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Cite this: RSC Adv., 2018, 8, 19616

Received 16th April 2018
Accepted 21st May 2018

DOI: 10.1039/c8ra03261k

rsc.li/rsc-advances

19616 | RSC Adv., 2018, 8, 19616–1962
surface plasmon resonance
tunability of silver/gold core–shell nanostructures

Dab Chahinez, a Thomas Reji b and Ruediger Andreas*ac

Tunable plasmonic noble metal nanoparticles are indispensable for chemical sensors and optical near field

enhancement applications. Laser wavelengths within the absorption spectrum of the nanoparticle and

Localized Surface Plasmon Resonances (LSPR) in the visible and near infrared range are the key points to

be met for the successful utilization in the field of aforementioned high sensitivity sensors. This way,

Surface Enhanced Raman Spectroscopy (SERS) has been pushed to the sensitivity level of single

molecule. The tunability, i.e. the modulation of the surface plasmon resonance wavelength as a function

of the ambient refractive index is one of the important criteria to be understood clearly. Among various

noble metals, gold and silver nanoparticles have the strongest surface enhancement factors for the

Raman signal and their tunability for many practical applications has been experimentally demonstrated.

We present a comprehensive numerical investigation by means of a finite element analysis on Ag/Au

core–shell nanospheres including agglomerated and non-agglomerated dimers. Tunability as a function

of shell thickness, total nanosphere radius and fraction of overlap between the dimer is discussed. Our

studies show that tunability is considerably affected by the nanosphere radius rather than the shell

thickness. These findings may be helpful in the synthesis of nanoplasmonic structures, especially related

to an optimized use of gold as the shell material for the targeted application.
Introduction

The quantitative understanding of the plasmonic nature of
metallic nanostructures has led to the design of highly sensitive
nano-antennas by the proper selection of materials along with
the optimization of size, shape anisotropy and surface chem-
istry of the structures. However, their performance relies on the
excitation of the localized surface plasmon resonance (LSPR)
that is able to alter, conne, and reinforce light–matter inter-
action. Plasmonic nanostructures have met with tremendous
successes in nanoelectronic,1 chemistry,2,3 biology,4 catalysis
and electro-catalysis5 and in biomedical6 elds. Then, metal–
dielectric core–shell structures had been successfully intro-
duced to passivate the surface and to tune the surface plasmon
resonance wavelength.7–9 More recently, bimetal core–shell
structures have also attracted attention. The appeal of bimetal
core–shell structures is mainly due to the evolution of new
optical and physical properties including new plasmonic reso-
nances. In particular, these nanoparticles exhibit a remarkable
sensitivity of the resonance wavelength as a function of ambient
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refractive index, a prerequisite for high tunability. This was well
reviewed elsewhere for a silver core and a gold shell geom-
etry.10–12 The properties of surface plasmon depends on the
overall geometry including the thickness of the shell,7,11 the
shape anisotropy7 and the distance of separation between
a dimer of core–shell nanospheres.13 The separation also
considered for aggregated or overlapping nanospheres, which
are nothing but ‘negative separation distance’.

Gold and silver remain the strongest contenders for LSPR
experiments as they provide a high density of electrons and low
losses in the relevant spectral range of interest. In the present
work, the electromagnetic enhancement phenomenon is
considered. Also, chemical enhancement through charge
transfer between the sample and the nanoantenna may account
for additional signal amplication. The local electromagnetic
eld near the surface of a plasmonic nanostructure (nano-
antenna) can exceed that of the incoming eld by several orders
of magnitude. The eld enhancement has been proven critical
in a wide range of applications like in surface enhanced Raman
scattering14 or tip-enhanced Raman spectroscopy.15 The advent
of bimetallic nanostructure represents a new class in plas-
monics colloids, as reported by C. J. DeSantis,16 both core and
shell determine the optical enhancement and plasmonic reso-
nance. At present, the eld of plasmonic core–shell nano-
particles progresses theoretically as well as experimentally. On
the theoretical side, better understanding and prediction of
properties, whereas on the experimental side custom made
This journal is © The Royal Society of Chemistry 2018

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra03261k&domain=pdf&date_stamp=2018-05-28
http://orcid.org/0000-0002-5434-180X
http://orcid.org/0000-0003-3588-2317
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03261k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008035


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 2
:1

4:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
exact geometry by improving the growth control and size-
dispersion of these nanospheres. This manuscript therefore
discusses the sensitivity of certain optical parameters, in
particular the sensitivity of the plasmon resonance wavelength
on the core–shell geometry and ambient refractive index.17–21

