The simulation data are calculated by AnSoft/Maxwell
2D, and fit very well by the sixth-order polynomial C'(z).

Table I presents the static analysis of the PCA with related
simulation parameters. The shape of the PCA is determined
by assuming the initial curvature of the composite beam. At a
given curvature, a PCA is obtained with an initial lift height of
110 pm. The material properties in the present simulation were
based on the reference from PolyMUMPs process [30].

Fig. 5 reveals the primary simulation results of the PCA
obtained by applying various voltages. Notably, the lift height
is represented by the tip height at the free end of the PCA. Fig. 5
clearly indicates that the typical pull-in behavior of parallel-

TABLE I
PARAMETERS OF PRIMARY SIMULATION

Symbol Value
L 540um
L. 40pm
n 34

a; ~a, 40~500pum
P 1450pum
b 40pum

Es 78 Mpa
Ep 160 Mpa
\Y 0-~200V
ta 0.5um
tg 1.5um
Co -1E-18
(o) -2E-16
C, - 6E-15
C; -1E-13
Cy -1E-12
Cs -3E-12
Ce 3E-11

plate electrostatic actuators was not observed in the present
design. Notably, in the early actuation stage, the electrostatic
force obtained from the elevated comb fingers overwhelms the
spring force exerted in the composite beam, creating a steep
gradient at certain applied voltages (80-120 V in the design
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Fig. 5. Steady-state simulation results of the PCA.

Substrate

Il Nitride [ Polyo [l Poly1 [T Poly2
B Au [] PsG1 BB PsG2

Fig. 8.  Cross-sectional view of PolyMUMPs process.
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Fig. 6. Schematic of the micromirror device.
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(b)
Fig. 7. FEM simulation results. (a) Rotation mode. (b) Piston (vertical actua-
tion) mode.

herein). However, when most of the movable comb fingers
made the contact with the substrate at applied voltages higher
than 120 V, the gradient variation becomes insignificant due to
the decreased of effective comb fingers, as depicted in Fig. 1.

III. MICROMIRROR DEVICE DESIGN AND FABRICATION

Fig. 6 depicts the micromirror device investigated in this pa-
per schematically. The device contains a micormirror, springs,
and a pair of PCAs. The two PCAs are connected to the mirror by
the springs in confronting positions. Upon releasing the PCAs,
the micromirror is elevated from the substrate. By actuating the
PCAs, the micromirror could achieve rotation and vertical actu-
ation. Fig. 7 shows the finite element method (FEM) simulation
results of the operation modes. As illustrated in Fig. 7(a), the
micromirror could achieve rotation motion by applying driving
voltage to one of the PCAs. By applying the same driving volt-
age to the pair of the PCAs, the micromirror could realize pure
vertical motion, as illustrated in Fig. 7(b).

The proposed micromirror device was fabricated using the
commercial available PolyMUMPs process [30]. This process

Fig. 9. SEM images of the fabricated micromirror device. (a) Micromirror
device. (b) Mirror and springs. (c) PCA.

consists of a nitride isolation layer, three polysilicon structural
layers (Poly0-2), two phosphosilicon glass sacrificial layers
(PSG1 and PSG2), and a gold metal layer (Au) for optical
reflection and electronic connection. After dicing process, hy-
droflouric (HF) acid is used to release the MEMS structures.
Fig. 8 depicts the cross-section view of the PolyMUMPs pro-
cess. In this paper, the postheat treatment is needed for the
released device. It could increase the residual stress of compos-
ite beam. To treat the device, it needs to be heated at 170°C
for 10 s to complete the postheat treatment. Fig. 9 shows the
scanning electron microscopy (SEM) images of the fabricated
device after release process and postheat process. The mirror
and spring are shown in Fig. 9(b), and the PCA is shown in
Fig. 9(c). Both PCAs consist of a 540 um x 40 pm composite
beam that is fixed to an anchor structure with 34 movable comb
fingers orthogonally mounted on the composite beam, and 35
fixed comb fingers are mounted on the surface of the nitride.
Here, the engaged length of the comb finger is designed to be 40
pm. The composite beam was accomplished by depositing a 0.5-
pm-thick Au film on the surface of the 1.5-um-thick polysilicon
(Poly2). Based on the tensile and compress residual stress of Au
and Poly2 layer, the composite beam is exhibited a curved-up
out-of-plane behavior. To prevent unneeded residual stress on
the movable comb fingers, Au film was not deposited on top of
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Fig. 11. Schematic of the measurement system.

