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The study presents a novel concept of a coupling platform integrated with an out-of-
plane optical switch and micro-ball lens array. The micro-ball lens array is batch-
fabricated with the micro electro mechanical system (MEMS) technique and batch-
assembled onto the platform. The out-of-plane optical switch consists of a self-latching
vertical mirror on a suspension diaphragm. It can reduce the large motion space required
for in-plane optical switches. The optical platform design enables control of the distance
between the fiber, micro-ball lens and out-of-plane optical switch and increases their
coupling efficiency. An electrostatic driving voltage is used to actuate the optical switch.
Not only does this fabrication process provide an accurate coupling distance, it also
reduces the micro-assembly cost.

1. Introduction

An optical switch is an important component for a variety of applications in optics
communication, especially in the field of optical fiber networks because it requires large
quantities of optical components.! ? Therefore, low manufacturing costs and high-speed
optical switches are necessary for an efficient light transmission system and network
safety. Microactuator structures are based on MEMS technology and have been used for
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moving the micromirror structures in torsion beams,** rotary micromotors,”® comb
drives,®” bistable mechanics,® and U-shaped cantilevers.”? Previous work has already
discussed alot about the fabricating the V-groove using anisotropic etching, improving the
smoothness of the mirror surfaces and optical switch performance. However, it has not
discussed how to improve the coupling efficiency from fiber to optical element. The
conventional method to fabricate an optical switch is to form a high-refractive-index ball
lens at the fiber’s terminal to enhance fiber optical coupling efficiency. Fibers are first arc
discharged and cut. Then, a ball lens is formed following the process of immersing tapered
fiber into molten glass.!®!Y  Another conventional method involves assembling a micro-
ball lens to improve coupling efficiency. However, these procedures are time consuming.
Furthermore, there exist numerous papers on how to batch fabricate a micro-lens array®*!9
applying on optical communications, but few discuss the micro-ball lens.

In this paper, a novel design and fabrication of silicon-based optical coupling platform
in free space has been proposed. At the platform, a micro-ball lens is designed between the
optical fiber and out-of-plane optical switch to minimize coupling loss. This out-of-plane
optical switch consists of a self-latching vertical mirror on a suspension diaphragm. This
design reduces the large motion space required in in-plane optical switches. The micro-
mirror is located on a membrane suspended by four cantilever beams and driven by an
electrostatic force. This design for the platform not only simplifies the process, but also
requires less time for device fabrication. In the following sections, the mechanism and
fabrication of the out-of-plane optical switch will be discussed in details.

2. Design

A three dimensional schematic illustration of an out-of-plane optical switch is shown in
Fig. 1. This coupling platform includes a micro-ball lens, an out-of-plane optical switch,
and a self-parking {ramework. The micro-ball lens was designed between the optical fiber
and out-of-plane optical switch to minimize coupling loss. This out-of-plane optical
switch consists of a vertical mirror which can self-park on the flat-topped mesa. The flat-
topped mesa is located at the intersection of two v-grooves. It is designed to park the
vertical mirror, to reduce the mechanical bounce of the vertical mirror and to increase the
actuator dynamic response during the motion. This design reduces the large motion space
required in in-plane optical switches. The vertical mirror with a 45 degree inclination to the
v-groove is located on a suspension diaphragm supported by four cantilever beams and
driven by electrostatic force. A vertical mirror was arranged in the coupling platform to
compose an optical crossbar switch. When a bias voltage is applied, the vertical mirror on
the PI diaphragm will be attracted upward and will not interrupt the incident light. The
optical switch is in an ON-state position. Its cross-section view and 3-D illustration are
shown in Fig. 1(a). The incident light can propagate through two micro-ball lenses to the
opposite fiber. Otherwise, when the voltage is off, the mechanical restoration force of the
suspension beams pulls the vertical mirror downward elastically from the ON-state
position. The vertical mirror will touch the flat-topped mesa as a stopper at the intersection
of v-grooves, and the diaphragm will hold horizontally as shown in Fig. 1(b). Then the
optical switch is in the OFF-state position. Hence it will reflect the incident light and
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Fig. 1. Schematic 3-D cross-section view of the novel coupling platform. (a) ON state (b) OFF
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redirect it to the orthogonal fiber. The optical coupling platform can improve optical
coupling in free space, enhance frequency and solve some problems, such as the micro-
assemblage micro-ball lens array and long distance optical coupling. With this design of
platform, it will not only simplify the process, but also take less time to finish the device. In
the following sections, the mechanism and fabrication of out-of-plane optical switches will
be discussed in detail.

