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An on-chip, high extinction ratio transverse electric (TE)-pass polarizer using a silicon hybrid plasmonic grating is
proposed and experimentally demonstrated. Utilizing plasmonics to manipulate the effective index and mode
distribution, the transverse magnetic mode is reflected and absorbed, while the TE mode passes through with
relatively low propagation loss. For a 6-pm-long device, the measurement result shows that the extinction ratio in
the wavelength range of 1.52 to 1.58 pum varies from 24 to 33.7 dB and the insertion loss is 2.8—-4.9 dB. Moreover,
the structure exhibits large alignment tolerance and is compatible with silicon-on-insulator fabrication

technology.  © 2019 Chinese Laser Press
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1. INTRODUCTION

Silicon-on-insulator (SOI) is a prevailing and attractive plat-
form for photonic integration. The feature of high index con-
trast between the silicon waveguide and cladding (SiO, or air)
enables devices in submicrometer dimensions; however, strong
polarization dependence emerges simultaneously. The different
propagation properties of transverse electric (TE) and trans-
verse magnetic (TM) modes in such waveguides will degrade
the performance of the photonic integrated chip. One solution
is using polarization-independent devices [1,2]. Another is to
use polarization diversity schemes [3] in which polarization
splitting [4—6] and rotating [7-9] are applied. On-chip polar-
izers, serving as the third approach, can extinguish the un-
wanted polarization state in a system. Over the years,
various configurations of polarizers with reasonable perfor-
mance have been reported, as shown in Table 1. In principle,
a polarizer should support only one polarization state while
being lossy or cut off for the others. Traditional dielectric polar-
izers [10—15] usually have large footprints because of the rel-
ative low birefringence. For example, a polarizer utilizing
shallowly etched SOI ridge waveguides [11] is proposed and
the extinction ratio (ER) is 25 dB over a 100 nm wavelength
range with 1 mm in length. Subwavelength grating (SWG) in-
dex engineering [13] is applied to satisfy the TM mode cut-off
condition. The ER is 30 dB and the length of the structure is as
long as 60 pm. To further shrink the device, Xu and Shi [15]
demonstrated a TE-pass polarizer 29.4 pm in length by using
an asymmetrical directional coupler. As the demand for dense
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photonic integration increases rapidly, new strategies to
minimize the device size are eagerly needed.

Recently, surface plasmon polaritons (SPPs) have been
intensively investigated for polarization manipulation due to
nanoscale optical field confinement [16] and natural polariza-
tion sensitivity. Various types of plasmonics-based polarizers
have been reported, such as using a metal-insulator-metal
(MIM)  structure  [17-19], a directional coupler (DC)
[20-23], or a hybrid plasmonic waveguide (HPW) [24-26].
Compact polarizers utilizing the mode cutoff condition in
the plasmonic slot region [17,18] have been proposed. The
ERs are relatively low and the structures are difficult to fabricate
using planar integrated technology. Huang ez /. [19] fabricated
a TE-pass polarizer using a narrow MIM waveguide. The in-
sertion loss (IL) is 2.2 dB with an ER around 16 dB. For earlier
HPW-based designs, the device length is relatively long
(e.g., 17 pm [24] and 30 pm [25]) and the IL is relatively high
[26]. To lower the IL, Sun et a/. [22] demonstrated a DC-type
plasmonic polarizer with an IL of 0.04 dB. The device is a bit
long (30 pm) and an ER over 28 dB is achieved. Vertical cou-
pling structures [14,23] were proposed theoretically. The ERs
are not very high and the schemes require a complex double
layer fabrication process, which is not compatible with conven-
tional planar integrated techniques. Although hybrid plasmonic
grating (HPG)-based polarizers have been proposed [27,28]
and demonstrated [29,30], the fabrication process requires pre-
cise alignment between two lithography layers. In some struc-
tures, the width of the metal strip should be the same as the
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Table 1. Summary of Demonstrated TE-Pass Polarizers
Reference No. Device Length (um) ER (dB) IL (dB)
[12] 9 27 0.5
[13] 60 35 0.4
[15] 29.4 29.8 1.04
[19] 3 16.5 2.2
[22] 30 31 0.04
[25] 30 26 2.4
[30] 3.1 18 0.76
This work 6 37.8 4.6

waveguide below [24,26]. Such stiff conditions further increase
fabrication complexity.

