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An indium tin oxide (ITO) and silicon nitride (SizNy) assisted compact TE-pass waveguide polarizer based on lithium-
niobate-on-insulator is proposed and numerically analyzed. By properly designing the ITO and Si3N, assisted structure
and utilizing the epsilon-near-zero effect of ITO, the TM mode is strongly confined in the ITO layer with extremely high
loss, while the TE mode is hardly affected and passes through the waveguide with low loss. The simulation results show
that the polarizer has an extinction ratio of 22.5 dB and an insertion loss of 0.8 dB at the wavelength of 1.55 pm, and has an
operating bandwidth of about 125 nm (from 1540 nm to 1665 nm) for an extinction ratio of >20 dB and an insertion loss of
< 0.95 dB. Moreover, the proposed device exhibits large fabrication tolerances. More notably, the device is compact, with
a length of only 7.5 pm, and is appropriate for on-chip applications.

Keywords: polarizer, lithium-niobate-on-insulator, integrated optics devices, optical waveguide
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1. Introduction

Lithium-niobate-on-insulator (LNOI), an emerging pho-
tonic integrated platform, has been attracting more attention
from industry and academia in recent years due to its high-
index-contrast and wide transparent window (0.35-5 pum), as
well as exceptional electro-optic, acousto-optic and nonlin-
ear optical properties.!!! Up to now, many LNOI-based pho-
tonic devices have been implemented, e.g., lasers,[?! electro-

(341 acousto-optical modulators,®! fre-

optical modulators,
quency converters, %’ and surface wave sensors.[3! However,
the anisotropy characteristics of lithium niobate (LN) and the
high-index-contrast of the LNOI platform causes strong polar-
ization sensitivity, greatly restricting the practical application
of photonic devices based on the LNOI platform. To address
this issue, numerous types of LNOI-based polarization han-

(9,10

dling devices, including polarization rotators,[®!%! polariza-

tion beam splitters,!!-1?] polarization rotator-splitters, ! and

[14-17) have recently been suggested and demon-

polarizers,
strated. Among them, polarizers are simpler and more cost-
effective polarization handling devices. They can significantly
attenuate the unexpected polarization state and output an or-
thogonal one. At present, several LNOI-based waveguide
polarizers have been proposed.!'4!7l In Refs. [14,15], the
TE/TM-pass polarizers are achieved with high extinction ra-
tio (ER) and low insertion loss (IL) by utilizing the lateral
leakage effect in a shallowly etched waveguide. However, its
length up to 1 mm, makes it unattractive for on-chip integra-
tion. The length of polarizers can be reduced by adopting a

hybrid plasma waveguide with a metal grating structure.!1%17]

fCorresponding author. E-mail: dlzhang@tju.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd
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Unfortunately, this kind of polarizer usually has an IL of more
than 2 dB due to metal absorption. Therefore, it is necessary
to take a new approach to develop LNOI-based waveguide po-
larizers with compact size and acceptable performance.
Recently, indium tin oxide (ITO) has attracted widespread
attention as a promising material for integrated photonic

(181 This is because the optical properties of ITO

applications.
are highly dependent on the carrier concentration, which can
be easily modified by optical excitation, electrical gating, or
post-deposition rapid thermal annealing processes.!'2!1 At
low carrier concentration, the optical properties of ITO are
similar to the dielectric with low absorption. Its permittiv-
ity, however, is significantly affected by the high concentra-
tion of carrier in ITO. Particularly, ITO can be utilized as
an epsilon-near-zero (ENZ) material at specified wavelengths
by altering the carrier concentration suitably, which has been
successfully used in various integrated photonic devices with

excellent performance, such as modulators,[19:20]

[21 [22

wavelength

converters, I'and optical switches. I However, it is worth
noting that the performance of these devices based on ITO is
closely associated with the polarization state, which provides
anovel pathway for designing polarizers with compact dimen-
sions and acceptable performance.

