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Study of a 2× 2 MOEMS optical switch with electrostatic actuating
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Abstract

Based on the torsion dynamic theory, the method and relative formulae are presented for analyzing the actuating voltage and the switching
time, on which the effect of the air squeeze film damping is already considered, for a 2× 2 MOEMS optical switch with electrostatic actuating.
The computed results show that the switching time will increase markedly under considering the air damping. Furthermore, an optical technique
is described for the measurement of the actuating voltage and switching time of the device. Theoretical and experimental results obtained
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emonstrate the feasibility of the proposed method. The actuating voltage is about 50 V, and the switching timeToff andTon are about 4.8 an
2.5 ms, respectively.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Many optical components including modulator, wave-
ength-division multiplexer and optical switch are required
ith the rapid development of optical networks. Recently,
any research groups have a great deal of interest in the
esign and fabrication of compact and lightweight optome-
hanical switches. Optical switches in micro-opto-electro-
echanical systems (MOEMS)[1–3]have many applications
ecause of their excellent features, such as low insertion loss
nd crosstalk, wavelength independence and bit-rate trans-
arency[4–6]. Currently, various types of micromechanical
witches have been reported in this field[7,8]. Electrostatic
ctuating is one of the necessary techniques in the fabrication
f all kinds of optical switches.

Because of the limit of the dimension of the MOEMS de-
ice, the air squeeze film damping is an important factor for
ost transducers and actuators, such as micromachined mi-

rophones, micro-accelerometers, vibratory gyroscopes and

∗ Corresponding author. Tel.: +86 431 5168240; fax: +86 431 5168270.

micro-optical switches, so the effect of the squeeze
damping on the dynamics of microstructures has been
ied [9–11]. Zhang et al.[12] analyzed static characterist
of electrostatic actuating for a torsional micromirror, and
et al. [13,14] described the dynamic response using m
superposition approach. However, the effect of the air squ
film damping on the devices is not considered in the a
reports.

In this paper, a 2× 2 MOEMS optical switch with electro
static actuating is presented. Based on the torsion dyn
theory, the method and relative formulae are given for an
ing the actuating voltage and the switching time, on which
effect of the air squeeze film damping is already conside
Furthermore, an optical technique using a linear array C
is proposed for the measurement of the actuating voltag
the switching time.

2. Structure and performance of the device

The schematic diagram of a 2× 2 switch is illustrated

E-mail address:dongmingsun@email.jlu.edu.cn (W.-Y. Chen). in Fig. 1, which consists of a micromirror on the cantilever
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Fig. 1. Sketch diagrams of a 2× 2 optical switch: (a) reflection state; (b) transmission state.

beam and a lower electrode (i.e. substrate). The micromirror
is located in the center of four single-mode fiber collimators
placed across. The voltage is applied between the polysilicon
cantilever beam and the lower electrode. This voltage creates
an electrostatic force that causes a bending angle of the can-
tilever beam tip. Then the micromirror on the cantilever beam
is shifted from the reflection state (Fig. 1a) to the transmis-
sion state (Fig. 1b). Consequently, the light from the input
waveguide can transmit into the different output waveguides.
An air squeeze film is between the cantilever beam and the
lower electrode. We defineToff as the switching time for con-
version of the reflection state into the transmission state, and
Ton is that for the conversion of the transmission state into
the reflection state. The values of some structural parameters
are listed inTable 1.

Table 1
Structural parameters of the optical switch

Parameters Value (unit)

Length of the torsion beam (L) (�m) 700
Width of the torsion beam (b) (�m) 12
Length of the cantilever beam (L1) (�m) 1900
Width of the cantilever beam (w) (�m) 1000
Thickness of the upper electrode (t) (�m) 10
Length of the balance beam (LP) (�m) 300
Distance between the upper and lower electrodes (H) (�m) 55

3. Theory of torsion dynamics

3.1. Description of the torque on the cantilever beam

3.1.1. Electrostatic torque
When an actuating voltageV is applied between the can-

tilever beam and the substrate, an electrostatic forceF would
occur, of which the expression is as follows[15]:

F = ∂E

∂h
= −ε0sV

2

2h2
(1)

where E is the electric field intensity,ε0 the dielectric
constant in free space, of which the value is taken to be
8.85× 10−12 F/M,h the spacing between the upper and lower
electrodes, ands the area of the electrode.

The formula of the electrostatic torqueME can be derived
as

ME = ε0

2
V 2w

∫ L1

0

x

(H/sin θ − x)2θ2
dx

= ε0V
2w

2θ2

(
ln
H − L1 sin θ

H
+ L1 sin θ

H − L1 sin θ

)
(2)

whereθ is the torsion angle of the cantilever beam.
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3.1.2. Restoring torque
The restoring torqueMT of the torsion beam can be ex-

pressed as a function of the torsion angleθ [16]:

MT = 2 × Gtb3θ

3L

[
1 − 192

π5

b

t
· tanh

(πt
2b

)]
(3)

whereG is the shear modulus of polysilicon, of which the
value is taken to be 7.3× 104 MPa[16].

