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microscopic to macroscopic scales to provide experimental design criteria in colloidal-suspension
SESRS. The nanoparticles that provide local field enhancement also extinguish the Raman signal. We

compute the total Raman signal detected from a suspension of Raman-active molecules and
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nanoparticles due to the cumulative effects of enhancement and extinction and find optimum operating
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1 Introduction

Raman scattering provides access to the vibrational states of
molecules through spectroscopic optical experiments.’ However,
the Raman signal that is detected is generally weak and so
several methods have been developed to boost the detected
Raman signal. In surface-enhanced Raman spectroscopy (SERS),
the Raman signal, the intensity of the Stokes field, is enhanced
by placing the Raman-active molecule near some metal or plasmo-
nic nanoparticles. Alternatively, the efficiency of the light-molecule
interaction can be improved by adding an applied field at the Stokes
frequency to produce stimulated Raman scattering (SRS) instead.
Combining these methods, the local field enhancement of the
stimulated process is expected to be larger than the local field
enhancement of the spontaneous process because both the pump
and seed field are amplified in the stimulated process. An experi-
mental realization of these ideas with ultrafast pulses has recently
been demonstrated.”

Surface enhancement of Raman scattering has been widely
deployed in applications such as ultra-sensitive detection and
multiplexed analyses in biological samples.’”® However, much
of the research and application in this area are focused on the
exploitation of spontaneous Raman scattering on the surface of
a nanoparticle that provides the local field enhancement.'®™"?

As in spontaneous Raman scattering, the enhancement
increases with the number of nanoparticles and as the plasmon
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parameters for pump frequency and nanoparticle concentration.

resonance is approached. However, the presence of the nanoparticle
also attenuates the signal through absorption and scattering.
Despite the local field enhancements, these absorption and
scattering phenomena ultimately lead to the extinction of the
Raman signal. It has been shown'* that competition between
the enhancement and extinction effect on the Raman signal in
surface-enhanced Raman spectroscopy (SERS) ultimately limits
the signal gain and leads to optimal concentration and incident
frequency.

Here we address the effects of enhancement and extinction
for surface-enhanced stimulated Raman spectroscopy (SESRS).
The enhancement and extinction effects on SESRS due to
metallic nanoparticles are examined and then applied to a
suspension of nanoparticles by effective medium theory. It is
demonstrated that the effect of local field enhancement in
SESRS is expected to be larger than in conventional SERS.
Competition between enhancement and extinction ultimately
leads to peak Raman signals off the plasmon resonance of the
nanoparticles. Moreover, optimum nanoparticle concentra-
tions emerge from the theory.

2 Enhancement

In this section, we compute the enhancement factor for two
important specific examples: spheres and dimers. More general
cases may be treated by extension of these methods.

2.1 Enhancement due to single sphere

To understand SESRS with a collection of nanoparticles, we
consider the enhancement and extinction of the Raman-
scattered field due to a single sphere with radius much smaller
than the wavelength of interest. A Raman-active molecule is
assumed to be located on the surface of the sphere and is
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PEC Surface

Fig. 1 Illustrating the position of the dipole, its image and the point of
observation in egn (2). The total Stokes field Er(w) at position r is the sum of
the field from the dipole (depicted by the double-arrow line) at position rq
and the scattered field from the image dipole at position r,.

modeled as a single induced dipole near the surface of a perfect
electric conductor (PEC). The polarizability of the molecule is

o = 660757 |Ep |, (1)

where 13 is the hyper-polarizability,'® E,, is the electric field
amplitude of the pump beam and ¢, is the permittivity of
free space.

We follow closely the calculation of the enhancement factor
by Kerker.'® Consider the radiation from the dipole located at
position r, in the presence of the sphere and induced through a
four-wave mixing process by the incident pump beam E, and
Stokes beam E,. We assume that |E,|* does not vary signifi-
cantly of the size scale of the sphere. The dipole is excited by
both the pump field E;, and the Stokes field E;, the total Stokes
field Eg(w) at position r is

ER(1,0) = aGo(r,To,@)-Eq(ro) + ‘xgaB
X Go(r,rr,w)‘[Go(rr,ro,w)~Es(ro)], (2)

where Gy(r,r,,0) is the free-space, dyadic Green function'” for
the Stokes field, r, is the position of the image dipole, g = (p” — 1)/
(p*> + 2) and p = mym is the ratio of the refractive index of the
sphere to the refractive index of the medium at the Stokes
frequency. The geometry for eqn (2) is depicted in Fig. 1. The
first term on the right-hand side of eqn (2) represents the
contribution to Egx(w) from the dipole at r, and the second term
represents the contribution to Eg(w) from the image dipole at r,.

