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Abstract—This paper demonstrates a flexible optical waveguide
film with integrated optoelectronic devices (vertical-cavity surface-
emitting laser (VCSEL) and p-i-n photodiode arrays) for fully em-
bedded board-level optical interconnects. The optical waveguide
circuit with 45 micromirror couplers was fabricated on a thin flex-
ible polymeric substrate by soft molding. The 45 couplers were
fabricated by cutting the waveguide with a microtome blade. The
waveguide core material was SU-8 photoresist, and the cladding
was cycloolefin copolymer. A thin VCSEL and p-i-n photodiode
array were directly integrated on the waveguide film. Measured
propagation loss of a waveguide was 0.6 dB/cm at 850 nm.

Index Terms—embedded optical interconnects, 45 micromirror
coupler, printed circuit board (PCB), poly(dimethylsiloxane)
(PDMS), soft molding, SU-8, topas, vertical-cavity surface-emit-
ting laser (VCSEL), waveguide film.

I. INTRODUCTION

THE speed and complexity of integrated circuits are
increasing rapidly as integrated circuit technology ad-

vances from very-large-scale integrated (VLSI) circuits to
ultra-large-scale integrated (ULSI) circuits. As the number of
devices per chip, the number of chips per board, the modulation
speed, and the degree of integration continue to increase, elec-
trical interconnects are facing their fundamental bottlenecks,
such as speed, packaging, fan-out, and power dissipation. In
the quest for high-density packaging of electronic circuits, the
construction of multichip modules (MCM), which decrease the
surface area by removing package walls between chips, im-
proved signal integrity by shortening interconnection distances
and removing impedance problems and capacitances [1], [2].

The employment of copper and materials with lower di-
electric constant materials can release the bottleneck in a chip
level for the next several years. The International Technology
Roadmap for Semiconductors (ITRS) expects that on-chip
local clock speed will constantly increase to 10 GHz by the
year 2011. On the other hand, chip-to-board clock speed is
expected to have a slow increasing rate after the year 2002
[3]. The interconnection speed of a copper line on a printed
circuit board cannot run over a few gigahertz [4]. High-perfor-
mance materials and advanced layout technology such as IMPS
(Interconnected Mesh Power system) are introduced [5]. In

Manuscript received January 5, 2004.
C. Choi, L. Lin, Y. Liu, J. Choi, and R. T. Chen are with the University of

Texas at Austin, Austin, TX 78712-1157 USA.
D. Haas and J. Magera are with SANMINA-SCI, Owego, NY 13827 USA.
Digital Object Identifier 10.1109/JLT.2004.833815

particular, IMPS is focused on the signal integrity, such as con-
trolled impedance signal transmission with very low crosstalk.
The electrical interconnection described by Walker et al. pro-
vides a 10-Gb/s link over a distance of less than 20 m using
coaxial cable [6]. However, coaxial cabling is bulky; therefore,
it is not suitable for a high-density interconnection application.
Electrical interconnects operating at a high-frequency region
have many problems to be solved, such as crosstalk, impedance
matching, power dissipation, skew, and packing density. There
is a little hope for solving all of the problems. However, optical
interconnection has several advantages, such as immunity to
the electromagnetic interference, independency to impedance
mismatch, less power consumption, and high-speed operation.
Although the optical interconnects have great advantages
compared with the copper interconnection, they still have some
difficulties regarding packaging, multilayer technology, signal
tapping, and reworkability.

Several optical interconnect techniques such as free space,
guided wave, board level, and fiber array interconnections
were introduced for system-level applications [7]–[11]. They
successfully demonstrated high-speed optical interconnection;
however, there were still packaging difficulties.

This paper introduces fully embedded board-level op-
tical interconnects to relieve packaging difficulty. This paper
presents a flexible optical waveguide, thermal management
of embedded thin-film vertical-cavity surface-emitting lasers
(VCSELs), and an optical interconnection layer integrated with
thin-film VCSELs and photodetector arrays.