3.1.3. Gravity torque
The cantilever beam would result in a little torsional dis-

placement by the gravity torque, and the balance beam can
reduce this displacement. The gravity torque of the cantilever
beamMG and that of the balance beamMB are given by, re-
spectively

MG =
∫ L1

0
ρtwgx cosθ dx = ρtwg cosθL2

1

2
(4)

MB =
∫ LP

0
ρtwgx cosθ dx = ρtwg cosθL2

P

2
(5)

whereρ is the density of polysilicon, andg the acceleration
of gravity.

3.1.4. Squeeze film damping torque
The damping is mainly from a small air gap between the
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where Cω is the air squeeze film damping torque,I =
ρL3

1wt/3 the moment of inertia of the rigid body. The values
of Toff , Ton, β andω can be solved numerically from Eqs.(8)
and(9) (Appendix B). Thus the movement of the cantilever
beam is described for every time.

3.3. Calculated results and discussion

Fig. 2 shows the relations between the angular speedω

and the offset of the cantilever beam tip under different actu-
ating voltages. We can see thatω increases with an increase
in V. For a certain voltage within 40–55 V, as the offset of
the cantilever beam tip increases, firstω increases rapidly,
then decreases gradually, and then increases in the second
half process of the movement. From the variable tendency
of ω, we can conclude that the movement of the cantilever
beam is a “destroying balance” but “keeping balance” pro-
cess. When the actuating voltage is 35 V, the movement of the
cantilever beam is a “keeping balance” process. At the point
B of the curve, the offset of the cantilever beam tip is about
20�m, and the value ofω is zero. This indicates that when
the actuating voltage is less than 35 V, the cantilever beam
moves down incompletely, and stops at the certain location.
The cantilever beam keeps balance at this point under the
actions of the electrostatic torque, the restoring torque, the
g hen
t f the
c se of
t ilever
b t A,
a beam
t tical
s ore
t the
s use
o ltage.

F er
b

antilever beam and the substrate. The squeeze film dam
orque comes from the pressure distribution on the canti
eam surface. The damping of the air squeeze film ca
nalyzed by using the following Reynolds’ equation[17]:

∂

∂x

(
h3∂P

∂x

)
+ ∂

∂y

(
h3∂P

∂y

)
= 12η

∂h

∂t
(6)

hereP is the damping pressure caused by the dam
f the air squeeze-film, andη the viscosity coefficient o
ir at room temperature, of which the value is taken to
.79× 10−5 Pa s[17]. By solving Eq.(6), we can obtai

he expression of the squeeze film damping coefficientC as
Appendix A):

= 2wη

(2H − L1θ)θ5

×
[
L1θ(L2

1θ
2 − 24H2 + 6HL1θ)

+ 6H2(4H − 3L1θ)ln
H

H − L1θ

]
(7)

.2. Dynamic analysis

According to the dynamic equation of the rigid body[18],
e can obtain the following equations ofToff andTon, which
an determine the values of the angular accelerationβ and
ngular speedω, as

E + MG − MT − MB = Iβ + Cω (8)

T + MB − MG = Iβ + Cω (9)
ravity torque and the squeeze film damping torque. W
he actuating voltage is more than 40 V, the movement o
antilever beam is a “destroying balance” process. Becau
he marked increase of the electrostatic torque, the cant
eam would continuously move beyond the lowest poin
nd would snap down and then stop when the cantilever

ip touches the lower electrode. This means that the op
witch becomes operational if the actuating voltage is m
han 40 V. But different voltages have different effects on
witching time. The switching time would be shorter beca
f the larger angular speed under the larger actuating vo

ig. 2. Relations between the angular speedω and the offset of the cantilev
eam tip.
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Fig. 3. Effect of the air squeeze film damping on the switching timeToff .

The location denoted by symbol� shows the initial offset of
the cantilever beam tip caused by the gravity torque of the
cantilever beamMG.

The effects of the air squeeze film damping onToff and
Ton are illustrated inFigs. 3 and 4, respectively, where the
actuating voltage is taken to be 50 V.Toff or Ton is larger
greatly when the air squeeze film damping is considered. In
Fig. 3 we can see thatToff is very different, which is about
0.7 and 6.5 ms for the case of without and with consideration
of the air squeeze film damping, respectively. Furthermore,
the curve tendency shows that the angular speedω is not zero
because the slope of curve is not zero at the end of move-
ment process. InFig. 4we can see thatTon is about 0.5 and
15 ms for the case of without and with consideration of the air
squeeze film damping, respectively. At the end of movement
process, the angular speedω is approximately equal to zero
with consideration of the air squeeze film damping, that is,
the cantilever beam would stop at the end of the movement
process. This is in good agreement with the actual process.
We can conclude from above discussion that the effect of the

Fig. 5. Diagram showing the monolithic silicon piece, including the V-
grooves for optical fibers, the torsion beam, the micromirror and its sup-
porting cantilever beam.

air squeeze film damping onTon is more obvious than that on
Toff .

