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Abstract- This paper addresses the design and performance 
investigation of grapheme-based optical modulators (GBOMs) 
for 1550 and 1310 nm optical communication wavelengths. 
The design stands heavily on two commercial software 
packages, namely COMSOL Multiphysics and LUMERICAL. 
The graphene optoelectronic properties, such as surface 
conductivity, relative permittivity, and refractive index, are 
first calculated theoretically as a function of operating 
wavelength and applied voltage. These calculations are useful 
to model the graphene as a new element in the software 
package element library.  Accordingly, four GBOMs 
configurations are designed, two waveguide modulators 
(WGMs) and two Mach-Zehnder modulators (MZMs). Each 
modulator is based on either square or rectangular cross section 
silicon waveguide covered with a graphene layer. The 
calculations and simulation results reveal that the modulator 
bandwidth is enhanced by 50 % at 1550 nm and 35 % at 1310 
nm when the square waveguide is replaced by a rectangular 
one. Further, both WGM and MZM modulators have almost 
the same bandwidth. At 1550 nm wavelength, the waveguide 
modulator offers 324.4 and 162.2 GHz bandwidth for 100- and 
200 µm-waveguide lengths, respectively.   

Keywords- Graphene Optical Modulator, Mach-Zehnder 

Modulator, Waveguide Modulator, COMSOL Multiphsics, 

Graphene Surface Conductivity. 

 

I. INTRODUCTION  

Graphene is a two-dimensional (2D) allotrope of carbon 
that has a honeycomb-like structure. It has unique electrical, 
optical, mechanical, and chemical properties that makes it 
suitable for many applications including photonics, electronics 
and optoelectronics devices and components [1-10]. Graphene 
can enhance the optical modulator by implementing the 
material inside the modulator leading to high modulation 
depth, high seed operation, low insertion loss, low operating 
voltage, and compact footprint [11-15]. 

The concept of graphene-based optical modulator (GBOM) 
took a great interest in the research from the late 2000's. The 
researchers around the world designed much novel architecture 

each has its own characteristics and limitations, yet no group 
reached to the optimum requirements due to high demands of 
electronics, photonics, plasmonics and communication fields. 
The electrical demands of the modulator needed to be much 
less and the data transfer rates needed to be as much as it can 
be. In theory, many groups may have reached a high advance, 
but practically speaking many problems can occur due to the 
integration of the electronics-photonics system, which must be 
a small footprint and less noise.  

There are many theoretical studies reported in the literature 
related to GBOMs. Zhu et al. [10] demonstrated theoretically 
an advanced optical modulator based on graphene with voltage 
controllable reflections. The optical signal transmitted through 
the graphene was modulated by dynamically varying the 
graphene’s effective permittivity via the voltage biasing of the 
Fermi level. They showed that their modulation technique is 
capable of providing a relative reflectance change of 361%. 
Gao et al. [11] demonstrated theoretically a high-contrast 
electro-optic modulation in a graphene integrated photonic 
crystal nanocavity, providing a modulation depth of more than 
10 dB at telecom wavelengths. Zhou et al. [12] studied 
numerically the graphene enhanced fiber-optic phase 
modulator with a novel architecture that proved a wide linear 
dynamic range with an arm length of 127 μm. Ye et al. [13] 
studied theoretically and numerically dual graphene-on-
graphene electro-absorption optical modulator with four layers 
of graphene embedded in a silicon-on-insulator (SOI) 
waveguide. They showed that their proposed structure is able 
to achieve 34 dB extinction ratio (ER) and 100 GHz of 
modulation bandwidth with an energy consumption of 17.6 
fJ/bit. Du et al. [14] analyzed theoretically the graphene-based 
ring modulator. They found a very high tunability of (1.08 
nm/V) that can be achieved due to the enlarged effective 
refractive index of the waveguide, a large ER of 22.13 dB and 
operation bandwidth up to 149 GHz. The modulator has a wide 
resonance wavelength shift with a 27 K temperature tolerance. 
Midrio et al. [18] reported an electro-refractive modulator 
based on single- and double-layer graphene on top of silicon 
waveguides. They showed that the proposed devices might 
theoretically outperform existing modulators both in terms of 
VπLπ and of insertion losses. The overall figures of merit of the 
proposed devices are as low as 8.5 and 2dB•V for the single- 
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and double-layer cases, respectively. Pan et al. [19] 
demonstrated numerically a compact high-speed electro-optic 
modulator based on a silicon photonic crystal nanobeam cavity 
with gated graphene on top. They showed that their proposed 
modulator could provide a large free spectral range up to 125.6 
nm, a high modulation depth of 12.5 dB, and a high 
modulation speed of 133 GHz. 

