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Abstract—This paper presents the design, fabrication, and
testing of a two-axis 320 pixel micromirror array. The mirror
platform is constructed entirely of single-crystal silicon (SCS)
minimizing residual and thermal stresses. The 14-u -thick
rectangular X n silicon platform is coated with
a 0.1-p -thick metallic (Au) reflector. The mirrors are actuated
electrostatically with shaped parallel plate electrodes with 86
gaps. Large area 320-mirror arrays with fabrication yields of
90% per array have been fabricated using a combination of bulk
micromachining of SOl wafers, anodic bonding, deep reactive ion
etching, and surface micromachining. Several type of micromirror
devices have been fabricated with rectangular and triangular
electrodes. Triangular electrode devices displayed stable operation
within a (£ °, & °) (mechanical) angular range with voltage
drives as low as 60 V. [1124]

Index Terms—Al etching, deep-reactive ion etching (DRIE),
micromirrors, optical switching, silicon on insulator (SOI) wafers.

. INTRODUCTION

HE increased demand for broad-band telecommunication

services has sparked much interest in the use of micromir-
rors in all optical networks [1] [4]. Transparent switching sys-
tems require arrays of small mirrors that steer optical beams
from one input port to any output port with little propagation
loss. The passive nature of these systems permits routing of op-
tical signals independent of their wavelength, modulation and
polarization without expensive high speed signal regeneration
optoelectronics.

For low loss propagation, mirrors are required to be optically

at and capable of steering the beam in one or two angular di-
rections over a fairly large angular range [5]. Micromirror arrays
have been implemented using several fabrication technologies
and actuation mechanisms. Mirror arrays have been fabricated
using surface micromachined polycrystalline silicon [6] or bulk
micromachined silicon on insulator (SOI) [7].

A key optical design parameter is the mirror atness, char-
acterized by its radius of curvature (ROC). The Au re ective
surface causes bimetallic warping of the mirror. Thicker bulk
micromachined mirrors hence are more desirable for this ap-
plication. In this paper, we present the design, fabrication, and

Manuscript received July 26, 2003; revised May 24, 2004. Subject Editor
O. Solgaard.

M. R. Dokmeci is with the Department of Electrical and Computer
Engineering, Northeastern University, Boston, MA 02115 USA (e-mail:
mehmetd@ece.neu.edu).

A. Pareek, S. Bakshi, C. D. Fung, and K. H. Heng were with Corning
IntelliSense, Wilmington, MA 01887 USA.

M. Waeelti was with Corning IntelliSense, Wilmington, MA 01887 USA.
He is now with Phonak, AG, Staefa, Switzerland.

C. H. Mastrangelo is with Corning Incorporated, Corning, NY 14831 USA
(e-mail: mastrangc@corning.com).

Digital Object Identi er 10.1109/JMEMS.2004.839812

Fig. 1. Cross section of bulk micromachined mirror. The entire structure is
made of SCS.

testing of a high yield bulk micromachined mirror array with
single-crystal silicon (SCS) exures. The devices are electro-
statically actuated using parallel plate electrodes fabricated on
the glass substrates.

Il. DEVICE STRUCTURE

Due to fabrication simplicity and lower power requirements,
electrostatic actuation was selected as the actuation method.
Fig. 1 shows a schematic cross section of the two-axis mirror
device. The device consists of a monolithic layer of SCS an-
odically bonded to a glass substrate with metallic electrodes.
Ground shields are patterned on the areas under the mirror to
minimize actuator drift caused by substrate charging effects.

The silicon layer is bulk micromachined to de ne the actuator
gap, mirror plate, gimbal, and suspension springs all from the
same single-crystal layer. Electrical connection to the top silicon
is made through a silicon-to-metal lead transfer established by
overlapping some of the glass metal to the bonding area as seen
in Fig. 1. The monolithic construction is advantageous since it
minimizes stresses in the structure.

The dimension of the mirror, and typical ROC of at least
50 cm is required, are determined based on the acceptable losses
of the optical cross-connect for a given optical path [5]. These
two parameters dictate the mass of the mirror, and the frequency
response determines the switching speed, spring constant and
the operating voltage for a desired angular range. The dimen-
sions of the mirror are generally in the 0.5 1 mm diameter
range, and typical ROC of at least 50 cm are required to mini-
mize the insertion losses for the optical system. In order to ob-
tain a high ROC with a 0.1-pm-thick Au re ector, a 14-um
-thick silicon layer was used for the platform.