4. Fabrication process

In terms of these optimized structural parameters, this kind
of MOEMS optical switch has been fabricated by the pro-
cesses as follows: (1) LPCVD of silicon nitride (140 nm) on
the (1 1 0) silicon wafers as a mask layer for anisotropic etch-
ing. (2) Silicon nitride is etched by RIE using the mixture of
gases CF4 and O2, and the mask of the micromirror and the
fiber grooves is obtained. (3) The sample is etched in pure
aqueous KOH solution with the concentration of 50 wt.% at
75◦C, then the micromirror and the fiber grooves are formed,
at the same time, the thickness of the torsion beams is ensured.
(4) The torsion beams and the upper electrode are formed by
RIE using the mixture of gases SF6 and Ar. (5) Al (40 nm)
is evaporated on the micromirror. (6) After the metal and the
insulation layers of the upper and the lower electrodes are
fabricated, the upper and the lower electrode substrates are
fixed on the edge. The diagram of the whole silicon part is
shown inFig. 5

5

5

f nses
a ering
m ctly
o D of
2 en-
Fig. 4. Effect of the air squeeze film damping on the switching timeTon.
. Measurement method

.1. Description of the experiment

The experimental set-up is shown inFig. 6. The light beam
rom a 5 mW He–Ne laser is focused by some objective le
nd weakened by an attenuator, reflected by both the ste
irror and the cantilever beam in turn, and projected dire
nto a CCD camera. The camera is a linear array CC
048 sensors with integral time of 5–300 ms. The dim
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Fig. 6. Sketch map of the experiment equipment.

sion of every sensor is 11�m× 13�m, and the distance of
adjacent sensors is 13�m. In order to determine the position
of the apparatuses accurately, the optical switch and other
equipment are mounted on a three-axis translation stage. The
laser beam is directed onto the area on the cantilever beam by
careful adjustment of the translation stage. The image cap-
tured on the CCD sensors is input into a computer for further
processing. By measuring the movement of the laser beam
on the screen, the torsion angle of the cantilever beam can be
measured.

5.2. Theory analysis

The geometric structural diagram of the beam route is
shown inFig. 7, whereθ1 is the initial torsion angle resulted

from the gravity torque, and other parameters are already
denoted in the figure. From the geometric relation inFig. 7,
we obtain the equation as follows:

ψ = 2ϕ − 1
2π (10)

ψ + θ1 = 1
2π − (γ1 + θ1) (11)

whereψ is the angle between the vertical and the incident
light beam,ϕ is that between the vertical and the steering
mirror, andγ1 is that between the horizontal and the reflected
light beam. The distances ofH1, H2, �H1 can be expressed
as, respectively

H1 = −L1 tan(2θ1 + 2ϕ) (12)

H2 = −L2 tan(2θ + 2ϕ) (13)

ctural d
Fig. 7. Geometric stru
 iagram of the beam route.
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�H1 = L0
sin(θ − θ1) sin(2ϕ)

sin(2ϕ + θ)
(14)

whereL0 is the distance between the incident point and the
CCD. Finally the distance of�H can be derived as

�H =
(
L1 + L0

sin(θ − θ1) sin(2ϕ)

sin(2ϕ + θ)
cot(2ϕ)

)

× tan(2θ + 2ϕ) − L1 tan(2θ1 + 2ϕ)

+L0
sin(θ − θ1) sin(2ϕ)

sin(2ϕ + θ)
(15)

Eq.(15) is an implicit function of the torsion angleθ as well
as other measurable parameters.

