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Abstract—This paper presents a linear array of tilting mirrors
used to attenuate the various wavelengths in a DWDM optical
signal. Attenuation of 21 dB at snap-down was achieved by
the tilting mirrors, substituting for a liquid crystal spatial light
modulator (SLM) in a commercial dynamic spectral equalizer
(DSE). Linear fill factor of 92% was achieved, allowing closely
spaced wavelength channels to be individually attenuated. A two
layer polysilicon process with a thick epi-poly mirror was used to
fabricate the SLM. Initial mirrors had a radius of curvature of 25
cm. A novel accelerated HF-H2SO4 etch allowed 100 m wide
mirrors to be undercut in 12 min with no etch release holes.

[1101]

Index Terms—optical dynamic spectrum equalizer (DSE), epi-
poly, HF release, mirror array, spatial light modulator (SLM).

I. INTRODUCTION

DENSE wavelength-division-multiplexed (DWDM) sys-
tems carry many closely spaced wavelength signals over

a single fiber. The wavelength dependence of attenuation and
amplification results in nonuniform power across the various
channels. Wavelengths with more energy rob amplifier power
from weaker channels, and cause weak channels to have low
S/N ratio. Hence it is desirable to equalize the power across a
DWDM system using a dynamic spectral equalizer (DSE) or a
dynamic channel equalizer (DCE).

In addition to spectral equalization, optical add–drop mod-
ules (OADMs) add and drop specific wavelengths to the optical
channel. A DSE that can attenuate 40 dB or more can be used
to block a wavelength that is supposed to be absent, so that a
new signal can be injected at that wavelength with minimal in-
terference. Hence, a DSE with 40 dB attenuation is useful as
a channel blocker in an OADM.

Although in theory a series of discrete filters could be used to
separate the various wavelengths, in practice free-space optics
with a diffraction grating are often used to separate the wave-
lengths, which are imaged onto a spatial light modulator (SLM)
to selectively attenuate the many closely spaced channels. SLMs
can be created with liquid crystal technology [1], [2], or MEMS
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technologies such as the TI Digital Micromirror Device [3], in-
terferometric devices such as the Stanford Grating Light Valve
[4], the Polychromator [5], LightConnect DMEMS [6] or Kodak
GEMS device [7]. A spectral equalizer based on arrayed wave-
guide filters and interferometric SLM has also been developed
[8]. A continuous dynamic spectral equalizer has been built
using the mechanical antireflection switch (MARS) and free
space optics [9]. The dependence of the filter shape on the type
of spatial light modulator was compared in [10] for two types
of tilt mirror and a liquid crystal SLM. A wavelength selective
switch using tilting mirrors which can also attenuate each wave-
length is described in [11]. DSE’s using discrete single crystal
silicon tilting mirrors are presented in [12], [13]. It is important
that the SLM does not introduce polarization mode dispersion
(PMD) and that insertion loss is minimized.

Fig. 1 shows a simplified DSE configuration, which uses an
optical circulator at the light input/output port. This configu-
ration allows the light to retrace its path through the optical
system, resulting in a reduction in optical components. The light
emerging from the fiber falls on a diffraction grating, and then
an image of the fiber end is projected onto the SLM. Due to
the dispersion of the grating, each wavelength channel is im-
aged onto a separate attenuating element, e.g., liquid crystal or
MEMS mirror.

In this work we describe a MEMS SLM based on a linear
array of tilting mirrors for a DSE application. Mirrors were fab-
ricated with a two-layer polysilicon process using a thick layer
of epi-poly. A novel undercut process with an mix-
ture was developed to speed up the undercut.

II. THEORY OF OPERATION

A. Attenuation Versus Tilt Angle

The SLM developed in this work uses an array of tilting mir-
rors to attenuate light. The light emitted from a step index fiber
is approximately Gaussian in the far field, hence Gaussian beam
calculations are used to calculate the attenuation versus tilt angle
of a beam reflecting off a tilting mirror.

There are two fundamental sources of attenuation: vignetting
(i.e., the beam hits an aperture stop) and the mode overlap inte-
gral [14], which represents the loss of coupling efficiency due
to the linear phase shift induced by the tilting mirror. Vignetting
can yield high attenuation versus angle in a system where a colli-
mated optical beam rotates through an aperture. Vignetting was
not important in the DSE system used to test these mirror arrays,
due to a large numerical aperture at the MEMS SLM.
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Fig. 1. Dynamic Spectral Equalizer using a MEMS or liquid crystal SLM to
equalize power in many wavelength channels.