the Poly2 layer of the movable comb fingers. The fixed comb fin-
gers were manufacture by stacking up Poly0, Poly1, and Poly2.
The diameter of the mirror is 200 ym. A metal layer (Au) was
deposited on the mirror to obtain high reflect efficiency. The
cross-section view of the PCA is illustrated in Fig. 10(a). In
order to minimize the curvature of the mirror surface, the mul-
tilayer structure design had been used. The PSG2 (0.75 pm)
was trapped between two polysilicon layers (Polyl and Poly2).
Fig. 10(b) shows the cross-section view of the mirror. After re-
lease process and postheat treatment, the micromirror is elevated
62 pm by the PCAs.

IV. EXPERIMENTAL RESULTS

In order to test the static rotation characteristic of the mi-
cromirror device, a measurement system is configured. Fig. 11
is the schematic of the measurement system. A laser beam is
generated by He—Ne laser and focused on the reflection mirror
by the focus lens. A position-sensitive detector (PSD) is set up
to detect the light spot of reflection beam. The PSD array has a
current output of the incident beam on the array, and the PSD
signal modulate board processes the current signal to the volt-
age signal. Fig. 12 shows the static rotation characteristics. The
dots are measured data while the solid lines are obtained by the
theoretical simulation discussed previously. The mirror could be
rotated from —6.5 ° to 4+-6.5 © in mechanical angle, resulting in a

Static rotation angle (optical angle)

Rotation angle (opitcal angle)

Driving voltage
Fig. 12. Static rotation angle of the fabricated micromirror versus driving
voltage.
Pure vertical displacement
G
=3
=
a
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L
2
5
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Applying voltage
Fig. 13.  Pure vertical displacement of the fabricated micromirror versus driv-
ing voltage.
TABLE II
MODE SHAPE OF THE MICROMIRROR
Mode Frequency (Hz) Motion Solid mode shape
First mode 2198.7 Pitch ] P,
Second mode  6520.4 Pitch - , -
Third mode 15780 Roll e ——— . L o
Fourthmode 30547 Pich 47~ g™ =
Fifth mode 35553

Yaw i . L

maximum optical scanning angle of 26 °. To measure the verti-
cal displacement of the micromirror, an optical interferometric
profiler (WYKO) was used. Fig. 13 shows the experimental and
simulated results. The vertical displacement decreases from 62
to 17 pm when driving voltage increases from 0 to 200 V; thus,
a maximum vertical displacement of 45 ym is observed.

From the experimental and simulation results, we have ob-
served that the tip of the free end will not make contact with the
substrate due to the fact that we have designed a 40-pm length of
the beam region without either movable or fixed comb fingers.

To fully understand the resonant characteristics of the PCA, a
FEM simulator, IntelliSuite, was used to calculate the resonant
frequencies and the corresponding mode shapes. Table II
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Fig. 14.  Frequency response of the fabricated micromirror.

presents the mode shape simulation results of the proposed
micromirror. If the third and fifth modes, corresponding to the
roll and yaw motion of the device, are excited, the device might
be damaged. In addition, a MEMS motion analysis (MMA) was
used to measure the frequency response of the device. Fig. 14
shows the measurement result of the frequency response with
20-V driving voltage. The resonant frequency is obtained from
the peak of the frequency response curve, and the resonant
frequency is 1.8 kHz. The differences between the measured
and the simulated values are mainly due to fabricated variation
and air damping.

V. CONCLUSION

In this paper, a micromirror with large rotation angle and ver-
tical displacement was investigated. The micromirror is actuated
by two PCAs, and the device was fabricated through commercial
available PolyMUMPs without additional fabrication process.
Experimental results indicated that the maximum optical scan-
ning angle and pure vertical displacement of the micromirror
are 26 and 45 pum, respectively. Potential applications of this
dual mode include optical scanners, optical switches, medical
imaging, optical phased arrays, and displays.
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