II. FULLY EMBEDDED BOARD-LEVEL OPTICAL

INTERCONNECTS

A fully embedded board-level guided-wave optical intercon-
nection is presented in Fig. 1, where all elements involved in
providing high-speed optical communications within a board
are shown. These include a VCSEL, surface-normal waveguide
couplers, and a polymer-based channel waveguide functioning
as the physical layer of optical interconnection. The driving
electrical signals to modulate the VCSEL and the demodulated
signals received at the photoreceiver flow through electrical vias
connecting to the surface of the PC board. The fully embedded
structure makes the insertion of optoelectronic components into
microelectronic systems much more realistic when considering
the fact that the major stumbling block for implementing op-
tical interconnection onto high-performance microelectronics is
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Fig. 1. Illustration of fully embedded board-level optical interconnects.

the packaging incompatibility. All the real estate of the printed
circuit board (PCB) surface is occupied by electronics not by
optoelectronic components. The performance enhancement due
to the employment of the optical interconnection is observed.
Unlike conventional approaches, there is no interface problem
between electronic and optoelectronic components.

To realize fully embedded board-level optical interconnects,
many stumbling blocks are to be solved, such as a thin-film
transmitter and detector, thermal management, process compat-
ibility, reliability, a cost-effective fabrication process, and easy
integration.

The research work presented herein eventually will relieve
such concerns and make the integration of optical interconnec-
tion highly feasible.

III. 45 WAVEGUIDE MIRROR COUPLER

To efficiently couple optical signals from VCSELs to polymer
waveguides and then from waveguides to photodetectors, two
types of waveguide couplers are investigated: tilted grating cou-
plers and 45 waveguide mirrors. There are a large number
of publications in grating design [12]–[16]. However, the sur-
face-normal coupling scenario in optical waveguides has not
been carefully investigated so far. The profile of tilted grating
greatly enhances the coupling efficiency in the desired direc-
tion. A very important aspect of manufacturing of such couplers
is the tolerance interval of the profile parameters, such as the
tooth height, the width, and the tilt angle. However, the tilted
grating coupler has inherent wavelength sensitivity and is not
applicable for planarized waveguide.

The 45 waveguide mirror coupler is a very critical component
in optical interconnection applications especially in planarized
lightwave circuits (PLCs). The mirror can be incorporated
with a vertical optical via to enable three-dimensional optical
interconnects and couples light to the waveguide. The 45
waveguide mirror is insensitive to the wavelength of light and
has high coupling efficiency. There are various techniques to
fabricate a 45 mirror such as laser ablation [17], oblique reactive
ion etching (RIE) [18], temperature-controlled RIE [19], reflow
[20], and machining [21]. The laser ablation method is subjected
to lower throughput and surface damage. The oblique RIE
method is limited by directional freedom. The temperature-
controlled RIE method is free from directional freedom, but
the quality of the mirror depends on process and materials.

Fig. 2. (a) Scanning electron microscopy (SEM) photograph of the waveguide
structures with 45 waveguide mirrors. (b) Enlarged view of the mirror surface.

The reflow method is also subjected to lower throughput.
The machining provides good surface profile; however, it is
difficult to cut an individual waveguide on a substrate due to
the physical size of the machining tool. We developed a new
fabrication method using a microtome blade. Polymers can
be cut with a very sharp blade. Based on this fact, a simple
fabricating technique was developed. A blade sliding down to
the waveguide substrate at 45 slope cuts the waveguides at
45 . It is like a guillotine sliding on a slope. The difference
is that the blade of the guillotine falls at the right angle; on
the other hand, the blade falls at 45 .

The material of the master waveguide structure is SU-8 (by
MicroChem) photoresist. The 45 waveguide mirror was fab-
ricated by a mtilted microtome setup. The master waveguide
structure was kept at 120 C on a hot plate. In general, elevated
temperature soften polymer. The softness ends up with smoother
cutting surface. The blade was sliding down on substrate at 45
slope. The side-off view and surface of the mirror is shown in
the Fig. 2. All waveguides were cut simultaneously by the mi-
crotome blade.

The coupling efficiency is one of the most critical issues
in the fully embedded optical interconnects because of the
concerns about thermal management and crosstalk. Higher
coupling efficiency between the waveguide and the VCSEL
or detector enables the lower power operation of the VCSEL.
Furthermore, when a small-aperture VCSEL is used to operate
at a high speed, for example, a 3- m aperture for a 10-GHz
operation, the coupling efficiency is of paramount concern
because of the large spatial divergence of the VCSEL’s light. A
large-aperture selectively oxidized VCSEL operates in multiple
transverse modes due to the strong index confinement created
by an oxide layer with a low refractive index [22]. Various
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techniques were introduced to operate in single transverse mode
[23]–[25]. Real spatial distribution of the VCSEL is not the
same as the Gaussian profile; however, we can consider it
as a Gaussian profile by ignoring small discrepancies. This
assumption results in a simple calculation. Another assumption
is that lights within the acceptance angle of the waveguide are
totally coupled into the waveguide. There are approximately
ten supporting modes in the 50 50- m waveguide with

. For an exact calculation, we have to consider
all the modes, but the number of mode is quite large. It can
be treated as geometrical optics. The coupling efficiency
can be calculated by the ratio of coupled power to total laser
power, as follows:

where is the maximum radius at the mirror facet which
corresponds to the acceptance angle of the waveguide.

