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We applied the scattering approach to studying the transport properties of charge carriers through
single layer graphene in the presence of a time-periodic potential. Using the method, expressions for
the second-quantized current operator, conductivity and shot noise are obtained. The results obtained in
this study demonstrate that the applied external field provides sidebands for charge carriers to tunnel
through the graphene, and these sidebands changed the transport properties of the system. The results

obtained in this study might be of interest to basic understanding of photon-assisted tunneling (PAT) and
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designers of electron devices based on graphene.
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1. Introduction

Graphene has become a subject of intense interest due to the
successful fabrication experiment by Novoselov et al. [1]. Graphene
is a single layer of carbon atoms densely packed in a honeycomb
lattice, whose low-energy dynamics of electrons equivalent to the
relativistic fermions is not described by the usual Schrédinger
equation, but by the Dirac-like equation

Ho=—ifivpoV (1)

ve 2 10% m/s is the Fermi velocity, o = (0%, oy) are the Pauli ma-
trices. The eigenstates of the Hamiltonian (1) are two-component
spinor wave function. Near the Brillouin zone the graphene has the
linear energy spectrum, E = hvgk. The linear energy spectrum and
chiral nature of the particles make the graphene possess a number
of unique electronic and transport properties such as an unconven-
tional Hall effect [2-5], finite minimal electrical conductivity [2,6],
special Andreev refection [7,8], Klein paradox [9-13] and so on.
Photon-assisted tunneling (PAT) has been attracting much re-
search interest. Basically, (PAT) originating from energy exchanges
between the electrons and energy quanta (photons) of the applied
oscillating field. In the presence of an additional time-periodic po-
tential, the energy E of an electron state can be transferred to
sidebands with energies E + lhw (I =0, +1,+2,...). Dayem and
Martin reported evidences of absorption or emission of photons
by a single tunneling electron according to the experiments on the
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tunneling between superconducting films in the presence of mi-
crowave fields [14]. Tien and Gordon explained qualitatively the
multiphoton-assisted electron tunneling current in superconduct-
ing diodes by calculation [15]. Yurke and Kochanski calculated the
momentum transported across a barrier by the second-quantized
and momentum-current operators [16]. Biittiker investigated the
noise spectral density for multiterminal, multichannel conductors
and compared these results with the intensity-intensity correla-
tions of a photon wave guide [17]. Pedersen and Biittiker extended
the scattering-matrix approach to transport in phase-coherent con-
ductors, and the fluctuation spectrum in the presence of oscillating
voltages applied to the contacts of the sample was obtained [18].
Zeb et al. studied the transport of Dirac electrons in monolayer
graphene through a single barrier with a time-periodic poten-
tial, they found that at normal and close to normal incidence the
system shows perfect transmission (Klein tunnelings) because of
chiral nature of the particles [19]. In a series of papers, Wagner
studied photon-assisted transport through quantum barriers and
wells with driving V coswt based on a transfer-matrix formalism
[20-22].

Shot noise in an electrical conductor is one of the important
physical quantities, it is a consequence of the quantization of the
charge. With the development of single electron devices, shot noise
attracts more and more attention, as it influences the performance
of the devices. At the same time, by measuring shot noise, we
can understand the transport mechanism of a mesoscopic system.
We can get more information than conductance by researching
shot noise, for example, determine the charge and statistics of
the quasiparticles relevant for transport and reveal information on
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the potential profile and internal energy scales of mesoscopic sys-
tem by shot noise experiments [23].

First, we construct the wave function of charge carriers through
single layer graphene in the presence of external field. Then ob-
tain the second-quantized current operator on the base of the
scattering approach. Furthermore, we calculate the expressions for
the conductivity and shot noise and explain the obtained results.
The present results will be helpful for the basic understanding of
photon-assisted tunneling (PAT) and designers of electron devices
based on graphene.

2. Theory and model

For simplify, the discussion will be confined to one-dimensional
case, and we use the same setup as in Ref. [19], a monolayer
graphene sheet in the xy plane. The square potential barrier is set
up in the x direction while carriers are free in the y direction. The
width of the barrier is a and the height of the barrier is oscillating
sinusoidally around V with amplitude V and frequency w. Charge
carriers with energy E are incident from one side of the barrier in
graphene with an angle ¢¢ with the x axis. The Hamiltonian H of
the system is as follows:

H=Hy+ Hq (2)

among them

Ho = —ihvpo - v+ V,
H1 = V1 cos(wt) (3)

V and V; are the static square potential barrier and the amplitude
of the oscillating potential, respectively. By solving the Dirac equa-
tion in the absence of the oscillating potential [9], one can obtain
the functions through the barrier from the left (v/1) and right (),
respectively [19]

o ((b11(x.y.0)
=eik]yy 11 ' s 4
4 Z <¢12(x,y,t) “)
I=—00
and
o
. t)
— pikayy d21(x, Y, 5
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|[=—00
where
> 1) 0
. I . .
Yni = eikiyy Z <Soei¢(())3lo ) ik xo—i(E Hhw)t/h (6)
_ ikiyy —ikl x ,—i(Eq+lhw)t/h
Yy =l Z n( s,ew,)e e i(E1 )
] _ellqyy Z <Slel [) zk xe—i(E1+lﬁa))t/ﬁ (8)
. 8, 0, s
Vi = elkayy Z <soe—fgoglo ) o ikyxp—i(Ex+lhw)t/h (9)
_ pikayy iklzx —i(Ex+lhw)t/h
Yor=e Z rl< el )e e (10)
. l ol .
Yo = etkayy Z t <sle—i¢: ) o ikyx o —i(Ex+lhw)t/h (11)

I=—00

where

s; = sgn(E + lhw),
E+lho\? 2
th v

¢ =tan"! <k—y>
kl1

the subscripts i, r, t represent the incident, reflected, and transmit-
ted wave functions, respectively. 8y is the Dirichlet function.

Repeat the derivation of Ref. [19] to obtain the transmission
amplitudes for central band ty and first sidebands t; (I = +1) as
follows:

Ky =

(12)

e—ik?a €05 6 €S ¢
to = 0 . 0 A A (]3)
€os g cos ¢ cos[k;a] + isin[k;al(1 + sin g sin ¢o)

1 Ji@) tsobsi p oy o icpot
=§ [1“1 +Fl el(¢ot+¢)
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where

! E—V +lho\’ )
e={"n, ) M
f

+ + +
™ =47 - Ag,

(14)

A,i = cos[k'za +6,]/ cos @,
= 2 — 2,

Q=i sin[klza]/ cos[6]

a is the width of the barrier.

2.1. Average current

In terms of these wave functions one can obtain the second-
quantized field operator ¥ as [16]

v =11+ (16)
where
o= a5
X nELD)
= dE’ E 17
J_X:oo(,/ (fl’lz(E/,r))a (1) 4
b= e
21(E5, 1)
Z / ((bz;(E,, )> (EZ) (]8)

I=—00

where E} = Eq +lfiw, E}, = E3 + Ifiw, and annihilation & (E}) and
&2 (EY)) satisfy the relation [23]

(@ (EN)ap1(E2)) = Sapbuad (E1 — E2) fo (1) (19)
where fy(E1) is the Fermi distribution function
1
fa(El)Z(El,T’ a=1,2 (20)
e fple +1
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