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Abstract: This paper proposes a 3-pwm mid-infrared band polarization-independent and CMOS-compatible gra-
phene modulator, which mainly includes two parts: the mode conversion structure and the graphene modulator.
This modulator not only fulfills the requirement of compatibility with CMOS, but also can achieve polarization-in-
dependent modulation of the fundamental mode. Simulation results show that this modulator can achieve an ex-
tinction ratio (ER) higher than 20 dB in the mid-infrared band from 2. 95 pum to 3. 05 wm, the insert loss for both
TE and TM modes are less than 1. 3 dB, and polarization-dependent loss is less than 1. 09 dB. Through the calcu-

lation, the 3 dB bandwidth up to 9. 47 GHz can be obtained when the length of the device is 420 pm.
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Introduction

A variety of functional electro-optic materials, such

[1]

as grdphene , chalcogenide™

, and black phospho-

rus ", have been discovered in recent years, which indi-
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rectly promoted the realization of high-performance elec-
tro-optic devices. Among these malerials, graphene has
been widely used in many fields with its unique physics
properties “* | especially in electro-optic modulators.
Compared with other materials, the advantage of gra-
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phene includes constant absorption over a wide spec-
trum"® , ultra-high carrier mobility under room tempera-
ture''”, controllable conductivity, and compatibility with
CMOS. The light in the mid-infrared band has attracted
wide attention in the fields of communications, homeland
security, and biomedicine. Some electro-optic modula-
tors operating in the mid-infrared band have been report-
ed, but most of them are polarization—dependent{“'IM s
which means that the device can operate under only one
polarization state.

Research work has proven that the graphene is an
anisotropic material™'* whose lattice is only periodically
arranged along the 2D surface of graphene. Graphene
mainly interacts with the tangential electric field of elec-
tromagnetic waves ', and this characteristic will lead to
the interaction between the graphene horizontally embed-
ded in the waveguide and the TM mode is much stronger,
which has been confirmed in previous work'”. In the
previously reported graphene-based polarization-indepen-
dent modulators'"®?", most of them need to face the prob-
lem of the complicated structure of the device, cumber-
some manufacturing processes, and incompatibility with
CMOS. Therefore, achieving the polarization-indepen-
dent operation of the electro-optic modulator remains a
challenge.

In this paper, we propose a 3-pm mid-infrared po-
larization-independent and CMOS-compatible graphene
modulator. The TE; mode of incident light is converted to
the TM, mode through a mode conversion structure, and
the TM,, mode of incident light is not affected by this
structure because of the phase mismatching, so we can
achieve the modulation of only TM, mode through the gra-
phene modulator. In the structure of the graphene modu-
lator, the graphene sheet is integrated on the chalcogen-
ide glass to fulfill the compatibility with CMOS. Simula-
tion results show that this modulator can achieve the po-
larization-independent operation in the mid-infrared

band. The length of the device is designed to be 420

Modulation Area
——

(b)

Fig. 1
matic diagram of the graphene modulator

pm, we can obtain the ER higher than 20 dB, and the in-
sert loss less than 1.3 dB. The polarization-dependent
loss is maintained at a value less than 1. 09 dB in the
wavelength range from 2.95 pm to 3. 05wm, and the 3
dB bandwidth of the device is 9. 47 GHz through the cal-

culation.

1 Principle and structure design

The structure of our proposed device is shown in
Fig. 1 (a). The device mainly includes two parts, the
mode conversion structure and the graphene modulator.
Since the graphene horizontally integrated on the chalco-
genide glass mainly interacts with TMO mode, we de-
signed a mode conversion structure composed of the
asymmetric directional coupler (ADC) and adiabatic ta-
per(AT). As shown in Fig. 1(b), we designed two mod-
ulation waveguide arms in the device, the width of arm2
is 1.5 pm, and compared with arm 2, arm 1 adds a wide
waveguide with the size of 3.1 pm and a tapered wave-
guide, the spacing between the two arms is set to 1 pm to
prevent mode coupling. The TE, mode is converted to
TE, mode by the ADC composed of a narrower waveguide
and a wider waveguide, then the TE, mode is converted
to the TM,, mode by the AT, so we can realize the modula-
tion of TM;, mode in the modulation area. At the output of
arml, the TM, mode will be restored to the TE, mode by
the same mode conversion structure. In the meanwhile,
the TM, mode will not be affected when passing through
the region of ADC because of phase mismatching. By us-
ing this principle, the device we proposed can achieve
the same modulation capability for both TE and TM
mode.

