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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. Speci¯cally, 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.1 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.2 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 nanoparticles3–6

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 e®ort has been
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devoted to the investigation of LSPR properties
and electric ¯eld enhancement of gold and silver
nanoparticles with various structures such as
nanospheres,7 nanorods8 and nanoshells.9,10 Among
these nanostructures, the core/shell nanostructures
based on Au and Ag have been demonstrated to
signi¯cantly a®ect the LSPR properties in combi-
nation with other metals,11,12 semiconductors13–16

and magnetic materials.17,18 As a result of the
combined advantages and improved optical re-
sponse,19 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 300 nm and 650 nm.20 Xu
et al.21 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.22

Graphene, a two-dimensional (2D) form of sp2-hy-
bridized carbon atoms arranged in six-membered
rings, exhibits intriguing surface plasmon proper-
ties23 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.24–26 However, in spite of
these attractive nanostructures, further e®orts 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 e®ects of the graphene thickness
and refractive index of the surrounding medium
on the LSPR properties of the nanoparticles are
studied. Moreover, the electric ¯eld 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.27 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 rj and �CM

j ði ¼ 1; 2; . . .Þ. �CM
j can be

achieved by

�CM
j ¼ 3d3

4�

"j � 1

"j þ 2
; ð1Þ

where d is the interdipole spacing and "j is the di-
electric function of the target material at location rj.

Analytical modi¯cation in Eq. (1) has been
reportedly implemented in DDSCAT, the open
source computational code of the DDA method.28

DDSCAT creates a cubic lattice array of dipoles and
assigns to each one a polarizability given by the
lattice dispersion relation (LDR):

�LDR � �CM

1þ ð�CM=d3Þ½ðb1 þm2b2 þm2b3SÞðkdÞ2
�ð2=3ÞiðkdÞ3�

;

ð2Þ
b1 ¼ �1:891531; b2 ¼ 0:1648469;

b3 ¼ �1:7700004; S �
X3
j¼1

ð�̂j êjÞ2;
ð3Þ

where �̂ and ê are unit vectors de¯ning the incident
direction and the polarization state, S, b1, b2 and b3
are the coe±cients of the expansion to the third
order in k to incorporate radiation e®ects.

The polarization vector is generated by the in-
teraction between the arbitrary point dipole and
local electric ¯eld Ej so that

Pj ¼ �jEj; ð4Þ
where �j is the tensor of polarizability of the point
dipole and rj is the central position. Ej consists of
the electric ¯eld Einc;j at position j due to the inci-
dent plane wave and the electric ¯eld stimulated by
(N � 1) other dipoles is as follows

Einc;j ¼ E0 exp iðk � rj � !tÞ; ð5Þ
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Ej ¼ Einc;j �
X
k6¼j

AjkPk; ð6Þ

where �AjkPk represent the contribution to the
electric ¯eld at rj that is due to the dipole Pk at
position rk, including retardation e®ects. Each
element Ajk is a 3� 3 matrix

Ajk ¼
expðikrjkÞ

rjk

� k2ðr̂jk r̂jk � 13Þ þ
ikrjk � 1

r2jk
ð3r̂jk r̂jk � 13Þ

" #
;

j 6¼ k; ð7Þ
where jkj � !=c, rjk � jrj � rkj, r̂jk � ðrj � rkÞ=rjk,
and 13 is the 3� 3 identity matrix. De¯ning Ajj ¼
��1

j reduces the scattering problem to ¯nding the
polarizations Pj that can be brie°y described as a
set of 3N complex linear vector equations

XN
k¼1

AjkPk ¼ Einc;j: ð8Þ

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

Cabs ¼
4�k

jE0j2
XN
j¼1

Im Pj � ð��1
j Þ�P�

j

� �� 2

3
k3 Pj

�� ��2� �
:

ð9Þ
The extinction cross section and extinction
e±ciency can be obtained by the optical

theorem (7):

Cext ¼
4�k

jE0j2
XN
j¼1

ImðE�
inc;j �PjÞ; ð10Þ

Qext ¼
Cext

�R2
: ð11Þ

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 handbook29 and SOPRA
N&K database.30

