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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 5ms under a 25V dc pulse, back reflection loss
of —52 dB, cross-talk of-60 dB, insertion loss of 0.8 dB, polarization-dependent loss of 0.03 dB, and wavelength-dependent loss of 0.11 dB.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction or switching state. Thus, the two-way motion and bi-stable
actuation is demanded for optical switch application. The
The electrothermal actuators have been known as theirbuckled-beam spring of the arch-shaped leaf spring geome-
large displacement and high force output. Two well-studied try driven by a bi-directional electrostatic comb actuator has
electrothermal actuators are U-shaped actufited] and been applied to the latched optical swi{@h.
V-beam actuatdj5,6]. Both actuators can provide one direc- In our previous studief8,9], we firstly reported the fea-
tional displacement in the static actuation operation. This sibility of cross-bar optical switch based on using a bi-
characteristic is attributed by that static displacement gener-directional movable reflective shutter driven by two sepa-
ated from electrothermal actuators is formed by net volume rately located V-beam electrothermal actuators with opposite
expansion due to the thermal expansion difference distributedactuation directions, and using the buckle spring to bi-stably
overthe whole actuator structure. Since the net volume expan-control the switch body. However, such designs lead to larger
sion is always pointing to one direction. The large static footprint of device, and they require two separately controlled
displacement and large force output are normally required actuator to perform the bi-directional strokes. To make a
in practical applications. In the case of optical switch, the more compact device, we introduced a latched optical switch
latch function is required in which it means there is no elec- deploying a novel bi-directional movable H-beam actuator to
trical power needed to maintain device at either transmissiondrive reflective shutter via a link structure, and using buckle
springs to perform the latch function.

* Poster Session 2, Tuesday, 14 September 2004. Original poster paper
title: Characterization and Applications of Electrothermal H-Beam 2. Device configuration and fabrication

Actuators.
* Corresponding author. Tel.: +886 3 6661188x1403; fax: +886 3 661199. . .
E-mail addresses: mems@apmsinc.com, chengkuolee@yahoo.com.tw The large displacementand force output are main concerns

(C. Lee). to evaluate the performance of micro-actuators. Regarding
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wafers was then removed using PR strippég. 1c shows that

the SOl wafers were etched using deep reactive ion etch with
patterned Si@as an etching hard mask. The SOl wafers were
etched through the entire silicon device layer using the buried
oxide underneath as the etch stop. Finally, the silicon moving
(b) $i02 Patterning parts were subsequently released from the substrates using
buffered HF solutions to remove the underneath,S&yer
ofthe SOl wafersKig. 1d). The SEM photos of the fabricated
H-beam driven optical switch devices are showRiigp. 2a—c,
where the H-beam actuator is located on right-hand side of
Fig. 2b. The dimension of this H-beam electrothermal actu-
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S\\)\\\\\\\ ANN \\\\\\\\\\\\\\\\\\\{S‘EEE‘H ™~ ator is 300Qum in length and 1@.m in width. Fig. 2b also
AR R R RO, 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
(d) HF Wet Etching Fig. 2c. The movement link structure provides a clamped
B e ) han space to let the T-shaped arm of H-beam actuator can bidi-
AN ARRRR AR AR R RR R RR R RN rectional movable inside the clamped spdeig. 2d depicts

