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Surface plasmon resonance characteristics of a graphene nano-disk

based on three-dimensional boundary element method

WANG Shuo, HU Bin", LIU Juan
(School of Optics and Photonics, Beijing Institute of Technology, Beijing 100081, China)

* Corresponding author, E-mail: hubin@bit.edu.cn

Abstract: Compared with the commonly used simulation algorithms such as Finite Element Method (FEM)
and Finite-Difference Time-Domain (FDTD) method, the Boundary Element Method (BEM) has the advant-
ages of high accuracy, small memory consumption, and ability to deal with complex structures. In this paper,
the basic principle of three-dimensional BEM is given, the corresponding program based on C++ language is
written, and the Surface Plasmon Resonance (SPR) characteristics of a graphene nano-disk structure are stud-
ied. The Scattering Cross-Section (SCS) spectral lines of a graphene nano-disk under different chemical po-
tentials, as well as the distributions of electromagnetic fields at the resonance wavelengths are calculated. The
electromagnetic response of the graphene nano-disk in the infrared band is analyzed. In addition, considering
the common corrugations of graphene materials caused by defects during processing, we study the influence
of the geometric parameters of a convex structure in the center of the graphene nano-disk on the resonance
intensity, wavelength and field distributions. A spring oscillator model of charge movement is used to ex-

plain the simulation results.
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1 Introduction

When light is incident on the metal surface, the
free charges in the metal will be driven by the incid-
ent light field to form collective oscillations with
strong scattering, absorption or coupling. This char-
acteristic is called Surface Plasmon Polaritons
(SPPs) resonance. The SPPs have a strong local
field enhancement effect. Because their transmis-
sion wavelength is smaller than that of incident
light, they can be used in optical waveguide!!], litho-
graphy™ and other fields. When the metal size is re-
duced to tens or hundreds of nanometers, the elec-
tromagnetic wave transmitted along the surface will
be confined on the surface, generating Localized
Surface Plasmonic Resonance (LSPR). Since the
resonance wavelength, resonance intensity and scat-
tering spectrum of LSPR can be modulated by the
material, shape and other factors of nanostructures,
LSPR has been widely studied and applied in the
fields such as biosensing®, energy™ and informa-
tion!,

Graphene is a two-dimensional crystal made of
a single layer of carbon atoms linked into honey-
comb lattices', and is a good LSPR material with
strong local field enhancement effect and low loss.
In addition, the properties of graphene can be adjus-
ted by the methods such as chemical doping and ap-
plied electric field, so graphene can be made into a
new type of LSPR optical device with external mod-
ulation®®. Graphene has a broad application pro-

[10

spectin optical waveguides), biosensors!'”, metasur-

12831 photoelectric devices!"

faces!', metamaterials!
and other optical fields. Graphene nanodisk is a
commonly used graphene structure. C.X.Cong et al.
successfully prepared an ordered graphene nanod-
isk array by combining nanospheric lithography

with reactive ion etching!"*. Sukosin Thongrattanas-

doi: 10.37188/C0.2021-0004

iri et al. investigated the application of graphene
nanodisks in optical absorption and demonstrated a
periodic graphene nanodisk array capable of achiev-
ing 100% optical absorption'®. Zheyu Fang et al.
proposed a tunable optical absorber based on
graphene nanodisks and investigated the relation-
ship between its absorption characteristics and the
size, spacing and chemical potential of the nanod-
isks!'", Hugen Yan et al. studied the coupling effect
of graphene nanodisks and proved that different
coupling modes would lead to different electromag-
netic responses!'®l. Jialong Peng et al. reported the
study of a tunable terahertz half-wave plate based on
coupled graphene nanodisks, using a reflective
structure to achieve the function of half-wave
plate!""!. Lauren Zundel et al. achieved infrared mo-
lecular sensing with subwavelength-level spatial
resolution by utilizing the electrical tuning proper-
ties of the plasmon polaritons of graphene nanodisk
arrays!". Vasilios D. Karanikolas et al. studied the
role of graphene nanodisks between quantum emit-
ters and demonstrated that the strong resonance of
graphene nanodisks could increase the interaction
distance between quantum emitters by an order of
magnitude®”).

However, all of these studies focused on the
ideal planar graphene. As a kind of flexible material,
graphene can produce convex/concave structures,
corrugations and other non-planar defects in the ma-
chining process.

Meanwhile, with the progress of modern mi-
cro-nano machining technique, the three-dimension-
al structures with surface corrugations can also be
fabricated by artificial stretching, squeezing, mech-
anical vibration and other methods, and their dimen-
sional parameters can be controlled®' !, These
three-dimensional structures can also modulate the

SPP resonance of graphene. Penghong Liu et al.
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studied the SPP resonance mode of wedge-shaped
and obtained the SPP
propagation constants and local field distributions in

different modes™. Slipchenko et al. studied the SPP

graphene waveguides

reflection properties of corrugated graphene layers
and quantitatively described the effect of corruga-

24 Shengxuan Xia et

tions on the reflection intensity
al. demonstrated the tunable electromagnetically-in-
duced transparency of sinusoidal graphene layers™.
Li Wang et al. investigated the LSPR properties of
bent graphene nanoribbon arrays molded on soft
substrates and discovered a new decoupling mech-
anism®. However, the above studies were all based
on two-dimensional structures. There are few re-
ports on the non-planar graphene with a three-di-
mensional defect structure.

