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A 2 2 Split Cross-Bar Optical Switch
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Abstract—In this paper, a 2 2 split cross-bar optical switch
which employs a hybrid actuation configuration is presented. The
main advantages of this proposed switch include low actuation
voltage, low power consumption, and easy fiber alignment. This
optical switch consists of a micromachined micro-mirror struc-
ture and a mini-actuator module. The micro-mirror structure,
which comprises two movable vertical mirrors with cantilevers,
two fixed vertical mirrors, and light-path trenches, is realized by
using a simple KOH silicon etching process. The mini-actuator
module, which includes two commercially-available electromag-
netic bistable actuators attached with L-shaped arms, is used
to actuate micro-mirrors. The measured insertion losses of the
proposed switch is between �– � � dB, the cross-talk is about
�� dB, and the switching time is less than 13 ms. The long-term

reliability test of the SCB switch is performed by continuously
actuating the device for 10 000 cycles at 1 Hz, and the deviation of
the measured insertion loss is less than 0.05 dB.

Index Terms—Bi-stable actuator, micro-electro-mechanical sys-
tems, micro-mirror, optical communication, optical switch.

I. INTRODUCTION

O PTICAL switches are widely used for many modern
fiber-optic network applications, such as network pro-

tection, wavelength routing, network management, and so on
[1]. All-optical switches, which enable signals to be switched
in optical domain without the need of optical-electrical-optical
(OEO) conversions, are capable of reducing the network com-
plexity, power consumption and system size [2]. Therefore, the
development of all-optical switches has drawn attention in the
telecommunication industries.

Many designs of micromachined all-optical switches [3]–[6]
have been proposed in recent years. In general, micromachined
optical switches can be classified into the three-dimensional
(3-D) type [7]–[10] and the two-dimensional (2-D) type
[11]–[17]. The 3D-type switches, which tilt micromirrors to
route optical signals, usually need precise control of mirror
positions. Unlike 3-D switches, the mirror of a 2D-type switch
is usually actuated in “binary” form (i.e., two states). Therefore,
the driving mechanism for 2-D devices is relatively simple.
Besides, 2-D switches possess advantages of low cost and
easy fabrication process when compared with 3-D switches.
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These advantages make the 2-D switches more suitable for
low-port-count applications, such as 1 2 or 2 2 switches.

For 2D-type devices, there are two conventional designs of
2 2 optical switches: the cross-bar design [11]–[14] and the
mirror-array design [15], [16]. In the cross-bar design, four
fiber channels are arranged in a cross configuration. A tiny
mirror slides in and out of the intersection point of the light
paths, so the light beams of the input channels either cross to
the fibers of the output channels on the opposite side, or are
reflected to the other output channels. However, the mirror
employed in a cross-bar switch must be double-sided. Also,
the mirror side-length should be greater than 500 m for fully
reflecting the light beams from collimators. In addition, the
thickness of the double-sided mirror must be very thin (e.g.,
less than 2 m) for minimizing optical misalignment caused
by mirror thickness. Therefore, these constraints on mirror
dimensions increase the complexity of fabrication. As for
the mirror-array design, four mirrors are arranged in a 2 2
array. Each mirror, which is located at the crossing position
of an input and an output channel, reflects the light beam to
the desired output channel. Although this type of design does
not have the aforementioned misalignment issue caused by
mirror thickness, it requires four movable mirrors and four
actuators for switching. Therefore, the split cross-bar (SCB)
design, which possesses the advantages over the cross-bar and
mirror-array designs, had been proposed in [18], [19]. More
details of the SCB design will be described in next section. The
major advantages of the SCB devices include: (1) thin vertical
mirrors are not required, and (2) only two movable mirrors and
two actuators are needed for operation.

In this work, we propose a novel approach to realize a SCB
2 2 optical switch by utilizing a simple micromachining
process and a hybrid actuation method. The device consists
of a micromachined mirror array and an actuation module.
A single-step anisotropic silicon etching process, which is
quite simple and low cost, is employed to fabricate the mirror
array. This process can monolithically create micro-mirror
structures which include vertical mirrors and cantilevers [11].
Also, the fabricated vertical mirrors are self-aligned to the
etched light-path trenches for easy fiber alignment. As for the
actuation module, two electromagnetic mini-actuators attached
with L-shaped arms are employed for bistable mirror switching.
This proposed actuation module requires a very simple driving
circuit, and can be easily integrated with the mirror array.

