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Abstract: Graphene is a material with exceptional optical, electrical and physicochemical properties
that can be combined with dielectric waveguides. To date, several optical devices based on graphene
have been modeled and fabricated operating in the near-infrared range and showing excellent
performance and broad application prospects. This paper covers the main aspects of the optical
behaviour of graphene and its exploitation as electrodes in several device configurations. The work
compares the reported optical devices focusing on the wavelength tuning, showing how it can vary
from a few hundred up to a few thousand picometers in the wavelength range of interest. This
work could help and lead the design of tunable optical devices with integrated graphene layers that
operate in the NIR.
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1. Introduction

Graphene, a two-dimensional (2D), semi-metallic material with a zero-band gap, has a
unique band structure of a narrowing Dirac zone and a linear dispersion dependence [1-3],
which makes it a promising material for devices due to its tunable and broadband optical
properties. Graphene is a single layer of a graphite crystal with a single atomic layer
structure of pure covalently bonded carbon atoms arranged in a hexagonal lattice structure.
Each carbon atom has six electrons, which surround its nucleus (two in the inner shell
and four in the outer electron shell). Three of these four electrons are bound with the
nearest-neighbor atom electrons allowing the creation of strong chemical bonds that make
graphene one of the strongest materials at the nanoscale. The other, unbound, electron
in the outer electron shell of each carbon atom is delocalized across the whole graphene
layer [4]. The band structure of a delocalized electron determines the conductivity of
graphene. In this regard, there is no gap between the conduction band and the valence
band, which allows us to consider it as a gapless semiconductor. By considering that
the Fermi level of pure graphene is located at the point of intersection of the conduction
band and the valence band (Dirac point), it can be considered as a metal with an empty
valence band. The transition between the properties of a semiconductor and a metal can be
controlled by adjusting the position of the Fermi level relative to the Dirac point, either
with the help of chemical approaches, or with the help of the electric field effects. Since free
electrons are tightly enclosed in one atomic layer, graphene has a very low density of states,
especially when the electron energy is close to the Dirac point. Therefore, small changes in
the carrier density can cause significant shifts in the Fermi energy, which change the rate of
interband transitions and, consequently, the optical constant [5]. This effect can be achieved
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by introducing doping using electrical and/or chemical gating, which shifts the Fermi
energy from the Dirac point and, in turn, changes the optical response of graphene [6].
This approach opens the possibility of easily tuning graphene from a “lossy-dielectric”
behaviour to the “quasi-metallic” region, which can be used to implement modulators
(based on electro-optical graphene optical behaviour, Mach-Zehnder interferometers, rings,
switches and Zeno-based modulators) [7-23], resonators [24-26], or can be applied to
a wide variety of devices that operate at a specific resonance and require wavelength
tuning [27-29]. It should be noted that the use of this property of graphene is not limited
only to the NIR range; in this regard, electro-optical graphene terahertz modulators can be
noted [30-32]. The nonlinear photonics of graphene finds many applications, including
spatial and spectral control of laser light, all-optical signal processing, ultrafast switching
and probing, and frequency multiplication of the terahertz range [33-38]. Graphene is also
an affordable means for implementing a saturable absorber (SA) [39-43].

It is worth noting that, in addition to graphene, 2D materials such as transition metal
dichalcogenides (TMD), for example MoS,, WS,, MoSe;, ReS;, WSe; and others [44-46],
and black phosphorus [47-50], are gaining popularity, but TMDs show a band gap of about
1 to 2.5 eV (which corresponds to frequencies from NIR to visible), and the band gap of
phosphorus is highly variable depending on the number of layers: from 0.3 eV in the bulk
to about 2 eV in an isolated monolayer [51-53]. Unlike the universal optical conductivity
in graphene (single layer graphene absorbs ~2.3% of vertical incident light in the FIR to
UV range), semiconductor TMD can exhibit multiple absorption peaks from NIR to UV
frequencies due to excitons and interband transitions (the absorption coefficients of two
peaks in a TMD monolayer can reach ~210% and ~30%, respectively [54]), and the optical
absorption of black phosphorus depends on the thickness, doping and polarization [55].

The purpose of this work is to analyse the behaviour and the integration of graphene
electrodes (GEs, complete list of symbols and notations is located in Table 1) into optical
devices paying particular attention on how the introduction of GEs affects the performance
of the optical devices and their tunability. Moreover, this paper attempts to analyse the
features and similarities of the proposed configuration in the literature [5,7-21,24-26],
in which graphene was used to operate in the NIR and, precisely, at 1.55 pm. In par-
ticular, this work aims to analyse the graphene conductivity describing the properties
of graphene (on which software environments are based making possible the simula-
tion of real implementations) [5,8,9,13,14,17-19,21,25,26] and the transition of graphene
from the dielectric regime with losses to the quasi-metallic regime [5,9,14,18,21]. Four
groups of graphene-based devices have been considered: waveguide integrated opti-
cal modulators [11,12,16], Mach-Zehnder modulators [8,9,18], planar photonic crystal
nanocavity-based modulators [7,10,19,20] and micro-ring resonators [24-26]. It should be
noted that both numerical [8-10,14-18,21,26] and experimental [7-12,14,19,20,24,25] works
were considered.

