ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Thermal tuning of graphene-embedded waveguide

i") Check for updates‘
filters based on the polymer-silica hybrid structure

Cite this: RSC Adv., 2018, 8, 30755

Yue Cao, Baizhu Lin, Yue Sun, Xinchi Che, Yunji Yi, ©* Fei Wang and Daming Zhang

Graphene-embedded waveguide filters have been widely used in the areas of polarization and mode
filtering because of their characteristics of easy fabrication, high integration, and high extinction ratio. In
this article, we propose thermal tuning filters based on a graphene-embedded polymer-silica hybrid
waveguide. Compared to previously reported filters, this device can realize the efficient adjustment of
the relative position between the optical field and graphene layer by thermal tuning. Consequently, the
polarization and mode filtering properties of the filter can be adjusted by thermal tuning. This high-
efficiency tuning characteristic is due to the opposite thermo-optic coefficient of the polymer and silica
material. Furthermore, a layer with a low refractive index is embedded in the polymer-silica hybrid core
to increase the tuning efficiency. The optical absorption, mode properties, and thermal field distributions
were simulated. It was found that such single-mode filters could realize EY;-pass or Ef;-stop selection,
and the attenuation variation (Aa) was optimized to 32.20 dB cm™! (EX; mode) using the top electrode

and air trench structure with AT = 10 K and P = 48.39 mW in the single-mode waveguide. For the
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Accepted 28th August 2018 multimode waveguide filters, the attenuation variation (Aa) of the Ej,, modes (Ef;, El,, and E3;) was also

calculated. Such thermal tuning filters were found to be compatible with chemical potential regulation
graphene modulators and filters, and they can be applied to broadband photonic integrated circuits and
mode division multiplexing systems.
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Introduction

Graphene, a two-dimensional honeycomb lattice with a flat
monolayer structure of carbon atoms, exhibits exceptional
optical properties such as tunable absorption, saturable
absorption, efficient luminescence, and exceptional nonline-
arity."? Various functional photonic devices based on graphene,
such as mode filters,> modulators,** photodetectors”® and
sensors® have been proposed.

Mode filters separating light with different polarizations are
fundamental components because a fixed optical waveguide
usually works under only one particular polarization state.
Traditional mode filters are mainly polarizing beam-splitting
prisms based on the birefringence effect of natural crystals*
and waveguide mode filters."'* Compared to traditional mode
filters, graphene film-integrated optical waveguide filters
possess high extinction ratios and broadband properties
because of the excellent optical absorption effects of graphene,
which can alternatively serve as transverse magnetic (TM)-pass
or transverse electric (TE)-pass filters. Thus, graphene-based
mode filters (GBMFs) have been used in devices such as mode
filters and broadband mode division multiplexing (MDM)
transmission systems.™
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According to devices using this material, several GBMFs have
recently been proposed including inorganic GBMFs, polymer
GBMFs, and silica-polymer hybrid GBMFs. Cheng et al. pre-
sented a graphene-on-silicon waveguide and achieved a 7.7 dB
attenuation for the TM mode.** A polymer mode extinction filter
with air cladding obtained an attenuation of 20.7 dB for TM-
polarized light.® In addition, a broadband graphene/glass
hybrid waveguide with PMMA cladding achieved an extinction
ratio of 27 dB for TM-polarized light.'* These GBMFs can realize
the attenuation of only one polarization state of the base mode
in the waveguide with high extinction ratio properties. However,
the hybrid structure has not made full use of the advantages of
the hybrid integration.

In addition, according to the change in the chemical
potential of graphene, GBMFs are divided into electro-optic
GBMFs and non-electro-optic GBMFs. For graphene electro-
absorption modulator on silicon, a graphene absorption loss
of 0.11 dB pum ™! and 0.06 dB pm ' were extracted for the TM
and TE modes respectively.'” Non-electro-optic GBMFs with two
graphene layers sandwiched between Si;N, and silicon layers
achieved an extinction ratio higher than 40 dB.*” The devices
reported above have achieved high extinction ratios for the base
mode of the waveguide. However, polarization states of GBMFs
between TE-pass and TM-pass cannot be switched by changing
the chemical potential. Thus, it has been proposed that the
polarization states are attributed to waveguide parameters such
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as the device dimension and refractive index. Thus, different
structures of non-electro-optic GBMFs are shown to be essential
for the development of mode filters.*®

Moreover, in the area of MDM, a mode filter reportedly
embedded in different positions and lengths of graphene in the
waveguide core realized the attenuation of different modes in
a multimode waveguide. This mode filter with a graphene layer
placed at the center of the waveguide core realizes the attenu-
ation of the E}; mode and E3; mode. When the graphene film is
placed at the location where the E}; mode is zero, the filter
realizes the attenuation of the EY,;, E};, and E}, modes. In
addition, when a narrow graphene film is placed at the center of
the waveguide core, the filter attenuates the EI; mode.?
However, fixed graphene-based waveguide structures have fixed
mode attenuation characteristics.

