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A novel design and fabrication approach for a high fill-factor micro-electro-mechanical system (MEMS)
micromirror array-based wavelength-selective switch (WSS) is presented. The WSS is composed of a
polarization-independent transmission grating and a high fill-factor micromirror array. The WSS is suc-
cessfully demonstrated based on the fabricated high fill-factor micromirror array. Test results show that
the polarization-dependent loss (PDL) is less than 0.3 dB and that the insertion loss (IL) of the wavelength
channel is about —6 dB. The switching function between the two output ports of WSS is measured. The
forward switching time is recorded to be about 0.5 ms, whereas the backward switching time is about

7 ms.
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With the rapid development of optical communications,
all-optical switching networks have become more im-
portant. The wavelength switching architecture is one
of the most promising methods because it enables the
management of optical networks at the wavelength level.
One of the key modules in the optical network is the
wavelength-selective switch (WSS).

Various technologies have been explored in order to
achieve the WSS function, such as free-space grating
micro-electro-mechanical system (MEMS)!!=%) and free-
space grating liquid crystal on silicon (LCOS) system!®7].
Compared with the LCOS technology, the MEMS WSS
has drawn considerable attention due to its advantages
of lower optical insertion loss (IL) and crosstalk, faster
switching speed, higher extinction ratio, and especially,
being polarization independent. In the free-space grat-
ing MEMS, the polarization problem is primarily due to
diffraction grating. In a previous study, an anisotropic
uniaxial crystal and a half-wave plate have been used to
eliminate the polarization sensitivity of the diffraction
gratingl*. However, the anamorphic prism pair has large
size and makes the optical system assembly more com-
plicated.

To avoid an additional polarization management de-
vices, a novel design and the fabrication approach for a
high fill-factor micromirror array-based WSS have been
demonstrated in this letter. A polarization-independent
transmission grating has also been introduced to pro-
vide spatial dispersion, and this successfully achieved a
low polarization dependent loss (PDL). The switching
function between two output ports of the WSS has been
measured and discussed based on successfully fabricated
micromirror array.

A schematic view of the presented WSS system is
shown in Fig. 1. The free-space grating MEMS optical
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system contains three major sub-assemblies, cylindrical
optics, a polarization-independent transmission grating,
and a MEMS micromirror array.

As the key switching component, in order to meet the
full requirement of optical system, the micromirror array
must have a high fill-factor (>92%), a large micromirror
(800 x 120 (pm)), and ~1° rotation angle with a limited
driving voltage (<200 V). The resonance frequency of
the micromirror actuator is required to be higher than
3.5 KHz to ensure a good anti-vibration performance.
Various micromirror arrays have been reported in Refs.
[8-10], but none of them demonstrates a performance
that meets all the above-mentioned requirements.

The schematic diagram of the proposed high fill-factor
micromirror array with a bumper and multi-terraced
electrode is shown in Fig. 2(a). The close-up view of a
unit of the micromirror is shown in Fig. 2(b), where a
cantilever beam with a micromirror plate, multi-terraced
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Fig. 1. Schematic diagram of the proposed WSS.

© 2011 Chinese Optics Letters



COL 9(9), 090601(2011)

CHINESE OPTICS LETTERS

September 10, 2011

() micromirror array

N

cantilever beam

multi-terraced electrode

(b) unit of micromirror limiting plane

bottom wire-bonding pad

Fig. 2. Schematic diagram of a high fill-factor micromirror
array with a bumper and multi-terraced electorodes. (a) Mi-
cromirror array and (b) a unit of micromirror.

electrode, a bumper, and limiting planes are designed.

Compared with traditional parallel-plate electrodes,
the multi-terraced electrode is designed to reduce the
driving voltage. To prevent the stick or damage caused
by the pull-in effect or some instances of vibration, a
bumper, which is silicon salient with two micron silicon
oxide film, and limiting plane structures have also been
introduced. The cantilever-type structure is utilized for
micromirror rotation and high fill-factor of the micromir-
ror array. The resonance frequency of the micromirror
was selected to be 4 kHz to achieve a good anti-vibration
performance. Figure 3 shows the comparison of the driv-
ing voltage of the micromirror with parallel-plate and
multi-terraced electrodes. The test results also demon-
strated a better and more desired performance.

In previous studies, surface micromachining has been
frequently used to fabricate the micromirror!'=12, How-
ever, the residual stress of surface micromachined thin
films causes wrap and reliability problems. Figure 4
shows the scanning electron microscope (SEM) images
of the fabricated micromirror array using bulk microma-
chining technology, including a wafer bonding process.
The fabricated micromirror array with a high fill-factor of
97% is shown in Fig. 4(a). The cross-section view of the
micromirror is illustrated in Fig. 4(b), which shows the
cantilever-type micromirror plate, multi-terraced bottom
electrodes, the bumper, as well as limiting plane.
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Fig. 3. Contrast curve between the driving voltage and the
rotation angle based on different bottom electrodes.