Few experimental results related to GBOMs have been 
reported in the literature. For example, Hu et al.[20] studied 
practically the graphene electro-absorption modulator with 10 
Gb/s of modulation speed. A new design was introduced that 
can work over a wide range of wavelengths and temperatures. 
The proposed modulator was used for chip-level optical 
interconnect. Mohsin et al. [21] demonstrated experimentally a 
graphene based electro-absorption modulator with very low 
insertion loss. The device was realized on a silicon-on-insulator 
(SOI) waveguide operating at 1550 nm wavelength. The 
modulator shows a modulation depth of 16 dB and an insertion 
loss of 3.3 dB. Mohsin et al. [22] designed an electro-refractive 
phase modulator operating in the wavelength range of 1530-
1570 nm. The refractive index was realized experimentally 
using graphene as active material. Phare et al. [23] 
demonstrated an ultrafast graphene modulator by leveraging 
critical coupling effects on a silicon nitride ring resonator. This 
modulator achieves a figure of merit of 3.75 GHz V

−1
, 

compared to 0.16 GHz V
−1

 in low insertion loss graphene-on-
silicon structures and 0.27 GHz V

−1
 in double-layer graphene 

electro-absorption devices. 

The aim of this paper is to design and investigate the 
performance of graphene-based optical modulators for 1550 
and 1310 nm optical communication wavelengths. The design 
uses theoretical modeling of graphene optoelectronic properties 
coupled to commercial software packages. 

 

II. GRAPHENE OPTOELECTRONIC PROPERTIES 

In this section, the surface conductivity σg, the relative 
permittivity εg, and the refractive index ng, are calculated for 
graphene as a function of the applied voltage Vg. The results 
are provided for 1550 nm and 1310 nm wavelengths using the 
following parameter values  

Voltage offset (V0) = 0.8 V. 

Fermi velocity (vf) = 10
6
 m.s

-1
. 

Scattering rate (Γ) = 10
12

 s
-1

. 

Graphene layer thickness (d) = 0.34 nm. 

Graphene surface conductivity (σg) has two types of 
conductivity according to the transition that occurred in the 
graphene material, namely intraband (σa) and interband (σe) 
[24] 
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The conductivity of graphene depends on the frequency (ω) 
[25-38] 
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where fe (E) is the Fermi-Dirac distribution function and its 
expressed as 
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Here, E is the energy, μC is the chemical potential, KB is the 
Boltzmann's constant, T is the temperature, ℏ is the modified 
Planck's constant, ω is the frequency, and Γ is the scattering 
rate.  

The graphene surface conductivity can be written 
separately as four equations representing the derived 
expressions of the real and imaginary parts of the graphene 
intraband and interband conductivities, respectively. 
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where σar is the real part of the intraband conductivity, σai is the 
imaginary part of the intraband conductivity, σer is the real part 
of the interband conductivity, σei is the imaginary part of the 
interband conductivity. In addition, the other parameters of the 
equations are described in following equations 
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where σ0 is the universal optical conductivity of the graphene, 
it is used to provide the relative conductivity of the graphene 
material by dividing the required surface conductivity on the 
universal optical conductivity as will be shown in the results 
later.  
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where γar and γai are conductivity rate numerical parameters 
used for the intraband conductivity calculations of the real and 
imaginary parts, respectively.   

2222

1 )2(4    C
                                                     (7a) 

22

2 )2(24    C                                                 (7b) 



International Journal of Science and Engineering Investigations, Volume 6, Issue 61, February 2017 155 

www.IJSEI.com             Paper ID: 66117-21 ISSN: 2251-8843 

22

3 )2()2(   C                                                      (7c) 

where 

σ0 = Universal optical conductivity 

The permittivity of graphene depends on the graphene 
surface conductivity, the frequency of operating, and the 
thickness of the graphene material. For single-layer graphene, 
the thickness is considered as 0.34 nm and the equation that 
predicts the permittivity behaviour with the chemical potential 
of graphene is  

0
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Since the permittivity is a complex, it can be written as 
shown in equation 9a.  
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where 

εg(ω) = Graphene permittivity 

εgr(ω) and εgi(ω) = Real and imaginary parts of graphene 
permittivity, respectively 

σgr(ω) and σgi(ω) = Real and imaginary parts of graphene 
surface conductivity, respectively 

ε0 = Dielectric constant of free space 

d = Thickness of graphene material 

σg(ω) = Graphene surface conductivity 

ω = Radian frequency. 

