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A mode transformer based on the quasi-vertical taper is designed to enable high coupling efficiency for interboard-
level optical interconnects involving single-mode polymer waveguides and standard single-mode fibers. A tri-
angular region fabricated above the waveguide is adopted to adiabatically transform the mode from the fiber into
the polymer waveguide. The effects of the geometrical parameters of the taper, including width, height, tip width,
etc., on the coupling efficiency are numerically investigated. Based on this, a quasi-vertical taper for the polymer
rib waveguide system is designed, fabricated, and characterized. Coupling losses of 1.79 + 0.30 and 2.23 + 0.31 dB
per coupler for the quasi-TM and quasi-TE mode, respectively, are measured across the optical communication C
and L bands (1535 to 1610 nm). Low-cost packaging, leading to widespread utilization of polymeric photonic
devices, is envisioned for optical interconnect applications. © 2015 Chinese Laser Press
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1. INTRODUCTION

Polymer-based passive and active photonic devices have
been extensively used in various applications, including com-
munication networks [1-12], optical backplanes and interchip
interconnects [13-21], sensors [22-32], etc. Low-cost and
high-efficiency packaging of these devices is crucial in order
to enable an economically viable market. The most prominent
methods to couple light into a single-mode polymer wave-
guide include edge coupling using lensed fiber [1,2,22 33] and
surface coupling using grating couplers [34-39]. Although
lensed fibers provide acceptable coupling efficiencies, they
are more expensive than standard single-mode fibers (SMFs)
and are difficult to package due to their limited misalignment
tolerance [23,40]. Conventional polymer grating couplers pro-
vide limited coupling efficiency in a narrow bandwidth, due to
the small refractive index contrast between the polymer ma-
terials [38,39]. Some schemes utilize a thin high index coating
in order to achieve the required phase matching condition
[356-37] and to improve coupling efficiency; still the bandwidth
is not large enough to cover both C and L bands. High effi-
ciency, wide bandwidth, and low-cost packaging techniques
will tremendously benefit polymer-waveguide-based optical
interconnect devices.

In this paper, we design a mode transformer based on a
quasi-vertical taper [41-58] to enable high-efficiency coupling
between a standard SMF and a single-mode polymer rib wave-
guide. In this design, a triangular-shape tapered structure is

2327-9125/15/060317-07

adopted above the waveguide core to transform a fiber mode
into a single-mode polymer rib waveguide mode as an optical
mode transformer. It comprises of a triangular region with a
fixed height, whose width is linearly tapered from the fiber
end to a narrow tip at the waveguide end. We experimentally
demonstrate a coupling loss of 1.79 4+ 0.30 and 2.23 + 0.31 dB
per coupler for the quasi-TM and quasi-TE mode, respectively,
across the C and L bands (1535-1610 nm).

2. DESIGN

Schematics of an optical backplane for optical interboard in-
terconnects and our designed taper-waveguide system to en-
able such high-efficiency packaging are shown in Figs. 1(a)
and 1(b), respectively. The single-mode polymer waveguide
considered in this work consists of a 3.5 pm thick UV1I5LV
(n =1.501 @ 1.55 pm) bottom cladding; 3 pm thick UFC-
170A (n = 1.496 @ 1.55 um) top cladding; and 2.3 pm thick
(1.8 pm slab, & = 0.5 pm rib height, W = 8.5 ym rib width)
SU8 (n = 1.575 @ 1.55 pm) core layer. The mode transformer
based on a quasi-vertical taper consists of a triangular region
with a constant height H, whose width w is linearly tapered
down from W at the fiber end to a finite tip width ¢ at the wave-
guide end. We choose these parameters for the triangular
taper section based on the coupling efficiency simulations,
which will be discussed in Section 2.B. This tapered structure
is adopted above the waveguide core to transform the fiber
mode into the polymer rib waveguide mode, which works

© 2015 Chinese Laser Press
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Fig. 1. (a) Schematic of an optical backplane. (b) Schematic of a
taper-waveguide system for coupling between standard SMFs and
single-mode waveguides. In this diagram, the top cladding is transpar-
ent in order to clearly show the system structure, the mode propagating
inside the quasi-vertical taper, and the polymer rib waveguide.

