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Abstract: This paper reports on the design,fabrication,and performance of a high-reflectivity large-rotation mirror array

for MEMS (micro-electro-mechanical system) 16 X 16 optical switches. The mirror in the array can enlarge its rotation an-

gles up to 90" and keep a steady state to steer the optical signal. According to the large-rotation behavior, an electro-

mechanical model of the mirror is presented. By monolithic integration of fiber grooves and mirrors fabricated by a sur-

face and bulk hybrid micromachining process,the coarse passive alignment of fiber-mirror-fiber can be achieved. The re-

flectivity of the mirror is measured to be 93.1% ~96. 3% . The switches demonstrate that the smallest fiber-mirror-fiber

insertion loss is 2. 1dB using OptiFocus™ collimating lensed fibers. Moreover.only about * 0. 01dB oscillating amplitude of

insertion loss is provoked after the device is tested for 15min for 5~90Hz in the vertical vibration amplitude of 3mm.
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1 Introduction

Micromirrors fabricated by MEMS technologies
have been important building blocks for many micro-
optical systems'!'**). Particularly, optical switches are
most commonly used. They offer the fundamental ad-
vantages exploiting the benefits of free-space inter-
connection (including low loss and crosstalk,and low
polarization- and wavelength-dependence) , together
with the advantages of integrated optics (including
optical pre-alignment,compactness,and low cost).

There are two approaches to achieve MEMS opti-
cal switches: two-dimensional (2D) MEMS and three-
dimensional (3D) MEMS. The 3D MEMS optical
switches are intended to be used as large-scale optical
cross-connect systems for backbone networks. Com-
pared to the 3D switches,the 2D MEMS optical swit-
ches are better for small- and medium-scale applica-
tions and are popular for their reliability and simple
packaging.

MEMS 2D optical switches present the challenge
of achieving optical-fibers-to-mirrors alignment as
precise as possible for low optical loss. The simplest
approach is to use external regulating equipment such
as silicon submounts to adjust the optical fibers® /.
However, the corresponding free space fiber align-
ment process is highly time-consuming and the fiber
positioning accuracy is liable to be influenced by posi-
tion vibration of the mirrors, particularly in large
scale switch arrays.
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An efficient solution to the alignment problem is
monolithically integrating the fiber grooves and mi-
cromirrors. Using accurate photolithography processes
and microfabrication techniques, precisely-positioned
fiber grooves with only micro-scale aberration can be
achieved. Compared to the non-fiber-groove struc-
ture,it is very convenient and reliable to align the fi-
bers as a result of the grooves,thus it avoids the pure
manual alignment process. In addition, this approach
offers high density packaging over optical fibers.

Several MEMS-based mirror structures using this
approach have been reported over the past few
years® %), Researchers used an etched vertical surface
as the mirror element®” . With the convenient DRIE
method,a vertical sidewall with 90" can be achieved.
However, the challenge of using an etched vertical
surface is that it is difficult to use as a mirror for a
switch array, even if it remains smooth enough for
many micro-mirror applications. Furthermore, it is
challenging to sputter a uniform reflective gold coat-
ing on the vertical mirror array. A rough surface with
inferior metal coating results in scattering losses,
which produce crosstalk and increased insertion loss.
Thus, the wet anisotropic etching technique was de-
veloped to improve the surface quality of the vertical
mirrors™® . These mirrors formed by particular single
crystal surface have excellent surface quality. Further-
more,single crystal silicon substrates with high purity
are readily available at low cost. However, these mir-
rors have to be precisely aligned with particular crys-
tal directions, imposing restrictions on the structural
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design. Thus, only very simple actuator functions are
realized. Another approach is fabricating the mirror
array from a flat and smooth horizontal reflector sur-
face™ . A polished single crystal silicon (SCS) surface
is employed as the horizontal mirror surface, which
has low surface roughness for optical reflection and is
convenient for metal sputtering. However,it poses the
challenge of preventing the mirror from vibration or
oscillation resulting form external turbulence to avoid
mishandling.