We describe LSPR behaviour in the interparticle junction of
plasmonic core–shell nanospheres through a nite element
simulation. This method not only explained the mixed modes
but also provided a quantitative description of the electric eld
distribution surrounding the Ag cores/Au shells at the nano-
scale. Therefore, we suggest a model of separated and over-
lapping Ag cores/Au shells to investigate the enhancement
factor, absorption cross-section, LSPR sensitivity and tunability.
We revisit the conclusion in ref. 22 about the impact of the shell
thickness on the tunability and subdivide this investigation into
a variation of the shell thickness for constant external radius
and a constant shell thickness with variable external radius of
the nanoparticles.
Methods

We performed a two dimensional simulation based on nite
element methods (FEM) with numerically stable edge element
discretization and solutions of Maxwell's equation. COMSOL's
FEM were used and quantitatively investigated nanoscale elec-
tromagnetics as compared to analytical solutions, e.g. multiple
expansion.13 We are aware that the electromagnetic approach
discards contributions from chemical enhancement in surface
enhanced Raman spectroscopy. The dependence of the relative
permittivity of gold on the frequency is introduced by the
following equation 3r(u) ¼ (n(u) � ik(u))2 ¼ 30(u) � i300(u) where
n and k are real numbers, denes the refractive index and the
extinction coefficient, respectively and u denotes the excitation
frequency of the incident light.23,24 30 and 300are the real and
imaginary parts of the relative permittivity, respectively. In the
simulation, the two dimensional space is discretized using
a non-uniform mesh method with a unit cell size 1 � 1 nm2

within the dimer gap (resolution in this study). Maxwell's
equation used in this study is therefore represented as follows:

mr
�1
�
V

�
VE

.
�
� V2E

.
�
� k0

2

�
3r � js

u30

�
E
. ¼ 0 (1)

where mr, 3r, and s are the relative permeability, the relative
permittivity and the electrical conductivity, respectively. 30 and
k0 are respectively the permittivity of free space and the wave-
number (magnitude of wave vector). In free space, k0 dened

as k0 ¼ u

c0
where c0 is the speed of light in vacuum. The model

under consideration consists of two silver cores and gold shells
excited with an electromagnetic wave with 632.8 nm wave-
length. Those two silver cores, coated with two gold shells are at
a distance of separation d (nm) (see Fig. 1). Negative distances
express overlapping (fusioned) nanoparticles. The silver cores/
gold shells have a total diameter between 50 nm and 80 nm,
adequate for nanoplasmonic applications. Ag cores/Au shells
present a very stable mechanical structure with high potential
in applications.25–27
This journal is © The Royal Society of Chemistry 2018
The plasmonic electromagnetic effect is contributing domi-
nantly to the enhancement of electromagnetic eld (e.g. in
SERS). The effect of nanoparticle geometry on the plasmonic
properties including the resonance wavelength is generally well
understood in terms of material, diameter, shape anisotropy,
polarization and in particular dimer (core/shell) arrange-
ment.7,10–12 Dimers create nanoscale regions, oen referred as
‘hot spots’ with exceptionally high electromagnetic eld
enhancement and, as we shall see, excellent tunability.

When varying the distance d between the nanoshells (and as
a result between the nanocores), plasmon modes exhibit
a complex dependence. The electromagnetic effect occurs
therefore in two fundamental steps; rst, around the plasmonic
nanoparticle, the local eld is further enhanced and a dipole is
induced leading to the enhancement of the Raman scattering
from the molecule in the nanogap. This enhancement is
described according to the following equation: G1 ¼ [Eloc(u0)/
E0(u0)]

2 where Eloc and E0 are the local electric elds in the
presence and absence of nanoparticle, respectively. We set the
incident eld E0 to unity. Then, in the second step, a mutual
excitation from the system of the nanoparticles at a resonant
frequency ur induces an enhanced apparent Raman polariz-
ability according to this equation: G2 ¼ [Eloc(ur)/E0(ur)]

2. As
a result, the enhanced Raman scattered light from the nano-
particles (G enhancement factor) is:28

G ¼ G1ðu0ÞG2ðurÞ ¼ jElocðu0Þj2jElocðurÞj2
jE0ðu0Þj2jE0ðurÞj2

z
jElocðurÞj4
jE0ðu0Þj4

(2)

