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A Compact Low-Loss Broadband Polarization
Independent Silicon 50/50 Splitter

Devika Padmakumar Nair

Abstract—We present a low-loss, compact, polarization insensi-
tive 3-dB optical power-splitter for submicron silicon waveguides.
The splitter is optimized over a broad wavelength span ranging
from 1300 to 1700 nm through finite difference time domain simu-
lations. The splitter junction footprint is only 1.8 X 1.3 um, which
is smaller than previously reported broadband multimode junction
splitters. Furthermore, the demonstrated device overcomes the
fabrication limitations of previous splitters while maintaining a
compact size without any sharp angles. The device was fabricated
using electron beam lithography. The experimental results show a
small insertion loss of less than 0.3 dB for both the TE and TM
polarizations.

Index  Terms—Silicon multimode

interferometer.

photonics, splitter,

1. INTRODUCTION

ILICON photonics is a promising field because of the
S high-density of devices that can be built on a single chip
[1]-[5]. Compact and low-loss splitters are critical in photonics
circuits since they are frequently used in light distribution or
as component to build devices such as optical switches [6],
multiplexers [7], or modulators [8]. Recently, optical 3-dB power
splitters with enhanced performance have been demonstrated
using Y-junctions [9], [10], directional couplers (DC) [11]-[13],
adiabatic couplers [14]-[18] and multimode interference (MMI)
couplers [19]-[25]. Nevertheless, these approaches still face a
number of limitations. Y-junctions are the most compact inte-
grated power splitters and also have a polarization insensitive
response. However, the sharp junctions and small feature size of
Y-junction splitters are challenging to build due to the resolution
limits of commercial fabrication processes, and small fabrication
variations can give rise to significant scattering loss. Further-
more, DC-based splitters are highly sensitive to wavelength
and coupling length variations. They can be improved with
asymmetrical structures [26] but the overall size of DC-based
splitters is typically very large. Most adiabatic couplers are long

Manuscript received May 30, 2021; accepted June 18, 2021. Date of pub-
lication June 22, 2021; date of current version July 8, 2021. This work was
supported in part by the Fonds de Recherche du Québec - Nature et Technologies
(FRQNT)2018-PR-208814, and in part by the Natural Sciences and Engineer-
ing Research Council of Canada under Grant 418352/2012, centre d’optique
photonique et laser. (Corresponding author: Devika Padmakumar Nair.)

Devika Padmakumar Nair is with the Department of Electrical Engineering,
Ecole de Technologie Supérieure, Montréal, QC H3C 1K3, Canada (e-mail:
devika.padmakumar-nair.1 @etsmtl.net).

Michaél Ménard is with the Microtechnology and Microsystems Laboratory,
Université du Québec a Montréal, Montréal, QC H3C 3PS, Canada (e-mail:
menard.michael @uqam.ca).

Digital Object Identifier 10.1109/JPHOT.2021.3091539

and Michaél Ménard

, Member, IEEE

and not compatible with CMOS fabrication processes because
of their minimum feature size [15], [16]. MMI-based splitters
based on the self-imaging effect can achieve low losses and are
tolerant to fabrication variations. Self-imaging is a feature of
multimode waveguides where an input field profile is reproduced
or replicated in single or multiple images at a fixed interval along
the propagation direction [27]. However, typical MMI-based
splitters are polarization dependent and devices relying on the
excitation of a large number of high order modes suffer from
compression of their bandwidth [25]. The large footprint of
MMI-based splitters can also be an issue, particularly in compact
integrated systems. Y. Zhang et al. demonstrated a low-loss and
compact splitter in which they modified the junction shape [9].
The measured insertion loss of this Y-splitter is less than 0.3 dB
but this design was optimized only for the TE polarization in
the 1500 to 1580 nm wavelength range [9]. In 2013, Z. Xiao
et al. demonstrated a low-loss, polarization insensitive MMI
splitter with a junction footprint of 1.5 x 1.8 pm [25]. However,
this device requires a silicon core with a thickness of 330 nm,
which is larger than the standard thickness (220 nm) used in
most commercial fabrication processes [25]. Thus, the power
splitter designs reported so far in the literature are limited by
at least one impediment, such as coupling losses created by
mode mismatch at output arms of splitter, high sensitivity to
wavelength and/or polarization, or a large footprint. Moreover,
many compact designs are difficult to fabricate in commercial
silicon photonic foundries because of their small features.

