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Abstract: In this paper, we propose a polarization-independent optoelectronic modulator based
on the electrical absorption effect of graphene. Firstly, we use the simulation software COMSOL
Multiphysics to design the structure, and find via changing the applied voltage on both ends of
the graphene that the equivalent refractive index of graphene can be changed, thus changing the
light absorption capacity of the modulator. The waveguides in the transverse magnetic (TM) and
transverse electric (TE) modes have almost the same extinction coefficient by making a double-layer
graphene ridge structure in the center of the silicon-based waveguide, which can achieve approaching
modulation depth in the TM and TE modes. At 1550 nm wavelength, the two-dimensional cross-
section of the structure is analyzed by the FEM method using COMSOL Multiphysics to obtain
the effective refractive index of the structure. The simulation results show that when the distance
between the double-layer graphene isolation layer is d = 20 nm, the TE and TM modes can achieve
extinction ratios up to 110 dB over the wide communication band by selecting appropriate “ON” and
“OFF” switching points. The bandwidth is 173.78 GHz and the insertion loss is only 0.0338 dB.

Keywords: ridge structure; polarization-independent; graphene; optoelectronic modulator

1. Introduction

The modulator made of traditional photoelectric materials has been widely used in the
field of optical communication [1-4]. In recent years, due to its slow modulation rate, it has
been unable to meet the demand of high speed optical communication. The emergence and
development of graphene technology makes it possible to solve this problem. The carrier
mobility of graphene can reach 20,000 cm?/(V-s), and its speed is more than 100 times that
of silicon [5-7]. Graphene also has the advantages of electrical tunability, low loss and
stable chemical properties [8], so it has become a popular material for the preparation of
the new generation of optical modulators. In past years, there have been many studies
on graphene optoelectronic modulators. In 2004, Novoselov and Geim’s group in the
UK successfully isolated monolayer graphene at room temperature for the first time by
using the mechanical stripping method [9], which started the research boom into two-
dimensional graphene materials [10-12]. In 2010, L. Ming et al. [13] covered a single layer
of graphene on the upper surface of the strip-shaped silicon waveguide, and regulated the
voltage through gold electrodes at both ends of graphene. The modulation depth of this
device reaches 0.1 dB/um, and the 3 dB bandwidth is 1 GHz. Furthermore, the distance
between the gold electrode and the main waveguide is set to 500 nm to avoid the current
affecting the optical field distribution in the main waveguide. By applying a voltage to both
ends of graphene, the effective refractive index of graphene can be changed to achieve the
modulation of incident light. However, due to the low light absorption rate of monolayer
graphene, its performance is poor. In 2012, the team proposed an optoelectronic modulator
based on double-layer graphene [14], and the atomic layer deposition (ALD) technique
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was employed to conformally coat a 5 nm thick Al,Os isolation layer to prevent potential
carrier injections from the bottom graphene layer into the silicon. Two layers of graphene
are attached to each gold electrode, which increases the graphene’s interaction with light
and prevents free electrons from infiltrating the silicon layer. The modulation depth of the
modulator reaches 0.16 dB/um, but the 3 dB bandwidth does not increase, mainly because
the RC time constant of the modulator remains unchanged. The modulator structure of
this study provides the basis for our design. Kim et al. placed graphene in the area of the
waveguide with the strongest light intensity and used an hBN spacer with a thickness of
7 nm to separate graphene layers and between graphene and silicon waveguide, enhancing
graphene-light interaction and modulation depth [15]. Our group also fabricated a micro-
ring optoelectronic modulator using double-layer graphene, with an oxide layer thickness
of 10 nm between double-layer graphene [16,17].

At present, most of the current graphene-based optoelectronic modulators are
polarization-dependent [18-20], which can only regulate a specific transverse magnetic
(TM) or transverse electric (TE) mode. However, in the actual optical communication system,
the polarization state of the optical signal changes randomly, in this case, the polarization-
dependent optoelectronic modulators will inevitably cause polarization-sensitive loss [21-23].
Therefore, the research on the polarization-insensitive optoelectronic modulator is of prac-
tical significance. In 2017, M.K. Shah et al. [24] transferred two graphene sheets with
90-degree bend to the inside of the waveguide core layer by using the principle of taking
both the horizontal and vertical directions of the graphene layer into consideration, thereby
making a graphene-based polarization-independent light modulator. Their research results
show that, the extinction ratio (ER) of the device is 18.87 dB, the insertion loss is 2.32 dB,
the quality factor is 8.14, and the polarization independence of the device is guaranteed
at the same time. In the same year, Shengwei Ye et al. [25] deposited a sloped trapezoidal
double-layer graphene layer in the middle of the silicon waveguide, so that the graphene
can interact with the polarized light field in both the horizontal and vertical directions, and
also achieved polarization-independent modulation. When the working wavelength of the
modulator is 1550 nm, the extinction ratio is up to about 45 dB, and the 3 dB bandwidth
can reach 69.8 GHz. Compared with this structure, the modulator proposed in this paper
has a higher extinction ratio and lower insertion loss. In addition, the structure is simpler
and the manufacturing difficulty of the device is reduced.

