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Abstract In this communication, we study the surface en-
hanced Raman scattering (SERS) by a molecule which is
adsorbed on a trilayer (Ag@SiO2@Ag) spherical shaped me-
tallic nanostructure. We have studied the plasmonic signature
of the trilayer nanostructure under quasi-static approximation.
The plasmonic response of trilayer nanostructures is analysed
in terms of surface plasmon resonances and extinction efficien-
cy which is a function of size, shape of core-shell material and
thickness polarisability. The polarisability of trilayer nano-
structure has been derived using T-matrix method and coupled
it with the Gersten-Nitzan model to study the Raman enhance-
ment factor. The Raman enhancement factor (R) has been stud-
ied under the influence of several parameters such as core-shell
material, thickness, molecule distance and the surroundingme-
dia. The model developed here suggests strong relative ampli-
fication of the Raman gain of biomolecule adsorbed on the
surface of the nanogeometry. The trilayer metal nanostructure
exhibits three plasmon resonance peaks in UV to visible range
(Raman spectroscopy range) which helps in detection of bio-
logical molecules into three different regimes. We have also
compared the Raman enhancement factor for trilayer, bilayer
and single metal nanosphere and it was observed that the mag-
nitude of Raman gain factor, number of resonant peaks and its
spectral bandwidth are different for different geometries.
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Introduction

Surface-enhanced Raman scattering (SERS) is a very efficient
and highly sensitive technique for the identification of low
concentration molecular species which is an extension of tra-
dition Raman spectroscopy [1, 2]. This SERS technique
characterised by enhancement in the Raman signal intensity
by the order of the magnitude of a molecule adsorbed on the
roughened surface with respect to the molecule adsorbed on
the smooth surface [3]. When the electromagnetic wave inter-
acts with the smooth metal surface, the energy associated to
the system, flows along the tangential direction and hence the
surface-enhanced Raman scattering (SERS) effect is not so
significant. When the surface of chosen system is roughened,
the electromagnetics of irradiated light becomes very interest-
ing. In this situation, the surface plasmons are excited due to
the interaction of conduction electrons of nanoparticle with
incident light field and the resulting enhancement in the nor-
mal component of electric field of the electromagnetic radia-
tion close to the surface has been observed. As the associated
intensity of signal depends on the square of the amplitude of
incident light field and hence the intensity is enhanced as
compared to what it was without surface [4, 5]. Due to this
enhancement in intensity, corresponding Raman scattered (in-
elastic scattering) field may also be enhanced, but the magni-
tude of scattered Raman signal is different than that of the
incident light field. The net increment associated with the
incident and the scattered field is considered to be the electro-
magnetic contribution to surface-enhanced Raman scattering.
An important feature of SERS mechanism is that, it depends
on the frequency of Raman signal, size and shape of the metal
nanoparticles and surrounding medium. The noble metal
nanoparticle’s surface plasmon resonances (SPRs) depend
on the shape, size and medium which are the main causes of
electromagnetic field enhancement near the metallic surface.
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The enhanced electromagnetic fields can be utilised for vari-
ous purposes such as SERS, florescence and bio-sensing [6].
Also, the spectral width, position and intensity of the SPR can
be easily tuned for SERS application by changing the param-
eters like dimension of particle, coating thickness and choice
of materials and embedding medium. The various noble metal
nanogeometries like coated and noncoated spheres, spheroids
and dimers are used to study the electromagnetics of SERS.
Out of these geometries, core-shell (for different geometries)
has several exciting features like resonance scattering, peak
shifting, absorption and intense near-field enhancement, sen-
sitivity and the enhanced frequency domain. Due to these
significant features, the plasmonic nanogeometries have wide
applications at nanoscale which range from biological and
chemical sensing to light trapping in thin film [7–9].

As compared to mono and bilayer metal nanoparticles,
trilayer (metal/dielectric/metal) nanosphere is more significant
because it exhibits an additional degree of freedom in plas-
monic peaks. This extra degree of freedom in SPR occurs due
to trilayer nanogeometry which can be utilised more affective-
ly to enhance the Raman gain factor. There are three different
Raman peaks that are observed corresponding to trilayer
nanogeometry in three different frequency regimes.

In this paper, we have studied the SERS mechanism via
trilayer metal nanostructures. The trilayer geometry is a com-
bination of metal@dielectric@metal (Ag@SiO2@Ag). The
wavelength-dependent dielectric constant of metal has been
taken from the literature [10]. In this layered structures, the
choice of coating materials is not arbitrary, two materials can
be used as core-shell only if its lattice parameters are nearly
equal. It is one of the very important conditions for the coating
on the nanogeometry [11, 12]. The schematic diagram of
trilayer metal nanostructure is shown in Fig. 1.