Strictly speaking, the approximation only holds true for
small Raman shis for which the enhancement of the excitation
wavelength and the signal wavelength can be expected to have
the same enhancement factor. This SERS enhancement factor G
depends on the gap size between the dimer nanoparticles, it is
thus increased as the distance of separation is reduced from
10 nm to 2 nm.29–31 There is a critical gap size, below which the
enhancement factor is limited (for a sub-nanometer scale where
a quantum effect dominates32–34 and by which energy dissipa-
tion by electron tunneling might be encountered). Given that
this range of distances only represents a small subset, which
would require a quantum mechanical approach, we treated all
simulations classically. In this study, we rst solve G enhance-
ment factor (the maximum of the electric eld) in the gap
between the two Au nanoshells for non-overlapping and over-
lapping Au shells as well as the absorption cross section (aabs) of
the complex nanostructure. The equation of absorption is
implemented in the model in order to study the dependence of
the LSPR modes on the surrounding medium. Secondly, for the
tunability investigation, the overlapping Ag cores/Au shells are
suspended in media with different refractive indices to deter-
mine the dependence of the LSPR on the refractive index.
Finally, we determined the key factor in the tunability of these
nanostructures in a set of simulations that independently vary
the shell thickness, the total nanosphere radius and the overlap
of two core–shell nanostructures. Even though we know that
hollow gold nanoparticles have excellent tunability, we however
RSC Adv., 2018, 8, 19616–19626 | 19617
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Fig. 1 A schematic (top row: external view, middle row: partial cross-section, bottom row: shell only partial cross-section) of a non-overlapping
Ag core/Au shell dimer (left) and overlapping Ag core/Au shell nanospheres (right); d (nm) is the distance of separation between the surfaces of
the two gold nanoshells. r1 is the Ag cores radius and r2 is the Au shells radius, t (nm) is the thickness of the Au nanoshells, t ¼ r2 � r1. The electric
field vector of the incident radiation is along the radial symmetry axis with 632.8 nm wavelength.
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opted for core–shell structures in this simulation due to their
mechanical stability (e.g. during exposure to shear forces in
microuidic systems). Thus, the core-dimer is essential for
practical application in this eld as it is easier to synthesize
compared to shell without core. In the design of the overlapping
nanospheres, the gold shells remain intact i.e. they overlap
inside the particle. This has a negligible effect for shell-
thicknesses above 5 nm as discussed below.
Results and discussion

We start our numerical simulations with a qualitative description
of dipole andmultipolemodes as previously reported in core–shell
plasmonic nanostructures.11 This followed by a quantitative
simulation of the experimental ndings for the tuning sensitivity
as given in ref. 35, which is illustrated in Section 3 in detail. The
tuning sensitivity (Dlmax/Dn) is dened as the change of the plas-
mon resonance peak position (Dlmax), expressed in nm, as
a function of refractive index change (Dn), expressed in Refractive
Index Unit (RIU). We will then compare the effect of different
geometrical core–shell dimer parameters in terms of their inu-
ence on the tuning sensitivity. For this purpose, we reproduce the
simulations of ref. 22 and 36 in which a constant core diameter
and a variable shell thickness were modeled for individual nano-
particle. We emphasize that under these conditions, two geomet-
rical parameters are varied at the same time: the shell thickness
and the external nanosphere diameter. In the present case, we will
therefore separate the effect of the shell thickness from the effect
of the external diameter through dedicated simulations in which
only one of these parameters is varied at a time.
19618 | RSC Adv., 2018, 8, 19616–19626
1. Non-overlapping core/shell nanospheres

Compared to solid nanoparticle geometry, the core–shell
nanoparticles have attracted increasing attention and recently,
the scope of the investigation has been extended to the plasmon
resonance tunability as well. The plasmon resonance tunability
had been experimentally investigated on Ag core, Au shell
(Ag@Au) single nanoparticles.35,37 We extend that investigation
to the variation of the distance d between the surfaces of
nanoshells while keeping the dimensions of cores/shells xed
(22 nm core radius and 3 nm shell thickness) and evaluating the
electric eld enhancement in the surface of the shells for the
wavelength range between 200–900 nm. Fig. 2 a depicts the
model that shows the local eld distribution (Eloc/E0) on the
surface of the two non-overlapping silver core-gold shell nano-
structures with 1 nm gap between them them and for 610 nm
wavelength. The polarization vector is along the longitudinal
axis of the dimer. The core/shell nanostructures were immersed
in aqueous solution of refractive index n1 ¼ 1.33. For 1 nm gap,
the enhancement factor is in the range of 8. The gure raises the
question about the dominant contribution of the plasmon
modes of the silver cores and gold shells on the enhancement
process that will be explained when varying the distance d. The
computed curves of the electric eld enhancement on the
surface of non-overlapping Au shells are plotted in Fig. 2b as
a function of the distance, with the inset displaying the shi of
the LSPR. The gure clearly depicts a blue shi of the resonance
bands with increasing distance, as well as a decrease of the Eloc/
E0 on the surface of the shell; extreme values are observed for
the smallest physically meaningful gap of 0.3 nm distance that
corresponds approximately to the bond length between two
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Simulated model of two non-overlapping silver cores
(r1 ¼ 22 nm) and 3 nm Au shell thicknesses with 1 nm gap and for
610 nm wavelength showing energy level coupling (b) enhancement