2.1 Principle of out-of-plane optical switch

The out-of-plane optical switch consists of a self-latching vertical mirror on the top
substrate. The vertical mirror is supported by a suspension polyimide (PI) diaphragm with
four cantilever beams. In the optical switch, the PI-based flexible actuator membrane is
batch-fabricated and coated with a thin film of Ag metal using sputtering as an electrode.
Since PI has excellent mechanical properties such as a low Young’s modulus (less than 3
Gpa), high glass transition temperature (7g) and good tlexibility, it can provide higher
displacement compared with other micro-actuators. Excimer laser ablation is used to
pattern the PI membrane.

The vertical mirror was driven by electrostatic operation. The light emitted from the
input fiber can be precisely transmitted through the micro-ball lenses to the opposite fiber
when the vertical mirror is moved up. When the voltage is off, the mechanical restoration
force of the suspension arms pulls the vertical mirror down and latches it to the mesa. The
light beam through the micro-ball lenses then impinges on the vertical mirror and precisely
redirects it to the orthogonal fiber. The PI layer coated onto the mesa reduces the
mechanical bounce in the ON/OFF state and also restrains the vertical mirror. A self-
latching vertical mirror is thus produced.

The suspension diaphragm of the optical switch is designed with equal lengths of
diaphragm beams and a straight uniform cross section. This diaphragm is made of a
homogeneous isotropic material that obeys Hook’s Law. The maximum displacement ()
of the suspension diaphragm can be expressed as'®

F-P
96EI

ey

where the parameter F is the electrostatic force; E is the elastic modulus of the diaphragm
beam; I = bt*/12 is the moment of inertia of the cantilever beam and [ is the beam length.

The dimension of the optical switch is preliminarily designed by ANSYS software
considering the resonant frequency and displacement. The optical switch dimensions are
150 pm (width) x 75 pm (height) x 20 pum (thickness) for the vertical mirror , 800 yum
(width) x 800 um (height) x 10 pm (thickness) for the suspension diaphragm, and 1000 ym
(length) x 50 pum (width) x 10 pum (thickness) for the support beams.

2.2 Principle of micro-ball lens
In a dual-layer system, as shown in Fig. 2, the photoresist (labeled as M2) and polymer
(labeled as M1) are spin-coated on the substrate followed by exposure and development.(t®
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Fig. 2. Theoretical surface tensions in dual-layer system for micro-ball lens fabrication.

When the system is heated above Tg the temperature of the photoresist (M2) in an oven, it
begins to show liquid behavior and to reduce the surface energy. The applied reflow
temperature is lower than the Tg of polymer (M1). As the temperature increases, points A
and B are not at equilibrium. The induced force tends to pull point B toward the center of
the column until all surface tension at points A and B is at equilibrium. Theoretically, this
column of two-layer polymeric material tends to decrease the surface energy when the
applied retflow temperature increases. After the reflow process, the final profile of the
column becomes spherical due to its low surface energy.

Young’s Model describes the surface tension of a liquid droplet on a solid surface as:‘?

