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Characterization of Optical Redistribution Loss
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Abstract— We previously proposed a new package sub-
strate called active optical package (AOP) substrate to realize
co-packaged optics. An optical redistribution technology on sili-
con photonics dies was developed to fabricate the AOP substrate.
It is composed of a polymer waveguide, with a mirror-based
optical coupling between the polymer and silicon waveguides.
The fabricated optical redistribution loss was characterized
in this study. An average loss of approximately 4 dB and
wavelength dependent loss of ±1 dB were observed for the
wavelength range of 1460–1600 nm. It was shown that the low
wavelength-dependent optical redistribution was available owing
to the broadband characteristics of mirror-based optical coupling
and polymer waveguide.

Index Terms— Co-packaged optics, micro mirror, optical redis-
tribution, polymer waveguide, silicon photonics.

I. INTRODUCTION

DATA movement in high-performance computer systems
and large-scale data centers is a critical concern [1].

Increasing the data rates of conventional electrical links leads
to low latency tolerance, high power consumption, and poor
signal integrity, particularly for long-distance interconnects.
Co-packaging technologies for optics chips (e.g., Si photonics)
and high-performance large-scale integration (LSI) chips have
attracted remarkable attention as they can considerably reduce
the length of high-data-rate electrical links. For example,
at OFC 2018, Rockley Photonics demonstrated a switch appli-
cation specific integration circuit (ASIC) wherein Si photonics
chips were co-packaged and a dozen ribbon optical fiber
cables were connected to its package [2]. Such massively
parallel optical input/output (I/O) connections are necessary
for high-performance LSIs such as the upcoming high-capacity
switch ASICs that are expected to have data transfer rates of
over 100 Tbps.
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Fig. 1. (a) Bird’s-eye view and (b) cross-section schematic of co-packaged
optics using AOP substrate.

We previously proposed a new package substrate referred
to as the active optical package (AOP) substrate, as a novel
co-packaging solution. The bird’s-eye view and cross-sectional
schematic of the AOP substrate are shown in Fig. 1. The AOP
substrate is based on conventional organic package substrates
such as glass epoxy. In the package substrate, Si photonics
dies are embedded as optical/electrical conversion devices. The
electrical I/Os of the Si photonics dies are connected via thin-
film metallization (electrical redistribution). Its optical I/Os are
connected to standard single-mode fibers (SMFs) via optical
redistribution, which is composed of polymer waveguides and
micro mirrors, as shown in Fig. 1. The optical coupling
between the polymer waveguides and SMFs is established by
the optical connector, which is passively assembled at the edge
of the package substrate [3], [4].

Implementing the AOP substrate eliminates the need for an
accurate flip-chip bonding process of the Si photonics dies and
active alignment of the optical fibers to the Si photonics dies.
Instead, the Si photonics dies are embedded in the package
substrate using a rough alignment process. Their electrical
and optical redistributions are realized using photolithography.
Therefore, extremely fine alignment is easily achievable for
the Si photonics I/Os with a panel-level process. Optical
redistribution allows for high-density Si photonics I/Os (e.g.,
50-µ pitch) to be redistributed to low-density single-mode
fiber interfaces (e.g., 250-µ pitch). Thus, small high-density
Si photonics chips can be fabricated without the restriction
due to low-density fiber interfaces. The optical redistribution
also aggregates the optical I/Os of multiple Si photonics dies
to one optical connector or vice-versa. Furthermore, optical
redistribution facilitates the optical fibers to be placed far from
the Si photonics dies. Therefore, Si photonics dies can be
placed close to or underneath the LSI chips. The length of the
electrical interconnects between them is minimal. Such ultra-
short interconnects without wire-bondings and/or micro-bumps
afford excellent electrical characteristics such as fan-out wafer-
level packages or three-dimensional stack integration [5].
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Recently, we presented a feasibility study of the AOP
substrate and demonstrated optical redistribution on an Si
photonics die [6]. The loss of the fabricated optical redis-
tribution and its wavelength dependence was also reported.
In this letter, additional measurement results of the polymer
waveguide optical characteristics and mirror surface profiles
are provided. On the basis of these findings, we present further
detailed analysis of the measurement results concerning the
optical redistribution.