Equation (1) is the general expression for the coupling coef-
ficient between two optical modes, and . This integral
can be performed anywhere in the optical system, however we
perform it at the mirror reference plane

(1)

For an incident Gaussian beam with a beam radius ,
reflected off a mirror of tilt angle , the attenuation in dB calcu-
lated from (1) is [14], [15]

(2)

From (2) we see the attenuation in dB is quadratic with the
tangent of the tilt angle and the beam waist radius. Hence, beam
waist can be traded off against tilt angle. This equation is plotted
in Fig. 2 for and . A rotation of almost

is needed to attenuate 40 dB.

B. Mirror Rotation Versus Voltage

Fig. 3 shows a plan and cross-sectional view of a mirror with
central support springs. The mirror has five electrodes, two are
used for actuation and three are held at the same potential as the
mirror. Dimples on the bottom surface of the mirror ensure that
touch-down will only occur on these landing electrodes and not
on the actuation electrodes.

The rotation of a mirror under electrostatic parallel plate ac-
tuation has been modeled analytically [16]–[18]. According to
these models, a tilting mirror experiences pull-in at approxi-
mately 44% of the maximum (touch-down) tilt angle. These
models also predict that if the actuation electrode is reduced
to 40% of the mirror area ( in Fig. 3), pull-in
can be avoided, and the mirror can be actuated continuously
until touch-down. However, this analytic model assumes that the
mirror only rotates, and neglects the out-of-plane translational
compliance of the support flexures.

FEA simulations using IntelliSuite show that even with re-
duced area actuation electrodes the out of plane compliance
causes gap narrowing and pull-in to occur. As a result of out-of-

Fig. 2. Theoretical attenuation versus rotation angle for a Gaussian beam
reflecting off a tilting mirror, back into a receiving fiber.

Fig. 3. MEMS mirror SLM top view and cross section.

plane compliance, larger gaps and voltages are required to avoid
pull-in than are predicted by the simplified theory.

Fig. 4 shows the effect of reducing electrode area to
increase the tilt angle at pull-in for full electrodes and
three reduced electrode widths. These results are for a

thick mirror with side
flexures. These FEA results confirm the trend toward increased
angle and voltage at pull-in with reduced electrode width. In
general, electrode changes which allow higher angle before
pull-in also require higher voltages, which are undesirable from
a cost and reliability viewpoint.

C. Chip Design

Each SLM chip contains an array of 84 mirrors, as shown in
Fig. 5. Multiple designs were fabricated, with mirror pitch fixed
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Fig. 4. Simulated rotation vsersus voltage parameterized by electrode width.
Narrow electrodes require higher voltages but pull in at higher angle.

at 60, 80, and 100 . Some mirror arrays used central flex-
ures (see Fig. 6), while some used flexures at the edge of the
mirror (see Fig. 7). The central flexure design can rotate through
a larger angle and has virtually no acceleration sensitivity com-
pared to a side flexure design. This lack of pendulosity makes it
the preferred design for vibration immunity. The side flexure de-
sign rotates at lower voltage and requires only one bond pad per
mirror if all the mirrors are held at a common potential. How-
ever the side flexure devices require a larger gap than the center
flexure devices to achieve a given maximum angle.

Fig. 8 shows a side support mirror rotating under electro-
static torque, analyzed using IntelliSuite. Both central support
and side support mirrors incorporated strain relief, ensuring that
the torsional stiffness is independent of residual stress and tem-
perature. Electrostatic crosstalk between mirrors was found to
be negligible.

III. FABRICATION AND PACKAGING

A. Fabrication

A two-layer polysilicon surface micromachining process was
used to fabricate the tilting mirror SLM. The epi-poly process
was developed originally by Bosch for fabrication of MEMS gy-
roscopes and accelerometers [19], [20]. The devices were fabri-
cated on 100 mm wafers coated with low-stress nitride. The first
polysilicon layer was 0.5 thick, doped subsequently by the
PSG sacrificial layer. Depressions 0.5 deep are etched into
the PSG layer to create dimples (on the underside of the mirrors)
which reduce the touch-down contact area. The sacrificial layer
was either pure , or PSG with composition measured
at 0%, 3.4% or 5.3%. The PSG composition was verified using
both wet chemical analysis (Balazs Inc., ICP-OES analysis) and
Electron Probe X-Ray Microanalysis (EPMA).