Several types of torsional exures have been used including
straight and folded beams. Thick and narrow straight exures
have the highest ratio of vertical to angular stiffness; however
they tend to be susceptible to bonding stresses as the torsional
spring constant is a function of the tension, and their resistance
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Fig. 2. Schematic of mirror and frame. The exure twisting angles ( , )
determine the mirror orientation.

Fig.3. Coordinate system and notation for rotation angles relative to the mirror
substrate. The vector is normal to the mirror surface.

to shock is limited by the small elongation necessary to reach
the fracture strain. Compared to straight beam exures, folded
beam exures have a lower stiffness ratio, but their resistance
to shock is much improved as it is possible to design the folds
such that fracture strain is not reached even in the case of a hard
stop at the substrate. Devices with both types of exures were
fabricated, but in this paper we only report the results of folded
exure devices because they had the highest processing yield.

Fig. 2 shows a schematic of the gimbal assembly. The mirror
rotates about two axes. The gimbal frame rotates about the y
axis, and the mirror plate rotates about the x axis. The mirror
orientation is set by the exure twisting angles (n, p) which
uniquely de ne the normal vector 7. The angular de ection
versus voltage characteristics can be calculated using the anal-
ysis of the next section.

I11. ELECTRODE SHAPE AND ANGULAR RANGE

The electrode dimension, shape and the gap determine the
stable angular range. In this section, we calculate the mirror ori-
entation versus drive voltage and the angular range achieved by
different electrode con gurations. Fig. 3 shows the notation for
rotation angles and the corresponding coordinate system for the
mirror with respect to the stationary substrate.

If the mirror plane has normal vector 7, its orientation is de-
scribed by angle 6 on the = — = plane and ¢ on the y — z plane.
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Fig. 4. Rectangular electrodes under mirror and frame.

These angles are measured with respect to the normal of the
xed substrate. Angles (¢, 6) are generated by twisting angles
(n, p) that determine the torsional strain on the exures.

The angle p = ¢, and for small de ections since tan(¢)
tan(n) sec(f), then n = ¢ approximately.

The device was driven using two types of four electrode
con gurations placed under the frame and mirror as shown in
Figs. 4 and 5. These electrodes are connected to drive voltages
(Vie, Voo, Vig, V_g). Fig. 4 shows a rectangular electrode
con guration under frame and mirror. Fig. 5 shows a second
con guration with triangular electrodes under the mirror. A
ground plane (not shown) is used in all areas around the elec-
trodes to minimize charging effects of the glass substrate.

The de ection and stability of one-dimensional (1-D) tor-
sional actuators with rectangular parallel-plate electrodes has
been extensively studied by Degani [10] [15]. Degani deter-
mined that in order to prevent pull-in behavior, the electrode
extent should not exceed about 40% of the plate length from the
axis of rotation. Gimbaled systems such as shown in Fig. 2 how-
ever behave differently due to the coupling of the frame motion
to the mirror actuator.

The equilibrium of mirror orientation can be determined by
the calculation of the total energy of the system

4
1 1 1
Ur =Upoch +Usloc = = kg2 +=kydp>—=> C;(0, $)-V?2 (1
T h+Uel 20+2¢¢ 2;(,45)1()

where the rst two terms correspond to the stored mechanical
energy due to torsion of the springs, and the third term is the
electrical energy of voltages (Vi., V_g, Vig, V_y) stored in
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Fig. 5. Triangular electrodes under mirror.

the respective capacitors C;(6, ¢). If (V_g,V_,) = (0,0), the
total energy of the system is

1 1 1 1
Ur =~ §/€992 + 51%052 - 500(9) Vi - 504)(974/))‘/4)2 (2

where the third and fourth terms are the stored electrical en-
ergy in the frame (Cy) and mirror (Cy) capacitors. The equi-
librium orientation (4,, ¢,) is determined by the minimum of
Ur. Note that in (2) the third term is a function of the frame de-
ection angle 6, but the fourth term is dependent on both frame
and mirror angles (6, ¢) resulting in an unusual energy surface
landscape.
The capacitors Cy an Cy, for rectangular electrodes as shown
in Fig. 4, ignoring fringing elds, are calculated from

T2

Cy(0) = 28 / e @3

2o J (1 — tan(6) - (i))
and
Col0.4)=2 77 - |
07 o G ()

(4)