Theory

The electromagnetic mechanism of SERS of the dipole equiv-
alent of biomolecule which is situated at a distance d from the
surface of trilayer metal nanostructure has been studied. The
electromagnetic behaviour of trilayer metal nanostructure as-
sociated with the polarisability which is derived under dipolar
model. When a light of electric field intensity E0 interact with
the chosen nanogeometry, it scattered light with amplified
field intensity. This amplified field intensity interacts
inelastically with the biomolecule which is considered to be
an equivalent dipole which generates a new signal known as
Raman signal. As the interaction is inelastic, the new signal
will have a different frequency with respect to the incident
one. This Raman signal again interacts with the nanogeometry
and reradiate a signal with amplified intensity which is known
as SERS signal and the phenomena is called enhanced inelas-
tic Raman scattering. The whole SERS mechanism has been

studied by using Gersten-Nitzan model which is used to find
the Raman scattering cross section of composite (metal
nanogeometry-biomolecule) system is expressed as [3,
13–17]

σSERS ¼ 8Π
3

� �
ω
c

� �4
ΔCð Þ2 ∂α

∂C

� �2 1

1−αG
1þ 2αm

rm þ dð Þ3
" #�����

�����
4

ð1Þ

G ¼ ∑
l

l þ 1ð Þ2
rm þ dð Þ2 lþ1ð Þ αm ð2Þ

where Δα is the change in polarisability of molecule
which occurs due to is change in nuclear coordinate B
ΔC ^. G is image field factor which depends on the
morphology. The molecular polarisability is assumed to
be constant, rm is the radius of multi-layered nanosphere
and l is the running index with l=1 for dipole case. Hence,
the Raman enhancement factor of biomolecule which is
separated by distance d from the plasmonic nanogeometry
can be expressed as
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where αm the dipolar polarisability of the metal nanostruc-
ture, ω is the incident light frequency, c is the speed of light
in free space and α is the polarisability of chosen biomole-
cule which is constant and of the order of angstrom3.
Generally, the polarisability of small organic molecule is
in the range of 1–10 angstrum3 [3]. This polarisability plays
a very significant role to understand the resonance physics
and its expression is different corresponding to the different
nanogeometries. In the polarisability αm, the subscript

Fig. 1 Schematic diagram of SERS mechanism of biomolecule which is
placed at certain distance d from surface of trilayer plasmonic
nanogeometry (Ag@SiO2@Ag)
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m = 1 for isolated metal nanosphere, m = 2 stands for
bilayer and m = 3 for trilayer. The polarisability of
noncoated and coated metal nanosphere is obtained by
using dipole model, while the polarisability of trilayer
nanosphere is derived by using T-matrix method.

For the analysis of single, bi- and trilayer metal nanosphere,
we assume that the nanoparticle is irradiated by oscillating
electromagnetic field which is spatially uniform. Here,
Laplace equation is used to find out the potential, field and
polarisability expression [6]. A single, isolated metal nano-
sphere which is embedded in a homogeneous medium has
constant electric field. The polarisability of sphere is
expressed as

αs ¼ 4πr31
ε1−εm

ε1 þ 2εm

����
���� ð4Þ

where εm is the dielectric constant of surrounding media, ε1 is
the dielectric constant of silver MNPs, ‘r1’ is the radius of
isolated nanosphere.

Consider the coated nanoparticle (Ag@SiO2) embedded in
ambient matrix of dielectric constant εm. The polarisability of
coated nanoparticle is expressed as [14]

αbi ¼ 4πr32
ε2−εmð Þ ε1 þ 2ε2ð Þ þ f ε1−ε2ð Þ εm þ 2ε2ð Þ
ε2 þ 2εmð Þ ε1 þ 2εmð Þ þ f 2ε2−2εmð Þ ε1−ε2ð Þð5Þ

where r2 is the outer sphere radius, εm is the dielectric constant
of the medium, ε1 is the dielectric constant of inner sphere
(silver metal), ε2 is the dielectric constant of shell (silica).

Under the same situation as discussed above, consider three
layer core-shell nanosphere embedded in homogeneous medi-
um is irradiated by field. After the interaction of light with
trilayer nanosphere, the lth polarisability expression of this
nanosphere has been found using T-matrix method which is
expressed as [14, 15].