the elements of the optical switch device driven by an H-beam
P actuator. When the electrical load is applied on one side of H-
PR \\\ Sio2 silissi beam, this side beam becomes hot and deformed. In order to
generate a net volume elongation along with a designed direc-
Fig. 1. (a-d) The schematic drawing of a SOI wafer regarding to cross- tion of said deformed beam, each side of H-beam has been
sectional view of H-beam optical switch device in the bulk micro-machining designed to be a V-beam. Then, the deformed beam will pull
process flow. the other beam, where there is no bias applied, to be deflected
in the same direction. Once this un-biased beam is deformed
to the application-specific technical requirements of opti- due to such pulling force, the whole actuator structure will
cal switch, the capabilities of bi-directional two-way motion, generate a net displacement in the direction along with the
i.e., bi-directional static displacement, and latch function are arched direction of the biased beam. The relative operation
the crucial items. Latch function has been realized by using steps are depicted iRig. 3a and b. Secondly, with respect
buckle springg[7-9], and by using micro-clamperd.0]. to the other operation alternative, i.e., the operation steps as
Because the net thermal expansion normally contributes toshown inFig. 3c and d, we apply the electrical load on the
one directional volume deflection, i.e., the static displace- former un-biased beam. Then, this side of beam turns to be
ment, the electrothermal actuators like U-shaped actuatorthe hot beam to trigger the actuation and to pull the other side
and V-beam actuator only generate one directional static dis-beam. As a result, the whole actuator structure will generate
placement. Thus, the bi-directional two-way motion could the opposite directional displacement against to the previous
not be realized based on traditional electrothermal actuatorsoperation case. Therefore, the bi-directional static displace-
until now. Except the requirement of bi-directional static dis- ment or stroke provided by H-beam actuator is realized.
placement, large force output and large static displacement Interms of the bi-stable optical switch functions, the trans-
are necessary for optical switch application. Unless adopting mission state Kig. 3a and d) and switching stat&i§. 3b
high driving voltage and appropriate design of electrostatic and c) of a 2 2 optical switch using the H-beam actuator
comb drive actuatdi1,12] these technical requirements for and buckle springs are illustrated to demonstrate the opera-
optical switch could not be fulfilled by using electrostatic tion of latched switching function. The ends of buckle spring
comb drive actuators. beams on both sides of device are anchored on substrate.
We propose a new design of electrothermal actuator to These two buckle springs support switch body to be sus-
meet the above-mentioned requirements. An H-shaped sili-pended on substrate. The buckle spring is considered as an
con beam actuator, denoted as the H-beam actuator, is conaxially loaded deformed beafii4,15] The force required
structed from the silicon-on-insulator (SOI) substrate via to move the buckle spring from its initial rest position to its
deep reactive ion etching (DRIE) bulk micro-machining pro- second bi-stable position is about two times larger than the
cesses as shown irig. 1L The silicon moving parts were force needed to push the buckle spring from its second bi-
subsequently released from the substrates using buffered HFstable position back to its initial rest positif 15]. Without
solutions to remove the underneath gi@yer of the SOI a necessary enough force or energy to help the buckle spring
wafers. First, photoresist (PR) mask patterns of the deviceitself to overcome the energy barrier to be deformed toward
were made on the SOI wafersi¢. 1a). The SiQ hard mask the opposite arched direction of its original arched shape,
patterns were defined as same as the shape of the PR patternke buckle spring is stably maintained at its original arched
by reactive ion etchindqig. 1b). The PR onthe processed SOl shape.
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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 optftal switc

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.
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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 meflective mi
connected with switch body is bi-stably staying at transmission and switching positions in which this behavior is controlled by the buckle dghiivgs an
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 1404
beam structure will push the shutter and switch body beam E 1

. . " S 1204
forward moving from initial stable positiorF{g. 3a) to the = //.-—*\.
other stable positionHjg. 3b), thus the device will change
its status from transmission stated. 3a) to reflection state
(switching state, i.e.FFig. 3). The device can be changed
from the second stable positioRig. 3b or c) back to its
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initial stable position Fig. 3d or a) by applying electrical 40 4
load on opposite side of H-beam to pull back the switch body o
via movement link structure. The buckle springs can help 00 02 04 06 08 10 12

the switch device to be maintained at either state without (@) Degree
electrical power consumption. The on—off switching function

is performed in this way. 1200
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3. Measured results and device characteristics = goo _

=
The maximum static displacement of H-beam is simulated 3
by using finite element modeling (FEM). The static displace- & 50
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 4y,
of optical light beam to let light signals being fully transmit- " 00 02 04 06 o8 10 12 12 18
ted or reflected by the reflective micro-shutter. Moreover, the (b) Degree
force generated by actuator has to be larger enough to push
and move the buckle springs. Firstiig. 4a shows the simu- Fig. 4. (a) Simulated maximum displacement ys. tilted angle for an H-beam
lated data of maximum displacement of an H-beam a‘Ctuatoramd (b) simulated maximum force output vs. tilted angle for an H-beam.
with 3000u.m length depending on various tilted angles and
beam widths. According to different beam widths, the optimal using H-beam actuator and buckle springs of aforementioned
tilted angle is located in between 04nd 0.6. We can derive dimensions can achieve the optical switching features prop-
maximum displacements in the range of 80—jL5®for beam erly.
width reducing from 12 to @m, respectively. Secondly, we The measurement setup is illustrateéFig. 5a. We placed
need to consider the spring force output of deformed H-beamfour lens fibers onto the DRIE derived silicon trenches. We
due to external applied electrical lodgg. 4b shows the sim-  provided the optical signal of 1550 nm wavelength from one
ulated curves of force output versus various combinations of input port, and measured the optical signal from one of two
tilted angles and actuator beam widths for H-beam actuatorsoutput ports. The received optical power is converted into
under 30V dc electrical load. It illustrates that the thinner electrical voltage signal via an O—E converter, and the sig-
beam width is, the smaller force out will be. Because the nals are recorded by an oscilloscope. The CCD images of
thinner beam requires less electrical power to drive itself to a optical switch device with four aligned lens fibers are shown
set static displacement, while the wider beam consumes moren Fig. Sb. The operation of switch from transmission state
electrical power to generate the same set static displacementto switching state is demonstrated by using closed-up views
The spring restoring energy regarding to the thinner beam attaken by CCD which are shown iRig. 6. Fig. 6a shows
a determined static displacement will be less than the energythe denotation of elements of the device, and the device is
of the wider beam. Therefore, the output force of the thin- remained at its first stable state without electrical biasing. At
ner beam at a said static displacement is smaller accordinglythe beginning, we applied a dc pulse of 25V on the left side
The H-beam actuator of 30Q0n beam length, 1Am beam beam of H-beam actuator of said device. This left side beam
width, and 0.6 tilted angle is selected as the device of moder- became hot and deformed so as to push the buckle springs
ate design for practical characterization, since it can provide moving from its first stable position as shownhig. 6a to
maximum displacement and maximum force output around second stable position as shownFig. 6b. Comparing the
100pm and 100QuN, respectively. Referring to former data  positions of buckle springs iRig. 6a and b, we can clearly
discussed in previous stud9,16,17] the force required to  identify the deformed curve shape of buckle springs is oppo-
move the buckle spring is less than 508 for buckle springs site to each other. These positions are referred to the bi-stable
with beam width and length of less thanuB and larger positions for latch function of bi-stable buckle springs. There-
than 125Qum, respectively. Thus, we consider optical switch after, we applied a dc pulse of 25V on the right side beam of

