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Abstract
In this paper, a hybrid plasmonic modulator based on ITO and graphene is designed. Graphene and ITO are
used in the active region, which increases the light-matter interaction and reduces the device's operating
voltage in the proposed modulator. As a result, it increases the extinction ratio (ER) and reduces the proposed
modulator's power consumption and device footprint compared to similar modulators. The values of 8.12
dB/µm and 5.4 fJ are obtained for ER and power consumption, respectively. The time-domain �nite-
difference (FDTD) method is used to simulate the modulator. Integrating a modulator with high light-matter
interaction and low power consumption in the silicon-on-insulator platform has signi�cant potential for
broadband, compact and e�cient communication interconnects and circuits.

1. Introduction
One of the key elements in optical electronics is the silicon-based optical modulator, connecting the two
�elds of photonics and electronics by converting an electrical signal into an optical signal. The key
characteristics of the optical modulator are low power consumption, compact size, high extinction ratio (ER),
and low insertion losses. Therefore, designing optical modulators with optimum parameters is essential. The
architecture of typical modulators such as silicon-based structures (Xu et al., 2005, Preston et al., 2009),
high-quality resonant structures (Li et al., 2018, Qiu and Han, 2021), and Mach Zehnder structures
(Mahmoud et al., 2017, Jiang et al., 2018) are rarely able to optimize all modulator parameters
simultaneously. Such structures have drawbacks such as narrow bandwidth, high-energy consumption, and
large size. Developing new modulators with compact size and broadband is required (Babicheva et al.,
2013). Metal oxide semiconductor-based hybrid plasmonic waveguides are used to design compact,
broadband silicon-based optical modulators. These waveguides use doped silicon, Indium Tin Oxide (ITO),
vanadium dioxide, or graphene (Kim and Kim, 2016, Du et al., 2019, Babicheva et al., 2013, Liu et al., 2011a,
Wong and Helmy, 2017). A fundamental characteristic of these materials is adjusting the density of carriers
and injecting charge into the material by applying an electric �eld (Lin and Helmy, 2015b, Koch et al., 2016,
Shah et al., 2018, Jin et al., 2016, Wood et al., 2018). Recently, directional coupler-based devices have been
investigated (Kim, 2014, Kim and Kim, 2016, Du et al., 2019). In these structures, the coupling rate and
attenuation coe�cient change, and the input signal can be modulated by changing the density of plasmonic
material carriers in the coupler.

Plasmonic structures enhance light-matter interaction in optical devices and form a strong local �eld
interaction with plasmonic resonances. Based on this, combined plasmonic waveguide modulators (HPW)
(Lin and Helmy, 2015b, Wood et al., 2018, Campione et al., 2017, Huang et al., 2016, Zhu et al., 2017) and
Metal-Insulator-Metal (MIM) (Lee et al., 2014, Wu and Xu, 2018) have been introduced. In these structures,
high optical �eld con�nement leads to increasing interaction of light and matter. In recent years, graphene as
an active element in optical modulators has been considered. Graphene has unique properties such as a
unique linear energy band, high carrier mobility at room temperature, and controllable light transmission and
carrier density by applying electric media. These properties have led to the widespread use of graphene in
electro-optical modulators from the visible range to terahertz (Chen et al., 2016, Liu et al., 2011b, Sensale-
Rodriguez et al., 2012, Ansell et al., 2015, Han et al., 2020, Sun et al., 2019). However, these structures suffer
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from low ER due to poor interaction between graphene and light-wave. Therefore, increasing the interaction
between optical signals with graphene is essential for achieving optical devices that use graphene
adjustability (Ye et al., 2014).

On the other hand, ITO-based modulators have high ER but suffer from high operating voltages and high
power consumption. The ITO layer can be used in graphene plasmonic waveguides to increase graphene-
based modulator and optical signal interaction (Das et al., 2015, Ye et al., 2014).

This paper proposes and designs a plasmonic modulator based on ITO and graphene. The modulator
structure consists of two silicon waveguides which a coupler is coupling these two waveguides. The coupler
consists of a vertical Si/Graphene/HfO2/ITO/HfO2/Graphene stack. The use of ENZ properties of graphene
and ITO materials has led to the design of modulators with low operating voltage and high resolution. The
optical properties of the proposed modulator are investigated using the FDTD method.

