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Abstract

We have developed a wavelength tunable fiber optic filter by using a hybrid-assembly technique of glass reflector cubes (volume 1 mm?) onto
a bulk-micromachined electrostatic translation stage (4 mm x 5 mm). More than 0.6-pm-change of the Fabry-Pérot interferometer gap could be
electrostatically controlled with a tuning voltage upwards of 4 V with the aid of a DC bias voltage of 64 V. A wide tuning range from 1479 to
1590 nm was achieved with a bandwidth of 1.3—-1.2 nm and insertion loss of 1.59-1.76 dB.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Wavelength filter is an indispensable component for optical
analyzing instruments and for the wavelength-division multi-
plexing (WDM) optical fiber network [1]. Optical signals of
particular wavelengths are added to or dropped from the optical
fiber network, by which the network would re-configure itself
according to the traffic demands. MEMS (microelectromechani-
cal system) approach is beneficial to make compact wavelength
tunable filters thanks to the batch-processing capability, com-
pared with the conventional technology based upon precision
machining. MEMS type wavelength filters and tunable lasers
have been reported [1-10], in which the air gap of the Fabry-
Pérot interferometer [11] is mechanically tuned to change the
resonating wavelength. Thanks to the scale of optical wave-
length, micromechanical displacement in the sub-micron to
micron range would suffice to tune the filter characteristics.
Most MEMS version of Fabry-Pérot reflectors were made by,
for instance, using multiple layers of thin films deposition on or
etched in a silicon micromechanism. Due to the process restric-
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tion such as the residual stress, however, optical performance
of such filters would sometimes be compromised, compared
with those made on an optical-grade glass substrate. It was also
reported that the Fabry-Pérot interferometer of small mass suf-
fered from mechanical disturbance associated to the pressure
of light [12]. For better optical performance, we have newly
developed a post-processing technique to mount a pair of glass
reflector cubes onto a MEMS actuator platform to compose a
wavelength tunable filter.

2. Hybrid-assembled optical filter

Fig. 1 illustrates the device structure, in which reflector cubes
are mounted on a microplatform with the high-reflection (HR)
surfaces inside the gap, having the anti-reflection (AR) surfaces
outside. Incident and transmitted light beams are coupled with
a pair of collimator-equipped single mode fibers placed normal
to the AR-surfaces of the reflector cubes. The actuator stage
is designed to increase the Fabry-Pérot gap between the cubes
in a micron scale and to make an electromechanically tunable
Fabry-Pérot interferometer; therefore, transmission peak
wavelength shifts toward longer wavelengths with increasing
drive voltage. MEMS tunable filters made of multiple thin films
deposited on microstructure have been reported [6,9] but the
optical performance could be influenced by the mechanical
deformation of the filter plates due to the residual stress of the
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Fig. 1. Hybrid-assembled wavelength tunable filter.
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films. Technical difficulty also lies in process compatibility
with sacrificial release in hydrofluoric acid. On the contrary, our
approach uses optical reflector that has been already made on a
glass cube; reflector cubes of appropriate optimal performance
can be chosen from the shelves.

As shown in the scanning electron microscope (SEM) image
in Fig. 2(a), the MEMS platform actuator had a stage sus-
pended with a four pair of straight beams on a silicon chip of
4mm x 6 mm. The stage was 1.8 mm x 1.5mm in area, such
that it could hold one of the reflector cubes of 1 mm x 1 mm in
footprint. Fig. 2(b) shows a part of the electrostatic mechanism
(shown by the square in Fig. 2(a)). The electrostatic comb-drive
mechanism was chosen rather than the parallel-plates actuators
for its long travel range before electrostatic pull-in. The sus-
pension was 4 wm in width, 250 wm in length, and 50 wm in
height. The comb-drive fingers were designed to be 5 pm in
width, 30 pwm in length, and with a gap of 1.5 pm. Total of more
than 648 pairs of comb-drive fingers were arranged on the stage
for electrostatic operation and on the side ribs. The supporting
part of the suspension root was designed to be folded to accom-
modate the stress of thermal deformation of the substrate chip
and that from the glue used to fix the reflector cubes.