The top epi-poly layer is made thick (14 as deposited by
a vendor [21], 9–10 after polishing) to provide a flat mirror
and to provide flexure stiffness to out of plane deflection. Due
to strain relief features at the mirror ends, residual stress in the
epi-poly was not a problem, however stress gradients had to be
controlled to maximize the mirror radius of curvature.

A CMP polishing step is carried out after epi-poly deposition
to provide the mirror surface and remove depressions from pre-
vious photo-steps. A thin Cr–Au reflector is added to the mir-
rors, while a thicker Cr–Au layer is deposited on the bondpads.
Deep RIE using the Bosch ICP process is used to define the mir-
rors by etching vertically through the epi poly. The wafers are
then diced, released in an solution, and dried using
a critical point dryer.

Most commercial polysilicon processes (e.g., MUMPS,
SuMMIT V) require etch holes on a 20–30 spacing to
speed up the HF undercut of a sacrificial oxide. The etch
holes limit the time spent in HF, which is known to attack
the poly 1 layer resulting in open circuits. However, holes in
the mirrors would add optical crosstalk and increase insertion
loss, therefore devices without holes were manufactured in this
work. Since the mirrors are much larger than the hole spacing
(20 ) dictated by the MUMPS design rule, a long undercut
etch ( 60 min) was required using the industry standard 49%
HF release. This long HF etch attacked the heavily doped poly
1 layer, resulting in increased resistance or open circuits on this
layer.

To reduce the undercut time and the attack on poly 1, a
search was undertaken for a new etch which could undercut
large polysilicon structures with reduced attack on the poly
1 layer. mixtures were experimented with, but
these attack the nitride insulating layer underlying the devices.
HF/HCl mixtures have been previously investigated [22], but
were found to accelerate both the undercut and the attack on
poly 1.

A new etch system consisting of mixtures was
investigated. A 4 : 1 mixture was found to undercut
PSG much faster than buffered HF or 49% HF, while reducing
the attack on the poly 1 layer. Individual die were released in 12
min using a mixture of 4:1 , as compared to 1 h re-
lease using HF only. The attack on the poly 1 layer was reduced
but not eliminated by this etch, which also did not damage the
Cr/Au mirrors and bondpads.

B. Stiction Reduction

To reduce sticking and shorting problems, small bumps called
dimples are included on the bottom of the mirrors. These dim-
ples are arranged in stripes along the edge of the mirrors, over
poly-1 electrodes that are at the same potential as the mirror. If
the mirror touches down, it will rest on only a few small points,
and there will be no potential difference between the mirror and
the contact electrode. This arrangement of dimples proved ex-
tremely successful in preventing stiction. The mirrors were cy-
cled through snap-down for cycles in laboratory air with
no stiction. Anti-stiction coatings were tested but do not appear
necessary for these devices.

C. Packaging

SLM arrays were packaged into printed circuit board (PCB)
assemblies (see Fig. 9). The large silicon die and stress sensi-
tivity of the mirrors were accommodated using low stress pack-
aging technology. Thermo-mechanical stress was minimized by
mounting chips onto a low CTE stiffener plate (Kovar) using a
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Fig. 5. SLM chip measures 3 mm � 18 mm. Chip size is dominated by bondpads.

Fig. 6. Fabricated mirrors with central support flexures.

Fig. 7. IntelliSuite FEA model of tilting mirror with side flexures. Mirror is
56 �m wide for 60 �m pitch linear array.

compliant die attach material. Tab mounting was used to iso-
late the devices from mounting stress. The devices were wire-
bonded to the PCB. Signals were brought in through removable
flex cables attached to Samtec BTH-060-01-X-D-A headers.
An anti-reflection coated window/Kovar seal ring assembly was
mounted onto the PCB to protect the SLM mirror array and
wirebonds.

IV. RESULTS

A test station was built using a Zygo NewView 5032 interfer-
ometer under computer control. The test system indexes auto-
matically until all mirrors have been tested. The center flexure

Fig. 8. Completed mirror array with side support flexures.

Fig. 9. MEMS SLM die in package with low-stress tab mounting and multipin
connectors.

mirrors were tested by driving either the left or right electrode
with respect to the (grounded) mirrors, while the other electrode
is held at ground. Side support mirrors have only two electrodes
and can rotate in only one direction.

Mirror radius of curvature was typically 10 to 25 cm, de-
pending on the annealing condition of the epi-poly layer.

