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Abstract: This paper investigates the optoelectronic properties of graphene operating in the 0.1 — 100 THz frequency band. The
graphene surface conductivity is calculated using Kubo formula and the results used to calculate the complex relative permittivity and
the complex refractive index. The calculated results reveal that the real parts of the interband and intraband components of graphene
surface conductivity becomes equal at certain frequency, f.os Which is an increasing function of chemical potential p.. Operating
above f.ss makes the contribution of the interband component higher than the contribution of the intraband component. At p, = 0.1

and 0.2 eV, fgoss IS equal 21.7 and 54.4 Thz, respectively.
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1.Introduction

Graphene has attracted tremendous interests due to its unique
optical and electrical properties [1]-[4]. Graphene is a two-
dimensional (2D) single carbon-atom layer where electrons
and holes hold a linear dispersion relation with zero bandgap
[5]. Graphene technology has been applied successfully to
produce compact, efficient and frequency-tunable devices
operating at optical telecommunication wavelength [6]-[9]
and terahertz (THz) radiation band. The frequency-tunablity
of graphene comes from the dependence of its optoelectronic
properties on the applied voltage [10], [11]. In THz region,
graphene material has been investigated comprehensively in
the literature for various applications such as antennas [12]—
[15], modulators [16], [17], generation and detection [5],
[18], [19], wireless communications [20], [21], and nano
communications [22]-[24].

The optoelectronic properties of graphene have been
investigated in the literature for visible optical regime [25],
optical telecommunication wavelengths (1310 and 1550 nm)
[4], [26]-[28], and for below 10 THz band [29]-[31]. The
analysis and results reported in these papers stand on Kubo
formula which splits the graphene surface conductivity into
two components due to intraband an interband transitions
[32]-[34].

The aim of this paper is to predict the optoelectronic
properties of graphene material operating in deep THz
regime (toward 100 THz). This frequency band is expected
to be useful for next THz applications especially in the fields
of sensing and molecule communications. The Kubo formula
is used in this paper to predict the graphene surface
conductivity as a function of both frequency and chemical
potential. The results are used as a framework to obtain the
refractive index and relative permittivity of graphene
operating in deep THz band.

2.Mathematical Modeling  of
Optoelectronic Properties

Graphene

Graphene is a 2D material whose electronic band structure
contains six Dirac points describing the transition between
valence (hole) band and conduction (free electron) band (see
Fig. 1a). The energy band has no gap since conical hole and
electron bands touch at the Dirac points where the effective
carrier density is zero. Therefore, it is expected that both
intraband and interband transitions play key role in
determining the graphene optoelectronic characteristics (see
Fig. 1b).

Eik)
Conduction Band

E(k)

() (h)

Figure 1: (a) Graphene conduction and valance bands [35].
(b) Intraband and interband transitions (Here, green arrows
for interband transitions and red arrows for intraband
transitions) [36]. E(k) represents the energy as a function
momentum (K).

It is assumed here that the graphene material is implemented
as a two-dimensional material on a dielectric substrate,
namely SiO,.The graphene surface conductivity oy comes
mainly from two contributions, Gjya. and i due to
intraband and interband transitions, respectively
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where ® is the operating radian frequency. Both surface
conductivity components are complex quantities whose
frequency dependence is governed by Kubo formula [32]-
[34]
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Here q is the electronic charge, kg is Boltzmann’s constant, T
is the absolute temperature, and # is reduced Plank’s
constant. Further, t is the graphene relaxation time which is
the time required for a charge distortion to relax to a uniform
charge density after it has been introduced in the graphene,
and | is the chemical potential which depends on the applied

voltage
He =MVg 7 ‘Vg _VDirac‘ ®)

In Eq. 3, Vg is the applied gate voltage, Vpi,c is Dirac
voltage which is a voltage offset caused by natural doping
and estimated to be 0.8 V, vi is Fermi velocity which is equal
to 10° m/s, and n=egoe; / qd where g, is the vacuum
permittivity, €, is the relative permittivity of the substrate and
d is the substrate layer thickness.

The real and imaginary parts of graphene surface
conductivity, 64 and og;, can be expressed as follows

og(@)=ogr (@) + jog; (@) (42)
g1 (@) = Re[ Gipygg (@) |+ Re[ ey ()| (4D)
04 (@) =M iy (@) |+ [ 030 (@) (40)
where Re[*] and Im[*] stand, respectively, for the real and

imaginary parts of the argument. Further, using Eqgs. 2a-c
yields
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Few remarks regarding the above formulation are given here

i. The effect of chemical potential . becomes negligible
when its value is much less than the thermal equivalent
voltage V1,=kgT. At room temperature, V1, is about 26
meV. Thus the chemical potential play a key role in
determining the optoelectronic properties of graphene
when it is subjected to applied voltage.

ii. Both the real and imaginary parts of Gjye(®) depend on
the chemical potential and this dependence comes from
the definition of H(®).

