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Abstract

This paper reports the design of a novel twisting-type micromirror actuation system. The actuating mechanism for
driving the micromirror combines two paralleled bimorph actuators bending in opposite directions for rotational control
of the micromirror. Each actuator is structured by gold and silicon dioxide or nickel and silicon nitride thin films with
embedded polysilicon line heaters. With a size of only 15um in width, 1.3pum in thickness, and 100um in length, two
bimorph actuators can result in a vertical displacement of 25um at 10 volts dc with the span of 120um, and thus the
micromirror can rotate by angles over 20°, which is a significant improvement, compared to conventional tilting-type

MICroMmirrors.
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1. Introduction

Micromirrors have been demonstrated for a wide
variety of applications, such as optical display, optical
modulator, scanner, bio-chips, biomedical imaging,
laser beam steering, etc. [1]. Further promising appli-
cations for micromirrors can be found in the field of
optical switches. Advantages of using micromirrors
over conventional optical switches include their small
size, high speed, low power consumption, and the
potential for low cost through batch fabrication [2, 3].

Currently, numerous types of micro actuators are
commercially available and most of them are catego-
rized by driving mechanisms in four ways: electro-
static, electromagnetic, piezoelectric and thermal
expansion. In general, the tilting angles of micromir-
rors controlled by electrostatic or electromagnetic
actuation are small, and to achieve large angles, it is
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necessary to either apply a large voltage of over sev-
eral tens or to operate the devices in a resonant mode
[4-9]. On the other hand, piezoelectric and thermal
expansion actuators are known to produce large
forces and large displacements [10, 11]. Piezoelectric
materials, however, are not routinely supported in the
fabrication processes offered by commercial MEMS
foundries. Thermal actuators for micro system appli-
cations have been demonstrated as driving units of
micromirrors and they typically use Joule heating as
the power source, which generally works at lower
voltages than other micro actuation mechanisms.

This study deals with bimorph actuators, whose
mechanism is achieved by the difference of the ther-
mal expansion between two adjacent materials. Bi-
morph actuators based on the bimetal effect are pre-
ferred due to their large actuation range at low volt-
ages and simplicity in fabrication.

While micromirrors run by bimorph actuators, as
shown in the available literature [12-15], are able to
work fast at few kHz with low operation voltages,
their tilting angles are relatively small (about 10 de-
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grees). A recent design [16] demonstrates large tilting
angles using serial connection between actuators and
mirror but only in resonance modes. Although opera-
tion voltages could be lowered, their performance for
large actuation of current available micromirrors re-
mains to be improved. For that reason, we have inves-
tigated thermal actuators for large tilting angles and
devised a novel twisting-type actuation mechanism.
Here, we have analyzed bimorph actuators for rota-
tional control of the micromirror to optimize the de-
sign for a large deflection and thus a large controlla-
ble angle of a micromirror at low voltages.

2. Micromirror system
2.1 Design of micromirror systems

Fig. 1 schematically illustrates the micromirror sys-
tem with a newly designed mechanism. The system
consists of two micro actuators of 15um in width b
and 100um in length L, , a connection beam between
the end-tips of two actuators and the micromirror
plate is hanging at the center of the connection beam.
Each actuator consists of metal and silicon composite
thin-films with poly-silicon line heaters embedded.
Two actuators have the same shape and size, but their
structures are symmetric across the micromirror plane,
and thus they can bend oppositely from each other
when they are heated. Therefore, the actuation range
of the current system is increased twice as much as
that for a conventional system.

Since the mirror is placed at the center of the con-
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nection beam, it will rotate without any translational
movements.

2.2 Materials for micromirror systems

While common materials for mirrors are aluminum,
silver or mercury, they are not acceptable for mi-
cromirrors because aluminum and silver are readily
oxidized and mercury is difficult to coat. Furthermore,
aluminum and silver have low melting temperatures,
which imposes serious problems on the thermal ac-
tuation mechanism. Therefore, materials for mi-
cromirrors must satisfy quite tight design criteria,
such as stability at high temperatures, high yielding
stress, suitability for microfabrication, material com-
patibility, etc. In this respect, gold and nickel are
widely applied for micromirrors, since they are both
stable at high temperatures and melt at temperatures
over thousands of degree Celsius.

The bimorphic structure for thermal actuation of
micromirrors demands two different materials of
quite different thermal expansion properties. Here, the
material of high expansion rates such as metals can be
used for micromirrors as well as one component of
actuators. The material for another part of the bimor-
phic structure must have similar mechanical proper-
ties except for thermal expansion rates. Silicon diox-
ide is usually applied as the partner material of gold
and silicon nitride is as that of nickel. In this paper,
therefore, Au/SiO, and Ni/SiN; actuators are analyzed
and Table 1 shows the important properties of those
materials.