The refractive index of graphene is the root square of the 
graphene conductivity and it can be represented by real and 
imaginary parts as ngr and ngi, respectively 
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Figures 1a and 1b show the relation between chemical 
potential and applied voltage for different values of energy 
hopping parameter and layer thickness, respectively. The 
minimum value of μC lies at the Dirac point with 0 eV at the 
energy hopping parameter (γAB) value of -3.3 eV. 

The results show that the chemical potential increases with 
applied voltage, if the applied voltage is more than the absolute 
value of the Dirac voltage V0 = VDirac which is taken as 0.8 V. 
Figure 1b shows the variation of chemical potential with 

applied voltage for different layer thicknesses with minimum 
value of 0 eV at the Dirac point and at 70 nm layer thickness. 

 

 

 

Figure 1.  Graphene chemical potential as a function of applied voltage for 

different values of (a) energy hopping parameter (b) layer thickness. 

 

A. Graphene Surface Conductivity  

Figure 2 shows the surface conductivity of the graphene as 
a function of applied voltage with the differentiation between 
intraband (real and imaginary parts) and the interband (real and 
imaginary parts).  

 

 

Figure 2.  Graphene surface conductivity as a function of applied voltage at 

1550 nm operating wavelength. 
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The results are based on equations 4a-d and calculated at 
1550 nm wavelength. At the zero potential, the real part of the 
intraband conductivity takes the minimum value of 
conductivity, while the real part of the interband conductivity 
takes the maximum value of conductivity. The in-between 
values are the imaginary parts of the intraband and interband, 
respectively. The intraband conductivity has a fixed separation 
between its real and imaginary part, while the interband 
conductivity intersects at the absolute value of -0.303 eV as 
shown in the Fig. 2. The figure also shows a symmetric 
behaviour upon the offset voltage. The relative conductivity is 
for scaling of parameters by dividing the conductivities on the 
universal optical conductivity (σ0) of graphene. 

The dependence of the real and imaginary parts of the total 
graphene surface conductivity on the applied voltage is given 
in Fig. 3 for λ=1550 nm. 

 

 

Figure 3.  Real and imaginary parts of total graphene conductivity as a 

function of applied voltage at 1550 nm wavelength. 

 

Fig. 3 shows the same symmetry around the offset voltage 
of graphene and gives another picture of the representation of 
graphene surface conductivity. In addition, it proves the 
derived equations of our mathematical modeling of the surface 
conductivity. The real part of the total surface conductivity 
starts from 4.36 X 10

-9
 then it decays slowly to reach 3.32 X 

10
-9

 at the applied voltage of -1 V. After that it rises rapidly to 
reach its maximum value 7.91 X 10

-7
 when the applied voltage 

reaches 0.31 V and remain constant when the voltage reaches 
1.68. Then it decays rapidly to reach 3.64 X 10

-9
 when the 

applied voltage reaches 2.57 V. After that it rises slowly to 
reach 4.1 X 10

-9
 when the applied voltage reaches 10 V.  On 

the other hand, the imaginary part of the total surface 
conductivity starts from 1.36 X 10

-6
 at -10 V then it decays 

slowly to reach 9.23 X 10
-7

 at -1 V. Then it reaches the peak 
value of 1.77 X 10

-6
 at -0.35 V. Then it reaches its minimum 

value of 3.6 X 10
-8

 at 0.8 V – the offset voltage value -. Then it 
repeats the symmetric behaviour on the offset voltage value.  

At the operating wavelength λ=1550 nm, the absolute value 
of graphene's chemical potential |μC|= 0.39 eV at which the real 
part and the imaginary part of the interband conductivity 
intersects as shown in Fig. 2. While at the operating 
wavelength λ=1310 nm, the absolute value of graphene's 
chemical potential |μC|= 0.4625 eV at which the real part and 

the imaginary part of the interband conductivity intersects as 
shown in Fig. 4. These intersection points are favorable in the 
operating wavelength of choice. Another interesting point is 
the intersection point of the real parts of intraband and 
interband conductivity. For λ=1550 nm this point occurs at the 
|μC|= 0.5205 eV and for λ=1310 nm this point occurs at the 
|μC|= 0.616 eV. 