Table 1. The list of symbols and notations.

Symbol Description

A and AA wavelength and its shift
surface conductivity (graphene surface conductivity), intraband
Ointra and interband oj,,4,, conductivities
complex permittivity (graphene complex permittivity), its real
and imaginary parts

o (0g), o' and ¢

e (eg), EG_re and €G_im

n (ng) and An refractive index (graphene refractive index) and its change
s graphene surface carrier density
k(kg) extinction coefficient (graphene extinction coefficient)
e electron charge
w radian frequency

h=h/2n h = h/2m, reduced Planck constant
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Table 1. Cont.

Symbol Description
land T phenomenological scattering rate and T = 1/T, relaxation time
-1
fa(%) fa(&) = (e(é‘*ﬂu)/ksT + 1) , Fermi-Dirac distribution (¢-energy)
kg Boltzmann’s constant
T temperature
He chemical potential
U charge carrier mobilities
(43 Fermi velocity
tc and t; graphene and insulator thicknesses
L graphene length
d spacing between minima or free spectral range
Dg distance between graphene electrodes
@ phase shift

Vi and Vpjrac

applied voltage and flat-band voltage corresponding to the
charge-neutral Dirac point

Cox Cox = €€9(Wy,l /1), oxide (insulator) capacitance per unit area
GE Graphene Electrode
GIW Graphene-Insulator-Waveguide
GIG Graphene-Insulator-Graphene
EGWC Electrolyte/ion-gel-Graphene-Waveguide+PhC Cavity
GEin Graphene-Insulator-Graphene inside waveguide
M-ZM Mach-Zehnder Graphene Modulator
CNM Crystal Nanocavity-based Modulator
MRR Micro-ring Resonator

This paper is divided into two main sections. Section 2 details the graphene conduc-
tivity and the complex permittivity along with the related variables (chemical potential,
thickness of GE, relaxation rates/scattering time, temperature, numerical methods, ex-
perimental data and manufacturing process) and the GE configurations, while Section 3
focuses on the device configurations and the possibility to tune the operating and/or the
resonant wavelength. The last section sheds light on the possibility to extend and improve
the tunability of graphene-based devices operating in the NIR range.

2. Graphene Optical Properties

Graphene can be described by considering the surface conductivity (¢) and the com-
plex permittivity (e), from which the refractive index (1) and the extinction coefficient (k) can
be calculated. Graphene optical properties require knowledge of the frequency-dependent
surface conductivity o, a quantity which can be obtained from either a microscopic model
or from measurements [56].

2.1. Graphene Conductivity

The graphene surface conductivity (o) is described by the high-frequency expression
obtained from the Kubo model [57]

ie? © (0fa(6) _ 8fa(=E) ie*(w —i20) [*  fa(=C) — fa(&
”hz(“’*izr)-/ €< g )dg Th? /O(w—izr)z—4<1§)2d€ v

oG =

where e is the electron charge, w is radian frequency, i = h/2m is the reduced Planck

constant, I' is a phenomenological scattering rate that is assumed to be independent of
-1
energy ¢ (T = 1/T'-relaxation time, can also be used) and f;(¢) = (e@_yc)/ kpT 4 1) is

the Fermi-Dirac distribution. As follows from [57], and given that ¢ = o7+ ic” (where ¢ is
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the intraband conductivity 0;,4,, and ¢” is the interband conductivity o;,,), this expression
can be reduced to

ie’kpT He =0 ie? | [2|pc| — (w+i2l)h
76 = Th2(w + i) {kBT 20 (e ’ +1>} * 47rhln[2|yc| Twriznn @

where kg is Boltzmann’s constant, T is the temperature and . is a chemical potential.
Based on the surface conductivity, the permittivity can be obtained as [5]

el
=1 3
&6 + Zthso 3)

where f; is the monolayer graphene thickness (fg = 0.34 nm) and ¢y is the vacuum
permittivity. The refractive index ng and the extinction coefficient kg can be retrieved by
means of the following equations

\/\/ SG_re2 + SG_imz +EG re \/\/ 8G_re2 + sG_z'm2 — &G re
ng = 3 kG =

2

4)

The real part of the permittivity e, is the phase term (essentially independent on the
intraband scattering rate), while the imaginary part e _;;, is the absorption term (may vary
by orders of magnitude depending on the relaxation time, i.e., on the material quality) [21].
Following [8,9], the refractive index change (An) and the phase shift (¢) can be calculated
using the following equations

_ A AA(VG)

An(Vg) T

¢ = A”effL'ZTN ®)
where L, d and AA are the graphene length, the spacing between minima or free spectral
range (~6 nm [8]) and the wavelength shift with voltage V;, respectively.