These integrals can be solved analytically
o 260 - We i Al

0. = (G-
. (Bl IOg(Bl) — B2 10%(32)
—Bg IOg(Bg) + B4 10g(B4)) (6)
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where A; and B; are de ned as

Al = (1—@1), A2 = (1—(12) (7)
and
Bi=(1-=b1+c¢1), Ba=(1-ba+c1)
By3=(1-by—c1), Byi=(1-by—rc1) (8)
with
tan(f)x tan(f)x
o = an( )117 4y — an(f)zo ©)
Zo Zo
and
b = tan(qb)yl7 by = tan(¢>)y27 o = tan(f)wy (10)
Zo Zo Zo

where z, is the device gap.

System energy plots have been calculated for a device with
Zo = 86 pm, wg = 300 pum, wy = 380 pum, 1 = 10 pm,
o = 225 pm, y; = 10 pm, yo = 220 pm, and kg = ky =
1.3x 107® Nm/rad. for several (V;, Vy). Fig. 6 shows contours
of the system energy for several frame voltages V5 and V,, = 0.
The frame motion always lies along the horizontal z axis.

Note that the behavior for the frame only drive is as expected
by Degani s one dimensional model. However, for the mirror
electrode drive shown in Fig. 7, the energy curve has a singu-
larity along two lines. This leads to the formation of a saddle
and eventual pull-in in the frame direction.

The off-axis pull-in originates from the vanishing value
of By, and it has been observed experimentally. The off-axis
pull-in also results in a reduced diagonal range limiting the
maximum 45° diagonal angular range to

Xmax < V2tan™! <Z—O> .

(z2 +wy) 0

This range limiting behavior can be eliminated if the mirror elec-
trodes are shaped in a manner that avoids the vanishing log ar-
gument.

If the electrode is trimmed at the corners in a triangular elec-
trode con guration shown in Fig. 5, the calculation of C can
be performed analytically with some dif culty. If 3y; ~ 0 then
still

0.9 = (i )
(Cl IOg(Dl) — 02 IOg(DQ) + Cg 10g(D3))

' -5 2
where
01:b2(1+61)(01—b2), 02:261(1—[)2), 03:(1—61)(1-1-[)2)
(13)
and
D1 = b2(1—|—61)7 D2 = b2(1—b2)7 Dg = bg(l—cl). (14)

The log arguments no longer vanish in a diagonal. Fig. 8 shows
energy curves for the triangular electrode con guration with
wg = 310 pm, y1 ~ 0 and y» = 370 pm. The off axis
instability is removed extending the stable range of motion
signi cantly.
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Fig. 6. Energy contours for rectangular electrode con guration for several , and
axis. At high voltages, the formation of an unstable saddle is visible.

dimensional tilting of the frame about the

Fig. 7.
dark spot corresponds to one dimensional tilting of the mirror about the
direction rotating about the  axis.

This suggests that it may be possible to optimize the electrode
shape for maximum range. Several devices [6] [9] in the liter-
ature have used circular and diamond shaped electrodes with
similar extended range results.

In order to further reduce the driving voltage, a negative dc
bias can be applied [17] [19] to the silicon mirror and a differ-
ential or single ended voltage applied to the frame and mirror
electrodes below. Because of the quadratic voltage-torque char-
acteristics of the device, the torque has cross terms of the type
V.-V . Ahigh value of dc bias results in magni cation of
the torque generated by the voltage at the drive electrode. Using
the methods described above, the stability range for the trian-
gular electrode con guration under —50 V, —100 V, and —180
V bias is investigated and discussed in the testing section. A high

4 6 8 10 12 14 0

0 (deg.)

Energy contours and surfaces for rectangular mirror electrode con guration for several 4 and
axis. At high voltages, the stable point disappears and the device pulls-in in the frame

2 4 6 8 10 12 14
0 (deg.)

. The stable equilibrium marked by the dark spot corresponds to one

. The stable equilibrium position marked by the

dc bias results in drive voltage reduction factors of 2 4x with
minimal reduction of the stable range and better linearization of
the de ection range, consistent with other published efforts [9],
[19].

IV. FABRICATION

The mirror structure is fabricated with seven photolithog-
raphy steps as shown in steps (a) through (i) of the simpli ed
process of Fig. 9.

A. SOI Processing

The process begins with a p- or n-type SOI wafer
with 100-um-thick boron-doped silicon device layer on a
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