This paper presents a polarization-independent optoelectronic modulator based on
the graphene absorption effect and simulated by COMSOL Multiphysics software. By
transferring the graphene to the upper surface of the ridge waveguide and depositing the
silicon material of a certain thickness, the double-layer graphene is positioned at the center
of the silicon waveguide, and the interaction between the graphene and the light field is
enhanced. Because graphene can fully interact with the light field in both the horizontal and
vertical directions, the TM and TE modes have the same extinction coefficient, achieving
the purpose of polarization independence. The designed modulator in this paper provides
a theoretical foundation for the further development of optical communication

2. Structure Design and Theory Analysis
2.1. The Structure Design

The structure of the polarization-independent optoelectronic modulator based on the
graphene ridge structure proposed in this paper is shown in Figure 1. First, the silicon
waveguide with the width of 660 nm and the thickness of 340 nm is epitaxially grown on
the silica-on-silicon substrate. Using the Si etching technique, the Si waveguide is etched
into w1 =220 nm and /7 = 170 nm. Two CVD-grown graphene flakes are transferred, which
are separated by a 40 nm thick hBN isolation layer. Then another silicon waveguide was
epitaxially grown on the surface, and a rectangular silicon graphene waveguide (SGW) with
the height of 510 nm and the width of 660 nm was formed by electron beam lithography.
The 5 nm-thick hBN isolation layer separates the upper and lower graphene sheets from
the silicon to prevent carriers from being injected into the silicon. The epitaxial upper
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graphene sheet is connected to the Au metal electrode on the left side of the waveguide,
and the lower graphene sheet is connected to the Au metal electrode on the right end of
the silicon waveguide to form a double-layer graphene modulation region, the diagram of
applied voltage modulation is shown in Figure 1c.
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Figure 1. The structure of the polarization-independent graphene optoelectronic modulator (a) three-dimensional structure
diagram (b) schematic diagram of waveguide cross-section structure (c) the diagram of applied voltage modulation.

Double-layer graphene uses the hBN with stable chemical properties and high refrac-
tive index as the material of the isolation layer. By selecting the appropriate thickness of the
isolation layer, both the high extinction ratio and the wide modulation bandwidth can be
achieved. When the graphene is placed horizontally in the center of the silicon waveguide,
the graphene mainly interacts with the TE mode light in the waveguide; when the graphene
is placed vertically in the center of the silicon waveguide, the graphene mainly interacts
with the TM mode light. Therefore, when the graphene has both horizontal and vertical
coverage, the TM and TE mode light can be modulated at the same time. By choosing
appropriate values for the length of the graphene in the horizontal and vertical directions,
it is possible to achieve polarization-independent optoelectronic modulation.

2.2. The Optoelectronic Properties of Graphene

The graphene conductivity is the concentrated expression of its optoelectronic proper-
ties, which is defined by the Kubo equation [26].
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where o (w) is the total conductivity of graphene, c'™™ is the in-band conductivity of
graphene, "' is the out-band conductivity of graphene, w is the angular frequency of
the incident light, e is the elementary charge; /2 is the Planck constant of the reduction; T
is the relaxation time, which is closely related to the carrier mobility # and the chemical
potential p..

Figure 2a shows the graph of the graphene’s electrical conductivity as the function of
chemical potential. The graph shows that the real value of graphene’s electrical conductivity
decreases from 0.6 to 0 when the chemical potential is 0.40 eV. The imaginary value
decreases from 0 to —0.9 when the chemical potential is around 0.40 eV. According to
scientific literature [27-29], the equivalent permittivity of graphene can be obtained from
the conductivity, as shown in Equation (4):

e(w) =14 1) )