 

 
Figure 4.  Graphene conductivity as a function of applied voltage at the 1310 

nm operating wavelength. 

 

At the operating wavelength λ=1310 nm, the real part of the 
total surface conductivity starts from 3.23 X 10

-9
 at -10 V. 

Then it decays slowly to reach 2.75 X 10
-9

 at the applied 
voltage of -2.09 V. After that it rises rapidly to reach its 
maximum value 8.67 X 10

-7
 when the applied voltage reaches 

0.77 V and remains constant when the voltage reaches 2.39 V. 
Then it decays rapidly to reach 2.72 X 10

-9
 this is when the 

applied voltage reaches 3.48 V. After that it rises slowly to 
reach 3.06 X 10

-9
 when the applied voltage reaches 10 V.  On 

the other hand, the imaginary part of the total surface 
conductivity starts from 1.19 X 10

-6
 at -10 V then it decays 

slowly to reach 9.22 X 10
-7

 at -1.8 V. Then it reaches the peak 
value of 1.81 X 10

-6
 at -0.81 V. Then it reaches its minimum 

value of 3.04 X 10
-8

 at 0.8 V – the offset voltage value -. Then 
it repeats the symmetric behaviour on the offset voltage value 
as shown in Fig. 5. 

 

 
Figure 5.  Real and imaginary parts of total graphene conductivity as a 

function of applied voltage at 1310 nm wavelength. 
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B. Graphene Permittivity 

Fig. 6a and 6b show the relation between the permittivity of 
graphene and the applied voltage for the operating wavelength 
of 1550 nm and 1310 nm, respectively. Comparison between 
these two figures indicates that the real part of the permittivity 
takes a larger value with an increase of operating wavelength 
(7.2 for 1550 nm and 6.587 for 1310 nm) and also shifts its 
peak voltage from (0.49 V to 0.508 V which occur at 1550 nm 
to 1310 nm). These wavelengths represent the operating 
wavelengths of the optical communication systems. 

 
 

 

 

 

Figure 6.  Graphene permittivity as a function of applied voltage at (a) 1550 
nm (b) 1310 nm. 

C. Graphene Refractive Index 

Fig. 7a and 7b show the relation between the refractive 
index of graphene and the applied voltage for 1550 nm and 
1310 nm, respectively. 

 

  

Figure 7.  a) Graphene refractive index as a function of applied voltage at the 

operating wavelength 1550 nm. 

 

Figure 7.  b) Graphene refractive index as a function of applied voltage at the 

operating wavelength 1310 nm. 

 

Comparison between Fig. 7a and 7b shows that the real part 
of the refractive index takes a larger value with increasing the 
operating wavelength (2.71 for 1550 nm and 2.58 for 1310 nm) 
and also shifts its peak voltage from (0.49 V to 0.508 V which 
occur at 1550 nm to 1310 nm).  

 

TABLE I.  DEPENDENCE OF GRAPHENE RELATIVE PERMITTIVITY AND 

REFRACTIVE INDEX ON THE APPLIED VOLTAGE. 

Applied 

Voltages 

(V) 

Relative Permittivity 

( εg = εgr + jεgi ) 

Refractive Index 

( ng = ngr + jngi ) 

λ= 1550 nm λ= 1310 nm λ= 1550 nm λ= 1310 nm 

-40 
1.888587 + 

0.002446i 

1.626435 + 

0.0014908i 

1.37425+ 

0.00089i 

1.275317 + 

0.0005845i 

-30 
1.763672 + 

0.002141i 

1.535872 + 

0.001309i 

1.32803 + 

0.000809i 

1.239303 + 

0.0005281i 

-20 
1.61445 + 
0.00178i 

1.426996 + 
0.001099i 

1.27061 + 
0.000703i 

1.1945697 + 
0.00046024i 

-10 
1.41484 + 
0.00134i 

1.278905 + 
0.0008474i 

1.18947 + 
0.00056i 

1.130887 + 
0.00037469i 

0 
0.96304 + 

0.28034i 

0.985959+ 

0.2371i 

0.99148 + 

0.141376i 

1.0000073 + 

0.1185528i 

10 
1.37261 + 

0.00126i 

1.2468623 + 

0.000802i 

1.17158 + 

0.00053i 

1.1166299 + 

0.0003593i 

20 
1.58691 + 

0.00172i 

1.4067686 + 

0.001062i 

1.25972 + 

0.00068i 

1.1860728 + 

0.00044782i 

30 
1.74185 + 

0.00208i 

1.5200108 + 

0.001277i 

1.319794 + 

0.000791i 

1.2328873 + 

0.0005182i 

40 
1.86997 + 
0.00241i 

1.61296265 + 
0.001463i 

1.367469 + 
0.0008778i 

1.2700247 + 
0.0005761i 

 

