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Abstract: Surface plasmon can be produced in graphene in the mid-infrared and terahertz waveband regimes,
and the regulation for surface plasmon can be achieved by a reasonable design. On the basis of above, a res-
onant tunable structure was designed. By depositing single layers of graphene ribbons with different widths
on a dielectric substrate, discontinuities in nanoscale were introduced, thereby effectively controlling the in-
teraction of graphene with light. The spectral and electromagnetic field distributions of the structure were the-
oretically studied using the finite difference time domain method. The results showed that when the designed
structure was coupled with the incident light, there would be multiple resonance enhanced absorption peaks.
By changing the number, width and distance of the graphene ribbons in each period, the number, position, in-
tensity of the resonance peak can be controlled. In addition, the Fermi energy level of graphene can be
changed by applying different bias voltages, so the position and intensity of resonance peak can be adjusted
dynamically. Therefore, with this structure graphene plasmon resonance can be regulated over a wide spec-
tral range. This study provides a theoretical basis for the design of the graphene-based sensors, filters and ab-
sorbers in infrared regime.
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el; Fermi level

ETAREHMNKTHRIINESFHITIEE

wo@LE B, ERSL B TR
(LEAIAF BFIR¥K, ZAIT BRIE 1500805

2.EATIRZR BF K, EAIT %/KE 150050;
3L AREINAF WEFK, EAT %B/KE 150001 )

FEEE: 1 SR P LLANRIUR 2% 0 Ben] DA AR R T A B o, I Hod i 5 BEB i v] AR HAR 45 s o AT e . 5k

WiekE H#A:2019-09-17; 1237 HEA: 2019-10-21
EEWH: Bty A AR R4 (No. F2018027, No.LH2019F047)
Supported by Natural Scientific Foundation of Heilongjiang Province (No. F2018027, No.LH2019F047)



628 i E D & %13 %

T, AL TR R TS5 . Sl TR A B BTN 98 A B A BRI A, B IAGR IR R Sk
P, DTS 847 1 47 820 S O OAR LA o (I S BR 228 0 R S5 A G AN RESA S AT HEAT T BB ST . 4528
KW M PTETREE S5 A SR I, 23 I B2 ARG 56 g W s W A TR A A S0 A5 ORI L Al R ]
B, AT L SR A A R BRI 5 55 A, i AN [ ) O 5P T T SR Ay s B SR BEGL, AT S iR 437
BRI B ) B AS PR IR AR T LATERE T8 G i PN I SR S RO L . ASSCIIF S it Fp DA Bk T S0 Y

PRI IR, OSSP Bt T BRI SR,

X 8O E BT REF BT HIRATRE 0 kA o F AR R AR

FE S S TN29 RRARRSAD: A

1 Introduction

The surface plasmon produced by precious
metals such as gold and silver usually occurs in vis-
ible and near-infrared bands. However, in lower fre-
quency bands, such as mid-infrared and terahertz
bands, metals behave more like good conductors!"’.
Therefore, the penetration and high space limitation
of electric field disappears. In this case, graphene,
whose electron density is much lower than that of
precious metals, becomes an ideal substitute for
generating the surface plasmons in the mid-infrared
and terahertz bands. Graphene is a two-dimensional
nanomaterial consisting of the hexagonal lattices of
carbon atoms. With ultra-high carrier mobility, it
can produce highly restricted surface plasmons in
the mid-infrared and terahertz bands®™. It can be
mixed with other materials into high-performance
composites™ or integrated with the materials such as
silicon™. It can also use external grid or chemical
doping to dynamically control the carrier concentra-
tion'™®. Therefore, graphene is expected to be
widely used in various functional devices such as
photodetectors™, filters!'”, polarizers!", beam split-
ters''”! and tunable absorbers'"!.

However, graphene is only of atomic-level
thickness. Its plasmon wave vector cannot effect-
ively match the light wave vector in the infrared and
terahertz bands in free space!'*, so the plasmon res-
onance in single-layer graphene is relatively weak.