Eqn (2) depends on the orientation of the dipole and so the
scattered Stokes field Eg(r,w) depends on the azimuthal and
polar angle of the dipole orientation. The enhanced fields at
the surface of metallic nanoparticles are nearly normal to the
surface.'® The induced dipole of the molecule will thus tend to
be normal to the surface as well. In the special case when the
dipole is oriented normal to the surface, that is, radially,'®
eqn (2) simplifies to

Ex(r,m) = a1 + 2go|*(1 + 2¢)°EX(n), (3)

where E{”(r) is the scattered field in the absence of the sphere
and g, is g evaluated at the pump field frequency. Thus the
scattered field in the far zone of a dipole located at the surface
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of the sphere is equivalent to the scattered field of the dipole in
the absence of the sphere multiplied by the enhancement
factor |1 + 2g,|*(1 + 2g)>. We define the enhancement factors
on the pump and Stokes fields as f;, = (1 + 2g,) and f; = (1 + 2g)
respectively.

If the hyperpolarizability of the molecule is extremely aniso-
tropic, the dipole induced may have components parallel to the
surface of the nanoparticle. For molecules close to the surface,
the fields radiated from those components of the dipole are
damped rather than enhanced, leading to some overall reduction
in the enhancement. This factor by which the enhancement is
reduced is of order one unless the molecules are preferentially
bound to the particle so that the induced dipole is predominantly
oriented parallel to the surface. In this case the analysis presented
here is moot. We thus assume that the dipoles are all normal to
the surface and that averaging over positions on the sphere does
not significantly change the enhancement factor.'® The enhance-
ment of the intensity of the Stokes field in SESRS for a monolayer
of Raman-active molecules on the surface of a metallic nano-
particle is thus

G = |lLIK1 4

Compared to the expression for the enhancement factor
derived in the work of van Dijk et al,' we see that the
enhancement factor for SESRS is the square of the enhance-
ment factor in SERS. Thus, for a single sphere, not only does
SRS improve the efficiency of the Raman scattering process, but
the effects of surface enhancement in SESRS provide an even
larger improvement compared to SRS than that which SERS
provides compared to spontaneous Raman scattering.

2.2 Enhancement due to dimer

Let us consider dimers that consist of two spheres with equal
radius a that are separated by a gap d. To calculate the average
enhancement factor Ggimer Of @ nanospherical dimer, we consider
the enhancement factor in two distinct regions that are depicted
in Fig. 2. The first region (a) is denoted as the hot spot where

Fig. 2 Illustration of the nanospherical dimer and the two regions of
interest. The region labelled by (a) is the hot spot where the Raman signal is
significantly enhanced. The region labelled by (b) experiences enhance-
ment that is similar to the single sphere case.
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significant enhancement on the order of 10°-10"' has been
reported.”>*" The second region (b) experiences enhancement
that is similar to the single sphere case because the interaction
between this region and the adjacent dimer is small compared to
the interaction between region (a) and the adjacent dimer. This
allows us to calculate the enhancement factor Gy, in region (b) by
using eqn (4). The enhancement factor in region (a) is calculated
by appealing to the RLC model*® where the hot spot is modeled
as a capacitor and the spheres are modeled by an effective
inductance R-L. The induced charge on the dimer surface due
to some incident field E, is given by

2

oy = Eo;;Z—Jrﬂ(l +h), (5)

where f is the size ratio given by f§ = (2a)/d. By assuming that the
radius a of the sphere is larger than the gap d, we can approximate
the gap as a parallel-plate capacitor where the plates are denoted
by the dashed line in Fig. 2. As a result, the enhancement of the
incident field inside the gap is

pP—114+p
p2+ﬂ m2 :

8dim = (6)
With the enhancement factor of each field in the four-wave
mixing process, we can derive the total enhancement factor G,
in the hot spot as

Ga = |gdim(w)gdim(w0)|4r (7)