weod1

where 6(w) is the total conductivity of graphene, w is the angular frequency of the incident
light, £ is the absolute dielectric constant of the vacuum, d; = 0.7 nm is the thickness of
the single-layer grapheme [30]. Figure 2b shows the relationship between the equivalent
refractive index of graphene and the chemical potential. When the chemical potential is
less than 0.40 eV, the real part of the equivalent refractive index of graphene increases as
the chemical potential increases. It decreases rapidly after reaching the maximum when the
chemical potential is 0.40 eV, and gradually stabilizes after y. = 0.50 eV. With the increase
of the graphene chemical potential, the imaginary part of the equivalent refractive index
gradually decreases and reaches the minimum value at y. = 0.45 eV, and then gradually
increases after the period of stabilization. The real part N of the equivalent refractive index
of the graphene depends on the propagation speed of the light wave in the waveguide; the
imaginary part « depends on the attenuation of the light wave as it propagates through
the waveguide, which is called the extinction coefficient.
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Figure 2. The graph of the electrical conductivity and equivalent refractive index with the graphene chemical potential. (a)
Conductivity. (b) Equivalent refractive index.

Graphene is a two-dimensional material with zero band gap, which can respond
in the wavelength range of visible to near-infrared light, thus escaping the “long wave
limit” of traditional detectors. When the incident light energy is weak, the light absorption
properties of graphene are mainly determined by the carrier concentration of graphene.
That is because the graphene’s ability to absorb light depends on the Fermi level of the
graphene. When the bias voltage is applied across the graphene, it causes the change in
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the carrier concentration and the Fermi level [31]. This results in changes in the in-band
and inter-band absorbance of graphene, which affects the light absorption of graphene and
achieves optoelectronic modulation. The relationship between the driving voltage and the
chemical potential of graphene is [32]:

£0&, V.
e = hvpy | m—— 5)

where % is the reduced Planck constant, v ~ 10° ms~! is the Fermi velocity,
eg = 8.85 x 10712 F/m is the absolute dielectric constant in vacuum, ¢, is the dielectric
constant of the isolation medium between the two layers of graphene, d is the distance
between two layers of graphene, V, is the applied driving voltage. When the incident
light intensity exceeds a certain critical value, the absorption of light by graphene does
not increase with the increase of light intensity, but remains at a stable light absorption
level. Therefore, the influence of optical power on optical modulation should be considered
during operation.

3. Simulation Results and Analysis

Based on the finite element method, the mode analysis module of COMSOL software
is used to simulate the two-dimensional cross-section of the modulator in Figure 1b, and
the effective mode index of the structure is obtained. As shown in Figure 1b, the total
width of the silicon waveguide of the modulator is w and the total height is /; the length of
the three sections of graphene placed horizontally in the middle of the silicon waveguide is
wq and the height of the two sections of graphene placed vertically is hy; the width of the
isolation layer between the two layers of graphene is d; the distance between horizontal
graphene and the bottom surface of the silicon waveguide is w,. The refractive index
of the material used in this device is as follows: ns,0, = 1.44, ns, = 3.47, nypy = 1.98.
The equivalent refractive index of graphene is calculated from the previous chapter. The
specific values of other parameters are as follows: w = 660 nm, 1 = 510 nm, d = 20 nm,
wy = 220 nm, wp, = 170 nm, h; = 170 nm.

Figure 3a,b are respectively the electric field diagrams of the TM and TE modes. It
can be seen from Figure 3a that the light field in the TM mode mainly interacts with
horizontally placed graphene, and most of the light is confined between the two layers of
graphene. The light field in the TE mode mainly is confined in vertically placed graphene as
shown in Figure 3b. Polarization-independent optoelectronic modulation can be achieved
through the two parts of graphene. Placing the graphene ridge structure in the center
of the waveguide enhances the interaction between the light and graphene. Under the
premise of ensuring low polarization tolerance, the ER of the modulators in TM and TE
modes are improved. Although a small amount of light leakage occurs in the vertical and
horizontal light fields, resulting in diffraction effect, the effect on the overall polarization
characteristics of the light modulator is negligible.

