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In order to overcome difficulties mentioned above and explore the new territory of optical
MEMS, a new class of MEMS devices has begun to surface -- components made with highly
compliant polymeric materials as a principal design element. This platform differs from
conventional MEMS by adding a set of softer, more compliant, polymeric materials to the list of
conventional rigid silicon-based materials used in traditional MEMS. In this project, we explore
the possibility of using amorphous fluoroplymer, also known as CYTOP®. The compliant
materials used in this new class of MEMS devices are as much as three orders of magnitude less
stiff and can easily be tailored over a range of three orders of magnitude. Additionally, they can
be deposited in a much broader range of layer thicknesses. This very wide range of flexibility
expands the design space for MEMS devices far beyond what is possible with traditional
silicon-based materials. There are several other advantages that compliant polymers enjoys over
silicon-based MEMS, including mechanical deflection requires much lower energy, mechanical
damping can be included to avoid high frequency noise, fewer discrete components provide better

reliability at lower cost, and compact package design permits superior integration.

Through this project, we have systematic studies and fundamental understandings on how
compliant polymers can be improved and be optimized. In this project, we explored this
not-yet-well-known field and conduct both simulation and experiments on how the polymer
material can be used to make deformable surface and its compatibilities with existing MEMS
technology. The project will focus on the optical properties of polymer material fabricated by
MEMS technology in the following areas, surface roughness and its relation to polymer

structures/fabrication process and environmental resistance of various polymers.



To conclude, this is the initial efforts to study the material properties of amorphous
fluorcarbinate polymer for the application in Optical MEMS. The results will provide deep
understandings of compliant polymer materials and form the foundation of future development

for micro optics.
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It has been optical scientists’ dream to make mirrors, which can change the shape arbitrary to
accommodate different optical designs, i.e. deformable mirrors. There are many potential
applications of such devices such as optical signal processing, variable focal depth microscope,
free space communications and bio-imaging instruments etc. Traditionally, such deformable
mirrors are hand-made by gluing individual piezoelectric actuators to membranes or mirror pixels.
They are inherent bulky and expensive and can only be applied to very limited applications, such
as observatory telescopes. Recently, micro-electro-mechanical technology emerges as a
promising method to fabricate deformable mirrors due to the intrinsic batch fabrication processes.
Three types of deformable mirrors are currently being pursued by MEMS researchers: 1)
membrane mirrors, 2) continuous face sheet mirrors backed by individual actuating elements, and
3) segmented mirrors. The microfabricated mirror membranes have high optical efficiency and
allow several deformation modes of the membrane. On the other hand, segmented mirrors
designs have lower optical efficiency and suffer diffraction effects from mirror gaps, but provide

fast response time in the order of microseconds.

In order to achieve higher optical efficiency, the project will adopt membrane approaches.
However, the deformation of membrane mirrors made by silicon based MEMS technology is
limited to several microns due to rigid silicon-based materials. Recently, a new class of MEMS
devices has begun to surface -- components made with highly compliant polymeric materials as a
principal design element. Stiffer materials require higher voltages to achieve a given mechanical
deflection, and traditional silicon-based materials are all extraordinarily stiff. The Compliant
MEMS (CMEMS) technology platform differs from conventional MEMS by adding a set of
softer, more compliant, polymeric materials to the list of conventional rigid silicon-based
materials used in MEMS. Adding these compliant materials to the list of materials that can be
deposited, patterned and etched greatly widens the design space. The compliant materials used in
this new class of MEMS devices are as much as six orders of magnitude less stiff and can easily
be tailored over a range of three orders of magnitude. Additionally, they can be deposited in a

much broader range of layer thicknesses. This very wide range of flexibility expands the design
2



space for MEMS devices far beyond what is possible with traditional silicon-based materials.
This CMEMS platform enables the development of components and assemblies that demonstrate
superior performance and lower costs than what can be achieved using the silicon-based MEMS
solutions currently available. Its unique architecture is ideal for a broad range of
high-performance deformable mirrors, where it offers several significant benefits over traditional
MEMS-based designs.

As of a result, polymer materials combined with silicon-based MEMS technology will offer
much wider flexibility to existing platforms. This project will further explore the optical
characteristics of amorphous fluorocarbinate polymer, also known as CYTOP®, under different
synthesis fabrication processes to fully understand the fundamental limits of such materials in the
application of optical MEMS components. We fabricated a variable optical attenuator (VOA) as

our test bench to understand its optical quality.
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The variable optical attenuator is a critical optical component for the next generation dynamic
wavelength division multiplexing (WDM) optical network [1]. It has a wide range of applications
in the optical fiber communications, including dynamic gain equalizing, optical blocking, and
overload protection. Due to fast progress in micromachining fabrication, VOAs made by MEMS
(Micro-Electro-Mechanical Systems) technology show high reliability and compact size, which
make MEMS VOAs promising components for telecommunication applications [2-8].
Traditionally, the structure layers of MEMS devices are made of inorganic materials, such as
single crystalline silicon, polysilicon, and silicon nitride, etc. In the last decade, organic materials,
however, have found broad applications in the electrical and optical fields [9- 10]. Organic
materials provide wide selectivity and they usually can be applied at room temperature either by
spin coating or inject printing, which require less complicated fabrication processes as compared

with standard semiconductor production lines .

