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The localized surface plasmon resonance (LSPR) properties of Au/Ag/graphene nanoshells are
studied by discrete dipole approximation (DDA). The coupled resonance wavelengths show a
remarkable dependence on the graphene thickness as well as refractive index of the surrounding
medium. The resonance wavelengths of Au/Ag/graphene nanoshells red-shift as the thickness of
the graphene layer is increased, when the radii of the Au core and Ag interlayer are 40 nm and
45 nm, respectively. Specifically, the longer wavelength red-shifts from 540 nm to 740 nm when

the refractive index varies from 1.25 to 2.05.
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1. Introduction

The strong interaction between light and nano-
particles has attracted considerable attention due to
unique plasmonics, which is of great interest to
nanophotonics.! Plasmonics is regarded as a pro-
spective approach to realize light manipulation on
the nanoscale mainly due to the capability of sup-
porting localized surface plasmon resonance (LSPR).
In general, LSPR refers to the ability of the conduc-
tion electrons in nanoparticles to oscillate collec-
tively, resulting in concentration and enhancement
of the electromagnetic energy surrounding the

nanoparticles.” Owing to their characteristic
LSPR, metal nanoparticles have been widely used in
biosensing and imaging applications.

Traditionally, gold and silver are the preferred
materials in the synthesis of LSPR nanoparticles®°
and both of them possess some merits and short-
comings. Although gold nanoparticles are easier to
synthesize and have better biocompatibility as well
as long-term stability, silver nanoparticles have
advantages such as a more intense absorption band
in surface-enhanced Ramon scattering and sensing
applications. Up to date, much effort has been
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devoted to the investigation of LSPR, properties
and electric field enhancement of gold and silver
nanoparticles with various structures such as
nanospheres,” nanorods® and nanoshells.”' Among
these nanostructures, the core/shell nanostructures
based on Au and Ag have been demonstrated to
significantly affect the LSPR properties in combi-
nation with other metals,'""'? semiconductors'*'°
and magnetic materials.'”'® As a result of the
combined advantages and improved optical re-
sponse,'’ Au/Ag bimetallic nanoparticles are at-
tractive. The optical properties of spherical Au/Ag
and Ag/Au core/shell nanoparticles have been
studied by the extended Mie theory in the wave-
length range between 300nm and 650 nm.?’ Xu
et al.”’ investigated the LSPR properties of core/
shell nanostructures separated by a cavity and res-
onance cavity enhancement and new absorption
bands were observed due to more interfaces and
consequent plasmon coupling. In general, the LSPR,
spectra of nanoparticles exhibit size- and shape-de-
pendent properties and the performance of nano-
particles can be optimized by controlling their shape
and size on the nanometer scale.

With regard to metallic nanoshells, there is a
great challenge to tune the operation wavelength
due to limitations in modifying the permittivity and
core—shell ratio. It is thus important to explore
novel active optical materials to promote LSPR
excitation. Recently, graphene has attracted much
attention due to its extraordinary electronic, opti-
cal, magnetic, thermal and mechanical properties.>”
Graphene, a two-dimensional (2D) form of sp>hy-
bridized carbon atoms arranged in six-membered
rings, exhibits intriguing surface plasmon proper-
ties”® and whose plasmonic resonance wavelengths
are generally located in the range of visible light and
infrared or even longer wavelength regions. A large
number of studies have been performed for acti-
vating surface-enhanced Raman scattering in noble
metal-graphene hybrids.>*?° However, in spite of
these attractive nanostructures, further efforts are
needed to investigate three layers nanoshells with
covering graphene outer layer.

In this study, the LSPR properties of Au/Ag/
graphene core—shell nanoparticles are investigated
by the discrete dipole approximation (DDA)
method. The effects of the graphene thickness
and refractive index of the surrounding medium
on the LSPR properties of the nanoparticles are
studied. Moreover, the electric field enhancement

contour around the multilayered nanoshells is
analyzed.

2. Theory

DDA is a powerful technique to study the
scattering and absorption of electromagnetic waves
by targets with arbitrary geometries.?” Generally,
the continuum target can be substituted by discrete
dipoles as long as the dipole number N is large
enough, whose positions and polarizabilities are
denoted as r; and an(z' =1,2,...). ong can be
achieved by

M _ 3d35j -1
J 47'['5]""27

(1)

where d is the interdipole spacing and ¢; is the di-
electric function of the target material at location r;.

