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Abstract: To improve the extinction ratio of a polarization beam splitter, we propose a dual-slot ultra-com-
pact polarization splitter (PBS) consisting of a hybrid plasma Horizontal Slot Waveguide (HSW) and a silic-
on nitride hybrid Vertical Slot Waveguide (VSW). The coating material is silicon dioxide, which can prevent
the oxidation of the mixed plasma and also facilitate integration with other devices. The mode characteristics
of the HSW and VSW are simulated by using the Finite Element Method (FEM). At suitable HSW and VSW
widths, the TE polarization modes in HSW and VSW are phase-matched, while the TM polarization modes
are phase mismatched. Therefore, the TE mode in an HSW waveguide is strongly coupled with a VSW wave-
guide by adopting a dual-slot, while the TM mode directly passes through the HSW waveguide. The results
show that PBS achieves an Extinction Ratio (ER) of 35.1 dB and an Insertion Loss (IL) of 0.34 dB for the TE
mode at 1.55 um. For the TM mode, PBS reached 40.9 dB for ER and 2.65 dB for IL. The proposed PBS is
designed with 100 nm bandwidth, high ER, and low IL, which can be suitable for photonic integrated cir-

cuits (PICs).
Key words: photonic integrated circuits; polarization beam splitter; slot waveguides.
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1 Introduction

In recent years, sub-micron waveguide devices
have been realized using the large difference in re-
fractive index between a Silicon On Insulator (SOI)
coating layer and a dielectric waveguide layer in the
middle, which is compatible with the CMOS pro-
cess!'l. Because of the high refractive index differ-
ence between silicon and silicon dioxide in the SOI
waveguide, there is often strong polarization de-
pendence, and the TE and TM modes have different
propagation characteristics in the SOI waveguide,
which makes the birefringence effect of SOI-based
optical waveguide devices significant and gives seri-
ous polarization sensitivity™™. The control and ma-
nipulation of polarization states in silicon-based
photonic integrated circuits are very important. Po-
larization Beam Splitters (PBS) play a key role in
the separation and combination of the TE and TM
fundamental modes. Ultra-dense on-chip networks

generally need a PBS with a high Extinction Ratio

doi: 10.37188/CO.EN.2022-0028

(ER), low loss, and wide bandwidth.

In recent years, various waveguide structures
that achieve polarization beam splitting have been
reported, such as MultiMode Interference (MMI) str-
uctures®*4, Mach-Zehnder Interferometers (MZI)&,
Directional Couplers (DC)'*!, and SubWavelength
Grating (SWG) structures®'). Among these struc-
tures, a directional coupler is widely used because
of its superior performance and simple design; espe-
cially PBS, which is designed based on Asymmet-
ric Directional Couplers (ADC) and is widely used
because of its simple structure and low Insertion
Loss (IL). Slot waveguides confine light to the
nanoscale region of the low refractive index and
guide light propagation'*2", which is proposed for
the use of polarization control devices. Depending
on the direction of the electric field mode in slot
waveguides, they can be divided into horizontal slot
waveguides and vertical slot waveguides. The optic-
al confinement mechanism of slot waveguides is
total internal reflection, and the wavelength sensitiv-

ity of slot waveguides is lower than that of strip
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waveguides.

To solve the polarization problem and realize
low loss miniaturization passivity of devices, vari-
ous waveguide structures based on PBS were stud-
ied. The PBSs based on the radiation loss in the
bending Hybrid Plasmonic Waveguide (HPW)
structure are proposed in Ref. [21], which has low
loss characteristics. In Ref. [22], a PBS based on a
bent directional coupler is proposed, which has
broadband and excellent tolerance to fabrication er-
rors. PBS based on two-dimensional cylindrical PhC
was studied. The results show that two beams with
different polarization states can be separated in a
wide wavelength range with ER greater than 10 dB,
however, PBS based on PhC has a complex struc-
ture and large scattering loss™!. DAI D X et al. pro-
posed that PBS based on a bent DC achieves an ul-
tra-small size and high manufacturing tolerance, but
the ER of TE polarization is still not high due to
some unwanted residual cross-coupling in the DC*.,