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 5 nm to 40 nm, the thick-
ness of the graphene layer is maintained at 2 nm,
and the refractive index (nÞ of the surrounding
medium is kept at 1.33. Figure 2 shows that the
extinction e±ciency 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 5 nm and 40 nm. It has been pre-
dicted by the Mie theory31 that the resonance
wavelength of a single Ag nanosphere is around

Fig. 1. Model of the core (Au)-Ag-shell (graphene) nanoshells.
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Fig. 2. Extinction spectra of the graphene-coated silver
nanospheres.
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370 nm and the intensity of the resonance band
increases with the size of the Ag nanosphere
increasing. Furthermore, in the case of a small
nanosphere (< 40 nm), 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-
particles32–34 and the resonance wavelengths vary
between 380 nm and 500 nm.

3.2. Au/Ag/graphene nanoshells

In order to investigate the in°uence of the graphene
layer thickness on the extinction spectra of multi-
layered nanoshells, Au/Ag nanoshells comprising
the Au core and Ag shell are ¯rst considered.
Figure 3 presents the extinction spectra of the Au/
Ag nanoshells with di®erent 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
370 nm 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

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 bene¯cial to e±cient adsorption of biomolecules
compared to naked Au. Figure 4 shows the extinc-
tion spectra of the Au/Ag/graphene nanoshells with
di®erent 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 2nm 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 660 nm and larger than that of the Au/Ag
nanoshells shown in Fig. 3 due to the graphene
shells. Moreover, the dipole peak shift (��) relative
to 540.7 nm of the Au/Ag nanoshells in Fig. 3
depends on the graphene thickness for the dipole
resonance peaks, as shown in Fig. 5. �� 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
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Fig. 3. Extinction spectra of the Ag-coated Au nanoshells
with di®erent Au core radii.
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Fig. 4. Extinction spectra of the multilayered Au/Ag/
graphene nanoshells with di®erent layers of graphene.
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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.35

The extinction spectra of the Au/Ag/graphene
nanoshells for di®erent 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 2 nm to form the Au/Ag/graphene nanoshells.
The refractive indexes of the surrounding medium
range from 1.25 to 2.05 in this calculation.

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 ¯eld
enhancement of the Au/Ag/graphene nanoshells at
di®erent resonance wavelengths for a refractive
index of n ¼ 2:05. The radii of the Au core, Ag in-
terlayer and graphene shell are 40 nm, 45 nm and
47 nm, respectively. In the simulation, the polari-
zation direction is perpendicular to the propagation
direction. At 270 nm, the electric ¯eld is concen-
trated in the region outside the Au/Ag/graphene
multilayered nanoshell and Ag interlayer, whereas
the electric ¯elds in the inner Au core and graphene
outer shell are small, as shown in Fig. 7(a). The
electric ¯eld enhancement of the Au/Ag/graphene
nanoshells at 450 nm is presented in Fig. 7(b).
Owing to the di®erent type of charges on the inner
and outer surfaces of the Ag interlayer, there is al-
ways a strong electric ¯eld in the Ag interlayer. At
450 nm, the electric ¯eld at the interface between
graphene and Ag is obviously stronger than that of
the inner Au core.

Figure 7(c) describes the electric ¯eld enhance-
ment with the quadrupole peak at 590 nm. The
strong electric ¯eld spreads around the graphene
outer shell but the ¯elds 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 ¯eld enhancement corre-
sponding to the peak at 740 nm is displayed in
Fig. 7(d). With respect to the Au/Ag/graphene
nanoshells at 740 nm, 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-¯eld enhancement in
several regions, especially the near infrared region,
and there are potential applications to plasmonics.
In order to investigate the in°uence of the outer
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Fig. 5. Dependence of the dipole resonance wavelength shift
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with graphene thickness.
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graphene shell on the electric ¯eld enhancement,
Fig. 7(e) shows the electric ¯eld enhancement of
hollow-graphene nanoshell with a thickness of 2 nm
and inner radius of 45 nm at 740 nm. It can be seen

that the strong electric ¯eld is concentrated on the
inner surface and outside the graphene shell, which
further veri¯es the dominant role of the outer gra-
phene shell in the LSPR of the nanoshells at 740 nm.

