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Abstract.

We propose a compact TM-pass polariser, consisting of silicon (Si)/silicon carbide (SiC)/Si layers.

Two graphene sheets are sandwiched between the Si and SiC layers as the interlayer to enhance the interaction with
light. The loss characteristics have been investigated by using the finite-difference time-domain (FDTD) method.
The proposed structure exhibits a low insertion loss (IL) of ~0.25 dB and a high polarisation extinction ratio (PER)
of ~57 dB. To verify the robustness of the proposed polariser, we analyse the fabrication tolerance of the waveguide
width and the height of the Si and SiC layers. The polariser shows great fabrication error tolerance. In addition,
by employing a 100 um long waveguide, a PER of 48.3-59.4dB is obtained in the visible regime ranging from

400 to 600 nm.
Keywords.
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1. Introduction

For the past few years, silicon photonics has been widely
used in photonics-integrated circuits. Because of the
small size, high integration ability and low cost, sili-
con photonics has attracted worldwide interest [1]. At
the same time, silicon photonics is expected to be used
in super-high-speed internet access [2]. However, due
to the high index contrast of silicon photonic devices,
they always cause large structural birefringence lead-
ing to polarisation-dependent loss, greatly limiting their
practical use [3]. To solve this problem, a polarisation
diversity scheme is often employed, such as polarisation
splitters [4], rotators [5], and polarisers [6—8] are usu-
ally used as building blocks. Among them, the polarisers
are commonly used to build polarisation transparent
circuits.

It needs to be pointed out that optical polarisers are
one of the most important devices in optic commu-
nications because more and more optical components
have been used on the polarisation states [9]. These
are essential components in many applications such
as information security, polarimetric imaging [10],
nano-, bio-, and chemical-sensors [11], mobile dis-
play [12], and machine vision [13]. High-performance
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polarisers should have high polarisation extinction ratio
(PER), low insertion loss (IL), and small footprint [14].
The transreflector polarisers (TRPs) which reflect or
absorb one polarisation can be divided into two main
categories: free-standing or laminate polarisers and sub-
strate polarisers [15]. The most common TRPs are
free-standing polarisers, which can split the unpolarised
input waves into two polarised beams and pass the
desired polarisation while reflecting the other [16].
Graphene is well-known as a two-dimensional mate-
rial made of carbon atoms, which is the basic material in
electronics, plasmonics, and photonics, due to its high
electron mobility, optical transparency, and high flexi-
bility [17-19]. Graphene is a popular material which has
great electronic and mechanic properties [20,21]. The
performance of the optical devices based on graphene
can be tuned by the Fermi level of the graphene sheet,
and the graphene integrated with a silicon waveguide can
greatly enhance light interaction [22-24]. For example,
in ref. [25], a TE-pass polariser based on a silicon slot
waveguide with graphene multilayer at 1.55 pm is pro-
posed. The TM-mode IL is ~31.5 dB and the TE-mode
IL is ~0.2 dB. In ref. [26], a graphene—silicon-based
TM-pass polariser has been investigated. The PER is
~40 dB and the IL is ~3 dB at the wavelength range
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Figure 1. (a) 3D schematic of the proposed TM-pass polarizer and (b) sectional view of the polariser.

1450-1650 nm. Most of the reported polarisers based
on graphene material are used in infrared and tera-
hertz bands, but a few of them are designed for visible
spectrum.

In this paper, we propose a compact TM-pass polariser
with the working wavelength in the visible range, which
utilises the electro-absorption effect of graphene. The
structure consists of Si/SiC/Si layers, with the graphene
sheet as the interlayer to enhance the interaction with
light. The relationship between loss characteristics
and the structure parameters has been investigated by
using the three-dimensional (3D) finite-difference time-
domain (FDTD) method, which shows great fabrication
error tolerance. In addition, the proposed polariser
exhibits high PER and low IL in the visible regime rang-
ing from 400 to 600 nm.