In order to better understand the behavior of graphene’s complex permittivity, the
influence of parameters such as the chemical potential, relaxation rates/scattering time,
temperature and thickness of spacer materials between GEs is discussed in the next sub-
section. In this work, the positive axis of the chemical potential (when . > 0 eV) was
considered, since the optical conductivity of graphene is symmetric for the positive and
negative electrochemical potentials due to the symmetric band structure in graphene [8].

The optical behavior of graphene, in terms of conductivity or complex permittivity, has
been implemented in several numerical methods such as the finite element method (FEM)
and the finite-difference time-domain (FDTD), to mention a few, exploiting both commercial
and open source codes. In particular, the FEM is a numerical method that is used to solve
boundary value problems. It must be characterized by a set of boundary conditions and/or
a partial differential equation. A set of form functions is used to represent the primary
unknown variable in the element set. For each element from the discretized area, a set of
linear equations is calculated. After assembling all of the elements, a global matrix system
with generalized properties is formed [58]. Conversely, FDTD is a widely used technique in
which space is divided into a discrete grid and the fields are evolved in time using discrete
time steps as the grid and the time steps are made finer and finer, this becomes a closer and
closer approximation for the true continuous equations, and one can, essentially, simulate
many practical problems exactly [59,60].

2.1.1. Dependence of Graphene Complex Permittivity

The analysis of the influence of the parameters on the complex permittivity was
carried out on the basis of equation [5] at A = 1.55 um. Figure 1 shows the real (Re)
and the imaginary (Im) parts of the graphene complex permittivity when t; = 0.34 nm,
#e=0+1eV,T=2e12s 1 and T =300 K.
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Figure 1. Zoning of the Kubo model in the | i | range from 0 to 1 eV using the example of the results
obtained from Equation (1) from Reference [5].

(a) Chemical potential

Inspection of the plot in Figure 1 (using data for both the real and imaginary parts)
allows us to divide the graph into three zones: | i | < 0.2 eV—dependence tending to linear,
0.2eV < lpcl <0.5 eV—transient process and | ¢ | > 0.5 eV—dependence tending to linear
(for the imaginary part, the boundaries of the zones are shifted at about ~0.3 eV and ~0.6 eV,
respectively). This division is close to that presented in Reference [9]. The range | p.|
< 0.28 eV corresponds to the absorption region in which the absorption of the graphene
remains high, and both the effective index and the absorption coefficient (¢ = (47tf kg)/c,
which have a direct proportion with extinction coefficient k¢) slightly deviate, ranging
from 0.0005 to 1 dB/nm, respectively. Next, the step change region (<0.64 eV) is suitable
for amplitude modulation since there is a significant ‘stepping up’ of the absorption index.
The final region (>0.64 eV) corresponds to low absorption, and the effective index is linear
(which is applicable for phase modulation).

However, from another point of view, the zero crossing eg j, (el ~ 0.4 eV or
l el =0.515 eV [14]) is a transition from a lossy-dielectric response (amplitude modulator
mode, with the central wavelength around 1552.5-1552.8 nm [9]) to a quasi-metallic one
(transition to a phase-dependent mode [9]). The imaginary part of the dielectric constant
decreases significantly for Fermi levels | .| > 0.4 €V, i.e., the absorption is significantly
reduced. When a photon impinges on graphene, its energy may be absorbed to provoke
an interband transition of a free carrier. Whether an electron or a hole is involved in
this process depends on the sign of the Fermi level. According to the Pauli blocking
principle, this transition can only occur if || <hw/2,at A =1.55 um, I uc| <0.4 eV. For
an ideal, impurity-free graphene sheet (t—c0) at zero temperature, this would reflect in an
abrupt variation of absorption. At room temperature, a more gradual transmission from
absorption to transparency can be expected [21]. It was found in Reference [9] that a large
extinction ratio can be achieved in the operating region when |y | < 0.4 eV. In the real
case, switching between modes occurs smoothly, which is associated with graphene defects
created during the manufacturing process [11].

(b) Graphene electrode thickness

One of the variable elements included in the Kubo model is graphene thickness.
Physically, the thickness t; of the monolayer graphene is equal to about 0.34 nm while
the thickness of multilayer graphene is equal to N times. Figure 2a shows the dependence
of the permittivity on the chemical potential for the GE thicknesses from the considered
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works [5,8,9,11,13,14,18-21,24-26]. For example, values equal to 0.5 nm or 1 nm are used

in numerical simulations to relax the mesh/grid (e.g., about 1 nm could correspond to a
3-layer graphene).

