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Abstract—An optical subassembly of MUX/DEMUX where
optical devices are hybrid-integrated on a silicon optical bench
(SiOB) using a passive alignment method is reported. A tight
tolerance of positional and tilting angular accuracy is required
for optical devices attachment in order to maximize the coupling
efficiency. The critical positioning transverse to the optical axis
merely depends on the symmetry, and accuracy of the position and
shape of trenches. Any inaccuracy primarily affects the noncritical
positioning, i.e., z-axis and 6z, in the direction along the optical
axis; misalignment accumulated and causes undesired insertion
loss. All the piece parts, i.e., mirror, thin-film filters (TFFs), ball
lens, SiOB, etc., have a defined tolerance in their dimensions and
surfaces which increases the challenge in achieving high placement
accuracy along the optical axis. The effects from these inherent
inaccuracies of the position and shape of trenches and piece parts
could be minimized by optimizing the adhesive volume, improve
the bottom flatness, proper procedure selection. Misalignment at
each axis, e.g., x-, y-, z-, O, 0y, and 0z was characterized and its
effect to the coupling efficiency was discussed.

Index Terms—Accuracy, adhesive, coupling efficiency, passive
alignment, silicon optical bench.

I. INTRODUCTION

HE assembly of transceiver package required multiple ac-
T tive alignment steps of bulk optic discrete subcomponents
which is a costly and time consuming procedure. There has been
increasing demand in manufacturing the low cost optical mod-
ules where most of the structures employed optical subassem-
blies (OSAs) to package the optoelectronic devices and optic
components in a module [1], [2]. Out of the many alternatives,
Hewlett Packard’s SpectraLAN project had reported a DEMUX
was generated for the CWDM module of a small form factor
transceiver [3], [4]. HP approach was to use polymer waveguide
for the DEMUX [10], while, silicon optical bench (SiOB) is uti-
lized as a platform to integrate optical components and subsys-
tems in this study.
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The SiOB technology enables the automation of fiber optic
components packaging and the integration of multiple func-
tions onto a single silicon platform using simple mechanical
positioning to form passive optical alignment. This provides
the potential of realizing miniature multichannel transmitter
optical subassembly (TOSA) and receiver optical subassembly
(ROSA) without using expensive active alignment equipment
and process. Other advantages of SiOB technology include
scalable production, lower per unit manufacturing costs, ver-
satility for integrating into existing product platforms and
enhanced testing and measurement capabilities. Despite these
advantages, there are a few critical challenges, such as sub-
micron fabrication accuracies and submicron post bonding
accuracy.

The use of silicon optical bench for optical hybrid integra-
tion has been widely reported and discussed [5]-[9]. Li et al.
used silicon on insulator (SOI) wafer for making the SiOB [9].
Dautartas et al. believed that SiOB technology as a platform can
meet the needs of the datacom sector, i.e., high performance, and
low cost [10]. They had demonstrated this platform as a very ro-
bust technology in the telecom sector and have greatly reduced
the cost of ownership lending itself to low cost, high volume
manufacturing [11], [12]. Boudreau et al. [12] had reported a
passive alignment approach to precisely place the active devices
onto the SiOB.

This paper is part of the project to develop a prototype hy-
brid package, an ultra-miniature four channels TOSA/ROSA for
CWDM applications, and to report on the tolerance analysis for
passive alignment. The objective of this project is to develop an
ultra-miniature of 5 mm X 10 mm X 6 mm four channels trans-
mitter (Tx) and receiver (Rx) optical subassembly (OSA). The
small size is to be realized mainly through IME Silicon Optical
Bench Technology with commercial available thin film filters
(TFFs) and micro mirrors. The work includes optical simulation
and optimization of all the channels with single mode fiber, fab-
rication and assembly of the OSA. The test vehicle for this paper
is optical subassembly of DEMUX on SiOB which is purely op-
tics.

