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Abstract

Combining a new H-beam actuator, movement link structure, reflective micro-mirror, and arched buckle spring to demonstrate a new
compact latched 2× 2 optical switch device is first reported. This novel H-beam actuator can generate bi-directional static displacement and
bi-directional motion. Optical switch using this H-beam actuator is well functioned and exhibits good optical characteristics with industrial
level performance. The measured optical switching characteristics include switching time of 5 ms under a 25 V dc pulse, back reflection loss
o f 0.11 dB.
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f −52 dB, cross-talk of−60 dB, insertion loss of 0.8 dB, polarization-dependent loss of 0.03 dB, and wavelength-dependent loss o
2005 Elsevier B.V. All rights reserved.
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. Introduction

The electrothermal actuators have been known as their
arge displacement and high force output. Two well-studied
lectrothermal actuators are U-shaped actuator[1–4] and
-beam actuator[5,6]. Both actuators can provide one direc-

ional displacement in the static actuation operation. This
haracteristic is attributed by that static displacement gener-
ted from electrothermal actuators is formed by net volume
xpansion due to the thermal expansion difference distributed
ver the whole actuator structure. Since the net volume expan-
ion is always pointing to one direction. The large static
isplacement and large force output are normally required

n practical applications. In the case of optical switch, the
atch function is required in which it means there is no elec-
rical power needed to maintain device at either transmission
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itle: Characterization and Applications of Electrothermal H-Beam
ctuators.
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or switching state. Thus, the two-way motion and bi-st
actuation is demanded for optical switch application.
buckled-beam spring of the arch-shaped leaf spring ge
try driven by a bi-directional electrostatic comb actuator
been applied to the latched optical switch[7].

In our previous studies[8,9], we firstly reported the fea
sibility of cross-bar optical switch based on using a
directional movable reflective shutter driven by two se
rately located V-beam electrothermal actuators with opp
actuation directions, and using the buckle spring to bi-st
control the switch body. However, such designs lead to la
footprint of device, and they require two separately contro
actuator to perform the bi-directional strokes. To mak
more compact device, we introduced a latched optical sw
deploying a novel bi-directional movable H-beam actuat
drive reflective shutter via a link structure, and using bu
springs to perform the latch function.

2. Device configuration and fabrication
E-mail addresses: mems@apmsinc.com, chengkuolee@yahoo.com.tw
C. Lee).

The large displacement and force output are main concerns
to evaluate the performance of micro-actuators. Regarding
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Fig. 1. (a–d) The schematic drawing of a SOI wafer regarding to cross-
sectional view of H-beam optical switch device in the bulk micro-machining
process flow.

to the application-specific technical requirements of opti-
cal switch, the capabilities of bi-directional two-way motion,
i.e., bi-directional static displacement, and latch function are
the crucial items. Latch function has been realized by using
buckle springs[7–9], and by using micro-clampers[10].
Because the net thermal expansion normally contributes to
one directional volume deflection, i.e., the static displace-
ment, the electrothermal actuators like U-shaped actuator
and V-beam actuator only generate one directional static dis-
placement. Thus, the bi-directional two-way motion could
not be realized based on traditional electrothermal actuators
until now. Except the requirement of bi-directional static dis-
placement, large force output and large static displacement
are necessary for optical switch application. Unless adopting
high driving voltage and appropriate design of electrostatic
comb drive actuator[11,12], these technical requirements for
optical switch could not be fulfilled by using electrostatic
comb drive actuators.

We propose a new design of electrothermal actuator to
meet the above-mentioned requirements. An H-shaped sili-
con beam actuator, denoted as the H-beam actuator, is con-
structed from the silicon-on-insulator (SOI) substrate via
deep reactive ion etching (DRIE) bulk micro-machining pro-
cesses as shown inFig. 1. The silicon moving parts were
subsequently released from the substrates using buffered HF
solutions to remove the underneath SiOlayer of the SOI
w vice
w
p attern
b OI

wafers was then removed using PR stripper.Fig. 1c shows that
the SOI wafers were etched using deep reactive ion etch with
patterned SiO2 as an etching hard mask. The SOI wafers were
etched through the entire silicon device layer using the buried
oxide underneath as the etch stop. Finally, the silicon moving
parts were subsequently released from the substrates using
buffered HF solutions to remove the underneath SiO2 layer
of the SOI wafers (Fig. 1d). The SEM photos of the fabricated
H-beam driven optical switch devices are shown inFig. 2a–c,
where the H-beam actuator is located on right-hand side of
Fig. 2b. The dimension of this H-beam electrothermal actu-
ator is 3000�m in length and 10�m in width. Fig. 2b also
shows two buckle spring beams connected with the switch
body beam to keep the switch body being suspended. The
closed-up view of the movement link structure is shown in
Fig. 2c. The movement link structure provides a clamped
space to let the T-shaped arm of H-beam actuator can bidi-
rectional movable inside the clamped space.Fig. 2d depicts
the elements of the optical switch device driven by an H-beam
actuator. When the electrical load is applied on one side of H-
beam, this side beam becomes hot and deformed. In order to
generate a net volume elongation along with a designed direc-
tion of said deformed beam, each side of H-beam has been
designed to be a V-beam. Then, the deformed beam will pull
the other beam, where there is no bias applied, to be deflected
in the same direction. Once this un-biased beam is deformed
d will
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afers. First, photoresist (PR) mask patterns of the de
ere made on the SOI wafers (Fig. 1a). The SiO2 hard mask
atterns were defined as same as the shape of the PR p
y reactive ion etching (Fig. 1b). The PR on the processed S
s