factor
Eloc
E0

and (c) absorption cross section as a function of wave-

length for different separation between the surface of non-over-
lapping nanoshells, r1 ¼ 22 nm, r2 ¼ 25 nm, n1 ¼ 1.33.
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gold atoms Au–Au which is 288.9 pm.38 It should be noted that
there is a wide dynamic range in Emax(l), from 25.5 to
a maximum of 270 even for a small range of distance (d ¼ 0.3 to
2 nm). Fig. 2c shows the corresponding absorption cross section
This journal is © The Royal Society of Chemistry 2018
of the Ag cores/Au shells for different gaps between the surfaces
of the nanoshells. Interestingly, as can be seen in the gure,
a second resonance peak of LSPR appears for distances below
1 nm (for 0.3, 0.5 and 0.8 nm). For larger gaps (d [ 1 nm), the
shi of the plasmon modes in the core/shell dimers follows the

interaction energy between two classical dipoles
�
1
d3

�
.

However, when the nanoshells distance d decreases (0 # d < 1
nm) strong coupling between the interparticle junction,
bonding (symmetrically coupled) and antibonding (antisym-
metrically coupled) modes becomes dominant.39–42 In this case,
the splitting increases and themultipolar order plasmonmodes of
the nanoshells are mixed with the gold cores modes. The energy
level diagram in Fig. 2a explains the contribution of the different
cores/shells modes for non-overlapping shells with a small gap of
1 nm, following the identication of the mode energies in ref. 11.
2. Overlapping core/shell nanospheres

For non-overlapping core/shell nanospheres, in the previous
section, and for a very small gap under 1 nm, we nd new
modes appearing due to the mixing and hybridization of the
core and shells mode. In this section, we further decrease the
‘distance’ between the nanosphere surfaces below 0 nm (d <
0 nm) in order to better understand the behavior of the electric
eld enhancement and the absorption cross section as a func-
tion of overlap (cores and eventually shells). We investigate this
structure by xing the silver core radius to 22 nm, the gold shell
thickness to 3 nm and solving Eloc/E0 at the surface of the shells
as a function of the separation distance d between them.
However, in this case the separation distance d will be negative
and it is decreased from d ¼ �0.7 nm, deemed as sufficiently
far, to d ¼ �10 nm, which might already turn out to be difficult
to synthesize in practice,11 but interesting to understand from
a modeling perspective. The dimer system is therefore well
coupled. The core/shell nanostructures were immersed in
aqueous solution of refractive index n1 ¼ 1.33. Fig. 3a depicts
the simulated model of the electric eld enhancement (Eloc/E0)
between two silver core–gold shell nanostructures for a distance
d¼ �10 nm and for 570 nm wavelength. For this given distance
the enhancement factor obtained is in the range of 16. The
energy level diagram that explains the different mode coupling
for overlapping shells is presented as well. The red dashed lines
shows the strong interaction of the lower energy level with the
highest one between the silver core/gold shell nanospheres. For
touching nanoshells, in Fig. 3b and c that presents the electric
eld enhancement and the absorption cross section for an
overlapped Ag core/Au shell nanospheres, respectively, spectra
showed LSPR between 550 nm and 850 nm wavelengths.
However, LSR showed blue shi as the distance between the
nanoshells decreased and is in contrast with non-overlapping
nanospheres, where we observed a red shi. This becomes
clearer when we consider the extreme cases of innitely sepa-
rated nanospheres on one side and perfectly overlapping
nanospheres on the other side. Both cases represent the same
physical reality of an individual, non-coupled nanosphere. The
change of capacitive coupling to conductive coupling between
RSC Adv., 2018, 8, 19616–19626 | 19619
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Fig. 3 (a) Simulated model of two overlapping silver cores (r1 ¼ 22 nm) and 3 nm Au shell thicknesses with �10 nm gap and for 570 nm

wavelength showing energy level coupling (b) electric field enhancement
Eloc
E0

and (c) absorption cross section of Ag core/Au shell nanospheres

as a function of wavelength for different separation between the surface of overlapping gold nanoshells, r1 ¼ 22 nm, r2 ¼ 25 nm, n1 ¼ 1.33.
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the nanospheres in the interparticle junction is responsible for
this behaviour.11 In terms of quantity, we notice that |Emax(l)|
decreases when the cores/shells are more overlapped. The
location at which we determined the enhancement factor for
overlapping shells is located in direct proximity of the point of
strongest concave curvature on the surface as depicted in
Fig. 3b. We also point out that a new plasmon mode around
600 nm wavelength appears in the two curves of Fig. 3 b and c.
The inset in Fig. 3b shows the LSPR variation as a function of
the distance between the shell surfaces. The existence of addi-
tional modes and their disappearance for progressive overlap is
clearly visible. We tried therefore to look for the critical distance
of overlapping shells for which the structure loses this mode.
Interestingly, we nd that for a distance d between �4 nm and
�10 nm the structure again loses this plasmon mode.
3. LSPR wavelength tunability