II. EXPERIMENTAL METHODOLOGY

Fig. 1 shows the basic fabrication process of Silicon Optical
Bench. It started with 1 um SiO5 deposition on the silicon sub-
strate playing the role of hard mask as show in Fig. 1(a). Then,
dry film was laminated onto the substrate and the trenches were
patterned by using 1 to 1 photolithography as seen in Fig. 1(b).
In order to expose the silicon, the hard mask SiOs was etched
[Fig. 1(c)], STS deep reactive ion etching (DRIE) was then car-
ried out [Fig. 1(d)] and followed by photoresist strip [Fig. 1(e)].
In fabrication, the trench size was made slightly larger to make
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Fig. 1. Fabrication process for SiOB.

TABLE I
DIMENSION FOR DEVICES AND CAVITIES ON SiOB
(ALL DIMENSIONS IN MILLIMETERS)

Ball lenses TFF Mirror
Physical 0.500+ 0.003 H0.3+0.02 H1.0
Dimension xW0.8+0.05 xW1.5
xD0.540.01 xD0.5
Cavity 0.50 0.32x0.51 1.50 x 0.50
0.51 0.33x0.53 1.52x0.52
0.52 0.34 x 0.54

sure the devices can go in without failure. TFFs and mirrors
were assembled into trenches with different tolerance as listed
in Table I to determine the suitable size.

A simple comparison study on the effect of adhesive volume
was carried out to further improve the perpendicularity of the
adhered optical devices, i.e., TFFs and mirror. Then, these data
was utilized to improve the coupling efficiency of SiOB. In the
meantime, three methods for TFF attachment were carried out
on larger trench: free placing, adjusted the TFF to as center as
possible, and push the TFF as close as possible to the side wall.
These materials were then cross-sectioned and then inspected
using scanning electron microscope (SEM). Tilting angle, 6x
for these samples were determined using Wyko interferometer,
HD 3300 and image processing software.

Throughout this paper, simulation data was used for refer-
ence. Simulation software, ASAP from Breault Research Or-
ganization was used to determine the coupling efficiency (7))
of this DEMUX assembly. The effect of ball lenses shift from
the optical axis was simulated and discussed. Fig. 2 shows the
plane view of SiOB layout and the definition of each axis. One
DEMUX on SiOB was assembled, and its coupling loss at each
channel was measured using Suruga Seiki’s automated fiber

—
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optical beam
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" Ball lenses
!Ball lenses

‘Ball lenses
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Fig. 2. Plane view of the SiOB with definition for axes.
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Side wall
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Fig. 3. Schematic of TFFs assembled onto SOI SiOB.

alignment system consists of six axes motion with a resolution
of 25 nm.

Silicon on insulator (SOI) wafers were used to avoid the issue
of different y-depth along the optical path and to ensure it is
co-axial with a tolerance of < 1 pm. Mirrors and Mirrors 1 ~
3 with known perpendicularity were used to verify the effec-
tiveness of the optical design regardless of the inherited inac-
curacies of optical devices, as shown in Fig. 3. These specially
made Mirrors 1 ~ 3 were used to replace the filter and placed in
the SiOB without adhesive bonding. Coupling power was mea-
sured using SMF and MMF after the output ball lenses, which
started with Channel 4. Then, Mirror 3 was removed, the fibers
and output ball lens was shifted to channel 3. These steps were
repeated for Channel 1 and 2. These measured coupling losses
were then compared to the simulation data.

III. RESULTS AND DISCUSSION

The SiOB and optical devices with the dimension as listed
in Table I, were used for evaluation. A few potential contribu-
tors to the coupling loss are discussed in the following. Results
show that the trench dimension has to be slightly larger than the
actual optic devices, in order to accommodate the tolerance of
the optical devices. Too large of trench dimension may lead to
increase in variation in fy-axis for TFFs and mirrors which will
cause the incident beam mis-hit in x-direction. Besides the in-
consistent Y-depth, the width of the trenches in x-axis will also
affect the ball lenses concentric along the optical axis. In this
case, the selected cavity sizes for the following experiments are:
0.5 mm for ball lens, 0.32 x 0.51 for TFF and 1.5 x 1.5 mm for
mirror, respectively.