as an optical mode transformer. Because the taper height is
higher at the fiber facet than at the single-mode polymer wave-
guide end, the waveguide mode size in the vertical direction
becomes larger at the fiber facets and can better match with
the input/output (/O) fiber mode. Ideally, the tapered tip
should be infinitely narrow. However, due to the limited res-
olution achieved by the photolithography, we fixed the tip
width ¢ to a finite value. The effect of the tip width on the
coupling efficiency will also be discussed in Section 2.B.

A. Mode Profiles

The mode profile distributions of the quasi-TM mode inside
the taper at the fiber facet and device end are shown in
Figs. 2(a) and 2(b), respectively. The mode profile distribu-
tions of the quasi-TE mode at fiber facet [Fig. 3(a)] and device
end [Fig. 3(b)] have similar plots shown here for the quasi-TM
mode. The polymer waveguide at device end consists of a
1.8 pm thick SUS8 core slab and an 8.5 pm wide and 0.5 pm
height SUS core rib. The quasi-vertical taper at the fiber facet
consists of a 1.8 yum SU8 core slab and an 8.5 pm wide and
8 pm height SUS8 core rib (these values are chosen based
on simulation results that will be discussed in Section 2.B).
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Fig. 2. Mode profile distributions of quasi-TM mode inside the taper
at (a) the fiber facet (rib width 8.5 pm, rib height 8 ym), and (b) the
device end (rib width 8.5 pm, rib height 0.5 pm). The fundamental
(left) and second-order (right) quasi-TM modes (see Visualization
1) for a fixed SUS rib width of 8.5 pm, and the rib height varying from
14 to 0.5 pm is shown in the supplementary material.
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Fig. 3. Mode profile distributions of quasi-TE mode inside the taper
at (a) the fiber facet (rib width 8.5 pm, rib height 8 ym), and (b) the
device end (rib width 8.5 pm, rib height 0.5 pm). The fundamental
(left) and second-order (right) quasi-TE modes (see Visualization 2)
for a fixed SUS8 rib width of 8.5 ym and the rib height varying from
14 to 0.5 pm is shown in the supplementary material.

The eigenmodes are calculated using the beam propagation
method (RSoft BeamPROP). It can be seen that the mode pro-
file of a polymer waveguide at the device end has a large mis-
match with the standard SMF in the vertical direction, while
the mode profile of taper at the fiber facet provides a better
match with the standard SMF.

We have included two video clips, which show the funda-
mental (left) and second-order (right) quasi-TM (Visualization
1) and quasi-TE (Visualization 2) modes for a fixed SUS8 rib
width of 8.5 pm and the rib height varying from 14 to 0.5 pm.
When the rib height is smaller than 1.2 pm, the higher-order
modes are cut off, and the polymer waveguide becomes a sin-
gle-mode waveguide. Therefore, the polymer waveguide with
a rib height of 0.5 pm can satisfy the single-mode condition.
Although the polymer waveguide with a rib height of 8 pm can-
not satisfy the single-mode condition, the quasi-vertical taper
designed in this paper can filter out these higher-order modes,
which will be discussed in Section 2.B.

B. Coupling Efficiency

The fiber coupling efficiency, 5, can be calculated by a normal-
ized overlap integral between the fiber and waveguide modes
[69-61]:

y— | [/ F . )W'. y)dudy|?
JIF (. y)F (v, y)dvdy [ W(x,y)W' (x,y)dxdy’
where F(x,y) is the function describing the complex ampli-
tude of the SMF, W(x,y) is the function describing the com-

plex amplitude of the waveguide eigenmode, and the ' symbol
represents the complex conjugate.