Analytical modification in Eq. (1) has been
reportedly implemented in DDSCAT, the open
source computational code of the DDA method.?"
DDSCAT creates a cubic lattice array of dipoles and
assigns to each one a polarizability given by the
lattice dispersion relation (LDR):

QM
o IDR
1+ (a®/d3)[(b; + m?2by + m?byS)(kd)?’
—(2/3)i(kd)?]

(2)

b; = —1.891531, by, = 0.1648469,
3 (3)

by = —1.7700004, S=3 " (d,¢,)?
=1

where & and é are unit vectors defining the incident
direction and the polarization state, S, by, by and by
are the coefficients of the expansion to the third
order in k to incorporate radiation effects.

The polarization vector is generated by the in-
teraction between the arbitrary point dipole and
local electric field E; so that

where «; is the tensor of polarizability of the point
dipole and r; is the central position. E; consists of
the electric field E;, ; at position j due to the inci-
dent plane wave and the electric field stimulated by

(N —1) other dipoles is as follows
Einc,j = EO exp Z(k . I'j — (A)t), (5)

1750062-2



Analysis of Local Surface Plasmon Resonance in Multilayered Au/Ag/Graphene Nanoshells

Ej = Einc,j - Z AjkPk7 (6)

k#j

where —A ;; P; represent the contribution to the
electric field at r; that is due to the dipole P} at

position rj, including retardation effects. Each
element A, is a 3 x 3 matrix

exp(ikrj,)

jk
R ikr ik — 1 R

X k(P — 13) + 5377y — 13))

j#k, (7)
where k| = w/c, ry = [r; — 1, 7 = (5 rk)/r]k,

and 15 is the 3 x 3 identity matrix. Deﬁnlng A

aj_ reduces the scattering problem to finding the
polarizations P; that can be briefly described as a
set of 3N complex linear vector equations

N
Z A]kPk = Einc,j' (8)
k=1

Once the polarization P; is known, the absorption
cross section of the entire grain is

e, ) P5] - 20°fRy .

(9)
Cross

Ak
G = Ty 2

section and extinction
obtained by the optical

The extinction
efficiency can be

Fig. 1. Model of the core (Au)-Ag-shell (graphene) nanoshells.

theorem (7):

N
ext 1nc7 )7 (10)
B 2 (B
Cex
Quvt = 5. ()

The isolated concentric Au/Ag/graphene core—shell
nanoparticle is modeled as shown in Fig. 1. The Au
core and multi-layered graphene shell are separated
by Ag interlayers. For convenience of calculations,
1-nm thick graphene is ideally comprised of three
single-atomic carbon layers in this simulation.
The dielectric functions of the materials are
obtained from Palik’s handbook®” and SOPRA
N&K database.?”

3. Results and Discussion

3.1. Ag/graphene nanoshells

Figure 2 shows the extinction spectra of the
graphene-coated Ag nanoshells. Here, the radius of
the Ag core ranges from 5nm to 40 nm, the thick-
ness of the graphene layer is maintained at 2nm,
and the refractive index (n) of the surrounding
medium is kept at 1.33. Figure 2 shows that the
extinction efficiency of the silver-graphene nano-
shells increases gradually and the resonance wave-
length is at approximately 425 nm when the Ag core
radius is between 5nm and 40 nm. It has been pre-
dicted by the Mie theory®' that the resonance
wavelength of a single Ag nanosphere is around

—&— 5.7
—®— 10-12

v | —A— 20-22
o b Y., | ¢ —¥— 30-32
/ v o —— 40-42

o | ¢

Extinction Efficiency/(a.u)

wavelength/nm

Fig. 2. Extinction spectra of the graphene-coated silver
nanospheres.
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370nm and the intensity of the resonance band
increases with the size of the Ag mnanosphere
increasing. Furthermore, in the case of a small
nanosphere (< 40nm), displacement of charges
occurs homogeneously yielding a dipolar charge
distribution on the surface. The shape of the silver
nanosphere and the associated electron density de-
termine only one proper resonance. The resonance
wavelength of the silver-graphene nanoshell is larger
than that of a single Ag nanosphere and it is
attributed to the contribution of the interface be-
tween the silver core and graphene shell. Similar
phenomena have been observed from Ag nano-
particles®** and the resonance wavelengths vary
between 380 nm and 500 nm.

3.2. Au/Ag/graphene nanoshells

In order to investigate the influence of the graphene
layer thickness on the extinction spectra of multi-
layered nanoshells, Au/Ag nanoshells comprising
the Au core and Ag shell are first considered.
Figure 3 presents the extinction spectra of the Au/
Ag nanoshells with different Au core radii. The ra-
dius of the Au core varies from 25 nm to 40 nm while
the radius of Ag shell is kept at 45 nm. There are
two resonance peaks in the extinction spectra cor-
responding to Ag shell quadrupole resonance of
370nm and Au core dipole peak of 500 nm attrib-
uted to the Ag shell and Au core, respectively. The
Au/Ag nanoshell has the strongest extinction in-
tensity at 540.7 nm when the radius of the inner
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Fig. 3. Extinction spectra of the Ag-coated Au nanoshells

with different Au core radii.