In this paper, we experimentally demonstrate a TE-pass
polarizer by using an HPG on an SOI platform. Because of
the optical confinement of plasmonics, both the effective index
and mode distribution can be manipulated. The TM mode is
reflected and absorbed by the 6-pm-long HPG section, while
the TE mode goes through with relatively low loss. Within the
wavelength range of 1.52 to 1.58 pm, the measured ER varies
from 24 to 33.7 dB and the IL is 2.8-4.9 dB. Different from
other HPG-based polarizers, the demonstrated structure shows
a large alignment tolerance and is compatible with SOI
fabrication technology.

2. STRUCTURE AND PRINCIPLE

The proposed device (Fig. 1) is fabricated on a 220-nm-thick Si
SOI platform with SiO, up-cladding. The width of the stan-
dard single-mode Si waveguides is W. The HPG is the polarizer
section, which consists of a silicon waveguide, a thin SiO, in-
sertion layer with thickness of ¢, and a certain number of metal
strips with width of W, = 4 pum and height of 4,, = 100 nm.
The period number is V and the metal strip length is 4. Here,
Au is chosen as the metal material.

To achieve a TE-pass polarizer, the TM mode should be
reflected or absorbed as much as possible by the HPG, while
the TE mode should propagate through without distraction.
The amount of reflection per unit length, defined as the cou-
pling coefficient [31], can be written as k = |Angg|/(7.g/A\) in
a traditional Bragg grating. Here, 7.4, Ang, and A are the
mode effective index, mode effective indices difference
(et HpW — 7efr_ Dw)> and grating period, respectively. To avoid
significant reflection for the TE mode, |Ang| should be as
small as possible, which is the opposite for the TM mode.

Si0, W Si Au
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Fig. 1. 3D schematic of the proposed TE-pass polarizer on an SOI
platform.

The parameters of the structure should be carefully chosen
to enhance the birefringence.

The 2D and 3D finite element methods (FEMs) are used to
design the polarizer and study its characteristics. The operation
wavelength is 1.55 pm, and the corresponding refractive indices
for Au, SiO,, and Si are 0.402 4 10.844; [32], 1.444, and
3.478, respectively. We calculate the real part of ng4 in DW
and HPW. Real[ng] goes up as the waveguide width increases
[Fig. 2(a)] because of the better optical confinement of the
wider waveguide. The optical field confinement of plasmonics
has different impacts on 7. for different polarization states.
The TE mode in a dielectric waveguide (DW) is a pure pho-
tonic mode, and most of the optical field is confined in the Si
waveguide. However, the TE mode in an HPW contains a frac-
tion of the SPP mode. Because the reflective index of Au is
much smaller than that of Si, the real[n] for the TE mode
in an HPW is a bit smaller than that in a DW. In contrast,
the major optical field of the TM mode in a DW is distributed
in the low-index cladding. Although the TM in an HPW is also
a hybrid mode, the major optical field is tightly confined in the
Si core, which results in a higher real[z.g] in the HPW. When
W is 450 nm, |real[A7n.]| for the TE mode is 0.15, but is
about 0.4 for the TM mode [Fig. 2(b)]. When the TE/TM
modes launch from the input port, the TM mode will be
quickly reflected by the HPG in several periods. |real[A7n.g]]|
for the TE mode slightly drops, while it remains almost un-
changed for the TM mode as W rises. Therefore, fabrication
variations of the waveguide width have little impact on the per-
formance of the polarizer.