Tyn =T;s + T, cos0 (2)

where 6 is the equilibrium contact angle, T4 is the surface tension of the liquid,7s, is the
surface energy of the solid, and 715 is the solid-liquid interface energy.
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3. Fabrication

3.1 Out-of-plane optical switch

The top plate process, the flow chart is shown in Fig. 3. Firstly, a 1.5 pm thick thermal
SiO, film was grown using wet oxidization at 1100°C on a double side polished (100)
silicon wafer as shown in Fig. 3(a). The bulk etching area was patterned on the backside by
mask number 1. Wet oxidization is regarded as the etching mask. Then the PI layer was
spin-coated on the upper side of the silicon wafer. After fully curing the PI at 350°C, the PI
film was 10 pm thick. Then, vertical mirror was patterned on the PI layer using a
photoresist SU-8, followed by Au sputtering to enhance the surface reflectivity as shown in
Fig. 3(e). Under the protection of a Teflon chuck, back etching was done using bulk

Oxide growth about 1.5um

SiO2
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by mask 1

Polyimide

Spinning polyimide on the
upper silicon wafer about
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Fig. 3. Schematic fabrication flow chart of top plate.
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micromachining techniques. The whole wafer was immersed into 30 wt% aqueous KOH
solution at 70°C until the dioxide etch stop layer on the upper side appears as shown in Fig.
3(f). Then the dioxide layers were removed with BOE solution, followed by sputtering Al
as an electrode by lift-off technique.

Finally, an Exitech 8000 excimer laser workstation was used to pattern the PI patierns.
The laser was from Lambda Physik COMPex-110 industrial model with 248 nm wave-
length, 400 mJ pulse energy, 25 ns pulse duration time, and 100 Hz peak pulse repetition
rate. The geomewy of suspension microbeams on the diaphragm was ablated and defined
precisely using excimer laser micromachining. In this experiment, it is worth noticing that
this process demonstrated that a PI diaphragm could be patterned by excimer laser ablation
after it was released from anisotropic wet etching. Besides, the diaphragm has to be ablated
from the backside of the wafer to avoid unexpected vibrations caused by plasma during
ablation as shown in Fig. 3(h). These vibrations could change the focus plane of the
workpiece and affect the pattern geometry.

The prototype of the out-of-plane optical switch is illustrated in Fig. 4. The sandwich
substrates with fibers were glued using an SU-8 resist. The top substrate was made of a
double-polished (100)-oriented silicon wafer. In this fabrication process, the optical
switch was patterned after it was released from the substrate. Moreover, thick photoresist
lithography, bulk micromachining, and excimer laser ablation improved the flexibility of
process.

3.2 Micro-ball lens

AZA620 and SP341 were selected as the photoresist and polymer, respectively. AZ4620
was purchased from Clariant Company in Japan. Its ingredients mainly include propylene
glycol monomethyl ether acetate, a naphthoquinone diazide derivative as well as some
additives, and its Tg is between 175°C and 180°C. As for SP341, its substance is a PI-
based material with Tg of about 300°C, purchased from the Toray Company. The polymer
SP341 was smoothly spin-coated on the hot-dried wafer followed by AZ4620 spread on.

eeel 18K S08usn

Fig. 4. Out-of-plane optical switch. SEM view of the 2 X 2 out-of-plate micro-optical switch.
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The exposure and development were carried out to build a cylinder of dual layers on the
wafer. The wafer was then placed in an oven for reflow to produce a micro-ball lens array.
The rotational speed of spin-coating determined the layer thickness of the photoresist.
The higher the rotational speed, the lower is the thickness. The speeds of 600, 800, 1000
and 1200 rpm produce thicknesses of 33, 26, 18 and 15 um, respectively. The exposure
dose is 520 mJ/cm? for 40 s. The oven tempcraturc was set at 190°C, 220°C and 250°C.
The microscope, SEM and interferometer were used to measure the profile of the
micro-ball lens. The experimental results of the micro ball lens are shown in Fig. 5.

