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Plasmon modes in graphene can be tuned into resonance with an incident terahertz electromagnetic wave in the range
of 1-4 THz by setting a proper gate voltage. By using the finite-difference-time-domain (FDTD) method, we simulate a
graphene plasmon device comprising a single-layer graphene, a metallic grating, and a terahertz cavity. The simulations
suggest that the terahertz electric field can be enhanced by several times due to the grating—cavity configuration. Due to
this near-field enhancement, the maximal absorption of the incident terahertz wave reaches up to about 45%.
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1. Introduction

Plasmons, a form of collective charge density oscilla-
tion, have attracted enormous interests in the development of
new optoelectronic devices.!' =3 Graphene is one kind of novel
two-dimensional (2D) material in which the charge carriers are
Dirac fermions.*! Plasmons in graphene exhibit many unusual
behaviors, including high wave velocity! and long propaga-
tion distance.®! Both theoretical!>7#! and experimental®-'!]
studies have shown that the plasmon frequency of graphene
falls in the terahertz and infrared region of the electromag-
netic (EM) spectrum, and can be continuously tuned via the
field effect when the charge density is varied in the range of
10" ecm™2 to 10'3 cm~2. Furthermore, the plasmon absorp-
tion can be observed at room temperature in a graphene-based
device rather than at cryogenic temperatures for the conven-
tional two-dimensional electron gas (2DEG). Recently, great
efforts have been made in the investigation of terahertz de-
tectors [’ and modulators''3! based on the graphene 2DEG.
However, the weak coupling between the plasmon modes and
the incident terahertz wave hinders the development of practi-

1012131 Hence, it is crucial to

cal terahertz plasmonic devices.|
enhance the coupling. Many different micro-sized graphene
structures, such as graphene ribbon arrays!®! and graphene
disk arrays,['°] have been used to try to realize the strong exci-
tation of plasmon modes in graphene. Here, we report simula-
tion results of strong terahertz absorption by plasmon excita-
tion in a grating coupled graphene embedded in a Fabry—Pérot

cavity. Metallic grating is used as a superior coupler and a
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top gate electrode, and the interaction between the graphene
2DEG and the EM wave can be enhanced by using the Fabry—
Pérot cavity. Similar schemes have been successfully ap-

[14-16] Finite-difference-time-

plied in the conventional 2DEG.
domain (FDTD) simulations suggest that a remarkable absorp-
tion of terahertz EM wave is expected when the incident THz

wave is in resonance with a specific graphene plasmon mode.

2. Model and approach

Three main building blocks are involved in this device,
i.e., a Fabry—Pérot cavity, a grating, and a graphene sheet, as
shown in Fig. 1(a). The main body of the cavity is built on a
Si substrate (&; = 11.9) with a 300 nm SiO; layer (& =4) on
top. The thickness of the Si substrate is hg;. A 20 nm-thick
Al,O3 film (&3 = 6) is introduced between the graphene and
the grating to serve as the top gate dielectric layer. The grating
made of 200 nm thick gold with a conductance of 4.09 x 107 S
couples the cavity EM field with the graphene plasmon, the
conductance is high enough to be viewed as a superconduc-
tor even in the THz region, thus the ohmic loss of the metal
is small and ignorable. The width W and the period L of the
grating gates as well as the gate voltage determine the plas-
mon modes which could be in resonance with the cavity THz
EM modes. The distance between the graphene and the grat-
ing gates, d = 20 nm, affects the coupling strength, i.e., the
smaller the distance, the stronger the coupling.
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Fig. 1. (color online) (a) Schematic diagram of the proposed device
that combines a grating coupled graphene with a Fabry—Pérot cavity.
(b) The frequency of the basic graphene plasmon mode as a function
of the top-gate voltage. The inset shows the real part (€', black dash
line) and the imaginary part (€”, red solid line) of a bare graphene sheet
with W =3 pum at Vg = £2.67 V, corresponding to a charge density of
4.69 x 102 cm 2.

The response of the graphene to the incident THz wave
can be described by the dielectric function €(®) = €. —
ioop/gwA, where oyp is the sheet conductivity of the
graphene, €. = 1, & = 8.85 x 10712 F/m, and A = 0.5 nm
represent the high frequency dielectric constant, the vacuum
dielectric permittivity, and the thickness of the graphene layer,
respectively. The excitation of the graphene plasmons by the
incident THz wave can be described by the sheet conductivity

as[10.17] .
. In e“VE®

Opp =14/ = - 1

P T h(w} — 02 +ioly)’ 2

where o is the angular frequency of the incident THz wave,

oy is the plasmon frequency, the carrier density # is related to
the residual carrier concentration ng and the top-gate voltage
\ /n% +n2, Vig — Vbirac = en1/Co + hve\/Tiny /e,
and Co = 306 nF/cm?.[

°m /s, and I is the plasmon resonant width, with I}

VTG by n—=

(18] The Fermi velocity is vg = 1.1 x

~1/1,

T = hipt\/7n/evg. For a bare graphene sheet, the plasmon fre-

quency is given by!!’]