Fig. 4. SEM images of fabricated micromirror structures. (a)
Micromirror array and (b) cross-section view of micromirror.

A dense wavelength division multiplexing (DWDM)
test system (IQS-12004B, EXFO) was used to measure
the IL and PDL of the WSS. The preliminary measured
results indicated that the IL of each wavelength channel
was about —6 dB, while the PDL was less than 0.3 dB.
A small oscillation of the PDL was observed in the gap
areas between the mirrors, which might be caused by the
fabrication imperfections in the gap areas. Some of the
test results are shown in Fig. 5.

The inter-port transient responses of the fabricated
WSS were characterized using an oscilloscope (AQ6370B,
YOKOGAWA). The results are shown in Fig. 6. The
forward switching time in Fig. 6(a), defined as the time
when the micromirror is switched from the output ports
1 to 2, is about 0.5 ms. In Fig. 6(b), the backward
switching time, which is defined as the time elapsed
between the micromirror being switched back from the
output ports 2 to 1, is about 7 ms. The small oscillation
shown in Fig. 6(a) was caused by the temporary free
vibration of the cantilever beam when it was switched
to the output port 2, where the mirror reflected light
beam. The difference between the forward switching
and the backward switching times may be caused by the
difference between capacitor charging and discharging
time.

In conclusion, a novel WSS based on a high fill-factor
micromirror array is proposed and achieved successfully.
The WSS contains polarization-independent transmis-
sion grating and micromirror array. The grating has
the advantages of low PDL and having no requirement
for additional polarization controlling devices. High
fill-factor micromirror arrays are designed and fabri-
cated using bulk micromachining technology, including
a wafer bonding process. The measurement results show
that the IL and PDL of the novel WSS are < —6 and
<0.3 dB, respectively. The forward switching time is
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Fig. 5. The IL and PDL test results of WSS by using a

DWDM test system.
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Fig. 6. Measured dynamic responses of the WSS. (a) mirror
switched from the first stable position to the second stable po-
sition and (b) mirror switched from the second stable position
to the first stable position.

about 0.5 ms, while the backward switching time is about
7 ms.

This work was supported by the National “863” Pro-
gram of China (Nos. 2008AA03Z406 and 2009AA03
7443) and the National Natural Science Foundation of
China (No. 60877066).

References

1. J. E. Ford, V. A. Aksyuk, D. J. Bishop, and J. A. Walker,
J. Lightwave Technol. 17, 904 (1999).

2. J. Tsai, S. Huang, D. Hah, and M. C. Wu, J. Lightwave
Technol. 24, 897 (2006).

3. J. Tsai and M. C. Wu, IEEE Photon. Technol. Lett. 18,
1439 (2006).

4. D. M. Marom, D. T. Neilson, D. S. Greywall, C. Pai, N.
R. Basavanhally, V. A. Aksyuk, D. O. Lopez, F. Pardo,
M. E. Simon, Y. Low, P. Kolodner, and C. A. Bolle , J.
Lightwave Technol. 23, 1620 (2005).

5. X. Li, J. Liang, D. Sun, W. Li, and Z. Liang, Chin. Opt.
Lett. 7, 553 (2009).

6. J. S. Patel and Y. Silberberg, IEEE Photon. Technol.
Lett. 7, 514 (1995).

7. M. A. F. Roelens, S. Frisken, J. A. Bolger, D. Abak-
oumov, G. Baxter, S. Poole, and B. J. Eggleton, J.
Lightwave Technol. 26, 73 (2008).

8. D. S. Greywall, C. Pai, S. Oh, C. Chang, D. M. Marom,
P. A. Busch, R. A. Cirelli, J. A. Taylor, F. P. Klemens,
T. W. Sorsch, J. E. Bower, W. Y. Lai, and H. T. Soh, J.
Microelectromech. Syst. 12, 702 (2003).

9. W. P. Taylor, J. D. Brazzle, A. B. Osenar, C. J. Cor-
coran, 1. H. Jafri, D. Keating, G. Kirkos, M. Lockwood,
A. Pareek, and J. J. Bernstein, J. Micromech. Microeng.
14, 147 (2004).

10. J. Tsai and M. C. Wu, J. Microelectromech. Syst. 14,
1323 (2005).

11. D. Hah, S. T. Huang, J. Tsai, H. Toshiyoshi, and M. C.
Wu, J. Microelectromech. Syst. 13, 279 (2004).

12. M. Wu, H. Lin, and W. Fang, IEEE Photon. Technol.
Lett. 18, 2111 (2006).

090601-3



