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We theoretically study the plasmonic properties of graphene on bulk substrates and graphene-coated
nanoparticles. The surface plasmons of such systems are strongly dependent on bandgap and Fermi
level of graphene that can be tunable by applying external fields or doping. An increase of bandgap
prohibits the surface plasmon resonance for GHz and THz frequency regime. While increasing the Fermi
level enhances the absorption of the graphene-based nanostructures in these regions of wifi-waves.

Some mechanisms for electric-wifi-signal energy conversion devices are proposed. Our results have a
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good agreement with experimental studies and can pave the way for designing state-of-the-art electric

graphene-integrated nanodevices that operate in GHz—THz radiation.

© 2017 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Graphene has become increasingly attractive due to its unique
electronic, optical and mechanical properties, as well as its various
technological applications in a wide range of fields [1—3]. One of
the most remarkable applications, that has drawn much attention,
is graphene-based optoelectronic devices [4]. Plasmonic properties
of graphene can be easily tuned through doping, the application of
an external field, or the changing of temperature. Freestanding
graphene in vacuum is quite transparent, having an absorption of
2.3% in the visible range. Combining other materials such as
nanoparticles or biological molecules with graphene has been
demonstrated to be a promising and reliable approach to
enhancing the visible light absorption in graphene-based photo-
detectors [5,6]. The absorbance dramatically increases in the
GHz—THz regime [7]. Thus, graphene-based plasmonic devices
exploit surface plasmon resonance frequencies in both visible and
terahertz regimes. They have many advantages compared to the
conventional plasmonic devices which use nanoscale wavelengths.
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The GHz and THz bands have a broad range of applications that
have been widely used in daily life and industrial business. For
example, the common wifi signal is currently transmitted at GHz
frequencies. However, in this era of information technology,
increasingly generated data per day causes congestion for current
wireless communications. The THz band can become a promising
future for wireless technology since this band supports wireless
terabit-per-second links [8,9]. When GHz and THz waves surround
us wherever, designing plasmonic devices to take advantage of
these air waves helps avoid energy waste.

In this paper, we investigate plasmonic properties of graphene-
based nanostructures in the GHz and THz bands of frequency. Our
findings are used to propose a theoretical model for nanodevices
which converts wifi energy to electric energy based on un-
derstandings of the absorption spectrum of monolayer graphene on
substrates.

2. Theoretical background
2.1. Tight binding approach for graphene
Graphene is a two-dimensional material that has carbon atoms

arranged in a honeycomb lattice. Let a = 0.142 nm be the length of
the nearest-neighbor bonds. The two lattice vectors can be
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expressed by a; = a(3/2,v3/2) and a, = a(3/2,—+v/3/2) [3]. The
tight-binding Hamiltonian of electrons in graphene is given by

H=E.) afa+E Y bibi—t > afbj—t > bia, (1)
i

i <ij> <ij>

where <ij> means nearest neighbors, and a; and a;" are the anni-
hilation and creation operator, respectively. For pure graphene,
Eq = Ep = 0. The three nearest neighbor vectors are 6; = (1,v/3)a/2,
0, =(1,—v3)a/2, and 63 = (—1,0)a. The Hamiltonian can be
rewritten by

H=—t> afby .5 —t> aiby 5, —t> aiby 5 —t
i i i
X Zb;arlml —th;arﬁréz —tEb;anMw (2)
i i i

where t = 2.7 eV is the interaction potential between two nearest
carbon atoms. Note that 3" a; by, .5, = > a; bye 0.
i k

Doing the same way with the other terms, the Hamiltonian can
be recast by

m-32 ) (o "8 (8) @

where Hyp(K) = —t(e *0 1 e=iké2 1 e=késy and Hyy (k) = —t(e® +
elkds | oikds),
The Hamiltonian gives the graphene energy band

E.(k) = +t\/3 + f(Kk), (4)

where

f(K) = 2cosV3kya + 4cos (\fkya> cos <3l<2xa> . -

At K= (2mv/3,2m)/3Vv3a and K' = (27v/3,—-27)/3+/3a points,

E. = 0. Near K point, k = K + q with q relatively small, the electron
energy can be calculated by

E, = i% qa. (6)

The Hamiltonian around K point can be rewritten by

_ 3ta 0 qx —iqy \
H@ =75 (4 Vigy 0™ ) = vehoa. ™)

where vi = 3ta/2h = 10® m/s is the Fermi velocity, ¢ is the Pauli
matrices, and % is the reduced Planck constant.
2.2. Optical graphene conductivity