This paper is organized as follows: the device designs are de-
scribed in Section II. In Section III, we will present the fabri-
cation process. The measurements of the SCB switch are illus-
trated in Section IV. The conclusion of this paper is presented
in Section V.
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Fig. 1. The operational principle of the SCB switch. (a) The bar state: the
L-shaped arm does not contact the cantilever so that the movable mirrors are in
the light path and precisely redirect optical signals to the desired output chan-
nels. (b) The cross state: the cantilevers are pushed up by the L-shaped arm and
the movable mirrors are out of the light path. Optical signals are reflected by the
fixed mirrors.

II. DESIGN AND CONFIGURATION

Fig. 1 illustrates the operational principle of the proposed
SCB switch. The switch is composed of a monolithically mi-
cromachined silicon micro-mirror structure and a mini-actuator
module. The silicon micro-mirror structure includes two mov-
able mirrors, two fixed mirrors, two cantilevers, and light-path
trenches. The mini-actuator module consists of two commer-
cially-available electromagnetic bistable actuators (TQ2-L2-5V,
Panasonic) attached with L-shaped arms. Each mini-actuator
can retain the mirror at either one of the two stable positions
without consuming any electrical power. When the L-shaped
arms do not contact the cantilevers of the two movable mir-
rors, the mirrors are located inside the light path and precisely
redirect optical signals to the output channels (the bar state, as
shown in Fig. 1(a)). When the cantilevers are pushed up by the
L-shaped arms, the optical signals pass under the mirrors and
then are reflected to other output channels by the fixed mirrors
(the cross state, as shown in Fig. 1(b)). In addition, this hybrid

Fig. 2. (a) The picture of the commercially-available electromagnetic bistable
actuator. (b) The picture of the mini-actuator, including L-shaped arm and
bistable actuator. (c) Cross-sectional schematic drawing of the bistable actuator.

Fig. 3. (a) Mask layout of the movable mirrors, the fixed mirrors, and light-path
trenches for the SCB switch device. (b) Backside mask layout of the cantilevers
and the fixed mirrors.

Fig. 4. The fabrication process of the silicon micro-mirror structure.

integration of the mirror array and the actuation module can ef-
fectively eliminate the process difficulty of monolithically inte-
grating microactuators on the mirror array. Also, one important
advantage of this design has to be emphasized: the optical sig-
nals are reflected by the mirrors only when the cantilevers do
not contact actuators (i.e., the cantilevers are under zero external
force). Since the single-crystal mirror structures are stress free
at this state, the positions of the mirrors are well-aligned, and
can reflect light beam precisely.
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Fig. 5. The simulated results of the KOH etching process.

Fig. 6. (a) The pictures of the fabricated micro-mirror structure. (b) The en-
larged view of the movable mirror and the cantilever. (c) The SEM photo of the
movable mirror and the cantilever. (d) The SEM photo of the fixed mirror and
light-path trenches.

Fig. 7. The measured surface profile of the mirror. The average roughness of
the mirror is 62.0 nm. The root-mean-square roughness of the mirror is 79.1 nm.

Furthermore, when compared with the cross-bar design,
single-sided mirrors, rather than double-sided mirrors, are
required for this SCB design. Therefore, the SCB design does
not require complex processes for fabricating thin but large
mirrors. When compared with the mirror-array design, the
SCB design requires less movable mirrors, and thus possibly
gives higher fabrication yield.

The electromagnetic bistable actuator, which is used for actu-
ating the movable mirrors, is shown in Fig. 2(a). The picture of

TABLE I
DIMENSIONS OF THE MICROMACHINED MIRROR ARRAY

Fig. 8. (a) The prototype of the assembled SCB switch. (b) The exploded view
of the switch.

the mini-actuator with an L-shaped arm is shown in Fig. 2(b).
The arm is manufactured by wire-cut electrical discharge ma-
chining. The length of the arm is 10.2 mm, and the cross sec-
tion is 2 mm 2 mm. The L-shaped arm is glued on the seesaw
by using epoxy. The cross-sectional drawing of the bistable ac-
tuator is shown in Fig. 2(c). Since the permanent magnet is
mounted beneath the seesaw, the seesaw can retain at either of
the two stable positions due to the attraction force produced by
the permanent magnet. However, the seesaw can be switched
between two stable positions with a stroke of about 350 m via
the magnetic field that is induced by the electromagnetic coil
when applying an electrical current. The L-shaped arm is used
to contact the cantilever for pushing the mirror out of the light
path. Note that the contact point is designed to be at the middle
of the cantilever, so the end-displacement of the cantilever (i.e.,
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Fig. 9. The measured dynamic responses of the switch. (a) The mirror switches
from the bar state to the cross state. (b) The mirror is switched from the cross
state to the bar state.