ue to such pulling force, the whole actuator structure
enerate a net displacement in the direction along with
rched direction of the biased beam. The relative oper
teps are depicted inFig. 3a and b. Secondly, with respe
o the other operation alternative, i.e., the operation ste
hown inFig. 3c and d, we apply the electrical load on
ormer un-biased beam. Then, this side of beam turns
he hot beam to trigger the actuation and to pull the other
eam. As a result, the whole actuator structure will gen

he opposite directional displacement against to the pre
peration case. Therefore, the bi-directional static disp
ent or stroke provided by H-beam actuator is realized
In terms of the bi-stable optical switch functions, the tra

ission state (Fig. 3a and d) and switching state (Fig. 3b
nd c) of a 2× 2 optical switch using the H-beam actua
nd buckle springs are illustrated to demonstrate the o

ion of latched switching function. The ends of buckle sp
eams on both sides of device are anchored on subs
hese two buckle springs support switch body to be
ended on substrate. The buckle spring is considered
xially loaded deformed beam[14,15]. The force require

o move the buckle spring from its initial rest position to
econd bi-stable position is about two times larger than
orce needed to push the buckle spring from its secon
table position back to its initial rest position[9,15]. Without
necessary enough force or energy to help the buckle s

tself to overcome the energy barrier to be deformed tow
he opposite arched direction of its original arched sh
he buckle spring is stably maintained at its original arc
hape.
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Fig. 2. The illustration of the H-beam optical switch device: (a) the SEM photo of the device; (b) the SEM photo of different view angle for optical switch
as shown in (a); (c) the SEM photo of closed-up view of switch body, buckle springs and movement link structure of the H-beam optical switch; (d) device
drawing.

Fig. 3. Schematic drawings of H-beam driven optical switch in transmission states of (a and d), and in the switching states of (b and c). The reflective mirror
connected with switch body is bi-stably staying at transmission and switching positions in which this behavior is controlled by the buckle springs and driven
by bi-directional movable the H-beam electrothermal actuator.
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When the electrical load is applied to H-beam actuator,
where the arched direction of the biased beam is the same
as the reflective shutter forward moving direction, this side
beam structure will push the shutter and switch body beam
forward moving from initial stable position (Fig. 3a) to the
other stable position (Fig. 3b), thus the device will change
its status from transmission state (Fig. 3a) to reflection state
(switching state, i.e.,Fig. 3b). The device can be changed
from the second stable position (Fig. 3b or c) back to its
initial stable position (Fig. 3d or a) by applying electrical
load on opposite side of H-beam to pull back the switch body
via movement link structure. The buckle springs can help
the switch device to be maintained at either state without
electrical power consumption. The on–off switching function
is performed in this way.

3. Measured results and device characteristics

The maximum static displacement of H-beam is simulated
by using finite element modeling (FEM). The static displace-
ment generated by H-beam has to be larger than the distance
between two bi-stable positions of optical switch. In other
words, this distance has also to be larger than the diameter
of optical light beam to let light signals being fully transmit-
ted or reflected by the reflective micro-shutter. Moreover, the
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Fig. 4. (a) Simulated maximum displacement vs. tilted angle for an H-beam
and (b) simulated maximum force output vs. tilted angle for an H-beam.

using H-beam actuator and buckle springs of aforementioned
dimensions can achieve the optical switching features prop-
erly.

The measurement setup is illustrated inFig. 5a. We placed
four lens fibers onto the DRIE derived silicon trenches. We
provided the optical signal of 1550 nm wavelength from one
input port, and measured the optical signal from one of two
output ports. The received optical power is converted into
electrical voltage signal via an O–E converter, and the sig-
nals are recorded by an oscilloscope. The CCD images of
optical switch device with four aligned lens fibers are shown
in Fig. 5b. The operation of switch from transmission state
to switching state is demonstrated by using closed-up views
taken by CCD which are shown inFig. 6. Fig. 6a shows
the denotation of elements of the device, and the device is
remained at its first stable state without electrical biasing. At
the beginning, we applied a dc pulse of 25 V on the left side
beam of H-beam actuator of said device. This left side beam
became hot and deformed so as to push the buckle springs
moving from its first stable position as shown inFig. 6a to
second stable position as shown inFig. 6b. Comparing the
positions of buckle springs inFig. 6a and b, we can clearly
identify the deformed curve shape of buckle springs is oppo-
site to each other. These positions are referred to the bi-stable
positions for latch function of bi-stable buckle springs. There-
after, we applied a dc pulse of 25 V on the right side beam of
orce generated by actuator has to be larger enough to
nd move the buckle springs. Firstly,Fig. 4a shows the simu