2. Con�guration And Characterization Of Hybrid Plasmonic Waveguide
Figure 1 shows the proposed modulator structure, which consists of three waveguides. Two of them are
silicon waveguides, and one is a plasmonic waveguide, which is placed between the two silicon waveguides.
The plasmonic waveguide comprises ITO and multilayer graphene separated by HfO2 dielectric and two
silicon layers. The ITO and graphene layers are sandwiched between two layers of silicon.

The height and width of the two outer silicone waveguides HSi and WSi are assumed. The width and height of
the middle waveguide are WPL and HPL, respectively. The height of the ITO layer is HITO, and the height of the
HfO2 layer is HHfO2.

To investigate the epsilon near zero (ENZ) effect of two materials (ITO and graphene), we model the ITO and
graphene using the Drude-Lorentz model and the Kubo formula, respectively.

At �rst, the refractive index of graphene will be investigated, which is related to its dynamic conductivity. The
conductivity of graphene can be described using the Kobo equation, as follows (Shin and Kim, 2015,
Gosciniak and Tan, 2013, Chen et al., 2016):

σ(ω) =
−ie2

πℏ2(ω + i2Γ)

μc
kBT + 2 e

−μc

kBT + 1 +
−ie2(ω + i2Γ)

πℏ2 ∫∞
0

∂fd( − ε) − ∂fd(ε)

(ω + i2Γ)2 − 4(ε/ℏ)2dε

1

kB is the Boltzmann constant, T is the temperature, fd(ε) = eε−μc kBT + 1 −1 is the Fermi–Dirac

distribution, ℏ is the reduced Planck’s constant, µc is the chemical potential, Γ = 1/τ is the charged particle
scattering rate, and ω is the angular frequency.

( ( ) ) [ ]
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The relationship between voltage and chemical potential is de�nedμc = ℏvF π a0V , where vF is the

Fermi velocity in graphene and a0 = 9 × 1016m −2V −1.

Surface permittivity is obtained using graphene conductivity (σ = σ′ + iσ′′), at room temperature and λ = 
1.55 µm:

εg = 1 +
iσ(ω, μc)

ωε0δ

2
δ = 1nm is the effective thickness of graphene (Shin and Kim, 2015, Gosciniak and Tan, 2013). The real
part of the permittivity changes from positive to negative values as the chemical potential increased (Shin
and Kim, 2015).

An ITO layer has been used in the plasmonic waveguide to increase the interaction between the graphene
and optical �elds (Feigenbaum et al., 2010). The ITO permittivity is described using the Drude-Lorentz model
(equation 1) (Chee et al., 2012, Lou et al., 2012).

ϵ = ϵ∞ −
ω2

p

ω2 + iγω

3

ω2
p =

Ne2

ϵ∞m*

4
ε∞ = 3.9is the high-frequency permittivity of ITO.m ∗ = 0.35m0 is the effective mass of electrons, and, m0
indicates the charge and mass of electrons.ωp is plasma frequency, and γ = 1.84 × 1014rad/srepresents
electron scattering rate. N is the carrier concentration of electrons in the ITOs accumulation layer, which its
thickness is 1nm (Wa) according to the Tomas-Fermi screening theory (Krasavin and Zayats, 2012, Kim and
Kim, 2016). N is described as a function of voltage (V) as below equation (Jiang et al., 2019a):

N = N0 +
ε0. εHfO2

. V

e. HHfO2
. Wa

5
It was assumed that N0=1× 1019 cm−3, εHfO2

= 25, HHfO2
=10nm, Wa=1nm and 0 is the vacuum

permittivity. High charge concentration in accumulation layers is reachable because of the high DC
permittivity of HfO2 (εHfO2

= 25). As voltage increases, the accumulation layer's carrier concentration and

permittivity's imaginary part increases. The real part of ITO's permittivity changes from positive to zero (ENZ
state) and negative values, and as a result, the ITO changes from dielectric state to metallic state (Alù et al.,

√ | |
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2008). In the ENZ state, the electrical displacement components must be continuous at the interface of the
ITO and dielectric (εHfO2

EHfO2
= εITOEITO). It causes signi�cant con�nement of the electrical �eld in the

ITO and dielectric interface, and it improves the interaction of light and matter.