10

0.2 04 0.6 08 1
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Figure 2. (a) Real (blue curves) and imaginary (red curves) parts of the permittivity, (b) refractive
index and (c) extinction coefficient as a function of chemical potential for different GE thicknesses
from various publications (A = 1.55 ym, tg =034 +~ 1nm, . =0+ 1eV, I =8el3 s~1, T=300K).

Figure 2a,b show the proportional dependence of the imaginary part of the dielec-
tric constant on the change in the graphene thickness and refractive index (at about
~0.4 eV), respectively.

(c) Relaxation rate/scattering time

Another parameter of the Kubo model and graphene conductivity is the relaxation
rate or scattering time (I' = 1= (EUFZ) / (upc) [26], p—charge carrier mobilities and vp—
Fermi velocity (=106 m/s)), which significantly affects the imaginary part of the dielectric
constant (as seen in Figure 3). It is also worth noting that the 7' is the relaxation energy that
defines the quality of graphene (a shorter relaxation time corresponding to a lower quality
of graphene, and T— o corresponds to an ideally defect-free graphene sheet) [5,14,21]. It
should be noted that the Kubo model from [13] distinguishes between the relaxation rates
associated with interband and intraband transitions.

6
- (b) —5e11s -~ 5e12s" o Be1ds!
10 - p TSI ge13s™ ~—setd s’

0 ™
- s 10 - 0
2 ‘8 0 0.2 0.4 06 0.8 1
% 2, Chemical potential, eV
& 10 E 5
(C) —set1s -~ 5e12s!
M N R a A L R R . Ao, 450135 ~ge13s

——5e14s”

e, ‘ |
—se11s ' €8, 13, 14] g, |10 3

-20 ,
---5e125" €8, 9]

~-5e13 5™ € [7-9, 13, 14, 20, 21]

~—-ge13s € [9] 1
fo TBe1 s'€[5.8,0,17-19,25) | | ] T |
o 0.1 0.2 0.3 04 05 06 0.7 08 0.9 1 % 02 04 05 08 1

Chemical potential, eV Chemical potential, eV

Figure 3. (a) Real (blue curves) and imaginary (red curves) parts of the permittivity, (b) refractive
index and (c) extinction coefficient as a function of the chemical potential for different values of relax-
ation rate from various publications (A = 1.55 um, t; = 0.34 nm, pic =0 + 1 eV, I = 5ell = 5el4 s71,
T =300 K).
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Figure 3a shows that the imaginary part of the dielectric constant decreases signifi-
cantly for the Fermi levels | j. | < 0.4 eV from the change in the scattering rate. In this case,
a strong dependence of absorption on I' is observed, since in-band absorption becomes the
dominant process here. In this regime, lower values for I, corresponding to high carrier
mobility, give lower absorption [8]. The transient process has already been described in
the section on the chemical potential, but, in addition to it, it is worth noting that the final
values of the relaxation time have a significant effect since there is significant absorption
due to intraband scattering interactions [21]. Imperfections in the graphene layer induce
density inhomogeneities, varying the optical conductivity across the graphene sheet [61].

The typical value of the I in fabricated graphene-based devices operating in the NIR
range, varies from 5e12 s71 to lel4 s~!, with a minimum value of 4e9 s~! [18]. On the
experimental side, a typical value is I' = 8e13 s~1[9].

Figure 3b,c show the refractive index and the extinction coefficient following Equation (4).

(d) Temperature

One of the constituent parameters of the Kubo model and graphene conductivity is
the temperature (in some publications the temperature is taken as the room temperature
~300 K). However, an increase in the temperature causes a slight decrease in the real and
an increase in the imaginary parts of the permittivity at a chemical potential from 0.3 to
0.6 eV, which is confirmed by the curves in Figure 4.

@

L2 0%
---25°C
1 50°C
~-75°C

— . ——100°C

o -5 3] 0

a g 0 02 04 06 08 1
%. 12 Chemical potential, eV

& -10 E .

-20

-25

B e —— 1 I I I 1 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 4] 0.2 04 06 08 1

Chemical potential, eV Chemical potential, eV

Figure 4. (a) Real (blue curves) and imaginary (red curves) parts of the permittivity, (b) refractive
index and (c) extinction coefficient as a function of the temperature from various publications
(A=155um, t;=034nm, uc =0+ 1eV, I =8el3 s~1, T=0=100°Q).