In this paper, a thermal tuning filter based on a graphene-
embedded polymer-silica hybrid waveguide is presented. The
position of the light field of this filter structure can be regulated
by varying the electrode temperature. Meanwhile, the relative
position between the graphene and optical field can be regu-
lated, which results in the change in the absorption of different
modes. Because of the opposite thermo-optic coefficient of the
polymer and silica material, the optical field can be regulated
with a high efficiency. Two structures of the optimized thermal
tuning hybrid filters with high extinction ratios have been ob-
tained with a top electrode and side electrodes.

Design and simulation

Our proposed filters are based on the concept of embedding
a graphene layer in a waveguide to generate strong absorption
of the tangential electric field, Ej, which is dominantly
composed of the E, direction for Ej,,, modes and E, direction for
E}.» modes. The Ej,, and E},,, modes denote the x and y direc-
tions of the major electric-field component, respectively, and m
and n denote the numbers of peaks in the major electric-field
distribution. We designed a graphene layer embedded in
a polymer core waveguide, which adheres to a silica waveguide.
The isotropic model of the graphene was used in the simulation
for E;,, modes.* Before thermal tuning, the center position of
the El;-mode light field was designed to be located in the gra-
phene layer. At this position, the graphene exhibits the
maximum light-graphene interaction with the ET; mode. While
the graphene layer should not induce much loss to the
E},» modes. Also, the polymer-silica vertical hybrid waveguide
we designed will ensure the best tuning effect because of the
opposite thermo-optic coefficient of the polymer and inorganic
material. If we raise the working temperature, the refractive
index of the polymer should decrease while the silica will
increase, leading to a change in the distribution of the light field
of the E,, polarization state. The redistribution of the
Ey., optical fields will realize mode attenuation in the single-
mode waveguide and multimode waveguide, respectively. For
the heating electrode structure of the top electrode and side
electrode, the top electrode with an air trench structure (struc-
ture 1) was designed to realize E}; mode attenuation and the
EY;-pass waveguide. In addition, the side electrode structure
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(structure 2) was designed to take advantage of the high thermal
conductivity of graphene to reduce the power consumption.*

Device structure and theoretical analysis

The absorption of the light in waveguide is mainly related to the
imaginary part of the refractive index of graphene. The gra-
phene effective permittivity e, (:ngz) can be calculated from the
conductivity o:

=¢tw + i

(1)

&g() ?ng’
where ¢, = 1 is the graphene background permittivity, w =
1.215 x 10" rad s~ ' is the angular frequency of the light, and &,
is the vacuum permittivity.

The graphene conductivity ¢ is affected by the temperature,
graphene electronic relaxation time, optical angular frequency,
and graphene Fermi level. The parameters of graphene
conductivity, including intraband conductivity and interband
conductivity, can be calculated using the Kubo formalism:

0 = Ointra + Tinters (2)
o) = — iezuc. ﬁ 2)ue| — (w + %‘57:)}}1 )
mh(w+it)  4mh o | 2lue| + (w +ith)A

where u. = 0.1 eV is the chemical potential, 7 is the reduced
Planck's constant, and 7 = 5 x 10~ s is the relaxation time.
The electrode position, waveguide structure, and geometric
parameters including the waveguide height, waveguide width,
and refractive index are discussed using the FD-BPM method in
the single-mode waveguide and multimode waveguide.

Device structure 1 (top electrode structure with an air
trench) and structure 2 (side electrode structure without air
trench) in the three-dimension and cross-sectional directions
are illustrated in Fig. 1. The device consists of a silica
substrate, polymer cladding, polymer-silica hybrid core layer,
graphene strip embedded in the polymer material, and sheet
layer with a low refractive index embedded between the hybrid
waveguide core. The dimensions of the polymer-silica hybrid
layer are a = b = 6 um. The parameters d. = 0.1 um, dy =
0.00034 um, and d, = 0.1 pm indicate the thickness of the
electrode, graphene layer, and sheet layer, respectively. n, =
1.467, n, = 1.466, and n, = 1.455 are the refractive indices of
the polymer layer, silica layer, and silica cladding layer,
respectively. The height of the polymer waveguide # and the
refractive index of polymer cladding n; are variables to adjust
the position of the light field in the waveguide. The calculated
imaginary and real part of the refractive index is 2.79 and 2.97
respectively.