The electron density of state |¥y) is given by

p = |Wn)(Pnl, (8)
yielding

dp i

2= 7oL ©)

From Eq. (9), the fluctuation of electron density caused by an
external field can be given by

—ihdp = [0p, H] + [p, OH]. (10)
Suppose that p ~ e ™!, the above equation can be rewritten by
hwop = [0p, H] + [p, 0H]. From this,
—hw<k)5p]/< n q> - <k)[6p7H]‘k + q> + </<‘[p, 6H}‘k + q>
= (Eusq — Ee) (Klon|k +a) + (F(E0
—f(Ek+q))<k’6H’k+q>, (11)

where f(E) is the Fermi distribution. The result gives

F(ER) —F (Eiq)

Due to the external field, the electron density is fluctuated and
electrons move along the direction of the field. The electrical cur-

rent can be calculated by

() = Tr(opj) = > (k[op|k + a)ck + gljk). (13)
k,q

Without losing generality, it is assumed that the electrical field
is along the x-axis. Combining Eq. (13) with Eq. (12), the current can
be recast by

(8ix) = Z%@w\k +)(k+qljx

k.q

k>, (14)

where 0H = —eEx, e is an electron charge, E is the electric field, and
the electrical current jy = —evy = —(e/h)0H/0ky = —eVrox. Note that
vx = [Hx]/(ih).

n

<I<
Substituting Eq. (15) into Eq. (14), the graphene conductivity
becomes

Ux

k+q> :M<k‘x’k+q>, (15)

f(E) —f (Ek+q> ie27 2
o(w) = %: Ei — Eprq — o) By — EMK" v "+q>)
= Tintra(®) + Tinger(0). (16)

For intraband transition, electrons move within a band. Thus,
|Ex — Ex1q| < kgT. The intra conductivity can be given by

2ie?h 3 of (Ex) <k

hw aEk
where the prefactor 2 is introduced as the degeneracy of energy
due to spin up and down. Note that vy = vpoy.

i1
)k> = % (el >,
<k k+q> :";(e—im +ei¢k+q)7 (18)

)<k k+q>}2 = 2.

To obtain Eq. (18), the two energy bands Ey and Ej 4 are assumed
to be close enough to have similar phases between the two bands
(¢r+q — ¢k = 0). We can also introduce the damping parameter in
the graphene conductivity in order to consider the damping

2
; (17)

Ointra(0) = — vx |k + Q>‘

Ux

Ux
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process on the movement of electrons in graphene. The intra
conductivity is expressed by [10,11]

2ie2kgT
_2ieksT o cosh 19
T2 (0 + i) [COS (’BT)} (19)

where Er is the chemical potential of graphene and kg is the
Boltzmann constant. For pristine graphene, Er = 0. However, in the
presence of an external field or doping, Er is nonzero and can be
positive or negative [12].

The interband conductivity is caused by the transition of elec-
trons between two bands. Thus, |Ex — Ex.q| > kgT. To calculate to
the interband conductivity, Eq. (16) is expanded to

Tintra(®)

FEx) —f(Eroq) ie2h|(k|ux|k +q 2
Tinter(®) = Z Ex <Ek+5 ;2 ‘g‘k fxE,Hq >)

oo

vEkdkdgy, f(E) — f(—E) ie?h’w
/ ™ 4F2 — (hw)> E

(20)
0

X ‘<k

where the factor of 4 is due to the degeneracy of two spin states and
two valleys.

1 iy 1 _ itk
3 Ira-3(7)
(k _ % (et — ), 1)

‘<k 1—cos¢k.

2
ket a)] =3
Now, it is easy to see that (27

Ox

k+q>’2,

Ox k+q>

2
k+ q)‘ d¢, = m. Combining

(kjox

Eq.(20) and Eq. (21), the interband conductivity is obtained written
in the form

Ointer(©) = ie*e /dE )) (22)

If the effect of the damping process is considered in calculations,
» — w + iI', and the interband conductivity can be recast by

. ie? w+11" f(E) —f(-E)
Tinter () = / dE 20+ 11“)2 . (23)

Using the definition of the Dirac Delta function and taking the
limit ' — 0 or E very large, the real part of the interband con-
ductivity becomes

[Se]
e
Redinter(w) = “on /
0

e sinh(hw/2kgT)
~ 4n cosh(iw/2kgT) + cosh(Eg/2kgT)’

) —f(=E)] x (6(2E — hw) + 6(2E + hw)),

(24)

At the limit E > kgT or an extremely low temperature limit,
tanh(7w/4kgT) = 1. Thus, Recipte{w) = o9 = e2/4h is the universal
conductivity of graphene which was measured in Ref. [10]. Exper-
imental results in Ref. [10] and our theoretical calculations suggest
that the imaginary part of the interband conductivity can be
ignored in the considered limit.