In this work, we report the design, fabrication and charac-
terization of a splitter structure with a carefully designed small
multimode region that controls the evolution of the optical field
and the number of excited modes to minimize losses, maxi-
mize the operational wavelength range, and reduce sensitivity
to polarization. This design is compact, and it overcomes the
fabrication limitations of previously designed splitters. More-
over, it operates without exciting a large number of higher order
modes in the multimode junction. Simulations are performed
over a wide wavelength range of 1300 nm to 1700 nm for
both polarizations. The device was successfully fabricated using
electron beam lithography and tested using an automated test
station.

II. DESIGN AND OPTIMIZATION

We used both analytical expressions and numerical simu-
lations to design of the power splitter. Fig. 1(c) shows the
schematic of a typical MMI coupler, which was our starting
point. The approximate length of the MMI, Ly, fora 1 x 2
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(a) Change in the beat length difference between the TE and TM polarizations as a function of the width of the MMI for different core thicknesses,

(b) optimal MMI width (at A L7 = 0) as a function of the core thickness, (c) schematic of a typical 1 x 2 MMI structure.
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splitter is calculated with the following equation [26]:

Lyt = (3Lr) /4N (1

Where N is the number of images of the input (or number of
outputs) at the end of the MMI, L is the beat length, which is
obtained from L, = 7/ (89-1), and 3y and [ are the lowest
order modes propagation constants, which are calculated using
a finite difference Eigenmode solver. To design a polarization
insensitive MMI splitter, the beat length difference between the
two polarizations (A L, ) should be zero, i.e.:

ALy = ALy (tE) = ALz(rvy) =0 (2)

Fig. 1(a) shows the change in beat length difference between
the TE and TM polarizations (AL ) as a function of the width of
the MMI (W) for different core thicknesses (7). The MMI
is polarization insensitive when its width fulfills the AL, =
0 condition for that particular core height. It is clear that as
W becomes larger, the beat length difference between the
two polarizations increases rapidly. Fig. 1(b) demonstrates that
the width at which the MMI is polarization insensitive increases
with the core height of the waveguide. The core height of single
mode silicon waveguides is generally smaller than 500 nm. Here,
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(a) Simulated power transmission spectrum and (b) simulated reflection spectrum of the optimized MMI coupler for the TE and TM polarizations.

we focus on the design of a 1 x 2 MMI coupler with a core height
of 220 nm and thus the width at which the coupler is polarization
insensitive is 1.3 um, as shown in Fig. 1(b). The length of the
MMI coupler for N = 2 (considering the first two lower order
modes) is calculated with Eq. (1) to be 1.25 pm. This is only an
approximation since the mode might not be strictly confined into
the core of the multimode region [28]. In a MMI with N ports,
N equally spaced images are formed at the output. The distance
between the images is referred to as the pitch and is given by p =
Wanwt /N. In this design, the calculated pitch is 0.65 pm, which
will prevent crosstalk between the output waveguides. Hence,
the separation between the inner edges of the output waveguides
is 0.2 pm. The normalized transmitted and reflected power as
a function of wavelength for the MMI splitters designed based
on the analytical equations is plotted in Fig. 2(a) and (b). The
device is simulated over a wide wavelength range from 1300 nm
to 1700 nm.