In this paper, the three-dimensional boundary
element method (3D-BEM or BEM) was used to
study the SPR properties of flat and convex
graphene nanodisks. Compared with other simula-
tion algorithms in common use, the 3D-BEM can
simplify the calculation of three-dimensional ob-
jects into the solution of the surface field of objects,
that is, it can reduce the three-dimensional calcula-
tion to two-dimensional calculation. Therefore, this
method can reduce the occupation of computer re-
sources, and improve the calculation speed. We
have written a 3D-BEM numerical calculation pro-
gram based on C++ language. From the calculation
results, it can be seen that the incident light in the
mid-infrared band can stimulate the SPR phenomen-
on of graphene structure. By adjusting the electro-
chemical potential of graphene, we found that the
resonance wavelength, the scattering intensity, and
the FWHM (Full Width at Half Maximum) of the
spectral lines all changed regularly. By adding a
convex structure to the graphene structure, the scat-
tering spectrum can also be shifted. We have made
necessary explanation of the change law given in
this paper by using the law of charge motion and the
spring oscillator model. Our research will help un-
derstand the LSPR properties of graphene, and also
expand the application of BEM algorithm.

2 3D-BEM theory

The schematic of scattering in three-dimen-
sional space is shown in Fig. 1. In an isotropic free
space, there is a three-dimensional scatterer, which
is hit by infinite incident light. The scatterer surface
S divides the scatterer space into two parts, namely
the outer region V), and the inner region V;. The out-
er normal vector of the scatterer is 7. The refractive
index, relative dielectric constant and permeability
of the region V; are n,, & and y,, respectively. The
refractive index, relative dielectric constant and per-
meability of the region V, are n,, &, and u,, respect-

ively.

Incident light

|

Region V,
Ny, & [

ny, &, 1y
Boundary §

X

Fig. 1 Schematic of three dimensional scattering
K1 =4eas el HU s 2 E
By combining the classical Maxwell's equa-
tions with Green's function of vector potential, the
following equations can be derived to show the dis-
tribution of electric and magnetic fields in the whole

spacel?”:

Bo(7) = Hiu(7) + [ iw06:Ga (7. 77 X Ealr )+
ﬁ

T X HAP )X VGy(F, 7 )+

R HL PGP F)S,  reV, |
0
Hi(7) = - [ 06,6777 X E\(7F)+
T xXH, (P )X VG, (P 7 )+
RHVGR S, reVy . (2
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In the equations (1) and (2), ﬁmc represents the
magnetic field distribution of the incident light,  is
the angular frequency of the incident light, &; and ¢,
are respectively the dielectric constants of the re-
gions ¥, and V5, G; =e™* r’r'|/4n|_r) —7| is Green's
function, k; is the wave vector of the region V; or V>,
7 is the outer normal vector on the boundary of the
scatterer, and 7 and 7 are the coordinates of the
points on the boundary and not on the boundary, re-

. - — - — L.
spectively. H,(r") and E,(r") represent the distribu-
tions of electric and magnetic fields infinitely close

. - — - -
to the boundary outside. H,(r’) and E(r’) repres-
ent the distributions of electric and magnetic fields
infinitely close to the boundary inside. ?12(7 ) and
?11(7) ) represent the magnetic field distributions in
regions V, and V; obtained by integral calculation,
respectively.

According to equations (1) and (2), the magnet-
ic field intensity at any point in region ¥, can be ob-
tained by adding the incident light field and the in-
tegral of the distributions of the boundary field,
while the magnetic field intensity in region V| can
be obtained only from the integral on the boundary.
As long as we know the material properties of the
scatterer and the geometric parameters and field dis-
tribution of the boundary, we can use them with the
self-defined incident light field to obtain the mag-
netic field distribution in the whole space. On the
boundary, the boundary conditions 7 xfz(7) =
- = = e N .
nXE(r') and H,(r')= H,(r') are satisfied. For
simplicity, we'll write them as E,(r") and H(7") re-

. . - - - -
spectively. In order to obtain the E,(7') and H(r")
on the boundary, we need to make 7 infinitely close
to the boundary of the scatterer. According to the
derivation in Reference [28], we can obtain the fol-

lowing equation:
— —
Ho )+ f iweGoE(F )+ 7 XH(F )X VGt

1
7 H(P)VG,dS’ = E7’1(7’) ,

(3)
. 2N 2 O
—f iwe, G E(F )+ xH( Y x VG +
1
7-?1(7)VG1dS':§?1(7) : 4

In equations (3) and (4), 7 is the boundary in-
vestigation point to which the solution is required; s,
is the surface area on the boundary where the invest-
igation point 7 is removed; and 7 is the source
point in the area s,. According to equations (3) and
(4), the ?1(7) and E’),(?)) of any point on the bound-
ary can be solved. The equations (3) and (4) are in-
tegral equations about the H and 1_5), of any point on
the boundary. The field intensity of a point on the
boundary can be obtained from the integral of all
points, other than that point, on the boundary. The
overall boundary is self-consistent.

Next, we present the numerical method of
7{)(7) and I_E),(?’)). Firstly, the vector equations (3)
and (4) are decomposed in x, y and z directions to
obtain 6 scalar equations®”, as shown in the ap-
pendix. Secondly, the surface of the scatterer is dis-
cretized and then divided into M surface elements.
By using the values of electric and magnetic fields
at the center of a surface element to approximate the
electric and magnetic field distributions of the
whole surface element, we can express the 6 scalar
integral equations in the form of summation. Thus
we can obtain the linear equation set of 6M un-

knowns?”

, namely AgpyxspXoy =Bey. The 6M un-
knowns are the three components of ?1(7) and
E’),(?)) in every surface elements, respectively, as
shown in the appendix. Finally, by solving the lin-
ear equations, we can obtain the electric and mag-
netic field values of each surface element. It is
worth noting that the calculated electric field value
is only the tangential component of the actual elec-
tric field.