Now, consider the optical properties of gapped graphene. The
Dirac Hamiltonian is expressed by

A n(ky — ik
H(k) — (th(kX+iky) vF (_A y)), (25)

where 2A is the gap energy between two bands. The eigenvalues of
this Hamiltonian gives the energies of gapped graphene

E, = +1/A% + vER2K2.
1 (E+A)/E
-1 L)
V2 \ \/(E = A)/Ee*
1 ( (E — B)/Ee'* )
V2 E+MJE )
Using the same approach for calculating the optical conductivity

of pure graphene, the inter- and intra-band conductivity of gapped
graphene can be obtained, [12].

ie? fwn? 2
Tintra = /7,1 / dE <1 + éz) [f(E) +1—f(-E)],
A

(26)
‘k + q>

w+ir
(27)

f(E) —f(=E)

2 2

ie“w A
Ointer = / dE( 2> 4E% —12(w +iT)?
A

In all calculations, parameter 7 = 20 x 10~ s and I" = 0.01 eV
for the graphene conductivity. The graphene chemical potential can
be controlled by an applied electric field E4 [13].

2.2
"é‘)h "FE /E[f F(E + 2Ep)|dE, (28)

where gp is the vacuum permittivity. Eq. (28) suggests that the
chemical potential Er = 0.2, 0.5 and 1 eV correspond to the electric
field E; = 0.33,1.918 and 7.25 V/nm, respectively. These amplitudes
of the electric field larger than 5 kV/cm have been proved to cause
nonlinear optical effects in graphene [ 14]. The nonlinear response is
found to play a more important role than the linear term in the
optical conductivity. In our calculations and previous studies [13],
we suppose that the variation of Eris mostly due to chemical doping
and the calculations using linear optical response are still valid.

3. Absorption of graphene

In order to estimate the absorption of graphene, the reflection
and transmission coefficient of graphene on top of semi-infinite
substrate must be known. These are [15,16].

ki —ky — ugo(w)w

T = R Ry F oo (@)

fre — 2’(]

TE = k] + ’(2 + /J'()O'((a))(a)7 (29)
S 62’(1 — €& kz + U((,L))k] ](2/800)

™ = 6‘2’(1 + &1 k2 -+ a(w)kl ](2/80(0’

trg = 28] kz

eaky + e1ky + 0'(&))’(1](2/80&)’

where TM and TE denote for the transverse magnetic and electric
mode, respectively, uo is the vacuum permeability.
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km = \/emw?/c? — kﬁ , k is the component of wavevector parallel to

the surface, ep is the dielectric function of medium m. The light
comes from medium 1, partly transmits to medium 2 and reflects
back into medium 1. At normal incidence, kj = 0

_ VEi - B - mag(o)

rE=—-Tmy=T1= ,
=M VT + /&7 + mag(w) 0)
NG
=t =t= :
VE + /&2 + moag(w)
where a = 1/137 is the fine structure constant and g(w) = a(w)/ao.
The incident and transmitted light have the intensity

2
Et’ Re(ey). Ep and E; are the

Io :%\/% Eo’ZRe(q) and I :%\/%

amplitude of incident and transmitted electric fields. Thus, the
absorbance of graphene can be calculated by

A=1- HZ _ Re(%) ‘t‘z.

For a gold substrate, the dielectric function is modeled by the
Drude model [13,16].

(31)

wp
=1-—F— 2
8Au((/‘)) (1)((1)*‘1’1')’)7 (3 )
where wp = 9.01 eV is a plasma frequency of gold, and y = 0.035 eV
is the damping parameter.
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Fig. 1. Normal-incidence absorption spectra of free-standing graphene with (a)
different Fermi energies when A = 0, and (b) different values of band gap at Er = 0.

For a silica substrate, the dielectric function is given by [17].
‘*’%o —w? — iy

o —, 33
Wi, — w? — iy (33)

esio, (W) = €

where &, = 1843, wyp = 0154 eV, wrp = 0.132 eV, and
Yo = 7.64 meV.