Unlike traditional dielectric waveguide sche-
mes that restrict light to high refractive index media,
restricting light to low refractive index regions has
been demonstrated in many applications, such as op-
tical communication biosensor modulation and sig-
nal processing. In this paper, we propose a hybrid
Polarization Beam Splitter (PBS) composed of a
plasma Horizontal Slot Waveguide (HSW) and a sil-
icon nitride hybrid Vertical Slot Waveguide (VSW).
The design includes not only a horizontal slot wave-
guide, but also a vertical slot waveguide transmis-
sion TE mode so that the TE, and TM, modes are
located in different low exponent regions of the
PBS. The rest of the paper is organized as follows:
the second part is the design of the PBS; the third
part is the mode properties of the PBS with various
structural parameters. In the fourth part, the polariz-
ation beam splitter simulation results are presented

and discussed.

2 Waveguide structure

The three-dimensional schematic and cross-

sectional views of the PBS are shown in Fig.1 (a)
and (b) (color online). As shown in Fig.1 (a), the
PBS adopts an asymmetric directional coupler and
consists of a mixed plasma HSW and a mixed VSW
from a silicon nitride structure. As can be seen from
the top view of Fig.1 (c¢) (color online), the HSW
waveguide can act as an input port and bar port. The
VSW waveguide, on the other hand, acts as a cross
port. HSW is a sandwich structure composed of the
silicon layer and silver (Ag) cladding on a silicon
oxide substrate. The VSW waveguide consists of
two core layers: two thin Si waveguides at the bot-
tom, whose width is denoted as W,, and a thicker
Si;N, core layer at the top, whose thickness is de-
noted as H; and represents a tradeoff between low
limiting loss and simplified fabrication. The total
VSW waveguide ’s width is denoted as W;. When
the working wavelength is 1.55 pm, the refractive
index of Si, SiO,, SizNy, and Ag is 3.455, 1.445, 2,
and 0.1453 + 11.3587i, respectively. The thicker sil-
icon nitride waveguide above the VSW structure is
eliminated by etching to further suppress IL

between the straight and cross ports®,

. \A\/x > ®)

SiO, Clading
SLE W. W.
d =2 =
Ag 1H, SiN, [H,

H, H,

—

W, G Wi,

TE/

©

— Bar port

Input port —=
—= Cross port

Fig. 1 (a) 3D schematic diagram, (b) cross-section and

(c) top-view of the proposed PBS device

To evaluate the polarization beam splitting per-
formance of the PBS, typical indicators include
bending radius (r}), coupling length (L¢), operating
wavelength (1), waveguide spacing (G), the total
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length of the device (L,), insertion loss (IL) and ex-
tinction ratio (ER).

The extinction ratio (ER) of the PBS can be

defined as*:

Power transfer from Input TE mode to Cross port TE mode

ERTE = IOIOg(

, (D
Power transfer from Input TM mode to Cross Port TM mode)

Power transfer from Input TM mode to Bar port TM mode

ERTM = IOIOg(

The insertion losses (IL) of the PBS can be

. (2)
Power transfer from Input TE mode to Bar Port TE mode )

defined as follows?®":

ILr; = 10log (Power transfer from Input TE to Cross Port TE mode) 3)

I Lty = 10log (Power transfer from Input TM to Bar Port TE mode) . (4)

This work proposes a dual-slot ultra-compact
PBS consisting of a hybrid plasma HSW and a silic-
on nitride hybrid VSW. The structural parameters of
the HSW and VSW are optimized by using a mode
analysis of FEM based COMSOL multi-physics.
The HSW and VSW waveguides are arranged into
non-uniform triangular grids according to their op-
tical field characteristics. The PBS uses a physic-
ally-controlled triangular mesh throughout the do-
main with a minimum mesh size of 2 nm for input
and output ports. The minimum mesh value of other
computational domains is 5 nm, respectively. The
scattering boundary condition is used, which re-

duces the reflected energy.