3.1. Ambient refractive index. The localized surface plas-
mon resonance (LSPR) is sensitive to many factors, one of which
is the refractive index of the surrounding medium. In order to
understand its sensitivity with the refractive index, we
19620 | RSC Adv., 2018, 8, 19616–19626
immersed the overlapping Au@Ag in different solvents. We kept
the same spherical shape of an overlapped structure as in the
previous section. The overall radius of the nanosphere is r2 ¼
25 nm and the radius of Ag cores is r1 ¼ 22 nm. The distance of
separation d between the surfaces of the shells is d ¼ �10 nm.
Fig. 4 a shows the calculated absorption cross section of the
silver cores/gold shells immersed in different solvents (n1 ¼
1.33, n2 ¼ 1.36, n3 ¼ 1.39, n4 ¼ 1.43, n5 ¼ 1.47, n6 ¼ 1.51) as
a function of the wavelength from 200 nm to 900 nm. The
complex structure displayed a signicant red shi of the LSPR
wavelength when it is immersed in a solvent with higher
refractive index as can be in the Fig. 4a. In this wavelength
range, position of the peak shi depends strongly on the real
part of the permittivity 30 and the enhancement is maximized
therefore when:43,44

30 ¼ �2n2sol (3)

where nsol is the refractive index of the solvent. The same results
are reproduced when we use hollow overlapped gold shells lled
with solvents instead of Ag core of the aforementioned Ag/Au
core–shell nano structures and is depicted in Fig. 4b. Fig. 4c
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Absorption cross section as a function of wavelength for overlapping Au@Ag nanospheres (r1¼ 22 nm, r2¼ 25 nm). (b) Absorption cross
section as a function of wavelength for overlapping hollow Au shells (same dimensions as in (a)). (c) Comparison of the relative peak position
(Dlmax with reference to that of gold shells in water) for Au@Ag nanospheres and hollow Au shells as a function of the refractive index of the
solvents. (d) Comparison between experiment35 and simulation ofDlmax for solid Au (50 nm of diameter) and hollow Au shells (50 nm of diameter
and 4.5 nm of thickness (t ¼ 4.5 nm)) as a function of the refractive index of the solvents.
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shows a comparison of the relative peak position Dlmax, (with
reference to that of gold shells in water (n1 ¼ 1.33)) from Fig. 4a
and b of overlapping gold shells lled with silver and solvent (no
Ag means solvent). It may be noted from the gure that the
relative shi in peak position Dlmax, depends linearly on the
refractive index of the solvent in the both cases. Therefore, we
dene the sensitivity factor as the ratio between the relative
peak position and the refractive index change (RIU) (Dlmax/Dn).
We found that for hollow overlapping gold shells, (rings) the
slope of the curve (449.24 nm per RIU) is 4 times to that Ag core/
Au shell nanospheres (109.5 nm per RIU), suggesting 4 times
sensitive than core nanostructures. This nding conrms that
LSPR of hollow gold shells can be effectively tuned across the
visible and near infrared regions by changing the solvent. In
particular (with relatively small thicknesses of the shell of 3 nm),
the hollow gold shells provide better sensitivity with respect to
their solid counterparts and this is due to the multiple plasmon
coupling that occurs inside the hollow shells.45 We will however
focus on core–shell nanospheres as they are more conveniently
synthesized without need for a sacricial core material. Fig. 4d
compares literature experimental values of ref. 35 with the
quantitative ndings of this work for the case of individual
hollow and solid gold nanospheres. The relative shi in peak
position, Dlmax (with reference to that of gold colloids in water),
This journal is © The Royal Society of Chemistry 2018
is linearly dependent on the refractive index of the ambient
medium. The sensitivity factor could be obtained from the linear
plot between Dlmax and the refractive index n.35 The slope of the
plot in Fig. 4d presents a sensitivity factor in the range of 60 and
425 nm per RIU for gold colloid and gold shell, respectively. We
nd an excellent agreement of the sensitivity factor between the
simulation and the experiment.

