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Abstract In this paper, we have studied the surface
enhanced raman scattering (SERS) from a molecule
adsorbed on coated and non-coated spherical shape metal-
lic nanoparticles. We have accounted for the nonlocal di-
electric response from the metal nanoshell by using a
phenomenological model based on quasi-static domain.
The calculation of the enhancement factor has been done
keeping the outer radius of the shell fixed. The modal
developed here suggests strong enhancement of the
Raman signal due to plasmonic coupling effect of a nano-
structure with a biological cell. This facilitates the detec-
tion of some particular biological cell for example cancer
cell. The basic principle involves amplification of the
Raman signal that carries characteristic signature of the
cell using coupled resonance system of cell and nano-
structure. We have also compared the two cases of coated
and non-coated nanospheres to analyse the SERS en-
hancement factor, surface plasmon resonance (SPR) and
extinction efficiency which results that the coated geom-
etry shows better response over the non-coated. The pa-
rameters such as material, size, thickness of the shell, and
molecule distance from the surface of nanogeometry have
been optimized to achieve Raman enhancement signal of
maximum signal strength. It has been concluded that a
small particle size of 20 nm for Ag at shell thickness
12 nm shows greater enhanced Raman characteristics.
The enhancement factor of the order of 1012 for core-

shell (SiO2@Ag) system shows a lot of future prospects
and applications that can be achieved using such a
plasmonically coupled resonance system.
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Introduction

The Raman effect in the context of molecule describes the
inelastic scattering process between the molecule and the
photon mediated by the vibrational and the rotational
modes of the molecule. The energy exchange between the
two partners (photon and molecule) results in the shifting
of incoming photon energy by the characteristic energy of
vibration of the molecule [1–3]. This kind of shift is in
both directions depending upon whether the molecule is
in a ground state or in excited state. In the first case, the
molecule absorbs energy, and hence, shift will be in the
lower frequency side and the corresponding line is known
as the Stokes line. In the second case, when the molecule is
in the excited state it releases energy, and hence, the energy
of the photon increases that leads to the shifting in the
frequency towards the higher side. As these transitions oc-
cur in between vibrational or in rotational states, the inten-
sity of the signal corresponding to such transition is not
enough to detect the huge amount of characteristic infor-
mation present. This demands an urgent need of amplifica-
tion in intensity of the signal. There are various approaches
based on theoretical and experimental facts that have al-
ready been discussed in recent literatures [4, 5]. Out of
these approaches, surface enhanced Raman scattering
(SERS) is one of the significant ways to enhance the in-
tensity signal according to our own requirements.
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SERS is an efficient vibrational spectroscopic tool which
provides huge amplification in Raman intensity and reducing
the traditional drawback of Raman scattering [6–8]. The en-
hancement or the amplification factor via SERS technique is
high enough and is sufficient to allow even single molecule
detection using Raman scattering [9, 10]. The SERS technique
has a wide range of applications such as trace material analysis
and cancer therapy, where the other techniques are inefficient
to detect Raman signal [11–13]. The SERS technique pays
much attention for the researchers since the past few decades
due to its application in various fields of science and technol-
ogy such as the plasmonic-based biosensor and molecular
detection [14, 15]. There are two basic types of SERS en-
hancement mechanism; the first one is the chemical enhance-
ment mechanism, and second is the electromagnetic enhance-
ment mechanism. The electromagnetic enhancement occurs
due to the interaction between incident field and Raman elec-
tromagnetic field on the metal surface under localized surface
plasmon resonance. Out of these two types of enhancement
mechanism, the electromagnetic enhancement mechanism is
considered to be the main contributor to SERS phenomena
[16–18]. The chemical enhancement mechanism is mainly
due to the shifting of Raman scattering from non-resonance
to resonance after the transformation of charges between the
adsorbedmolecules and metallic structures [19–21]. The mag-
nitude of this enhancement mechanism is smaller as compared
to the electromagnetic enhancement mechanism where a
strong resonant field may enhance the strength of the signal
manifold. But the chemical enhancement mechanism has its
own potential in the field of plasmonic chemistry [22]. SERS
mechanism is witnessed to have very strong electromagnetic
enhancement in Raman signal in which the molecule is situ-
ated either on the surface or at a certain distance from the
metallic geometry. This massive enhancement in Raman gain
occurs due to the resonant interaction of electromagnetic field
with the composite nanogeometry. Hence, metal nanostruc-
tures that support surface plasmon resonances are one of the
strong candidates to study the SERS phenomena. In fact, the
SERS enhancement mechanism can be realized in various
nanogeometries; among them, core-shell is one of the key
methods [23].