4. Numerical results and discussions

Figure 1 presents the absorption spectra of freely-suspended
graphene with a variety of chemical potentials and band gaps.
The analytical expressions in previous sections show the strong
dependence of absorption on the optical graphene conductivity.
Thus, the intraband and interband transitions are responsible for
an absorption of graphene at low and high energy regimes,
respectively. In visible light regions, our results are in good
agreement with Ref. [10] with o(w) = 09, A = ma = 2.3% and
T = 97.7%. Graphene is extremely transparent in air. In the
GHz—THz range w < T, thus the w in the denominator of Eq. (19)
can be ignored. This finding suggests that ¢(w) and the absorp-
tion remain constant and can be significantly enhanced by
increasing Er. Interestingly, approximately 50% of the optical
energy of the incidence light can be absorbed by graphene when
Er=1eV.

The presence of a band gap opens a once forbidden region of
electron transition at energies 0 < 7w < 2A. Thus, the large band
gap prevents the intraband carrier transition. As can be seen in

0.020 T T
(@) — E.=0
0.016 + E.=02eV
——E. =056V
g 0012f ——E.=1eV
g A=0
§ 0.008 - graphene on Au substrate
0.004 +
0.000 - - et
10 10 10
f (GHz)
0.025 T T
(b) —a=0
0.020 A=02eV
——A=05eV
® —A=1eV
2 0.015¢ E =0 1
_g F
S graphene on Au substrate
2 0.010+ -
<
0.005 - R
0.000 S — . .
10 10 10 10

f (GHz)

Fig. 2. Normal-incidence absorption spectra of a monolayer graphene on gold sub-
strate with (a) different Fermi energies when A = 0, and (b) different values of band
gap at Ep = 0.
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Fig. 3. Normal-incidence absorption spectra of a monolayered graphene on silica
substrate with (a) different Fermi energies when A = 0, and (b) different values of band
gap at Er = 0.

Fig. 1b, the absorption of graphene in the THz region is nearly zero
and is only contributed to the interband conductivity.

In practice, graphene is deposited on a substrate. Thus studying
the effects of substrates on graphenes optical properties is an
essential key for designing graphene-based optical next-generation
devices. As can be seen in Fig. 2, the absorption of graphene on gold
semi-infinite substrate in air, free electrons on the gold surface
absorb and re-emit the most incident photons. This result suggests
that pure graphene has a higher absorption than graphene on gold
substrates. |[r|] = 1 at low frequencies since &(w) — oo, while

2mnyR 27mn,R 2mnmR 2mnyR
R G o ] G M o

 Si02@graphene nanoparticle

Absorption (nmz)

N
e

10'2- v L F
10° 10* 10°

Fig. 4. Absorption spectrum of graphene-coated SiO, nanoparticle with R = 50 nm and
various Fermi levels.

e1(w) = 1 and g(w) are finite values. Total optical energy is reflected
due to the presence of gold. The behavior remains regardless of
variations in band gaps and Fermi energy levels. This finding also
explains why the van der Waals/Casimir interactions between two
planar metallic materials with and without graphene coated on top
are the same [16]. Note that this dispersion force is based on the
reflection of the electromagnetic field in the space separating the
two objects. As a result, the plasmonic properties of graphene
cannot be exploited when the substrates are metallic.

Figure 3 presents the absorption cross section of a graphene
sheet on silica substrate. Silica substrates have been broadly used to
support graphene sheets in many experiments and devices. Gra-
phene on SiO, also absorbs less electromagnetic energy but the
absorbance ranges from 15% to 37% as Er and A approach 0. Note
that the nonzero bandgap induces a significant reduction of ab-
sorption at low energy. Reducing A as much as possible maximizes
the performance of the plasmon in graphene.

Nanostructures have stronger plasmonic features than their bulk
counterparts due to the quantum confinement effect. Above theo-
retical calculations suggest that plasmonic properties of graphene-
integrated silica nanodevices may contain more interesting prop-
erties. Recently, graphene-coated dielectric nanoparticles have been
intensively synthesized and investigated [18,19] for many applica-
tions with nanoparticle sizes ranging from 16 nm to 100 nm. The
absorption cross section Agps of graphene-conjugated silica nano-
particle with a radius R is given using the Mie theory [20].

o W (27rnmR> W (27rnpR>

a =

gl(Zﬂ'nmR)qﬂ(Zﬂ’npR) e (ZngR)
)

@111, (ZanR) w (ZTFTIPR) ,(anmR
A

£0€m A A
27mpR g [ Fo £ 2mnmR v, 27npR
£0€m A A
27rnpR U0 iy [ 27TNmRY o, (271pR
) () e (57w (7 (34)

| =

12
Adbs = 5 Z(zl+1)(Re(a,+bl

2 2
jal [

Ny, (2T0mRY 27mpR 2mnmR 27rnpR . o 2mnmR 2mnpR\
nm’( 7 ) —alT ) 9 feoem\— 1) V1T
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10%

Absorption (nm?)