After the distributions of electric and magnetic
fields on the surface of the scatterer are obtained,
the magnetic field at any point in space can be ob-
tained by further discretizing the equation (1) and
equation (2). Then, by using Maxwell's equation
\% xﬁ = iwsf, the electric field at this point can be
calculated, and the distributions of electric and mag-
netic fields in the whole space can be obtained.
After that, we can calculate other physical quantit-

ies, such as Scattering Cross Section (SCS), Absorp-
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tion Cross Section (ACS), etc.
The SCS and ACS can be calculated by using
the equations (5) and (6)F":

SCS=% , (5
1
ACS =¥ , (6)

where W, and W, are the scattering power and the
absorption power. They can be calculated by using a
closed surface /" surrounding the scatterer and the

energy flux density (Poynting vector):

W, 2@"1«:( 7><H())dr, €

:__@—’Re( )xH (7 ))dr . ®)

where 7 is the outer normal vector of the selected
surface I E ( ) and E ( ) are the scattering elec-
tric field intensity and actual electric field intensity
17:(7) and ﬁ(?) are

the scattering magnetic field intensity and actual

of the surface I, respectively;

magnetic field intensity of the surface I, respect-

ively; and the symbol “*” represents the complex

conjugate of the electric and magnetic fields®".

3 Modeling of the graphene nonadisk

We first consider the graphene nanodisk struc-
ture, with a diameter of =60 nm, located in the x-y
plane, as shown in Figure 2(a). To study the
graphene structure with a defect, we assume that
there is a bulge at the center of the graphene nanod-
isk. This convex structure can be obtained by the
mechanical vibration of a resonator'?*!. The height of
the bulge is 4, as shown in Figure 2(b). The width of
the bulge, marked as “w”, is defined as the length
when the height is changed into #/exp(1l). Then the
coordinates of the wrinkled nanodisk in the z direc-
tion can be described as:

M)

z=h-exp( e D)

Fig. 2 Graphene model and surface-element division meth-
od (a) Graphene nanodisk model; (b) convex
graphene nanodisk model; (c) mesh generation of
graphene nanodisk model; (d) outer normal vectors
of the meshes generated in graphene nanodisk
(shown by blue arrows)

B2 st LRI RI 70 T5 4k (a) A1 82 B B R
(b) ™7 AR 10 SR 5 () A7 A A [ 25 A 1 1Y
AT (d) A S0 I 25 BT 2 A ) S0k 1) 2k e (B
EFTL IR, LR )

Next, we need to divide the surface elements of
the graphene nonodisk structure through mesh gen-
eration. In the modeling process, the graphene thick-

ness is set as 1 nm®?

. We consider the graphene
nanodisk as a cylindrical model with very small
height.

graphene material is very small relative to the size

Since the thickness of two-dimensional

of the whole structure, the calculation instability can
be caused easily. Therefore, an appropriate mesh
generation method should be selected. The mesh
generation here mainly follows the following two
principles. Firstly, the aspect ratio of each mesh
must not be too large. The maximum aspect ratio in
this paper is 1.5:1. The structural change in the edge
area is more complex than that in the central area, so
the edge meshes should be denser. According to
these two principles, meshes are generated in the
disk, as shown in Figure 2(c). The upper and lower
surfaces are divided into 11 rings. The width of each
ring and the number of surface elements are shown
in Table 1.

The flank is divided into two layers, each of

which has 116 surface elements. Therefore, there
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are 1224 surface elements in total. The position of

the center point of each face element and its outer

normal vector are shown in Figure 2(d) (Color on-

line). The mesh generation in a convex structure is
realized by projecting the meshes of flat disk struc-

ture onto the convex structure along the z axis.

Tab.1 Parameters of mesh generation on the upper and lower surfaces of graphene nanodisk

*1 AEBKRER ETREMEXSSH

Ring i 1 2 3 5 6 7 8 9 10 11
Ring width/nm 275 3.85 3.6 3.35 3.1 2.85 2.6 2.35 2.1 1.85 1.6
Number of surface elements per ring 4 4 8 24 36 48 64 80 96 116
: ie? | Exl
The optical parameters of graphene are calcu- o(w)~ , QD)

lated using the method in the reference [32]. Its
dielectric constant can be calculated by the follow-

ing equation:

io

e=1+ , (100

Eowt

where g, is the vacuum dielectric constant, w is the
angular frequency of the incident light, o is the con-
ductivity of graphene, i is the imaginary unit, and ¢
is the thickness of graphene. The conductivity of
graphene in the far-infrared and terahertz bands can

be expressed as!”*:

where e is the charge per unit, Ey is the chemical
potential of graphene, and 7 is the carrier relaxation
time.

Our numerical calculation program is written in
C++ language. Under the sub-surface element con-
dition mentioned above, the program occupies about
1.6 G of memory. It takes about 5 minutes for an or-
dinary personal computer (configuration: 17-8550U,
4.0 GHz, 8G RAM) to calculate a wavelength point.
The calculation process of the whole algorithm is

shown in Figure 3.

Mesh the surface of micro-nano
structure and determine its
geometrical parameters

Define the amplitude,
direction and wavelength
of incident light field

Calculate the value of

|:> incident light field on

boundary

Calculate SCS, ACS, magnetic C:
field, electric field etc.

Establish the linear
equations of boundary
field to determine its

Determine the refractive
index and dielectric
constant of micro-nano
structure

e

Fig. 3 Flow chart of boundary element method
K3 AoTRkR R

4 Simulation results and analysis

4.1 Comparison of the results from BEM and
FDTD
In order to verify the correctness of the three-
dimensional boundary element program written, we
first calculated the SCS spectrum of graphene nan-
odisk in the wavelength range of 5~11 um and the
electric and magnetic field distributions at the reson-

ant position, and then compared the results obtained

by BEM with those obtained by the commercial
software Lumerical FDTD Solutions based on Fi-
nite-Difference Time Domain (FDTD) method. The
graphene disk under calculation has a diameter of
d=60 nm and a chemical potential of Ez=0.25 eV.
The incident light perpendicular to the disk and in-
cident along the —z axis is linearly polarized light,
and the polarization direction of electric field is
along the y axis. The normalized SCS spectra of the
two algorithms are shown in Figure 4(a) and

Figure 4(d) respectively. It can be seen that, in the
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calculated band, only one scattering resonance peak
is obtained in either of the two algorithms. The res-
onant peaks in BEM and FDTD are at 7.04 um and
7.3 pum, respectively, with the relative error of 3.6%.