In this paper, we are interested in electromagnetic analysis
where the interaction between the light and the metal nano-
particle is taken into account that results in the excitation of
surface plasmon. We have used metallic nanoparticles that are
capable to generate localized surface plasmons (LSP) [24–26].
When nanoparticle (NP) is excited by incident light, a huge
electromagnetic field is confined near the surface of the nano-
particles after fulfilling the resonant condition [27]. By vary-
ing the geometrical parameters of a particle, like size and
shape, the LSP resonance (LSPR) can be tuned over a wide
range of electromagnetic spectrum [28, 29]. We have studied
the SERSmechanism for a molecule adsorbed on a coated and

non-coated metal nanosphere using the Gersten-Nitzan (GN)
model. The calculation of polarizability for both coated and
non-coatedmetal nanoparticles (MNPs) used in the GNmodel
has been derived under quasi-static approximation. In case of
coated sphere, a dielectric core and a silver metal shell have
been taken into account. The optical constants of a core-shell
material have been taken from the literatures [30]. We have
found that the coated nanogeometry is more significant to
obtain the enhancement of a SERS signal and tunability of a
SPR peak as compared to non-coated nanospheres.

The SERS mechanism is twofold; first, the incident elec-
tromagnetic field Eo interacts with the Raman active system,
exhibiting magnified scattered field Es due to plasmonic ef-
fects. Second, these enhanced scattered fields again interact
with the Raman active molecule and produce Raman scatter-
ing ER which again interacts with plasmonic nanostructure
and finally produces a SERS field (ESERS), and its schematic
diagram is shown in Fig. 1.

Theory

In order to understand the electromagnetic mechanism of
SERS, we consider a single molecule adsorb on the surface
of coated and non-coated MNPs. When the light is scattered
by the molecule, the process is generally elastic and is called
Rayleigh scattering. This can be treated classically by consid-
ering the molecule to act as a dipole which oscillates at the
same frequency as the incident electric field.

The Raman cross section of coated and non-coated metal
nanostructures can be obtained by using the GN model
[11, 31] as
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G is the geometry-dependent image field factor. Here, we
have assumed that the molecule having constant polarizability
is situated at a certain distance from the metal nanogeometry.
Hence, the Raman enhancement factor for a composite system
which contains both molecule and metallic nanogeometry can
be expressed as
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where α is the polarizability of the molecule taken to be con-
stant equals to10 A3, αC,NC is the dipolar polarizability of the
coated and non-coated nanosphere. The polarizability expres-
sions of coated and non-coated nanospheres are obtained by
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solving the Laplace equation under electrostatic approxima-
tion as [32].
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Once we have found the polarizability expression of cho-
sen nanogeometry, we are able define the optical signature,
like extinction, absorption and scattering of MNPs under
quasi-static approximation which can be expressed as

Cscat: ¼ k4

6π
αC;NC

�� ��2 ð6:1Þ

Cabsa ¼ kIm αC;NC

� � ð6:2Þ

Qext ¼
Cscat þ Cabsað Þ

πa2
ð6:2Þ

where a is the radius of the sphere, εm is dielectric constant of
the medium, εp is dielectric constant of the shell (Ag metal
nano sphere), ε1 is a dielectric constant of the core (silica), ω is
frequency of incident light, and c is the velocity of light in free
space [2, 33]. The size-dependent dielectric constant metal
adopted from the Drude model that can be expressed as

ε ωð Þ ¼ εbulk ωð Þ þ ω2
p

ω2 þ jγbulkω
−

ω2
p

ω2− jγω
ð7:1Þ

γ ¼ γbulk þ A
vf
b−a

ð7:2Þ

τ ¼ 1=γ; τbulk ¼ 1=γbulk ð7:3Þ

where τ is the relaxation time of composite nano system, τbulk is
the bulk metal free electron scattering time, vf (=1.38×10

6 m/s
for silver) is the Fermi velocity of electron in silver MNP, A is
the parameter that depends on the geometry whose value lies
between 2 to 1, but we take A=1 for isotropic scattering [34].