The coupling efficiencies between VCSEL and square
(50 50- m) waveguide with (the refractive-index
difference between core and cladding) were calculated as a
function of angular deviation from 45 . The substrate thickness
(bottom cladding) and the aperture of the VCSEL are 127 and
12 m, respectively. The coupling efficiencies between VCSEL
and square (50 50-mm) waveguide with (the
refractive-index difference between core and cladding) were
calculated as a function of angular deviation from 45 . The
substrate thickness (bottom cladding) and the aperture of the
VCSEL are 127 and 12 mm, respectively.

Fig. 3 shows the intensity distributions of laser light at the
mirror surface and the coupling efficiencies as a function of
angular deviation from 45 for a 127- m-thick substrate, a
50 50- m waveguide, and a VCSEL with 12- m aperture.
The facet of the 45 mirror was coated with aluminum to ensure
the reflection because total internal reflection (TIR) does not
occur due to the top cladding layer. The reflectance of the alu-
minum is about 92%. In this scheme, all laser lights fall within
the mirror. The coupling efficiency is 92%, which means nearly
100% of the light is coupled into the waveguide, excluding
the reflectance due to aluminum. Fig. 5 shows the coupling
efficiency as a function of angular deviation from 45 . The
coupling efficiency maintains constant values within 45 1.5
mirror angle. Therefore, the mirror angle should be kept within
45 1.5 .The coupling efficiency drops dramatically when
the mirror angle is out of the tolerance range 1.5 .

IV. MASTER FABRICATION FOR MOLD

There are various fabricating techniques to define an optical
waveguide on myriads of substrates. The RIE uses ionized gas to
remove material where it is not protected by a mask material in
a vacuum chamber. The size of the substrate purely depends on
the vacuum chamber. It is relatively free from material selection
because RIE is a physical removing process. The lithography
uses optically transparent and photosensitive materials. An ex-
posed or unexposed area by ultraviolet (UV) light makes the ma-
terial insoluble to a solvent due to the cross linking of molecules.

Fig. 3. Coupling efficiencies as a function of angular deviation from 45 for
a 127-�m-thick substrate with a 12-�m aperture VCSEL.

Fig. 4. Cross-sectional views of an SU-8 photoresist pattern for various
exposure conditions (exposure: 300 mJ/cm ) (a) with a UV-34 filter and
(b) with a UV-34 filter and index-matching oil.

However, there is a limitation for choosing material due to the
lack of materials that have optical transparency in the inter-
ested region and photosensitivity. Hot embossing and molding
are indirect fabrication techniques by means of transferring the
waveguide structure on the substrate. The embossing plate or
cast is first fabricated using the master waveguide pattern. Once
the plate or the cast was fabricated, the rest of processes are
purely replication steps. Therefore, these fabrication techniques
are suitable for mass production, such as the stamping of a com-
pact disk. Laser ablation technique is similar to carving without
using a chisel. A highly intensive UV laser beam removes the
material of unwanted region. The motion stage, which holds
the waveguide substrate, is moved along the predefined paths.
Therefore, processing time is quite long. It is a very versatile
tool for small quantities in fabrication and does not require a
mask pattern.

The molding method was chosen in this experiment because
of its dependable process and suitability for large-volume
production, even though only a small quantity is needed in
the research stage. Solid mold is generally used in various
applications such as embossing, optical disk stamping, and
Fresnel lens fabrication. The solid mold is made of nickel
alloy by electroplating. The fabrication of the solid mold has
higher cost and takes a long time. These reasons make us seek
alternative mold materials. Curable resins such as silicone and
urethane can be used as an alternative to reduce the fabrication
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Fig. 5. PDMS waveguide mold.

cost and time. The soft mold has been used in various appli-
cations such as rubber stamp, small-quantity manufacturing,
replication, and micromachining.

