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Although surface plasmon polaritons (SPPs) resonance in graphene can be tuned in the terahertz

regime, transforming such SPPs into coherent terahertz radiation has not been achieved. Here, we

propose a graphene-based coherent terahertz radiation source with greatly enhanced intensity. The

radiation works at room temperature, it is tunable and can cover the whole terahertz regime. The

radiation intensity generated with this method is 400 times stronger than that from SPPs at a

conventional dielectric or semiconducting surface and is comparable to that from the most

advanced photonics source such as a quantum cascade laser. The physical mechanism for this

strong radiation is presented. The phase diagrams defining the parameters range for the occurrence

of radiation is also shown. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4879017]

Graphene has become the most attractive research area

in modern science and technology because of its exceptional

properties1–3 and great potential applications.4–7 One of the

most interesting and important topics in graphene applica-

tions is to generate terahertz (THz) radiation, for that the

plasmon frequency of graphene with favourable charge car-

rier concentration lies in the 1–50 THz frequency regime.8

Graphene-based plasmonics can play a versatile role for

developing photonic and optoelectronic applications, such as

ultrafast lasers, solar cells, optical modulators, photodetec-

tors, and light emitting devices.9 It has been proven both the-

oretically and experimentally that graphene can sustain

surface plasmon polaritons (SPPs) while the real part of the

permittivity becomes negative.3,7

From the SPPs behavior and the excitation methods, gra-

phene sheet is similar to a thin noble metal film. For exam-

ple, graphene SPPs can also be excited by incident plane

wave,10,11 strong near-field,12 and electron beam.13 It also

has been shown that, in a noble metal film, SPPs can be used

to generate light radiation.14 Moreover, graphene SPPs have

many advantages over metal film SPPs because the conduc-

tivity and permittivity of graphene can be controlled by

adjusting external gate voltage, chemical doping, etc.3,7

Various approaches have been proposed and investigated to

generate THz radiation.8,15,16 Despite the recent intensive

research, generation of coherent and tunable THz radiation

using graphene remains a significant challenge.

In this Letter, we present a physical mechanism for gen-

eration of tunable and coherent THz radiation from SPPs in

graphene. The mechanism consists of three elements: (i)

Exciting SPPs in graphene by a uniformly moving electron

beam and the SPPs propagate with the electron beam, (ii) the

periodicity of the dielectrics to bring the SPP-beam line

intersection at short wavelength back to the long wavelength

regime for the SPPs to be transformed into radiation waves,

and (iii) the strong electron-photon and SPP-photon coupling

in graphene.

Let us first consider a structure of graphene sheet on a

dielectric substrate (such as Si, SiO2, and Polymethylpentene

(TPX)17) as shown in Fig. 1(a). SPPs in graphene are being

excited by an electron beam that moves parallel above the

graphene. The conductivity of graphene ðrg � rintraÞ is given

as3,18,19

rg ¼
je2kBT

p�h2 xþ js�1ð Þ
lc

kBT
þ 2 ln e

� lc
kBT þ 1

� �� �
; (1)

where T is temperature, kB is Boltzmann constant, s is relax-

ation time, and lc is chemical potential. Values of

lc¼ (0.08–0.15) eV, s ¼ 0:5 ps, and T¼ 300 K are used for

all numerical calculations.18 Here, only the intraband con-

ductivity which dominates the low frequency process of gra-

phene SPP is included.19 When graphene dynamical

intraband conductivity has a positive imaginary part, the real

part of the equivalent permittivity becomes negative. In this

case, graphene can support SPPs. In deriving the dispersion

equation of graphene SPPs of the structure excited by an

electron beam, as shown in Fig. 1(a), the graphene sheet is

considered as a conducting surface with conductivity rg. By

making use of Maxwell’s equations and the boundary condi-

tions, the dispersion equation of SPPs in graphene with

dielectric substrate can be obtained as20

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0 � k2
z

p þ esffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
esk2

0 � k2
z

p þ rg

xe0

¼ 0; (2)

where es is the relative dielectric constant of substrate.

The dispersion curves of the structure with different

chemical potentials are plotted shown in Fig. 1(b). Thea)liusg@uestc.edu.cn
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electron beam with b¼ 0.04 (where b¼ u0/c, u0 is the beam

velocity) is moving parallel above the graphene sheet. As

shown in Fig. 1(b), the beam line intersects dispersion curves

at points A and B which are called “working points.” It indi-

cates that graphene SPPs are excited at frequency 8.44 THz

for lc¼ 0.15 eV and 5.68 THz for lc¼ 0.1 eV corresponding

to working points A and B, respectively. The frequency of

graphene SPPs can be tuned by the beam energy or the

chemical potential (gate voltage) to cover almost the whole

THz regime.