ey
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The coupling efficiencies for the quasi-TM and quasi-TE
modes from the standard SMF (e.g., Corning SMF-28) to
the single-mode polymer waveguide with different geometries
are calculated using Eq. (1). The mode field diameter (MFD)
of the standard SMF is 10.4 pm at 1.55 pm wavelength. The
coupling efficiency of the quasi-TM and quasi-TE mode from
SMF into the quasi-vertical taper at the fiber facet as a func-
tion of the rib height and width are plotted in Figs. 4(a) and
4(b), respectively. The white demarcation curve indicates
the cut-off region. The upper-right region above the white
curve in Fig. 4 indicates the multimode region, while the bot-
tom left region below the white curve indicates the single-
mode region. Consequently, we choose the taper rib width at
the fiber facet as 8.5 pm and rib height as 8 pm to have a larger
coupling efficiency of 84.92% (quasi-TM mode) and 84.84%
(quasi-TE mode) with the SMF, and a waveguide rib width
of 8.5 pm and rib height as 0.5 pm at the device end to satisfy
the single-mode condition.

The total coupling efficiency from a standard SMF to a pol-
ymer waveguide through a quasi-vertical taper is calculated
using the eigenmode expansion method (PhotonDesign
FIMMPROP). The total length of the quasi-vertical taper is
fixed at 1.2 mm. Considering the limited resolution achieved

1
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Fig. 4. Coupling efficiency of (a) quasi-TM and (b) quasi-TE mode
from a standard SMF into the taper at the fiber facet versus the rib
height and rib width of the taper. The white demarcation curve indi-
cates the cut-off region. The bottom left region under the white curve
and upper right region above the white curve indicates the single-
mode and multimode region, respectively. The intersection point of
two white lines indicates the chosen rib height of 8 pm and width
of 8.5 pm for the quasi-vertical taper at the fiber facet.
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by the photolithography, the calculated total coupling efficien-
cies of the quasi-TM mode per coupler are 68.16% (1.66 dB),
73.20% (1.35 dB), 78.56% (1.04 dB), and 83.01% (0.81 dB) for tip
widths of 2.0, 1.8, 1.5, and 1.0 pm, respectively. The calculated
total coupling efficiencies of the quasi-TE mode per coupler
are 71.86% (1.44 dB), 75.43% (1.22 dB), 79.63% (0.98 dB), and
83.33% (0.79 dB) for tip widths of 2.0, 1.8, 1.5, and 1.0 pm, re-
spectively. Therefore, the coupling loss and polarization
dependence can be further reduced by using more advanced
photolithography instruments to reduce the taper tip width.

The fundamental and higher-order modes propagating
through the taper are calculated using the beam propagation
method (RSoft BeamPROP). The fundamental and second-
order quasi-TM modes propagating though the taper with tip
width ¢ = 1.8 pm are shown in Figs. 5(a) and 5(b), respectively.
The fundamental [Fig. 6(a)] and second-order [Fig. 6(b)] quasi-
TE modes propagating through the taper into the polymer
waveguide are similar to Figs. 5(a) and 5(b), respectively.
The electric fields are normalized to the maximum electric field
of the taper at fiber facet (¢ = 0 pm). As the optical beam prop-
agates through the taper, the mode energy of the fundamental
mode is drawn toward the rib and slab region, while the mode
energy of the higher-order mode concentrates in the taper re-
gion. Thus, the higher-order modes will be filtered by the quasi-
vertical taper. Thus, even though the taper supports multiple
modes at the fiber facet, it only couples the fundamental mode
into the single-mode polymer waveguide. We also include two
video clips to show the cross-sectional electromagnetic field of
the fundamental (left) and second-order (right) quasi-TM
(Visualization 3) and quasi-TE (Visualization 4) modes propa-
gating through the quasi-vertical taper at the different locations
on the z axis.