In this paper, we design and numerically analyze a com-
pact LNOI-based TE-pass waveguide polarizer assisted by
ITO and silicon nitride (Si3zN4). The proposed devices consist
of an input waveguide, a polarization region, and an output
waveguide. The polarization region is a sandwich structure

waveguide made up of the bottom layer of the LN waveguide,

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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the middle layer of ITO, and the top layer of Si3N4, similar
to a horizontal slot waveguide.>3] With proper adjustment of
carrier concentration, the ENZ effect of ITO can be realized
at the wavelength of 1.55 pum, resulting in the TM mode be-
ing strongly confined to ITO in the polarization region with
high absorption loss and its significant attenuation after a short
propagation distance. In contrast, the TE mode is substantially
unaffected and can pass directly through the device with low
loss. Simulation results indicate that the length of the TE-pass
polarizer is only 7.5 um with an ER of 22.5 dB and an IL
of 0.8 dB at the wavelength of 1.55 um, and its bandwidth is
~ 125 nm (1540-1665 nm) for ER > 20 dB and IL < 0.95 dB.
In addition, the proposed device is tolerant to fabrication. With
such a polarizer that has compact size and acceptable perfor-
mance, the LNOI platform can build a more powerful on-chip
device toolbox.

2. Device structure and design principle

Figure 1(a) shows the three-dimensional (3D) schematic
of the proposed LNOI-based TE-pass waveguide polarizer. It
is designed based on an X-cut LNOI wafer with a 500-nm-
thick top thin-film LN device layer (Hyn) and a 4.7-pm-thick
buried silica layer (H). The selection of these thicknesses is
compatible with the reported devices.!!>?* This TE-pass po-
larizer consists of an input waveguide, a polarization region of
length L, and an output waveguide. Figures 1(b) and 1(c) plot
the cross-section view of the input (output) waveguide and the
polarization region, respectively. The width (W) and height
(HLN) of the input and output waveguides are fixed at 0.9 pm
and 0.5 pum separately, which not only meets the conditions
for single-mode transmission but also ensures strong optical
confinement.[?> The polarization region is a sandwich struc-
ture waveguide, which consists of three layers with the same
width W, where the first layer is a thin-film LN with a thick-
ness of H N, the middle layer is an ITO with a thickness of Hj,
and the top layer is SizNy4 with a thickness of H,. Here, ITO
operates as an ENZ material at the 1.55 um wavelength; SizNy
has a transparency window and refractive index comparable to
LN and can be deposited and patterned by using mature manu-
facturing techniques, so it is chosen as the top layer. The polar-
ization region can act as a horizontal slot waveguide, >3] which
can confine the TM mode to the ITO layer since the bound-
ary condition that the normal component of the displacement
field remains continuous [Fig. 2(a)], where the corresponding
absorption loss is also very high due to the non-zero imagi-
nary part of the ITO permittivity. As for the TE mode, from
Fig. 2(b), one can see that it is mainly distributed in the LN
layer, so its transmission behavior is hardly affected. There-
fore, an effective TE-pass polarizer can be realized based on
the different mode-field confinement and loss characteristics
of the TE and TM modes in the polarization region.
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Fig. 1. Schematic diagram of proposed LNOI-based TE-pass polarizer.
(a) Three-dimensional view, (b) cross-section in the input and output
waveguides, and (c) cross-section in the polarization region.
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Fig. 2. Electric field profiles of (a) TM and (b) TE modes for the po-
larlzatlon region. The mode field is calculated at 1.55 pum wavelength
with Hy = 15 nm, H, = 150 nm, and N = 6.5 x 10 m~3
It should be noted that in our numerical simulations, the
permittivity of ITO can be described by the famous Drude
model, which can be expressed as!'%19]

o
£(®) = €o— P rior (H
TNe?
2
W = 2
b = 20egmy’ )

where @ is the angular frequency, &. = 3.9 is the high-
frequency permittivity, y = 1.8 x 10'# rad/s is the Drude damp-
ing rate, N is the carrier concentration, e is the electron charge,
& is the vacuum permittivity, and my is the electron mass. In
particular, with the carrier concentration N = 6.5 x 102 m—3,
the real part of the permittivity tends to zero at the wave-
length of 1.55 um and the corresponding imaginary part is
about 0.58.