SEF Op
h€

Wp(q) =21 fp = 2

where ¢ is the plasmon wave vector, the Fermi energy is
given by Ep = hvpy/7n,l'% and o, = €%/(4h) is the well-

known optical conductivity. In the case of grating gate cou-
pled graphene, we consider only those localized plasmons ex-
cited under the grating fingers, i.e.,
tor is ¢ = mm/W with m = 1,2,3,...1200,
2DEG under the grating gates, the effective dielectric constant
is & = [& + &3 coth(gd)]/2.>" For the graphene 2DEG in-
between the grating gates, the effective dielectric constant is
& =0.5x% {82 + 83[1 + & tanh(qd)]/[83 —Hanh(qd)]}.m] The
effective dielectric constant for the grating-coupled graphene
ise€=[e, xW+g x(L—-W)]/L.

FDTD simulations are conducted to obtain the transmis-

the plasmon wave vec-
For the graphene

sion and reflection characteristics of the proposed device at
different gate voltages. The boundary conditions in directions
x and z are set separately as periodic and perfectly-matched-
layer (PML), respectively. A frequency-domain field profile is
defined to map the distribution of the electric field. Transmis-
sion and reflection monitors are defined on both sides of the
device so that the transmission and the reflection coefficients
can be calculated.

3. Results and discussion

The plasmon frequency of a single-layer graphene cou-
pled by the grating gates is calculated based on Eq. (2). For
this calculation, we set m = 1, Vpjrae =0 V, and nyp = 1 X
10'2 cm~2. As shown in Fig. 1(b), the graphene plasmon fre-
quency characterizes bipolar and can be tuned between 1 THz
and 4 THz by varying the top-gate voltage. By decreasing the
length of the grating gates, the plasmon frequency can be in-
creased accordingly.

A bare Fabry—Pérot cavity with the grating gates but with-
out the graphene layer is simulated to show the cavity EM
modes. For the simulation, we choose W =3 um, L = 6 um,
and hg; = 200 um. The transmission spectrum is shown in
Fig. 2(a).
waves. The THz cavity modes are quantized as f = jc/2nsH
with j =1,2,3,..,
uum, and ng and H are the refractive index and the thickness

The periodic oscillations correspond to standing
[22] where ¢ is the speed of light in a vac-

of the cavity, respectively. The dependence of transverse elec-
tric field E, at z = —20 nm (the position of the graphene film)
on the thickness of the resonant cavity is shown in Fig. 2(b),
we confirm that the electric field near the edge under the grat-
ing can be several times larger than the incident radiation field.
It is worth noticing that there is a maximum magnification at
x==+W /2. By changing hs; from 100 wm to 400 pm, the max-
imum magnification E, /Ey varies from 8.87 to 1.39. Different
grating structures on the top surface of the cavity induce var-
ious strong near-field enhancements, as shown in Figs. 2(c)—
2(e). The enhanced intensity enlarges with the gate width W
and the duty ratio W /L increasing. Taking z = —20 nm as
an example, the enhancements with W/L = 0.5, W = 2 um;
W/L=0.5,W =3 um; and W/L=0.75,W =3 um are 4, 5,

015203-2



Chin. Phys. B Vol. 24, No. 1 (2015) 015203

and 8.4, respectively. Furthermore, besides the field compo-
nent in the x direction, an enhanced field component in the z di-
rection is induced near the edges of the gates. Due to the strong
field enhancement, an effective coupling between the plasmon
modes and the terahertz cavity modes can be achieved.
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Fig. 2. (color online) (a) Transmission spectrum of a device with-
out graphene. The red dashed lines mark the resonant frequencies.
(b) The transverse electric field Ey at f = 2.6 THz and z = —20 nm.
The blue dotted, red dashed, and black solid lines represent E, /Eq for
hgi = 100 pm,200 pm, and 400 pm, respectively. (c)—(e) Distribu-
tions of the transverse electric field E,/Ey with different grating gates
at f = 2.6 THz and hg; = 200 pm.

