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Integrated optical power splitters are basic but indispensable on-chip devices in silicon photonics. They can be used
either for power distribution or monitoring, or as the building blocks for more complex devices or circuits. Although
different types of optical power splitters with different architectures have been proposed and demonstrated, devices
that could work with arbitrary power splitting ratio in a large bandwidth without polarization dependence are still rare
to be seen. In this paper, we propose and investigate an optical power splitter with adiabatically tapered waveguide
structures on a thick silicon nitride platform, which could meet the requirement mentioned above. With optimized
structural parameters obtained by three-dimensional finite-difference time-domain (3D-FDTD) simulation, the polari-
zation dependence of different power splitting ratio gets almost eliminated for each specific working wavelength. In a
broad wavelength range (1 340—1 800 nm), the insertion loss (/L) of the device is below 1 dB, and the variation of the
power splitting ratio (PSR) can be controlled within ~£5% if compared with the targeted design value for 1 550 nm
centered wavelength. Simple structure, relaxed critical dimensions, and good fabrication tolerance make this device

compatible with the standard fabrication process in commercial silicon photonic foundries.
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Silicon photonics (SiPh) has become a promising solu-
tion for the realization of high-density photonics inte-
grated circuits (PICs) in large volume, leveraging its
seamless compatibility with complementary metal oxide
semiconductors (CMOS) technique!!. Among various
on-chip devices in SiPh, optical power splitters (OPSs)
are basic but indispensable ones, being used in scenarios
where power distribution or monitoring are required®>'.
They are also the building blocks for more complex de-
vices or circuits, such as Mach-Zehnder modulators, op-
tical phased arrays (OPAs), switches or sensors'*’!. To
date, different types of OPSs with different architectures
have been proposed and demonstrated, mostly on the
popular silicon-on-insulator (SOI) platform, which in-
clude directional couplers (DCs)*, Y-branches!'*'!),
multimode interference (MMI) couplers, subwavelength
gratings (SWGs) or metamaterials''>'*. DCs can be used
to obtain different power splitting ratios (PSRs) easily in
low insertion loss (/L), but they are susceptible to wave-
length, polarization states and fabrication errors. MMIs
can offer larger bandwidth, but their /L values are nor-
mally high. Y-branches and SWGs are also available
choices, but they require more stringent fabrication con-

trol for their feature sizes. Meanwhile, some of these
available OPSs only support a fixed PSR, which limit
their applications. Noticeably, it is still very challenging
for OPSs in SiPh to simultaneously have all these char-
acteristics mentioned above, namely, compactness,
low-loss, large operational bandwidth, polariza-
tion-independence, easy tailorable PSR, and ideally, be-
ing readily fabricated with available commercial foundry
facilities.

As an alternative in SiPh, the SiN platform has
emerging as a promising platform for photonics integra-
tion!"*'*!. Besides of the several advantages offered by
the material itself, the relatively lower refractive index of
SiN combining with the continuous efforts paid on the
fabrication process optimization, enable the waveguide
losses in SiN to be substantially reduced to a very low
point, which is important for passive devices like OPSs,
or large-scale circuits like OPAs. Meanwhile, the large
fabrication tolerance releases the stress on the side of both
design and fabrication. Furthermore, SiN can be processed
by back-end-of-line (BEOL) processes, by which multi-
layer structures such as SiN-on-SOI can be realized!".
They would help to diversify the functionalities of the
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multilayer photonic chip together with high integration
density.

As its thickness increases, SiN film tends to crack be-
cause of the intrinsically high film stress during the
deposition, especially by the process such as
low-pressure chemical vapor deposition (LPCVD). But
recently, this problem has been circumvented by differ-
ent optimized fabrication processes, e.g. mechanical
trenches or Damascene technique!''®). Hence, the height
of the SiN can be customized, facilitating numerous new
applications. For example, the waveguide can be engi-
neered to have either negative or positive dispersion,
which is essential for Kerr frequency comb or su-
per-continuum generation applications''”). This freedom
in the waveguide dimension also endows the design of
the SiN-based passive devices with much more flexibil-
ity.

In this paper, we propose and investigate an OPS with
adiabatically tapered waveguide structures on a thick SiN
platform. Although the overall structure is simple, we
found the device can meet nearly all the requirements
discussed above. In particularly, not only the PSR at the
two outputs of the device could be tailored arbitrarily by
adjusting the structure parameters, but also under these
different PSRs, the device works almost without polari-
zation dependence. In a broad wavelength range
(1 340—1 800 nm), the IL of the device is below 1 dB,
and the variation of the PSR can be controlled within
~+5% if compared with the targeted design value for
1 550 nm centered wavelength.