3 Mode characteristics

According to the phase matching conditions,
the widths of the VSW and HSW (W,, W3) are op-
timally selected so that the effective refractive in-
dex real parts of the TE mode are equal. Then, the
TE polarized light incident from the input port is ef-
fectively coupled to the adjacent VSW through the
coupling region, while the TM polarized light is out-
putted from the bar port with almost no coupling.

As mentioned above, the widths of the VSW
and HSW should only meet the phase-matching
conditions of TE polarization and maximize the
phase mismatch of TM polarization. It can be seen
from Fig. 2 (a) (color online) that the effective re-
fractive index of the mode varies with the wave-
guide width. The widths of the VSW and HSW are

optimized for phase matching between TE modes,

while Re (n.) of the TE and TM modes increases
gradually as the widths of the HSW and VSW (W,
or W;) increase and while the increased rate of the
TE mode is larger than that of the TM mode. The
results show that when the HSW width and VSW
width are 302 nm and 550 nm, the real part of the
effective refractive index for the TE mode in the
HSW and VSW satisfying the phase matching con-
dition are 2.382 and 2.377, respectively. The effect-
ive refractive index of the TM mode is 2.46 and

2.72, indicating that there is a large phase mismatch

(@ 30 —=—HSW(TM) ——HSW (TE)
——VSW (TM) —+— VSW (TE)
28}t
26}

220 240 260 280 300 320
Width/nm

Fig. 2 Influence of waveguide width on the effective re-
fractive index. (a) The real part of the refractive in-
dex of TE mode and TM mode varying with width
in the HSW and VSW; the field distribution of the
TE mode in the (b) HSW and (c) VSW, and the
field distribution of the TM mode in the (d) HSW
and (e¢) VSW
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of TM modes in the two waveguides.

The electric field profiles of dominant super-
modes are held in the coupling region at a 1550 nm
working wavelength using the optimized structural
parameter, as shown in Fig.2(b)—(e) (color online).
For the TE and TM modes in the HSW and VSW,
the distribution of the TE mode in the two wave-
guides is also very similar.

The supermodes are excited at corresponding
arms when the polarized light enters the coupling re-
gion by satisfying the phase-matching condition.
Henceforth, the required minimum length called the
coupling length (L.) is used to represent the coup-
ling of the injected polarized beams from the input
port to the cross port. It is an essential parameter to

evaluate the compactness of the device. The selec-

2.56

(@ —=—TE0 ——TEI
252}

240+
2.36
60 70 80 90 100 110 120
G/nm

TE, Supermode

tion of structural parameters plays a vital role in ob-
taining the minimum L, that depends on effective in-
dex difference. In the proposed PBS, the phase
matching criteria is planned only for TE mode.

Hence, L2 is expressed as

a4

2(”TE0 —NTE)

, (5

c

where A represents the working wavelength, and
nrg, and nrg, are the effective indices of TE polar-
ized supermodes. The shorter coupling length (L¢) is
achieved for device compactness when the TE
modes’ index difference is larger. For designing the
proposed PBS, G plays a significant role between
the two arms, whereas the coupling length is also

one of G’s parametric functions, as shown in Fig. 3.

7.5
7.0
6.5
6.0
55+
5.0
45+
4.0+

3‘5 1 1 1 1 1 1
60 70 8 90 100 110 120

G/nm

=
=

S
—

TE, Supermode

Fig. 3 Effect of waveguide spacing G. The effect of G on (a) the effective refractive index and (b) the coupling length p. Elec-
tric field profile of supermodes at 90 nm of G, (c) TE,, and (d) TE,

When the distance between two waveguides in
the coupling region is large, the mode optical sig-
nals are transmitted independently in their corres-
ponding waveguides. At this time, there is no mode
coupling between the parallel waveguides in the
coupling region. The two parallel waveguides are

close to each other and form a coupling system

when the distance between the waveguides is close
to the magnitude of the wavelength. Due to the ac-
tion of the evanescent wave, the light signals of two
adjacent parallel waveguides will be transformed in-
to energy. When the waveguide meets the phase
matching condition, the energy of the signal in the

HSW waveguide can be completely converted to an-
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other waveguide by selecting the optimal coupling
length. The HSW is equal to that of a mode in the
coupled waveguide, which is to say that the phase-
matching condition is satisfied and the specific
model in the coupled waveguide can be precisely
excited. By selecting the optimized coupling length,
the energy of the signal in the HSW can be com-

pletely converted to another waveguide.