Au core and Ag shell are 40 nm and 45 nm, respec-
tively. The intensity of the dipole and quadrupole
resonance peaks decreases as the radius of the inner
Au core increases. The dominant resonance peaks of
the Au/Ag nanoshells shift towards longer wave-
lengths when the radius of the Au core increases
from 25 nm to 40 nm.

Graphene is considered as an alternative coating
layer for Ag- and Au-based LSPR as it has a very
large surface-to-volume ratio which is expected to
be beneficial to efficient adsorption of biomolecules
compared to naked Au. Figure 4 shows the extinc-
tion spectra of the Au/Ag/graphene nanoshells with
different graphene shell thicknesses. The radius of
the inner Au core and Ag interlayer are 40 nm and
45 nm, respectively and the thickness of the gra-
phene shell varies from 2 nm to 12 nm. Compared to
the extinction spectra of the Au/Ag nanoshells, the
Au/Ag/graphene nanoshells exhibit distinct varia-
tions in the extinction spectra. The dipole peak of
the Au/Ag/graphene nanoshells is between 550 nm
and 660nm and larger than that of the Au/Ag
nanoshells shown in Fig. 3 due to the graphene
shells. Moreover, the dipole peak shift (A\) relative
to 540.7nm of the Au/Ag nanoshells in Fig. 3
depends on the graphene thickness for the dipole
resonance peaks, as shown in Fig. 5. A\ exhibits a
linear relationship with the thickness of the gra-
phene layers and hence, the LSPR, properties of the
Au/Ag/graphene nanoshells can be tuned by
adjusting the graphene layer thickness. In addition,
the resonance wavelengths of the Au/Ag/graphene

—m— 40-45-47

Extinction Efficiency/(a.u)

wavelength/nm

Fig. 4. Extinction spectra of the multilayered Au/Ag/
graphene nanoshells with different layers of graphene.
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Fig. 5. Dependence of the dipole resonance wavelength shift

(AX) relative to 540.7nm of the Au/Ag bimetallic nanoshells
with graphene thickness.

nanoshells red-shift and the extinction intensity of
the nanoshells decreases with the graphene layer
thickness arising from the large surface area,
conjugation structure of graphene, as well as strong
absorption of light.*”

The extinction spectra of the Au/Ag/graphene
nanoshells for different refractive indexes of the
surrounding medium are shown in Fig. 6. The radii
of the inner Au core and Ag interlayer are 40 nm and
45 nm, respectively, and the Au/Ag nanoshells are
coated with multilayered graphene with a thickness
of 2nm to form the Au/Ag/graphene nanoshells.
The refractive indexes of the surrounding medium
range from 1.25 to 2.05 in this calculation.

8 _ —a—n=125
—eo—n=145

Extinction Efficiency/(a.u)

wavelength/nm

Fig. 6. Extinction spectra of the Au—Ag—graphene nanoshell
as a function of the refractive index of the surrounding medium.

The resonance peaks of the Au/Ag/graphene move
towards longer wavelengths and the intensity of the
LSPR peaks increases as the refractive index of
surrounding medium increases. The dipole peak
red-shifts from 540 nm to 740 nm when the refrac-
tive index changes from 1.25 to 2.05. As the inner
silver sphere is not in direct contact with the sur-
rounding medium, the sensitivity of the multilay-
ered structure to the surrounding medium depends
on the outer graphene nanoshell and the interaction
between the outer graphene nanoshell and inner
silver core produces the red-shift.

Figure 7 displays the contours of the electric field
enhancement of the Au/Ag/graphene nanoshells at
different resonance wavelengths for a refractive
index of n = 2.05. The radii of the Au core, Ag in-
terlayer and graphene shell are 40 nm, 45nm and
47 nm, respectively. In the simulation, the polari-
zation direction is perpendicular to the propagation
direction. At 270nm, the electric field is concen-
trated in the region outside the Au/Ag/graphene
multilayered nanoshell and Ag interlayer, whereas
the electric fields in the inner Au core and graphene
outer shell are small, as shown in Fig. 7(a). The
electric field enhancement of the Au/Ag/graphene
nanoshells at 450nm is presented in Fig. 7(b).
Owing to the different type of charges on the inner
and outer surfaces of the Ag interlayer, there is al-
ways a strong electric field in the Ag interlayer. At
450 nm, the electric field at the interface between
graphene and Ag is obviously stronger than that of
the inner Au core.