Fig. 4 shows the cross-sectioning view of two mirrors as-
sembled using huge amount of adhesive [Fig. 4(a)] and lesser
amount of adhesive [Fig. 4(b)], respectively. The tilting angle,
fx obtained are 1.1° and —1.0°, respectively. The tilting angle
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Fig. 4. Cross-sectioning view mirror assembled using (a) huge amount of adhesive and (b) less amount of adhesive.

TABLE II
TILTED ANGLE OF MIRROR IN #2: DIRECTION
. Tilted Angle, 0« (°)

Conditions 1 2 3 | Average

A (pushtoside | -0.7 | -0.9 | -0.8 -0.8

wall)
B (Center) 08 | 1.0 | 34 1.7
C (free placing) [ -09 | 1.0 | 1.3 0.5

was minimized to —0.7° when minimum adhesive was applied
on the bottom of the trench.

Mirrors were attached into the SiOB trenches using three dif-
ferent positioning approaches as listed in Table II for compar-
ison. Though free placing of mirror results in only 0.5° offset
from 90° in average, it is inconsistent. When mirror was placed
in the center of a larger trench resulted in most inconsistent tilted
angle, fz. This is because tilted mirror or TFF will reflect the
laser beam upwards or downwards depends on the direction of
the fx. Therefore, by pushing the mirror as close as possible
to the cavity side wall at the direction of the incident beam re-
sulted in most consistent tilted angle, which is —0.8° and most
preferred among these three approaches.

By measurement using interferometer, it was found that the
optical devices that consist of inherited dimension error have
contributed to the tilting angle as well. TFFs and mirrors were
singulated by dicing process with an uncontrolled dicing edge,
it is known that these edges will not be perfectly 90°, and flat.
These dicing edges will contact directly to the bottom surface of
the trenches results in a random tilted angle in term of direction
and magnitude. The contribution of this factor to §x was deter-
mined to be around —0.7 ~ —1.0°.

Beside the dummy TFFs’ and mirror’s tilt angle, the positions
of the ball lenses are also a major source of the optical cou-
pling loss. For the ball lens assembly, it is crucial to align all the
four output ball lenses with respect to the input ball lens, which
determine the optical path. However, unlike the dummy TFFs,
the optical misalignment of the output ball lens does not have
a cumulative effect on the subsequent channels. Fig. 5 shows
the modeled coupling losses when input and output ball lenses
were shifted off the best position in x-axis. Obviously, misalign-
ment of output ball lens has more effect to coupling loss, i.e.,
4 ~ 5 pum shift contributed to about 4 dB loss.

It is hardly to obtain a perfectly flat bottom surface of the
etched trench; a curve bottom surface was shown in Fig. 4. This
will contribute to different in y-depth along the optical path, and
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Fig. 5. ASAP simulation result of DEMUX on SiOB.

this is especially critical for ball lenses. Inconsistent y-depth is
not so critical for mirror and TFFs, however, curvature in the
bottom surface may contribute to larger tilting angle, fx. This
could be solved by using V-groove; however, due to complica-
tion in fabrication, SOI wafer was used to provide a flat sur-
face at the bottom in the later experiments to reduce the error in
y-axis. It is expected that with SOI wafer, the cavity depth for
all the ball lens cavities will be constant. Thus, all the input and
output ball lenses when placed in the SiOB will be in co-axial at
y-axis. Therefore, misalignment in the y-axis will be minimized.

A. Test Structures Using SOI Wafer

Fig. 6 shows the design of the DEMUX on SiOB made of SOI
wafer which consists of five 500 ym diameter BK7 ball lens,
four TFFs with different operating wavelength, and a mirror.
For ideal condition, the simulated coupling losses for this de-
sign using single mode fiber (SMF) as input and output col-
lector for all the channels are shown in Table III. The insertion
losses of the optical components are not included in the simula-
tions. The higher loss at channel 4 is due to the dispersion effect
of the optical beam, which increases as the optical path length
increases. Table III also shows the measured coupling loss of
an assembled DEMUX where SMF is used at input to deliver
laser beam at a particular wavelength, and at output to collect
optical signal. For this measurement, the operating wavelengths
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Fig. 6. Losses due to ball lenses shift.