II. COMPONENTS FOR OPTICAL REDISTRIBUTION

Two components are required to realize optical redistribu-
tion. The first is an optical waveguide that can be integrated on
the package substrate, and the second is a coupling structure
between the optical waveguide and embedded Si photonics die.
These components should have low dependency on the wave-
length and polarization in the desired transmission wavelength
range.

A polymer waveguide can be used as the optical waveguide.
It can be fabricated by a low-temperature process. Therefore,
it is suitable for fabrication as part of back-end processes.
We used SUNCONNECT (Nissan Chemical Industries Ltd.),
a polymer waveguide material, as the broadband waveguide
material in the transmission wavelength range. As the polymer
waveguides were connected to standard SMFs, their mode-
field diameters (MFDs) must be comparable to those of the
SMFs.

To connect the polymer and Si waveguides, a coupling
structure based on two micro mirrors was used. It provided
low wavelength and polarization-dependent optical coupling
as compared with a grating coupler, which is a popular surface
coupling device [7], [8]. As shown in Fig. 1, the light from
the Si waveguide is output by the bottom-side mirror to the
top side. Next, the light is reflected again by the top-side
mirror to the polymer waveguide. The size (i.e., width and
height) of the mirrors should be larger than the spot size
of the optical beam between the polymer and Si waveguides
for appropriate reflection. Because the MFD of the polymer
waveguide was adjusted to that of the SMF, the spot-size
diameter of the beam should be at least 10 µm. Therefore,
the mirror size should be larger than 14 µm. The coupling of
the Si and polymer waveguides also required the connection
of mode-mismatched MFDs. The MFD of the Si waveguide
was increased to approximately 3 µm upon using a Si inverse
taper waveguide (a spot size converter (SSC)) at the end
region of the Si waveguide. However, there was still a large
MFD mismatch. To match the MFD of the Si and polymer
waveguides, a curved concave mirror was used as the bottom-
side mirror. Owing to the curved surface, the beam waist
diameter of the light can be converted from 3 µm to 10 µm.

Thermal and mechanical tolerances of the optical redistri-
bution based on the above-mentioned components should be
considered for practical applications. In our previous work,
sensitivity to thermal deformation was studied for the coupling
structure and we showed that the structure had a high thermal
tolerance [9]. Tolerance evaluation to the package warpage,
especially to study a behavior of the embedded Si photonics

Fig. 2. (a) Cross-sectional optical microscopic image, (b) measured NFP
and FFP, and (c) measured insertion loss spectrum of the fabricated polymer
waveguides.

dies, is one of the future works. If the Si photonics die and
the package substrate are bent in the same way, the warpage
will not cause critical problem since the coupling structure
is a very small local structure (the area is approximately
50×50 µm2) while the package warpage is a very large global
deformation. That is, the global warpage will cause negligible
deformation in the local coupling structure. And the warpage
of the polymer waveguide will not cause considerable bending
loss.

III. FABRICATION

The fabrication process of optical redistribution on the
Si photonics die was reported in detail in the previous
report [6]. First, a cavity was formed on the surface of the
Si photonics die to integrate a bottom-side mirror. Next, the
mirror was fabricated by gray-scale lithography, as described
previously [7], [8]. Then, the mirror was coated with a
reflective metal layer and encapsulate by a transparent resin.
Subsequently, a bottom cladding and core of the polymer
waveguide were fabricated. Finally, the top-side mirror and top
cladding were fabricated via the same gray-scale lithography
process.

The polymer waveguides were fabricated to have an MFD,
comparable to the standard SMF (∼10 µm), by controlling its
size and refractive index. A cross-sectional optical microscopic
image of the polymer waveguide is shown in Fig. 2(a). The
core width and height were 9.1 and 6.8 µm, respectively. The
near-field pattern (NFP) and far-field pattern (FFP) are shown
in Fig. 2(b). The NFP and FFP diameter were 7.8 µm and
12.4◦, respectively, on average. Thus, the polymer waveguide
had an MFD that was compatible with standard SMFs. The
measured insertion loss spectrum of the 25-mm long polymer
waveguide is shown in Fig. 2(c). As shown in the spectrum, the
polymer waveguide has transparent broadband characteristics
in the S, C, and L band. A coupling loss of ∼0.5 dB
was estimated for the input and output facet. Therefore, the
propagation loss was ∼1 dB/cm at a wavelength of 1550 nm.

