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Abstract

A photonic device compatible low temperature process that is suitable for fabricating tunable Fabry–Perot filter is

proposed in this paper [1]. The advantages of the presented process consist of (1) materials used in this process are

compatible with existing optical or IC process; (2) process and detected spectra are not limited by different substrates.

Experimental results of the manufactured tunable Fabry–Perot filter indicated that the full-width-half-maximum

(FWHM) is closed to 1.3 nm and the measurement of reflectance of distributed Bragg reflectors is up to 99%. Note that

within the 10 nm experimental tuning range, the FWHM is kept close to 1.3 nm with tuning voltage from 0 to 30 V. The

experimental results showed that the presented process has potential to apply to wavelength division multiplexing

(WDM) specifications of optical telecommunication. In particular, the process would also be integrated to fabricate

tunable VCSEL processes. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

For a wavelength division multiplexing (WDM)
networking system, tunable optical filters, that
play an important role as the increased number of
wavelengths (channels) transmitted into a single
fiber. It means that more and more information
added and dropped at various and exchanged be-
tween optical core networks or region access net-
works. In realistic applications, tunable optical
filters must satisfy requirements such as wide

tuning range, constant gain, narrow bandwidth
and fast tuning. Since tunable Fabry–Perot filters
could match the above-mentioned requirements
well, thus, they would have been widely used in
WDM systems.
In general, there are different methods and

concepts to fabricate tunable Fabry–Perot filters
using micro-electro-mechanical systems (MEMS)
technology. These methods consists of: (1) bulk
micro-machined technology incorporating with
wafer bonding technology [2,3]; (2) surface micro-
machined technology with polyimide as the sacri-
ficial layer [4,5] and (3) VSCEL process with GaAs
epitaxy as the sacrificial layer [6–8]. These ap-
proaches run into drawbacks such as high driving
voltage, poor parallelism between two distributed
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Bragg reflector mirror, complex fabricating pro-
cesses and uncontrollable or limited of resonant
cavity length. Furthermore, all of the above-men-
tioned methods are constrained by the substrates,
high process temperature and complex fabrication
process. In order to overcome the above-men-
tioned drawbacks, a low temperature surface mi-
cro-machined technology that is suitable for
fabricating tunable Fabry–Perot filter is proposed.
In particular, the present process is not limited by
any substrates that can also be integrated to fab-
ricate tunable VCSEL.

2. Designs and fabrication

The fundamental structure of Fabry–Perot filter
comprise of a resonant cavity that is formed
between two high reflectance distributed Bragg
reflector (DBR) mirrors. The properties of Fabry–
Perot filter are decided by the well-known Airy
formula (AðhÞ), the resolving power (R) and free
spectrum range (FSR) [9]
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where d is the phase arising, R is the reflectance of
DBR, d is the optical resonator length, k0 is the
center wavelength, and nf is the refractive index.
For the DWDM applications, filters are used to

obtain sharper transmission wavelength in order
to separate more channels, which can be accom-
plished by increasing the optical resonator length
and the reflectance of DBR. However, by in-
creasing the optical resonator length that will de-
crease the FSR range and increase driving voltage
and consequently affect the filters’ tuning range.
Therefore a suitable optical resonator length and
high reflectance of distributed Bragg reflector
mirror are the most important parameters in de-

signing a high quality Fabry–Perot filter. In the
present proposed process, the designed device
consists of 1.6 lm optical resonator length and
DBR has a reflectivity of about 99.5% from ap-
proximately 1.35 to 1.6 lm as measured in Fig. 1.
Note that the calculated theoretical FSR is about
750 nm and FWHM is close to 1.2 nm.
The schematic Fabry–Perot filter structure is

shown in Fig. 2. The proposed filter consists of an
optical mirror on silicon substrate and a floating
bridge structure with another optical mirror that is
formed on top of floating bridge. The electrostatic
force is used to adjust the optical resonator length
with a driving voltage that is applied to the top
and the bottom electrodes in order to tune needed
resonant wavelength. According to the optical
transmission characteristics, when the air gap

Fig. 2. The scheme of surface micro-machined filter.

Fig. 1. The reflectance measurement result of the DBR.
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equals multiplicity of a half-wavelength of the in-
cident broadband light, which will enable to filter
the suitable wavelength with a sharp resonant
transmission peak passing through the two parallel
mirrors. The optical resonator length of the device
is designed for a center wavelength of 1550 nm. In
order to realize the proposed optical filter, a new
low temperature fabrication process is summarized
in Figs. 3(a)–(f).
First, we deposited titanium to isolate the use-

less light and patterned an aperture to force light
pass through it. Next, the bottom mirror was de-
posited on titanium isolator as shown in Fig. 3(a).
In Figs. 3(b)–(c), we deposited and patterned ti-
tanium as the bottom electrodes, then deposited
aluminum to be the sacrificial layer. Note that the
critical issue of the present processes is the use of
aluminum that is standard material used in IC
process. Note that the material properties and
parameters of deposition rate of aluminum have

been completely understood which can be used to
control its thickness accurately for optical reso-
nator length. E-gun was used here to deposit the
sacrificial layer and to ensure the design require-
ments could be matched accurately. With the
lower mirror and the sacrificial layer, we further
used E-gun to deposit seven overlapping layers of
Ti/Au layers, which are 1000 and 8000 �AA, respec-
tively, as shown in Fig. 3(d). Note that the Ti/Au
layers are compatible with any existing optical
processes that can be are used to form the bridges
and membrane. The purpose of using Ti/Au layers
is to compensate its individual material stiffness
properties. Furthermore, in order to eliminate the
residual stress between the layers, we place the
fabricated filter in the N2 gas chamber at 200 �C
for 30 min to complete its annealing process. As
shown in Fig. 4, we observed the difference be-
tween the released bridges with or without the re-
sidual stress due to annealing. In the Fig. 3(e), we