Results and Discussion

We have studied the SERS enhancement factor as a function
of normalized incident light frequency for coated and non-
coated metal nanostructures embedded in a medium with re-
fractive index N = 1 as shown in Fig. 2. First, we have
discussed the response of coated nanoparticles where the core
is dielectric (SiO2) and the shell is metal (Ag) as indicated in
Fig. 2a. It is evident that there two plasmonic resonant modes
(symmetric and antisymmetric) observed in different frequen-
cy domains with different Raman gain factors. The symmetric
mode occurs at a longer frequency range, while the antisym-
metric mode occurs at a lower frequency domain. Since the
metal nanoparticle supports SPRs that have a wide range of
tunability which depends on the size, core-shell thickness and
dielectric environment. As we increase the core radii to 5 to
8 nm for a fixed value of d = 1 nm and the outer radii
(b=10 nm), symmetric and antisymmetric modes get red
and blue shifted, respectively, with various magnitudes of R.
The most interesting result noted is that thinner shells exhibit a
greater enhancement factor at low frequencies as compared to
a thicker nanoshell. For parameters d=1 nm, a=8 nm and
b=20 nm, we have found SPR frequency at 0.37 wp and
0.85 wp corresponding to antisymmetric and symmetric
modes, respectively, with almost equal enhancement factor
of the order of 1012.

Now, we discuss the Raman enhancement factor of the
non-coated silver nanosphere against the normalized incident
light frequency as shown in Fig.2b. Four different radii rang-
ing from 5 to 20 nm are taken into account to analyse the
behaviour of plasmonic resonance and Raman gain with con-
stant distance of molecule from the surface of nanosphere
d=1 nm. The result shows that the plasmonic resonances also
split into two modes, one corresponding to the antisymmetric
mode (higher frequency) and the other corresponding to the
symmetric mode (lower frequency). If we increase the radii of
metal nanosphere, the Raman gain factor increases consistent-
ly and its magnitude is more pronounced corresponding to the
symmetric mode, but tunability of SPR peaks coincide at one

Fig. 1 SERS mechanism of
coated and non-coated metal
nanospheres where the molecule
is situated at a distance Bd^ from
the surface of the nanosphere
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resonant frequency for all radii. For the 20-nm radius nano-
sphere (silver) and d=1 nm, the observed order of Raman
enhancement factor at resonance frequencies 0.35 wp and
0.8 wp are 10

9 and >107, respectively.
The variation of enhancement factor for coated and non-

coated MNPs are plotted against the frequency with four dif-
ferent values of d (molecule distance from the surface of

nanogeometry as shown in Fig. 3.). As we increase molecular
distance from the surface of the coated nanosphere, bothR and
plasmonic resonances change which can be clearly seen in
Fig.3a. The SPRs do not have many influences in both the
lower and higher frequency domains, but the magnitude of the
Raman enhancement factor is inversely proportional to mole-
cule distance from the surface of the coated nanosphere. Take

Fig. 2 SERS enhancement ratio (R) as a function of normalized plasmon
frequency. a SiO2@Ag core-shell MNPs with four different core radii and
fixed outer radii b= 20 nm. b Non-coated Ag MNPs with four different

radii ranging from 5 to 20 nm. In both cases, the distance of the molecule
from the surface of nanosphere d= 1 nm, and embedding medium is air
having refractive index N = 1

Fig. 3 SERS enhancement ratio (R) as a function of normalized plasmon
frequency. a SiO2@Ag core-shell MNPs with four different d values (1 to
4 nm) and fixed outer and inner radii b = 20 nm and a = 8 nm,

respectively. b Non-coated Ag MNPs (radius a = 10 nm) with four
different d values ranging from 1 to 4 nm. In both cases, embedding
medium is air having refractive index N= 1
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a particular case where inner radii a = 8 nm, outer radii
b = 20 nm and molecular distance d = 1 nm. Observed
Raman gain is nearly 1012 corresponding to both symmetric
and antisymmetric modes. Figure 3b represents the frequency-
dependent Raman enhancement factor of non-coated silver
nanosphere for a=10 nm various values of d=1, 2, 3 and
4 nm, and whole system molecule and nanosphere are placed
in air (N=1). Silver nanosphere also exhibits two plasmonic
modes in different regimes of frequency, but the magnitude of
R is different corresponding to two different modes (symmet-
ric and antisymmetric modes), and it is nearly more than 10

times smaller for the antisymmetric mode (higher frequency
side) as compared to symmetric mode.