rial, enabling the manipulation of electromagnetic fields at the

In this condition, ITO operates as ENZ mate-

nanometer scale. If not otherwise specified, the carrier con-
centration N is fixed at 6.5 x 10%6
here that changing the manufacturing conditions, such as the

m~3. It is worth mentioning

oxygen concentration during sputtering?’! or post-deposition
rapid thermal annealing processes,/?!! can be used to obtain
the needed carrier concentration of ITO. In addition, the re-
fractive indices of silica, Si3N4, and LN are obtained from
Refs. [26-28], respectively.

3. Results and discussion

As aforementioned, the primary concept of the proposed
TE-pass polarizer is to introduce ITO and SizN4 to achieve
strong absorption for the TM mode and low absorption for the

064208-2
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TE mode. This requires choosing proper ITO and Si3Ny thick-
nesses. To achieve it, we firstly calculate the absorption loss
of the TE and TM modes at the wavelength of 1.55 pum using
the full-vectorial finite difference frequency domain (FDFD)
method?! at different ITO thicknesses H; and Si3Ny thick-
nesses H», as depicted in Fig. 3. One can see that the absorp-
tion loss of both TE and TM modes increases rapidly initially
and then stabilize as the thickness H, increases for the same
thickness H;. Furthermore, with the same thickness H,, the
absorption loss rises with the increases of H; for both modes.
As a result, thick SizNy and ITO are suitable for obtaining
significant loss for the TM mode in the polarization region.
However, the loss of TE mode is also high in this case. This
implies that we must make a trade-off between the losses of
the two modes to determine H; and H,. For further analysis

of this trade-off, we employ a figure of merit (FOM) defined
[30]
as

Loss (TM)

FOM = 3)

where Loss(TM) and Loss(TE) are the absorption loss in
dB/cm for TM and TE modes, respectively.
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Fig. 3. Absorption loss of (a) TM and (b) TE modes in the polarization
region as a function of Si3Ny thickness H, for different ITO thicknesses

of Hy =5 nm, 10 nm, 15 nm and 20 nm.
Figure 4(a) shows the FOM versus Si3Ny thickness H»
at different ITO thicknesses H|.
FOM grows as the Si3Ny thickness Hj increases. Moreover,

We can observe that the

when the SizNy is thin, the ITO thickness H; has minimal
influence on the FOM. However, when the SizNy is thick, a
thinner ITO achieves a larger FOM. In general, a large FOM
is desirable because it indicates that the wanted loss for the
TM mode is significantly larger than the unwanted loss for
the TE mode. Thus, Fig. 4(a) suggests that a thicker Si3Ny
layer and a thinner ITO layer seem to be preferable for the
proposed device. Unfortunately, the corresponding absorption
loss of TM mode under the thin ITO (< 10 nm) is too small
[Fig. 3(a)], which is undesirable for developing compact po-
larizers. On the other hand, there is a substantial mode mis-
match due to the structural difference between the input (out-
put) waveguide and the polarization region, resulting in extra
insertion loss (coupling loss) for the polarizer, which is unde-
sired. To clarify the impact of H, and H; on coupling loss, we
calculate the relationship between coupling loss of TE mode
and thickness H, at various thicknesses Hj, as illustrated in
Fig. 4(b). It can be seen that the coupling loss increases as the
increases of H,. However, it is worth noting that the coupling
loss decreases with increasing H; for the same thickness H,.
The reason may be that for the TE mode, the ITO layer and
the Si3Ny layer act as the upper cladding of the LN waveg-
uide, and the thicker the ITO is, the smaller the equivalent
refractive index of the upper cladding is, so the thicker ITO
leads to stronger mode field confinement of the LN waveguide,