4  Simulation results and discussions

To further study the polarization beam split-
ting characteristics of the PBS, several geometric
parameters (waveguide spacing G, bending radius
7, the total length of the device L, operating
wavelength 1) are discussed. The influences of the
waveguide dimension parameters on G, r, L, and 4
are studied as shown in Figs. 4 ~ 6 (color online).
Figs. 4 ~ 6 show ER and IL at the bar and cross
ports when the input light is the TE and TM modes,
respectively. Here, W,=302 nm, W;=550 nm, H,=
560 nm, H,=60 nm, H;=180 nm and H,=460 nm.

361 @
Rt
o 28t
2
2ol ER (TE)
—ER (TM)
20t
16- 1 1 1 1 1 1 1
60 70 80 90 100 110 120
G/nm
36f (b)
30t \/
24
g s IL (TM)
N IL (TE)
12t
0.6}
0 1 1 1 1 1 1 1
60 70 80 90 100 110 120

G/nm
Fig. 4 The influence of G on ER and IL at the cross and
bar ports. Here, W, = 302 nm, W; = 550 nm, r; =
4 um, 2=1.55 pm and G= 90 nm

%16 %
45
(a)
a0l ER (TE)
ER (TM)
35+
g 30¢
I~
R 25
20 +
15+
8.5 9.0 9.5 100 105 11.0
L,/um
4.2
(b)
3.6+ \_/—\
30+
o 241 IL (TM)
=
S sl IL (TE)
1.2+
06 L \—/

8.5 9.0 9.5 10.0 105 11.0
L,/um
Fig. 5 The influence of L; on ER and IL at the cross and
bar ports. Here, W,=302 nm, W3=550 nm, ;=4 pm,
4=1.55 ym and G= 90 nm

45 F )
40t
35t
8 30}
8
25r —— ER(TE)
20l —— ER(TM)
15 F
1525 1550 1575 1600 1625
A/mm
3 L
a —IL(TE)
S 27 ——— IL (TM)
| \f
0

1525 1550 1575 1600 1625

A/mm
Fig. 6 The influence of 2 on ER and IL at the cross and bar
ports. Here, W,=302 nm, W;=550nm, r=4 pm,
4=1.55 pm and G= 90 nm
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The influences of G on ER and IL are shown in
Fig.4 (color online). In Fig. 4(a) and 4(b), ER in the
TE mode first increases and then decreases with
an increase of G. The ER value increases from
30.35 dB to 31.79 dB and then decreases to 16.89 dB,
while IL in the TE mode decreases first and then in-
crease. ER of the TM mode first increased and then
decreased with an increase of G. The ER value in-
creased from 22.6 dB to 35.9 dB and then de-
creased to 17.97 dB, while IL of the TM mode
showed a decreasing trend. To reach a compromise
between ER and IL, G=90 nm was selected. The
coupling length (L.) is identified by using the theor-
etical Eq. (5), the obtained L. value for the pro-
posed PBS is 5.2 pm when G=90 nm.

The curved part is connected to the tail of the
straight HSW to prevent the coupling of two adja-
cent waveguides. As can be seen from Fig.5 (a) and
(b), ER in the TE mode and ER in the TM mode
first increase and then decrease with L,, while IL in
the TE mode and IL in the TM mode first decrease
and then increase. To reach a compromise between
ER and IL, L;=9 pm was chosen.

It can be seen from Fig. 6 (a) and 6(b) that ER
in the TE mode is greater than 27 dB and IL is less
than 1.1 dB at the wavelength of 1525~1625 nm.
ER of the TM mode was greater than 16 dB and IL
was less than 4.2 dB. To reach a compromise
between ER and IL, we chose the wavelength A =
1550 nm. The calculated PER value in both inputs
of ER is high at the operating wavelength of
1550 nm, and the ER value of the TE input
(35.1 dB) is lower than the TM input (40.9 dB).