Micro mirrors with a width and height of 20 and 14 µm,
respectively, were fabricated using gray-scale lithography.
Laser microscopic images and surface height profiles of the
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Fig. 3. Laser microscopic images, surface height profiles, and 45◦ rotated
mirror surface profiles of the fabricated mirrors.

fabricated mirrors are shown in Fig. 3. The mirrors were
sufficiently large to perfectly reflect the light beam with an
MFD of 10 µm. To examine the detailed mirror surfaces, the
45◦ rotated profiles of the mirror surface are also shown in
Fig. 3. Smooth mirror surfaces were obtained for the bottom
and top-side mirrors. However, the profiles were slightly tilted
so that the mirror angles were approximately 46◦. There
were some deformed areas in the mirror surfaces, particu-
larly at the edges. This deformation induces stray light and
leads to some optical loss. To generate the correct mirror
angle, an auto-developer machine and a temperature-profile
controllable hotplate chamber were used for stable baking
and development processes. However, more careful controls
of room temperature and humidity are necessary to stabilize
the other processes like spin-coating.

The pitch of the fabricated optical redistribution was
100 µm. Reducing the pitch to 50 µm is possible with
current design and fabrication technology. By modifying the
mirror design and optimizing the fabrication technology, nar-
rower pitch will be achieved. The minimum pitch will be
approximately 20 µm since the mirror surface diameter over
14 µm is necessary for the standard-SMF-compatible polymer
waveguide. If the pitch is narrow, cross talks of the polymer
waveguides should also be considered. If the cross talk is
critical, narrow-pitch polymer waveguide array can be fanned
out to wide-pitch one immediately.

IV. EVALUATION

The Si photonics die with optical redistribution was eval-
uated as a device-under-test (DUT) sample. The insertion
loss spectrum of the DUT was measured in a wavelength
range of the S, C, and L bands (1460–1620 nm), as shown
in Fig. 4. Broadband light from a super luminescent diode

Fig. 4. Measurement setups for insertion loss of the DUT and reference
samples. A spherical lensed fiber and standard SMF with cleaved end facet
were used to receive the light from the Si and polymer waveguide, respectively,
to match the MFD.

was polarized to TE polarization and provided as input to
the Si waveguide end facet by using a spherical lensed fiber.
The light was propagated via the Si waveguide, mirror-based
coupling, and polymer waveguide. The light output from the
polymer waveguide was received by a standard SMF with
a cleaved end facet and measured by an optical spectrum
analyzer (OSA). A spherical lensed fiber was used for the
small-MFD Si waveguide and a cleaved facet SMF was
used for the large-MFD polymer waveguide. To calculate
the loss due to optical redistribution, the insertion loss of a
Si photonics die without optical redistribution was measured
as a reference sample. During reference measurement, another
spherical lensed fiber was used to receive light output from
the sample. Consequently, loss due to optical redistribution
was derived by subtracting the insertion loss of the reference
sample from that of the DUT. In this work, 1 × 8 splitter
was integrated in the measured test pattern for measurement
convenience. This splitter was not transparent in TM mode.
Therefore, TM polarization was not evaluated. However, the
optical redistribution composed of the mirror coupling and
polymer waveguide can be low polarization dependent. The
low polarization dependence of the bottom-side mirror was
demonstrated in a previous work [8]. The top-side mirror will
also be low polarization dependent of a few percent difference
since it is a simple metallized planar mirror. The polymer
waveguide was also low polarization dependent as reported
in another previous work [10].