Fig. 10. The typical results of measured insertion losses for 100 switching
cycles.

the displacement of the vertical mirror) is greater than the light
beam width (about 500 m).

Also, the bistable actuator is capable of holding the mirror at
either one of the two stable positions without consuming any
electrical power. This actuation approach not only reduces the
complexity of driving circuitry, but also eliminates the concern
of device temperature elevation because of the nominal power
consumption of the bistable mini-actuators.

III. MIRROR ARRAY FABRICATION PROCESS

The micro-mirror structure, which includes movable mirrors,
fixed mirrors, cantilevers, and light-path trenches, are realized
by etching a (100) silicon wafer. The front-side mask layout of
the SCB design is shown in Fig. 3(a), and the corresponding

Fig. 11. The measured long-term-reliability results for 10 000 switching cy-
cles. Each point on the curve is the average of 100 measured switching cycles.

back-side mask layout is shown in Fig. 3(b). The proposed fabri-
cation process, which is a single-step anisotropic silicon etching
process with KOH etchant, is illustrated in Fig. 4. Fig. 5 shows
the simulated results by the Etch3D® with the mask patterns
shown in Fig. 3. Note that the process flow in Fig. 4 is viewed
on the cross section of line AA in Fig. 5.

The process is briefly described as follows: a double-side pol-
ished (100) silicon wafer with thickness of 800 m is used as
the starting material. Then, silicon nitride layers, which will
be used as the etching masks for the micro-mirror structure,
are deposited on both sides of the wafer by using low pressure
chemical vapor deposition (LPCVD) (Step (i)). After patterning
the nitride layers (Step (ii)), the wafer is immersed in KOH
etchant (Step (iii) and Step (iv)). Vertical mirrors are formed
on (100) plane during this KOH etching process under the con-
ditions of high KOH concentration (55 wt%) and high etching
temperature (75 C) [20]. Note that insufficient KOH concen-
tration or temperature will result in inclined sidewalls. Further-
more, KOH solution added with isopropyl alcohol (IPA) can re-
duce the roughness of the etched surface. The residual nitride
layers are removed by using phosphoric acid (Step (v)) after the
micro-mirror structure is formed by the KOH etching. Then, a
thin gold layer of about 2000 Å is deposited on the wafer (Step
(vi)) for improving the optical reflectivity of the mirrors.

For the proposed KOH etching process, precise alignment of
mask patterns to the crystal orientation on a (100) sil-
icon wafer is critical. Several alignment methods were reported
[21], [22]. In this work, before Step (ii), a series of small circular
openings are firstly patterned on the nitride layer on the back-
side of the wafer. Then, the wafer is etched by KOH etchant for
a sufficient time to form inverted pyramidal cavities. By using
an optical microscope, the etched cavity, whose orientation is
closest to the direction, can be determined. This cavity
will be used as the alignment mark for the subsequent mask
patterns of the cantilevers and the fixed mirrors (Figs. 3(a) and
(b)) [21] by using a double-side mask aligner. Furthermore, as
shown in Fig. 3(a), the mask patterns of the mirrors and the
light-path trenches are aligned with the direction and the

direction, respectively. Since the angle between
and crystallographic directions is 45 , the surfaces of the
KOH-etched mirrors, which are formed on planes, will be
self-aligned with the light-path trench, which is along the
direction. Therefore, the complexity of the fiber alignment pro-
cedure can be potentially reduced.
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Fig. 12. The measured temperature distribution of the mini-actuator when it is working at the frequency of 50 Hz.