TABLE III
MEASURED COUPLING LOSS OF THE ASSEMBLED DEMUX

Channel | Simulation Loss, dB
Loss,dB | SMF-SMF | SMF-MMF
1 ~0.00 4.0 1.3
2 0.06 11.5 2.6
3 0.32 16.1 6.8
4 1.32 20.3 8.7

for channel 1, 2, 3, and 4 are set to 1275 nm, 1300 nm, 1325 nm,
and 1350 nm, respectively. A wideband tunable laser is used
as the optical source. For each wavelength measurements, the
optical power is first measured and used as a reference input
power for the respective channel. The ball lenses, TFFs and
mirror are assembled to the SiOB using epoxy. The input and
output fibers are not assembled permanently on the SiOB, their
positions are allowed to be optimized through active alignment
during the measurement. In general, the coupling loss increases
as the channel number increases. The losses are mainly due to
the misalignments of the TFFs and the mirror, which have ac-
cumulative effects, causing a highest loss on the last channel.
Hence, in order to maintain good overall performance, mainly
determined by Channel 4, the input fiber should align and fix its
position to the output fiber at Channel 4. Another measurement
is carried out for this test structure using a MMF with core diam-
eter of 62.5 pm to couple the output optical signal. Similarly the
losses increase as the channel number increases. However, due
to the larger core diameter of the MMF, the results as shown in
Table III have a much lower coupling loss. Higher optical power
loss was observed for this assembly if compares to the modeling
data.

A test structure is redesigned with the dummy TFFs (mirrors
1-3) and mirror, which has the same dimension but with con-
trolled sidewall perpendicularity. The dummy TFFs are mirrors,
which do not have the function of the filter in the pass band. They
are used to simulate the out of band function, which will reflect
the optical signal at the design incidence angle of 10°. The di-
mension of mirrors is of 0.79440.002 x 0.305+0.002 x 1.905+
0.002 mm with an angle, §, = 90.38°. While the dimension
of the dummy TFFs is of 0.795 £ 0.005 x 0.305 £ 0.002 x
0.505 £ 0.005 mm, with an angle, 6, = 89.37°. Mirrors with

known perpendicularity were used to verify and determine the
contribution of inherent inaccuracies of the optical devices to
the coupling loss.

Table IV shows the simulated coupling loss at channel 4 for
dummy TFFs and mirror under various titling combinations in
Oz direction. The result also shows that the maximum coupling
loss is infinity. As there is an additional dummy TFF in the de-
sign and the propagating distance is longer, there are more com-
binations that resulted in infinity coupling loss. For channel 4,
the best result is not obtained when the dummy TFFs have the
same tilting angle direction and is opposite to the mirror. In-
stead, the best coupling loss of ~6 dB is obtained when dummy
TFF1 and the mirror have opposite tilting direction, and the
dummy TFF1 and TFF2 have opposite tilting direction, as high-
lighted in Table IV. Unlike the results given in channel 2 and
channel 3 simulations, the tilting of the optical components in
the same direction help to compensate the misalignment angle
and give the best result. This is because the titling angle of the
dummy TFF and the mirror are not the same, and with a longer
optical propagating distance and an additional dummy TFF for
channel 4, over compensation occurs. The above results demon-
strated that there are optimal orientations of the optical compo-
nents for the given titling angle for different channels. Hence,
the performances of the various channels have to be compro-
mised. In the practical situation where the optical components
are assembled, all the dummy TFFs will mostly be titling in
the same direction as they have the same perpendicularity angle
vector, and hence the loss of the channel 4 will be high, over
20 dB as shown in the simulation results in Table IV. This loss
will increase significantly if the mirror tilt angle is opposite to
what is desired.