The mold is a negative copy of the master structure. Once
the master is fabricated, making the mold is simply pouring a
mold material over the master and curing. A silicone elastomer,
especially poly(dimethylsiloxane) (PDMS) was chosen to fab-
ricate the mold. The master for the mold was fabricated on an
Si-wafer. The multimode waveguide is required for board-level
interconnection because of the requirement of the lower pack-
aging cost. Alignment of the devices (laser and detector) and
the waveguide is easer when the core size of the waveguide is
large. The designed size of the multimode waveguide is 50 50

m. The process is the same as standard photolithography. The
Piranha bath consists of two parts of sulfuric acid
and one part of hydrogen peroxide . An Si-wafer was
cleaned in the Piranha bath. After the cleaning, the wafer was
baked at 150 C to remove adsorbed water just before spin
coating. This baking step improves adhesion and removes bub-
bles in the prebaking step. After baking, photoresist (SU8-2000
by MicroChem) was poured on the wafer and then spin-coated
at 400 r/min for 5 s and then ramped to 1500 r/min for 40 s. The
wafer stayed on a leveled surface for 5 min to improve unifor-
mity. And then, the wafer was moved to a leveled hot plate for
a prebake. The prebake was carried out at 65 C for 5 min and
90 C for 40 min. The photoresist tends to have negative sloped
side wall, which is not good for mold application. The side wall
should have positive slope or at least be vertical for mold appli-
cation. An exaggerated negative wall is often called a T-topping.
The T-topping results from the lateral diffusion of the acid near
the surface. UV lights shorter than 350 nm are absorbed strongly
at the top surface of the photoresist; hence, acid is generated
by UV, which diffuses laterally on the top surface. The T-top-
ping can be removed by filtering out short wavelengths below
350 nm [26]. A nearly vertical side wall [Fig. 4(a)] was made
using short-wavelength cut filter (UV-34 by Hoya). However,
there is still a beak-shaped feature between the side walls and

top surface. The beak shape results from the diffraction at the
interface between the mask and the photoresist, and it can be
eliminated by filling index-matching oil (glycerol) into the gap
[27]. Ethylene glycol, instead of glycerol, was used to fill the
air gap in this experiment. The beak was completely removed
[Fig. 4(b)].

The mold material is PDMS (Sylgard 184 by Dow Corning).
A prepolymer and curing agent were mixed at a 1:10 ratio.
Air bubbles trapped in the PDMS were removed in a vacuum
chamber. After removing the air bubbles, the PDMS was poured
on the master and cured at 90 C in a vacuum chamber for 10 h.
Surface relief structures were transferred from the master to the
mold. The PDMS mold is shown in Fig. 5.

V. FLEXIBLE OPTICAL WAVEGUIDE FILM FABRICATION

The fully embedded board-level optical interconnection re-
quires a thin, flexible optical layer. Current electroplating tech-
nology can easily plate a through-hole or a via having an aspect
ratio of 1 in the production line and can plate a hole having an
aspect ratio of 3 in the laboratory. The size of a typical elec-
trical pad on the device is about 100 m. These are main rea-
sons for the thickness limit of the substrate film. The thin and
flexible optical waveguide layer was fabricated by a compres-
sion-molding technique using soft mold. A 127- m-thick opti-
cally transparent film (Topas 5013) was used as a substrate of
the waveguide circuit.

The fabrication step is straightforward. First, core material
(SU-8) was poured on the heated PDMS, which is kept at
50 C [Fig. 6(a)]). The heated PDMS mold suppresses bubble
generation during the molding process. Then, excess SU-8 was
scraped out using a squeegee [Fig. 6(b)]. The squeegee was
made of PDMS, as well. The Topas film was applied on the top
of the PDMS mold filled with SU-8. In the next step, the mold
and the Topas film were inserted into the press machine, and
then the pressure was applied for 30 min while the plunge plate
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Fig. 6. Flexible optical waveguide film fabrication process flow. (a) Core
material (SU-8) applied. (b) Excess material removed. (c) Heat and pressure
applied on the mold and cladding substrate. (d) Plunger cooled down and
released. (e) Top-cladding materials applied (either spin coat or lamination).