The electric and magnetic field distributions
calculated by BEM and FDTD under the resonant
wavelength are shown in Fig. 4(b)~4(c) and
4(e)~4(f), respectively. By comparison, it can be
seen that the electric and magnetic field distribu-
tions obtained by the two methods are very similar.

For the electric field, the corresponding light fields

A=7.04 pm

@ ® 100
1.0
f
0.8 \
= g
Zo06f } H 0
o4l }|
? \
02} '
aJ lll
ol ol 100
55 6.0 65 7.0 7.5 8.0 8.5 9.0 ~100
Aum
@ © 100
1.0 —
A
0.8} |'f "l
- £
5 06 | l' E 0
% | \ =
o4t {1
| Vo
Ol e o ~100
5 6 7 8 9 10 11 ~100
Aum

are mainly concentrated in the two areas along the
polarization direction of the incident light (y direc-
tion). The magnetic field distribution is perpendicu-
lar to the electric field. This is mainly because the
electric field component of the incident light forces
the free electrons inside the graphene to oscillate
collectively in the direction of electric field to form
the plasmon resonance. Therefore, the resonant
peaks in Figures 4(a) and 4(d) are the enhanced
scattering phenomena caused by the SPR of
graphene.

© 100

0 100 —-100 0 100

—-100
0 100 —100 0 100

x/nm x/nm

Fig. 4 Comparison of the results from BEM and FDTD. (a) SCS spectrum obtained by BEM; (b) magnetic field distribution
obtained by BEM under the resonance wavelength; (c) electric field distribution obtained by BEM under the resonance

wavelength; (d) SCS spectrum obtained by FDTD; (¢) magnetic field distribution obtained by FDTD under the reson-

ance wavelength; (f) electric field distribution obtained by FDTD under the resonance wavelength
Kl 4 S FOCH LS A RS S FIE AR R . (a) A ITHARY SCS 14k (b) MR N iU R ORI 1w 430115
(o) HRBAC T T FOTHAFA 7704135 (d) A BRI IR2E 70 AT SCS 354k; (o) MR A7 BRI k22 734K 453 1 e Y

Gy (O LRI T A BRITE 73 3R 15 (1 L 43 1

4.2 Dependence of SCS spectrum on the chem-
ical potential of graphene
One advantage of graphene over other materi-
als is that its chemical potential can be dynamically
adjusted by an applied electric field and other meth-
ods. Therefore, we calculated the influence of the
change of chemical potential on the scattering char-

acteristics of a graphene disk, without changing oth-

er parameter settings as shown in Figure 4. The
chemical potential Er was set as 0.1, 0.15, 0.2 and
0.25 eV respectively. The calculation results are
shown in Figure 5(a). It can be seen from the calcu-
lation results that, with the increase of chemical po-
tential, the resonance wavelength is blue-shifted, the
scattering intensity gradually increases, and the res-

onance peak width gradually decreases.
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0.5 @ — ol0ev tensity. The spring oscillator model presented in
04 _858 g [32, 34] can explain many SPR phenomena. The

—0.25eV . . .
_ scattering spectrum and absorption spectrum in the
5 03 . .
) models meet the following linear law:
0
O 02+
n 2
rlw
C‘abs((*‘))= D) - ) ) (12)

0.1 J\ (W —we?) + (I +T)

% 7 8 9o 10 11 12 1 rlw*

A/um Coa(W) = - ) - 5 (13)
Wo~ (W? —wp?) + W+ 1)
x10° x10" .

10 11 -
[(4) ~ Scattering cosfTicient T, where 7 is the parameter related to structure and ma
9™\ ™ Absorption coefficient /', 110 terial, and I', and Iy are the absorption coefficient

8T 19 and scattering coefficient respectively.

o T 18 Since the SCS spectrum obtained by calcula-
o 1 tion is similar to the ACS spectrum, we only use the
St 16 .

" SCS spectrum to study the properties of graphene
4 5
structure. By fitting the equations (12) and (13) with
3 - - 4
0.10 0.15 0.20 0.25 the ACS spectrum and SCS spectrum, we can ob-
Chemical potential/eV
tain the scattering coefficient /' and the absorption
10% . . . .

147 coefficient 7. It is worth noting that since only the
equation (13) is used to fit the scattering spectrum to
obtain three relevant parameters, we should pay at-

[ tention to the way of fitting and combine equation
(13) with equation (12) in order to obtain accurate
results. If w=w,, both the SCS and ACS will be
peaks, and the results will be as follows:

0 I I
0.10 0.15 0.20 0.25 T
Chemical potential/eV Cabsimax — % +} )2 , (14)
Fig. 5 Dependence of SCS on the chemical potential of .
graphene. (a) SCS spectrum; (b) scattering and ab- T
S
sorption coefficients; (c) extinction coefficient mul- Cica max = 2 (15
. (I +17)
tiplied by the square of wavelength c
K5 SCS XA M fh 2= F R ¢ 2 . (a) SCS ﬁ%?jé, From the above two equations’ I,= abs_max I

(b) B WHCREG (o) LR B PP Ir ]

According to the reference [17], the relation-
ship between the plasmon resonance frequency
and electrochemical potential of graphene is
w, ~ (Eg/ D)'?. Therefore, as the chemical potential
of graphene increases, the resonant angular fre-
quency will increase and the resonant wavelength
will be blue-shifted. The number of charge carriers
and the density of free charges gathered at both ends
of the disk will increase with the chemical potential

of graphene, leading to stronger scattering field in-

sca_max

2
(Cabsimax + Cscaﬁmax)

Csca7 max

and r= -I'y can be obtained.