Fig. 7 shows the top view of the assembled SiOB made
of SOI wafer, with Mirror, Mirror 1-3 (Dummy TFFs) and
ball lenses. Again, SMF was used for input laser beam, while
MMF and SMF were used as output collector for comparison.
The optical power is first measured and used as a reference
input power for the respective channel. The measurement of
a particular channel will be done with the respective channel
dummy TFF removed so that the optical signal can be coupled
to the respective channel’s ball lens and output fiber. Hence all
the optical components are placed into their respective cavities
without permanently fixing. Table V shows the coupling losses
obtained by MMF and SMF which has a core size of 62.5 ym
and 9 pm, respectively. It shows that the optical power travel
along the optical path with certain loss before reaching the
detector, MMF and SMF in this case.

Table V also shows the simulation data with consideration of
the known tilted angle in #x contributed by mirrors when SMF
is used as collector. It was found that the measured coupling
loss is higher than the simulation data, and is increasing with
the channel number increase. Most probably, there is misalign-
ment in x- and y-axis cumulated along the path that caused the
beam misaligned to the output fibers. However, the maximum
coupling loss obtained for this set up is ~16 dB at Channel 4,
much lower than the ~25 dB obtained for the actual TFF test
structure. Assuming the components losses for both test struc-
tures are the same, the improved loss is due to the better compo-
nent sidewall perpendicularity, which reduces the degree of mis-
alignment. The optimizing procedure also helps to reduce the
coupling loss, which allows additional alignment of the TFFs,
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TABLE 1V
EFFECTS OF DIRECTION OF TILTED ANGLE, 2 TO COUPLING LOSS AT CHANNEL 4

Tilting Big Tilting Tilting Tilting
Mirror Mirrorl Mirror2 Mirror3 Loss
[degree] [degree] [degree] [degree] [dB]
0 0 0 0 1.3
-0.38 0.63 0.63 0.63 oo
-0.38 0.63 0.63 -0.63 o0
-0.38 0.63 -0.63 0.63 oo
-0.38 0.63 -0.63 -0.63 11.2
-0.38 -0.63 0.63 0.63 18.2
-0.38 -0.63 0.63 -0.63 6.3
-0.38 -0.63 -0.63 0.63 oo
-0.38 -0.63 -0.63 -0.63 21.7
0.38 0.63 0.63 0.63 21.6
0.38 0.63 0.63 -0.63 oo
0.38 0.63 -0.63 0.63 6.3
0.38 0.63 -0.63 -0.63 18.5
0.38 -0.63 0.63 0.63 11.2
0.38 -0.63 0.63 -0.63 oo
0.38 -0.63 -0.63 0.63 o0
0.38 -0.63 -0.63 -0.63 oo

* oo—indicates that the light fall out side of the core hence can not be captured by SMF

Fig. 7. Top view of the test structure with fibers, ball lenses, and mirrors.

TABLE V
MEASURED COUPLING LOSS OF TEST STRUCTURE

Channel Coupling Loss, dB
Simulation (SMF-SMF) SMF-SMF SMF-MMF
1 - 3.1 1.2
2 0.9 7.3 2.8
3 6.3 11.7 6.0
4 21.7 16.1 8.1

mirror, and ball lenses. Furthermore, the measured loss differ-
ence between each channel was lower than the simulated result.
This could be due to compensation happened when the mirrors
were pushed to the side wall of the trenches that reduce the ac-
tual fx along the optical path.

Another measurement carries out for this test structure using a
MMEF to couple the output optical signal, also shows that the loss
increases as the channel number increases. The performance of
the MMF output coupling is much better than the SMF output
coupling as the MMF has a very much larger core diameter of
62.5 pm as compared with the SMF core diameter of 8.2 pum

(~8 dB versus ~16 dB). The coupling loss obtained for this
set up is also better than that obtained for the actual TFF test
structure (~8 dB versus ~9 dB). The majority of the coupling
loss is probably due to propagation loss, reflection loss at each
interface, and excessive beam diameter where part of the beam
was blocked by the optical trench. The use of SOI wafer might
has taken out the effect of poor surface flatness, the ball lenses
which is held by a flat groove instead of V-groove could be still
subjected to misalignment of a few microns in x-axis.