Fig. 7. Fabricated flexible optical waveguide film.

was held at 90 C [Fig. 6(c)]. The cooling-down procedure
was followed. In this procedure, the mold pressure decreased
gradually due to the thermal contraction. The core material
(SU-8) was transferred to the substrate film [Fig. 6(d)]. In
the next step, the substrate film without the top cladding was
exposed to UV to cross-link the SU-8. Once the film is exposed,
it becomes chemically and thermally stable. Aluminum was
deposited on the mirror facets in a vacuum chamber to make the
mirror. Finally, the top cladding material (Topas) was coated
on the film. The fabricated optical interconnection layer is
shown in the Fig. 7. It has micromirror couplers and 12 channel
waveguides of 50 mm in length. The measured absorption
losses of the Topas material (substrate film) are 0.01 dB/cm
and 0.03 dB/cm at 630 nm and 850 nm, respectively (Fig. 8).
P. D. Curtis reported 6-dB/cm propagation loss at 850 nm for
a multimode SU-8 waveguide [28]. W. H. Wong et al. eported

Fig. 8. Extracted absorption loss of the Topas 5013 as a function of
wavelength.

a low propagation loss of 0.22 dB/cm and 0.48 dB/cm at 1330
nm and 1550 nm, respectively, using electron-beam direct
writing [29]. Waveguide propagation loss was measured by the
cutback method. The core dimension was 50 50 m. The
fiber pigtailed 850-nm laser was used to couple the laser to
waveguide. The diameter of fiber is 10 m, which is similar to
the VCSEL aperture. Coupled-out powers are shown in Fig. 9,
according to the length. The measured propagation loss was 0.6
dB/cm at the 850-nm wavelength. The lights coupled out from
45 mirrors are shown in Fig. 10. An He–Ne laser is launched
at the ends of the waveguides. Lights came out at 45 mirrors,
which are located at the other ends of waveguides.

VI. THERMAL MANAGEMENT OF THE BURIED VCSEL

The VCSEL is a major heat source in fully embedded
guided-wave optical interconnects. The embedded VCSEL ar-
rays are thermally isolated by surrounding insulators; therefore,
heat builds up, and the operating temperature increases. The
thermal management of the VCSEL is important because of
reliability concerns. The embedded VCSEL cannot be replaced
to repair in a fully embedded integration; therefore, we have to
be aware of a good VCSEL before the integration and provide
an optimal operating condition. Effective heat removal is a
challenging task in the embedded structure because we have
to consider packaging compatibility to the PCB manufac-
turing process while providing an effective and simple cooling
mechanism.

The innovated heat management system for the fully em-
bedded approach is introduced. The key idea is using an n-con-
tact metal affiliated with the bottom distributed Bragg reflector
(DBR) mirror of the VCSEL die as a heat spreader and a part
of the heat sink by directly electroplating with copper during
the integration process. Usually, copper that is several tens of
micrometers thick was deposited in a copper-contained acid
chemical solution during the PCB process. The direct bonding
of the device using Cu electroplating reduces thermal resis-
tance of the device due to the absence of the lower thermal
conductivity bonding epoxy.
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Fig. 9. Coupled-out power as a function of waveguide length. (Cutback method: the slope of the line is propagation loss, and the propagation loss is 0.6 dB/cm
at an 850-nm wavelength).

Fig. 10. Coupled-out beams from 45 waveguide mirrors. (Flexible
waveguide: the 633-nm He–Ne laser was launched from the other side of the
waveguide).

ANSYS software was used to perform a two-dimensional
(2-D) finite-element thermal distribution analysis. The heat
transfer model configuration for the embedded heat-sink struc-
ture is shown in Fig. 11. The thermal conductivities of GaAs,
the DBR mirror, and copper are W m K,

W m K, and W m K, respectively.
As VCSEL parameters, an active diameter of 18 m, a thick-
ness of 0.3 m, and a power dissipation of 20 mW were used
[30].

Theoretically determined thermal resistances for VC-
SELs with various thicknesses are shown in Fig. 12. For a
30- m-thick electroplated copper film, the junction tempera-
tures were theoretically determined to be 43.8, 43, 42.2, 41.5,
40.2, and 34.6 C for 250, 200, 150, 100, 50, and 10- m-thick
VCSELs, respectively. The substrate-removed VCSEL having
a total thickness of 10 m shows superior optical and thermal
characteristics.

Fig. 11. Embedded heat-sink structure (VCSELs of various thicknesses with
30-�m-thick electroplated copper film).

Fig. 12. Thermal resistances of VCSELs of various thicknesses with
30-mm-thick directly electroplated copper heat sink. (Active area : Diameter
of 18 �m. Power dissipation: 20 mW).