The schematic of proposed OPS in SiN material is
shown in Fig.1, which includes one input waveguide and
two output ones. The function of power splitting is real-
ized mainly by its coupling region, which is consisted of
one central tapered waveguide and two inverted tapered
ones placed on each side, with the gap separation of G,
and G, respectively. The light propagating in the input
waveguide will get less confined when it is gradually
tapered from a width of ¥, to a tip width of 17, along a
coupling length L. To a point where phase matching
condition is met, the power will be coupled from the
central tapered waveguide to the two side-placed in-
verted tapered waveguides. Then S-bend waveguides
with the same width of W} are used to decouple and route
the light to the output ports. All the waveguides are strip
ones, with silicon dioxide (SiO,) as the bottom- and top-
cladding.

Top cladding
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Fig.1 Schematic of the proposed OPS (Inset:
cross-section of the strip SiN waveguide)
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OPSs with similar structure has been proposed previ-
ously on either silicon or SiN platform***'", A distinct
advantage of OPSs built with this structure is that not
only equal PSR (50: 50) can be realized by a symmetry
structure (G1=G,) with low IL, but different PSRs can
also be tailored continuously, simply by fixing one gap,
Gy, while changing the other one, G,, accordingly, thus
making the structure asymmetric (G#G,). However, a
challenge commonly faced by the devices demonstrated
so far is that most of them work with a high polarization
dependance. Because of the different electric-field dis-
continuity condition at the tapered coupling region, the
PSR designed for transverse-electric (TE) polarization at
a specific central wavelength can hardly work the same
for the transverse-magnetic (TM) polarization, or vice
versa, except of the equal splitting case (50: 50). Mean-
while, even for one polarization only, the PSR would
also deviate from the targeted designing value when the
working wavelength is changed, mostly because of the
waveguide dispersion. The superposition of these effects
makes the performance of the available devices built
with the proposed structure far from satisfactory, which
is thirstily desired to achieve arbitrary polariza-
tion-independent PSRs in a large bandwidth. But ac-
cording to our study, this problem can be well solved by
taking the thickness of the waveguide into account and
re-optimizing the structure parameters.

Three-dimensional finite-difference time-domain (3D-
FDTD) solver from Ansys, Inc. is used to optimize the
structure throughout the process, and the dispersions of
the materials are considered. Waveguide height H,
waveguide width W, and coupling length L are three key
structural parameters that need to be optimized. Firstly,
we calculate the dependence of the PSRs and ILs of a
series of OPSs on the wavelengths under three different
waveguide heights, which are =400 nm, 800 nm, and
1200 nm. On SiN platform, =400 nm represents
waveguides with moderate confinement, while
H=800 nm and 1 200 nm represent waveguides with high
confinement. In all cases, G| and W, are kept constant as
200 nm in order to satisfy the minimal fabrication reso-
lution requirement of the available SiPh foundry, where
193 nm or 248 nm deep ultraviolet (DUV) lithography is
used*?. And the radius of the S-bend waveguide is
chosen as 60 um to minimize its impact on the bending
loss. W, and L are initially set as 800 nm and 65 pm,
respectively. Then G, is carefully adjusted to achieve
PSR of 90: 10, 80:20, 70: 30, 60:40, and 50: 50 for
1 550 nm central wavelength. The results are shown in
Fig.2 and Fig.3. As can be seen from Fig.2, for the OPSs
designed with H=400 nm, obviously the obtained PSR
values are both polarization- and wavelength-dependent,
except of the 50: 50 case. For example, at 1 550 nm
wavelength, the PSR value changes from the targeted
70: 30 in TE polarization to 62: 38 in TM polarization.
Meanwhile, for TE polarization only, the PSR values
change from targeted 70: 30 to 76: 24 and 63: 37 when
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the working wavelength changes to 1350nm and
1 750 nm, respectively. Switching to TM polarization at
these two wavelengths would further exacerbate the PSR
difference. Nevertheless, it is clearly that increasing of
the waveguide height would help to alleviate the wave-
length dependance of PSR values under each targeted
designing one, and make the PSR values in two polariza-
tions close to each other at the same time. As for both
polarizations, the PSR values on the side of longer
wavelengths increases, and those on the side of shorter
wavelengths decrease when H is increased. Hence the
slopes of the curves decrease overall. The influence of H
on /L is also quite significant. As can be seen from Fig.3,
for both polarizations, /Ls can be drastically reduced on
the side of longer wavelengths. But the /Ls on the side of
shorter wavelengths would be larger if H is increased
from 800 nm further to 1 200 nm.
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Fig.2 PSRs as a function of wavelength in
1 300—1 800 nm for two polarizations, where different
H values are considered: (a) TE polarization; (b) TM
polarization
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Fig.3 ILs as a function of wavelength for two polariza-
tions, where different PSR and H values are consid-
ered: (a) TE polarization; (b) TM polarization