In the case of parallel electron beam excitation, graphene

SPPs can propagate together with the electron beam for that

their phase velocity equals the velocity of electron beam. The

SPPs can obtain energy continuously from electron beam to

compensate their energy loss during propagation. Fig. 1(c)

clearly shows the graphene SPPs propagation and SPPs are

tightly confined to the both sides of graphene sheet.

The SPPs cannot radiate directly from the graphene

sheet. It could be transformed into Cherenkov radiation, if

the working points are in the radiation region, a cone formed

by the vacuum light line.14 However, the SPPs dispersion

curves shown in Fig. 1(b) are always below the dielectric

light line, so the intersections of SPPs dispersion curves and

the beam line are always below the radiation region, irre-

spective of whether the permittivity of the dielectric sub-

strate is lower or higher. Therefore, it is not possible to

transform graphene SPPs into radiation because of the wave-

length mismatch.

We now propose a structure in which the wavelength

mismatch can be removed and the SPP-beam line intersection

can be brought back within the cone region formed by the

light lines. The schematic of this structure is shown in Fig.

2(a). Here, a micrometer slits array is used as the substrate, it

is a periodic structure formed by dielectric medium 1 and me-

dium 2 alternatively. The height of dielectric slits array is set

to be comparable to the length of period to ensure high radia-

tion power density and independence of radiation frequency

on substrate below dielectric slits array.20 From Maxwell’s

equations together with the boundary conditions, we obtain

the dispersion equation20

eef f k3 þ esk2

eef f k3 � esk2

e�2jk2d ¼ eef f k0k1 � g0rgk1k2 � k0k2

eef f k0k1 þ g0rgk1k2 þ k0k2

; (3)

where k1¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k0

2�kz
2

p
;k2¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eef f k0

2�kz
2

p
; k3¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
esk0

2�kz
2

p
;

eef f ¼esð1�rÞþe2r; r¼a2=L, g0 is the wave impendence in a

vacuum, and eef f is the effective dielectric function of the

dielectric array substrate. The dispersion curves are shown in

Fig. 2(b). In analog to the translational invariance of a crystal

lattice, the periodicity of the dielectric media results in zone

folding of the SPPs dispersion. The zone boundary is given

by kL¼p=L, and the zone folding ðkn¼k62np=LÞ occurs.

Since the speed of light is much higher than the electron

speed, the cone formed by the light lines is essentially a very

narrow region near the zone center. Therefore, it is required

that the SPP-beam line intersection point be very close to the

second zone boundary (2 kL), so it can be folded back to the

zone center (inside the light cone). As a result, transforming

SPPs to radiation becomes possible. Fig. 2(b) shows that in

this case the intersections of the dispersion curves and the

FIG. 1. (a) A monolayer graphene is

on a dielectric substrate and an elec-

tron beam uniformly moves parallel

above the graphene. (b) The dispersion

curves of the structure with the sub-

strate es ¼ 2:1 (TPX). The light line in

vacuum almost coincides with that in

dielectric. The inset is the dispersion

curve for the substrate es ¼ 11:7 (Si).

(c) The contour map of graphene SPPs

at working points A and B.

201104-2 Liu et al. Appl. Phys. Lett. 104, 201104 (2014)
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beam line can be in the radiation region between the two

vacuum light lines, and hence, SPPs can be transformed into

coherent radiation in free space, the radiation pattern is

shown in Fig. 2(c). The radiation frequency is in the THz fre-

quency regime, and it is tunable by changing the beam

energy. A tunable range of �f=f0¼5% can be achieved.

The dependence of the radiation frequency on various

different parameters is shown in Fig. 3. Fig. 3(a) shows that

as the chemical potential increases, the surface plasmon fre-

quency (proportional to the square-root of the chemical

potential) as well as the SPPs energy increase. This leads to

a higher intersection point with the electron beam line, and

in turn a higher radiation frequency. To get better operation,

the electron beam energy needs to be adjusted within an

operational band for a given chemical potential. The radia-

tion condition is determined by the intersection of SPP

energy and the beam line and the intersection point must be

folded back to a position inside the cone formed by the light

lines. If the SPP energy increases (as the chemical potential

increases), the beam energy must increase to insure that the

intersection point is close to the second zone boundary. Then

the folding will bring the intersection point inside the light

cone. The colored 3D band shows the required SPP and

beam energy matching. A cut at a fixed radiation frequency

will give a b� lc phase diagram for radiation.