Figure 2(a) shows the propagation loss, and �gure 2(b) shows the effective index of the device with two
mono-graphene layers. The propagation loss has two peaks (one in 0.65 V and the other in 2.62 V) related to
the ENZ effect in graphene and the other to the ENZ effect in the ITO. The �rst peak is affected by the
chemical potential of graphene, and the second peak is related to the ITO. Because the impact of ENZ on
graphene has occurred at a lower voltage, if the two peaks are combined by increasing the number of
graphene layers, a lower operating voltage is achieved. Modulators with this effect could have higher
e�ciency and lower energy consumption (Eslami et al., 2021).

As the number of graphene layers increases, the two peaks propagation loss due to the effect of ENZ on
graphene and ITO merged, and the propagation loss at voltage 0.62 V increases (�gure 2 (c)). Also, The use
of a large number of graphene layers will cause the properties of graphite, and the effect of ENZ will be
attenuation. Therefore, we consider 7 layers of graphene.

The intensity of the guided mode in On-state (0 V) and in the Off-state (0.62 V) is shown in �gure 3(b) and
3(c), respectively. The intensity of the guided mode in 0 V is distributed in the active layers in the coupling
region (Figure 3(b)). In the 0.62 V, it is concentrated in the ITO and graphene layer (Figure 3(c)), and high
losses occur due to the ENZ effect.

3. Design And Simulation Of Modulator
The device was simulated with the FDTD method in 1.55 µm wavelength. The refractive index of the
materials is assumed to be: nsi = 3.47, nSiO2

= 1.44and nHfO2
= 1.98 (Lin and Helmy, 2015c).

WSi=300nm and HSi=250 nm are assumed to have a device with a compact size. The guided mode did not
support smaller sizes (WSi<300 nm).

The effective index of silicon and plasmonic waveguides should be matched to increase the coupling rate
between waveguides and reduce the insertion loss (Huang and Mu, 2009, Abdelatty et al., 2018). Figure 4 (a)
shows the change in the effective index of plasmonic and silicon waveguides by changing their width. Based
on Figure 4 (a), for WSi = 300 nm and WPL = 130 nm, the two waveguide's effective index matched.

The coupling length (Lc) is calculated by coupling theory (Jiang et al., 2019b, Ye et al., 2015, Chee et al.,
2012). The device propagation mode has been found with cross-section simulation. n1, n2, and n3 are the
effective index of the eigenmodes, which are symmetric mode (mode 1), asymmetric mode (mode 2), and
symmetric mode (mode 3), respectively. Eigenmodes modes should apply to equation 6 to achieve
maximum output power in V=0 (Chee et al., 2012, Ye et al., 2015, Lou et al., 2012):

2n2 − n1 − n3 = 0 → n2 =
n1 + n3

2
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6
The effective index of eigenmode modes for different values of the gap (distance between the waveguides)
is shown in �gure 4 (b). g = 30nm has been considered based on �gure 4 (b) and equation 6.

The coupling length is obtained by the following equation (Chee et al., 2012, Ye et al., 2015, Lou et al., 2012):

Lc =
λ

2 n1 − n2

7
Lc is equal to Lc = 4.9μm (in the λ = 1.55µm). Figure 5 shows the coupling length with voltage change. By
changing the voltage, the coupling length shows the dynamic behavior that results from the change of the
real and imaginary parts of the effective index. Changing the coupling length disrupts the power coupling
and thus has a role in attenuating the output power.

4. Properties Of The Hybrid Plasmonic Modulator
The device performance's main characteristics are presented in this section. Modulation speed, power
consumption, propagation loss, and extinction ratio (ER) are investigated. The on/off extinction ratio is
about 8.12 dB/µm; ER equals the difference between the propagation loss at the zero voltage and 0.62 V
(ER=Loss0.62V-Loss0V) (Shin and Kim, 2015). Loss in zero voltage is 0.83 dB/µm; also, we set the device
length equal to coupling length. Figure 6 (a) shows the ER and propagation losses for different wavelengths.
The proposed modulator's ER is better than modulators in (Shin and Kim, 2015, Lin and Helmy, 2015a).

Figure 6 (b) shows the propagation loss, and Figure 6 (c) shows the effective refractive index of the
proposed modulator. Suggested values for the proposed modulator are the number of graphene layers=7,
HSi=250nm, HPL=566 nm, HITO=10nm, HHfO2=10nm, and g = 30nm. Unlike �gure 2 (a), �gure 6 (b) shows that
the propagation loss at 0.65V is higher than 2.62V due to increased graphene layers. As a result, the
proposed modulator has a high extinction ratio and a low operating voltage.