In order to achieve polarization-independent modu-
lation, we horizontally integrated the graphene sheet on
the chalcogenide glass. When a certain voltage is ap-
plied to graphene, its chemical potential will be dynami-
cally changed. Graphene is an anisotropic material, its

(a) Schematic diagram of our proposed device, (b) schematic diagram of mode conversion structure, (c¢) cross-sectional sche-
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Fig. 2 (a) Under the wavelength of 2.95 pum, 3 pum, 3.05
pm, the in-plane dielectric constant changes with the applied
voltage, (b) the variation of the absorption coefficient for both
TE, and TM, mode of graphene modulator under different chemi-
cal potential
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vertical dielectric constant is not affected by the applied
voltage and is always maintained at a value of 2. 5, while
the in-plane dielectric constant is determined by’

0

wet,

(1)

e=1+

It can be seen from the formula that the in-plane di-
electric constant mainly depends on the frequency of inci-
dent light and applied voltage. As shown in Fig. 2(a),
under the wavelength of 2. 95 um, 3 pwm, 3. 05 pm, the
variation of the in-plane dielectric constant under differ-
ent graphene chemical potential is analyzed. The absorp-
tion characteristic of graphene mainly depends on its di-
electric constant, Fig. 2(b) shows the variation of the ab-
sorption coefficient for both TE, and TM, mode under dif-
ferent graphene chemical potential. It can be seen that
the absorption coefficient for both TE, and TM, modes de-
crease rapidly when the graphene chemical potential in-
creases. In addition, the absorption coefficient for the
TM, mode is greater than the TE;, mode, which means
that the graphene sheet has a stronger interaction with
TM, mode.

The cross-section of the graphene modulator is
shown in Fig. 1(c). By using an electron beam exposure
method ™', a 0.5-wm thick chalcogenide glass wave-
guide is integrated on the silicon-based platform, then a
5 nm thick SiO, isolation layer is thermally grown on the
surface of the waveguide. Afterward, two-layer CVD-
grown graphene sheets were transferred on top of the chal-
cogenide glass waveguide ™. By using the thermal atom

2 two-layer graphene sheets were

deposition method
separated with a 15 nm thick AlLO, to form a capacitor
structure. In the meanwhile, in order to prevent the la-
tent carrier injection, the upper and lower layer of gra-
phene sheets were separated from the chalcogenide wave-
guide and the air with a Snm thick ALQ, isolation layer.
Finally, the metal electrode Au/Pd is transferred onto the
graphene sheet, in order to avoid interference with the
optical mode in the waveguide, the electrode is located
0. 6 wm away from the waveguide.
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Fig. 3 (a) The variation of effective refractive index for the
first five modes in the width range from 1.4 pm to 3.4 wm, (b)
analyzing the influence on coupling efficiency by sweeping the
coupling length, (¢) analyzing the influence on conversion effi-
ciency by sweeping the length of three parts
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The performance of the device is simulated by using
Lumerical software. The variation of the effective mode
index under different width of waveguide is analyzed, as
shown in Fig. 3(a), the waveguide structure is composed
of Si0, as the lower cladding, air as the upper cladding,
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and chalcogenide glass as the core. We analyzed the ef-
fective refractive index of the first five modes in the width
range from 1.4 pm to 3. 4 pm. It can be seen that the ef-
fective refractive index of TE, mode in a width of 1.5 pum
is close to the value of TE, mode in a width of 3. 1 pum,
so we choose an ADC composed of these two sizes of the
waveguide to achieve the conversion from TE; to TE,
mode, and the coupling spacing is set at 0. 1 pm. As
shown in Figure 3 (b), when the coupling length is 50
pm, the coupling efficiency up to 0. 97 can be obtained,
and the electric field distribution of mode coupling is
shown in the inset of Figure 3(b). In addition, when the
width of the waveguide is around 1. 75 pm, the TE1 and
the TM, mode are both in the mode mixing region, so we
can design a tapered waveguide with the size around
1. 75 pm to realize the conversion from TE, mode to TM,
mode. The width of input and output of taper is 3. 1 wm
and 1.5 wm, in order to achieve mode conversion, we di-
vided the taper into three parts, the width of the input
and output of the second part is set at 1. 81pm and 1. 67
pwm. As shown in Fig. 3(¢), the influence of the length
for three parts on conversion efficiency is analyzed by the
simulation, the main impact on conversion efficiency are
the second part, so we choose .1 = 1.2 = 1.3 = 20 um to
maximize the conversion efficiency and reduce the size of
the device as much as possible. The electric field distri-
bution of mode conversion is shown in the inset of