The thickness of insertion layer g also significantly
influences the mode reflection, particularly for the TM mode
because of the large mode distribution mismatch. However, ef-
fective index analysis is insufficient and mode distribution
should be taken into consideration for the design. We intro-
duce the mode overlap ratio (I, defined in Ref. [27]) to evaluate
the mode distribution similarity of two polarizations in the
HPW and DW [Fig. 3(a)] quantitatively. I' gets lower as ¢
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Fig. 2. (a) Real part of 7.4 and (b) absolute value of the real part
Aneg in the HPW and DW for TM and TE polarizations as a function
of waveguide width W. Here, the gap between the metal strip and the
Si waveguide below is ¢ = 50 nm.
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Fig. 3. (a) Mode similarity (between the hybrid plasmonic mode in
the HPW and the photonic mode in the DW) and (b) the absolute
value of the real part An.g in the HPW and DW for TM and TE
polarizations as a function of insertion layer thickness g. Here, wave-
guide width W is 450 nm.

decreases for both polarizations, indicating the rise of mode
reflection. Mode distribution has a greater impact on the
TM mode because I'ry; < I'tg. The low 'ty leads to signifi-
cant scattering and reflection loss for the TM mode. The plas-
monics-induced 7.g increase and large mode mismatch for the
TM mode are conducive to reducing the device size. If choos-
ing a smaller ¢ (e.g., ¢ = 30 nm), the reflection for the TM
mode will increase, and the device length can be very short.
However, the propagation loss for the TE mode also rises sig-
nificantly with a thin insertion layer, which agrees well with
mode effective index analysis [Fig. 3(b)]. Here, we choose ¢ =
50 nm as a trade-off.

ER and IL are two key figures of merit for a polarizer, and
are defined as

ER = 10 x log, o (Pr£/Prm)>
IL =-10x logl()(PTE)’ (1)

where Prp and Py are the normalized output power for the
TE mode and the TM mode, respectively. For a good design,
the ER should be large while the IL should be as small as pos-
sible. In our design, the number of periods V is set to 8 in order
to achieve a high ER over 20 dB when metal length & varies
from 380 to 440 nm. If we reduce the NV to 7 or less, ER will
dramatically decrease. The grating period A and the metal strip
length d also significantly influence ER and IL. ER increases as
A rises and reaches its maximum value of 28.6 dB with IL =
3.6 dB when A = 760 nm and 4 = 390 nm [Fig. 4(a)]. On
the other hand, the IL is always a basic concern for plasmonic
devices. With a fixed A, IL decreases as 4 rises, which means
the reflection and mode distribution mismatch rather than
metal absorption are the major losses for TE mode.
Noticing that IL increases monotonically with increased grating
period A [Fig. 4(b)] as well, here we choose A = 750 nm and
d = 400 nm as a compromise.

Further simulation has been carried out to confirm the prin-
ciple (Fig. 5). It can be seen that the TE mode passes through
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Fig. 4. (a) ER and (b) IL as a function of metal strip length 4 with
period variation from 730 to 760 nm. Here, N = 8, W = 450 nm,
and ¢ = 50 nm.

Fig. 5. Optical energy flux density along the propagation direction
from the top view when the TM or TE mode is injected. Here,
W = 450 nm, N = 8, 4 = 400 nm, and A = 750 nm.

the HPG, while the TM mode disappears gradually due to the
reflection, mode distribution mismatch, and metal absorption.
At 1550 nm, the ER achieves 26.9 dB with an IL of 3.4 dB in
the above case. Although the reflective index difference and
mode distribution mismatch between the DW and the
HPW for the TM mode can be further increased by decreasing
the insertion layer thickness, which results in a shorter length of
the polarizer, the IL will dramatically rise at the same time.
The designed TE-pass polarizer was fabricated on a standard
SOI wafer with 220-nm-thick top silicon and 2-pm-thick
buried dioxide. First, a 1.6-pm-thick electron beam resist,
PMMA, was spun on the SOI substrate and electron-beam
lithography (EBL) was used to define the waveguide pattern.
Then a coupled plasma etching process followed to fully etch
the silicon waveguide. A 220-nm-thick SiO, layer is deposited
by the magnetron sputtering method while retaining the
e-beam resist. After removing the PMMA resist, a 50-nm-thick
SiO, layer was deposited using plasma-enhanced chemical va-
por deposition (PECVD). To locate the metal layer, 340-nm-
thick ZEP 520 resist was used and followed by EBL. Then,
5 nm Ti (adhesion layer) and 100 nm Au were deposited using
thermal evaporation, and a lift-off process was introduced to
form the HPG section. Finally, the chip was covered with a
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Fig. 6. SEM image of the fabricated TE-pass polarizer.