It should be borne in mind that the levels are usually filled in accordance with the
Fermi-Dirac distribution function. At zero temperature, it is a step function, from which
it can be concluded that, in this case, the energy levels (which are below the chemical
potential) are completely filled. The situation changes at room temperature: the distribution
function expands by kgT =~ 25 meV. The previous explanation also makes it clear that in the
equilibrium state, photons at a wavelength of 1.55 pm will not be absorbed if the chemical
potentials of the upper and lower graphene electrodes are equal to 0.425 eV. Therefore,
when there is no applied voltage (V = 0), the graphene layers behave as transparent thin
sheets [15].

The thermal-optical effect is not large enough to provide an equivalent change in
the refractive index. Thus, the heat generated in graphene is usually transferred to the
carrier waveguide or substrate. This leads to an increase in temperature and a change in
the refractive index of the entire structure [62].

The work reported in Reference [18] describes a minor temperature dependence of
the performance characteristics that remain practically unchanged for temperatures up
to 49 °C. It should also be noted that ring or disk modulators (in contrast to the Mach—
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Zehnder modulator [9,18] or planar photonic crystal nanocavity-based modulator [20]) are
sensitive to temperature fluctuations [63]. In References [14,64], reliable athermal operation
of the modulator without a noticeable change in the speed characteristics of the device
at high temperatures up to 145 °C is presented, which does not close the question of the
effect of temperature on the wavelength tuning. This point is related to the effect of heat
transfer—graphene electrodes are connected to the dielectric materials, which includes
other dielectric materials such as Si3Ny or Si. The parameters of these materials have a
higher thermal sensitivity, which can affect the stability of the tuning mechanism.

2.1.2. Graphene Conductivity Formula

The analysis of the Kubo equations was carried out following References [5,13,15,17-21,25]
(based on its greater prevalence in the considered works). The calculated curves of the
complex permittivity obtained from the combination of Kubo Formulas (1) and (2) are
shown in Figure 5.

0.8 1
Chemical potential, eV

0.2 04 0.6

5 . .
—[18-20, 26, 58] - - =[5, 21]
—[13, 25] —-—[15]
—-—[17]

5. 21]
13, 25] ~--[15]

| | s 0
0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1 0 0.2 0.4 06 0.8 1
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——[17]
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—[18-20, 26, 58] -~ -[5, 21]

- [13, 25] ——-[15]
—[7

30

)

0.2 0.4 0.6 0.8 1
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o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Chemical potential, eV

o

Figure 5. (a) Real (blue curves) and imaginary (red curves) parts of the permittivity, (b) refractive
index and (c) extinction coefficient as a function of the chemical potential from various publications,
when A =1.55 um, t =0.34 nm, . =0+ 1eV, I =8el3 sl and T =300 K. (d) Real and imaginary
parts of the permittivity, (e) refractive index and (f) extinction coefficient as a function of the chemical
potential from various publications, when A = 1.55 ym, tg =0.34 nm, . =0 = 1 eV, T =2el2 s L
T =300 K.

Two situations were analyzed at T = 8e13 s~ and I = 2e12 s~! (since this parameter
depends on the quality of graphene (Section 2.1.1 (c)) and it was interesting to look at
the behavior of the permittivity curves when it changes). In this regard, the changes
in the Kubo model curve when this parameter changes are one of the most important
criteria when choosing a formula option. In this regard, it can be noted that the [13,25]
and [17] options do not react to changes in the relaxation rate. The opposite case reflects the
permittivity curve obtained by the formula from [15], demonstrating the highest sensitivity.
The model from [18-20,26,58] is “smoothed” at T = 8e13 s~! (experimentally obtained
result [9]), which makes it difficult to analyze the transient process. As can be seen from
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Figure 5a,d, the curves for the cases [5,21] show the stability of the real part of the dielectric
constant to a change in the relaxation rate on the one hand, but the high sensitivity of the
imaginary part on the other hand, which may be more effective, in comparison with other
formulas according to the Kubo model, for modeling and analyzing graphene.

2.2. Graphene Electrode Configurations

This paragraph focuses on the analysis of graphene electrode configurations consider-
ing the relationship between the applied voltage (V5) and the distance between graphene
electrodes (D¢). Figure 6 shows the cross sections of the GE configurations inside the
optical devices.

(@ (b)

B Insulator E E Insulator

Si0;

electrolyte/ion-gel

(© (d)

Insulator

Si0, Si02

Figure 6. Sketches of the location of graphene electrodes: (a) Graphene-Insulator-Waveguide (GIW),
(b) Graphene-Insulator-Graphene (GIG), (c) Electrolyte/ion-gel-Graphene-Waveguide+PhC Cavity
(EGWC) and (d) Graphene-Insulator-Graphene inside waveguide (GEin). (G-Graphene electrode
and E-electrode).

In particular, GE locations inside the optical devices can be categorized into two types:

(1) Graphene-Insulator-Waveguide (GIW), Figure 6a, is a single GE above the Si
waveguide [5,7,9,11,13,14,17-21,24,25].