The resistance and capacitance of the device limit the modulation speed of the optical modulator. Power
consumption is also related to modulation voltage and capacitance. Figure 7(a) shows the spatial
distribution of the Electrical �eld (E) in the On-State, and �gure 7(b) shows the E in the Off-State. In the On-
state input optical signal reaches the output. The input signal is attenuated, and the coupling is disturbed in
the Off-State.

Capacitance is calculated by equation 8. The capacitors are modeled with a parallel plate structure
(graphene/ HfO2/ITO interface) (Shin and Kim, 2015, Ye et al., 2015). With this de�nition, there are two
capacitors in the structure.

C = ϵ0ϵox
A

Wox
= (WPL × Lc × ϵ0 × ϵHfO2

)/HHfO2

( )

( )
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8
CT=C+C= 28.2 fF. The modulation speed is equal to:

f =
1

2πRC

9
R=500Ω is an internal impedance (Ooi et al., 2020), 11.3 GHz is the modulation speed. Power consumption
is equal to: Ebit = CV2

on/2 + CV2
off/2 and it is 5.4 fJ/bit (Shetty et al., 2015).

The ER and power consumption of the proposed modulator are better than (Lin and Helmy, 2015b, Markov et
al., 2015, Zhu et al., 2014, Sadeghi et al., 2020, Das and Arya, 2021), and modulation speed has improved
compared to (Markov et al., 2015, Zhu et al., 2014). The proposed modulator characteristics such as ER, f
(3dB), Ebit are compared with similar structures in Table 1.

Table 1
Comparison of the proposed modulator with similar modulators

Device Type IL (dB/
µm)

ER (dB/
µm)

E
(fJ)

Modulation
speed(GHz)

Device
Length (µm)

ITO based Vertical structure(Lin and

Helmy, 2015b)

0.03 4.8 14.8 363 5.53

Au VO2 hybrid plasmonic(Markov et al.,

2015)

  8.9 a >1 0.56

TiN/Cu/ITO structure(Zhu et al., 2014) 0.88 3.95 400 11 1

Hybrid Si/VO2
(Sadeghi et al., 2020) 0.1 4.4 a a 1

plasmonic

electro-absorption(Das and

Arya, 2021)

ITO
based

0.025 3.07 178 8.84 0.5

VO2
based

0.651 5.85 400 52.6 0.5

This work 0.83 8.12 5.4 11.3 4.9

a:Not reported

5. Conclusion
The optical modulator was proposed and designed based on coupling between waveguides with vertical
plasmonic structure. The graphene and ITO were used in the plasmonic region of the modulator to decrease
the operating voltage and increase the light-matter interaction. The modulator had a high ER, a compact size,
and low power consumption. The modulator also had a broadband performance. The modulator
characteristic in comparison to other similar modulators showed signi�cant improvement. This plasmonic
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modulator with high ER, relatively low IL, and broadband could be used compact size, energy-e�cient and
potentially fast on-chip communication interconnects for the photonic integrated circuit.
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Figure 1

3D view of the proposed structure
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Figure 2

a) propagation loss for different voltage values (monolayer graphene) b) The real and imaginary part of the
refractive index (graphene monolayer) c) propagation loss for different voltage values (multilayer graphene:
2,4,6,8 layer) (WPL=130nm, HITO=10nm, HHfO2=10nm)
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Figure 3

a) Proposed modulators cross-section view, the intensity of the guided mode of the electric �eld in b) On
state (V=0) c) Off state (V=0.62V) (WSi=300nm, HSi=250nm, HPL=566 nm ,WPL=130nm, HITO=10nm,
HHfO2=10nm, g=30 nm)
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Figure 4

a) The effective index of the silicon waveguide and plasmonic waveguide (V=0 V) for the different values of
wave guides width b) the effective index of eigenmode for different gap between the Si and plasmonic
waveguides (HSi=250nm, HPL=566 nm, HITO=10nm, HHfO2=10nm).
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Figure 5

The coupling length with voltage change

Figure 6

a) ER as a function of wavelength b) propagation loss for different voltage values c) The real and imaginary
part of the refractive index
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Figure 7

a) The Electrical �eld intensity of the guided mode in the On-State b) and Off-State. 