5.3. Results and discussion

The relations betweenθ and other measurable parameters
are discussed by solving Eq.(15). Fig. 8shows the relations
between the anglesϕ, θ and the distance�H. We can see
that�H increases rapidly with an increase inθ for a suffi-
cient small value ofϕ, for exampleϕ = 60◦. The measurement
method is an “amplification measurement” process, and we
should carry on optimization of the values of parametersϕ,
L0 andL1 reasonably.

e
7 l of
t
o
o ) to
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v
w
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t ing
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Fig. 9. Drawings of the CCD optical signal (a) without and (b) with the
actuating voltage.

two possible reasons lead to most of the deviation besides the
observation error. The first is the distance between the can-
tilever beam and lower electrode. In the assembly process of
electrodes, the distance may be increased by the infiltration

Fig. 10. Drawings of the switching time: (a)Toff ; (b) Ton.
In the actual experimental,ϕ, L0 andL1 are taken to b
5◦, 1500�m and 15 cm, respectively. The optical signa

he 2048 sensors on CCD is illustrated inFig. 9. We can
btain the value of the distance�H from Fig. 9(a) (with-
ut actuating voltage) and (b) (with actuating voltage
e�H= (1386− 446)× 13�m = 1.222 cm. Substituting th
alues of�H and other measurable parameters into Eq.(15),
e can calculate the value of the torsion angleθ to be 1.79◦.
he torsion angleθ is sin−1(55/1900) = 1.66◦, so the devia

ion between them is about 7%. We think that the follow

ig. 8. Relations between the angle of reflectorϕ, the torsion angle of ca
ilever beamθ and the distance of the points of incidence on CCD�H.
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of the gluewater. The second is the deformation of the can-
tilever beam. When the cantilever beam moves to the lower
electrode by the electrostatic force, the cantilever beam may
have a deformation by the collision, and the virtual torsion
angle would be increased. Therefore, the real torsion angle
should be larger than that of the theoretical analysis.

The drawings of the switching time are illustrated in
Fig. 10. When the actuating voltage is applied, the cantilever
beam moves down, and the location of the optical signal on
CCD is changed. We can measure the switching time from
the drawings.Fig. 10(a) shows that the switching timeToff
is 4.8 ms, which is less than the theoretical result (6.5 ms).
Fig. 10(b) shows that the switching timeTon is 12.5 ms, which
is also less than the theoretical result (15 ms). There are many
possible reasons lead to the deviation, but the tendency of the
measured results is similar to that of the theoretical results.

6. Conclusion

We have demonstrated a 2× 2 MOEMS fiber-optical
switch with the torsion beam on silicon. The switch is ac-
tuated electrostatically and self-assembled. Based on the
torsion dynamics theory, the method and relative formulae
are presented, and the calculated results are discussed. The
s film
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The spacingh is expressed as

h = H − xθ (A.2)

Substituting Eqs.(A.1) and(A.2) into Eq.(6), we obtain the
equation as follows:

∂2P

∂x2
+ 3θ

xθ − H

∂P

∂x
− 12η

(H − xθ)3
dh

dt
= 0 (A.3)

Based on the following boundary conditionsx= 0,P= 0 and
x=L1,P= 0, the damping pressureP can be solved from Eq.
(A.3) as

P = 12ηx(x − L1)

(2H − L1θ)(H − xθ)2
dh

dt
(A.4)

The formula of the squeeze film damping torqueMD can be
derived as

MD =
∫ L1

0

12ηx(x − L1)

(2H − L1θ)(H − xθ)2
dh

dt
· x · wdx (A.5)

From Eq.(A.2) we have dh/dt = −θ̇x, and then substituting
it into Eq.(A.5), we finally obtain Eq.(7).

Appendix B
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witching time is increased greatly when the air squeeze
amping is considered. Therefore, we can draw a conclu

hat the air squeeze film damping is an important factor in
tudy of MOEMS devices. Then an optical method has
roposed for the measurement of the actuating voltage
witching time. The light beams can be captured to fur
nalyze by using a linear array CCD and other optical eq
ents. The presented set-up and procedures are simpl
ore feasible compared some other techniques.
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ppendix A

Because the cantilever beam turns round the torsion
y-axis), the distribution of the air pressureP is accordant in
he direction of they-axis, given by

∂P

∂y
= 0 (A.1)
d

The solution of Eq.(9) is similar to that of Eq.(8), so we
nly present the solution of Eq.(8) as follows. If we defin
(θ) = ME + MG − MT − MB, Eq.(8) can be written as

(θ) = Iβ + Cω (B.1)

e divide the switching timeT into n increments, each
hem is�T=T/n. Denote torsion angle asθi at theith point,
henωi andβi can be written as

i = ·
θi = θi+1 − θi−1

2�T
(B.2)

i = ··
θi = θi+1 − 2θi + θi−1

�T 2
(B.3)

ubstituting Eqs.(B.2)and(B.3)into Eq.(B.1), we can obtai
he iterative formula as follows:

i+1 = [2Iθi + ((C(θi)�T/2) − I)θi−1 + M(θi)�T 2]

I + (C(θi)�T/2)
(B.4)

hereC(θi) andM(θi) are functions ofθ. By using the initia
onditionsθ0 = 0 and setting the value of�T, thenθi can
e calculated from Eq.(8). According to Eq.(B.4), we can
btain the value ofθ for every time step. The values ofToff ,
on, β andω can be calculated by the iterative process.
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