αtri ¼ Numα1

Denα1
ð6Þ

where, αtri is the ratio of numerator αl to denominator αl

represents, αl is the polarisability of lth layer nanosphere and
for dipole approximation, we have only considered l = 1
which can be expressed as
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where r1 ,r2 and r3 are the radii of the inner, middle and outer
layer sphere having dielectric constants ε1, ε2 and ε3,
respectively.

First, we find the polarisability expression for the
chosen nanogeometries after then we able to find the
optical signatures like absorption, extinction and scatter-
ing of MNPs under the condition of quasi-static approx-
imation expressed as [14]

Cscat: ¼ k4

6π
αmj j2; k ¼ 2π

λ
ð7Þ

Cabsa ¼ kIm αmð Þ ð8Þ

Qext ¼
Cscat þ Cabsað Þ

πr2i
ð9Þ

In these equations (7, 8), polarisability αm depends on di-
electric constant of dielectric material (silica) and metal (sil-
ver). To involve the nano effect, size-dependent dielectric con-
stant metal has been considered which is derived from Drude
Lorentz model, that can be expressed as [18, 19]

ε ωð Þ ¼ εbulk ωð Þ þ ω2
p

ω2 þ jγbulkω
−

ω2
p

ω2−jγω
ð10Þ

γ ¼ γbulk þ A
vf
rm

ð11Þ

τ ¼ 1
.
γ; τbulk ¼ 1

.
γbulk ð12Þ

where γ is the effective relaxation time, γbulk is the free elec-
tron scattering time of bulk metal, vf (1.39 × 106 m/s) is the
electron Fermi velocity in silver metal, and A is a geometry-
dependent parameter which lies between 1 to 3 [7]. The var-
iable rm represents the radius of the chosen metal nanosphere
which clearly makes the difference bulk level property and
nanolevel property. When the radius of metal nanosphere in-
creases then the second part of Eq. (11) plays no significant
role, the damping at nanolevel and bulk level is nearly equal.
Under this condition, there is no distinction between the opti-
cal constant between at nanolevel and bulk level.
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Results and Discussion

The optical properties of trilayer metal nanostructure has been
analysed in terms of polarisability expression which is derived
by using t-matrix method. After the complete analysis of
polarisability of trilayer nanostructure, we couple this expres-
sion into GN model to find out the Raman enhancement fac-
tor. The multi-layered metal nanostructure would exhibit en-
tirely different optical properties to the bilayer and simple
metal sphere and these properties are analysed in terms of
surface plasmon resonances. The coupling of light with the
trilayer metal nanostructure under the influence of biomole-
cule (which is placed at distance d from the surface of metal
nanogeometry) plays a very significant role to enhance the
Raman signal. The enhancement in the Raman signal studied
in terms of Raman enhancement factor as indicated by (Eq. 3).
Figure 2 represents the Raman enhancement spectra of trilayer
(Ag@SiO2@Ag) metal nanostructures against the incident
light frequency normalised by plasmon frequency. In Fig. 2,
the two outer radii r2 and r3 are fixed and inner radius r1 is
variable. The trilayer metal nanostructure embedded in two
surrounding environments air and water with refractive index
N = 1 and N = 1.32 respectively as shown in Fig. 2 a, b. As
increasing core radius r1 with fixed r2 = 20 nm, r3 = 25 and
d = 1 nm, corresponding Raman enhancement factor increases
in different regimes of frequency. The consistent increment in
the Raman enhancement factor with the core radii is observed
due to the reduction in thickness of shell. The interaction of
light with trilayer nanosphere exhibits three plasmon reso-
nances in three different frequency ranges which are utilised
to amplify the Raman signal at three different points of whole

frequency domain. When the resonance frequency of the nano
geometry matches with the electronic transition frequency
which occurs in different electronic and corresponding vibra-
tional level of the molecule, the coincided range of the fre-
quency get amplified.

Figure 3 represents the frequency-dependent Raman en-
hancement spectra of trilayer metal nanosphere embedded in
two different environments. Here, inner and outer layer radii
(r1 and r3) are fixed while the middle layer (silica) radius r2 is
variable. In Fig. 3, when the radius of the silica changes, the
effective dielectric constant of the system changes which al-
lows shifting in the resonance peaks and hence there will be
corresponding shift in the enhancement factor. For particular
case of multilayer nanosphere where r1 = 15 nm, r2 = 18 nm
and r3 = 25 nm with N = 1, the enhancement peak is obtained
at the normalised frequency 0.31 as shown in Fig. 3a, and
when the surrounding medium changes from N = 1 to
N = 1.32 (keeping all parameters constant), the enhancement
peak was observed at the normalised frequency to 0.28. It was
observed that the resonance peaks shift towards the red region
as we increase the surrounding dielectric constant and the
corresponding enhancement factor also changes. Since the