(1a) Electrolyte/ion-gel-Graphene-Waveguide+PhC Cavity (EGWC), Figure 6c, is the
PhC Nanocavity structure, which is located under the graphene electrode [65] and, in some
cases, the capacitor insulator is located on top (electrolyte or ion-gel) [7,19,20] (partly a
subgroup of GIW).

(2) Graphene-Insulator-Graphene (GIG), Figure 6b, this is the case when two GEs are
above the waveguide [8,10,12,15,16,21,64];

(2a) Graphene-Electrode-inside (GEin), Figure 6d, is the case when two GEs are located
inside the waveguide [26,66] (partly a subgroup of GIG).

We will use the abbreviation GIW/EGWC to describe the dielectric waveguide (e.g.,
Si or Si3Ny) that is indicated by W. The EGWC case also implies a non-use of PhC cavities
(Electrolyte/ion-gel-Graphene-Waveguide).

In some configurations, e.g., EGWC, the insulator layer of the capacitor is located on
the top in the form of an ion-gel or an electrolyte. In other cases, it is necessary to consider
the thickness of the layers of the graphene-based capacitor. For example, a dielectric with
a thickness of 90 nm [8] or 120 nm [65] between two layers of graphene causes a weak
electrostatic bond, which is expressed in high applied voltages (from —40 V to 40 V). In
this regard, the boundary value of Dg may be 90 nm, but the optimal value will be in the
range <20 nm.

However, for all configurations, the optical properties of the graphene are modulated
by applying a voltage across the capacitor. For all cases, the large distance between the GE
(or bottom GE) and the waveguide, which we denote as the insulator thickness (t;), leads
to a relatively weak light interaction.
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The Fermi level of graphene can be modulated by applying a voltage across the
capacitor. In fact, the external voltage causes the accumulation of charges at the armatures
of the capacitor, thus changing the carrier density on graphene and, consequently, the

Fermi level as [21]
te(ns) = sgn(ns)hvgy/ mt|ns| (6)

where 75 is the graphene surface carrier density. The voltage needed to charge a GIW
capacitor is a sum of two contributions: the first is the actual potential across the insulator;
the second is due to the shift of the Fermi potential induced by the accumulated carriers on
the graphene layer. Using Equation (6), it is possible to obtain

qns  |pc| qs Fz |phe|
Ve — Vp; =+t —=—"——+ — 7
| G Dzmc| Cox q Cox ﬂ(hvp)z q ( )

where Coy = ego(Wy,l/t1) is the oxide (insulator) capacitance per unit area (~20 mF/m?
for ion-gel [19], ~0.493 mEF/ m? for SiO, [15], ~27 mF/m? for polyethilenoxide (PEO) +
LiClIOy4 [7]), and Vpjyq is the flat-band voltage corresponding to the charge-neutral Dirac
point. Vpj,. depends on the intrinsic surface carrier density on the graphene electrode
due to band alignment, lattice imperfections, charged defects or other impurities in the
fabricated graphene sheet. In the case of a GIG capacitor, Equation (7) should be modified
to account for the shift of the Fermi potential in each of the two graphene layers. In this
case, the last term of Equation (7) should be modified to read as 2|p|/q [21].

Initially, the Fermi levels are close to the Dirac point and both graphene sheets absorb
light when both graphene electrodes are undoped or lightly doped due to the interaction
with the environment. When voltage is increased between the GEs, they form a simple
capacitor model in which one plate is a graphene layer doped by holes and the other is a
graphene layer doped by electrons at the same doping levels. When the shift of the Fermi
level in both GE reaches half the photon energy of the incident light (Er = £fw/2), both
GE become transparent at the same time. The change in the sign of the excitation voltage
only switches the roles of the capacitor plates as anode and cathode and gives a similar
response to incident light [12].

The limits of the applied voltage are determined by the Fermi level. The left border
is determined by the moment when the Fermi level decreases (below the threshold value
Er = £hw/?2), which occurs due to the accumulation of a positive charge. This leads to
the absence of electrons, which are available for interband transitions, and graphene is
“transparent”. The right boundary is due to the filling of electronic states at which interband
transitions are not allowed [11,24].

3. Graphene-Based Optical Devices and Tuning

In this section, we discuss the graphene-based optical device configurations in order
to understand the possible options that can be exploited for wavelength tuning.

As mentioned above, several types of device configurations can be distinguished;
among them, the modulators can be classified in: Mach-Zehnder graphene modulator (M-
ZM) [8,9,18,67], planar photonic crystal nanocavity-based modulator (CNM) [7,10,19,20]
(which represent a graphene FET transistor) and micro-ring resonator (MRR) [24-26,68].
Figure 7 shows some examples of these configurations.
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Figure 7. Examples of the device configurations: (a,al) Mach—-Zehnder graphene modulator (M-
ZM), (b,b1) planar photonic crystal nanocavity-based modulator (CNM) and (c,c1)-micro-ring
resonator (MRR).