Cibs max and Cycp max can be obtained from the scatter-
ing and absorption spectra. Therefore, we can fit the
one parameter [/, only through equation (13), and
obtain accurate results.

In Fig. 5(b), we show the relationship between
the scattering coefficient 7 and the chemical poten-
tial. It can be seen that I increases with the chemic-
al potential, which further explains the change rule

of the scattering intensity. Also as shown in [32], for
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the narrow-band model structure of graphene in our
paper, the scattering coefficient is directly propor-
tional to the square of the charge involved in reson-
ance and inversely proportional to the square of the
resonance wavelength. This can also explain the
change rule of the scattering coefficient. According
to Reference [32], the half peak width of the scatter-
ing spectrum 1is directly proportional to the extinc-
tion coefficient /" and the square of the wavelength
A, that is, Al ~ I'- A%, where the extinction coeffi-
cient /" is the sum of the scattering coefficient /7 and
the absorption coefficient 7. The relationship
between the physical quantity I"- 4> and the chemic-
al potential is given in Figure 5(c). The physical
quantity will decrease with the increase of chemical
potential, thus explaining the change rule of half
peak width.
4.3 Scattering spectrum changing with convex

shape

In practical use, graphene may exhibit structur-
al deformation due to the reasons mentioned earlier.
Therefore, we also considered the influence of non-
planar convex structure on the LSPR of graphene.
We calculated a disk-shaped planar graphene struc-
ture (as shown in Figure 4) with a bulge in the cen-
ter and a chemical potential of Fx=0.2 eV. At first,
the total width of the bulge was set as 20 nm, and its
height was set as 10, 20, 30, and 40 nm respectively.
The SCS spectrum results were obtained, as shown
in Figure 6(a). We found that, with the increase of
the bulge height, the resonance peak moved to the
long-wave direction, resulting in a red shift. At the
same time, the resonance peak intensity increased.
The red shift of the resonance wavelength was
mainly caused by two reasons. First, with the in-
crease of the bulge height, the path of charge move-
ment from one end of the graphene structure to the
other end became longer™. Second, as the charge
passed through the bulge, it could only be driven by
the component of the electric field of the incident
light in the direction of the path. Therefore, the in-
crease of the bulge height led to the decrease of the
charge-driving force, thereby slowing down the re-

sponse of a charge to the incident light field*®.. That

is to say, the bulge hindered the movement of the
charge. Both reasons led to a longer cyclical move-
ment period of the free charge, a lower resonance
frequency and a red shift of the resonance
wavelength. On the other hand, the increase of scat-
tering intensity was possibly caused by the increase
of the bulge height, which might lead to the in-
crease of charge carriers inside the graphene and the
increase of the charges gathering at both ends of the
graphene structure to form a stronger scattering
field. From this, we inferred that if the height of the
bulge was fixed and its width was changed, a simil-
ar changing trend could also be generated to cause a
resonance red shift and enhanced scattering. Then
wedidthe calculation and obtained the results shownin
Figure 6(b). We set the height as #=30 nm and the
width changing from 10 nm to 20.5 nm. The calcu-
lation results were similar to what we expected, ex-
cept that the SCS spectrum had no significant

change until the bulge width was more than 18 nm.
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Fig. 6 Influence of convex shape on SCS spectrum. (a) Re-
lationship between SCS spectrum and convex
height; (b) relationship between SCS spectrum and
convex width
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5 Conclusion

In this paper, the SPR properties of the
graphene nanodisk were studied by using the bound-
ary element method. We established the numerical
model of the geometrical structure of a graphene
nanodisk, wrote a 3D-BEM algorithm based on C++
language, and calculated the scattering spectrum of
the nanodisk and its electric and magnetic field dis-
tributions at resonant wavelength.At first, we com-
pared the results obtained by BEM with those ob-

tained by the commercial software based on FDTD

—— 3O R ——

1 3] =

OGRS 3 4 Jm T, 48 A E el FL AT A
NS5 08K S TP R, R R ELY
B . WO ECE AR A, XA R R Sy 2 T A B T
14 8 6 A % ( Surface Plasmon Polaritons, SPPs) .
SPPs HAT AR I Jay U7 B i g0 vs , Hh T HAL S
AT G/, PIHA] LU T 5, S 2]
S U8 P R N TN DI Wy i SR D I N
K, IR AL SRS SO A e R, P
ARy R T A5 B TSR (Localized Surface Plas-
monic Resonance, LSPR) . HiF LSPR A9 3tz 1k
1 FRIRIR L | HURHE 2R S5 RE A% 10 1 DR A K &
FRIATRL JEARSE DR R AT, Jir LATE AR A5 SR
REVRM (5 BB A4l iz o Fn

A7 e R i 22 Bt e S T i ) B
J 72 Z4E AL, S —Fh R AR LSPR #48L, AT
DASE IR 3 1Y) Jry Bl G mR 8O, [ I B AR LA, Ut
b, A S M BT R 1o A 2B A sl A
Y55 O kAT I, BRI A S50 n] LU T 52 B4
FRVATH AR LSPR S #2840, 260k 0, AR
PAR IR TR AR B G gR R A
JE U RA TR IR S . A SR IR AR [
SR B A SRS, C.X.Cong 55 Nl 44
KEOCZIH AR OV BT 2 BARAHGS &, i
M B T AT A SRR A K B 519, Sukosin

and verified the correctness of our program. Then
we calculated the scattering spectra of the graphene
disk under different chemical potentials. We found
that with the increase of chemical potential, the res-
onance wavelength was blue-shifted, the scattering
intensity increased, and the resonance peak width
decreased gradually. Finally, we added a convex
structure to the original graphene nanodisk model,
and considered the influence of the convex struc-
ture on the scattering properties of graphene. Our re-
search will contribute to the understanding of the
physical law of graphene LSPR and the influence of

surface corrugations on the LSPR phenomenon.