In this work, we present a 16 X 16 2D optical
switch based on electrostatically-driven large-rotation
mirrors. This structure monolithically integrates the
fiber goals are
achieved simultaneously: First, flat and smooth mir-

grooves, and moreover, several
rors are achieved using a horizontal polysilicon layer
deposited on an SCS wafer, which offers casy sputte-
ring and lithographically patterning for gold coating.
Second, the structural design restrictions are elimina-
ted because it has no demand for the alignment with
particular crystal directions. Third, a stable “ON”
state for the mirror is obtained using a vertical side-
wall as a mechanical stopper to overcome the external
turbulence. The reflectivity of the micromirror is
measured to be 93.1% ~96. 3% . The smallest fiber-
mirror-fiber insertion loss of 2. 1dB has been obtained
for OptiFocus™ collimating lensed fibers. Moreover,
only about £ 0.01dB oscillating amplitude of inser-
tion loss in the “ON” state is provoked when the de-
vice is tested for 15min for 5~90Hz in the vertical di-
rection with a vibration amplitude of 3mm.

2  Operation principles and design

2.1 Micromirror design

The three-dimensional diagram of the optical
switch is shown in Fig. 1. Micro mirrors supported by
torsion beams across the through-holes are located at
the crossings by 45° inclination to the light beams and
arranged in a matrix (from M(1.,1) to M(16.16)) to
compose a 16 X 16 optical switch. In this work, the
mirror with the shortest total distance between the
mirror and the two fibers is defined as M(1,1) while
the one with the longest distance is defined as M (16,
16). When transmitting to the mirror elements
through the cross deep grooves, the incident light
beams can propagate in their original directions with-
out interruption under the horizontal “OFF” mi-
cromirrors and can be reflected by the vertical “ON”
micromirrors. Accordingly, a compact optical switch
device can be achieved since the light beams can criss-
cross each other in free-space without interference.

“OFF” micromirror

~<ON” micromixror

~. Upper electrode
layer

Incident

light beam Lower electrode

Oxide layer layer

M(1,1) Redirected light beam

Fig.1  Three-dimensional schematic of the 16 X 16 optical

switch

Figure 2 illustrates the electrostatic operation
principle of the optical switch. Initially,both the ver-
tical sidewall electrodes and the mirror plates are held
at ground potential. The mirrors are in the “OFF”
state and all the mirror plates are horizontal [ see
Fig. 2 (a)]. During a switching event, the movable
mirror to rotate downwards is subjected to an electro-
static force when its potential is biased,and the rota-
ting angle of the mirror increases with the driving
voltage. Simultaneously,inactive mirrors remain hori-
zontal to avoid blocking the optical beams [see Fig. 2
(b)].Once the driving voltage increases to the pull-in
voltage Vi »the mirror switches to the “ON” state,
which is captured and clamped to the vertical side-
walls [see Fig. 2(c)]. Then,the amplitude of the driv-
ing voltage keeping the mirror in the “ON” state can
be reduced to the lower V.4 because the electrostatic
force overcomes the torsion spring torque. When the
mirror potential is set to ground potential, it releases
the electrostatic clamping force and allows the torsion
spring torque to pull the mirror away from the verti-
cal place to the horizontal place [see Fig. 2(d)].

2.2 Mechanical design

One of the most important design problems in
structural design is the coupling of the mechanics and
the electrostatics, which governs the behavior of the
mirror.

The actuator model is illustrated in Fig. 3. The
actuator is constructed from a top horizontal plate
electrode and a fixed vertical sidewall electrode. The
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(b) static field is uniform along the axis parallel to the
torsion beams, and thus we consider the mirror as a
O haV Vr=V piin part of an infinite ribbon; (2) The shape of the field
is represented by the arc whose pivot is at the inter-
— e = section of the virtually extended mirror and the verti-
cal sidewall electrode.
The magnitude of the electrostatic field along the
<> - mirror is
© E = 14 (D
a
; —ov V<V, where a = x0,0 is the angle between the mirror plate
" and the vertical sidewall electrode, x is the distance to
e : . : ] the pivot,and V is the voltage applied to the mirror
electrode.
Then, the electrostatic pressure along the mirror
is
v v 2
p=L (2)

(d)

Fig.2 Cross-sectional view of the switch device illustrating the
(a) In the OFF state,all mir-
rors are grounded along with the substrate layer; (b) Mirrors

electrostatic actuation principle

that are to be switched rotate to the substrate sidewall by apply-
ing the driving voltage to the mirrors, while mirrors that are
kept horizontal remain grounded; (¢) Mirrors are clamped to
the sidewall and switch to the ON state when the driving voltage
reaches Vu.in; (d) Mirrors return to the OFF state when the
applied voltage is less than Vg

fixed vertical electrode is electrically grounded and
the micromirror can deflect downwards to the vertical
sidewall electrode due to the electrostatic torque and
force resulting from driving voltage V.