Mach—Zehnder interferometer (MZI)-based modulators suffer from a large footprint,
typically a few millimeters, while ring or disk modulators exhibit a narrow optical band-
width, making them difficult to control and sensitive to temperature variations or fabri-
cation errors [14]. The use of a CNM with an air gap with highly restricted modes in the
central air gap improves the overlap between graphene and resonant cavity modes.

These devices can be characterized as a waveguide combined with a capacitor struc-
ture (GIW or GIG configurations) and contacts connected to GEs for voltage supply.

It should be borne in mind that there are important differences among different
configurations. Assuming quasi-TM polarization, GIG-Si devices exhibit almost double the
absorption with respect to that of GIW-Si devices. For TE polarization, the absorption in
Si-based devices is significantly lower (up to 0.12 and 0.08 dB/pum for GIG-5i and GIW-5i
devices, respectively) [14]. This is due to the interaction with the strong longitudinal
component of the electric field at the upper boundary of the silicon waveguides (note that
the graphene sheet does not interact with the field components outside the plane [57]). In
SizNy devices, quasi-TE-polarized modes exhibit stronger interactions with the graphene
film than quasi-TM modes. The GIG-Si3Ny has lower absorption than the GIW-5i device,
but by embedding the capacitor in the Si3sNy waveguide, the absorption level of the GIG-
SizNy4-Emb can be increased again, almost to that of the GIG-Si, although the waveguide is
large [66].

The modulators discussed were fabricated using standard semiconductor manufactur-
ing processes. This work uses photolithography [7-10,25] or electron beam lithography in
combination with dry etching [9,11-13].

While silicon photonics is very promising for optical routing, a complete optical
network also requires generation, modulation and light detection—which is difficult to
achieve on a completely monolithic platform. Growing materials is a technologically
challenging task on a silicon substrate due to the mismatch of the lattice constants and
thermal expansion coefficients. Defects arising from imperfections during crystal growth
also tend to limit the optical and electrical performance of such devices. One solution to
this problem is to grow materials on a compatible substrate and then transfer them onto
silicon [69]. In this way; it is not necessary to match lattice constants or thermal expansion
coefficients as required in direct growth processes. Two-dimensional (2D) materials are
a class of crystals that naturally lend themselves to this type of transfer process. Because
these materials are covalently bonded in-plane and held together out-of-plane by Van der
Waals forces, individual atomic planes can be mechanically separated from the bulk crystal
and placed onto arbitrary substrates [70].

Since the discovery of the first isolated graphene layer prepared by mechanical exfolia-
tion of graphite crystals, many chemical approaches to synthesize large-scale graphene have
been developed, including epitaxial growth on silicon carbide and ruthenium, as well as
two-dimensional assembly of reduced graphene oxides and exfoliated graphene sheets [71].
Several transfer processes are known that can be classified as “wet” or “dry” [69]. The first
includes all procedures where graphene is in contact, at some stage, with a liquid. In the
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second, one face of graphene is protected from contacting any liquid, while the other is
typically in contact with a polymer, eventually dissolved by solvents. A big problem is
the development of dry transfer technology to preserve the ultra-high quality of graphene
up to 450 mm in size [69]. Since graphene is a monolayer and, therefore, each of its atoms
is a surface, graphene is highly sensitive to impurities left during production, transfer or
manufacturing. In order to remove them, several methods have been developed (thermal
annealing in Hy / Ar is normally used to remove polymer residuals for cleaning after trans-
fer and removal of solvents/surfactants in LPE graphene) [70]. Additionally, one of the
problems remains the cracking of single layer graphene at the edges of the steps of the
waveguide [8].

Another question that can be faced during development is the choice of material that
can be used as an insulator in a capacitor implementation. One of the popular oxides
in this matter is Al,O3 [8-13,18,19,24,25,64], however, in addition to it, it is advisable
to use Si3Ny [21,24,26] and HfO, [20], as well as an electrolyte in the form of a mixture
of LiClO4 and polyethylene oxide (PEO) [72] or ion-gels [7,19,20]. In the Fermi levels
l1c1 > 0.5 eV, the optimal choice of the insulating capacitor layer formed either by one
GE or two GEs, is another issue since there is the problem of graphene absorption due to
interband transitions.

In this regard, Equation (6) reflects the shift of the Fermi level to | .| = 0.5 eV, which
corresponds to the electric field on the capacitor insulator

qns 36107 [V
cm |’

®)

Fosev Eox€Q T gy
where ¢,y is the relative dielectric constant of the insulator [21]. Using Equation (8), it is
possible to characterize the choice of an insulator from the point of view of performance in
case of dielectric breakdown.