Thongrattanasiri % AWFFE T A S50 40K R £ 75
W I, s T —Fh R AS 5L B 100% S
2P AT ) S AP A B A 9 oK R B 2108, Zheyu
Fang ¢ A48 T 356 T 850 40 K 8 5% 0 AT I 1y
A s, BF5E 1 R IOR R 5 A oK S RT
B #E DA S Al 2234 e 2207, Hugen Yan %6 AWF5E
T BRI B SRR RN, TER TR R R
B 7 S R A [A] () B ) U1, Jialong Peng
HNIGE TR TG A S8 9K 20 v 8 Kb 2%
P Fr, RS G S T 20 7 i D get
Lauren Zundel 55 A F HI 47 5546 44 K (8] 5 [ 51 1)
BT R R R, SCBL T M K S [R] 43 B
RINLI ANy T4, Vasilios D. Karanikolas %
NBFSE T 1 3805 A0 K S TE B A Sl 2 18] A
FH, DH5E 3R B SR 4K B s ZU AL PR B 8 (1 1t
TR Z A A ELAE R R B 4 i — e 4>,

SR, DA A58 A 8T X T 3AR A P T 4 25
Mo A SV —Fh VAR, FE i Tad # b 2
PR L TR R A SE AR T T Y BRI A5, TR
i, Bt A BRAC TN N T HAR A 320, A r] DGRt A
S B HURIR 2 45 1, kil BA R
[T 2l e  ry 1 W et M (W AN e
XL = AR LE R XA SR i R A B O R 25
AR SIVE R . Penghong Liu 55 AR5 T H2AETE
REGA S5 H)%E 8 SPPs B, IR T ARIBIT
82 THT 45 15 - RO T B3 1 B KRB A,
Slipchenko &8 AMFFE 1 I SL A1 #5065 211 SPPs
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SRR, 2 il 1 RE ABO0T S SR 3 B (1) 5 e 24
Shengxuan Xia 55 A\ if it 1E 5% 8 47 S84 2 T
AR B LRGSR, Li Wang S5 B
FE AR b IR W25 T A S5 M 9 R 4 81
(% LSPR 451, I & B 18 i i & ALl e 4%
1M, DAL TAESHR S 554, X A7 = 2
S5 R T A SRR ST A iR

AR SR Y = 4 1 550 2 (three dimen-
sional Boundary Element Method, 3D-BEM or
BEM), B9} 5% 1 - 30 K7 6 Ay S84 44 K Bl 45 1)
F A B AR . AN T AL T R
7%, 3D-BEM R4 = 4EW IR I T+ 5 T Ak P 1
IR AR, B =2 SRR T 4, fehg
PN AL B o5, AT e T 38R . 4
HTET CrHfF Y =4 FOu B EIT R R,
ML/ AT LR ), rh LA BE A SHLRERS
WO AT SR A R AT 5 B AR IR . i
A1 SR B AL A S R B, JEIR I, B o
JE, TS R S s R A R AR A e X
A1 SRR A A AR, W2l UM T L A A
Fosh o ASONHLATIZ S RLEE, DL AR Bl 3 3 4 7
B, X SCH A AR EA T T R fRRE . AR
SCHFFEHS AT B T BRAR A7 SR 6 1Y LSPR 451, (A
WAE™ 7 BEM Bk e

2 ZHARFUFERE

AR R = Y s Tl ) AN 1] 1 s
FEAS 1) R [ 238 ) v, AR — = 4R s
Yk, JCF5 A IR B ORA b BURHA
F S W25 18] 53 R FR 4, BRSNS X3 v, F0
PR IX 38k Vo FOH A G 2 T ARk 1) B R T, (X3
VRIS, v, TSR M B 1Ry
A nys e s nas €21 phao

M2 ML T = O B K, S5 A R AR AR
R, AT DHES LU R, L RR A2 [
HL R 5 AT G 7

Hy(7) = Huo(7) + [ iw0e,Go(7. 77 X Eo(r) )+
- -
X Hy (P )X VG (7,7 )+

7 H. (P )VGA(Z.7)S,  reV, |

(1

H(7) =~ [ iwe,Gi(7.7 i X E\(7)+

X H, ()X VG, (7.7 )+
ﬁ

- —
H(FVG(F,7)dS’,  reVi . (9

-
n
-
n

TEF7RE (1) F1 2) 1, Ho 3R ASHE I35
O3, o S NSRS, & 1 2y 43 31 X 45k
ViRV, R Gy = e jan[7 -7 |
WRERBL, kKB 1, 5% v, BOBELC, 7B A
B RN R, R S b R
TSR . Ho(r )RIE(F R TC IR R T 4
RHIMUE SRR /5, B, (7Y RE (7) 43¢
% TC WL 55 3T 4 00 0 6 35 R R 8 4 A
Ho(7)RUH  (7)53 50 3 7738 5 BUM 5 3075 0 7
KB 7, 5V, (R S A

(1) 2 (2) AT, KK v, T —
SUREREE, T LA ARG 5 1 1
SIARINARAS, TR RIS 7, v R
TR BN, RBE SO R R B
RS 5L b (9 TLAT S8 5504, PR 4 7 SLIG
NI, (AT LA 3RAS A2 [ WO R 50 A . 7E
B b BT X EL(F) =1 X E (7)) Fl
H\(P) = Hy(P)o BRI, K15 35N
E(ORMHT). BT RENR EWE,RHT),
T BN I N 0T MO R T, AR S Sk
[28] AOHES:, AT AAS RN R A 7 L

— —
ﬁ,-nc(_r’) + j iwssz_E),(r’) +7 x?l(r’) X VG,+

- 7 ,_ 1=
7 -H(r)VG,dS _EH(‘r’) , (3)

