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Tu03 Fig. 3. Measured DC scanning charac- 
teristics of the micromirror with vertical comb- 
drive actuator (circle) and with parallel-plate ac- 
tuator (triangle) 

Fig. 3 shows the measured result. The mirror is 
tilted by 6" (mechanical angle) with 9 V bias. The 
total optical scan angle is 24'. Good uniformity 
( k 5 1 )  across the array i s  obtained. For compar- 
ison, a parallel-plate-actuared micromirror with 
the same mirror size, spring dimension, and mir- 
ror height was also fabricated on the same wafer. 
The scanning characteristic is shown in Fig. 3 as 
well. It has smaller scan angle (3.8') and much 
higher operating voltage (21 VI. 

3. WDMRouters 
The WDM router in Fig. l (a)  is currently under 
test. The current system employs a two-inch lens 
with a focal length of 150 mm and a grating of 
600 lineslmm. This initial system can accommo- 
date 6 spatial channels and I 0  wavelenah,chan- 
n e 1 ~  The calculated beam wis t  on micromirror 
(o,,,,,~,) is 36 )rm with the beam waist of collima- 
tor (o-,) of 2 mm. The performance of the sys- 
tem was analyzed by using Gaussian beams and 
ZEMAX. The optical insertion loss of the system 
is estimated to be less than 1.5 dB. with less than 
0.3 dB variations across the spatial channels and 
less than 0.1 dB variations across all wavelength 
channels. Larger number of spatial and wave- 
length channels can be achieved by employing 2- 
D arrays of spatial channels and Z-axis scanning 
micromirror arrays. 

4. Conciuslon 
A MEMS micromirror array with hidden vertical 
comb-drive actuator and springs has been suc- 
cessfully demonstrated. The devices were fabri- 
cated using SUMMiT-V process. The fabricated 
micromirror showed large optical scan angle 
(24O) and low actuation voltage (9 V). The fill- 
factor of the micromirror array was as high as 
91%. Applications of the micromirror array for 
WDM routers are also discussed. 
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1. Introduction: Planar 

Optical switches are data rate and protocol inde- 
pendent, which makes them attractive for optical 
networks.'" Free-space optical switches offer low 
loss, PDL, and cross-talk. MEMS-based ap- 
proaches to miniaturize opto-mechanical 
switches have been proposed. They offer scalabil- 
ity combined with excellent optical performance. 
Arranging mirrors on a silicon substrate various 
switching functions can be performed. A func- 
tional diagram of a two-dimensional (2-D) 8 x 8 
switch are shown in Figure 1. If the micro-mir- 
TOTS are turned on, the light signals from Plane 1 
can be directed to outputs in Plane 2. When the 
mirrors are off, then the light from Plane I can 
pass through to outputs in Plane 4. This architec- 
ture is called 2D because it uses N' individual 
mirrors and switch cells, e.g., 256 devices for a 16 
x 16 switch. The main elements of the MEMS 
switch cell are the mirror and the actuator. The 
mechanical design of the switch cell determines 
the optical characteristics of the component. 

2. Design of a digital MEMS switch 
For fiber-optical switches, the challenges are how 
to obtain large travel distance, high accuracy and 
repeatable angle as well as fast switching speed at 
the same time. Especially far large array such as 
16x 16,thecollimatorbeamwaist couldbelarger 
than 100 pm. The actuator design needs to be 
able to provide repeatable travelingdistance more 

optical crossconnects 

than several hundred microns in order to com- 
pletely switch the mirrors on and off. Comb 
drives have been proven to be reliable actuators. 
However, it would be difficult to actuate long dis- 
tance with small footprint by surface micro-ma- 
chine process. Thermal actuators and scratch 
drive actuators are not considered because of 
long-term reliability and repeatability issues. 
Piezoelectric actuation requires the use of mate- 
rials with high piezoelectric effect, such as zinc 
oxide or lead~zirconate-tintanate (PZT), which 
are not readily compatible with IC fabrication 
techniques. Magnetic actuation can generate very 
large forces, but the effects are difficult to shield, 
making it difficult to make large arrays of inde- 
pendent actuators. Magnetic actuators also disii- 
pate power near the MEMS devices. Gap-closing 
electrostatic actuator exploit the attraction ofop- 
positely charged mechanical elements, and is 
considered one of the best candidates for actua- 
tion. Its advantages include repeatability, low 
power consumption and ease of shielding. It also 
does nut require special materials. 