 

Table 1 lists the values of the refractive index (ng) and the 
relative permittivity (εg) as a function of applied voltage 
ranging from -40 to 40 V in 10 volts steps for the operating 
wavelengths of λ= 1550 nm and 1310 nm. These values will be 
used to model the graphene as a library element in the used 
software packages. 
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III. DESIGN OF GRAPHENE-BASED OPTICAL MODULATORS 

This section presents the design GBOMs for 1550 and 1310 
nm wavelengths. The design uses waveguide modulator 
(WGM) and Mach-Zehnder modulator (MZM) configurations 
and stands heavily on commercial software packages, namely 
COMSOL and LUMERICAL.   

The modulators are designed in three-dimensional (3D) 
environment. Four modulator structures are designed with 
silicon waveguides having square or rectangular cross section 
as shown in Fig. 8 a-d. 

 

 

 

 
 

 

Figure 8.  3D GBOM designed with a. two rectangular waveguides b. two 

square waveguides c. one rectangular waveguide d. one square waveguide. 

 

 
Figure 9.  2D representation of GBOM designed with a. two rectangular 

waveguides b. two square waveguides c. one rectangular waveguide d. one 

square waveguide f- Magnified image for graphene illustration. 

The design takes into consideration the shape of the 
waveguide (to be square and rectangle), the number of 
waveguides (to be one or two), the electrode contact material 
(to be gold or nickel), the buffer layer material (to be hydrogen 
silsesquioxane (HSQ) or hafnium dioxide - yttrium oxide 
(HfO2-Y2O3)). Interchangeably, the work focuses on these 
parameters and their effect upon the modulator characteristics. 
Performance comparison among those modulators is performed 
to achieve the optimum desired features for the required 
operation.  Fig. 4 shows the modulators in a comparative two-
dimensional (2D) representation. 

The COMSOL design of the rectangular waveguide 
modulator is illustrated in the following steps.  

i. Use SiO2 as the base layer and add Si waveguide on 
top of it, (Fig. 10a). 

ii. Add HSQ as a buffer layer material (Fig. 10b).   

iii. Add graphene material on top of the HSQ layer (Fig. 
10c). 

iv. Use Al2O3 material on top of the structure (Fig. 10d).  

 

 

Figure 10.  Steps used to design a waveguide GBOM using 2D COMSOL 
environment a- First step b- Second step  

 

A B 
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Figure 10.  Steps used to design a waveguide GBOM using 2D COMSOL 

environment c- Third Step d- Fourth step. 

 

IV. SIMULATION RESULTS  

Simulation is presented for the mode analysis of the 
designed modulators using COMSOL and LUMERICAL 
softwares. The graphene material is not found in the material 
library of these software packages. Therefore, one should make 
a model for graphene to support the design and the simulation 
process using the optoelectronic propertied deduced earlier. 

A. Mode Analysis for Square Waveguide Modulators Using 

COMSOL  

The mode analysis is done using COMSOL with the 
fundamental mode transfer electric TE00 for multiple structure 
progressing schemes for waveguide (WG) modulator and 
Mach-Zehnder modulator. The consideration of electrode 
material, the gold (Au) and the nickel (Ni) are taken for 
comparison purposes. Results of the COMSOL design of the 
square waveguide modulators are illustrated in Fig. 11a-c. 

By adding the HSQ layer to the structure, the effective 
mode index becomes as shown in Fig. 11b. The effective mode 
index is simulated for the final modulator design as shown in 
Fig. 11c. 

 

 

 

Figure 11.  Effective mode index using a- Si waveguide and SiO2 substrate b- 

Adding the HSQ layer c- Final modulator design. 