SERS enhancement factor is a function of polarisability that

depends on the various physical parameters like shape, size

and surrounding materials, any change in the surrounding ma-

terials will cause a change in SERS enhancement factor. The

physics of peak shifting with surrounding media can be un-

derstood by using relation ω ¼ ωp=
ffiffiffiffiffiffiffiffiffiffi
1−εp

p ¼ ωp=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2εm

p
where ωp is the plasmon frequency of the conduction electrons
of nanosphere, εp is the dielectric constant of the nanoparticle

Fig. 2 Raman enhancement factor (R) of plasmonic coupled
biomolecule which is a function of normalised plasmon frequency for
trilayer MNP (Ag@SiO2@Ag) with radii 15/20/25 embedded in two

different environments having refractive index N = 1 and N = 1.32. The
inner radii are variable with constant value of d, where d is the distance
between molecule and the top of nanogeometry
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and εm is the dielectric constant of surrounding medium. From
this expression, it is clear that when dielectric constant of the
surrounding medium εm increases, the frequency of oscillation
ω decreases i.e., red shifting of the LSP resonance peak and
hence red shifting of Raman enhancement peak. In this figure,

peaks are observed due to the antisymmetric and symmetric
coupling of higher and lower frequency modes, respectively
[18, 19]. The antisymmetric mode generation at higher fre-
quency is the effect of the antibonding resonance in which
the surface charge oscillations, at the interface of the two dif-
ferent media coupled antisymmetrically, while the symmetric
mode is because of the symmetric coupling.

The Raman enhancement factor of biomolecule under
trilayer nano plasmonic effects plotted against normalised fre-
quency is shown in Fig. 4. Here, we analyse how the molecule
distance from the surface of trilayer metal nanosphere would
influence the Raman gain factor. In Fig. 4, we change the
distance d from the surface of the multi-layered nanogeometry
(silver-silica-silver) and studied the Raman enhancement factor
R with respect to the normalised frequency in the range from
UV to near IR reason. In the result, we find three picks that have
already observed in the previous case. The appearance of these
three picks is due to the three interfaces where surface plasmons
are excited separately at each interface [20, 21]. The separate
excitation of SPRs in different frequency domain resonantly
enhanced the local field which is responsible to increase the
intensity of Raman signal. In the figure, it can be easily seen
that the Raman gain factor is directly proportional to the dis-
tance d. The enhancement factor is higher for the closer distance
between the molecule and the plasmonic geometry and it is
lower when the distance d is increase from the nanogeometry.
The molecules which are far away from the surface of metal
nanosphere are not going to experience plasmonic local field
that is why the reduction in the Raman gain factor was
observed. Hence, for better amplification in Raman gain via
SERS technique, the distance between biomolecule and
plasmonic nanogeometries is not very far away from each other.

Figure 5 shows the extinction efficiency of the trilayer met-
al nanosphere with respect to normalised wavelength (λ/λp)
for two different values of r1 = 15 and 17 nm having fixed
values of r2 = 20 nm and r3 = 25 nm. The chosen nanostruc-
tures were embedded in two different dielectric environment
having constant refractive index N = 1 and 1.32. The extinc-
tion spectrum has been plotted to get the idea of SPR peak
position and its spectral width. I would like to emphasize the
actual meaning of extinction which represents the attenuation
of electromagnetic waves as it propagates inside the medium.
In simpler fashion, when light interacts with the nanostruc-
tures, some parts of it gets absorbed and also scattered and
some fraction of light gets detected at the detector. Hence, the
sum of absorbed and scattered portion of light by the metal
nanogeometry is known as extinction. For the present case,
trilayer metal nanostructure three peaks were observed in three
different part of electromagnetic spectrum which helps us to
study Raman enhancement factor. As we know, the surround-
ing media would influence the optical properties like SPRs
peak position, width and magnitude which can be clearly seen
in Fig. 5a, b.