Fig.7 (a) and 7(b) (color online) show the
propagation for the TE and TM modes. When the
TE mode is inputted at the input port, it is strongly
coupled in the coupling region and finally outputted
from the cross port. However, it can also be ob-
served from Fig.7 (b) that when launching a TM
mode, it will propagate along the HSW waveguide
and directly output at the bar port. Therefore, the
two modes are well separated.

After the above discussion, it can be seen that

(@) S (0

|
<o
n

x107
2.0
1.5
1.0
0.5
0
- -0.5
: : | g0
-1.5
-2.0

Fig. 7 The light propagations in the designed PBS of the
(a) TE-Ey, (b) TM-Ez

when L;=9 um, r; =4 um, and G=90 nm are selec-
ted, the PBS has the best performance, which is
shown in Fig.8 (color online). Here, the length of
the PBS L;=9 pm and the wavelength is 1550 nm.
As can be seen from Fig.8 (a) ~ 8(e), when TE po-
larized light in the HSW is emitted to the input port,
the TE mode is mostly concentrated in the silicon
layer of the HSW in section (c). In section (d), the
TE mode is transmitted to the coupling region, and
part of the waveguide is coupled from the HSW to
the VSW. In section (e), almost all the light fields
have been cross-coupled to the VSW. Similarly, it
can be seen from Fig.9 when the TM polarization
mode is inputted in the HSW. This is because the
metal is sensitive to the TM mode in the HSW, and
is not conducive to the standardized power of the
TE mode. The ER and IL of the TE and TM modes
were 35.1dB, 40.9dB, 0.34dB, and 2.85dB,
respectively. In addition, the designed PBS has a
bandwidth of 100 nm, which provides a promising
platform for increasing communication capacity.

A comparison of the designed PBS with other
PBSs is shown in Table 1. PBS proposed in this pa-
per has performed well compared with the refer-
ences, as mentioned in the above table. For both po-
larizations of input, the IL and ER are much better

than the existing works.
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1.0
0.8
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0.2

(d) #$00000000 7

Fig. 8 TE polarization beam splitting and electric field dis-

tribution at the corresponding position for the TE

mode

Fig. 9 TM polarization beam splitting and electric field
distribution at the corresponding position for the
TM mode

5 Proposed fabrication process and
fabrication tolerances

In the experiment, the polarization beam split-
ter based on the asymmetric mixed plasma structure
can be realized using the proposed manufacturing

process, as shown in Fig. 10 (color online). First, the

(b) EBL (c) ICP
(f) Depositing Ag  (g) EBL (h) ICP

Tab.1 Performance comparison of the polarization

Reference A Length  ER IL Input  Bandwidth
paper (um) (um) (dB) (dB) mode (nm)

17 ™

[29] 155 2627 <1 100
27 ™

[30] 155 11 271 041 TE 170

30 1 TE
[31] 1.55 4 100
27 018 ™M

384 326 TE
[32] 155 14 100
209 014 T™M

26.7 TE
[33] 155 16 0.05 140
213 ™

99 456 <03 TE
[34] 1.55 100
8.3 20 <01 ™

1978 164 TE
[35] 3.5 25 400
778 264 TM

40.9  2.65 ™
This work  1.55 52 100
351 034 TE

SOI substrate is cleared and rotated and coated
with a resist by using Electron Beam Lithography
(EBL). Secondly, the pattern is transferred to the
Si layer by Inductively Coupled Plasma (ICP) dry
etching to realize the waveguide coupler. The Ag
layer was deposited by vacuum evaporation to gen-
erate the HSW waveguide®**”. The same approach

implements the VSW waveguide. The Si;N, film

(d) (e) Depositing SiO,

(j) Depositing Si;N,

(k) PECVD

—
nn

. sio,
I si
[ siyN,

I Resist

Ag

Fig. 10 The fabrication process of the designed polarization beam splitter
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was deposited by ICP Chemical Vapor Deposition
(ICPCVD), scale resistance was removed by Plasma
Enhanced Chemical Vapor Deposition (PECVD),
and 2 pm thick SiO, cladding was deposited®* .