 

The effective mode index is found to be 3.4176 for the 
three steps involved in the simulation process. The strong 
interaction of the guided mode is the advantage of the structure 
geometry design and material choice. For TE00, the surface 
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electric field varies in the steps of the design and this is a sign 
of convenient results. The surface electric field for the first step 
is at maximum of 178 V/m, for the second step is at maximum 
of 257 V/m, and for the final design is 2.68 X 10

6
 V/m. Now 

considering the Mach-Zehnder modulator with a square 
waveguide shape. The three involved steps of the effective 
mode index simulation for TE00 mode, is shown in Fig. 12a-c. 
The effective mode index is simulated for the second step by 
adding the HSQ layer in the structure and the final step 
considering TE00 mode as shown in Fig. 12b-c, respectively. 

 

 

Figure 12.  Mode analysis simulation result using MZM configuration. a- Si 

waveguide and SiO2 substrate b- Adding the HSQ layer c- Final modulator 

design. 

The mode analysis for the optical modulator is also done 
using the LUMERICAL. Fig. 13a shows the mode propagating 
inside the optical modulator. Fig. 13b shows the fundamental 
mode (TEM00) propagation inside the optical modulator. 

 

 
Figure 13.  (a) The mode solution of the designed GBOM using LUMERICAL 

(b) TEM00 mode propagation (c, d) TEM10 and TEM11 mode propagation.  
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Fig. 13c shows the TEM10 and TEM11 mode propagation 
inside the optical modulator. 

The mode analysis performed in both softwares shows that 
the effective mode index is 3.4176 and 3.4205 for the 
waveguide modulator and the MZM, respectively. Since the 
effective mode index does not have an imaginary part, this 
means no losses are found along the propagating modes. The 
phase constants (i.e. phase coefficients) of 1550 nm and 1310 
nm operating wavelengths can be calculated from these results 
and they are listed in Table 2. 

 

TABLE II.  COMPARISON BETWEEN WGM AND MZM IN TERMS OF 

PROPAGATION CONSTANT AT 1550 NM AND 1310 NM. 

 
Waveguide 

Modulator 

Mach-Zehnder 

Modulator 

Effective mode index 3.4176 3.4205 

Propagation constant at 1550 nm (rad/µm) 13.8538 13.8655 

Propagation constant at 1310 nm (rad/µm) 16.3919 16.4058 

 

The MZM modulator supports multimode operation and the 
number of modes that are calculated through the design 
simulation process is 257 mode. Fig. 14a and 14b show some 
of the modes that can propagate in the modulator with the near 
fundamental and higher-order modes, respectively. 

 

 

 

Figure 14.  Mode analysis simulation result at the final step using MZM, a- 

Fundamental and near fundamental modes, b- Higher-order modes. 

B. Mode Analysis for Rectangular Waveguide Modulators 

Using COMSOL  

The mode analysis is done using COMSOL with the 
fundamental mode transfer electric TE00 from multiple 
structure progressing schemes for waveguide modulator and 
Mach-Zehnder modulator designed with rectangular cross-
section silicon waveguide. Four steps are simulated for the 
WGM as illustrated in Fig. 15. 

 

 

 

  

Figure 15.  Mode analysis simulation result for 1550 nm WG modulator with 

rectangular shaped waveguide a- Si waveguide and SiO2 substrate b- Adding 

the HSQ layer c- Adding graphene material  
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Figure 15.  d) Mode analysis simulation result for 1550 nm WG modulator 

with rectangular shaped waveguide for final modulator design. 

  

i. Using SiO2 as the base layer and add Si waveguide on 
top of it, (Fig. 15a). 

ii. Adding HSQ as a buffer layer material (Fig. 15b). 

iii. Adding graphene material on the top of the HSQ layer 
(Fig. 15c). 

iv. Using Al2O3 material on the top of the structure (Fig. 
15d). 

The effective mode index for the WGM configuration 
design is found to be 2.2721, 1.9092, 1.9935 - 0.0010765i, 
2.0824 -0.0014855i, for the first, second, third, and fourth step, 
respectively. The scale sensitivity is much higher when dealing 
with nm scale this is the result of the design accuracy. The 
surface electric field is at maximum of 13.7, 8.1, 8.09, 8.72 
V/m for the first, second, third, and fourth step, respectively. 
The mode confinement is better enhanced by following the 
steps till the final design is obtained. This shows that the 
layout-geometry and material choice are quite accurate. Now 
considering the buffer layer material to be HfO2-Y2O3.The 
simulation results are shown in Fig. 16a and 16b, for the 
wavelength of 1550 nm and 1310 nm, respectively. 