3.2. Shell thickness and external radius. The most conve-
nient experimental way is to synthesize core–shell nano-
structures rather than just shell nanostructures due to stability.
In such cases, modication of the core–shell structure certainly
keep the core intact and modify the shell in terms of material,
thickness, roughness, and surface chemistry. For the case of
a changing shell thickness, overall nanosphere diameter also
changes. And as a consequence, when associating observations
to only one of the varied parameters special care should be
taken. In the following, we will rst reproduce the dependence
of the LSPR tunability for core/shell nanospheres with a xed
core diameter and changing shell thickness and hence external
diameter. We then provide dedicated series of simulation in
which we separate the shell thickness dependence from
changes of the external diameter, which will be discussed in the
following section.
RSC Adv., 2018, 8, 19616–19626 | 19621
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The plasmon resonance tunability was investigated for
a xed silver cores radius r1 ¼ 22 nm, by varying the gold shells
thickness t from (0.6 nm to 15 nm) while keeping the inter-
particle distance d between the surface of the cores xed at
�5 nm for an overlapping cores/shells conguration. The Eloc/E0
values were then evaluated at the surface of gold shell for the
wavelength range between 200 nm and 900 nm. The computed
curves of the electric eld enhancement as a function of wave-
length for different shells thicknesses are plotted in Fig. 5a and
the corresponding Emax and lmax in Fig. 5b. Those gures
highlight the variation of Emax and lmax resonance bands with
increasing gold shells thickness. As the Au shells thickness
decreases, the maximum of the electric eld enhancement Emax

on the surface of the gold shells is increased (3.71 for t ¼ 15 nm
to 65.4 for t ¼ 0.6 nm Au shells thicknesses). Similarly,
a redshi of lmax was also found (545 nm for t ¼ 15 nm to
590 nm for t ¼ 0.6 nm shells thicknesses).

To describe the possible coupling between different modes
we go back to Fig. 3a. Several methods and expressions have
veried and demonstrated the sensitivity of the plasmon reso-
nance frequency on the geometry (dimension and shape) of the
cores/shells structure, especially, on their dependence on the
inner and outer radii of the metallic shell used.35,46,47 One such
expression describing the electron gas deformations that can be
Fig. 5 (a) Electric field enhancement Eloc/E0 as a function of wavelength
resonant electric field Emax and LSPR position lmax extracted from (a) a
a function of wavelength for different gold shells thicknesses (r1 ¼ 22
wavelength for different gold shells thicknesses filled with water (no Ag co
the variation of the resonant wavelength of LSPR as a function of the Au

19622 | RSC Adv., 2018, 8, 19616–19626
decomposed as spherical harmonics of order l, in the inner (r1)
and outer (r2) surface of the shell is presented in eqn (4). We
distinguish two hybridized plasmon modes for l > 0: the rst
mode u+ corresponds to the symmetric coupling between
surface plasmon on the inner and outer surface of the shell
whereas the second mode u� corresponds to their antisym-
metric coupling.42,48

ul� ¼ us
2

2

2
41� 1

2l þ 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4lðl þ 1Þ

�
r1

r2

�2lþ1
s 3

5 (4)

For a given azimuthal number m, us represents the surface

plasmon frequency us ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pe2n0

m

r
with n0 is the charge density,

e is the electron charge.
Accordingly, Fig. 5c presents the absorption cross section as

a function of wavelength for different gold shells thicknesses.
As can be seen from the gure, a new mode appears for thick-
nesses bellow 1 nm in the 550 nm wavelength range and that
too exhibited a redshi as the thickness of the gold shells
decreased. A similar redshi of the spectral band of LSPR as the
thickness of shells decreases is found when using hollow gold
shells lled with water as depicted in the calculated absorption
for different gold shells thicknesses (r1 ¼ 22 nm and n1 ¼ 1.33). (b) The
s a function of Au shell thickness (c) the absorption cross section as
nm and n1 ¼ 1.33). (d) The absorption cross section as a function of
re). The inner radius of the gold shells is fixed to r1¼ 22 nm. The inset is
shells thicknesses.

This journal is © The Royal Society of Chemistry 2018
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spectra in Fig. 5d. Interestingly, the LSPR band position in this
case is between 600 nm and 900 nm which reects a better and
high level sensitivity of the plasmon resonance when using
hollow gold shells. However, the absorption spectra in this case,
exhibits a few LSPR peaks with respect to their solid counter-
parts that are mainly attributed to the plasmon resonant
coupling of dipole, quadrupole and multipole modes, respec-
tively.10,49 Those modes, redshi because of the plasmon
hybridization that are excited simultaneously in the inner and
outer surface of the gold hollow shells. As a result, two different
modes occur between the gold shells and the cavity: a high-
energy mode that corresponds to the antisymmetric coupling
(antibonding mode) and a low energy mode that corresponds to
the symmetric coupling (bonding mode) listed in the eqn (4). In
Fig. 5d as the two gold shells thicknesses decreases the inter-
actions between the plasmons is enhanced and produces
a larger energy separation between the high energy and the low
energy modes. Consequently, the LSPR band position redshis.