The graphene relative permittivity g4(w) is related to the
surface conductivity by
g (w)

=1+j 6
gg(@)=1+] weglg (6)

where ty is the thickness of the graphene layer.

The real and imaginary parts, &5 and &g, Of the graphene
relative permittivity can be expressed as
o (@)
I
&gr(w) =1- g .
COEO g
ogr(®) (7b)
cogotg
The graphene refractive index ng(w) can be expressed as the
square root of the graphene relative permittivity

Ng (w) = */89 (@) (8)

The parameter ny(®) can be expressed as
ng (@) = ngr (@) + jngi (o) (9a)

(7a)

ggi (w) =

where the real part ng(w) and the imaginary part ng(cw) are
computed, respectively, from

Ngr () =g ()| cosgng (@) ~ (9b)
ngi(w):‘ng(w)‘sinqing(w) (9¢)

where
20,:(0) oG (@)+0% (@) |2
‘ng(w)‘: L O'gl @, +Ggr , ngl w (9d)
% (a))zitan_l L(a)) (ge)
9 2 1- Ugr(w)
a)gotg

3.Numerical Results

This section presents numerical results characterizing
graphene surface conductivity, relative permittivity, and
complex refractive index over a frequency band up to 100
THz. Unless otherwise stated, the graphene optoelectronic
properties are obtained at room temperature using the
following parameters values: relaxation time T = 10™** s and
graphene thickness t; = 0.335 nm.
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3.1 Surface Conductivity

z
Z. 450
Figs. 2(a-c) show the variation of the real part of graphene E Ti s
surface conductivity, Re[og], with the operating frequency for é -}23 - =« Interband |
a chemical potential of 0, 0.5 and 1 eV, respectively. Both S 200
interband and intraband contributions to Re[cg] are included s :;3
in these figures. Investigating the results in these figures & S0b p.=0.00 b
highlights the following fact E He 0 0’ ¥ i
- Frequency (THz)
i. The intraband component is a decreasing function of Z ()
frequency while the interband component is an % ==
increasing function of frequency. 5 3 Intraband
ii. Increasing the chemical potential . leads to higher £ ': = e
(lower) contribution of intraband (interband) § z
component. £ o
iii. At u. = 0 eV, the contributions of interband and £ é i
intraband transitions to Re[cy] are equal at f = 7.45 Z 10" 10" 10' 10°
THz;(This frequency is denoted here by f.q). This = Frequency (THz)
leads to a minimum value of Re[cg] equals 36 uS at this E i3, ®
frequency. £ 1 — Toul
iv. Incresing p. will push f.os to higher frequency and T 3 b srss
make the contribution of interband transitions almost B ¢l
negligible in the 100 THz band. :‘5 ni
= 2t
The dependence of cross over frequency f.ss 0n the chemical % ?04 - = =

potential is calculated and the results are depicted in Fig. 3.
Note that f..s = 100 THz occurs when . approaches 0.31
eVv.

Frequency (THz)
(c)

Figure 2: Variation of real part of graphene surface

The spectral behavior of the imaginary part of graphene
surface conductivity, Im[cg], is also calculated and the results
are given in Fig. 4. Parts a, b, and c of this figure corresponds

He=1eV

conductivity with frequency. (a) . =0eV (b) 4. =0.5¢eV (c)

to K. =0, 0.5, and 1 eV, respectively. Investigating the results
depicted in this figure reveals the following findings

i. The effect of interband component is almost negligible
and this effect is more pronounced with increasing pc.

ii. At fixed value of frequency, increasing the chemical
potential leads to higher values of Im[o].

iii. The intraband component (and hence the total value) of
Im[og] approaches a maximum value at certain
frequency, frax. The value of fi. is approximately 1.6
THz and it is independent on .. The corresponding

40

Cross Frequency (THz)

20

values of Im[o,] are 0.211, 2.943 and 5.886 mS at | =
0,0.5and 1 eV, respectively.

8.00 005 010 015 020 025

Chemical Potential (¢V)
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035 040

Figure 3: Dependence of the cross frequency fgqss 0N the

chemical potential.
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Figure 4: Variation of imaginary part of graphene surface
conductivity with frequency. (a) . =0eV (b) u. =0.5¢eV (c)
K. =1eV

3.2 Dielectric Constant and Refractive Index

The spectral behavior of the dielectric constant (relative
permittivity) of graphene &4 is given in Figs. 5(a-c) for p, =0,
0.5 and 1 eV, respectively. For comparison purposes, both
real and imaginary parts of g4 are displayed in these figures.
The dashed curves in these figures are obtained after
applying curve fitting (see appendix A). Note that Re[gg] is
negative at p. = 0.5and 1 eV.