C. Coupling Misalignment Tolerance

A larger misalignment tolerance significantly facilitates the
device packaging. The misalignment tolerance in the x and
y directions, for the case of direct coupling from a lensed
SMF (MFD 2.5 pm) into a polymer waveguide with a rib width
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Fig. 5. (a) Fundamental and (b) second-order quasi-TM modes
propagating through the taper into the polymer waveguide. The elec-
tric fields are normalized to the maximum electric field of the taper at
fiber facet (2 = 0 pm). The length of the taper is 1.2 mm. Light prop-
agates in the +z direction from left to right. A tip width of 1.8 pm is
assumed in this calculation. The cross-sectional electromagnetic field
of the fundamental (left) and second-order (right) quasi-TM modes
(see Visualization 3) propagating through the quasi-vertical taper at
the different locations on the z axis is shown in the supplementary
material.
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Fig. 6. (a) Fundamental and (b) second-order quasi-TE modes
propagating through the taper into the polymer waveguide. The elec-
tric fields are normalized to the maximum electric field of the taper at
fiber facet (2 = 0 pm). The length of the taper is 1.2 mm. Light prop-
agates in the +z direction from left to right. A tip width of 1.8 pm is
assumed in this calculation. The cross-sectional electromagnetic field
of the fundamental (left) and second-order (right) quasi-TE modes
(see Visualization 4) propagating through the quasi-vertical taper at
the different locations on the z axis is shown in the supplementary
material.

of 8.5 pm and a rib height of 0.5 pm [1,33], and from a standard
SMF (MFD 10.4 pm) to the quasi-vertical taper is calculated
using Eq. (1). Figure 7(a) shows the coupling efficiency of
quasi-TM mode versus the x (horizontal) and y (vertical) mis-
alignments for the case of coupling from the standard SMF
(MFD 10.4 pm) into the polymer waveguide through the
quasi-vertical taper. Figure 7(b) shows the coupling efficiency
of the quasi-TM mode versus the x (horizontal) and y (verti-
cal) misalignments for the case of direct coupling from the

Coupling Efficiency

2 4
ow \

% \

2 -

o

=2

=]
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—Y axis; Lensed SMF; No taper
0 X axis; Lensed SMF; No taper
—Y axis: Standard SMF; Taper
~—X axis; Standard SMF; Taper

3 -2 -1 0 1 2 3
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Fig. 7. (a) Calculated optical coupling efficiency of quasi-TM mode
from a standard SMF (MFD 10.4 pm) into a polymer waveguide
through a quasi-vertical taper versus the misalignment in x (horizon-
tal) and y (vertical) directions. (b) Calculated optical coupling effi-
ciency of quasi-TM mode from a lensed SMF (MFD 2.5 pm) into a
polymer waveguide (rib width 8.5 pm and rib height 0.5 pm) without
a taper versus the misalignment in x and y direction. (¢) Coupling
loss of quasi-TM mode in (a) and (b) versus the misalignment in x
and y axis.
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lensed SMF (MFD 2.5 pm) into the polymer waveguide.
Figure 7(c) shows the coupling loss of the quasi-TE mode for
both cases along the x and y axes. The corresponding figures
for the quasi-TE mode are shown in Figs. 8(a)-8(c), respec-
tively. Compared with using a lensed fiber, utilizing the quasi-
vertical taper (tip width 1.8 pm in this calculation), the peak
coupling efficiency from a fiber into a polymer waveguide is
increased from 49.95% to 73.20% (coupling loss is reduced
from 3.02 to 1.35 dB) for the quasi-TM mode, and from
49.67% to 75.43% (coupling loss is reduced from 3.04 to
1.22 dB) for the quasi-TE mode. The 1 dB misalignment toler-
ance in the vertical direction is increased from 1.25 to 4.33 pm
for the quasi-TM mode and from 1.24 to 4.32 pm for the quasi-
TE mode, compared with the lensed fiber case. The overall
cost of the packaging also can be reduced by using more
affordable standard SMFs.

3. FABRICATION AND MEASUREMENTS
RESULTS

A schematic of the fabrication process is shown in Fig. 9. First,
a UV15LV bottom cladding layer is spin-coated on a silicon
substrate, then the slab layer (SU8 2002) is spin-coated on
top of the bottom cladding layer, as shown in Fig. 9(a).
Next, the waveguide rib layer (SU8 2000.5) is spin-coated and
patterned using photolithography, as shown in Fig. 9(b). Then,
the quasi-vertical taper layer (SU8 2007) is spin-coated, and
the taper pattern is defined using another photolithography
step, as shown Fig. 9(c). Finally, the top cladding (UFC170A)
is spin-coated, as shown in Fig. 9(d).