Electrostatic
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3. Fabrication process and results

Fig. 3 shows the simplified fabrication process steps based on
the silicon bulk-micromachining. A silicon-on-insulator (SOI)
wafer of a 50-pm-thick single crystalline silicon, a 3-pum-thick
buried oxide (BOX), and a 300-p.m-thick handle wafer was pro-
cessed by the deep reactive-ion etching (DRIE) on the both
surfaces. A photoresist Shipley S-1818 spun at 3000 rpm was
used for the front-side DRIE, and a 100-nm-thick evaporated
aluminum layer was used as an etching mask for the backside
DRIE.

After releasing the mechanical parts by selectively removing
the buried oxide in a hydrofluoric acid, a pair of glass reflector
cube (1 mm? each) was placed with a chip-bonding tool and fixed
with UV-epoxy dispensed on the foot of the reflectors. A special
care was paid to keep the cube surfaces to be in parallel for a
narrow bandwidth of the wavelength filtering characteristics. At
this initial status, the reflector cubes were placed in contact to
each other, and they were separated later by using the built-in
microactuator. Techniques to mount an optical component on
MEMS have been known long [13-16]. To our best knowledge,
this is the first report on mounting two optical components with
fairly good parallelism. Statistical analysis of assembly results
is under investigation and it will be reported elsewhere.

The device after reflector-cube assembly was wire-bonded
for electrical interconnection as shown in Fig. 4. Despite the
relatively large mass of the cubes compared with that of the
microplatform, no serious deformation of the movable stage
was observed. The weight of the 1 mm cube glass (density
2.65 g/cm?) is estimated to be 2.65 mg (or 2.6 kg m/s? in grav-
ity). The surface-normal rigidity of the four pairs of suspension
is, on the other hand, writtenasky = 4 x E (wh3 / 13), where E is
the Young’s modulus of silicon (160 GPa), w is the suspension
width (4 um), A is the suspension height (SOI thickness, 50 wm),
and /is the length (250 pm). Using these dimensions, the spring
constant is calculated to be k, =2.05 x 10* N/m, and the vertical
deflection of the stage due to the glass cube is estimated to be
1 nm, which could be negligible to the electrostatic performance
of the actuator.
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Fig. 2. SEM images of stage microactuator before reflector-cube assembly: (a) entire view and (b) a close-up view of the suspension and comb-drive electrodes.
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Fig. 3. Fabrication process steps for making bulk-micromachined tuning stage
and hybrid-assembly of reflector cubes.

4. Characterization
4.1. Electromechanical performance of platform stage

To make the parallelism of the air gap, the cubes were put
together when mounted on the stage, and the electrostatic actu-
ator was used to pull one of them to make the Fabry-Pérot gap.
The gap was observed in the SEM to see the open and close
operation of the electrostatic force. Fig. 5(a) shows the close-

up image of the cube interface, which was completely closed at
0 V. On the contrary, a gap could be seen at a drive voltage of
70 V in Fig. 5(b). Mechanical stopper was installed in the mech-
anism to avoid electrical short circuits between the comb-drive
electrodes.

Circles in Fig. 6 plot a typical stage-displacement (with a
glass cube mounted) as a function of net voltage applied to the
actuator’s electrodes. The stage-displacement with respect to
the initial position was measured by the scanning laser micro-
scope (Lasertec Corp., Japan, model 1LM15, equipped with the
dimension measurement scale) as a function of applied volt-
age. The displacement curve could be explained well with the
theoretical fitting curve of the comb-drive mechanism (solid
curve); a total analytical model including the Fabry-Pérot optics
is presented in Section 5. Measurement was carried out in
the moisture-controlled cleanroom environment. We had antic-
ipated the influence of the adhesion force between the mirror
surfaces but the electrostatic microactuator was found to over-
come it. Laser Doppler observation (Neoark Corp., Japan, model
MLD-103) discovered that the stage had the pitch motion around
the X-axis (show in Fig. 1) superposed upon the lateral motion
along the Y-axis, thanks to the actuator force acting on the bot-
tom surface of the cube. Hence, the mechanism was understood
that the actuator gave a torque to the mirror and it effectively
separated the surfaces from the bottom.