Figs. 3(b) and 3(c) show the effect of the device geome-

try on the radiation frequency. The zone folding due to the

periodic structure of the dielectrics is characterized by the

wave-vector at the second zone boundary, 2 kL. The SPPs

energy at 2 kL therefore increases as the period L decreases. A

large period results a low intersection point when the disper-

sion folds back to the zone center. In general, the radiation

frequency decreases with the increasing period. In the case of

es > e2, the frequency increases as ratio a2/L increases

because of the decrease of the effective dielectric constant

eef f . It is found that the radiation frequency can be tuned to as

low as 3 THz. Tuning radiation frequency with periodicity is

also constrained by the beam energy. If kL is increased, b
needs to increase accordingly so the intersection point stays

close to the second zone boundary. A cut at fixed frequency

FIG. 2. (a) The schematic of graphene

sheet with a micrometer dielectric slits

array substrate. (b) The dispersion

curves (the geometric size is L¼ 1.5

lm, d¼ 1 lm, a1¼ 1 lm, and a2¼ 0.5

lm, es ¼ 2:1; e2 ¼ 1, b¼ 0.044). (c)

The contour map of Ez field at working

point C (8.7 THz), krad¼ k0 is the radi-

ation wave vector in the free space,

and the inset is enlarged view near the

graphene sheet.

FIG. 3. The dependence of the radiation frequency on various different parameters. (a) Radiation frequency vs. chemical potential and beam energy; (b) radia-

tion frequency vs. ratio of slit width to period and beam energy; (c) radiation frequency vs. period and beam energy; (d) radiation frequency vs. relative permit-

tivity and beam energy.

201104-3 Liu et al. Appl. Phys. Lett. 104, 201104 (2014)
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in the 3D plot of Figs. 3(b) and 3(c) represents a kL � b phase

diagram defining radiation occurrence. The dependence of the

radiation frequency on the relative permittivity is shown in

Fig. 3(d). The radiation frequency decreasing with the relative

permittivity is due to the surface plasmon energy decreasing

with the relative permittivity. When all other parameters are

fixed, b has the largest tuning range against the chemical

potential. The dependence of radiation power density on the

chemical potential and geometric parameters of the periodic

slits array can be found in Ref. 20. Therefore, adjusting the

parameters of this structure, the radiation frequency may

cover almost the whole THz regime.

To ensure completeness of our discussion, we have also

evaluated the performance of graphene SPP when the dielec-

tric slits array is replaced by a conducting micrometer slits

array. Our result shows that no better performance can be

obtained.

The output power density of this radiation can be calcu-

lated by the following integral over a unit cell:20

Pd ¼ �
1

2
Re

ð ðX
n

xe0A2
1n

k1n
dS

" #
; (4)

where A1n is the coefficient of the radiation field. The numer-

ical calculations show that the power density for a monolayer

graphene with dielectric slits array substrate can reach

100 mW/cm2 with electron charge density of 10�2 pC/cm; it

is comparable with other photonic THz radiation sources.21

In our case, the size of the THz radiation structure is minia-

ture, micrometer size, and it can be easily integrated to get

higher radiation power.

Fig. 4 shows the radiation field for the dielectric slits

array structure with and without graphene. It shows that up

to 20 times high amplitude enhancement of the radiation can

be achieved. The 20 times amplitude enhancement revealed

here indicates that the strength of the light-matter interaction

in graphene is 20 times stronger than that in most conven-

tional semiconductors. We note that the optical response of a

single layer graphene is about 10 to 100 times stronger than

that in conventional semiconductors, as shown by the excep-

tional strong absorption rate of 2.3% per atomic layer.

The physics of the enhancement is investigated to reveal

what substantial role SPPs in the graphene sheet play to

enhance the radiation. Graphene SPPs can be considered as

an equivalent surface current source:10 Jzsp ¼ rgEz, where rg

is the conductivity of graphene and Ez is electron beam gen-

erated field penetrated into the graphene. Theory developed

here shows that the radiation field contributed by the equiva-

lent current density Jzsp is much higher than that by the elec-

tron beam at the working frequency. As a result, the total

radiation power is dramatically enhanced. Based on this cal-

culation, up to 400 times enhancement of the radiation power

density can be achieved.20

In summary, we revealed a physical scheme of coupling

evanescent wave from parallel moving electron beam into gra-

phene SPPs, and we found that graphene SPPs in a structure

with periodic dielectric slits can be transformed into tunable

coherent THz radiation. The radiation characteristics can be

tuned electrically by adjusting beam energy or chemical

potential, and the radiation frequency covers the whole THz

regime. The most significant result is that radiation intensity is

enhanced by 400 times by SPPs confined to graphene. Based

on this radiation mechanism, a room temperature, tunable,

coherent, and miniature THz radiation source can be

developed.
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