2. Model and discussions

Figure 1 shows the 3D schematic and sectional view of
the proposed TM mode-pass polariser. w is the width
of the total waveguide. &, hy, and hy are the heights
of the SiC, graphene, and Si layers, respectively. The
two graphene sheets are sandwiched between the Si and
SiC layers, to form the Si/graphene/SiC/graphene/Si
waveguide structure. The refractive indices of Si and
SiC are taken from experimental measurements [27].
The dielectric constant of graphene can be calculated as
follows [28]:

io(w)
a)é‘()A ’

ew) =1+ (D
where w is the radian frequency, &g is the vacuum permit-
tivity, A is the thickness of the graphene layer, and o (w)
is the complex surface conductivity. Here the complex

surface conductivity can be calculated from the Kubo
formula as follows [29]:
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where e is the charge of an electron, kg is the Boltz-
mann’s constant, i = h /2w is the Planck’s constant, (i
is the chemical potential, T is the temperature, and 7 is
the momentum relaxation.

In the following numerical simulations and analysis,
3D FDTD method with perfect matching layer (PML)
absorbing boundary condition is used to investigate the
loss property of the polariser. Gaussian pulse as the
light source injects into the waveguide structure. The
grid sizes in the x, y and z directions are chosen to
be Ax = Ay = Az = 1 nm which are sufficient for
numerical convergence. The power monitors are set at
Portj, and Porty,, to detect the input power Pi, and the
transmitted power Poy. So the transmission can be cal-
culated as T = Pgyy/ Pjn. Furthermore, we use IL and
PER to evaluate the property of the polariser, which can
be calculated as follows:

ds], 2)

IL = —101og,((T) (3)
PER = 101og,(Trm/ TrE)- 4)

First, we investigate the relationship between the
chemical potential and the loss of the two modes. Next,
we investigate the relative fabrication error of the pro-
posed polariser, where the impacts of the structure
parameters are discussed.



Pramana — J. Phys. (2019) 93:91

z (nm)

-100  -50 0 50 100

Page30f6 91

-100

-50 0 50 100

y (nm)

Figure 2. Intensity profile in the polariser for the incident (a) TE-mode light and (b) TM-mode light. The operational
wavelength of the visible light is from 300 to 600 nm. The parameters of the structure are: 4 = 10 nm, 2; = 0.5 nm,

hy = 65 nm, and w = 150 nm.
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Figure 3. (a) The real part of surface conductivity and (b) TE-mode loss and TM-mode loss vs. the chemical potential of
graphene in the polariser. The other parameters are: A = 600 nm, 7 = A/60, h; = A/1200, hy = 131/120, and w = A /4.

Figure 2 shows the typical field intensity profiles for
the incident TE- and TM-mode lights at the visible
wavelength. The optimal structural parameters are: h =
10 nm, 27 = 0.5 nm, hp = 65 nm, and w = 150 nm. It
is clear that the TE-mode light is confined in the Si layer,
while the TM-mode light is guided by the SiC layers.

Figure 3 shows the real part of surface conductiv-
ity Re(o) and TE- and TM-mode losses as a func-
tion of the chemical potential of graphene. Here the
incident wavelength is 600 nm. When the chemical
potential is low (ue < hvy/2 =~ 1.04 eV), inter-
band transitions occur. When the chemical potential
is high (uc > hvy/2 =~ 1.04 eV), interband tran-
sitions do not occur. It is also called Pauli blocking
[30]. So we can observe a quick drop of surface con-
ductivity from 1.0 to 1.1 eV. It can also be observed
that both the mode losses have a quick drop in the
range from 1.0 to 1.1 eV, as shown in figure 3b. The
TE- and TM-mode losses decrease while the chemical

potential increases. When the chemical potential of
graphene is 0.1 eV, the TE-mode loss reaches its maxi-
mum value of 598.2 dB/mm, while the TM-mode loss
is only 3.3 dB/mm, indicating that the proposed struc-
ture can be a high performance polariser. For the two
polarised lights, only the field component which is par-
allel to the plane of the graphene can interact with
graphene effectively. Therefore, if the fraction of the
mode-field component parallel to graphene is higher, the
absorption formed can be higher [31]. So we can obtain
a high TE-mode loss and a low TM-mode loss. In the
following simulations, we set the chemical potential of
graphene to be 0.1 eV.