Fig. 3 Raman enhancement factor (R) of plasmonic coupled
biomolecule which is a function of normalised plasmon frequency for
trilayer MNP (Ag@SiO2@Ag) with radii 15/20/25 embedded in two
different environment having refractive index N = 1 and N = 1.32. The
inner radius r2 is variable with fixed value of molecule distance from the
surface of nanosphere (d = 1 nm)

Plasmonics (2018) 13:221–229 225



Now, we will try to make the comparison between Raman
enhancement factor corresponding to three different metal
nanostructures which are embedded in air as shown in
Fig. 6. Figure 6 represents the Raman intensity amplification
factor (R) w.r.t normalised frequency for three different situa-
tions such as monolayer, bilayer and trilayer metal nano-
sphere. These metallic nanogeometry embedded in surround-
ing media with index of refraction N = 1. For all the cases, we
select core radius 10 nm with d = 1 nm. It was observed that
when there is no coating on the metal nanoparticle,

enhancement factor is smaller in comparison to the system
when it is coated as shown in Fig. 6b and the tunability in
comparison to the coated nanogeometry is almost negligible.
When the system is trilayered, the enhancement factor is dif-
ferent with some additional feature which appeared in the
form of third resonance peak as shown in the Fig. 6c. The
advantage of trilayer nanosphere is that there are three reso-
nant peaks observed which will be utilised to amplify the
Raman signal three times at three different positions of fre-
quency domain.

Fig. 4 Raman enhancement factor (R) of plasmonic coupled
biomolecule which is a function of normalised plasmon frequency for
trilayer MNP (Ag@SiO2@Ag) with radii 15/17/23 embedded in two

different environments having refractive index N = 1 and N = 1.32. The
inner, middle and outer radii are fixed and distance d between
biomolecule and metallic nanogeometry is variable

Fig. 5 The extinction efficiency of the trilayer metal nanosphere with respect to normalised wavelength (λ/λp) for two different values of r1 = 15 and
17 nm having fixed values of r2 = 20 nm and r3 = 25 nm
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It was also observed that, in all three cases, damping in the
resonance frequency is governed by the expression γ = γbulk +
Avf/Reff. The term Reff is r1 for noncoated nanosphere and Reff

is r2–r1 for coated system [22–29]. If Reff is higher, higher is
the collision time of electron and lower will be thee damping
and vice versa. In case of noncoated nanospherical geometry,
the resonance peak abruptly changes due to the damping ef-
fects. It takes minimum frequency difference to become zero

which means taking longer time difference and hence low
damping factor. Now, let us consider second case. In this, there
are two systems, one bilayer and other is trilayer. In the case of
bilayer in Fig. 6b, the resonance peak takes longer frequency
difference in comparison to the trilayer geometry Fig. 6c, be-
cause in bilayer situation electrons collision frequency is
higher because of small expansion of the boundary of the
coating and hence high damping value. At the same time,

Fig. 6 The Raman enhancement spectra of sphere, core-shell bilayer (Ag@Sio2) and core-shell trilayer metal nanosphere (Ag@Sio2@Ag) against
normalised plasmon frequency. In all cases, nanosphere embedded in air of N = 1 and d = 1 nm
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because of higher extension of material boundary, smaller
collision frequency and hence high relaxation time lead to
smaller damping coefficient and hence enhancement peak
takes smaller time to come to its normal situation. The reason
behind this effect may be explained by equation γ = γbulk +
Avf/rm, where, the second part of the denominator represents
the shell thickness of the nanogeometry. In the case of Fig. 6a,
there is no coating and hence shell thickness is almost zero;
this leads to very high collision frequency and hence the ef-
fective damping factor is very high. This results in very fast
energy dissipation of SPR resonance peak and fast decay of
the resonance peak.

Conclusions

In this paper, we have followed electromagnetic approach for
the analysis of SERS theory of biomolecule used as an adsor-
bate on the surface of trilayer metal nanosphere. We derived
the polarisability expression for the trilayer nanospherical ge-
ometry (Ag@SiO2@Ag) to study the Raman enhancement
factor. We here observe that, for the trilayer coated
nanospherical geometry, there are three resonant peaks in the
normalised frequency domain for the different optimised pa-
rameters, like layer thickness, radius of nanosphere and sur-
rounding medium. We also have compared the results by
changing the surrounding media, in which, the whole system
is kept. For the case where the molecule is in water-like con-
centration, the enhancement in the Raman gain was observed,
as compared to the case when it is in free space. It was also
compared with the results of the previous, where the observa-
tions for uncoated and single-coated metal nanoparticle case
were discussed for the biomolecule detection. We also have
discussed the extinction spectrum against the normalised
wavelength for the nanoplasmonic system to get the idea of
resonance wavelength. In the last part of this communication,
there is a comparison of enhancement factor (R) for different
conditions have been done. As we know, disease detection
needs identification of biomolecule. The effective diagnosis
even today is a challenge in medical field. There are so many
physical and chemical methods available in diagnosis field,
which have their own advantages with some limitations.
Hence, the present modelling approach opens new platform
that will help the scientific community to study the enhance-
ment and tunability of Raman gain signal by changing the
various parameters.
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