 

 

Figure 16.  a) Simulation results for WG modulator using HfO2-Y2O3 as a 

buffer material for 1550 nm. 

 

Figure 16.  b) Simulation results for WG modulator using HfO2-Y2O3 as a 

buffer material for 1310 nm. 

 

The effective mode index (EMI) is calculated as 2.3118–
0.0013078i, 2.5794 – 6.0518 X 10

-4
 for the wavelengths of 

1550 nm and 1310 nm, respectively. The surface electric field 
is at maximum of 9.99 and 12.1 V/m for the wavelengths of 
1550 nm and 1310 nm, respectively. 

The Mach-Zehnder modulator is also designed and 
simulated for the case of using rectangular-shaped silicon 
waveguide. Four simulating steps are performed for the MZM 
modulator as follows 

i. Using SiO2 as the base layer and add Si waveguide on top 
of it, (Fig. 17a). 

ii. Adding HSQ as a buffer layer material (Fig. 17b).  

iii. Adding graphene material on the top of the HSQ layer 
(Fig. 17c). 

iv. Using Al2O3 material on the top of the structure (Fig.17d). 

The effective mode index for the MZM modulator 
configuration design is found to be 2.2708, 1.968, 2.0493 - 
0.00075222i, 2.0697 – 0.0014014i, for the first, second, third, 
and fourth step, respectively. The scale sensitivity is much 
higher when dealing with nm scale this is the result of the 
design accuracy. 

 

 

Figure 17.  a) Mode analysis simulation result for 1550 nm MZM modulator 
of rectangular shaped waveguide using Si waveguide and SiO2 substrate.  
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Figure 18.  b,c,d) Mode analysis simulation result for 1550 nm MZM 
modulator of rectangular shaped waveguide b- Adding the HSQ layer c- 

Adding graphene material d- Final modulator design. 

The surface electric field is at maximum of 12.3, 9.81, 9.82, 
8.07 V/m for the first, second, third, and fourth step, 
respectively. The mode confinement is better enhanced by 
following the steps till the final design is obtained. This shows 
that the layout-geometry and material choice are quite accurate. 

Now considering the buffer layer material to be HfO2-
Y2O3.The simulation results are shown in Fig. 18a and 18b for 
the wavelength of 1550 nm and 1310 nm, respectively. 

 

 

 

Figure 19.  Simulation results for MZM modulator using HfO2-Y2O3 as a 
buffer material for a- 1550 nm b- 1310 nm. 

 

The effective mode index (EMI) is calculated as 2.3831 – 
0.0011204i and 2.5864 – 6.0072 X 10

-4
 for the wavelengths of 

1550 nm and 1310 nm, respectively. The surface electric field 
is at maximum of 13 and 10 V/m for the wavelengths of 1550 
nm and 1310 nm, respectively.  

The results that are obtained in the design in terms of time 
delay and maximum frequency (i.e. bandwidth) are provided 
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here for the four designed modulators. Two WG modulators 
having square and rectangular cross-section area and two 
related MZM modulators. Results are given for waveguide 
having arm lengths of 200 and 100 μm, and for 1550 and 1310 
nm operating wavelengths, using HSQ as a buffer layer 
material, as shown in Table 3. 

 

TABLE III.  COMPARISON BETWEEN WG MODULATORS AND MZM 

MODULATORS IN TERMS OF TIME DELAY AND BANDWIDTH AT 200 AND 100 

ΜM ARM LENGTH FOR WAVELENGTHS OF 1550 NM AND 1310 NM USING HSQ. 

Designed 

Modulators Effective 

Mode Index 

(EMI) 

Bandwidth 

(GHz) 

Time Delay 

(ps) 

Mod 
λ 

nm 

100 

μm 

200 

μm 

100 

μm 

200 

μm 

WG 

Sq. 

1550 3.4176 219.4 109.7 1.12 2.25 

1310 3.4176 219.4 109.7 1.12 2.25 

MZM 

Sq. 

1550 3.4205 219.2 109.6 1.12 2.25 

1310 3.4205 219.2 109.6 1.12 2.25 

WG 

Rect. 

1550 
2.0824–

0.0014855i 
360.1 180.1 0.68 1.37 

1310 
2.4564-

0.00052946i 
305.3 152.6 0.81 1.62 

MZM 

Rect. 