Figure 7(c) describes the electric field enhance-
ment with the quadrupole peak at 590 nm. The
strong electric field spreads around the graphene
outer shell but the fields in the Ag interlayer and Au
inner core are very weak. The extinction peak at
590 nm originates from symmetric coupling between
the bonding graphene shell plasmon mode and inner
Ag plasmon. The electric field enhancement corre-
sponding to the peak at 740nm is displayed in
Fig. 7(d). With respect to the Au/Ag/graphene
nanoshells at 740nm, the strongest enhancement
appears on the surface of the outer graphene shell
and a few nanometers outward, suggesting the
dominant role of the outer graphene shell in the
LSPR of the nanoshells. The Au/Ag/graphene
nanoshell provides strong near-field enhancement in
several regions, especially the near infrared region,
and there are potential applications to plasmonics.
In order to investigate the influence of the outer
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(a) Au/Ag/graphene, A = 270 nm (b) Au/Ag/graphene, A = 450 nm

(c) Au/Ag/graphene, A = 590 nm (d) Au/Ag/graphene, A = 740 nm

(e) Graphene cavity, A = 740 nm

Fig. 7. Electric field enhancement contours around the multilayered Au/Ag/graphene nanoshells illuminated at the plasmon
resonance wavelength.

graphene shell on the electric field enhancement, that the strong electric field is concentrated on the
Fig. 7(e) shows the electric field enhancement of  inner surface and outside the graphene shell, which
hollow-graphene nanoshell with a thickness of 2nm  further verifies the dominant role of the outer gra-
and inner radius of 45nm at 740 nm. It can be seen  phene shell in the LSPR, of the nanoshells at 740 nm.
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Extinction Efficiency/(a.u.)

Wave ength /nm

Fig. 8. Extinction spectra of the Au/Ag and Au/Ag/graphene
nanoshells with the same refractive index of the surrounding
medium n = 1.33.

To compare the optical properties of uncoated
metal nanospheres, the extinction spectra of Au/Ag
and Au/Ag/graphene nanoshells are investigated,
as shown in Fig. 8. The radii of the inner Au core
and Ag interlayer are 40 nm and 45 nm, respective-
ly, and graphene is coated with a thickness of 2nm
to form the Au/Ag/graphene nanoshells. It can be
seen from Fig. 8 that the longer wavelength at
A = 540 nm red-shifts as the thickness of graphene
layers increases from Onm to 2nm. The extinction
efficiency of Au/Ag/graphene nanoshells is lower
than that of Au/Ag nanoshells, which is mainly
attributed to constant absorption capacity of
graphene.
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Fig. 9. Extinction spectra of the Au/Ag/graphite and Au/
Ag/graphene nanoshells with the same refractive index of the
surrounding medium n = 1.33.

In order to investigate the influence of outer shell
material on extinction efficiency, the extinction
spectra of the Au/Ag/graphite and Au/Ag/gra-
phene nanoshells are plotted in Fig. 9. The refrac-
tive index of the surrounding medium is n = 1.33,
and the thickness of the graphite, single-layer
graphene and multi-layered graphene are 2nm,
0.334 nm and 2 nm, respectively. In the spectrum of
Au/Ag/multi-layer graphene nanoshells, a longer
resonance wavelength exists at 560 nm, whereas
the resonance wavelengths are observed at 552.5 nm
and 537.5nm for the Au/Ag/graphite and Au/
Ag/single-layer graphene nanoshells, respectively.
The results indicate that the resonance peak of
Au/Ag/multi-layer graphene nanoshells are much
more distinguishable than those of the nanoshells
with graphite and single-layer graphene as the
outer layer.

4. Conclusion

The extinction efficiency of the silver-graphene
nanoshells increases gradually when the radius of
the Ag core changes from 5nm to 40nm while
the graphene thickness is maintained at 2nm. The
refractive index of the surrounding medium and
outerlayer graphene thickness affect plasmon hy-
bridization and LSPR shifts significantly and the
outer graphene shell plays an important role in
LSPR of the nanoshells. Inter-surface plasmonic
coupling in the Au/Ag/graphene nanoshell can be
tuned by changing the nanoshells, refractive index
and thickness of the graphene shells. The Au/Ag/
graphene nanoshells offer new opportunities to ex-
ploit and design plasmonic effects have potential
applications in optics and biomedicine.
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