Fig. 3. (a)–(f) Summary of the fabrication process.
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completed the deposition of the top mirror using
left-off technology. To obtain the final Fabry–
Perot filter, aluminum-etching solution is used to
release the sacrificial layer as shown in Fig. 3(f).
However the aluminum-etching solution also at-
tacks titanium electrode resulting in the disap-
pearance of top and bottom electrodes.
Nevertheless, in order to avoid the etching of ti-
tanium, dissolving a grain of aluminum into the
etching solution for a few minutes that would
dramatically decrease the titanium-etching rate.
Finally, we used methanol and hot plate to avoid
the sticking phenomenon between membrane and
substrate, which is shown in Fig. 5. It is note that
the best method to avoid the sticking phenomenon
is to use CO2 critical point dryer. Note that all of

the processes were fabricated by physical vapor
deposition implying that if there have been existed
photonic devices on substrate; the low temperature
processes would not affect these devices.
Fig. 6 is the SEM picture of the Fabry–Perot

filter with membrane area of 200 lm� 150 lm.
The top and bottom mirror are circles in the center
of the membrane with a diameter of 100 lm and
on the substrate with a diameter of 120 lm, re-
spectively. These mirrors compose of alternating
k=4 layers of Si and SiO2 for the reason that they
have large index contrast property and they are
common materials used in semiconductor fabri-
cating process. The structure of DBR composes of
3.5 pairs of Si and SiO2 where the thickness is
about 1076 and 2672 �AA, respectively.

Fig. 4. SEM pictures of the membrane residual stress: (a) with annealing; (b) without annealing.

Fig. 5. The cavity of DBR (top) and membrane (bottom). Fig. 6. The SEM picture of the Fabry–Perot filter.
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3. Experimental results

In the present experimental setup, the ASE light
was used as broadband light source in the 1550 nm
region to verify the fabricated Fabry–Perot filter.
The light beam was going through the fiber and
collimator and lead into Fabry–Perot filter. The
driving voltage was used to adjust the optical
resonator length to filter individual transmission
wavelength. The output light is collected by a lens
transmitted through a multimode optical fiber and
guided it to an optical spectrum analyzer AD-
VANTEST Q8347 for spectrum measurements.
Fig. 7 shows the relationship between the wave-
length output (1532–1542 nm) and the bias voltage
(0–30 V) of the fabricated Fabry–Perot filter. The

reason that we need a high bias electrostatic ac-
tuated voltage is due to the small electrode area.
Fig. 8 demonstrates the relationship between light
intensity and wavelength. Here in the 10 nm range,
we are able to tune 5 output wavelength channels
where the FWHM of the output wavelength peak
is about 1.3 nm. This result matched the theoreti-
cal data closely.
However, the transmission wavelength intensity

(15–20%) is not performed well as our anticipat-
ing. This is due to the reasons that: the membrane
may tilt slightly during the stage of applying the
driving voltage to the membrane and consequently
loss the incident-light intensity. Furthermore, since
the fabricated Fabry–Perot filter does not coat
with anti-reflection layers on the backside of the
wafer, which may produce a decayed light inten-
sity through wafer. Fig. 9 indicated that the re-Fig. 7. The wavelengths versus bias voltages.

Fig. 8. The tuning wavelengths versus intensity.

Fig. 9. The flatness of DBR measured by Zygo interferometer.

W.T. Lin et al. / Optics Communications 210 (2002) 149–154 153



sidual stress of DBR mirror would produce 0.225
lm average flatness error. This error is larger than
k=4 of the light source from Zygo interferometer
which affect the light intensity in our experiment
with ASE light source. In conclusion, the overall
performance of the filter is strongly affected by the
above-mentioned behaviors. Although not report
herein, a further investigation is under study in
regard to eliminate these drawbacks. We will re-
port this effort in the near future.

4. Summary

In this paper, a ultra-low temperature (<200 �C)
fabrication process for micro-machined tunable
filter has been proposed with proven feasibility.
With the low temperature property, the process
could be used to suit different substrates and their
detected spectrum is not limited by any substrates
although our device is fabricated on silicon sub-
strate here. Note that the present process is com-
patible with any existing optical or IC process. The
fabricated tunable Fabry–Perot filter based on a
high reflectance DBR, which is up to 99%, low
stress membrane, and suitable driving voltage that
produced a small FWHM of 1.3 nm. This low
temperature MEMS process has the potential to
integrate with other existing photonic devices such
as tunable VCSEL. Moreover, a high quality Fa-
bry–Perot filter could be used as a key component
of interferometer or spectrometer.
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