To obtain straightforward insight into the mirror
deflection, modal analysis has been performed using
ANSYS software. The self-deformation of the mi-
cromirror plate is very small, thus, the micromirror
can be regarded as a rigid body. Based on this simula-
tion,we make two assumptions to simplify the calcula-
tion in this model: (1) The distribution of the electro-

where ¢ is the dielectric constant of the vacuum.

By integrating the electrostatic torque xPWdx
over x=[L,,L+ L,],we obtain the total torque by
electrostatic attraction.

L“+L €2 VZ W
T. JLU xPWdx =~ TIHL—O
where L, is the distance between the pivot and the
right end of the mirror,and W and L are the width
and length of the mirror plate, respectively. In Eq.

L

3

(3),we assume that L + L, L ,since L, is relatively
much smaller than L.

On the other hand, the spring restoring torque,
T,.provided by the torsion hinges,is defined as fol-

lows.
_ T _
T. = ki(5 —9) (4)
where
Gwt® 192 t W Gwt?
= — — X — —_— ~
k= 2x 9 {1 - Wtanh<2t)} 2 x 2

w,l,and t are the width,length,and thickness of the
torsion beam,respectively,and G is the shear modulus
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Fig.4 Fabrication process flow of the optical switch

of polysilicon. We assume the first term of k, repre-
sents the total k, since it is much larger than the sec-
ond term,which simplifies the numerical calculation.

When in the steady state,the expression for V as
a function of # can be established by the equilibrium
between T. and T, as shown in the following equa-
tions.

1Gwt*0*?

3e [Win L_o

Electrostatic pull-in occurs for the torsion mirror
when the nonlinear clectrostatic torque overwhelms
the available restoring torque. The pull-in voltage V,

V= (% - e) (5)

of the electrostatic actuator can be calculated as

(6)

The influence of parameter ¢t on both V and V,
is the most significant of the controllable structural
parameters. Therefore, thinning the thickness of the
torsion beam can effectively lower the driving volt-
age. Based on a compromise between performances
and fabrication considerations, the thickness of the
torsion beam is set to 1. 5ym. The other structural pa-
rameters of the designed structure are listed in
Table 1.

3 Fabrication

The present process consists of eight photolithog-
raphy masks:six front-side masks for the mirror struc-
ture,contact windows, metal pads; and two back-side
masks to construct the designed vertical sidewalls and
fiber grooves.

The simplified process flow of the switch is
shown in Fig. 4. The process begins with the deposi-
tion of the 1.6pm silicon oxide and Zpm polysilicon
on a (100)-oriented n-type SCS wafer. The oxide insu-
lates the polysilicon layer, which serves as a device
layer from the SCS substrate. Then the polysilion lay-
er is patterned using a reactive ion etching (RIE)
process to define mirror shape (mask # 1) and the
torsion beam (mask #2). After that,the contact win-
dows are patterned (mask #3) and opened by RIE

Table 1 Physical parameters of the mirror design physical
meaning value

l Length of torsion beam 760m

w Width of torsion beam S5pm

t Thickness of torsion beam 1.5um

L Length of mirror 360pm

w Width of mirror 600pm

Ly Distance between the pivot and mirror 20pm

Epory Young’s modulus of polysilicon 1. 69 X 10°GPa
v Possion ration of polysilicon 0. 066
3 Dielectric constant of the vacuum 8. 854pF/m
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etching (Fig. 4 (a)). The polysilicon torsion beam is
thinned to 1. 5um, which is thinner than the mirror
(Z2pm) ,to decrease the driving voltage.

Subsequently, the backside deposited polysilicon
layer is removed by RIE, followed by deposition of
0.4pm silicon oxide to protect the front-side mirror
surface from wear during the subsequent processes.
The backside oxide is then patterned (mask #4) and
etched to define the through-hole area (Fig.4(b)).
Once the photosensitive resist (PR) is removed, an-
other PR patterning (mask # 5) is employed on the
backside of the wafer. Thus,a composite etching mask
composed of PR and oxide is established for the deep
reactive ion etching (DRIE) process (Fig. 4(c)). The
first DRIE step is to form the through-hole structure.
This step is completed when the etch depth reaches
the desired height of 160um. Then,an RIE process is
used to etch the deposited oxide exposed on the back-
side without PR covering (Fig. 4(d)). The latest ex-
posed silicon regions are prepared to produce the opti-
cal fiber grooves. The second DRIE is timed to leave
60pm between the bottom of the trenches and the ox-
ide layer,which can secure the mirrors from cracking
(Fig. 4(e)). Due to the high-aspect ratio DRIE, the
resulting fiber grooves and vertical sidewalls are fab-
ricated with precise alignment.