Thermal field simulation

The position of the electrode will influence the heating effi-
ciency of the polymer-silica hybrid waveguide. Fig. 2 presents
the thermal field distribution of the top electrode with w =10
pum (an air trench is etched to increase the electrode heating
efficiency) and side electrode structure with w = 6 um. The
temperature of the central polymer layer is 297.26 K

n

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Three-dimensional structures and two-dimensional cross-
sectional structures of polymer—graphene-silica hybrid waveguide
with structure (a and ¢) 1 and (b and d) 2, respectively.
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Fig.2 Thermal field distribution for (a) top electrode structure with w
= 10 um and (b) side electrode structure with w = 6 um.

(structure 1) and 300.28 K (structure 2), which indicates that
the side electrode structure has a higher heating efficiency
than the top electrode structure.

Single-mode simulation

In order to realize a low-power-consumption device, a sheet (d,
= 0.1 um) with a low refractive index was embedded in the
hybrid waveguide, which is a benefit for the light field moving
away from the graphene layer, reducing the graphene absorp-
tion in the hybrid waveguide. The imaginary part of the effective
refractive index has been calculated by COMSOL with a wave-
length of 1550 nm. The thermo-optical coefficients of polymer
and silica are —3.0 x 10 * and 1.28 x 10~ respectively.?!
Without the sheet layer, the optical field distribution of the
hybrid waveguide with electrode temperatures of 293.15 and
303.15 K is presented in Fig. 3(a) and (b), respectively. The
simulated light absorption is 94.78 and 67.15 dB cm ™" at elec-
trode temperatures of 293.18 and 303.15 K, respectively, and the
1i-polarized light still cannot pass through the waveguide
when the heating electrode increases by 10 K with electrode
heating power (P) of 48.39 mW.*
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Fig. 3 Optical field distribution of E3;-polarized light without and with
a sheet layer embedded in waveguide core for T = (a and c) 293.15 and
(b and d) 303.15 K (structure 1), respectively (electrode heating power
(P) = 48.39 mW).

By varying the height of the polymer material layer and the
refractive index of the polymer cladding, a single-mode wave-
guide was obtained. With a sheet layer embedded in the hybrid
waveguide, Fig. 3(c) and (d) present the light field distribution at
temperatures of 293.15 and 303.15 K, respectively (structure 1).
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Fig. 4 Light field distribution and attenuation of Ej; mode with
different height of polymer layer and electrode temperature (nz =
1.460) for (a) structure 1 and (b) structure 2, respectively.
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Fig. 5 Curves of the polymer layer height and attenuation variation
(Aa) for structure 1 and structure 2 as a function of (a) polymer
waveguide height h and (b) electrode heating power P, respectively (nsz
= 1.460).

The light field distribution and attenuation of Ej; mode as
a function of 2 with electrode temperature of 293.15 K and
303.15 K for structure 1 are shown in Fig. 4(a). From the light
field distribution, the graphene layer exhibits a significant
interaction with the E}; mode in the x-direction at the
temperature of 293.15 K (E3;-stop waveguides). When the elec-
trode heating power increases by 48.39 mW, the light field
distribution is more concentrated in the silica layer, reducing
the interaction between graphene and the Ej; modes
(Eli-pass waveguides). Thus, it is a benefit for increasing the
attenuation of the Ej; mode at 293.15 K if the height of the
polymer layer increases. However, it will also increase the light
absorption of the graphene layer at 303.15 K. For example, the
attenuation of the EX; mode increases to 47.12 dB cm ™! at an
electrode temperature of 303.15 K, which cannot realize the
Ej;-pass waveguide.

Fig. 4(b) presents the light field distribution and the atten-
uation curves with 7 = 4 um, n; = 1.460 and P = 71.44 mW for
structure 2. Because of polarized light effect by the surface
plasmon polaritons (SPPs) of the side electrode placed on the
graphene layer, the attenuation of the Ej; mode increases by
23.85 dB cm ™', compared to structure 1 at 293.15 K.