65
(d) /8:8:8:8:8:8:8_6
_g= _0-0-0-9
/8;8/ 000
50 F 8
e
o’
"
o
2 35t 4
63
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/ —0— H; =15 nm
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5 EI; 1 1 1 1 1
0 100 200 300 400 500
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0.8
(b) —0—H;=5nm |
—0— H; =10 nm &9
—o0— H;=15 o/ojc
e~ 1= nm /Ojo
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o 041 s
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Fig. 4. The calculated (a) FOM and (b) coupling loss of TE mode
as a function of SizNy thickness H; for different ITO thicknesses of
H; =5nm, 10 nm, 15 nm and 20 nm.
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resulting in higher energy concentration in the LN. In addition,
the coupling loss remains relatively low at Si3Ny thickness H;
less than 150 nm. Therefore, the results in Fig. 4(b) imply
that a thinner SizNy layer (< 150 nm) and a thicker ITO layer
are suitable for our polarizer. Here, we finally choose the op-
timized thicknesses of ITO and SizNy layers as H; = 15 nm
and H, = 150 nm separately by making a trade-off between
the size of the polarizer, coupling loss, and FOM.

In the following simulations, we investigate the transmis-
sion characteristics of the proposed polarizer and its fabrica-
tion tolerances of the critical parameters using the 3D finite-
difference time-domain (3D-FDTD) method.*!! For a polar-
izer, ER and IL are two crucial parameters to evaluate its trans-

mission characteristics, and they are defined as follows:[!6-17]
T
ER = 10logy, (“) (4)
Ttm
IL = —10logo (TTE) , (5)

where Tty and Ttg are the transmittance of TM mode and TE
mode, respectively.

Based on the above analysis, we determine the optimal
parameters H| and H> to be 15 nm and 150 nm, respectively.
On the basis of these optimal parameters, we firstly calculate
the field evolution of the major components of the electric field
along the y-axis at the wavelength of 1.55 um for the TE and
TM modes, as illustrated in Fig. 5, where the length of polar-
ization region is chosen to be 7.5 um. As expected, we can
see from Fig. 5(a) that the TE mode can pass directly through
the polarizer nearly without being influenced by the polariza-
tion region. On the contrary, the incident TM mode is rapidly
attenuated as it enters the polarization region due to its strong
interaction with the ITO layer, as depicted in Fig. 5(b). Such
an electric field evolution characteristic indicates that an ef-
fective TE-pass waveguide polarizer is implemented at a po-
larization region length of L = 7.5 um. Compared with the po-
larizers based on the lateral leakage principle!!*!>! and hybrid
plasma gratings,!'®!7! our device has the advantage of being

|Max

more compact.

(a) TE input (E.)

z-axis

(el = O e A 1
Polarization region

(b) TM input (E;)

2 1 T e e | I T 1
<>,é I "
! (I L e :
Polarization region Min
y-axis

Fig. 5. The field evolution of the major electric component along the
y-axis on the zy plane at the wavelength of 1.55 um for (a) TE (E;) and
(b) TM (E,) polarization light.
Next, we calculate the ER and IL of the polarizer as a
function of the operating wavelength in the range of 1.5 pm to

1.7 um, as demonstrated in Fig. 6. It can be seen that the IL
rises with increasing wavelength while remaining within ac-
ceptable limits (less than 1 dB). As for the ER, it rises with
increasing wavelength initially, then decreases after obtaining
its maximum value (27.7 dB) at the wavelength of 1.59 pm.
In particular, the TE-pass polarizer achieves an ER of 22.5 dB
and an IL of 0.8 dB at the wavelength of 1.55 um. From Fig. 6,
we can further see that the TE-pass polarizer achieves a band-
width of about 125 nm (from 1540 nm to 1665 nm) with an
ER of > 20 dB and an IL of < 0.95 dB. These results indicate
that the device is appropriate for broadband applications.