By patterning graphene into optical resonance nano-

doi: 10.3788/C0O.2019-0185

structures (nanoribbons, nanodisks and so on)!'>'",
increasing the number of graphene layers"® and
coupling graphene with dielectric grating or resonat-
or”?!1 the plasmon resonance in graphene can be
enhanced.

In this paper, a simple structure is proposed, in
which the graphene nanoribbons of different widths
are deposited on the infrared transparent substrate
and then assembled into a ribbon array in parallel
arrangement according to a certain periodic se-
quence. When light is incident on the structure, sur-
face plasmon resonance is generated at the interface
between the dielectric and the graphene. The sur-
face plasmon polaritons propagating in the direc-
tion perpendicular to the ribbons are reflected back
from the edge of the graphene, and then interfere
with the light propagating forward, thus enhancing
the graphene-light coupling. In this paper, the trans-
mission, reflection and absorption spectra as well as
electromagnetic field distribution of this structure
are numerically studied by FDTD method. The res-
ults show that the absorption intensity of the pro-
posed structure is increased. Moreover, by adjust-
ing the number, width and spacing of graphene rib-
bons within a period, the number, position and in-
tensity of resonance peaks can be regulated. In addi-
tion, by changing the bias voltage to adjust the
Fermi level of graphene, the conductivity of
graphene can be changed, so that the resonance can
be adjusted conveniently, realizing the regulation

for the plasmon resonance in a wider spectral range.
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2 Structural model and primary the-
ory

Figure 1 is schematic diagram of the proposed
model within one period. The graphene is cut into
two ribbons with a specific width (w,, w,), which is
much smaller than the wavelength of the incident
light. The ribbons are deposited on the substrate
made of an infrared transparent material with the as-
sumed refractive index of 1.4. A substrate is neces-
sary for practical applications. It mainly affects the
carrier mobility but does not change the basic scat-
tering properties of graphene. The ribbons are peri-
odically unrolled in the x direction (P =2 um) and
extended indefinitely in the y direction, with a dis-
tance of » between the ribbons. The light is incident
along the negative z-axis and perpendicular to the
structure, and the electric field is polarized along the
x-axis. In the mid-infrared band, the conductivity of
single-layer graphene can be described by Drude
model®:
ek, i
i’ w+itt’

(D

o(w) =

where h is the reduced Planck constant, e is the
electron charge, w is the resonant angular frequency,
E, is the Fermi level, 7 is the relaxation time
(t=1x10"s). The Fermi level of graphene is
E, =05¢eV.

Fig. 1 Schematic diagram of graphene nanoribbon array
with grid control within one period. The widths of
the nanoribbons are w, and w,. The distance bet-
ween the ribbons is r
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3 Results and discussion

The FDTD solutions is used to calculate the
spectra of the structure. The Fig. 2 shows the trans-
mission and reflection spectra of the proposed struc-
ture, including an illustration of absorption spec-
trum. In the Fig. 2, w, =200nm, w,=100nm,
r =100 nm. As can be seen from Fig. 2, in the con-
sidered bands, there are three sharp transmission
dips in the transmission spectrum of the structure.
Accordingly, there are three narrow absorption
peaks in the absorption spectrum, with a maximum
absorption rate of 40%. The absorption rate is in-
creased by an order of magnitude compared with
uncut single-layer graphene'”!. The three resonance
peaks are located at A, =11.92 pm, 4, =8.51 um,
and A, = 6.25 um, respectively.
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Transmission
0.8 F Reflection i
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3 )
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Fig. 2 Transmission, reflection and absorption (illustra-
tion) spectra of graphene nanoribbon structure. The
widths of the nanoribbons are w; =200 nm and w, =
100 nm, respectively. The distance between the nan-
oribbons is = 100 nm