The size and shape of the multimode waveguide section was
modified further to minimize reflections and scattering losses
created by sharp corners. The performance was improved by
analyzing the field distribution inside the device using the finite
difference time domain (FDTD) simulation software by Lumeri-
cal. The outcome is that the optimized MMl region is now shaped
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(a), (b) Optimized splitter geometry. Intensity profile of the splitter for (c) TE polarization and (d) TM polarization. (e) and (f) illustrate the mode profile

and mode percentage for the TE and TM polarizations at the cross sections identified as 1, 2, 3, 4, 5 and 6.

into two consecutive S-bends with radius R1 and R2 as illustrated
in Fig. 3(a). The optimized design is obtained by gradually
increasing R1 from 0.5 pm to 1.6 pm and R2 from 0.45 pm to 1
pm. The final radii of the S-bends for a symmetric splitter are R1
= 1.4 pm and R2 = 0.8 pm. This smoothen the sharp corners
and maximizes the transmission at the output of the MMI for
both polarizations. While smoothening the shape of the MMI,
we also aimed to maximize the operational wavelength range of
the splitter. The final MMI based splitter geometry is shown in
Fig. 3(b). The total length and width of the reshaped multimode
region is only 1.8 um x 1.3 pum. The width of the MMI region
gradually increases from 0.45 pm to 1.3 pm and then narrows
down to 1.1 pm at the output. The gradual increase of the width
at input end of the MMI region reduces reflection losses at the
junction. This also improve the self-image quality and reduces
propagation losses by limiting the number of higher order modes
that are excited to those below the TE5 and TMs modes. The
field profile and cross-sectional mode profiles were calculated at
a wavelength of 1550 nm to clearly understand how the splitter
operates. Fig. 3(c) and 3(d) show the field intensity distribution
of the TE and TM polarization along the device. There is no
significant excitation of radiation modes in the device, as the TE
and TM modes are well confined in the silicon waveguide. Cross
sectional mode profiles of the TE and TM excited modes along
the device, including the percentage of incident power coupled
to each mode for different cross sections (1 to 6) are illustrated
in Fig. 3(e) and (f). The fraction of power transmitted into each
mode travelling in the cross section is calculated using the finite-
difference eigenmode solving algorithm. Overlap integrals are
performed between each mode and the simulated field in order
to determine the fraction of power that is travelling in a specific
mode [29]. Interestingly, not only are a few modes excited inside
the junction but there is even some polarization conversion since
the TE light couples briefly to the TM; mode and TM light does
the same with the TE; mode. However, the power in both output

waveguides as the same polarization state as the input signal.
Moreover, the modulation of the intensity between sections 2
and 5 in Fig. 3(c) and (d) resulting from the interference between
the modes excited in the multimode region demonstrates that
the splitter is still operating based on the self-imaging principle
after modifying the junction shape. For both polarizations, the
power splits uniformly and couples efficiently to the two output
waveguides (Fig. 3(e) and (f), section 6). The final splitter design,
including the input waveguide, MMI region and the two bend
waveguides at the output end of MMI, occupies a very small
area of 18 um x 4 pm, which is similar or significantly less
than that of other state-of-the-art designs [9], [10], [25]. The
minimum feature size is 200 nm, which is compatible with
the design rules of commercial silicon photonic fabrication
processes.

The simulated transmission and reflection spectra of the
optimized splitter along with simulated results for a rectangular
MMI splitter with similar dimensions are shown in Fig. 4. The
optimized splitter achieves a very high transmission efficiency
of 46.5 to 49% for each output port for both the TE and TM
polarizations over the wavelength range 1300 nm—-1700 nm
(Fig.4(a)). A very small back reflection of less than 0.70% for the
TE polarization and 0.55% for the TM polarization was observed
(Fig. 4(b)), which creates small ripples in the field intensity of
the input waveguide (see Fig. 3(c, d) before section 2). If we
compare the transmission results of the optimized splitter and
standard MMI splitter, the optimized one shows on average
an improvement in performance of 6-7% over the wavelength
range from 1300 nm to 1700 nm. Furthermore, the response
of the optimized splitter is almost wavelength insensitive over
the range 1450 nm-1700 nm, with a variation below 0.5%.
The simulated insertion loss at a wavelength of 1550 nm is
approximately 0.11 dB for both the TE and TM polarizations.
It is clearly noticeable that the losses for the TE polarization
increases for the lower wavelength, whereas for the TM
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polarization the performance increases at lower wavelengths.
Note that the impact of sidewall roughness is not considered in
the simulations.