In the next, we investigate the influences of W, on the
performance of the proposed OPS, the results are shown
in Fig.4 and Fig.5. In this calculation, H is fixed at
1 200 nm, and L remains the same as above. As can be
seen, the increase of #; would help to further reduce the
dependance of PSR values on the wavelengths under
each targeted designing one, and the impact is more sig-
nificant in TM polarization (Fig.4). However, as W, gets
larger, the /Ls on the side of shorter wavelengths will
dramatically increase (Fig.5). This is because with
shorter wavelengths and larger ), higher order modes
tend to be excited in the coupling region that is close to
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the end of the input port, which would result in higher
transmission loss. Hence W, should not be too large, and
W1=800 nm is an appropriate value considering both the
OPS and /L in a broad bandwidth.
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Fig4d PSRs as a function of wavelength in
1 300—1 800 nm for two polarizations, where different
W; values are considered: (a) TE polarization; (b) TM
polarization
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Fig.5 ILs as a function of wavelength for two polariza-
tions, where different PSR and W; values are consid-
ered: (a) TE polarization; (b) TM polarization

The last structural parameter we optimized is L. The
results are shown in Fig.6 and Fig.7. In contrast to H and
W, the influence of L on the PSRs of the device is rela-
tively limited. However, the increasing of L would help
to reduce the ILs of the OPSs, especially on the side of
shorter wavelengths. The choice of L value can be bal-
anced between /L and the compactness of the device.

Based on the device optimization presented above, the
main design structural parameters of the proposed OPS
are chosen to be: A=1 200 nm, #;=800 nm, #,=200 nm,
G,=200 nm, and L=40 pm. Corresponding to PSR of
90: 10, 80:20, 70: 30, 60: 40, and 50: 50 at 1550 nm
central wavelength, G, are 300 nm, 350 nm, 410 nm,
480 nm, and 590 nm, separately. Under these conditions,
the characteristics of proposed OPS can be substantially
improved, and the results are shown in Fig.8 and Tab.1.
In the wavelength range considered (1 300—1 800 nm),
the polarization dependence of the PSR value gets almost
eliminated for each specific working wavelength.
Meanwhile, compared with each targeted designing PSR
value for 1 550 nm centered wavelength, the variation of
PSR can be controlled within ~+5% in such a large
bandwidth. And in the full wavelength range, the ILs of
the designed OPS can be almost suppressed all below
1 dB for different PSR values both in two polarizations
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except the case of 90: 10, for which the wavelength
range satisfying /<1 dB is 1 340—1 800 nm. The elec-
tric field intensity distribution of the device working un-
der different PSRs in two polarizations at 1 550 nm are
presented in Fig.9, which confirms the functional reli-
ability of the proposed device. It is noted that we also
closely check the optimized results for the device with
H=800 nm and W,=300 nm (not shown here). And it
seems that our device is quite robust only if the
waveguides still fall within high confinement regime
(H>800 nm). The performance would deteriorate only a
bit with the reduction of H from 1200 nm to 800 nm
(PSR variation is within ~+7% if compared with the tar-
geted design value for 1 550 nm centered wavelength in
the full wavelength range), which would help to release
the difficulty of fabrication to a certain extent. Good
performance of the device can also be obtained when W,
is relaxed to 300 nm, but at the cost of its footprint. L
needs to be increased from 40 um to 65 pm for the /L
reduction. Limited by our hardware conditions for nu-
merical simulations, in practice, more extensive calcula-
tions can be conducted on a supercomputer, with ad-
vanced optimization algorithm (e.g. particle swarm op-
timization) in combined with, to obtain further optimized
results with more fine structure parameters!®).
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Fig.6 PSRs as a function of wavelength in
1 300—1 800 nm for two polarizations, where different
L values are considered: (a) TE polarization; (b) TM

polarization
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Fig.7 ILs as a function of wavelength for two polariza-
tions, where different PSR and L values are consid-
ered: (a) TE polarization; (b) TM polarization

Finally, we evaluate the fabrication tolerance of the
proposed device by changing the waveguide width and
height. The former would also cause the variation of the
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gap separation, G; and G,, accordingly, which were
taken into account during the calculation. For brevity but
without generality, only the results for the targeted de-
signing PSR of 70: 30 are presented, as shown in Fig.10.
The results for the other PSRs are similar. Because the
tapered waveguide structures are adopted in the coupling
region, our device exhibit large tolerance to fabrication
errors. For the variation of W, within £40 nm, the varia-
tion of PSR at each specific working wavelength is
nearly below 3.5% for both polarizations in the full
wavelength range. The worst case is for TE polarization
at 1300nm, where the PSR is 72.6:27.4 for
AW==40 nm and 78.1: 21.9 for AW=+40 nm. The /L can
almost be kept well below 1 dB, except the case of TM
polarization at 1 300 nm, which would surpass 1 dB once
the W, deviates larger than 10 nm in the negative direc-
tion. But it is still less than 1.5 dB. The variation of H
within +40 nm has little influence on the PSR and /L
within the wavelength range of 1 300—1 800 nm.
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Fig.8 Characteristics of the optimized device in a broad
bandwidth: (a) Different PSRs in two polarizations; (b)
ILs under different PSRs for two polarizations