The top-view and cross-section scanning electron micro-
scope (SEM) images of a fabricated quasi-vertical taper are
shown in Fig. 10. Figure 10(a) shows a top view close to
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Fig. 8. (a) Calculated optical coupling efficiency of quasi-TE mode
from a standard SMF (MFD 10.4 pm) into a polymer waveguide
through a quasi-vertical taper versus the misalignment in x (horizon-
tal) and y (vertical) directions. (b) Calculated optical coupling effi-
ciency of quasi-TE mode from a lensed SMF (MFD 2.5 pm) into a
polymer waveguide (rib width 8.5 pm and rib height 0.5 pm) without
a taper versus the misalignment in x and y direction. (¢) Coupling
loss of quasi-TE mode in (a) and (b) versus the misalignment in x
and y axis.
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[ Top cladding (UFC170A)

(a) (b) Il Quasi-vertical taper (SU8 2007)

[ Waveguide rib (SU8 2000.5)
I l I Waveguide slab (SU8 2002)

[ ]Bottom cladding (UV15LV)
(c) (d)

Fig. 9. Fabrication process flow for the quasi-vertical taper. (a) Spin-
coat the bottom cladding material (UV15LV) and waveguide slab layer
material (SU8 2002) on the substrate. (b) Spin-coat the waveguide rib
layer material (SU8 2000.5) and perform the first photolithography
step to form the rib core layer of the SU8 polymer waveguide.
(c) Spin-coat the top layer material of the quasi-vertical taper (SU8
2007) and perform the second photolithography step to form the
triangular region of a taper. (d) Spin-coat the top cladding material
(UFC170A).

the tip, and Fig. 10(b) shows a cross section of the taper at
fiber facet. A zoomed image at the tip is shown in the inset of
Fig. 10(a). The fabricated tip width is around 1.8 pm, due to
the limited resolution of the photolithography process.

The schematic and setup to measure the propagation loss
of polymer waveguides is shown in Fig. 11. Light from a
broadband infrared continuous-wave ASE source (Thorlabs
ASE730) is passed through a polarization controller (OZ
Optics FPR-11-11-1550-8/125-P-P-1&2&3-50-3S3S-3-1-ER = 30),
which outputs linearly polarized TM or TE modes with a polari-
zation extinction ratio about 34 dB. A polarization maintaining
fiber (OZ Optics PMF-15650-8/125-0.25-L) and a standard SMF
(Corming SMF-28), which works as the input and output fiber,
respectively, are mounted on an eight-axis positioning stage
(Newport PM500-C). The output power is collected by an op-
tical power meter (Newport 2832-C). The inset at the top right
corner of Fig. 11(b) shows the magnified view of the aligned
fibers and polymer waveguide with quasi-vertical tapers on
chip. The measured propagation loss of the polymer waveguide
is 0.27 dB/mm using the cutback method [56,57].

The coupling loss spectra are measured by an optical spec-
trum analyzer (OSA, ANDO AQ6317B). The calculated cou-
pling losses spectra from the measured OSA for quasi-TM
and quasi-TE polarization are plotted in Fig. 12. The measure-
ment results of the fabricated quasi-vertical taper demonstrate
coupling losses of 1.79 + 0.30 and 2.23 + 0.31 dB per coupler
for the quasi-TM and quasi-TE modes, respectively, across the
C and L bands (1535-1610 nm). For the case of directly cou-
pling light from a lensed SMF to a polymer waveguide without
a taper, the measured coupling losses per facet are 3.44 + 0.24
and 3.85 £ 0.24 dB for the quasi-TM and quasi-TE modes,
respectively. Thus, the quasi-vertical taper can reduce the
coupling loss as well as the overall packaging cost. The exper-
imentally measured coupling losses are larger than our calcu-
lated values noted in Section 2.B, which is possibly due to the