10?2 '
10° 10° 10* 10°
f (GHz)

Fig. 5. Absorption spectrum of graphene-coated SiO, nanoparticle with R = 30 (red),
50 (orange) and 80 nm (green) at different chemical potentials. The solid and dashed-
dotted lines correspond to Er = 0 and 0.5 eV, respectively.

where n, = | /&5jp, is the complex refractive index of the nano-
particle, nm =./em =1 is the refractive index of vacuum,
Wi(x) = xj(x) and &(x) = xhl(l)(x) are Riccati—Bessel and Ricca-
ti—Hankel functions, respectively, ji(x) is the spherical Bessel func-
tion of the first kind, and hfl)(x) is the spherical Hankel function of
the first kind.

Figure 4 shows the absorption cross section of a graphene-
coated 50-nm-radius SiO, nanoparticle. The Mie theory has been
used to obtain predictions of theoretical calculations in good
agreement with experimental results [20,21]. The full calculations
of Eq. (34) are valid for all sizes of nanoparticles and wavelength
range. When 1 > R and ¢ = 0, the absorption cross section can be
calculated using the quasi-static approximation which only the
I =1 term is important. It is easy to see that two plasmonic reso-
nances of graphene/SiO, nanoparticle are in the reliable range of
the quasi-static approximation but non-zero optical conductivity of
graphene layer on nanoparticle's surface leads to the failure of the
approximation. Two peaks in the spectrum are attributed to the
transitions of the electrons in graphene and frequencies of longi-
tudinal and transverse optical phonons of SiO,. The position of the
first resonance is strongly sensitive to Er and the size of nano-
particle. The chemical potential enhancement weakens the
contribution of graphene on the absorption spectrum. Technolog-
ical advances have allowed the precise measuring of the particle's
size. Interestingly, the absorption difference between the two op-
tical peaks is about 1—-2 orders of magnitude. This phenomenon is
reversed in the bulk system.

The strong dependence of the particle size on the optical spec-
trum is shown in Fig. 5. The first peak resonant position is blue-
shifted with increasing particle size. The magnitude of the plas-
monic resonant peaks decays remarkably when the radius is
reduced. The second band's position remains unchanged as varying
sizes and Efr of graphene since it is just dependent on phonon
properties of silica. Although Fig. 3 suggests that the absorbance of
graphene-coated silica substrate at low frequencies (<10® GHz) is
remarkably greater than that at higher frequencies, numerical re-
sults in Fig. 5 indicates that geometrical effects minify the strong
low-frequency absorption. Silica@graphene nanoparticles harvest
more high frequency radiation than at lower frequencies.

Certain features of the absorption spectrum in Fig. 4 can be
exploited to design devices that convert the energy of GHz—THz
radiation to electric energy. The coupling of the GHz—THz waves to
the graphene structures results in the localized heating. The array

of these graphene nanoparticles can be designed to be illuminated
by the THz band. The temperature of these particles increases and
leads to electron transfer if they are connected to ground. A similar
idea was experimentally carried out in a previous study [22].
Sheldon and co-workers showed that metal nanostructures can
convert the visible light power to an electric potential. The plas-
moelectric potential ranges from 10 to 100 mV. Thus, our proposed
systems can likely obtain large plasmoelectric effects, having a wide
range of applications in various fields.

5. Conclusion

We have studied the absorption spectrum of graphene-based
systems. Graphene is quite transparent when it is put on gold
substrates because the metallic substrate reflects most of the
electromagnetic wave energy. The silica substrate allows approxi-
mately 15—37% incident wave energy to be absorbed on graphene.
A variation of the absorbed energy depends on the Fermi energy
and bandgap of graphene. The strong absorbance of graphene in
the GHz—THz regime can be exterminated by increasing the
bandgap. The plasmonic properties in nanostructures are demon-
strated to be much larger than that in their bulk counterparts. Two
peaks in the absorption spectrum of graphene-coated silica nano-
particle can be used to produce energy converters using the
plasmo-electric effect.
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