The analysis carried out in [21] shows that silicon nitride (Si3sNy, €ox = 7.5) is the
best option among Al,O3 and SiO; at Egscy = 5e6 V/cm at a breakdown field of about
le7 V/cm.

Wavelength Tuning

In the previous sections, several parameters such as the scattering rate (I'), the
graphene electrode thickness (f;), the distance between graphene electrodes (D¢) for
the GIG structure, or the insulator thickness (1) for others, and the applied voltage (V)
were analysed. Table 2 compares the analysed devices (all the devices are fabricated except
for Reference [15]) showing that the wavelength shift AA (last column) can vary from tens
to thousands of picometers (last column in the table).

Wavelength shift can also be related to the variation of the refractive index using
Equation (5).

The greatest influence on the tuning of the operating wavelength is exerted by a
modulator based on planar photonic crystals, based on a nanocavity in combination with
an electrolyte or ion-gel [7,19,20]. It should be borne in mind that in these structures, with an
increase in the applied voltage, small changes in the transmission spectra can be observed
until the breakdown of the device is achieved. The behavior of the device beyond this
point is associated with the destruction of graphene, while the effect of plasma dispersion
is still continuing. However, no further spectral shift is observed anymore, which confirms
that the phase shift is mainly due to the electro-refractive effect of graphene. Although
the plasma dispersion effect of doped silicon still exists, given that the doped region is
relatively small and the plasma dispersion effect is weak in nature, the contribution of
doped silicon is negligible [9].
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Table 2. Comparison table (* refers to fabricated devices).
Insulator Device
-1
Ref tg, nm T™MM t;, nm I,s Material Vg A, um Type AA, pm
[71* - EGWC - 3.8462¢13 PEO + LiClO4 -12+12V 1.56907 CNM 800
[8] * 0.33 GIG 90 5ell + lel4 Al,O3 —40 -40V 1.53-1.57 M-ZM 140
5e12 + lel4 0+3V
* 4 _
[9] 0.7 GIG 10 813 (Texp) Al,O3 0-1V/1=3V 1.552 M-ZM  173/385
[10]* - GIG 5 - Al,O3 0+-15V 1.549 CNM 66/165
[15] 0.34 GIG 70 lel4 SiO, —495+495V 1155?;99_ WOM 10
[19]* 1 EGWC 5 2.2789%¢14 ALOs & 20V 1.55 CNM 1000
ion-gel
HfO; &
* _7 -
[20] 0.34 EGWC 10 7.5963e13 PEO + LiCIO, 7+-6V 1.55 CNM 1000
. 1.548-

[24] % 1 GIW - - Al,O3 —125+0V 1557 MRR 2000
[25] % 0.5 GIW 25 lel4 Al,O3 —6+6V 1.55 MRR 125

Conversely, the structures of the Mach-Zehnder graphene modulator and the micro-
ring resonator allow the achievement of a wavelength tuning in the range of 100-200 pm.
In Reference [9], when simulating the chemical potential in the range <0.4 eV, a redshift
of about 173 pm is observed. By adjusting the arm voltage, the modulation mode can
be switched to a phase-dependent mode, when the chemical potential is in the range
from >0.5 eV, leading to a blueshift of 385 pm (it can be achieved in this range with
practically no amplitude fluctuations). The experiment showed a deterioration of these
values down to 66 pm and 185 pm, respectively (due to the quality of graphene). The use
of a planar photonic crystal modulator based on a nanocavity extends the tuning range up
to 1-2 nm [19,20].

4. Conclusions and Future Work

This work analysed and compared the optical behaviour in the NIR range of the
graphene and its integration as an electrode into optical devices. In particular, the com-
plex permittivity, along with the parameters of the Kubo model, was discussed. The
tuning mechanisms, along with the configurations for the GE the insulator material and its
thickness, were detailed.

It is important to highlight that, during the fabrication, great attention should be paid
to the process of transferring graphene into the waveguide since the transfer could lead to
a deterioration in the quality of graphene, which greatly affects the ability of the device
to tune the wavelength as it changes the surface conductivity. Particular attention should
also be paid to the range of the supplied voltage since exceeding it leads to a breakdown of
the tuning mechanism. Although the temperature of graphene does not lead to significant
changes in the parameters of graphene, one should also consider its interaction with
thermosensitive components (e.g., silicon waveguides). Finally, the performance of the
analysed configurations was compared showing the achieved wavelength shift in the order
of hundreds up to thousands of picometers.

In conclusion, this work could help and lead the design of the tuning of graphene-
based optical devices and the integration of graphene in optical resonant structures operat-
ing in the NIR.
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