(a) Au/Ag/graphene, � ¼ 270 nm (b) Au/Ag/graphene, � ¼ 450 nm

(c) Au/Ag/graphene, � ¼ 590 nm (d) Au/Ag/graphene, � ¼ 740 nm

(e) Graphene cavity, � ¼ 740 nm

Fig. 7. Electric ¯eld enhancement contours around the multilayered Au/Ag/graphene nanoshells illuminated at the plasmon
resonance wavelength.
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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 2 nm
to form the Au/Ag/graphene nanoshells. It can be
seen from Fig. 8 that the longer wavelength at
� ¼ 540 nm red-shifts as the thickness of graphene
layers increases from 0 nm to 2 nm. The extinction
e±ciency of Au/Ag/graphene nanoshells is lower
than that of Au/Ag nanoshells, which is mainly
attributed to constant absorption capacity of
graphene.

In order to investigate the in°uence of outer shell
material on extinction e±ciency, 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 ¼ 1:33,
and the thickness of the graphite, single-layer
graphene and multi-layered graphene are 2 nm,
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 537.5 nm 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 e±ciency of the silver-graphene
nanoshells increases gradually when the radius of
the Ag core changes from 5 nm to 40 nm while
the graphene thickness is maintained at 2 nm. The
refractive index of the surrounding medium and
outerlayer graphene thickness a®ect plasmon hy-
bridization and LSPR shifts signi¯cantly 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 o®er new opportunities to ex-
ploit and design plasmonic e®ects have potential
applications in optics and biomedicine.

Acknowledgments

This work was supported by the National Natural
Science Foundation of China (Grant No. 51474069),
China Postdoctoral Science Foundation funded
project (Grant No. 2016M591510), Natural Science
Foundation of Heilongjiang Province (Grant No.
E2016007), and City University of Hong Kong
Applied Research (Grant No. 9667122).

References

1. L. B. William, D. Alain and W. E. Thomas, Nature
424, 824 (2003).

200 300 400 500 600 700 800
0

1

2

3

4

5

6

7

E
xt

in
ct

io
n 

E
ff

ic
ie

nc
y 

/(
a.

u.
)

wavelength /nm

 single-layer graphene
 graphite
 multi-layer graphene

Fig. 9. Extinction spectra of the Au/Ag/graphite and Au/
Ag/graphene nanoshells with the same refractive index of the
surrounding medium n ¼ 1:33.

200 300 400 500 600 700 800
0

1

2

3

4

5

6

7

E
xt

in
ct

io
n 

E
ff

ic
ie

nc
y/

(a
.u

.)

Wavelength /nm

 40-45
 40-45-47

Fig. 8. Extinction spectra of the Au/Ag and Au/Ag/graphene
nanoshells with the same refractive index of the surrounding
medium n ¼ 1:33.

1750062-7

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



2. N. Cecilia, J. Phys. Chem. C 111, 3806 (2007).
3. C. S€onnichsen and A. P. Alivisatos, Nano Lett. 5,

301 (2005).
4. G. Raschke, S. Brogl, A. S. Susha, A. L. Rogach, T.

A. Klar, J. Feldmann, B. Fieres, N. Petkov, T. Bein,
A. Nichtl and K. Kurzinger, Nano Lett. 4, 1853
(2004).

5. A. D. McFarland and R. P. V. Duyne, Nano Lett. 3,
1057 (2003).

6. H. Xu and M. Käll, Phys. Rev. Lett. 89, 246802
(2002).

7. S. Raza, N. Stenger, S. Kadkhodazadeh, S. V.
Fischer, N. Kostesha, A. P. Jauho, A. Burrows, M.
Wubs and N. A. Mortensen, Nanophotonics 2, 131
(2013).