Then, this knowledge was used to assemble a DEMUX on
a SiOB made of SOI wafer. Fig. 8 shows the cross-sectional
view of the mirror assembly on a SiOB made of SOI wafer. Two
assembled samples, sample A and B with known 6z (89.37°
and 90.07°) were cross-sectioned. The additional titling angle
or error (E) induced by the assembly are 4-0.25° and —0.36° for
Sample A and Sample B, respectively. The positive sign meant
that epoxy assembly has caused the Sample A to tilt forward
(left), while Sample B to tilt backward (right). Hence, Sample
A verticality has been improved from 89.37° to 8§9.62° (0.38°
from verticality) while Sample B has been over compensated
from 90.07° to 89.71° (0.29° from verticality).

An alternative solution is to utilize the hybrid glass submount
SiOB structure as proposed during the development. The glass
submount with one surface is coated to form a mirror and the
opposite surface is used to assemble the TFF perpendicularly,
while the SiOB is used to provide the ball lens assembly accu-
racy, as shown in Fig. 9. Preliminary simulation results show
that the insertion loss of <0.3 dB is allowed for a tolerance
of £1° in the direction of #,. The idea is to make use of the
relatively consistent wafer surface condition which is usually
formed by precision machining, and the high precision attach-
ment scheme to minimize the tilting angle misorientation, 6.,
to be less than +1°. As mirror is also attached to the same glass
block, the accumulated tilting angle will be lesser if compare to
free space assembly. In addition, the required PD and the laser
diode can also be integrated on the SiOB directly, and simplify
the assembly process.
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Left

Fig. 8. Cross section view of a mirror assembly on SiOB made of SOI wafer (a) sample A and (b) sample B.

Input ball Glass
lens submount\\r"

Ball lens

Fig. 9. Proposed hybrid glass submount SiOB.

IV. CONCLUSION

Optical sub-assembly (OSA) of DEMUX on SiOB was
demonstrated using passive alignment approach. The design
of the 4 channel MUX/DEMUX OSA using discrete TFFs
assembled on a SiOB required very high assembly accuracy.
The major challenge encountered for this design is to achieve a
high perpendicularity for the mirror and TFF, estimated to be
less than 0.3°. The measured coupling loss is higher than the
simulation result because of the contribution from dimension
error in x- and y-axis that caused the ball lenses misaligned
to optical axial, curved bottom surface that led to large 6z,
and mostly the inherited inaccuracies of the optical devices. A
cumulated coupling loss of 20.3 dB for SMF-SMF and 8.1 dB
for SMF-MMF at channel 4 for an assembled DEMUX was
achieved after controlling in adhesive volume, and pushing
the optical devices as close as possible to the side wall. For
the SiOB OSA to have a maximum coupling loss of less than
3 dB, the optical component used must have a tight control on
the perpendicularity angle and the dimensions of the optical
components (TFFs and mirror) and the SiOB cavities.

Another source of coupling loss is the ball lens misalignment.
Unlike the TFF and mirror, this misalignment error is not cu-
mulative for the subsequence channels. In theory, this ball lens
misalignment can be solved using V-groove, which can help to
ensure the ball lenses are located at the center optical path po-
sition. However, the V-groove design was not fabricated suc-
cessfully in this work here. Instead, a flat bottom SiOB cavity
fabricated using SOI wafer and a controlled perpendicularity
mirror (dummy TFF) are used to quantify the assembly losses,
i.e., ~16 dB for SMF and ~8 dB for MMF output coupling
at channel 4. Mirrors with known 6z were assembled into the
SiOB with a relatively flat bottom surface to determine the ef-
fect of the inherited inaccuracies of optical devices to overall
coupling loss. If the TFFs’ and the mirror’s tilting angles are
identical, and are tilting at different direction, the misalignment

error could be compensated. However, it will be a challenge to
control during assembly. The worst simulated scenario shows a
coupling loss of infinity.

For future works, the design should utilize the front and back
surfaces of TFFs and mirrors which is relatively flat and normal
to optical axis for physical contact. An alternative solution is to
utilize the hybrid glass submount SiOB structure as proposed
during the development. The glass submount with one surface
is coated to form a mirror and the opposite surface is used to
assemble the TFF perpendicularly, while the SiOB is used to
provide the ball lens assembly accuracy.
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