. s N
—f iwe G E(F )+ x H(r ) x VG, +
1
7-?](7)VG1dS’=§?I(7) . 4

7ER (3) M=k (4) h, PR T AR 1Y
AL, 5o B L R BE LIS F T X
B PRI s, RO . AR (3) A (4) A
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6 bn i R, TR UL SR . B D, B
Ay 2R B HLAL, K H 43 M AN TG, R T
TCHUC— R HL I W BB R (SR s A T T
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WAL — S RE Y . SR 5 I 22 5 0 =5 O 2
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fln 4 B 68, LL 40 80 R 1A ( Scattering Cross Sec-
tion, SCS) . W& Wi #§ 171 ( Absorption Cross Section,
ACS)%,

RS A T AR A T T LA R = (5) A (6) 3

ZHL[30]
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1
W.
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Horh w5 WO U A A I 3, AT L%
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i=1,i#m

n (x’" ) (y —y))Hiy+ (ni(x’”—xi)—ni(z’”—zi))Hiz]}ASi= —%me (25)

i jwe G g, + (]k P04 P )) [(n; (x’" - xf) + n’y (y"’ —yi) +n (z’" —zi)) Hy+

i=1,i#

o , 1
w0 =) = (" = X)) Hoo (L (" =5) = (2" = 2)) He ]} AS s = =5 Hy (26
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M
Z {jwfs‘zG(zm’i)SOiz + (jk1 P+ P(z'"‘i)) [(n’x (x”’ - xi) +1, (y"’ - yi) +n (z’" - zi)) H.+

i=1,i#m

(i (2" =) =l (2" = ¥)) Hyy + (m (2" = 27) =l (" = ¥)) Hy ] AS s = —%H,,,z ©%)

References:

[1]

(2]

(3]

(4]

(5]

(7]

(8]

(10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

(18]

[19]

WANG B, WANG G P. Simulations of nanoscale interferometer and array focusing by metal heterowaveguides[J].
Optics Express, 2005, 13(26): 10558-10563.

LI B, HU B, YANG Y L, et al.. Demagnification imaging improved by mask in a hyperlens photolithography system[J].
Plasmonics, 2007, 12(3): 735-741.

EL-SAYED I H, HUANG X H, EL-SAYED M A. Surface plasmon resonance scattering and absorption of anti-EGFR
antibody conjugated gold nanoparticles in cancer diagnostics: applications in oral cancer[J]. Nano Letters, 2005, 5(5):
829-834.

ATWATER H A, POLMAN A. Plasmonics for improved photovoltaic devices[J]. Nature Materials, 2010, 9(3): 205-
213.

ZIJILSTRA P, CHON J W M, GU M. Five-dimensional optical recording mediated by surface plasmons in gold
nanorods [J]. Nature, 2009, 459(7245): 410-413.

M, ELR, RAZ, F. 4R TR KO AR ] P B A, 2021, 14(1): 1-17.

CHEN ZH X, WANG W B, LIANG CH, et al.. Progress on two-dimensional quantum sheets and their optics[J].
Chinese Optics, 2021, 14(1): 1-17. (in Chinese)

CHRISTENSEN J, MANJAVACAS A, THONGRATTANASIRI S, et al.. Graphene plasmon waveguiding and
hybridization in individual and paired nanoribbons [J]. ACS Nano, 2012, 6(1): 431-440.

LIU P H, ZHANG X ZH, MA Z H, et al.. Surface Plasmon modes in graphene wedge and groove waveguides[J]. Optics
Express, 2013, 21(26): 32432-32440.

HE X Y, LIU F, LIN F T, et al.. Tunable 3D Dirac-semimetals supported mid-IR hybrid plasmonic waveguides[J].
Optics Letters, 2021, 46(3): 472-475.

WU L, CHU H S, KOH W S, et al.. Highly sensitive graphene biosensors based on surface Plasmon resonance[J].
Optics Express, 2010, 18(14): 14395-14400.

PENG J L, ZHU ZH H, ZHANG J F, et al.. Tunable terahertz half-wave plate based on hybridization effect in coupled
graphene nanodisks [J]. Applied Physics Express, 2016, 9(5): 055102.

HE X Y. Tunable terahertz graphene metamaterials[J]. Carbon, 2015, 82: 229-237.

PENG J,HE X Y, SHICH Y Y, ef al.. Investigation of graphene supported terahertz elliptical metamaterials [J1. Physica
E: Low-Dimensional Systems and Nanostructures, 2020, 124: 1143009.

| E, N A, e, F AR SR S AT B /n-GaAsE A 45 H MG LRI 2% 0] E k3, 2021, 14(1):
206-212.

TIAN H J, LIU Q L, YUE H, et al.. Hybrid graphene/n-GaAs photodiodes with high specific detectivity and high
speed [J]. Chinese Optics, 2021, 14(1): 206-212. (in Chinese)

CONG C X, YU T, NI Z H, et al.. Fabrication of graphene nanodisk arrays using nanosphere lithography[J]. J. Phys.
Chem. C, 2009, 113(16): 6529-6532.

THONGRATTANASIRI S, KOPPENS F H L, DE ABAJO F J G. Complete optical absorption in periodically patterned
graphene[J]. Physical Review Letters, 2012, 108: 047401.

FANG ZH Y, WANG Y M, SCHLATHER A E, et al.. Active tunable absorption enhancement with graphene nanodisk
arrays[J]. Nano Letters, 2014, 14(1): 299-304.

YAN H G, XIA F N, LI ZH Q, et al.. Plasmonics of coupled graphene micro-structures[J]. New Journal of Physics,
2012, 14: 125001.