We have developed nearly 100 pieces of such Fabry-Pérot
MEMS devices, and Fig. 6 shows the most successful results.
Some devices were found to have irregular behavior in the
displacement—voltage curve, as shown in Fig. 7, where the
MEMS stage remained still until a large bias voltage (~50V)
was applied. After the gap opening, the actuator exhibited linear
motion with respect to the voltage in a range from 50 to 70 V.
Nevertheless, the displacement disappeared before the voltage
was set to zero. Such irregular motion was plausibly caused by
the initial position offset of the reflector cube mounted on the
stage. The stage could have been displaced toward the comb-
drive electrodes (to the left-hand side in Fig. 4) by the lateral
positioning error of the die bonder, and the mirror was glued at
the position. Thus, the initial offset was given to the stage, by

Fig. 4. SEM image of wavelength tunable filter after reflector-cube assembly.
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Fig. 5. Wavelength tunable filter in electrostatic operation. (a) Gap closed without operation voltage and (b) gap opened with drive voltage 70 V.
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Fig. 6. Hysteresis curve of displacement as a function of drive voltage.

which the movable reflector cube was pushed onto the fixed one,
leading to large voltage to start opening the gap. This assembly
manipulation was intentionally performed to have the Fabry-
Pérot gap closed at the initial states. However, finished device
of excess drive voltage was ruled out before final assembly with
optical fibers and a metal package. Assembly process utiliz-
ing optical monitoring is under development to improve the
production yield.
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Fig. 7. Stage-displacement—voltage curve that was influenced by the initial
position offset of the reflector cubes.
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Fig. 8. Frequency response curves of electrostatically actuated reflector cube,
measured at different bias voltages.

Frequency responses of the stage oscillation at different bias
voltages were observed after gap opening. Mechanical reso-
nant peak with a reflector cube on was observed at 1kHz only
when the average gap opening was large, as shown in Fig. 8.
At lower voltages, the air viscosity became dominant due to
the small Fabry-Pérot gap, and hence the stage oscillation was
over-damped.

4.2. Wavelength tuning performance

In Fig. 9(a), we show the optical apparatus to measure
the reflectivity of the mirror cube in between a pair of sin-
gle mode fiber with collimators. Transmission spectra were
measured with and without the reflector cube, by using
a light source (FiberLab Inc., ASE-FL7701) and an opti-
cal signal analyzer (Agilent, 86140B) and were converted
into the reflection as shown in Fig. 10. More than 98%
reflectivity was obtained within the wavelength of interest
(1480-1590 nm).

We placed the developed MEMS filter in between the pair
of collimators, as illustrated in Fig. 9(b), and plot the shift of
the peak wavelength by observing the transmission spectrum.
Thanks to the high reflectivity of the reflector cube over the
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Fig. 10. Wavelength characteristics of reflector cube.

wide wavelength range and also to the low loss of the glass
cube, the spectrum was found to have a narrow bandwidth
(FWHM 1.2-1.3 nm). We used the voltage range of 63.9-68 V
to control the transmission peak wavelength shifted from 1479
to 1590 nm, as shown in Fig. 11. This covers a wide tuning
range over 110 nm. Also thanks to the linearity of comb-drive

63.9v 646V 653V 659V 66.6V

67.3V  68.0V

Transmittance dB

1460 1480 1500 1520 1540 1560 1580 1600
Wavlength nm

Fig. 11. Transmission wavelength spectrum of the MEMS Fabry-Pérot filter.
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Fig. 12. Transmission peak as a function of applied voltage.

electrostatic actuation, the peak shift was found to be fairly lin-
ear with respect to the applied voltage, as shown in Fig. 12.
Insertion loss was small (1.59-1.76dB) and it was found to
be sensitive to the mirror deviation from parallel gap. There-
fore, the reflector cubes were not mounted one-by-one but they
were put together when mounted on the MEMS chip. Opti-

cal performance of the wavelength tuning is summarized in
Table 1.