Most MEMS VOA devices make use of rotation micromirrors to either reflect the incident
light away from the optimized coupling spot [2-3] or rigid shutters to block the incoming light
intensity [4-7] to achieve desired attenuation. Both approaches, however, are not suitable for
organic materials, which are usually compliant. On the other hand, the optical attenuation can be
realized by deforming the mirror surface to defocus the optical system to adjust the optical signal
intensity [8]. Since a micromirror made of brittle semiconductor materials is generally limited to
deflections of less than 10 pum, the dynamic range is small (< 5dB). As a result, organic polymers
with high yield stain and low Young’s modulus are desired. It is reported that the yield strain of
organic polymer is around 5%, which far exceed the breaking limit of the semiconductor
materials and the Young’s modulus is about two orders of magnitude lower than most inorganic
materials [11-12].

In this report, we describe a novel MEMS VOA consisting of a deformable organic thin film

aligned with a dual fiber collimator in a free-space configuration. Due to the compliant structure
3



of the organic thin film, the deformation of the thin film can attenuate the light intensity up to 25
dB at the wavelength of 1550 nm. An organic thin film with the size of 4 mm x 4 mm has been
successfully fabricated and tested.

The results are submitted to the international conference: IEEE/LEOS Optical MEMS 2005
International Conference on Optical MEMS and Their Applications. Photocopies of the

conference proceeding cover page and papers are attached in this report as the research results.
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Abstract- The paper describes the design and fabrication of
micro-electro-mechanical systems (MEMS) variable optical
attenuator (VOA) made by a compliant organic thin film. The
optical attenuation is achieved by changing the radius of
curvature of the organic thin film actuated by the electrostatic
force. The simulation results show that the attenuation range can
achieve 20 dB at the wavelength of 1550 nm.

[ INTRODUCTION

The variable optical attenuator 1s a critical optical
component for the next generation dynamic wavelength
division multiplexing (WDM) optical network. It has a wide
range of applications 1n the optical fiber communications,
including dynamic gain equalizing, optical blocking, and
overload protection. VOA made by MEMS technology shows
high reliability and compact size, which make MEMS VOA a
promising product for telecommunication applications [ 1-2].
Traditionally, the structure layers of MEMS device are made
of inorganic materials, such as polysilicon, silicon nitride, etc.
In the last decade, organic materials. however, have found
broad application in the electrical and optical fields [3-4].
Organic materials provide wide selectivity and they usually
can be applied at room temperature either by spin coating or
nject printing, which requires less complicated fabrication
processes as compared with standard IC production lines .

In this paper, we report a novel MEMS VOA consisting of a
deformable organic thin film aligned with a dual fiber
collimator in the free-space configuration. Due to the
compliant structure of the organic thin film, the deformation
of the thin film can attenuate the light intensity up to 20 dB at
the wavelength of 1550 nm. An organic thin film with the size
of 3 mm x 3 mm has been successfully fabricated.

II.  DEVICE DESIGN

Iig.1 shows the schematic drawing of a MEMS VOA. It
consists ol a dual fiber collimator and a deformable mirror
made of an organic thin film coated with gold to reflect the
incident light. The optical input signal from the single mode
fiber is collimated by the GRIN lens and is incident onto the
mirror surface. The maximum output intensity is optimized
when the mirror is flat and the reflected optical signal is
collected by the same GRIN lens to the output port of the
fiber.

0-7803-9278-7/05/$20.00©2005 IEEE
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Fig. 1. The schematic drawing of an organic thin film VOA.

A bottom electrode is attached to the organic thin film with
a spacer of 100 um thick. When the voltage difference is
applied between the organic thin film and the bottom
electrode, the electrostatic force will pull down the compliant
organic thin film so that the radius of curvature of the
deformable mirror can be changed accordingly. We assume
the deformation of the organic membrane is close to spherical
shape. The relation between the center displacement of the
thin film and the radius of curvature of the mirror can be
calculated by

-
D:Alzm(—hm ;HR))

. where D the center displacement, A the radius of the mirror
and R the radius of curvature. For example, the mirror
aperture of 3 mm, the 15 um center displacement will change
the radius of curvature from 50 mm to 150 mm. In other
words, a small deformation of the organic thin film can cause
three order changes in the radius of curvature.