Subsequently, a sandwich layer consisting of
SiO,/Siz N, /SiO, is deposited for isolation and then
selectively removed from the mirror and electrode re-
gions on the front side (mask # 6). This is required
for creating proper silicon regions for metal contacts.

Then,a Cr/Au layer is deposited by sputtering
and patterned (mask # 7 and mask #8) to form lead
wire, metal pads,and high-reflectivity surfaces on the
micromirrors (Fig. 4 (f)). For very small lead wire
separation, the electrical wires do not overlap but a
misconnection might occur due to the metal lift-off
process. Therefore, the wire separation should be ade-
quately designed for wire fabrication. However,if the
separation of the wires is too large, the large optical
transmission distance is followed by increasing the
spacing between the mirrors. For the designed mirror
array,as reported here,the minimum wire separation
has a value of about 25um, which can guarantee the
lift-off process and minimize the spacing of the mir-
rors. The third backside DRIE is done until the
through-hole reaches the oxide layer.

Finally,a HAC and NH, F compositing wet-etch-
ing process is carried out for 30min to release the mi-
cromirrors by eliminating the whole underlying oxide
(Fig. 4 (g)). The previously deposited Si;N, film of
the sandwich layer is selected as a protective layer for
the oxide on the sidewalls due to the large expected

Fig.5 (a) Close-up SEM view of
the fabricated micromirror structure; (b) Local SEM view of

Images of the optical switch

the optical switch; (¢) Dimension view of a whole optical switch

etching speed ratio between oxide and Si;N,. Thus,
the remaining oxide and Siz N, layers are used together
as an insulation layer to avoid breakdown when the
micromirrors touch the vertical sidewalls.

4 Results and measurements

The SEM views of the optical switch are shown
in Fig. 5. Figure 5(a) shows a close-up SEM image of
a fabricated micromirror covered with Au. The meas-
ured dimension of the mirror is 360um X 600m., and
the torsion spring is 760pm long and 5um wide. Figure
5(b) shows a local SEM view of an optical switch.
The optical switch has 256 micromirror elements and
each is separated by lead wires. Figure 5(c) shows a
dimensional view of a whole optical switch. In this
work,the measurements were performed on eight rep-
resentative switches selected randomly from the doz-
ens of obtained devices.



% 8 3

Chen Qinghua et al. :

A 16X 16 Micro Mirror Array for Optical Switches

1501

CCD detector

Filter
Micromirror

Telescope

He-Ne laser

Laser diode module

Driving voltage
On-state

DC power supply

e

q @
Photodiode
power meter

Pig-tail fiber @

*
Torsion beam

Torsion mount

Fig.6 Configuration of experiment for electromechanical per-
formance

4.1 Electromechanical performance

First, the electromechanical performance of the
micromirrors was examined experimentally. The ex-
perimental setup is shown in Fig. 6. The optical beam
from a He-Ne laser is reduced by a telescope to
0. 16mm in diameter to be completely covered by the
micromirror. The incident optical beam is horizontal
and the optical switch is placed on a fixed sloping
mount. The profiles of the optical beam are recorded
by a CCD detector that can measure the shifts of the
beam reflected by micromirrors and processed by a
computer. A neutral density filter is used to prevent
CCD from saturation.

In Fig. 7, the curve with circular dots shows the
typical measured angular motion of the mirror as a
function of applied DC voltage, and the dashed line
represents the theoretical behavior of the mirror
when the voltage is larger than the pull-in value.

Spontanecous clectrostatic pull-in behavior of the
mirror is observed at a driving voltage of 208V, where
the rotation angle 27" is the maximum stable angle in
the actuation. In spite of such large-rotation opera-
tion,the measured result is found to be in fine agree-
ment with the theoretical analysis,and the difference

90 < o—60—9

60 - N

Theoretical pull-in

30 Measured pull- in

Rotation angle/(°)

1 1
0 50 100 150 200 250

Voltage/V

Fig.7 Comparison of the experiment results with the theoreti-
cal results of optical mirror structures

Mirror: M(x.y) \‘@
Incident o5

’61:1 6“? Reflection

Fiber holder & Fiper holder

Pig-tail fiber
Fig.8 Configuration of optical switching experiment

between theoretical and experimental pull-in voltage
is within 10% . In order to avoid being permanently
stuck,adequate stiffness of the torsion beam and an
anti-friction structure to reduce the interface should
be employed. Furthermore,sufficient isolation coating
is of critical importance to prevent dielectric break-
down between the mirror layer and substrate, particu-
larly when the micromirror contacts the vertical side-
wall. In this work,400nm SiO, and 150nm Siz; N, depo-
sition films are introduced to mecet the operation re-
quirement, which can endure more than 300V. In ad-
dition, the micromirror in the pull-in state does not
leave the vertical sidewall until the holding voltage is
lower than 20V.