4. Results and Discussion

The coupling platform has successfully combined a 2 X 2 optical switch with micro-ball
lens. The micro-ball lens was characterized and tested. The measurement is illustrated in
Fig. 6. Visible 653 nm laser diode was collimated into the micro-ball lens 40um in
diameter. Visible light passed through and focused on the micro-ball lens as shown in Fig.
7(a). The single-mode laser beam was focused and collimated onto the micro-ball lens 40
pm in diameter. The coupling efficiency was measured by light intensity with variation of
the distance between the micro-ball lens and the fiber. Each coupling position from the
fiber to the micro-ball lens was measured with a fixed distance between the laser diode and
the micro-ball lens. The focal length of the micro-ball lens depends on the refractive index
of the lens, the radius of curvature, and the thickness along the optical axis. Figure 7(b)

(b)

Fig. 5. Formation of micro-ball lens. (a) Single ball (b) In arrys
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Power meter

I L
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Fig. 6. Experimental setup of coupling measurement.
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Fig. 7. Measurement of coupling efficiency with micro-ball lens arrangement. (a) Photograph of
the visible light focused by micro-ball lens. (b) Coupling efficiency of micro-ball lens.

shows that the light beam was focused by the micro-ball lens. It also reveals that the
experimental measurement of coupling efficiency is a function of distance from the fiber
and micro-ball lens. In this optical coupling platform, the optimal coupling distance is
about 9 um and the insertion loss is about —1.1 dB. Therefore, using this fabrication
process not only provides accurate coupling distance between fibers and micro ball lens,
but also reduces micro-assembly cost. This study shows that an inexpensive and batch
micro-assembly micro-ball lens array process can be used to replace the traditional
methods, such as that using an aspherical lens or expensive GRIN, without sacrificing
performance.

The out-of-plane optical switch consists of a suspension diaphragm and a vertical
mirror. The vertical mirror requires an extraordinarily smooth surface for high reflectivity.
The mirror surface roughness was improved using a thick SU-8 photoresist applied using
photolithography and an Au sputter deposition 170 nm thick. The vertical mirror sidewall
was measured using AFM (atomic force microscopy). The result is shown in Fig. 8. The
vertical mirror has a surface roughness below 20 nm rms. The laser beam of a single-mode
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Fig. 8. Surface roughness of the vertical mirror measured using AFM.

fiber laser was focused and collimated onto the vertical mirror 75 pm in height. The
intensity of reflected light was redirected and measured using a power-meter.

" The out-of-plane optical switch is electrostatically driven. The relationship between
the electrostatic force and suspension diaphragm displacement is shown in Fig. 9. An
actuator voltage of 100 V is required for a 2 x 2 switch. The displacement of the suspension
diaphragm is 48 pm at 100 V. The optical switch dynamic response is shown in Fig. 10.
The driving voltage is shown on the top waveform and the dynamic signal is shown at the
bottom waveform. The figure reveals that the optical switch can operate 4 cycles from 24.3
to 24.302 s. This means that 2 kHz can be achieved.

The PI diaphragm was continuously operated at a room temperature of 22°C for 30 min
at 2 kHz. The overall size of the switch was less than 1 mm?. A wavelength of 653 nm was
used to measure the insertion loss. A thermal expanded core (TEC) fiber with a fiber core
20 pum in diameter was used. The TEC and single fibers could expand the coupling
distance to 1 mm inducing an insertion loss of —2.5 dB. When the moving mirror is up, the
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Fig. 10. Measured input signal waveform and optical dynamic switch response.

light emitted from the input can be precisely transmitted to the opposite fiber and the insertion
loss is —2.1 an insertion loss of —3.5 dB. During the optical measurement, the fiber
assemblers are actively aligned, because a 0.5° misalignment induces a loss of —2.5 dB.

5. Conclusion

An out-of-plane optical switch array was presented to solve several existing problems.
The vertical mirror structure can be fabricated using a thick photoresist SU-8 through UV
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lithography and sputtered with gold film. The roughness of the mirror surface was less than
20 nm rms. The optical switch has a maximum displacement of 48 um and the switching
time is shorter than 0.4 ms with a driving voltage of 100 VDC. The experimental
measurement of optimum coupling distance between the fiber and micro-ball lens is about
9 um, and the insertion loss is about -3 dB. We successfully demonstrated that the
coupling platform consists of the out-of-plane optical switch, and micro-ball lens. The "
fabrication process not only provides accurate coupling distance, but also reduces micro-
assembly cost.
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