The dependence of the real and imaginary parts of the
dielectric constant on chemical potential is displayed in Fig.
6 for different values of operating frequency. It is worth to
notice here that at f = 1 and 10 THz, The real (imaginary)
part of g4 decreases (increases) almost linearly with pi.. At f =
50 and 100 THz, the linear dependence of &4 parts on L is
not valid and the Re[ey] becomes positive at low values of .
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Figure 5: Frequency spectra of graphene dielectric constant
for different values of chemical potential pic. Dashed curves
correspond to curve fitting. (a) p. =0 eV (b) p. =0.5eV (c)
He=1eV

The calculations are carried further to investigate the
frequency dependence of graphene refractive index ng and
the results are displayed in Fig. 7. Both real and imaginary
parts of ny are presented in this figure for three values of
(0, 0.5, 1 eV). Note that both Re[ng] and Im[ny] are positive
for all values of . and frequency. Note also that Im[ng] is
much higher than Re[ny] at p = 0.5 and 1 eV. In contrast, at
Kc = 0 eV, the imaginary part of ng is higher than the real part
over the frequency band below 20 THz. Above 20 THz, both
real and imaginary parts of ny are almost equal.
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Figure 6: Dependence of real and imaginary parts of
graphene dielectric constant on chemical potential. (a) f=1
THz (b) f=10 THz (c) f =50 THz (d) f = 100 THz.
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Figure 7: Dependence of real and imaginary parts of
graphene dielectric constant on chemical potential. (a) 1. =0
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permittivity g5 and refractive index ny for different values of
chemical potential and operating frequencies. These tables
can be used as a basis to investigate the performance of
graphene-based devices using commercial software packages.

Table 1: Real and imaginary parts of graphene relative
permittivity for various values of chemical potential and
operating frequencies.

Chemical Relative Permittivity
Potential
(eV) 1THz 10 THz 50 THz 100 THz
-9.857x10° | -2.140x10% | 3.417x10° | 1.192x10°
0 +j1.636x10 | +j1.800x10 | +j6.341x10 | +j3.269%10
4 2 1 1
-2.868x10* | -9.323x102 | 5.659x10° | 3.050x10°
0.1 +j4.578x10 | +j1.692x10 | +j3.606x10 | +j3.230x10
4 2 1 1
-5.689x10* | -1.937x10° | -5.288x10' | 1.063x10!
0.2 +j9.058x10 | +j3.124x10 | +j4.077x10 | +j1.878x10
4 2 0 1
-8.534x10* | -2.926x10° | -1.040x10> | -1.005x10*
0.3 +j1.359%10 | +j4.681x10 | +j3.868x10 | +j1.343x10
5 2 0 0
-1.138x10° | -3.910x10% | -1.485x10% | -2.698x10"
0.4 +j1.811x10 | +j6.242x10 | +j5.115x10 | +j6.583x10"
5 2 0 1
-1.423x10° | -4.892x10° | -1.910x10% | -3.999x101
0.5 +j2.264x10 | +j7.802x10 | +j6.393x10 | +j8.001x10"
5 2 0 1
-1.707x10° | -5.874x10° | -2.327x10%? | -5.177x101
0.6 +2.717x10 | +j9.362x10 | +j7.672x10 | +j9.597x10"
5 2 0 1
-1.992x10° | -6.856x10° | -2.740x10° | -6.299x10'
0.7 +j3.170x10 | +j1.092x10 | +j8.950x10 | +j1.120x10
5 3 0 0
-2.276x10° | -7.837x10° | -3.149x10° | -7.388x10'
0.8 +j3.623%x10 | +j1.248x10 | +j1.023x10 | +j1.280%10
5 3 1 0
-2.561x10° | -8.818x10° | -3557x10° | -8.457x10'
0.9 +j4.076x10 | +j1.404x10 | +j1.151x10 | +j1.440%10
5 3 1 0
-2.845x10° | -9.799x10° | -3.964x10° | -9.513x10'
1 +j4.528x10 | +j1.560x10 | +j1.279x10 | +j1.600x10
5 3 1 0

Table 2: Real and imaginary parts of graphene refractive
index for various values of chemical potential and operating

frequencies.