: Metal {Au or Ni)
Silicon Composite (Si0; or SiN,)
b [ roly-siticon Line Heater

h

Fig. 1. Micromirror system with two bimorph actuators: top and cross-sectional views and rotational-controlling stage of the

micromirror.
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2.3 Analysis for actuation system

A large bimorph actuation requires big differences
in thermal expansion coefficients between the two-
layered materials. Here, those for Au and Ni are much
larger than those of SiO, and SiN,, as compared in
Table 1. Difference in thermal expansion rate imposes
shear stress at the interface of two layers. Since the
distributed shear stress has the same effect on the
layer as a concentrated force does on the end of the
beam, the curvature of bimorph actuators can be de-
rived by the elastic theory. Eq. (1) derived by Chu et
al. [17] predicts the curvature of a bimorph actuator
when the material is isotropic and the bond between
two layers is sufficiently strong. Theoretically, Eq. (1)
is reliable, only when the layer thickness is much
smaller than the radius of curvature.

Lo par (1)
Y4
n=
6E|E2blb2h|hz (hl + hz)(az - al)
(Elbzhlz)2 + (Ezbzhzz)z + 2E1E2b1bzhlhz(2hl2 + 3hlhz + thz)

2)

where subscripts 1 and 2 designate the lower and
upper layers, and AT denotes the deviation from
the reference temperature.

Fig. 2 compares the radii of actuator curvature with
respect to the thickness ratio of the layers for unit
temperature increase and implies that both Au/SiO,
and Ni/SiN, actuators have the smallest radii of cur-
vature around 0.6. Here, 0.6 is used for the thickness
ratio, h,/h . The total thickness of each bimorph
actuator beam is assumed as 1.3um (0.5pm for metal
and 0.8um for silicon composite), which limits the
natural deformation of the bimorph actuator beam by
the total weight of the micromirror system less than
1% of'its length.

To estimate the bimorph-beam deflections, &, Eq.
(3) must be applied with Eq. (1),

d2§(x)

)

1
dx’ 0
Here, boundary conditions for Eq. (3) are given as,

5(0)=0 “4)

Table 1. Properties of materials used for the design micromir-
ror systems.

Ni  |SiO, [17,|SiN [17,
[21] 18] 18]
Elastic Modulus [GPa] 55 180 70 323

Poisson Ratio 0.42 0.31 0.17 0.23

Coefficient of Thermal
Expansion [107K™"]

Au[20]

142 133 35 30

Thermal Conductivity
[W/mK] 315 164 0.15 15
14x10° T T T
—a— Ni/SiN,
—— Au/SiO,
12x10° f
10x10° f -
£
=

8x10™

6x10"°

410"
0

hay/hy

Fig. 2. Radius of curvature for bimorph beams with respect to
thickness ratios of two layers.

D~ )
dx |,

To predict the deflection of the bimorph beam, it is
necessary to know temperature distributions along the
beam. To simplify the analysis, the actuator can be
assumed as a fin and one-dimension thermal analysis
can be applied, as given in Eq. (6)

2
df_HPT:_q_J_ﬂ (©)
dx~ Ak, k, Ak,
where the volumetric heat generation in the beam is
q, =V?/RL. . The boundary conditions for Eq. (6)
are given as

T -T(0
4T _(L-TO) %)
dx x=0 RT
dr
—KhAd— =H,A(T(L,)-T,) 8)
X x=L,
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Here, R, is the effective thermal resistance be-
tween the anchor and surroundings (substrate), mod-
eled as

R, =— ©)

sub

where d, is the gap distance between bimorph ac-
tuator and the substrate.

For macro-scale systems the convection heat trans-
fer coefficient in Eq. (6) is usually less than 100
W/m’K for calm air. However, in a micro-scale sys-
tem, pure natural convection is quite suppressed and
instead the conduction through the air gap between
the microstructures becomes dominant and the corre-
sponding heat transfer coefficient reaches over 10,000
W/m’K, which is extremely larger than those for
macro-scale systems [18-29]. By solving Eq. (6),
temperature distribution along to the beam is given as,

. o, 9,4
T(x)=Ce”* +Ce”™ +=—+T 10
(x)=C¢ ) ap Tl (10)
where
HP
= 11
Y K, (1D
C =

%[(Rr}% 1)H, 4 _(7+H,,~nA)e’VLh}
[(RTH )(y-H,A)e™ —(Ry- 1)(7+Hﬁnz4)e'”'}
(12)