These results underline the principle interest in these dimer
core–shell structures. However, it raises questions about the
dominating effect responsible for the shi in the LSPR and that
will be investigated in detail as follows. For this, we chose only
two medium, and refractive indices of these two mediums were
1.33 and 1.51. Fig. 6 present a contour map of the sensitivity
factor for two solvents (n1 ¼ 1.33 and n6 ¼ 1.51). The color
expresses the sensitivity factor (tunability) with red being high
and blue being relatively weak. These values are expressed as
a function of two varied parameters. We chose to vary the
overlap (d) along the y-axis only. Fig. 6 illustrates the effect of
simultaneously increasing gold shell thickness and external
Fig. 6 Contour profile of the variation of the sensitivity factor
Dlmax

Dn
(D

22 nm (r1 ¼ 22 nm) and varied thickness t and, as a consequence, exter

This journal is © The Royal Society of Chemistry 2018
diameter, previously reported for individual nanospheres.35

From the gure, for a particular thickness of the gold shell, the
sensitivity factor Dlmax/Dn increases as d increases and reaches
a maximum (red area), then further enlargement in d results in
the reduction of the sensitivity factor. Interestingly, at this range
of distance d, sensitivity factor is almost independent of the
gold shell thickness. Precisely, for gold shell thickness between
3 and 10 nm, the maximum of the sensitivity factor obtained is
Dlmax/Dn¼ 474 nm per RIU for moderate overlap (d between�2
and 0 nm). For gold shell thickness beyond 10 nm, the same
maximum of tunability is obtained for distances between �1
and �2 nm. As mentioned before, it will be inappropriate to
assign this behavior to the thickness of gold shell alone, as the
size effects of the nanoparticles also a contributing factor. To
separate the effect of external nanosphere diameter r2 (from
25 nm to 40 nm) from that of shell thickness t (from 3 nm to 15
nm) the contour map of the sensitivity factor for two solvents (n1
¼ 1.33 and n6 ¼ 1.51) again simulated for shell thickness (t) and
external diameter (r2) as function of distance (d). These results
are illustrated in Fig. 7a and 8a, compared and analyzed. As can
be seen, such a direct comparison of both contour maps of the
sensitivity factor straight away eliminated the inuence of shell
thickness on the tunability. The maximum of sensitivity is ob-
tained for a moderate overlap between the core/shell (Ag/Au),
Dlmax/Dn ¼ 446 nm per RIU for a varied external radius and
xed shell thickness (Fig. 7a). However, for xed external radius
and varied shell thickness, the sensitivity factor is 474 nm per
RIU (Fig. 8a).

Three geometry factors of plasmonic nanostructures,
distance between the dimer, external radius of the nanosphere
lmax between refractive indices of 1.51 and 1.33) for fixed Ag radius to

nal diameter of core/shell structure.

RSC Adv., 2018, 8, 19616–19626 | 19623
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Fig. 7 (a) Contour profile of the variation of the sensitivity factor
Dlmax

Dn
(Dlmax between refractive indices of 1.51 and 1.33) for fixed shell

thickness t to 10 nm, varied silver radius r1 and variable external
diameter of the core/shell structure. (b) A cross section of the sensi-
tivity factor with the dot black line in (a) for fixed shell thickness (t ¼ 10
nm) and external radius (r2 ¼ 30 nm), (c) a cross section of the
sensitivity factor with the dashed white line in (a) for fixed distance (d¼
0.3 nm) and shell thickness (t ¼ 10 nm).