Table 1

Summary of wavelength tuning performance

Drive voltage 639V 68.0V
Fabry-Pérot Gap 6.4 wm 7.0 pm
Peak wavelength 1470 nm 1590 nm
FWHM 1.3nm 1.2nm
FSR 158.4nm 141 nm
Finesse 121 117
Insertion loss 1.76 dB 1.59dB

FWHM = full width at half maximum, FSR =free spectral range. FSR =free
spectral range.
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5. Discussion
5.1. Electromechanical design

The four sets of straight-beam suspensions of width w, length
1, and height & have a total elastic rigidity of k = 4 x E(w3h/ %)
for the lateral motion of the stage [17]. The suspension width
designed to be 5 wm was measured to be 4 um after micro-
fabrication, mainly due to the side-etching of silicon DRIE
step. Substituting w = 4 pm, /=250 wm, and ~2=50 um, the
rigidity is calculated to be k=131 N/m. For N-pairs of comb-
drive electrodes, we write the electrostatic attractive force as
Fe(V)= (1/2)(*30(h/g)V2 x N, where g =1.5 pum is the lateral gap
between comb fingers, g9 = 8.85 x 10~!2 F/m the dielectric con-
stant of vacuum, and V is the applied voltage. In this model, we
neglected the attraction force acting on the comb tips. Equating
the mechanical restoring force k,x with the electrostatic force
Fg(V), one could numerically solve the equation to find the dis-
placement x—voltage V curve, as shown by the solid line in Fig. 6,
which was in good agreement with the experimentally obtained
data.

As shown in Figs. 6 and 7, typical drive voltage was as high as
60 V mainly due to the suspensions that were intentionally made
stiff enough to support the reflector cube against the gravity. It
could be designed to be lower to make the device acceptable for
low-voltage driver electronics. Reducing the suspension rigidity
would not be a good idea because the Fabry-Pérot performance
becomes attitude-dependent but actuators of larger output force
should be sought for.

From the dimension parameters used in the mask design, the
mass of the movable stage was estimated to be mgage =0.38 mg.
The resonant frequency before putting a reflector cube was thus
calculated to be fOFF = 1/27,/k/mage = 2.95kHz. Adding
a mass of the reflector cube (mcype =2.65 mg) would lower
the resonant frequency to f(?N =1/2n \/ k/(Mstage + Meube) =
1.12kHz, which also agreed well with the experimentally
observed resonance peak of 1 kHz.

5.2. Optical design

The g-th mode wavelength of the Fabry-Pérot resonance is
written as A, = 2d/q, where d is the air gap between two paral-
lel reflectors [11]. Free spectral range (FSR) between the g-th
and g+ 1-th modes is written by the difference of the mode
wavelengths as

1 1
FSR =Xy — Agy1 =2d (q_q+l>'

Judging from the measured value of FSR =141 nm and the
measured air gap of d=6pum at 63.9V, the mode number
q is estimated to be an integer of 9. Using the peak wave-
length of 1470 nm, the Fabry-Pérot gap is back-calculated to
be d=ghy/2=06.6 pum; this value is consistent with the exper-
imentally measured value of air gap shown in Fig. 6. For the
same value of ¢, one would obtain the air-gap change Ad =
/20 — &), where A} and A} are the peak wavelengths under
two different drive voltages. Using the wavelength values 1470

and 1590 nm in Table 1, theoretical change of the air gap is
Ad=0.54 pm, which is also supported by the experimentally
obtained value of 0.6 pum.

6. Conclusions

Hybrid-assembly of reflector cubes on a MEMS actuator plat-
form was found to be a promising technique to make a compact
wavelength tunable filter. Wavelength range can be easily set by
choosing appropriate sets of reflector cubes, without compro-
mising device performance associated to the MEMS fabrication
incompatibility such as intrinsic film stress or chemical intoler-
ance to the sacrificial layer etching. Despite the small volume
of the cube reflectors, hybrid-assembly was carried out without
difficulty by using a chip-bonding tool. Parallelism of the mirror
surfaces remains to be solved but our recent experimental results
have shown improvement.
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