The size deviation provides great reference
value to manufacture a polarization beam splitter
with a mixed plasma structure. The size of the HSW
waveguide (W,, H,, H,) is analyzed, as shown in
Figs. 11 (a)-11 (c) (color online). In Fig. 11 (a),
AER and AIL is less than 5.8 dB and 0.47 dB with

A: ER (TE, TM)=(35.1 dB, 40.9 dB)
B: IL (TE, TM)=(0.34 dB, 2.65 dB)

(a)
—=— ER (TE) 10.6
3L —— ER (TM)
—«— IL (TE)
—«— IL (TM)
104
~ 0}
g =
= ~
102 &
3 st &
r B 302.& 1"
W= nm
=292 nm T w=3120m
-10 -5 0 5 10
W /nm
A: ER (TE, TM)=(35.1 dB, 40.9 dB)
. B: IL (TE, TM)=(0.34 dB, 2.65 dB)
® 4 ——ER (TE)
40.21
6|
— {0.14
S &
= ~
0F 40.07 =&
3 )
3L
B 1°
-6 E
(H =550, Hi=560 nm H=5T0mm|
-10 =5 0 5 10
H /nm
A: ER (TE, TM)=(35.1 dB, 40.9 dB)
© B: IL (TE, TM)=(0.34 dB, 2.65 dB)
——ER(TE) f——0, 106
12+ —— ER (TM)
—— L (TE)
6 —=—IL(TM) 10.4
g <
g Or {02 2
< =z
_6 L
10
-12}+ :
CH=S0nm  (H,=60 nm 7T
-10 -5 0 5 10 ’
H,/nm
Fig. 11 Effects of different dimensional tolerances on ER

and IL. (a) W1=302 nm, (b) H,=560 m and (c)
H,=60 nm

W1 in the range of 292 nm to 312 nm. Because the
TE mode propagates in the Si layer, the Si thick-
ness H| has a great influence on TE mode transmis-
sion. In Fig. 11 (b), with H; in the range of 550 nm to
570 nm, TE changes more than TM with the change
of H,. For the TE mode, AER is less than 8.7 dB,
while for the TM mode, AER is less than 3.6 dB. H,
is closely related to ohmic loss due to the Ag layer’s
thickness. In Fig. 11 (c¢), H, ranges from 50 nm to
70 nm. With the change of H,, AIL for TE mode is
less than 0.4 dB, while that for TM mode is less
than 0.6 dB.

The dimensions of the VSW (H;, H,) are ana-
lyzed, as shown in Fig. 12 (a) and (b) (color online).
In Fig. 12 (a), H; ranges from 170 nm to 190 nm.
For the TE mode, AER is less than 2 dB and AIL is
less than 0.02 dB. For the TM mode, AER is less
than 4.8 dB and AIL is less than 0.04 dB. In the
VSVW, the TM mode mainly exists in the Si. In
Fig. 12 (b), H4 varies from 450 nm to 470 nm, and
the TE mode changes little with H,. For the TM
mode, AIL is less than 2.4 dB.

A: ER (TE, TM)=(35.1 dB, 40.9 dB)
B: IL (TE, TM)=(0.34 dB, 2.65 dB)
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Fig. 12 Effects of different dimensional tolerances on ER

and IL. (a) ;=180 nm and (b) H,=460 m
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6 Conclusion

In summary, a hybrid plasma HSW and silicon
nitride hybrid VSW Polarization Beam Splitter
(PBS) is proposed. According to the mode charac-
teristics of the TM and TE modes at a 1.55 pm

wavelength, the PBS is realized by phase matching

the TE mode and phase mismatching the TM mode.
By optimizing the parameters, ER and IL are
35.1 dB and 0.34 dB for the TE mode, 40.9 dB and
2.65 dB for the TM mode as W, = 302 nm, W; =
550 nm, ; =4 pm, G=90 nm, L;=9 pum. At the same
time, the PBS has a working bandwidth of 100 nm,
providing a promising platform for improving com-

munication capabilities.
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