C, =
‘ﬁ[ﬁ [(RT;/ ~V)H,A-(y-H, A)em]
(R )(r=HaA)e ~(Ry=1)r+ H,A)e™ ]

(13)

Using Egs. (1), (3), and (10), the deflection of the
bimorph beam can be calculated theoretically as fol-
lows:

' A
5(x) =lz[Cle“ + Cze’y‘J T
4 2HP (14)
—%[q -CJx —%[q +C,]

Schematically Fig. 1 illustrates how the micromir-
ror works. Bimorphic forces can be treated as concen-

Connection Beam -

Fig. 3. Deformations of bimorph actuation beams and a
connection beam for twisting-type micromirrors systems.

trated forces imposed on the end part of each actuator.
These forces make the actuation beams bend up and
down, respectively, and thus the connection beam
rotates with slight bending. The rotation of the mi-
cromirror, therefore, is the outcome of these two ef-
fects, as shown in Fig. 3: rotating and bending of the
connection beam.. The deflection and rotating angle
of the micromirror can be obtained from the load-
stiffness matrix for the micromitror system, given by,

K, K, 0 0 1|6, F,
1 -1 -L 0, 0
= 15)
LK, 0 0 -K, |86 0
0 LK -K, 0 |6 0
K, - SE{ - 3chc
Lb- LL
GJ, G.J,
Krb :Tf KT(‘ :i_L (16)
E[b =
(EBR) +(EbY +2EELb R 2K +31h +21) (17)
12(Eph +Ebyhy)
GJ, =%(Glhl +G,h, )b’ (18)
3ELO(L
Fb — b ( b) (19)

3
Lb

where F, is the equivalent concentrated force im-
posed on each actuator induced by the bimorph effect.
By solving Eq. (15), the angles and deflections can be
obtained as follows:

3ELS (L) (Kpy + 2K, )

b= . (20)
L} (KK + K Kpe + KK, )

3ELS(Ly) Ky

- - @1)
L3 (KyKpy + K Kpe + KK, )

5, =
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Fig. 4. Analytical results compared to simulation model for
temperature distributions of an Au/SiO; bimorph beam.
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Fig. 5. Analytical results compared to simulation model for
deflections of Au/SiO, bimorph beams.
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Fig. 6. Maximum rotation angles of micromirrors with re-
spect to input voltages.
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Fig. 7. Stresses of bimorph actuators of a micromirror system
with respect to input voltages.
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b b Th ™ Te b e
) 3ELS(L,)| LKy (K + LK, )] o
© LKp (KK + K Ky + KK, )
¢mirror = Hb + d§L
dx x=L,
(24)

_ 6ELS(L,) K, +9EL,6(L,) Ky,
21,5, (KyKpy + K Ky, + LK,K, )

Here, 9, and ¢, indicate the deflections and 6,
and 0. indicate the twisting angles of the bimorph
actuator and the connection beam, respectively. Fig. 3
illustrates the rotation angle of the micro mirror, ex-
pressed in Eq. (24). From Eq. (24), we can estimate
the length of the connection beam to maximize the
rotation angle, which results in 2 L, 120pm for this
simulation.

3. Simulation

In this paper, a commercial simulation package for
MEMS systems, Intellisuite [20], has been used and
the simulation results are compared to the results
from the analytic models given in Sec. 2. The simula-
tion uses the ideal structure of the bimorph beam with
line heaters embedded, as shown in Fig. 1, while the
analytical model omits the line heaters and assumes
uniform heating in layer 1.

Fig. 4 compares the temperature distributions along
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the Au/SiO, actuator beams obtained from the simu-
lation and the analytic model and implies that their
results are quite close to each other in spite of slightly
different structures. The temperature rises are quite
small for input voltages less than 2 volts and are suf-
ficiently large for that greater than 6 volts.

Fig. 5 compares the deflections of Au/SiO, bi-
morph beam with respect to input voltages. While the
deflections from the simulation and the analytic mod-
el are quite different for small input voltages where
actuation is very small, they are close to each other
for large voltages, which is practically important. This
slight deviation is due to discrepancy of the structures
of two models. While the analytical model is a pure
bimorph structure that has only Au and SiO, or Ni
and SiN; layers, the simulation model uses the em-
bedded poly-Si line heaters. Since poly-Si is stiffer
and expands more than SiO,, the embedded poly-Si
structure results in smaller bimorphic sensitivities.