ated data of maximum displacement of an H-beam act
ith 3000�m length depending on various tilted angles
eam widths. According to different beam widths, the opt

ilted angle is located in between 0.2◦ and 0.6◦. We can deriv
aximum displacements in the range of 80–150�m for beam
idth reducing from 12 to 6�m, respectively. Secondly, w
eed to consider the spring force output of deformed H-b
ue to external applied electrical load.Fig. 4b shows the sim
lated curves of force output versus various combinatio

ilted angles and actuator beam widths for H-beam actu
nder 30 V dc electrical load. It illustrates that the thin
eam width is, the smaller force out will be. Because

hinner beam requires less electrical power to drive itsel
et static displacement, while the wider beam consumes
lectrical power to generate the same set static displace
he spring restoring energy regarding to the thinner bea
determined static displacement will be less than the en
f the wider beam. Therefore, the output force of the t
er beam at a said static displacement is smaller accord
he H-beam actuator of 3000�m beam length, 10�m beam
idth, and 0.6◦ tilted angle is selected as the device of mo
te design for practical characterization, since it can pro
aximum displacement and maximum force output aro
00�m and 1000�N, respectively. Referring to former da
iscussed in previous study[9,16,17], the force required t
ove the buckle spring is less than 500�N for buckle spring
ith beam width and length of less than 3�m and large

han 1250�m, respectively. Thus, we consider optical sw
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Fig. 5. (a) The experimental setup of optical switching characteristics measurement and (b) the CCD image of arranged and aligned optical switch device using
an H-beam actuator under its transmission state (left side) and switching state (right side).

Fig. 6. (a–f) Captured motion images regarding to the switching mechanism during operation of latched optical switch.
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Fig. 7. Switching speed of made optical switch devices between two bi-
stable positions under different driving conditions.

H-beam actuator of said device. This left side beam became
hot and deformed toward right-hand side. This left side hot
beam could drive the whole H-beam structure deformed and
generated a displacement as shown inFig. 6c. Meanwhile,
the T-shaped arm of H-beam actuator is moved from left side
to right side within the clamped space of the movement link
structure, as comparingFig. 6c and b. The left and right side
positions of T-shaped arm are denoted by the dotted white
arrow mark. When we maintained the applied voltage, the
T-shaped arm started to push the right side of the move-
ment link structure to trigger the buckle spring switching
step as shown inFig. 6d, while the arched shape of buckle
spring is changed after the switching step as shown inFig. 6e.
This switching action fromFig. 6d and e is governed by the
buckle spring itself instead of H-beam actuator. The position
of buckle springs has been moved from first stable position
to second stable position. The reference dot line shown in
Fig. 6d and e is used to illustrate the distance between two
stable positions of buckle spring. After switching step, we
removed the applied voltage from right side beam of H-beam.
The H-beam actuator remained at its un-bias state as shown in
Fig. 6f. In other words,Fig. 6f presents the rest state of switch
device as same as the state ofFig. 6a in which it means its first
stable position without applying electrical to keep its status.
It shows the feasibility of combining the H-beam actuator,
buckle beam spring and movement link structure to achieve
b

r-
w ad,
w the
t ., the
s ard
m tion.
T 1 ms
c ., the
c g of
b for-
w in

energy regarding to spring deformation of backward moving
of buckle spring is smaller than the one with respect to for-
ward moving. Under the same and constant input electrical
power to H-beam actuator, the generated static displacement
of H-beam is time-dependent result. In the backward moving
action, the H-beam actuator only needs time less than 1 ms
to produce enough displacement to push the switch body and
buckle springs to move to the position where the correspond-
ing strain energy of buckle spring is over its critical energy
barrier. Thereafter, the buckle springs will drive switch body
to move further till buckle springs reach the initial stable posi-
tion, i.e., the energy-wise stable position regarding to spring
beam shape. In contrast to forward moving switching case,
i.e., a time period which is slightly less than 5 ms, H-beam
actuator requires longer time to generate larger displacement
to move switch body and buckle springs from their initial rest
position to second stable position. The longer actuation time
means larger displacement and higher strain energy, because
the critical strain energy of forward movement of buckle
spring is higher than the one of backward moving. Besides,
the other measured typical optical characteristics include that
back reflection loss of−52 dB, cross-talk of−60 dB, inser-
tion loss of 0.8 dB, polarization-dependent loss of 0.03 dB,
and wavelength-dependent loss of 0.11 dB.
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ard moving is 5 ms under a 25 V electrical pulse lo
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. Conclusions

Combining a new H-beam actuator, movement link st
ure, reflective micro-mirror, and arched buckle spring
emonstrate a new compact latched 2× 2 optical switch
evice is first reported and characterized in this article.
ovel H-beam actuator provides bi-directional static
lacement and bi-directional motion. This H-beam actu

s well functioned and exhibits good characteristics. Thi
eam actuator can avoid the influence from rotational tor
uring its bi-directional dynamic and static movement

o its symmetric structural design. This 2× 2 optical switch
evice driven by H-beam actuator can be operated with

han 5 ms switching time and under a 25 V dc electrical l
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