Fig. 3(c).
2 Modulator Performance

We analyzed the insert loss of the device, including
the mode coupling loss of the ADC(CL1), the mode con-
version loss of the AT(CL2) , the insert loss between the
waveguide arm and the graphene modulator(IL) , and the
graphene absorption loss (GL). Figure 2 (b) shows the
variation of the absorption coefficient of the fundamental
mode under different graphene chemical potential, it can
be seen that when the applied voltage is 0. 1 €V and 0. 7
eV, the absorption coefficient reaches a maximum and
minimum respectively. Therefore, we choose 0.1 eV
and 0.7 eV as the “OFF” state point and the “ON” state
point respectively. In order to obtain a higher ER, the
length of the graphene modulator is set to 300 pm. As
shown in Fig. 4(a), the variation on insert loss for differ-
ent parts is analyzed under the wavelength range from
2.95 pm to 3. 05 wm. The normalized transmission and
extinction ratio of our proposed device are also analyzed,
as shown in Fig. 4 (b). The propagation loss under the
"ON" state point is mainly determined by the absorption
loss of graphene and its value is less than 1.3 dB, while
under the "OFF" state point, the normalized transmis-
sion is less than -20 dB and the extinction ratio is higher
than 20 dB. In order to measure the polarization-depen-
dent loss, we analyzed the normalized transmission dif-
ference between the two modes, the results show that the
polarization-dependent loss of the device is less than
1. 09 dB in the wavelength range from 2. 95 pm to 3 pum,
which fulfills the requirement of polarization-independent

modulation.
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Fig. 4 (a) The variation of insertion loss of various parts for
the device under the wavelength from 2. 95 pm to 3. 05 wm, (b)
the normalized transmission of the device under the wavelength
from 2. 95 pm to 3. 05 pm
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The 3 dB modulation bandwidth f;,, is also a crucial
parameter for the modulator. Due to the ultra-high carri-
er mobility of graphene under room temperature , the op-
erating speed of the modulator is no longer limited by
the lifetime of minority carriers. The main factor affect-
ing 3 dB modulation bandwidth of modulator based on
graphene is RC delay. The result is expressed as

Sfoaw = 27RC )

R is the entire resistance of the device, mainly including

(2)

two parts, the contact resistance R, between graphene
sheets and electrodes, and the graphene sheets resis-
tance R, which can be calculated by

_ 2R, . 2R, (2w, + w, + w,)
= I ,

where w, is the effective width of graphene, w, is the

(3)

spacing between two modulation arms, w, is the width of
graphene from metal contact to the active region of the
waveguide, L is the length of graphene,
R, =200Q/s¢" and R, = 100 Q - um"™ can be ob-
tained from previous work.

C is the capacitance of the capacitor composed of
two graphene sheets. To estimate the 3 dB bandwidth,
we regarded the capacitor structure of the device as a par-
allel plate capacitor. The estimated 3 dB bandwidth is
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9.47 GHz, in addition, the RC delay problem may be
solved in the future, which means that a higher 3dB
bandwidth can be obtained'” .

3 Conclusion

This paper proposes a 3-pm mid-infrared polariza-
tion-independent and CMOS-compatible graphene modu-
lator. In the structure of this device, in order to achieve
polarization-independent modulation, we introduce an
asymmetric directional coupler and adiabatic taper struc-
ture to achieve mode conversion, and the graphene sheet
is integrated on the chalcogenide glass waveguide. The
simulation results show that our device can achieve an ex-
tinction ratio higher than 20 dB under the mid-infrared
band from 2. 95 pm to 3. 05 wm, the insert loss for both
two modes is less than 1.3 dB, and the polarization-de-
pendent loss is less than 1. 09 dB. These data indicate
that our device fully fulfills the requirement of the polar-
ization-independent operation. Through the calculation,
when the length of the device is 420 wm, the 3 dB band-
width up to 9. 47 GHz can be obtained, and after solving
the RC delay problem in the future, it is expected to
achieve a higher 3 dB bandwidth. In short, this new type
of 3 pwm mid-infrared polarization-independent and
CMOS-compatible modulator is expected to promote the
development of on-chip optical communications in the fu-
ture.
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