Temperature and stress in a thermal bimorph beam
usually limit the operational range of the actuators.
Here, maximum operation temperatures of both
Au/SiO, and Ni/SiN, actuators at input voltages
around 10 volts are much lower than their melting
temperatures, as shown in Fig. 4. Yield stresses of
gold and nickel are about 250 MPa and 950 MPa [21-
22], respectively, while those of SiO, and SiN, are
over 1 GPa. Hence, the major design constraint pa-
rameter of the bimorph actuator is the yield stress of
the metal layer. Fig. 6 shows maximum stresses with
respect to the input voltages for Au/SiO, and Ni/SiN,
actuators, and Fig. 7 indicates the region of maximum
stress that is the inner corner region of the connection
beam. The maximum input voltages to cause yield are
about 9.5 volts for an Au/SiO, actuator while 11.5
volts for a Ni/SiN, actuator. Although nickel can bear
very high stresses, it has much higher elastic modulus
than gold does. Therefore, operational voltages are
limited by about 10 volts for both actuators. Fig. 7
shows the simulation result of the Au/SiO, actuation
system and the stress distribution. As the stresses are
confined in the corner region of the connection and
bimorph beams, design modification around the cor-
ner region is needed to decrease the stress and to in-
crease the operational range.

The deflection 6, and rotating angles ¢, of
Au/SiO, and Ni/SiN, actuator systems, depicted in
Fig. 3, are compared in Figs. 8 and 9, respectively.
Fig. 8 implies that combined effects from elastic
modulus, thermal expansion coefficient, and electric

Displacement ym - Stress MPa
4 [ EGH
4 94200
73801
-_—
53104
/ 32986
— 12580
13210 12295
1,308 98360
_—— 53802 T30
-1.5008 10181
| Y | I
| EIEE) . oo
(a) (b)

Fig. 8. Simulation results of an Au/SiO, micromirror system:
(a) operation stage of the micromirror and (b) stress distribu-
tion under input voltage of 10 volts.
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Fig. 9. Maximum deflections of bimorph actuators of a mi-
cromirror system with respect to input voltages.

and thermal resistance result in similar deflections of
the two different actuation systems (see Eq. (1)). Fig.
9, however, shows that the rotating angles for the
Au/SiO, actuator system are slightly greater than
those for the Ni/SiN, system and indicates that the
maximum operational angles can reach up to 20° for
Au/SiO, actuators and 18 ° for Ni/SiN, actuators
without yield. This is due to the fact that the bimorph
actuator is not only bent but also twisted, as pointed
out in Eq. (24) and shown in Fig. 7(a). Since one of
important factors governing the twisting angle, 6, , is
the stiffness ratio of connection and bimorph actuator
beams and this ratio for the Au/SiO, system is 0.017
while the Ni/SiN, system is 0.05, the Au/SiO, mi-
cromirror rotates greater than the Ni/SiN, micromir-
ror does.

4. Conclusions

A twisting-type bimorph actuation system is de-
signed and analyzed for efficient actuation of mi-
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cromirrors. Two bimorphic actuators structured by
metal and silicon composite thin films can bend op-
positely from each other upon heating, and the mi-
cromirror attached at the center region of the beam
connecting the actuators can rotate accordingly. The
bimorphic materials for the actuator beam are
Au/SiO, or Ni/SiN, pairs, which satisfy some particu-
lar design and fabrication criteria for micromirror
systems.

A simple analytic model based on the one-
dimensional heat transfer theory for fins and the elas-
tic theory is compared to the simulation results by
using Intellisuite, a commercial simulation package
for MEMS. Although the models of bimorphic struc-
tures are slightly different, the results from the ana-
lytic model and simulation are very close to each
other.

A simple optimization procedure can suggest that
the size of each bimorph actuation beam is 15um in
width, 1.3um in thickness (0.5pum for metal and
0.8um for silicon composite), 100um in length and
the length of the connection beam is 120um, which
can admit a micromirror smaller than 100um in width
and in length.

Since the temperatures of the bimorph beams are
much smaller than their melting temperatures for
input voltages under normal operations, the thermal
design criterion is not critical. Instead, the maximum
stresses greater than the yield points can limit the
actuation ranges and suggest that maximum input
voltages are 9 volts for Au/SiO, actuators and 11.5
volts for Ni/SiN, actuators.

The maximum operational angles can reach up to
20° for Au/SiO, actuators and 18° for Ni/SiN, actua-
tors without yield. The rotating angles for the Au/
SiO, actuator system are slightly greater than those
for the Ni/SiN, system, while the deflections are very
close to each other.

The simulation indicates that stresses are highly
confined to the region of inner corner between the
actuation and connection beams, which demands
further investigation for the relief of stress concentra-
tion. In addition, the dynamic characteristics of the
current actuation system remain to be explored in
future study.
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