At 1550 nm light wavelength, the real and imaginary parts of the effective refractive
index with chemical potential can be obtained by using the COMSOL software. As shown
in Figure 4a, as the chemical potential increases, the real part N of the effective refractive
index of the structures in the TM and TE modes has a nearly uniform trend of change.
As shown in Figure 4b, when the chemical potential changes, the imaginary part a of the
effective refractive index in the TM and TE modes is almost equal. When p.= 0.51 eV, the
«Tp in TM mode is 0.692, and the atg in TE mode is 0.665. At this time, the light absorption
in the two modes is the strongest, which can be used as the “OFF” point of the modulator.
Meanwhile, the maximum difference between the a7, and a7g is 0.027, which is the small
value relative to the peak. It shows that the device has almost the same modulation ability
for the TM and TE modes. When y. = 0.61 eV, atp and a7g are equal to 1.1789 x 104
and 8.3459 x 107>, respectively. At this time, most of the light field can pass through the
modulator, and this point is used as the “ON" point of the device.
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Figure 3. The mode field distribution in the waveguide. (a) The TM mode field distribution (b) The
TE mode field distribution.
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Figure 4. The real and imaginary parts of the effective refractive index changes in transverse magnetic (TM) and transverse
electric (TE) modes at different graphene chemical potentials. (a) The effective refractive index real part. (b) The imaginary

part of effective refractive index.

When the chemical potential is equal to 0.51 eV and the wavelength of the incident
light is changed from 1400 nm to 1700 nm, the variation of the real part N and imaginary
part « of the effective refractive index with wavelength is shown in Figure 5. As shown in
Figure 5a, N1 and N7g have almost the same change trend. As shown in Figure 5b, when
the wavelength changes, the difference between the value of a7y and atg is extremely
small. The maximum difference between the atp and atr is only 0.027, and both take the
maximum value at the wavelengths equal to 1550 nm.

As shown in Figure 6, when yi. is equal to 0.49 eV, 0.50 eV, 0.51 eV, 0.52 eV, and 0.53 eV,
the wavelength taken to the extinction coefficient amax also increases as the chemical
potential increases. By choosing different chemical potentials, the device can maintain the
high extinction coefficient over the wide range of wavelengths. At the same time, the values
of atp; and ar are almost equal for the same chemical potential, which again confirms the
good polarization independence of the device.
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Figure 5. The real and imaginary parts of the effective refractive index changes in TE and TM modes at different wavelength

(a) The real part of effective refractive index (b) The imaginary part of effective refractive index.
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Figure 6. When i is equal to 0.49 eV, 0.50 eV, 0.51 eV, 0.52 eV, 0.53 eV, the variation of the imaginary
part of effective refractive index for both TE and TM modes at different wavelength.

4. The Device Performance Parameters
4.1. The Extinction Ratio

The extinction ratio is the important parameter of an optoelectronic modulator and
the index to measure its switching performance. The expression of the ER of the modulator
proposed in this paper is shown in Equation (6):

(6)

e—47‘[1XONL )

Pon
ER =10 x logw(POFF) =10 x 10g10<e47‘[0(oppL

where Pon and Porr represent the power of the modulator when it is in the “ON” and
“OFF” states; L is the effective length of the modulator; apy and aorr are the extinction
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coefficient when the modulator is respectively in the “ON” and “OFF” states, which is the
imaginary part of the effective refractive index of the modulator.

As shown in Figure 4b, when the chemical potential equals to 0.61 eV, the light
modulator has the low extinction coefficient value, and the extinction coefficient « at this
time is selected as apx. When the chemical potential equals to 0.51 eV, the light modulator
has the highest extinction coefficient value, and the extinction coefficient « is selected as
«orr- The article selects the modulation length L = 3 um, changes the incident wavelength
A, and calculates the change of the ER value for both TM and TE modes with the incident
light wavelength as shown in Figure 7. When the operating frequency is around 1550 nm,
the modulator has the maximum ER of 110 dB, which is much larger than the previously
proposed structure [24]. At the same time, almost the same ER of TM and TE mode is
guaranteed. The calculation results show that the ER gap between TM and TE modes is
always less than 4.46 dB, which is much smaller than the previously proposed structure.
This can make the polarization tolerance of the optical modulator lower, so as to obtain
a better polarization non-light modulation effect [25]. As shown in Figure 6, when y. is
equal to 0.49 eV, 0.50 eV, 0.51 eV, 0.52 eV, and 0.53 eV, the high extinction coefficient aprp
can be obtained in the wavelength range of 1450 nm to 1650 nm. The high ER is thus
achieved in this wavelength range by fixing aon and changing different aprr. It has also
a better working bandwidth than the previously proposed modulator [25]. In summary,
the optical modulator proposed in this paper can achieve good polarization-independent
optoelectronic modulation in a wide range of wavelengths.

120

—TM

100 — TE

80

ER(dB)

40

20

0 | T
1500 1525 1550 1575 1600

Wavelength(nm)

Figure 7. When . = 0.61 eV is selected as “ON” state and y. = 0.51 eV is the “OFF” state, the
change of the ER with wavelength for both TM and TE modes is calculated.