Figure 2a shows the schematic diagram of the 
basic switch elements. Figure 2b photograph 
shows the detail structurei of the mirror, actuator 
and the landing stopper.The gap-closing actuator 
plate initial angle i s  assembled and actuated by 
electro-static farce from the electrodes. The mir- 
ror i s  assembled at YO degrees and sits on the ac- 
tuator plate. Large traveling distance i s  achieved 
by extending the actuator arm. The extended arm 
doesn't generate much more force. However, se"- 
era1 hundred microns displacement can be 
achieved with this configuration.The switching is 
achieved by moving the actuator up and down. 
The mirror is maintained to be 90 degrees during 
the entire switching cyde. The mirror traveling 
direction is perpendicular to the optical path. 
This design has advantage over the pop-up mir- 
ror configuration, which rotate the mirror from 

4 

Tu04 Fig. 2. a). Schematic diagram of 2D 
MEMS switch. b). Photograph of single digiral 
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grating-based multiple-wavelength cross- Tu04 Fig. 1. Switching architecture. switch 
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zero to 90 degrees. The insertion loss would be 
very sensitive to the mirror final (actuated) angle. 

In order to  stop the mirror and prevent elec- 
trical shorting, a special stopper is designed and 
positioned above the electrode. Because of the 
tilting angle from actuator and the bending ofthe 
stopper, the actuator will only contact the corner 
of the landing bar with a single point of contact. 
This is the key element to ensure high reliability 
and prevent rtiction problems. It also helps to set- 
tle the mirror ringing and improve the switch 
time. The device can be driven by a square wave 
voltage function without pre-shaping waveform 
and still achieve 12 ms switching time. More than 
100 million cycles have been demonstrated with 
repeatable mirror angle and performance. The 
actuator i s  moving in the air and not in Contact 
with substrate except the single paint contact of 
the final landing. It i s  different than sliding the 
mirror back and forth, which would make con- 
tinuous mechanical contact with the surface. 

3. Test Results 
Figure 3 shows a SEM of 16 x 16 on single chip. 
Figure4showstheangle uniformityof<?O.l de- 
grees achieved with this technology. Collimators 
have been aligned to this chip and the component 
has been hermetically sealed before measuring 
performance parameters. Far switches manufac- 
tured with this technology, the specified maxi- 
mum insertion loss for a 16 x 16 i s  less than 6 d 5  
for all states and cross-talk <-50 d5. Variation of 
lossovertheentire l280-I650nmrangeis<l dB. 
Return 105s i s  >50 d5, and maximum tempera- 
ture variation i s  <I d5 over a temperature range 
of M O  degrees C. Polarization Dependent Loss 
(PDL) is <0.4 dB and Polarization Mode Disper- 
sion (PMD) is <0.08 ps. Maximum switch time is 
12 ms. In fact, specific 16 x 16 switches have been 
manufactured with maximum insertion loss 
under 3.1 dB. Vibration tests showed <0.2 d 5  

I -  

Tu04 Fig. 3. 
MEMS switch. 

SEM of 16 x 16 array of 2D 

Tu04 Fig. 4. Angle histogram of mirror an- 
gles for typical 16 x 16 switch mirror. 

change under operation, and 3 axis shack tests 
confirm no change of operational characteristics 
under 200 G. 