Fig. 10. (a) Top-view SEM image of a fabricated quasi-vertical taper.
(b) Cross-section SEM images of a fabricated quasi-vertical taper at
fiber facet. Inset in (a) is a zoomed view at the tip.
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Fig. 11. (a) Schematic and (b) experimental setup to measure the
propagation loss of a polymer waveguide. Inset at the top right corner
of (b) shows the magnified view of the aligned fibers and the polymer
waveguide with quasi-vertical taper.

scattering from the fabrication induced roughness. The addi-
tional loss for the quasi-TE mode, compared with the quasi-
TM mode, is due to the increased scattering from sidewall
roughness of the fabricated waveguides.

The measured increase in coupling loss of both quasi-TM
and quasi-TE modes between the standard SMF (MFD
10.4 pm) and quasi-vertical taper for horizontal (x axis) and

8 —— TM (Standard SMF; Taper)

7t — TE (Standard SMF; Taper)

6l — T™ (Lensed SMF; No taper)
— TE (Lensed SMF; No taper)

5

Coupling loss (dB)

. 1540 1550 1560 1570 1580 1590 1600 1610
Wavelength (nm)

Fig. 12. Measured coupling losses versus the wavelength. The mea-
sured coupling losses per taper are 1.79 £ 0.30 and 2.23 4+ 0.31 dB for
quasi-TM and quasi-TE modes, respectively, for the case of coupling
light from a standard SMF (MFD 10.4 um) to the polymer waveguide
through a quasi-vertical taper. The coupling losses per facet are 3.44 +
024 and 3.85+0.24 dB for quasi-TM and quasi-TE modes,
respectively, for the case of directly coupling light from a lensed SMF
(MFD 2.5 pm) to a polymer waveguide without a taper. Different
dashed lines correspond to the simulated coupling losses calculated
in Section 2.B. Colors correspond to their respective measured
counterpart.
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Fig. 13. (a) Measured increase in coupling loss of both quasi-TM and

quasi-TE modes between the standard SMF (MFD 10.4 pm) and quasi-
vertical taper versus horizontal (x axis) and vertical (y axis) misalign-
ment. (b) Measured increase in coupling loss of both quasi-TM and
quasi-TE modes between the lensed SMF (MFD 2.5 pm) and polymer
waveguide without a taper versus horizontal (x axis) and vertical (y
axis) misalignment.

vertical (y axis) misalignment is shown in Fig. 13(a). The mea-
sured increase in coupling loss of both quasi-TM and quasi-TE
modes between the lensed SMF (MFD 2.5 pm) and polymer
waveguide without a taper for horizontal (x axis) and vertical
(y axis) misalignment is shown in Fig. 13(b). The solid curves
are the simulation results in Section 2.C. By using the quasi-
vertical taper, the measured 1 dB misalignment tolerance in
the vertical direction is increased from 1.24 to 4.33 pm, which
agrees well with the calculated tolerance in Section 2.C.

4. CONCLUSION

A quasi-vertical taper, which is a triangular region on top of
the single-mode rib polymer waveguide, is adopted to enable
high coupling efficiency from a standard SMF (MFD 10.4 pm)
into a single-mode polymer rib waveguide for optical inter-
board interconnects. Compared with coupling light directly
from a lensed SMF (MFD 2.5 pm), the coupling loss is reduced
from 3.44 4 0.24 to 1.79 + 0.30 dB for the quasi-TM mode and
from 3.85 + 0.24 to 2.23 £+ 0.31 dB for the quasi-TE mode,
across the C and L bands (1535-1610 nm). The 1 dB misalign-
ment tolerance for both quasi-TM and quasi-TE modes is
increased from 1.24 to 4.33 pm in the vertical direction. Due
to the utilization of standard low cost SMFs for packaging, the
overall packaging cost and packaging efforts for the single-
mode polymer photonic system can be minimized. Further
improvement in the coupling efficiency can be achieved via
adopting advanced lithography processes to reduce the taper
tip width.
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