4.2. The Modulation Bandwidth

The important parameter for measuring the modulation rate of an optical modula-
tor is the modulation bandwidth The factors that determine the modulation bandwidth
of graphene optical modulators are mainly the equivalent capacitance and equivalent
resistance of the modulator [33,34], as shown in Equation (7):

1

fadB = 7RC (7)
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where R is the equivalent resistance of the device, mainly including the resistance Rg of
the graphene itself and the contact resistance Rc due to the contact between the metal
electrode and graphene. Since the resistivity of the graphene is very small, the resistance Rg
is negligible. Only the resistance Rc is considered in the calculation. Its value is generally
R. =400 O, and the equivalent resistance of the double-layer graphene modulator is
calculated to be R = 266.67 ().

The equivalent capacitance of the device is C, mainly including the parallel plate
capacitance Cp formed by the intermediate isolation medium, and its calculation equation
is as follows:

€085

Cp = y (8)

where ¢ is the absolute dielectric constant of the vacuum, ¢, is the relative dielectric con-
stant of the isolation medium hBN, S is the area of the plate capacitor, S = wL, w = 660 nm
is the width of the active region, L = 3um is the length of the active region, d is the thick-
ness of the double-layer graphene insulation medium. When ¢, remains unchanged, d is
proportional to f3;5. However, when d is changed, the modulator’s extinction coefficient
« will also change. Figure 8 shows the change of the a with the chemical potential in the
TM and TE modes at different separation layer distances d. As shown in Figure 8, d is
inversely proportional to the peak value of a. This also shows that the larger d, the smaller
the ER of the modulator. Comprehensively, this paper chose d = 20 nm, and then ob-
tained f3;p = 173.78 GHz. The bandwidth of the bias-independent modulator previously
proposed is only 69.8 GHz [24].

1.0
—— TM(d =10 nm)
— TE(d =10 nm)
0.8 |- —— TM(d = 20 nm)
— TE(d =20 nm)
06 — TM(d =30 nm)
el TE(d = 30 nm)
3
04
0.2
0.0

0490 0495 0500 0505 0510 0515 0520 0.525 0.530
#,(eV)

Figure 8. When the thickness d of the isolation layer is equal to 10 nm, 20 nm, 30 nm, the imaginary
part of the effective refractive index changes with the chemical potential.

4.3. The Insertion Loss

The total optical power loss caused by adding the optical modulator to the optical
transmission system is called the insertion loss of the modulator. These losses include the
transmission loss and the coupling loss between the light source and the waveguide. This
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article only considers the effect of transmission loss on the modulator insertion loss. The
definition of insertion loss is as follows:

“min

M = 1010 (Pymax) = 101log (egnA L) )

where P,max is the maximum value of the normalized output optical power, ayp is the
minimum value of the imaginary part of the effective refractive index, which is taken
as yc = 0.61 eV here, L = 3 um is the effective length of the modulation, A is the inci-
dent wavelength. After calculation, the insertion loss of the optoelectronic modulator is
0.0338 dB.

5. Conclusions

The paper presents a polarization-independent optical modulator based on the double-
layer graphene ridge structure. The double-layer graphene ridge structure can interact with
the light field in both vertical and horizontal directions. By changing the graphene chemical
potential and operating wavelength, the COMSOL Multiphysics simulation software was
used to study the effective refractive index of the modulator in TM and TE modes. Due to
the electric field distribution of the TM and TE modes in the designed modulator being
orthogonal, polarization-independent optoelectronic modulation can be achieved through
the two parts of graphene. Placing the graphene ridge structure in the center of the
waveguide enhances the interaction between the light and graphene. Under the premise
of ensuring low polarization tolerance, the ER of the modulators in TM and TE modes
are improved. The results show that: when the graphene chemical potential changes, the
imaginary parts of the equivalent refractive index in TE and TM modes have almost equal
values, and both reach the maximum value when y, = 0.51 eV. At the same time, the
maximum difference between at)s and a7g is only 0.027, which achieves the polarization-
independent modulation requirements of the modulator. When the distance between the
double-layer graphene isolation layer is d = 20 nm, the TE and TM modes can achieve
extinction ratios up to 110 dB over the wide communication band by selecting appropriate
“ON” and “OFF” switching points. The bandwidth is 173.78 GHz and the insertion loss is
only 0.0338 dB. The proposed modulator provides the important theoretical reference for
the development of large-scale integration of optoelectronic communication devices.
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