Fig. 8 (a) Contour profile of the variation of the sensitivity factor
Dlmax

Dn
(Dlmax between refractive indices of 1.51 and 1.33) for fixed

external radius r2 to 25 nm and varied shell thickness t. (b) A cross
section of the sensitivity factor with the dashedwhite line in (a) for fixed
distance d to 0.5 nm and external radius r2 to 25 nm.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 2
:1

4:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and thickness of the gold shell (d, r2 and t) are varied inde-
pendently and depicted in Fig. 7b, c and 8b, respectively for its
sensitivity. In the Fig. 7b (cross section with black dotted line
from Fig. 7a), the overlap of the core–shell nanospheres is
19624 | RSC Adv., 2018, 8, 19616–19626
varied for a constant shell thickness (t ¼ 10 nm) and xed
external diameter (r2¼ 30 nm). In this case, the tunability factor
increased and attained a maximum value of 450 nm per RIU, as
the overlap between the core/shell decreased (increasing
distances), and dropped thereaer for further increase in
distance. At positive distances (d ¼ 2 nm), the tunability
deceases to 120 nm per RIU. In the Fig. 7c (cross section with
the white dashed line from Fig. 7a), the external diameter is
varied for a constant shell thickness (t ¼ 10 nm) and xed
overlap (d ¼ 0.3 nm). The curve shows an increase of the
tunability as the external diameter increases. The tunability
factors Dlmax/Dn are 280 and 445 nm per RIU for 25 and 40 nm
of gold shell radius, respectively, suggesting strong dependence
of tunability on the size of the nanostructures.

In the Fig. 8b (cross section with the white dashed line from
Fig. 8a), the gold shell thickness is varied for a constant external
diameter (r2 ¼ 25 nm) and xed overlap (d ¼ 0.5 nm). The curve
shows that the tunability remains constant, Dlmax/Dn¼ 305 nm
per RIU when the gold shell thickness increases. It becomes
evident that the effect of the shell thickness is negligible on the
tunability and it is in fact the total nanosphere diameter that
This journal is © The Royal Society of Chemistry 2018
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determines the tunability. This has important implications for
the synthesis routines. This observation might turn out to be
useful for the synthesis of an optimized geometry with as little
need for costly noble metals.

The simulations are quantitative and correspond well with
experimental values reported in literature35 it should however
be stated that our simulation is based on idealized conditions
without experimental uncertainties such as fabrication toler-
ances and surface roughness.

Conclusions

We have presented a modeling framework to predict the
sensitivity factor around the plasmonics overlapping core–shell
dimer nanostructures (Au nanoshells–Ag cores and hollow Au
nanoshells). The geometry under-consideration allowed us to
understand (qualitatively and quantitatively) the resonant
modes of aforementioned nanostructures. We nd that for
strong interacting nanoshells, new modes appear in the energy
level diagram, where the lowest modes of the shells will interact
with higher-level mode of the cores. We simulated the effect of
overlapping nanospheres and the “peanut”-shaped nano-
structure has showed the strongest tunability for moderate
overlap. A dedicated geometrical analysis reveals that the total
nanoparticle diameter has a much stronger inuence on the
tunability of the LSPR than the shell thickness. Thick gold
shells being a possible cost and processing concern, we suggest
a constant shell thickness in the range of 10 nm. The strongest
dependence of the tunability, which now extends over several
hundred nanometers from the visible to the NIR range, has
been observed for the overlapping nanosphere structures. The
overlap does not only affect the tunability but also the
maximum enhancement factor, both of which decrease for
increasing overlaps beyond certain limit. In this sense, the ideal
geometry for high tunability and strong electromagnetic
enhancement factors appears to be with very small overlap of
barely adhering nanospheres.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

C. Dab gratefully acknowledges partial nancial support
through a Tunisia-INRS scholarship; A. Ruediger acknowledges
generous support through CMC microsystems and an NSERC
discovery grant.

Notes and references

1 X. Peng, M. C. Schlamp, A. V. Kadavanich and A. P. Alivisatos,
J. Am. Chem. Soc., 1997, 119, 7019–7029.

2 J. Li, J. Camardese, R. Shunmugasundaram, S. Glazier, Z. Lu
and J. R. Dahn, Chem. Mater., 2015, 27, 3366–3377.

3 J. Huang, Y. Hou, C. Liu, L. Jing, T. Ma, X. Sun and M. Gao,
Chem. Mater., 2015, 27, 7918–7925.
This journal is © The Royal Society of Chemistry 2018
4 L. R. Volpatti, U. Shimanovich, F. S. Ruggeri, S. Bolisetty,
T. Müller, T. O. Mason, T. C. T. Michaels, R. Mezzenga,
G. Dietler and T. P. J. Knowles, J. Mater. Chem. B, 2016, 4,
7989–7999.

5 M. B. Gawande, A. Goswami, T. Asefa, H. Guo, A. V Biradar,
D. Peng, R. Zboril and R. S. Varma, Chem. Soc. Rev., 2015, 44,
7540–7590.

6 J. Z. Zhang, J. Phys. Chem. Lett., 2010, 1, 686–695.
7 M. B. Cortie and A. M. McDonagh, Chem. Rev. (Washington,
DC, U. S.), 2011, 111, 3713–3735.
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