A comparison of the previously reported OPSs with
ours is given in Tab.2. As can be seen, OPSs that can
achieve arbitrary polarization-independent PSRs in an
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ultra-large bandwidth are still very few. For Ref.[29], it
was achieved by a rather complex sandwich waveguide
structure, where the refractive index of the SiN, layer
sandwiched between the silicon layer is required to be

Optoelectron. Lett. Vol.20 No.10 * 0581 *

tuned. Compared with that, our device is completely
compatible with available SiPh foundries. There are no
extremely small features which are challenging for the
fabrication.

Tab.1 PSR values of the optimized device under three working wavelengths (1 300 nm, 1 550 nm, and 1 800 nm)

for two polarizations

Aimed PSR G, PSR PSR PSR
(%) (nm) @1 300 nm @1 550 nm @1 800 nm
50: 50 300 50.0: 50.0 (TE) 50.0: 50.0 (TE) 50.0: 50.0 (TE)
: 50.0: 50.0 (TM) 50.0: 50.0 (TM) 50.0: 50.0 (TM)
60: 40 350 62.9: 37.1 (TE) 60.1: 39.9 (TE) 57.9: 42.1 (TE)
: 61.4: 38.6 (TM) 59.4: 40.6 (TM) 56.5:43.5 (TM)
7030 410 75.7: 24.3 (TE) 71.6: 28.4 (TE) 66.8: 33.2 (TE)
: 74.0: 26.0 (TM) 69.4: 30.6 (TM) 65.1: 34.9 (TM)
%0 20 450 86.0: 14.0 (TE) 81.2: 18.8 (TE) 75.7: 24.3 (TE)
: 85.2: 14.8 (TM) 80.0: 20.0 (TM) 74.9:25.1 (TM)
90: 10 590 94.6: 5.4 (TE) 90.3: 9.7 (TE) 85.4: 14.6 (TE)
: 94.3: 5.7 (TM) 90.2: 9.8 (TM) 86.4: 13.6 (TM)
1.5
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Fig.9 Electric field intensity distributions of the device
working under different PSRs in two polarizations at
1550 nm

©
Fig.10 Calculated fabrication tolerance of the device
to the deviation of waveguide width W, and thickness
H under three working wavelengths (1300 nm,
1 550 nm, and 1 800 nm) for two polarizations: (a) PRS
vs. AW, (b) IL vs. AW; (c) PRS vs. AH; (d) IL vs. AH

In conclusion, we propose and investigate an OPS
with adiabatically tapered waveguide structures on a
thick SiN platform, which could work with arbitrary
power splitting ratio in a large bandwidth without po-
larization dependence. With optimized structural pa-
rameters obtained by 3D-FDTD simulation, the polariza-
tion dependence of different PSRs get almost eliminated
for each specific working wavelength. In a broad wave-
length range (1 340—1 800 nm), the /L of the device is
below 1 dB under different PSR values, and the variation
of the PSR can be controlled within ~£5% if compared
with the targeted design value for 1550 nm centered
wavelength. Simple structure, relaxed critical dimen-
sions, and good fabrication tolerance make this device
compatible with the standard fabrication process of
commercial silicon photonic foundries.
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Tab.2 Comparison between the reported optical power splitters and this work
. Max IL . T
Feature Coupling BW . Different Polarization-independent
Ref. Platform Structure k in BW
size (nm) length (um) (nm) PSR PSR
(dB)
SWG-assisted asymmetric
[24] SOI L 110 5.25 300 0.33 No No
directional coupler
[25] SOI Parameterized Y-junction 200 2.32 100 0.36 Yes No
[26] SOI Adiabatic tapers with SWG 110 2.125 520 0.2 No No
[27] SOI Adiabatic coupler 150 200 100 1.0 Yes No
Partially shallowly etched
[28] SOI 100 5.8 560 0.4 No Yes
MMI
[29] Si: SiN: Si Sandwich adiabatic tapers 100 7 100 0.31 Yes Yes
[21] SIN Adiabatic tapers 100 80 100 0.02 Yes No
. Modal-engineered slot
[30] SiN . 200 260 420 0.62 No Yes
waveguide
This . Adiabatic tapers with thick
SiN . 200 40 460 1.0 Yes Yes
work SIN waveguides
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