Although the substrate-removed VCSEL has superior prop-
erties, fabrication and handling are very difficult. If we assume
that the thermal resistance of the normal-thickness VCSEL
(250 m thick) packaged on a bulk copper heat sink is a refer-
ence (722 K/W) for reliable operation, the maximum thickness
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Fig. 13. Device integration process flowchart.

of an embedded VCSEL will be 50 m according to simulation
results. A device several tens of micrometers thick can be easily
fabricated, and handling of the device is much easier.

VII. DEVICE INTEGRATION ON FLEXIBLE WAVEGUIDE FILM

The integration of optoelectronic devices with the flexible
waveguide film is the most important process among the whole
integration steps, including the final laminating process with
the PCB. The flexible waveguide film has the thickness of
127 m. The VCSEL and photodetector arrays have a diameter
of about 95 m. In general, copper electroplating allows plating
of a via with an aspect ratio of 1; however, it is possible to
plate a via with an aspect of 3 in a laboratory environment. The
maximum diameter of the laser drilled via is limited by the
pad size of devices, the aspect ratio, and the registration error
during the lamination process. Fig. 13 illustrates the device
integration process. First, copper foil 1 mil (25.4 m) thick is
laminated on the top of the flexible waveguide layer by applying
heat and pressure. Then, this copper foil is patterned to form
the top electrical pads for the VCSEL and photodetector. The
main reason for the formation of the laminated copper foil
is the limitation of electroplating. The thickness of additional
electrical layers easily exceeds 1 mm, and the diameter of
the device pad is 95 m. This translates to an aspect ratio of
100; therefore, this hole cannot be electroplated. The aspect
ratio of the via can be reduced by introducing the copper foil
just above the waveguide layer; hence, we can electroplate
microvia. Furthermore, the patterns on the copper foils can
be bigger. This means that a larger registration error can be
allowed during the laminating process with electrical layers.

The next step is either laser drilling or device bonding on
the waveguide layer. There is a possibility of damaging device
pads during laser microvia drilling. If damage happens, the de-
vice-bonding step follows drilling. The bonding of devices was

performed using an aligner. The typical aligner has two holders:
one for the mask, and the other for the substrate. The flexible
waveguide film was temporally bonded to a clear glass plate
using water and placed on a mask holder. The device to be in-
tegrated was put on the substrate holder. A small amount of
UV-curable adhesive was applied on the top of the device. When
the device and waveguide micromirror coupler were aligned,
they were exposed with UV to cure the adhesive.

The bonding of the device to the waveguide film can be ac-
complished by melt-bonding without using a UV-curable ad-
hesive. When alignment is completed, the device is heated just
above the melting temperature of the waveguide film for a short
period. In addition, the device is bonded to the waveguide film
without deforming the microvias. The flexible optical intercon-
nection layer with device integration is shown in Fig. 14. There
is no microvia. The length of the waveguide is 50 mm. 1 12
VCSEL and p-i-n photodetector arrays were bonded at a precise
location. Micromirror couples are clearly shown in the enlarged
picture.

VIII. CONCLUSION

Thermal runaway of the embedded VCSEL is the critical con-
cern due to the reliable operation of VCSELs for a long time.
This paper described the investigation of an effective heat-sink
structure for VCSELs through the 2-D finite-element thermal
analysis. The 30- m-thick directly electroplated copper film
on the back side of VCSEL array turns out to be an excellent
heat sink without sacrificing the strategy of easy packaging.
The maximum thickness of VCSELs, which guaranteed reli-
able operation, were also found. Extremely thin VCSELs are
very difficult to handle. As it turns out, 50 m is the maximum
thickness for a reliable operation in a fully embedded structure.
This thick device can be handled by a state-of-the-art automated
pick-and-place machine.
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Fig. 14. Integrated VCSEL and detector arrays on a flexible optical waveguide
film.

45 waveguide micromirror couplers were fabricated by
cutting waveguide ends at 45 using a microtome blade. The
coupling efficiency of an aluminum-coated micromirror was
calculated. The coupling efficiency between the 12- m-aper-
ture VCSEL mounted at the bottom of a 127- m-thick cladding
layer and a 50 50- m waveguide was 92%, ignoring the re-
flectance of aluminum by nearly 100%. The coupling efficiency
did not change within a 1.5 angular deviation from 45 . The
optical interconnection layer was fabricated by a compressive
soft-molding process. The micromirrors and waveguides were
fabricated on the flexible substrate film at the same time.
The core material of the waveguide was SU-8. The measured
propagation loss of the waveguide was 0.6 dB/cm at 850 nm.
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