The performance of splitters can be sensitive to geometry
variations, notably in the thickness of the silicon film and in the
width of the device [9]. The fabrication tolerances of the device
were evaluated by changing its thickness and width by 420 nm

and then simulating its performance. Fig. 5(a) illustrates the
impacts of variations in width and Fig. 5(b) those of variations
thickness. The transmission and reflection spectra of the original
geometry and of those including the variations in dimensions
are presented in Fig. 6. For the TE polarization the transmission
fluctuates by about 1% around the value for the nominal design
(see Fig. 6(a)) whereas for the TM polarization (see Fig. 6(b)) the
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Fig. 7. Simulated power transmission at different temperature.

transmission varies by around 0.5% for increases in thickness or
width. However, reduction in width or thickness induce losses
of around 1.8%. Therefore, the performance of the device is
resilient to variations in dimensions according to the simulation
results.

The performance of the splitter is not expected to vary
significantly with temperature. To characterize its temperature
dependence, the splitter is simulated for temperatures ranging
from 200K to 360K (see Fig. 7). The variation of transmission
at output port is less than 0.2% for TM and less than 0.35% for
TE polarization over the entire wavelength range, indicating that
the device is almost temperature insensitive.

III. FABRICATION AND CHARACTERIZATION

The devices were fabricated using electron beam lithography
at two facilities: the University of Washington and Applied
Nanotools. The starting substrates were 25 mm squares diced
from wafers with a 220 nm thick silicon device layer on a 3 pm
thick buried silicon dioxide (SiO2) layer. After spin coating
hydrogen silsesquioxane resist and a hot plate bake, electron
beam lithography was performed using an energy of 100 keV
followed by resist development. The silicon was removed from
the unexposed area using plasma etching. In the end, a cladding
of 2 pm of SiO» was deposited with plasma enhanced chemical
vapor deposition.

Different sets of structures were fabricated to experimentally
characterize the splitter including cascades of Mach-Zehnder
interferometers (MZI) (Number of splitters, Ns = 0, 56, 112) to
determine the insertion loss (IL), a single splitter to determine
splitting ratio and an independent MZI to measure its extinction
ratio (ER). The case where Ns = 0 in Fig. 8(a) is only two grating
couplers (GCs) connected by same number of bent waveguides
as the test structures to determine the GC coupling loss and the
propagation loss in the cascades of MZI. The GC pitch was set to
127 pm, determined by the pitch of the polarization maintaining
(PM) fiber array utilized for testing. Two different state-of-the-
art GCs [30] were used to perform measurements with the TE
and TM polarizations since GCs are polarization dependent.

The fabricated devices were measured with an advanced au-
tomated optical test setup at the University of British Columbia.
Light from a tunable laser was coupled into the test devices
via a polished PM fiber array and a grating coupler, and the
output was collected in the same way and sent to a photodetector.
The transmission spectra of the test structures for the TE and
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TM polarizations over the wavelength range from 1500 nm to
1583 nm, which was the largest span that could be measured
with the tunable laser in the setup, are shown in Fig. 8 and 9.
The measurement wavelength range is also limited by the
grating couplers used. The reference structures (Ns = 0) loss
at a wavelength of 1550 nm is about —15 dB for both polariza-
tions, mainly because of the grating coupler insertion loss and
propagation in the bend waveguides, which is identical for all
devices.

It is challenging to measure sub 0.5 dB losses from a single
device; hence we used cascaded splitters. The peak power at
a particular wavelength was extracted from the transmission
spectrum as a function of the number of splitters and the excess
loss of one device is calculated by determining the slope [9].
Fig. 8(c) shows the loss per splitter as a function of wavelength
for both polarizations. The insertion loss varies from 0.17 to
0.37 dB for the TE polarization and from 0.16 to 0.22 dB for
the TM polarization. At a wavelength of 1550 nm, the insertion
loss of the splitter for the TE polarization is 0.26+0.2 dB and
0.16%0.2 dB for the TM polarization. For the TE polarization,
the experimental loss of the device is approximately 0.15 dB
more than the simulation results whereas for the TM polarization
it is only 0.05 dB more. This difference is most likely because
the TE polarization is more sensitive to the sidewall roughness.