Cherl‘nlca Refractive Index
Potential 50 THz 100 THz
V) 1THz 10 THz
0 6.798x10" 5.727x10° 5.785x10° 4.117x10°
+j1.208x10% | +j1.571x10' | +j5.481x10° | +j3.970x10°
01 1.126x10? 2.759x10° 4.591x10° 4.213x10°
: +j2.034x10% | +j3.066x101 | +j3.927x10° | +j3.833x10°
0.2 1.582x10? 3.538x10° 2.801x10" 4.013x10°
: +j2.862x10% | +j4.415x10' | +j7.277x10° | +j2.340x10°
03 1.938x102 4.314x10° 1.896x10 2.114x101
: +j3.506x10% | +j5.426x10' | +j1.020x10' | +j3.178x10°
04 2.237x10° 4.975%x10° 2.099x10! 6.337x1072
: +j4.048x10% | +j6.273x101 | +j1.219x10' | +j5.194x10°
05 2.501x10? 5.560x10° 2.312x10! 6.326x1072
: +j4.526x10% | +j7.017x10* | +j1.382x10' | +j6.324x10°

Tables 1 and 2 list the calculated graphene relative
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0.6 2.740x10? 6.088x10° 2.514x10! 6.669x10? Table 3: Fitting parameters for the real part of the relative
' +j4.958x10% | +j7.689x10" | +j1.526x10" | +j7.196x10° permittivity for three values of chemical potential.
OeV 0.5eV lev
_Table 2: (Continued). __ 2 6.715x10° -3.456x10* -8.372x10"
2.960x10 6.575x10 2.703x10° 2 = 3 -
0.7 | +j5.355x10 | +8.306x10 | +1.655x10 +7"70s5;§;>1<(1)o° & -5.347x10 -1.471x10 ~1.455x10
2 ! ! ) a 1.132x107 -5.430x10* -1.494x10*
2 0 -1
I e e 2| B o
' Ty 1 T +8.596x10° |[ b, (THZ?) 3.283x10! 8.190x10° 5.606x107
3.356x10° | 7.454x10° | 3.050x107 2 807x102 || P2(THZY) 3.344x101 5.606x10" 8.190x10%
0.9 | +6.072x10 | +j9.420<10 | +j1.886x10 | 119 197510° || by(THZY) | 3.404x10* 5.606x10°" 5.606x10°"
3.538x10° | 7.857x10° | 3.211x10" | o o0 o o o
1 +j6,491x10 +j9,9?0x10 +j1,9?1x10 +j§ 254x10° Table 4: Fitting parameters for the imaginary part of the

relative permittivity for three values of chemical potential.

4.Conclusions

The graphene surface conductivity, relative permittivity, and
refractive index have been investigated over 0.1 — 100 THz
frequency band using Kubo formula. The calculated results
reveal that the intraband component of the real part of the
surface conductivity is a decreasing function of frequency
while the interband component is an increasing function of
frequency, at Y, = 0 eV, the contributions of interband and
intraband transitions to Re[o,] are equal at f = 7.45 THz and
leads to a minimum value of Re[og] equals 36 uS at this
frequency, the effect of the imaginary part of the interband
component is almost negligible and this effect is more
pronounced with increasing L, the intraband component (and
hence the total value) of Im[c,] approaches a maximum value
at certain frequency, frax. The value of f,., is approximately
1.6 THz and it is independent on . and the corresponding
values of Im[cy] are 0.211, 2.943 and 5.886 mS at p. = 0,
0.5 and 1 eV, respectively, at f = 1 and 10 THz, The real
(imaginary) part of g, decreases (increases) almost linearly
with P and at f = 50 and 100 THz, the linear dependence of
&g parts on pc is not valid and the Re[g,] becomes positive at
low values of ., both Re[ng] and Im[ny] are positive for all
values of |, and frequency, Im[ng] is much higher than Re[n,]
at ue = 0.5 and 1 eV, and at 4, = 0 eV, the imaginary part of
ng is higher than the real part over the frequency band below
20 THz, above 20 THz, both real and imaginary parts of ng
are almost equal.

Appendix A: Curve Fitting for the Real and
Imaginary Parts of Graphene Relative
Permittivity

The following two equations are used for curve fitting the
relation between the real and imaginary parts of the relative
permittivity, respectively and the operating frequencies

—b, f —b, f —b, f
Re[egl=ay+ae ¢! +aye 2 +age % (AL)

d d

f 1 b, (f 2
Im[sg]:a0+a1e(bl( +a)) +a2e( 2(f+¢)) (A2)
The curve fitting uses the numerical data estimated on the
frequency range (0.1 — 100 THz). The values of the fitting
parameters are listed in Tables 3 and 4 for u. =0, 0.5 and 1
eV where fin THz

OeV 0.5eV lev

ao 2.034x10* -3.549x10° 1.947x10

a 3.568x10° 5.180x10Y 4.122x10Y

a 1.552x10%° 5.198x10™4 5.741x10™

b,(THZzY) 9.238x10™ 3.135x10%® 4.415x10°%

b,(THZY) 7.316x10%° 1.749x10™ 9.205x10°%°

c1(TH2) 1.468x10 8.684x1072 8.676x1072

¢o(TH2) 3.040x10° 2.559x10° 2.547x10°

d, -2.830x10" -4.491x1072 -4.413%x1072

d, -1.421x10" -1.235x10" -1.213x10t
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