Based on the above discussion, the attenuation variation (Ax
= a7(303.15 K) — a{293.15 K)) has been calculated with 7 = 4
pm and n; = 1.460, as shown in Fig. 5. For structure 1, the A« of
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Fig. 6 Light field distribution and the attenuation of Ef; mode,
EX> mode and E3; mode with different polymer cladding ns (h = 5 um)
at (@) T=293.15Kand (b) T = 303.15 K.

the EX; mode is 32.30 dB cm ™, realizing the regulation of the
E}; mode by heating the electrode. For structure 2, the A« of the
E}; mode increases up to 61.06 dB cm™ ", realizing the efficient
regulation of the Ej; mode waveguide by heating the side
electrode. This can be contributed to the effect of the electrode
SPPs and the large heating efficiency (discussed later in the
article) for the side electrode structure. Fig. 5(b) illustrates the
El; mode in structure 1 and structure 2 with different electrode
heating power. It is indicated that the device is sensitive to the
change in electrode temperature.

Multimode simulation

By increasing the height of the polymer layer or decreasing the
refractive index of the polymer cladding, a hybrid multimode
waveguide can be obtained. Fig. 6 depicts the relationships
between the cladding refractive index and « of the multimode
waveguide (Ei;, El, and E3; modes) at T = 293.15 K and T =
303.15 K (h = 5 um and P = 43.86 mW) for device structure 1.
When the electrode temperature increases by 10 K, the Ej;-
stop waveguide, E},-stop waveguide and Ej;-pass waveguide
have been realized. When T = 303.15 K, the E};-pass waveguide,
E},-stop waveguide and Ej3;-pass waveguide have been realized.

Fig. 7 shows the attenuation variation (A«) of Ej;, Ej,, and
E3; modes as function of cladding refractive index for structure
1 (h =5 um; P = 43.86 mW). The regulation of the modes can

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Relationships between cladding refractive index (ns) and
attenuation variation (Aa) of Ef3, EY,, and E3; modes (h = 5 um; P =
43.86 mW; structure 1).

also be calculated with the attenuation variation (A«) from
35.70 to 47.84 dB cm ' (E}; mode), from 42.89 to —30.47
dB cm™" (EI, mode), from 4.42 to 18.45 dB cm ' (E3; mode).
The optical transmission states (mode-pass or mode-stop) of the
multimode-polarized light depend on the device dimension and
refractive index. Thus, the optical transmission state for the
same polarized light may change with different cladding
refractive indices and device dimensions.

We expect that the multimode-polarized light can be
adjusted with different conditions of the refractive index by the
heating electrode, realizing multimode thermal tuning filters.
However, because the multimode-polarized light is affected
significantly by SPPs of the side electrode structure, the trans-
mission state in structure 2 is more complex than that of
structure 1 with different device dimensions and refractive
indices, which doesn't benefit the adjustment of the
multimode-polarized light by changing the temperature of the
side electrode.

Conclusions

In summary, we have presented ultra-broadband thermal
tuning filters based on a graphene embedded polymer-silica
hybrid waveguide. This device can realize the efficient adjust-
ment of the relative position between the optical field and
graphene layer by thermal tuning. For a single-mode waveguide,
we achieved the regulation of the Ej; mode with Aa = 32.20
dB cm ™' and the E};-pass waveguide for structure 1. We also
obtained low-power-consumption devices with a high Aa of
61.06 dB cm ™' (E}; mode) for structure 2 in the single-mode
waveguide (AT = 10 K). Moreover, the side electrode structure
had a higher heating efficiency than the top electrode structure.
For the multimode waveguide in structure 1, the multimode-
polarized light can be regulated by increasing the electrode
temperature. The regulation of the modes was analyzed with the
attenuation variation (Aa) from 35.70 to 47.84 dB cm '
(Ef; mode), from —42.89 to —30.47 dB cm ™' (E}, mode), from
4.42 to 18.45 dB cm ' (Ej; mode). However, the power
consumption is restricted by single-layer graphene structure
and large device dimension because of the photolithographic

This journal is © The Royal Society of Chemistry 2018
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process. The graphene-based filter with a top electrode and air
trench structure (structure 1) can be applied to many photonic
devices such as thermo-optical switches, MDM systems, and
variable optical attenuators. In addition, the graphene-based
filter with a side electrode and without an air trench structure
(structure 2) has the potential for compatibility with thermo-
optical devices and electro-optic devices.
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