The simulated transmission spectra are shown in Fig. 3.
Parameters W = 3 um, L = 6 pm, hg; = 200 um, and I, =
1 THz are set in the simulation. The charge density n ranges
from 1 x 10" cm™2 to 1.5 x 10'3 cm ™2, and the corresponding
mobility p is between 22000 cm?/(V-s) and 86000 cm?/(V-s).
A few resonant transmission peaks (C7,Cs,...,Cip) split
into lower branches (@;_, wg_,...,®;;—) and upper branches
(@74,084,...,011+) when they intersect with the graphene
plasmon dispersion curve (m = 1). The linewidths of the cav-
ity mode (I¢ = 70 GHz) and the graphene plasmon modes

(Ip = 1 THz) can be directly extracted from the transmission
spectra. The corresponding Q factors at f, = 1.53 THz (C7),
1.74 THz (Cs), 1.95 THz (Cy), 2.18 THz (C19), 2.39 THz (C11)
are Qp = fp/Ip = 1.53,1.74,1.95,2.18,2.39, respectively.
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Fig. 3. (color online) Transmission spectra (W =3 um, L = 6 um,
hsi = 200 pm) simulated at different gate voltages. The red and black
dashed lines are plasmon modes (m = 1) and cavity modes (Cs, Cs, .. .,
C11), respectively.

With the parameters set for Fig. 3, the transmission 7" and
the reflection R spectra at f, = 1.95 THz are also obtained
(Fig. 4(a)). The absolute absorption at the device mode can
be given as A = 1 — T — R. The maximal absorption of this
graphene device mode could be 45% (Fig. 4(b)). It is much
larger than that of the bare graphene.!'3! The transmission of
the device mode with graphene (7g) near the resonant fre-
quency is compared to that of the bare cavity (T¢) and the
change of the cavity transmission caused by the absorption
(Tc(1 —A)) in Fig. 4(c). It is expected that the transmission
has an obvious decrease in the vicinity of the plasmon resonant
frequency. Meanwhile, the transmission peak (Cy) splits into a
lower peak (B) and an upper peak (P,) (see Fig. 4(c)). In order
to explain the absorption of the incident light, we perform an
FDTD simulation of the electric field distribution at the reso-
nant frequency, as shown in Fig. 4(d). With the graphene in the
middle, the amplitude of the transverse electric field becomes
much smaller than that of the device mode without graphene.
This characteristic is attributed to the absorption caused by
the coupling between the cavity photon and the plasmon in
graphene.

To design a practical terahertz device, two aspects of the
graphene plasmon should be considered. First, the Q factor
of the graphene plasmon, with Q, = f,/I}, and f, o< \/1/W,
should be improved by enhancing the mobility!>°! and de-
creasing the gate width. Second, the propagation distance
D = st, where s is the graphene plasmon velocity, should
be equal to or greater than the gate width. By assuming
I, =1THz and n = 1.5 x 10! cm™2, Q and D for different
gate widths are calculated, as listed in Table 1. For W =4 um,
0 =1.98. When W =1 um, Q reaches 7.72. The significant
increase of the quality factor is due to the increase of the gra-
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Fig. 4. (color online) (a) Transmission and reflection spectra simulated by FDTD at f;, = 1.95 THz, W = 3 um, L = 6 um, and hs; = 200 pm. The blue solid
and red dashed lines represent transmission and reflection, respectively. (b) The absolute absorption spectrum A = 1 — T — R. (c¢) Transmission of the device
mode without graphene 7Tc, that with graphene 7g, and transmission related to the absorption around 1.95 THz Tc(1 — A). (d) Simulation of the transverse
terahertz electric field upon an incident transverse electric mode at x = W /2 corresponding to the 9th cavity mode (j = 9).

Table 1. Parameters related to the terahertz plasmons for different gate
widths at n = 1.5 x 10'3 cm=2 and p = 22000 cm?/(V-s).

W /um 1 15 20 25 30 35 40
f»/THz 772 521 393 316 264 226 198
I,/THz 10 1.0 10 1.0 1.0 1.0 1.0
0 772 521 393 316 264 226 198
s/107ms~! 154 156 157 158 158 1.58 1.58
D/um 154 156 157 158 158 158 158

phene plasmon frequency. The quality factor would become
even bigger with reduced plasmon linewidth. Taking I}, =
0.5 THz and W = 1 um for an example, the quality factor
will be 38.6. In this case, D becomes greater than the gate
width and the plasmon velocity far exceeds that in the tradi-
tional 2DEG. The next step of our work is to find a way to
prepare this device.

4. Conclusion

In this work, a graphene plasmon device that comprises a
grating coupler and a THz cavity is investigated. Results show
that the graphene plasmon frequency can be regulated between
1 THz and 4 THz by changing the gate voltage. Furthermore,
the electric field is enhanced near the edges of the fingers,
which strengthens the interaction between the graphene plas-
mon and the incident terahertz wave. Consequently, the max-
imal absorption of the incident wave in graphene can reach
about 45%. By further improving the quality factor and the
coupling with the graphene plasmon, graphene plasmon de-
vices may find applications in THz modulators.
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