The relationship between optical attenuation and radius of
curvature of the deformable mirror is calculated by Gaussian
shape model for single mode fiber [5]. Fig. 2(a) shows that
the attenuation increases up to 20 dB as the radius of
curvature of mirror becomes smaller (i.e. more deformation at
the center of the organic thin film) for a beam diameter of 200
um. We also found that the attenuation efficiency could be
further improved at a given radius of curvature by increasing
the size of the optical beam diameter, as shown in Fig. 2 (b).
Given a fixed radius of curvature of 100 mm, the attenuation
can be increased from 2 dB to 8 dB as the beam diameter is
enlarged from 200 um to 500 um. These results suggests that
large deformation of the mirror could increase the dynamic
range of the VOA. In addition, a deformable mirror with large
surface area 1s preferred to accommodate larger beam
diameter, which improves attenuation efficiency.




[ 25 ‘ o
2 20
=
‘ £ s {
'.g
2 10 1
s
2§
0 - i e L 1 1 ]
‘ 100 90 80 70 60 50 40 30 20
Radius of Curvature (mm)
(a)
.
=8 4
E 5 R=100mm
5
L3 ‘
g4
H
<2 \
1
0 —

‘ 50 100 200 300 400 500
Beam diame te r{um)

(b)
Fig. 2 The caleulated optical attenuation versus (a) different mirror curvature
and (b) beam diameter

III.  FABRICATION PROCESSES AND DISCUSSION

The fabrication processes of MEMS VOA with an organic
membrane are presented in Fig.3. First the (100) silicon wafer
was grown with thermal oxide as a wet elching protection
layer. An opening was etched on thermal oxide at the
backside of the silicon wafer. The silicon was etched in the
solution of Tetramethyl Ammonium Hydroxide (TMAT) at
the temperature of 90 °C. The etching depth of the silicon was
time controlled to left about 100 um silicon membrane. Then,
the front side oxide is removed by dipping the BHF at the top
surface. The organic thin film, CYTOP™ is then spin-coat
and baked at the oven of 150 °C to dry the solvents out. The
silicon wafer is etched again by TMAH for a short time to
remove the remaining silicon membrane. The wet elching
stopped at the erganic thin film. Finally, the gold of 2000 A is
coated on the organic thin film as the reflection layer for
mfrared light.

1. Oxidation for 5000A . Pattern
and etch backside oxide with

G’“fii openings.
2. TMAH etches silicon with a
thin Si membrane left.
3. Remove frontside oxide, Spin-
= coat Cytop™, and bake solvents
Cytop™M out.

4. Short time TMATH etch to
release Si membrane. Deposit
Gold 20004 as reflecting layer.

Fig. 3. Micromachining fabrication processes of an organic thin film.
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Fig. 4. Picture of a fabricated organic thin film for VOA application.

The organic thin film, CYT( P™ s from Asahi Glass. It is
in the field of fluoro-polymers that have excellent chemical
resistance during the wet etching. The size of the fabricated
organic membrane is 3 mm x 3 mm without any cracking. In
addition, it 1s highly optical transparent so that a metal
coating to reflect the light is necessary. The Young’s modulus
of the CYTOP™ is around 1.2 GPa, which 1s two orders less
than the typical membrane materials, such as silicon nitride.
This compliant characteristic makes the organic thin film
suitable for large deflection. A bottom electrode is attached to
the membrane with a 100-um thick spacer. The simulation
results show a deflection of 15 um can be achieved with the
applied voltage of 60 V. This corresponds to about 10 dB
optical attenuation for 500 um beam diameter.

IV. CoNCLUSION

We report a novel vanable optical attenuator made of an
organic membrane by micromachining techniques. The
organic thin film as large as 3 mm x 3 mm has been
demonstrated  without any cracking. The mechanical
simulation result shows tens of micrometer displacement can
be achieved by clectrostatic force with reasonable voltage.
The large displacement of the organic thin film could increase
the dynamic range of optical attenuation. The attenuation is
achieved by varying the radius of curvature of the organic
membrane with attenuation range up to 20dB
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In conclusion, we report a novel variable optical attenuator made of an organic fluoropolymer
membrane by micromachining techniques. The amorphous fluoropolymer has the advantages of
good stability to resist chemical etchant and high yield stain for large displacement. The
attenuation is achieved by varying the radius of curvature of the organic membrane to defocus the
optical coupling efficiency by pneumatic force. The organic thin film as large as 4 mm x 4 mm
has been demonstrated and operated without any cracking. The experimental results show
displacement of 57 um can be achieved by pneumatic force with 2.2 kPa. The large displacement
of the amorphous fluoropolymer could increase the dynamic range of optical attenuation up to 25
dB. The WDL is measured as low as 0.5 dB at the C band for the optical communication
applications. The theoretical calculations based on the FEM mechanical modeling and OTF
optical simulation agree well with experimental results. A novel MEMS VOA made by the

fluoropolymer membrane has been successfully designed, fabricated and tested.

Besides the internal conference paper we showed, we are currently summarizing our results
and are submitting a paper to SCI journal. The journal title is “Journal of Optics A”. We will keep

updated any results to NSC website.
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