The splitter transmission spectra for both arms are shown in
Fig. 9(a) and the measured splitting ratio is plotted in Fig. 9(b). A
power splitting ratio of 3-dB is achieved for both polarizations
over the tested bandwidth. The MZI transmission spectra for
both the TE and TM polarizations, excluding the coupling loss
is shown in Fig. 9(c). The length difference between the arms
of the MZI is 80 pum. From the spectra, an average ER of
25 dB was obtained over a wavelength range of 80 nm for the
TE polarization. Also, an average ER of 37 dB over the same
wavelength range was measured for the TM polarization. An
average ER close to 25 dB indicates that the power splitting ratio
is extremely close to 50:50 [6], which matches the simulation
results and splitting ratio calculated in Fig. 9(b). The free spectral
range is 5 nm for both polarizations.

IV. CONCLUSION

Many efficient silicon photonic power splitters were reported
in the literature and Table 1 below summarize the performance
and characteristics for several state-of-the-art devices. They
include Y-junction splitters, directional couplers, adiabatic cou-
plers and MMI couplers. This table not only shows the simulated
bandwidth and losses, but it also compares the footprint, mini-
mum feature size, polarization behaviour and compatibility with
standard commercial silicon photonic fabrication processes.
Previously reported designs are limited in at least one of these
performance metrics. For instance, splitters with a small foot-
print are typically not optimized for both polarization and their
operating bandwidth can be small. Conversely, broadband and
polarization independent power splitters have a large footprint.
Other splitters have a very small minimum feature size and a few
require a silicon core thickness other than 220 nm. Thus, these
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TABLE 1
PERFORMANCE COMPARISON OF STATE-OF-THE-ART SPLITTERS WITH PROPOSED DEVICE
Splitter type Silicon Footprint Minimum Simulated | Polarization Possibility of Ref.
core (um?) feature bandwidth | and average fabrication
thickness size (um) (nm) insertion through standard
(nm) loss (dB) CMOS process
Y-splitter 220 2x1.4 0.2 1500-1580 TE:0.3 Yes 9
Y-splitter 220 5x2 0.05 1200-1700 TE:0.19 No 10
T™M:0.14
Directional 220 15.2x2.3 0.2 1520-1580 TM:0.7 Yes 11
coupler
Directional 220 13x6 0.2 1520-1610 TE:0.6 Yes 12
coupler TM:1.1
Directional 220 29.4x0.6 0.4 1500-1600 TE:0.35 Yes 13
coupler TM:0.35
Adiabatic 220 185x30 0.1 1500-1600 NA No 14
coupler
Adiabatic 220 75x2.5 0.1 1500-1600 NA No 15
coupler
Adiabatic 220 25x2 0.1 1500-1600 TE:0.20 No 16
coupler
Adiabatic 220 35x7 0.1 1200-1700 TE:0.11 No 17
coupler
Adiabatic 220 200x1 0.15 1260-1360 NA Yes 18
coupler
MMI coupler 340 293x6 0.7 NA TE:0.14 No 20
MMI coupler 320 890x30 NA NA NA No 21
MMI coupler 400 21x8 0.2 NA TE:0.25 No 23
MMI coupler 220 6.6x2.6 0.3 1500-1600 TE:0.16 Yes 24
TM:0.21
MMI coupler 330 3x1.5 0.2 1520-1600 TE:0.11 No 25
TM:0.18
Proposed 220 1.8x1.3 0.2 1300-1700 TE:0.26 Yes
design TM:0.16
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devices are not compatible with standard commercial fabrication
processes.

In comparison with these studies, our device is very com-
pact and can be implemented with commercial fabrication pro-
cesses. The junction footprint of the proposed splitter is 1.8 x
1.3 pm and the total size of the device including the input
waveguides, the multimode region and the output arms is less
than 18 um in length and 4 um in width. It is broadband (1300-
1700 nm) and its performance was measured experimentally
over a wavelength range of 80 nm (1500 to 1580 nm). The
device exhibits a very low insertion loss of 0.26 dB for the
TE polarization and of 0.16 dB for the TM polarization at a
wavelength of 1550 nm. Therefore, this splitter is promising for
high density photonic applications.
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