4. Summary 
In condusion we have demonstrated fully non- 
blocking 16x 16switchesin asinglechipsolution 
using MEMS fabricated by a surface micro-ma- 
chining. We haveshown how thecriticalmechan- 
ical elements af the MEMS-cell have been chosen 
to achieve large mechanical movement, high an- 
gular repeatability of the movement, and high re- 
liability of the actuation mechanism, which 
translated into low loss and high reliability ofthe 
packaged component. Test result~ for these com- 
ponents have been presented. 
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1. lntroductlon 
Photoniccrystals (PCs) havetheabilitytoconfiine 
light propagation within small volumes far spe- 
cific frequency ranges, known ai  photonic 
bandgaps (P5G). Furthermore, by inserting  de^ 
ferts in the host PBG ~trucfure, we can engineer 
high quality factors and narrow bandpass trans- 
mission spectra in the photonic bandgap. Due to 
these properties, many practical implement ac- 
tions such as planar photonic crystal wave- 
guides,'-' polarizen, optical filters,' optical 
switcher and PBG defect mode lasers' were engi- 
neered. Potentially, integration of these passive 
and active dements can form complexoptical c i r ~  
wits on a chip. 

MEMS-based optical switches have been de- 
veloped far optical networks in recent years, due 
to their capability to reduce insertion loss, 
crosstalk and power consumption! A wide vari- 
ety of device designs have been realized. Most 

switches either use micromirrors to change light 
path between inputloutput channels OT directly 
move the waveguides or fibers for channel mu- 
pling? In this paper, we demonstrate a 1 x I opti- 
cal switch using an integrated photonic crystal 
with MEMS actuators 

2. Device Design 
Photonic crystals can be classified as ID, 2D, anti 
even 3D structures, depending an how many diL 
mensions the PC confines light. However, high 
dimension PC structures are still difficult to fah.- 
ricate and are not eadyintegrated with a ~ t u a t o r ~ .  
In our design, an input and output Si waveguidt: 
are optically linked by a ID  PBG active compo- 
nent. We designed WO separate PC  structure^: I I 
a reflection state that serves as a broadband notch 
filter centered at 1.55 pm and extending from 1 .O 
pm to 2.1 pm 2) a transmission state with tht? 
same notch filter properties, however allowing n 
narrow bandpass at 1.55 pm. Connected to 3 
MEMS actuator, the active component can be 
switched between either one of these structures. 
This allows us to control the flow of light as it 
parses along the waveguide. The whole structure 
is shown in Fig. la. 

The reflection structure's silicon feature and 
air gaps were designed at quarter-wavelength 
thickness (from a 1.55 pm center wavelength). 
The transmission structure's silicon feature was 
designed at a full-wavelength thickness, allowing 
the peak transmittance located at the 1.55 pni 
center wavelength.' 

The silicon was the material for the photonic 
crystal because of i ts  high refractive index that 
enhancestheQofthefilteringwithonlyafewpe~ 
riods in compact periodic structure. The reflec- 
tion state's silicon feature and air gaps were de- 
signed at quarter-wavelength thickness (from P 

1.55 pm center wavelength). The transmission 
state's silicon feature was designed at a full-wave- 
length thickness, allowing the peak franrmiftance 
located at the 1.55 pm center wavelength! Thr 
more detail dimension is shown in Fig. Ib. 

2. Fabrication 
The whole device was fabricated on a Silicon~On- 
Insulator (SOI) wafer. The thickness of device 
layer is 1.5 pm and the silicon dioxide layer is 0.5 
pm. SO1 was chosen due to i ts  flat, monocrys- 
talline surface and low residual stress of single 
crystal, which is more reliable for the nanofabri- 
cation. First, we grow 100 nm thermal oxide an 
the top of device. Then E-beam lithography and 
optical lithography was used to pattern struc- 
tures. E-beam lithography combined with 

Tremksion  

Tu05  Fig. 1. (a). Nano-Electro~Mechanical photonic crystal switch. The left hand part is the actuii- 
tor. The right hand part is the I D  P5G active component with two different switch states. (b). Detail di- 
mension of the optical component. The right hand part is FDTD simulation for different two state. 
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