IV. SYSTEM ASSEMBLY AND MEASUREMENT

Fig. 6(a) shows the fabricated micro-mirror structure. The en-
larged view of the movable mirror is shown in Fig. 6(b). Fig. 6(c)
shows the SEM picture of a fabricated cantilever with a mov-
able mirror. The SEM picture of a fixed mirror and light-path
trenches is shown in Fig. 6(d). The dimensions of the compo-
nents are listed in Table I. The surface profiles of the fabricated
mirrors are measured by a white light interferometer. The typ-
ical surface profile measured at the center of the mirror (in a
region of 230 m 170 m) is shown in Fig. 7. The averaged
roughness and the root-mean-square roughness of the mirror are
62.0 nm and 79.1 nm, respectively.

The picture of the SCB switch after the assembly is shown in
Fig. 8(a). The exploded view of the system is shown Fig. 8(b).
The micromachined silicon micro-mirror structure is mounted
on the aluminum housing. The actuator module, on which two
mini-actuators are soldered, is placed above the base with four
pre-stressed springs. The distance between the L-shaped arms
and the micro-mirror structure can be adjusted by the screws
(see Fig. 8). Also, four collimators (single mode single fiber col-
limator, working distance: 165 mm, Photop Inc.) are aligned and
glued on the grooves of the housing. For optical alignment, six
axis micro stages are employed for adjusting the orientations of
collimators. An IR card is used for preliminary alignment, and
a power meter is used for fine alignment [23]. During the fine
alignment step, once the minimum insertion loss measured by
the power meter is achieved, UV glue is dispensed to immobi-
lize the collimators.

The mini-actuators are driven by a microcontroller circuit.
The mirrors can be switched between the bar-state and the cross-
state with an input voltage of 5 V. The operating power is about
200 mW when switching the mirrors between two stable posi-
tions. The measured displacement of the mirror is about 630 m,
which is sufficient for the light beam to completely pass under
the mirror.

Fig. 9 shows the typical dynamic response of the SCB
switch. This transient result is measured by photo-diodes.
When the mirror switches from the bar-state to the cross-state,

the switching time is about 3 ms, as shown in Fig. 9(a). Besides,
when the mirror switches from the cross-state to the bar-state,
the switching time is about 13 ms, as shown in Fig. 9(b). The
measured post-switching oscillation signal shown in Fig. 9(b)
arises from the free-vibration of the cantilever after switching
to the bar-state at which the mirror reflects light beam. This
oscillation decays quickly in air (less than 13 ms), so the mea-
sured switching time meets the Bellcore requirements (less than
20 ms) [24]. Fig. 10 shows the measured insertion losses for
100 switching cycles. The average of measured insertion losses
for the bar-state and the cross-state are dB and dB,
respectively. The losses may be caused by the surface rough-
ness of the mirror and the misalignment of the collimators. The
measured cross-talk between each channel is about dB,
which can be considered negligible. The long-term reliability
test of the SCB switch is performed by continuously actuating
the SCB switch for 10 000 switching cycles. The measured
results of the bar-state and the cross-state are plotted in Fig. 11.
Each data point in Fig. 11 is the average of 100 measured data.
The error bars in Fig. 11 indicate a 95% confidence interval
(a span of four standard deviations). Besides, the deviations
of the measured insertion losses for the cross-state and the
bar-state are less than 0.05 dB after 10 000 switching cycles.
Note that the optical performance of the switch is measured at
the wavelength of 1550 nm.

Fig. 12 shows the measured temperature distribution of the
electromagnetic mini-actuator operated at 50 Hz by using the
infrared thermal imager (Fluke Inc.). Note that 50 Hz is consid-
ered as a relatively high frequency when compared with normal
operations of optical switches. The temperature elevation of the
pushing arm is only about 0.3 C. This tiny temperature eleva-
tion should not affect the optical performance.

V. CONCLUSION

A 2 2 split cross-bar (SCB) optical switch, which com-
prises a micromachined silicon micro-mirror structure and
mini-actuators, is presented in this work. The proposed switch
possesses the advantages of low actuation voltage, low cost,
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low power consumption, and easy fiber alignment. The sil-
icon micro-mirror structure can be realized monolithically by
using a novel single-step anisotropic silicon etching process.
Commercially-available electromagnetic bistable actuators are
used to actuate the micro-mirrors. The average of measured
insertion losses are dB for the bar-state and dB for
the cross-state. Also, the measured cross-talk is about dB.
The measured bar-cross and cross-bar switching times are 3 ms
and 13 ms, respectively. The long-term reliability test of the
SCB switch is performed by continuously actuating the device
for 10 000 cycles. The deviation of the measured insertion loss
is less than 0.05 dB.
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