2-pm-thick silica layer as the upper cladding by PECVD.
Figure 6 shows the top-view scanning electron microscope
(SEM) picture of the fabricated polarizer, captured before
the upper silica cladding was deposited.

To characterize the fabricated polarizer, a tunable CW laser
with a 1.52-1.58 pum wavelength range is used as the light
source. A digital polarization controller is used to control
the polarization state. Light is coupled into the sample through
tapered lens fiber and then coupled out to an optical spectrum
analyzer (OSA) to get the spectrum of the output. A series of
HPG-based polarizers with different periods and duty cycles
were fabricated. The reference waveguides are exactly the same
as the polarizers except that they have no metal strips. With a
fixed period, the metal length & varies from 380 to 430 nm.

The measured transmission spectrum [Fig. 7(a)] and the
corresponding ER and IL [Fig. 7(b)] of one polarizer are shown
in Fig. 7. The fluctuations in the curves are mainly from fab-
rication-introduced surface roughness and defects of the metal
strips. The output power of the TE mode is much higher than
that of the TM mode. Since the performance of the OSA re-
sponds better when the output power is higher, the curve of the
TE mode is relatively flat, while that of the TM mode fluctu-
ates. The signal-to-noise ratio is also degraded by the reflections
of both end facets and the external disturbances. To efficiently
estimate the noise, a robust locally weighted regression method
[33] is used to extract the trend lines. The fitting parameter 7
used here is 0.25. To guarantee measurement accuracy, each
device is tested three times, and the mean values are considered
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Fig. 7. (a) Normalized measured spectrum of one polarizer.
(b) Corresponding ER and IL of the device. The black lines are trend

lines extracted with robust locally weighted regression.

as the final results. The measured ER within the wavelength
range of 1.52 to 1.58 pm varies from 24 to 33.7 dB and
the IL is 2.8-4.9 dB. At 1.55 pm, the IL is 4.6 dB, which
is about 1.2 dB higher than the theoretical calculation. In
the practical fabrication process, a 5-nm-thick Ti layer was used
as an adhesion layer. The optical loss of Ti is higher than that of
Au, which contributes to a fraction of the absorption loss. The
thickness of the low-index SiO, insertion layer may be less than
50 nm due to fabrication error, which leads to a higher ER with
a bit larger IL. The surface roughness of metal and waveguide
may cause extra scattering loss. The IL can be further reduced
by optimizing fabrication and choosing better materials, such as
optimizing the metal deposition and lift-off process, choosing
better adhesion materials or other metal (e.g., Cu that does not
need an adhesion layer), using the thermal oxidation method
instead of PECVD to form the thin SiO, spacer layer and in-
creasing its thickness to reduce scattering and reflection, and
optimizing the lithography and etching processes for smaller
sidewall roughness.

3. CONCLUSION

We have proposed and experimentally demonstrated an on-
chip TE-pass polarizer based on an HPG. Not only the effective
index but also mode overlap is taken into consideration for the
design. Utilizing the unique strong optical field confinement
property of plasmonics to manipulate the effective index and
mode distribution, the TM mode is reflected and absorbed
by the plasmonic grating, while the TE mode passes through
with relatively low loss. Within the wavelength range of 1.52 to
1.58 pm, the measured ER of the 6-pum-long device is 24 to
33.7 dB, and the corresponding IL is 2.8 to 4.9 dB. This device
is compatible with SOI fabrication technology and can be easily
integrated with other optical components. Moreover, the struc-
ture exhibits large alignment tolerance and paves the way to real-
ize flexible on-chip polarization manipulation.
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