B2 Ao s a R S M I 5 . Bt MRl (A 141) 0l

B, AR L wi =200 nm, w, = 100 nm, 7 [B]
& =100 nm

To clarify the mechanism of resonance forma-
tion, the Fig.3(a), Fig.3(b) and Fig.3(c) show the
electric field distribution E, in the z direction during
resonance. It can be seen that when the resonance
occurs, the electric fields on the upper and lower

sides of the graphene ribbon edge as well as the
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phases on both ends of the ribbon are in opposite
directions. It can also be seen that the resonance
caused by each graphene ribbon is independent. We
can use the Fabry-Perot Model (F-P) to explain the
above phenomenon. The dispersion relationship of

graphene surface plasmons satisfies”:

& g, io
+ =——, (2)
\/késp - SlktzJ \/késp - 82k<2) wé,

w . . .
where k, = — is the wave vector in the vacuum, c is
C

the speed of light in the vacuum, kg, is the wave
vector of graphene surface plasmon polaritons, &, is
the dielectric constant in the vacuum, &, and &, are

the relative dielectric constants of the dielectric on

both sides of the graphene, o is the conductivity of
the graphene surface. When the vertically incident
light hits the edge of the graphene, it can produce
the surface plasmon polaritons. When it is propag-
ated to the other edge of the graphene, it will be re-
flected with a phase shift. When it is propagated for-
ward, it will self-interfere with the surface plasmon

polaritons that are reflected back. When satisfying
Ap + R, (kgsp)w = mm, (3)

the interference will become stronger. In the equa-
tion, A is the phase shift caused by reflection, w is
the width of the graphene nanoribbons, m is the res-

onance order.
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Fig. 3 Distributions of the electric field intensity E, in z direction at different resonance wavelengths. The wavelengths of in-

cident light are 11.92, 8.51 and 6.25 pum respectively

K3 AFEIRI T, 2 T g E, i ABDER 7508 11.92, 8.51, 6.25 um

By substituting equation (3) into equation (2),
2
and then using k= Tn’ the resonance wavelength
can be obtained

&h’(e +&) w
A=2 . . 4
e \/ ek, m—Agp/n

As can be seen from Fig. 3, the phases at both
ends of the same graphene ribbon are contrary to
each other, so m is assumed to be an odd number®’..
The simulation results A, =11.92um and A4, =
8.51 um correspond to the resonance of two
graphene ribbons (w, = 200 nm, w, = 100 nm) at the
resonance order of m = 1. The result A4, = 6.25 um
correspond to the resonance of the graphene ribbon

(w, =200 nm) at the resonance order of m = 3. The

scattering of plasmon polaritons at the edge of
graphene ribbons has been studied® ). In our study,
when Ay = 0.3x is assumed, the positions of the res-
onance peaks calculated from equation (4) are A =
11.96 pm, A, =8.47 um and A, = 6.10 um respect-
ively. The simulation results are in good agreement
with the theoretical calculation results.

Fig. 4 shows the transmission spectra of the
structure when the distances () between two
graphene nanoribbons are 140, 100, 60 and 20 nm
respectively. When the distance is reduced from
140 nm to 60 nm, the positions of transmission dips
(corresponding to the formants) remain almost un-
changed. This is because no conductive charges ex-