—=— width 6 pm
—e— width 8 um

width 10 um
—w— width 12 pm
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Fig. 5. (a) The experimental setup of optical switching characteristics measurement and (b) the CCD image of arranged and aligned opticatswiitgdevi
an H-beam actuator under its transmission state (left side) and switching state (right side).
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Fig. 6. (a—f) Captured motion images regarding to the switching mechanism during operation of latched optical switch.
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Switching Characteristics of H-beam Driven Optical switch energy regarding to spring deformation of backward moving
b | s . of buckle spring is smaller than the one with respect to for-
—— opfical signal Q . . .

] __5rns ——Electric signal ™S k" ward moving. Under the same and constant input electrical
< 257 !—F-——_.--uf— 1 § power to H-beam actuator, the generated static displacement
5y ; i 3 of H-beam is time-dependent result. In the backward moving
& 207 S TS — o] action, the H-beam actuator only needs time less than 1 ms
E 154 | 2 2 to produce enough displacement to push the switch body and
2 }H— Optical signal e buckle springs to move to the position where the correspond-
g 10 : é ing strain energy of buckle spring is over its critical energy

18 barrier. Thereafter, the buckle springs will drive switch body
5 % to move further till buckle springs reach the initial stable posi-
- tion, i.e., the energy-wise stable position regarding to spring

0 T 0

A6 o 16 50 86 #3 &5 Ed 78 O beam shape. In contrast to forward moving switching case,

i.e., a time period which is slightly less than 5ms, H-beam

actuator requires longer time to generate larger displacement

Fig. 7. Switching speed of made optical switch devices between two bi- {0 move switch body and buckle springs from their initial rest

stable positions under different driving conditions. position to second stable position. The longer actuation time
means larger displacement and higher strain energy, because

H-beam actuator of said device. This left side beam becamethe critical strain energy of forward movement of buckle

hot and deformed toward right-hand side. This left side hot spring is higher than the one of backward moving. Besides,

beam could drive the whole H-beam structure deformed andthe other measured typical optical characteristics include that

generated a displacement as showrrig. 6c. Meanwhile, back reflection loss of52 dB, cross-talk of~60 dB, inser-

the T-shaped arm of H-beam actuator is moved from left side tion loss of 0.8 dB, polarization-dependent loss of 0.03 dB,

to right side within the clamped space of the movement link and wavelength-dependent loss of 0.11 dB.

structure, as comparirfgig. 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 4. Conclusions

T-shaped arm started to push the right side of the move-

ment link structure to trigger the buckle spring switching  Combining a new H-beam actuator, movement link struc-
step as shown ifrig. &d, while the arched shape of buckle tyre, reflective micro-mirror, and arched buckle spring to
spring is changed after the switching step as shovignée. demonstrate a new compact latchesk 2 optical switch
This switching action fronfrig. 6d and e is governed by the  device is first reported and characterized in this article. This
buckle Spring itself instead of H-beam actuator. The position novel H-beam actuator provides bi-directional static dis-
of buckle springs has been moved from first stable position placement and bi-directional motion. This H-beam actuator
to second stable position. The reference dot line shown injs well functioned and exhibits good characteristics. This H-
Fig. 6d and e is used to illustrate the distance between two heam actuator can avoid the influence from rotational torques
stable positions of buckle spring. After switching step, we during its bi-directional dynamic and static movement due
removed the applied voltage from right side beam of H-beam. to its symmetric structural design. This<22 optical switch

The H-beam actuator remained at its un-bias state as shown il’ljevice driven by H-beam actuator can be Operated with less

Fig. 6. In other wordsFig. &f presents the rest state of switch  than 5 ms switching time and under a 25V dc electrical load.
device as same as the staté&mf. 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

Time (ms)
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