ZUNDEL L, MANJAVACAS A. Spatially resolved optical sensing using graphene nanodisk arrays [J]. ACS Photonics,
2017,4(7): 1831-1838.


https://doi.org/10.1364/OPEX.13.010558
https://doi.org/10.1021/nl050074e
https://doi.org/10.1038/nmat2629
https://doi.org/10.1038/nature08053
https://doi.org/10.37188/CO.2020-0060
https://doi.org/10.1021/nn2037626
https://doi.org/10.1364/OE.21.032432
https://doi.org/10.1364/OE.21.032432
https://doi.org/10.1364/OL.415187
https://doi.org/10.1364/OE.18.014395
https://doi.org/10.7567/APEX.9.055102
https://doi.org/10.1016/j.carbon.2014.10.066
https://doi.org/10.37188/CO.2020-0153
https://doi.org/10.1021/jp900011s
https://doi.org/10.1021/jp900011s
https://doi.org/10.1103/PhysRevLett.108.047401
https://doi.org/10.1021/nl404042h
https://doi.org/10.1088/1367-2630/14/12/125001

1304 HE DG %14 %
[20] KARANIKOLAS V D, MAROCICO C A, BRADLEY A L. Tunable and long-range energy transfer efficiency through

(21]

[22]

23]

[24]

[25]

[26]

[27]

(28]

(29]

[30]

[31]

[32]

[33]

[34]

a graphene nanodisk [J]. Physical Review B, 2016, 93: 035426.

DENG SH K, BERRY V. Wrinkled, rippled and crumpled graphene: an overview of formation mechanism, electronic
properties, and applications [J]. Materials Today, 2016, 19(4): 197-212.

AERZ. BEMHARTIERNG BB EBF HTRLRMSMHA LD, I JURHTREE, 2019.

DU ZH Y. Study of enhanced localized surface plasmonic resonance of graphene nano-ribbons[D]. Beijing: Beijing
Institute of Technology, 2019. (in Chinese)

WANG W H, LI B H, STASSEN E, et al.. Localized surface plasmons in vibrating graphene nanodisks[J]. Nanoscale,
2016, 8(6): 3809-3815.

SLIPCHENKO T M, NESTEROV M L, HILLENBRAND R, et al.. Graphene plasmon reflection by corrugations [J].
ACS Photonics, 2017, 4(12): 3081-3088.

XIA SH X, ZHAI X, WANG L L, et al.. Dynamically tunable plasmonically induced transparency in sinusoidally curved
and planar graphene layers[J]. Optics Express, 2016, 24(16): 17886-17899.

WANG L, LIU X, ZANG J F. Mechanically tunable terahertz graphene plasmonics using soft metasurface[J]. 2D
Materials, 2016, 3(4): 041007.

X\ MG, AT =LA R ATy ke B h KA AR & 4F AT L (D] Jbat: JEARTBE TR %, 2013.

LIU P. Optical coupling properties of metallic nanoparticles studied by 3D boundary element method[D]. Beijing:
Beijing Institute of Technology, 2013. (in Chinese)

EIRiE. ARG a g A (M. Jbat: dERTR A T G, 2005.

WANG CH Q. Computational Advanced Electromagnetics[M]. Beijing: Peking University Press, 2005. (in Chinese)
WE. AMREFABM P Z AR AT A6 D] U AL S K2, 2008.

CHANG F K. The investigation of nano-optical elements by 3D boundary element method[D]. Beijing: Beijing
Jiaotong University, 2008. (in Chinese)

LIU P, LIU J, LIU J, et al.. Scattering properties of an individual metallic nano-spheroid by the incident polarized light
wavel[J]. Optics Communications, 2011, 284(4): 1076-1081.

X MR, G B AR G R B & TR A AT (D], K TR, 2014,

LIU P H. Investigation on the plasmonics of graphene microstructures[D]. Tianjin: Nankai University, 2014. (in
Chinese)

DU ZH Y, HU B, LIU W G, et al.. Plasmonic resonance of distorted graphene nano-ribbon analyzed by boundary
element method [J]. Optics Express, 2018, 26(20): 25962-25973.

WANG B, ZHANG X, GARCIA-VIDAL F J, et al.. Strong coupling of surface Plasmon polaritons in monolayer
graphene sheet arrays[J]. Physical Review Letters, 2012, 109: 073901.

KATS M A, YU N F, GENEVET P, et al.. Effect of radiation damping on the spectral response of plasmonic
components [J]. Optics Express, 2011, 19(22): 21748-21753.

Author Biographics:

Wang Shuo (1994—), male, born in Bin-

zhou City, Shandong Province. He is a

Hu Bin (1981—), male, born in Cang-

zhou, Hebei Province. He is an associate

master candidate. He has been studying
optical engineering at School of Optoelec-
tronics, Beijing Institute of Technology
since 2018. His research interest is full-
vector diffraction algorithm. E-mail:
2623967359@qq.com

EOA(1994—), 5, INZREEIN A, A1
WFFEAE, 2018 4F = A T st FL TR
OO TRk, FERTT
M 4 KW B % . E-mail
2623967359@qq.com

professor and a doctoral supervisor. His
main research interests include SPP op-
tics, metamaterials, metasurface devices,
graphene-based photonic devices, micro-
nano optics, and full-vector diffraction al-
gorithm. E-mail: hubin@bit.edu.cn

B BE(1981—), B, WL A, Bl #
£, WA I, FEN IR
SERHOOLE BRI
A SR T A E L MADLE 2R R
B5 . E-mail: hubin@bit.edu.cn


https://doi.org/10.1103/PhysRevB.93.035426
https://doi.org/10.1016/j.mattod.2015.10.002
https://doi.org/10.1039/C5NR08812G
https://doi.org/10.1021/acsphotonics.7b00656
https://doi.org/10.1364/OE.24.017886
https://doi.org/10.1088/2053-1583/3/4/041007
https://doi.org/10.1088/2053-1583/3/4/041007
https://doi.org/10.1016/j.optcom.2010.10.033
https://doi.org/10.1364/OE.26.025962
https://doi.org/10.1103/PhysRevLett.109.073901
https://doi.org/10.1364/OE.19.021748