A. Angle Versus Voltage

Fig. 10 shows a typical angle versus voltage curve for a
60- -wide, side support mirror. Mirror rotation was highly
uniform across each SLM chip. Higher angular deflection
was achieved for center support mirrors than for side support
mirrors, as expected.
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Fig. 10. Rotation angle versus voltage for a 60-�m-wide, side-support mirror.
The final data point at 27 V represents the voltage at which the mirror releases
on the downward voltage sweep.

Fig. 11. Insertion loss versus wavelength for single wavelength channel.
MEMS mirror is actuated through pull-in.

B. Attenuation Versus Voltage and Wavelength

The MEMS SLM array was substituted for a liquid crystal re-
flective SLM in a commercial Dynamic Spectral Equalizer [1].
Insertion loss versus wavelength was measured using a broad-
band light source, while applying voltages to the appropriate
mirror to cause rotation and attenuation.

The DSE optical system uses a diffraction grating to separate
the incoming light into approximately 84 channels (ITU grid
wavelengths), and places these channels on the SLM pixels (ei-
ther liquid crystal or MEMS). The insertion loss versus wave-
length can be measured as a function of the voltage applied to
the SLM.

Fig. 11 shows the data for an 80- -wide center flexure
mirror operated to pull-in. Note that at pull-in, the angle is dis-
continuous and approximately doubles. Since the attenuation
versus angle is quadratic, a large increase in attenuation is seen
at pull-in. Fig. 12 shows the attenuation below pull-in in more
detail.

C. Transient Measurements

Transient response was measured by reflecting a laser beam
off a mirror onto a Position Sensitive Detector (PSD). A square
wave pulse was applied to the mirror, and the transient response

Fig. 12. Insertion loss versus wavelength for several voltages (below pull-in)
applied to a MEMS mirror.

Fig. 13. Transient response of 100 �m wide, side support flexure. Settling
time is about 0.3 ms.

was digitized and captured by a digital oscilloscope. Fig. 13
shows a transient measured on a 100- -wide, side support
mirror, which is the slowest of the devices fabricated. The re-
sponse is over-damped due to squeeze film damping between
the mirror and the substrate. The risetime is 110 , with a set-
tling time of about 300 .

D. Sticking and Reliability

To prevent sticking after the release process, the die were
transferred to a critical point drying (CPD) system after HF un-
dercut. Of the many causes of sticking, the worst is electrical
welding of the parts by allowing contact of two surfaces at dif-
ferent voltages. These mirrors were designed so that touchdown
of the mirrors could only occur on electrodes which are at the
same voltage as the mirrors.

The high resonant frequency and relatively stiff springs result
in a large enough restoring force to overcome Van Der Waals
forces, which typically result in about 1 point. The
restoring force of these mirrors depends on the design, the gap,
and the flexure width as fabricated. Dimples on the bottom of
the mirrors ensure that the mirrors can only touch down on a
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TABLE I
CALCULATED SPRING RESTORING FORCE AT TOUCHDOWN

few discrete points. Table I gives the spring restoring force as-
suming a nominal gap of 3 with 0.5 dimples, resulting
in motion of 2.5 to touchdown. An as-drawn flexure width
of 2 was also assumed, although processing variables will
affect this dimension. If the device is packaged in a dry nitrogen
atmosphere, and there are no contaminating films of organics,
water, etc., to enhance stiction, a restoring force of 20 should
be adequate to avoid stiction.

Mirrors were driven with a 100 Hz square wave between 65
V and 108 V, which was 15 V higher than snap-down. The tests
were run in normal ambient air and humidity. One device (100

center flexure) was run for 297 h (107 million cycles) with
no stiction. A second device (also 100 center flexure) was
run for 252 h (91 million cycles) also with no stiction. A third
device was held down continuously for 135 hours, with no stic-
tion. From these tests we conclude that it may be possible to
operate the devices in snap-down mode, although further long
term testing is required to ensure reliability.

V. CONCLUSION

A new linear MEMS based SLM based on an array of
90% fill factor tilting mirrors has been developed using a

thick epi-poly process. Attenuation of 21 dB was achieved at
snap-down, at a wavelength of 1.5 and a Gaussian beam
radius of 9 on the mirrors. However, only about 5 dB of
continuous attenuation was demonstrated before snap-down.
Future optical designs which achieve a larger beam-width
at the mirror (e.g., 30–40 ) would enable much higher
attenuation at small tilt angles. The mirrors can be actuated
through snap-down for cycles with no sticking. A novel
HF release process without etch release holes was developed
using an mixture.
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