4.2 Optical performance

One of the most important parameters for optical
switches for optical communication is the insertion
loss in the coupling system consisting of the mirror,
input fiber end,and output fiber. Commercially stand-
ard single mode fibers (OptiFocus™ Pro. 700043)
with a special ball lens fused at the facets of the fiber
ends are used as the input and output fibers to reduce
the light diffraction from the input fiber end and,
simultaneously, enhance the light collection at the
output fiber end.

The schematic measurement system is shown in
Fig. 8. After the passive optical alignment for the fi-
bers is implemented using the fiber grooves, the light
beam from the laser diode module, which exhibits a
central wavelength of 1550nm.,is introduced to the in-
cident optical fiber (OF1). When the driving voltage
reaches the pull-in value, the switch switches to the
ON state to perform the reflection function. After-
wards,active optical alignment is employed. The inci-
dent light beam is aligned to the mirror M (x, y)
using a manually controlled fiber holder such that the
redirected beam is coupled into the receiving fiber,
OFZ,which is detected with a photodiode power me-
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ter. Other mirrors are also tested in the same manner.
Experimental results of the insertion loss of the six
mirrors are shown in Fig. 9. The obtained insertion
losses range from 2. 1 to 37. 1dB. The insertion loss in-
cludes not only the transmission loss, but also the scat-
tering loss from the polysilicon surface and the loss
due to the slight curvature of the mirror. Generally.
the insertion loss increases with the subscript of the
mirror. For the element M (16,16) , which has the lon-
gest optical path,the insertion loss is quite large. This
is because the input light beam is scattered drastically
along with the optical path, which is larger than
15mm. This problem can be effectively solved by as-
sembling the microballs into the substrate, and the
cavity holding the microball can be fabricated in the
same process as in this work.

With pure passive optical alignment using the fi-
ber grooves, the minimum optical insertion losses are
much higher (>>16dB) for the reflection state. The
primary insertion loss is attributed to the residue an-
gular misalignment caused by the variation of diame-
ters and shapes of the special ball lenses. The varia-
tion from the designed value causes the input beam to
deflect and thus, a very limited optical beam can
reach the output fibers. The impact of angular mis-
alignment can be minimized by improving the special
ball lenses with more accurate and uniform diame-
ters,properly increasing the diameters of the ball len-
ses,and reducing the working distance (the total dis-
tance between the fibers). For low-cost fiber-optic
switches, fiber grooves with passive alignment are still
attractive as a developing trend. In addition, the re-
flectivity of the micromirror is measured to be 93. 1%
~96.3%.

4.3 Optical performance in vibration environment

To test device behavior when subjected to vibra-
tion during operation as set forth in the vibration ta-
ble for a common environment, the change in inser-
tion loss was measured under an initial insertion loss

due to application of pull-in voltage. The device was
tested for 15min for 5~90Hz in the vertical direction
with a vibration amplitude of 3mm. The results show
no significant difference in the insertion losses, and
the characteristics are extremely stable——only about
+ 0.01dB with an insertion loss of approximately
2.1dB. Thus, the device can effectively endure vibra-
tion or oscillation resulting form external turbulence.

5 Conclusion

We have designed and fabricated a MEMS 16 X 16
optical switch with large-rotation high-reflectivity
mirrors actuated by vertical sidewall actuators. Using
high-quality mirrors and monolithic integrated fiber
grooves, passive alignment is achieved. The reflectivi-
ty of the mirror is measured to be 93. 1% ~96. 3% .
The smallest fiber-mirror-fiber insertion loss is 2. 1dB
using OptiFocus™ collimating lensed fibers. Moreo-
ver,only about * 0.01dB oscillating amplitude of in-
sertion loss was provoked when the device was tested
for 15min with 5~90Hz and with 3mm vibration am-
plitude in the vertical direction. In addition,excellent
anti-fatigue performance of the mirror structure,
which can endure more than 10° cycles of actuation,
has been proven by fatigue testing.
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