ist on the dielectric layer between graphene ribbons,
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and the surface plasmon polaritons propagating to
the graphene edge are attenuated soon to prevent the
coupling between adjacent graphene ribbons, each
of which, as a result, produces independent reson-
ance. When the distance between the graphene rib-
bons is reduced to 20 nm, the transmission dips are
red-shifted due to the enhanced coupling between
the ribbons. Therefore, by adjusting the distance
between the ribbons, the coupling strength of their
electromagnetic fields can be regulated so as to con-
trol the peak positions. In addition, when the dis-
tance between the graphene nanoribbons exceeds
100 nm, the interaction between them is already
very weak. Therefore, the electromagnetic field
scattered by the structure can be regarded as a lin-
ear combination of the scattering contributions of all
the ribbons, thus we can convenient regulate the in-
teraction between light and matter. Based on this
principle, we can extend the above structure into
multiple graphene nanoribbons, and deposit the
graphene nanoribbons with the corresponding width
according to the desired peak positions. For ex-
ample, four graphene nanoribbons with the widths
of 250 nm, 200 nm, 150 nm and 100 nm respect-
ively and with a spacing of 100 nm are introduced
into one period. Fig. 5(a) is side view of the struc-
ture, and Fig. 5(b) shows its transmission and reflec-
tion spectra. It can be seen that there are six reson-
ance peaks between 6 um and 20 pum. 4,, 4,, 4; and
A, correspond to the resonance peaks of four
graphene ribbons with the widths of w, = 250 nm,
w, =200nm, w;=150nm and w,=100nm re-
spectively in case of m = 1. A; and A, correspond to
the resonance peaks of two graphene ribbons with
the widths of w, =250 nm and w, = 200 nm respect-
ively in case of m = 3. It can be seen that, by adjust-
ing the number and width of graphene ribbons with-
in one period, the number and position of the peaks

can be easily controlled.

5 _\- — mnm - I — |
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Fig. 4 Transmission spectra of the structure when the dis-

tance between graphene nanoribbons changes
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Fig.5 (a) Side view of the structure. There are four
graphene nanoribbons in one period. The widths of
the nanoribbons are 250 nm, 200 nm, 150 nm and
100 nm respectively. (b) Transmission and reflec-
tion spectra of the structure
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In addition, effective dynamic adjustability of
static electricity is a significant advantage of

gl2627

graphene plasmon By changing the bias
voltage applied to the graphene ribbons to adjust the
Fermi level, the concentration of graphene carriers

can be controlled so that the peak positions can be
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adjusted. Fig. 6 shows the resonance wavelength re-
lative to the width of graphene ribbons at different

Fermi levels (m =1, Ag = 0.3n). The curves are the

20 . . . . . —
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Fig. 6 Relationship between resonant wavelength and grap-

hene ribbon width at different fermi levels
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Fig. 7 Transmission spectra of structure with four grap-
hene nanoribbons in a period at different Fermi
levels
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theoretical calculation results obtained by equation
(4), and the asterisks are the results of simulation
calculation. There is good consistency between the
two results.

Fig. 7 shows the transmission spectra of above
structure with four graphene nanoribbons of differ-
ent widths in a period at different Fermi levels.
When E, is changed from 0.5 eV into 0.35 eV, each
resonance wavelength is obviously red-shifted. It
can be seen from the figure that the structure has a
strong capacity of electrostatic regulation. As long
as the Fermi level is adjusted appropriately, the dy-
namic reversible regulation of resonance can be

achieved in a wide spectral range.

4  Conclusion

In this paper, we designed a simple structure by
cutting graphene into several nanoribbons and de-
positing them on a transparent infrared substrate to
enhance the structure-light interaction. We used the
Fabry-Perot model to explain the reason for reson-
ance peak occurrence, and studied the influence the
number, width and spacing of graphene nanorib-
bons on the number and position of peaks in one
period. It was found that the electromagnetic wave
was attenuated rapidly on the dielectric layer at the
edge of the graphene nanoribbons. Therefore, when
the distance between the nanoribbons exceeds a cer-
tain value, the coupling between the ribbons will be-
come weak, and the light scattering by the structure
can be regarded as a linear combination of the scat-
tering effects of all the nanoribbons. In this way, the
number and position of the occurring peaks can be
controlled more flexibly and independently. In addi-
tion, by adjusting the Fermi level, the surface plas-
mons within graphene can be actively regulated in a
wide spectral range. This study can contribute to the
design of multifunctional and compact photonic
devices based on simple graphene nanoribbon struc-

tures.
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