The measured loss spectrum of optical redistribution is
shown in Fig. 5(a). It was measured on one single test pattern
on one sample. The average loss was approximately 4 dB.
The wavelength dependent loss was ±1 dB except for the
wavelength range over 1600 nm. As the optical redistribution
was composed of a polymer waveguide and mirror-based
optical coupling, the measured loss can be decomposed into
the losses of these two components. On the basis of the mea-
sured propagation loss spectrum of the 25-mm long polymer
waveguide (Fig. 2(c)), the estimation of the propagation loss
of the 5-mm long polymer waveguide of the DUT is shown in
Fig. 5(b). By subtracting the loss of the polymer waveguide
propagation from that of the optical redistribution, the loss due
to the optical coupling between Si and polymer waveguides
was obtained, as shown in Fig. 5(c). Thus, it was revealed that
the relatively large optical loss for the wavelength range over
1600 nm in Fig. 5(a) was from polymer waveguide character-
istics. The coupling loss between Si and polymer waveguide
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Fig. 5. (a) Measured loss spectrum of the optical redistribution. The
loss can be decomposed into (b) polymer waveguide propagation loss and
(c) mirror-based optical coupling loss.

was approximately 3.6 dB, and the wavelength dependent
loss was ±0.65dB. Owing to the broadband characteristics
of the mirror coupling, low wavelength dependent optical
coupling was achieved for the Si waveguide and polymer
waveguide connection. As described above, the mirror surface
was sufficiently smooth to minimize light scattering, and the
mirror surfaces were sufficiently large to perfectly reflect the
light beam. However, deformations on the mirror surfaces led
to the presence of some stray light. Therefore, the cause of the
3.6-dB coupling loss was concluded to be mode-mismatching
loss, mis-alignment loss (including mirror angles), and optical
loss of stray light which was caused by the deformed mirror
surfaces.

To break down the 3.6-dB coupling loss, we prepared a
simulation model of the fabricated structure and simulated
the optical coupling efficiencies while optimizing the model
parameters step by step. The simulation was performed using a
physical optics propagation method presented in the commer-
cial simulation software Zemax OpticStudio. Firstly, to eval-
uate the stray light loss, total incoming power to the polymer
waveguide end facet was calculated. For the calculation, the
power in a circle of 15-µm diameter, which was slightly larger
than the size of the end facet, was integrated. The incoming
power was 95%, so the stray light loss was 5%. Secondary,
polymer-waveguide end-facet tilt angle was optimized in the
model and the efficiency was improved by 32%. Thirdly,
the end-facet position was optimized. The end facet was in
de-focus position. By moving the end facet close to focus
position, the efficiency was improved 19%. On the other
hand, misalignment losses for the other two directions were
small enough to be ignored. Thus, the misalignment loss was
attributed from the de-focus condition. Finally, the MFD of
the polymer waveguide was optimized and the efficiency was
improved 37%. Remained 7% loss would be a part of the
MFD mismatch loss and/or de-focus loss which cannot be
optimized in the simulation. Thus, the tilt error, de-focus
and MFD mismatch losses (32, 19 and 37%, respectively)

were dominant factor. These losses can be decreased by
optimizing the position, surface curvatures and tilt angle of
the bottom side mirror. Using the initial prepared simulation
model, the above three parameters were optimized. As the
angle optimization, the x position of the top-side mirror was
also tuned. As a result, the coupling efficiency of -0.7 dB was
achieved in the simulation. Ultimately, the coupling efficiency
of -0.4 dB was also achieved by using a planar top-side mirror
which was not deformed.

V. CONCLUSION

The feasibility of optical redistribution, composed of two
micro mirrors and a polymer waveguide, was studied on a Si
photonics die. The fabricated optical redistribution loss was
characterized. The average loss of approximately 4 dB and
a wavelength dependent loss of ±1 dB were obtained for
the wavelength range of 1460–1600 nm. The measured loss
was decomposed into two loss factors, namely the polymer
waveguide propagation loss and the coupling loss of Si and
polymer waveguides via the two micro mirrors. The coupling
loss was approximately 3.6 dB on average, and the wavelength
dependent loss was ±0.65 dB over a 100-nm wavelength
range. Thus, it was shown that the broadband optical redistri-
bution was available based on mirror-based optical coupling
and polymer waveguide. An advanced technology to integrate
the optical redistribution on a glass epoxy substrate, in which
the Si photonics die is embedded, will be developed in future
works.
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