8. E. K. Payne, K. L. Shuford, S. Park, C. S. George
and C. A. Mirkin, J. Phys. Chem. B 110, 2150
(2010).

9. J. T. Zhang, Y. Tang, K. Lee and M. Ouyang,
Science 327, 1634 (2010).

10. Y. H. Song, J. S. Luo, Y. Yi, K. Li, X. L. Tan, B. C.
Luo, X. B. Xu and H. Lei, Chem. Phys. Lett. 614, 21
(2014).

11. J. Tuaillon-Combes, E. Bernstein, O. Boisron and P.
M�elinon, Chem. Phys. Lett. 564, 65 (2013).

12. F. Bao, J. Li, B. Ren, J. Yao, R. Gu and Z. Tian,
J. Phys. Chem. C 112, 345 (2008).

13. S. V. Kahane, V. Sudarsan, S. Mahamuni and
J. Lumin, 147, 353 (2014).

14. T. Yang, W. Chen, Y. Hsu, K. Wei, T. Lin and
T. Lin, J. Phys. Chem. C 114, 11414 (2010).

15. V. P. Zhdanov and B. Kasemo, Chem. Phys. Lett.
524, 16 (2012).

16. N. Kumar, V. K. Komarala and V. Dutta, Chem.
Eng. 236, 66 (2014).

17. S. Ramadurgam and C. Yang, Sci. Rep. 4, 4931
(2014).

18. D. Llamosa P�erez, A. Espinosa, L. Martínez,
E. Rom�an, C. Ballesteros, A. Mayoral, M. García-

Hern�andez and Y. Huttel, J. Phys. Chem. C 117,
3101 (2013).

19. D. Wu, X. Xu and X. Liu, J. Chem. Phys. 129,
074711 (2008).

20. V. K. Pustovalov, L. G. Astafyeva andW. Fritzsche,
Plasmonics 7, 469 (2012).

21. X. B. Xu, Z. Yi, X. B. Li, Y. Y. Wang, X. Geng, J. S.
Luo, B. C. Luo, Y. G. Yi and Y. J. Tang, J. Phys.
Chem. C 116, 24046 (2012).

22. K. S. Novoselov, A. K. Geim, S. V. Morozov, D.
Jiang, Y. Zhang and S. V. Dubonos, Science 306,
666 (2004).

23. L. M. Tong, H. Wei, S. P. Zhang and H. X. Xu,
Sensors 14, 7959 (2014).

24. J. Li and C. Liu, Eur. J. Inorg. Chem. 8, 1244
(2010).

25. Y. Liu, Y. Hu and J. Zhang, J. Phys. Chem. C 118,
8993 (2014).

26. V. Amendola, Phys. Chem. Chem. Phys. 18, 2230
(2016).

27. B. T. Draine and P. J. Flatau, J. Opt. Soc. Am. A
11, 1491 (1994).

28. M. A. Yurkin and A. G. Hoekstra, J. Quant. Spec-
trosc. Radiat. Transfer 106, 558 (2007).

29. E. D. Palik, Handbook of Optical Constants of Solids
(Academic Press, New York, 1985).

30. SOPRA N&K Database, Available at www.refrac-
tiveindex.info.

31. K. L. Kelly, E. Coronado, L. L. Zhao and G. C.
Schatz, J. Phys. Chem. B 107, 668 (2003).

32. M. H. Lee, P. J. Dobson and B. Cantor, Thin Solid
Films 219, 199 (1992).

33. G. Xu, M. Tazawa, P. Jin and S. Nakao, Appl. Phys.
A 80, 1535 (2005).

34. R. Brahma and M. G. Krishna, Nucl. Instrum. Meth.
B 266, 1493 (2008).

35. J. Henri, He. Y, N. Granqvist and Z. P. Sun, Optica
3, 151 (2016).

1750062-8

C. Liu et al.


	Analysis of Local Surface Plasmon Resonance in Multilayered Au/Ag/Graphene Nanoshells
	1. Introduction
	2. Theory
	3. Results and Discussion
	3.1. Ag/graphene nanoshells
	3.2. Au/Ag/graphene nanoshells

	4. Conclusion
	Acknowledgments
	References