1550 
2.0697– 

0.0014014i 
362.3 181.2 0.68 1.36 

1310 
2.4708–

0.00052327i 
303.5 151.7 0.81 1.63 

 

Table 4 shows the results when the four modulators are 
designed using HfO2-Y2O3 as a buffer layer material.  

 

TABLE IV.  COMPARISON BETWEEN WG MODULATORS AND MZM 

MODULATORS IN TERMS OF TIME DELAY AND BANDWIDTH AT 200 AND 100 

ΜM ARM LENGTH FOR WAVELENGTHS OF 1550 NM AND 1310 NM USING HFO2-
Y2O3. 

Designed 

Modulators Effective 

Mode Index 

(EMI) 

Bandwidth 

(GHz) 

Time Delay 

(ps) 

Mod 
λ 

nm 

100 

μm 

200 

μm 

100 

μm 

200 

μm 

WG 

Sq. 

1550 3.48 215.5 107.8 1.15 2.3 

1310 3.48 215.5 107.8 1.15 2.3 

MZM 

Sq. 

1550 3.47 216.1 108.1 1.14 2.29 

1310 3.47 216.1 108.1 1.14 2.29 

WG 

Rect. 

1550 
2.3118 – 

0.0013078i 
324.4 162.2 0.76 1.52 

1310 
2.5794 – 

0.0006051i 
290.7 145.3 0.85 1.7 

MZM 

Rect. 

1550 
2.3831 – 

0.011204i 
314.7 157.3 0.78 1.57 

1310 
2.5864 – 

0.0006007i 
290 145 0.85 1.7 

 

Investigating the results in this table reveals the following 
findings 

i. Using rectangular cross section waveguide will 
enhance the bandwidth of the modulator by 

approximately 50 % and 35 % at 1550 nm and 1310 
nm, respectively, compared with square cross section 
waveguide. 

ii. Both WGM and MZM modulators have approximately 
the same bandwidth which scales inversely with the 
WG length. 

Table 5 shows the results obtained for the three involved 
steps of the design of MZM modulator in terms of insertion 
loss, extinction ratio, and maximum and minimum 
transmission coefficients. Tmax and Tmin. The half-wave voltage 
is calculated for the four designed modulators with two arm 
lengths of 100 µm and 200 µm, respectively and the results are 
listed in Table 6. 

 

TABLE V.  RESULTS OF TMIN, TMAX, IL AND ER FOR THE THREE STEPS OF 

DESIGN. 

Steps Tmin Tmax IL ER 

HSQ + Al2O3 0.0199 0.1025 9.892 7.11 

Graphene +Al2O3 0.4339 0.9950 0.021 3.6 

Final Device 0.7051 0.9991 3.19 X 10-3 1.5 

 

TABLE VI.  HALF-WAVE VOLTAGE CALCULATION RESULTS. 

Arm lengths 
Mod 1 Mod 2 Mod 3 Mod 4 

Half-Wave Voltage-Length Product VπLπ (V.cm) 

100 µm 0.8 0.4 0.2 0.01 

200 µm 1.6 0.8 0.4 0.02 

 

V. CONCLUSIONS 

The paper has presented theoretical and simulation design 
steps and performance investigation for graphene-based optical 
modulators for 1550 nm and 1310 nm communication 
wavelengths. A theoretical model has been developed using 
surface conductivity to assess the graphene optoelectronic 
properties. The main conclusions drawn for this study are 

i. The MZM is the prominent choice for the GBOM 
since it has a better confinement of the modes. 

ii. Gold electrodes are more suitable than Nickel 
electrodes since they provide lower interaction noise 
and thus leave the modes with less interference. 

iii. The minimum time delay is achieved using MZM 
modulator of a rectangular cross section and its 0.68 
ps when the modulator is designed with 100 µm 
waveguide length which offers a bandwidth of 362.3 
GHz. 

iv. Using HfO2-Y2O3 as a buffer layer material in the 
design of the modulators gives a higher EMI than 
HSQ material for the same design. 

v. The half-wave voltage is reduced by using MZM 
configuration. 
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vi. Using rectangular cross section waveguide will 
enhance the bandwidth of the modulator by 
approximately 50 % and 35 % at 1550 nm and 1310 
nm, respectively, compared with square cross section 
waveguide. 

vii. Both WGM and MZM modulators have 
approximately the same bandwidth which scales 
inversely with the WG length. 
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