Figure 4 shows the variation of SERS enhancement ratio
(R) (for coated and non-coated geometries of metal nano-
sphere) with normalized frequency (w/wp). Both coated and
non-coated nanoparticles embedded two different surrounding
environments having index N=1 and N=1.5. Here, we have
discussed how surrounding media (where the metal nano-
structures and molecules are situated) influence the enhance-
ment factor and plasmonic resonant peak positions. The coat-
ed nanosphere with a = 8 nm, b = 20 nm and d = 1 nm

Fig. 4 Variation of SERS enhancement ratio (R) with normalized plasmon frequency having two different types of refractive indexes N = 1 and N = 1.5.
a Coated nanosphere with a= 8 nm and b = 20 nm. b Non-coated Ag MNPs (radius a= 10 nm), and for both the cases, d= 1 nm

Fig. 5 Variation of Qextinction with normalization frequency of coated (SiO2@Ag) and non-coated silver metal nanospheres surrounded by air

Plasmonics (2016) 11:1343–1349 1347



embedded in air shows two resonant modes of equal Raman
gain, while the same nanosphere embedded in the medium
with N=1.5 exhibits greater value of R at resonant frequency
(0.28 wp) and smaller R value corresponding to resonant fre-
quency (0.86 wp) as shown in Fig.4a. As we increase the
refractive index of the medium from 1 to 1.5, SPR peaks get
red shifted for the asymmetric mode and blue shifted for the
symmetric mode. The same trends are followed by the non-
coated nanosphere (a=10 nm and d=1 nm) as indicated in
Fig. 4b. It also exhibits higher Raman gain corresponding to
higher refractive index. The physics of high amplification for
the higher ref. index medium is that the higher ref. index
guides the optical signal effectively; hence, loss becomes
smaller resulting in higher optical gain.

Extinction is basically the attenuation of electromagnetic
wave by scattering and absorption as it propagates a partic-
ulate medium. In a homogenous medium, the dominant at-
tenuation mechanism is usually absorption. Here, we have
analysed the extinction spectrum of coated and non-coated
silver spheres (embedded in a medium N=1) against the
normalized frequency. In Fig. 5a, we have studied the ex-
tinction spectrum of core/shell nanosphere where the outer
radius is constant with various inner radii ranges from 5 to
8 nm for normalized frequency domain 0.3 to 0.7. The tun-
ability of SPR comes into the picture as we change the core
radius. Here, we observe that if the shell thickness decreases,
the SPR peaks get red shifted. This all happens because of
the higher interaction between the core and shell. Here, the
core-shell nanosphere also exhibits the dual plasmonic peaks
in two different regimes of frequency with different extinc-
tion magnitudes. If we take the particular case of coated
sphere with inner radii 8 nm and outer radii 20 nm, two
plasmonic resonances are observed at frequency 0.35 wp

and 0.41 wp. In Fig. 5b, we have analysed the frequency
dependence of extinction spectra for silver metal

nanoparticle embedded in air (N=1) with various inner radii
between 5 and 20 nm. Here, we see that the extinction peak
increases with increase in radius.

Figure 6 shows the variation of maximal value of enhance-
ment factor (Rmax) with respect to the distance between the
nanosphere and the molecule to be detected. The core-shell
nanogeometry is taken to see the effects of maximum en-
hancement factor with core radius a=12 nm and outer radius
b=20 nm. In this figure, we see that the Rmax is maximum
when the molecule is adsorb on the surface of the nanosphere,
and it decreases when separation increases. Hence, it can be
concluded that, for the detection of SERS signal, the distance
between the sensingmolecule andmetallic geometries is taken
to be quite small.

Conclusion

In this work, we have studied the surface enhanced Raman
scattering from a molecule in the presence of coated and non-
coated nanostructures under electrostatic approximation. We
have found that coated nanogeometry plays a significant role
in shifting of peaks as well as enhancing the Raman gain
factor of SERS signal over the non-coated nanogeometry.
We have confirmed that, at low (IR) frequency near the sym-
metric plasmonic resonance of a core-shell system, the SERS
enhancement will in general be greater than that from a corre-
sponding metallic sphere of the same size. The observed
SERS enhancement in this study is due to the plasmonic ef-
fect, via various parameters such as core-shell geometry,
thickness of the shell, molecular distance from metal
nanogeometry, and surrounding environment. The present
work furnishes the systematic study and comparison of two
different types of metal nanostructures and its influences in the
SERS enhancement mechanism that will off course be very
helpful for research community.
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