11.30

28

24

20 1.00

Extinction ratio (dB)

Insertion loss (dB)

16

70

12 1 1 1 0.
1.50 1.55 1.60 1.65 1.70
Wavelength (pm)

Fig. 6. The ER and IL of the TE-pass polarizer as a function of the operating
wavelength in the case of Hy = 15 nm, A, = 150 nm, and L = 7.5 um.
Finally, to further examine the performance of the pro-
posed TE-pass waveguide polarizer, the fabrication tolerance
of the essential parameters is investigated. Taking into account
the fabrication process of the device, we calculate the ER and
IL as functions of polarization region length L, carrier concen-
tration N, ITO thickness deviation AH;, and Si3Ny thickness
deviation AH, at the wavelength of 1.55 um, as depicted in
Fig. 7. Here, AH; = 0 means H; = 15 nm and AH> = 0 means
H) = 150 nm. One can see in Fig. 7(a) that IL remains within
an acceptable scope (less than 1 dB), and the ER is > 20 dB
for L longer than 7 pm. From Fig. 7(b), we can see that the
device can operate well (ER > 20 dB) in the carrier concen-
tration N range of 6.4x10%0 m™3 to 7.75x10%® m=3. The IL
rises marginally with the higher carrier concentration. On the
other hand, with carrier concentration slightly lower (higher)
than 6.5x10%® m~3, the ER is lower (higher). The reason for
this is that the lower (higher) the carrier concentration is, the
smaller (larger) the imaginary part of the permittivity of ITO
is. Meanwhile, the relatively small real part of permittivity
of ITO can still guarantee strong mode confinement for the
TM mode. The ER reaches the peak when the carrier con-
centration N is about 6.85x 10%° m—3, which indicates that the
maximum difference in absorption loss between TE and TM
modes is achieved. However, further increasing the carrier
concentration N to larger than 6.85 x 10%® m~3, the real part of
permittivity of the ITO layer increases significantly, consider-
ably weakening the ability of the ITO layer to confine the TM
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mode. It leads to a weaker interaction between light and the
ITO layer, which results in a lower absorption loss. Therefore,
the ER decreases when the carrier concentration N increases
to larger than 6.85x 10%° m=3. In addition, from Figs. 7(c)
and 7(d), we can clearly see that for AH| ranging from —2 nm

30 1.5
% 26 1.3 a
= T
2 7
g 22 11 3
— -
= =
S 18 0.9 .9
- -
3 5
= 2
%14 0.7 5
&
10 0.5
4 5 6 7 8 9 10
1.1
) 1.0 ~
=z m
2 Z
= 0.9 8
= S
g g
pe! 0.8 .2
E &
k> @
& 0.7 =
0.6

AH; (nm)

to 5 nm or AH, changing from —20 nm to 50 nm, an ER of
> 20 dB and an IL of < 1 dB can be achieved. These results
indicate that the presented TE-pass polarizer has remarkable
robustness to fabrication errors, which is advantageous in re-
ducing fabrication challenges.

2 gy (b) {0.95
% —o—1IL .
T o2ap 0.90
% <--f:~o I @
= o
2 201 P 0.85
3 g
£ 5
g d 5
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L -
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—40 =20 O 20 40
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Fig. 7. The ER and IL as functions of (a) polarization region length L, (b) carrier concentration N, (c) ITO thickness deviation AH, and (d)

Si3Ny thickness deviation AH>.

4. Conclusion

We have demonstrated a compact TE-pass waveguide po-
larizer based on the LNOI platform and assisted by ITO and
Si3Ny4. By appropriately designing the ITO and Si3Ny assisted
structure and utilizing the ENZ effect of ITO, only the TE
mode can be output with a low loss, while the TM mode is
significantly absorbed. The results show that such a polarizer
can achieve an ER of 22.5 dB and an IL of 0.8 dB at 1.55 um
wavelength, and has an operating bandwidth of ~ 125 nm
(from 1540 to 1665 nm) for ER > 20 dB and IL < 0.95 dB.
In addition, the proposed device has a certain degree of ro-
bustness for fabrication tolerance, which is beneficial to re-
duce the fabrication difficulty. In comparison with other types
of LNOI-based polarizers previously reported, present device
has a smaller size (7.5 um in length) suitable for on-chip use,
while maintaining a higher extinction ratio. Present work pro-
vides a new route for realizing a compact LNOI-based on-chip
waveguide polarizer. Such a compact polarizer with efficient
performance has considerable potential for application in on-
chip LNOI-based photonic circuits.
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