To verify the robustness of the proposed polariser,
we analyse the fabrication tolerance of the waveguide
width, the height of the Si and SiC layers. Figure 4 shows
the calculated mode loss as a function of the waveguide
width w for the polariser. As shown in figure 4a, for TE-
mode light, the loss varies from 587.7 to 569.4 dB/mm
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Figure 4. (a) The TE- and TM-mode losses, (b) the IL of the TE and TM modes, and (¢) PER vs. the width of the polariser.
The other parameters are: A = 600 nm, 7 = A/60, hy = A/1200, hy = 131/120, and u. = 0.1 eV.
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Figure 5. (a) The TE- and TM-mode losses, (b) the IL of the TE and TM modes, and (c¢) PER vs. the height of the Si layer.
The other parameters are: A = 600 nm, 7 = A/60, hy = /1200, hy = 131/120, and pu. = 0.1 eV.

and the TM-mode loss varies from 4.8 to 3.4 dB/mm
when the waveguide width changes from X /4 to 34 /10.
The TM-mode loss increases while the width increases,
but the TE-mode loss reaches a peak value when the
width is 154 nm. Figure 4b shows that the IL of the TE
mode varies from 56.8 to 58.4 dB, and the IL of the TM
mode varies from 0.40to 0.33 dB. As shown in figure 4c,
by employing a 100 um long waveguide polariser, the
PER varies from 56.5 to 58.8 dB and the percentage
variation is less than 4%, which shows the great fab-
rication error tolerance. Generally, this TM mode-pass
polariser exhibits a low IL of ~ 0.3dB for TM-mode
light and a very high PER of ~ 57dB, which shows its
great performance as a polariser.

Figure 5 shows the mode loss, IL. and PER of the
TE and TM modes as a function of the height of Si
layer. As shown in figure 5a, when the height of the Si
layer increases from 114 /120 to A /8, the TE-mode loss
monotonically decreases from 693.8 to 523.4 dB/mm,
while the TM-mode loss monotonically increases from
2.5 to 5.1 dB/mm. Moreover, as shown in figure 5b,
we can observe that the IL of the TE mode varies from
69.4 to 52.3 dB, and the IL of TM mode’s variation
range is from 0.25 to 0.51 dB. According to figure Sc,
the PER decreases from 69.1 to 51.8 dB, which still
remains above 50 dB. So the polariser can exhibit good

performance when the height of the Si layer changes
from 1141 /120 to 1 /8.

Figure 6 shows the calculated loss of TE and TM
modes as a function of the height of the SiC layer.
When the height of the SiC layer increases from A /60 to
A /30, the TE-mode loss monotonically decreases from
597.7 to 525.0 dB /mm, while the TM-mode loss mono-
tonically increases from 3.4 to 6.3 dB/mm, as shown
in figure 6a. Moreover, as shown in figure 6b, for TE
mode, the IL varies from 59.8 to 52.5 dB. For TM
mode, the IL varies from 0.34 to 0.63 dB. Figure 6¢
shows that the PER decreases from 59.4 to 51.9 dB.
The percent change of PER is less than 13.7% when
the height of the Si layer changes from A /60 to A/30.
From the previous discussions on the effects of structure
parameter errors, we find that the performance of the
polariser will not be affected when the relative fabrica-
tion error is not big, which can ensure high robustness for
fabrication.

At last, we further study the wavelength sensitivity of
our proposed polariser, as shown in figure 7. When the
wavelength changes from 400 to 600 nm in the visible
range, the TE-mode loss increases from 508.3 to 597.7.9
dB/mm, while the TM-mode loss decreases from 20.2
to 3.4 dB/mm. The IL of the TE mode varies from 50.8
to 59.8 dB and the IL of TM mode varies from 2.0 to 0.3
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Figure 6. (a) The TE- and TM-mode losses, (b) the IL of the TE and TM modes, and (c¢) PER vs. the height of the SiC layer.
The other parameters are: A = 600 nm, w = A/4, hy = 1/1200, h, = 131/120, and . = 0.1 eV.
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Figure 7. (a) The TE- and TM-mode losses, (b) the IL of the TE and TM modes, and (c) PER vs. the wavelength of the
incident light. The other parameters are: w = 150 nm, 2 = 10 nm, ~; = 0.5 nm, 4y = 65 nm, and u. = 0.1 eV.

dB. Besides, the PER varies from 48.8 to 59.4 dB. The
high PER values indicate that this structure can perform
very well in the visible spectrum.

3. Conclusions

In summary, we have proposed a graphene-assisted
polariser with high PER and broad bandwidth. The
numerical simulation results based on FDTD method
show that the influences of different structure param-
eters on the performance of the polarisers are very
small, which can ensure high robustness for fabrication.
Besides, the IL of the TM mode input is less than 2 dB
and the PER of a 100 xm long waveguide is higher than
48.8 dB in the visible regime ranging from 400 to 600
nm, indicating great performance of the polariser in the
visible range.
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