The average enhancement factor Ggimer is taken as a
weighted sum of the enhancement factor G, and Gy,. According
to the analysis by Fang et al.,>* the effective area of the hot spot
with enhancement factor between 10°-10'° is about 0.006% of
the total surface area of the dimer. This gives us an average
enhancement factor of

Gaimer = 1076Ga + (1 - 1076)Gb. (8)
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Fig. 3 Illustration of the composite medium consisting of nanoparticles
embedded in a dielectric. A slab with thickness h, refractive index m
and negligible third-order susceptibility is filled with particles that are
well approximated by spheres. The slab is also filled with Raman-active
molecules depicted by the double-arrow lines. Only the molecules near
the particle will see a profound enhancement induced by the presence of
the particle.
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2.3 Enhancement due to slab of nanoparticles

Next we develop an effective medium for the four-wave mixing,
or Raman, susceptibility &) in a colloidal suspension of
nanoparticles and Raman-active molecules. The composite
medium in the SESRS experiment is depicted in Fig. 3. The
slab, with thickness 4 and refractive index m, is filled with
Raman-active molecules and nanoparticles. The enhancement
of the scattered Stokes field is profound only for Raman-active
molecules that are near the sphere. Thus, we consider only
molecules at the surface of the spheres as above. We assume
that the positions of the molecules are uncorrelated so that the
interactions of the fields between the molecules can be
neglected.”>** We replace the sphere surrounded by these
Raman-active molecules by an equivalent dipole with a hyper-
polarizability X(:;h. The explicit expression for the total Stokes
field Eg(r,w) due to a monolayer of Raman-active molecules
attached to a sphere is given by

Eg(r,0) = No| f,| Zf:v»ZE[so)(r)a ©)

where N is the number of Raman-active molecules attached to the
sphere. From eqn (9), we see that the total Stokes field from a
monolayer on a sphere is equivalent to the total Stokes field from
a dipole if we define the hyper-polarizability xg,)h of the latter as

15 = NEZ L fo 22 (10)

Consider a slab filled with a distribution of identical dipoles
with hyper-polarizability X(SSP]h such that the separation between
these dipoles is much smaller than the wavelength of light at
frequencies of interest. We then consider a sphere with radius R
that is smaller than the wavelengths of interest within the slab.
This sphere (which is a fictitious construct) encompasses
some of the dipoles and is depicted in Fig. 4 by the dotted
circle. Within the effective medium approximation,®**> we can
replace the region in this sphere with a homogeneous medium.
The susceptibility of the homogeneous medium ) is related to
Xgp)h by the following relation:

258 = Pt (11)

O

Fig. 4 Construction of a fictitious sphere inside the slab that encompasses
some of the particles. The field scattered from the collection of particles
within the sphere will be considered during the homogenization process.
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where p is the number density of particles within the slab. If we
then substitute eqn (10) into (11), we obtain the effective
Raman susceptibility of the homogeneous medium in terms
of the hyper-polarizability of the Raman-active molecules as

18 = PN oo 1) (12)

3 Extinction

In this section, we consider the extinction processes for a slab
of nanoparticles. Two specific nanoparticles are considered:
spheres and dimers.

3.1 Extinction due to slab of single spheres

First, we deal with the extinction processes in such a slab. The
electric field E, transmitted through the slab of nanoparticles is
given by the sum of the incident field E; and the corresponding
field scattered from each nanoparticle in the slab. Evaluating
this sum in the far zone, the transmitted field is approximately
related to the incident field by the equation,*®

2nmph

E; = Eiexp {— 2

s0)| (13)
where & is the thickness of the slab and S(0) is the scattering
amplitude of the electromagnetic fields in the forward direction.
The transmission coefficient of a homogeneous slab of thickness
h and refractive index 77 is well-known and is given by*°

~ E, ’-271'[(];17’7])/1

fogab = — = €' 4 . 14

lab E € ( )

Comparing eqn (13) and (14), the field in the far-zone transmitted
through a homogeneous slab is equivalent to the field scattered by
a slab of particles for 11 given by

m=m {1 + izg—f S(O)}. (15)

With the effective refractive index of the slab of particles, the
intensity of the transmitted field can be derived using Beer’s
law which is well-understood in the context of a homogeneous
medium.”” The attenuation coefficient y that appears in Beer’s
law is given by

y = 2kIm . (16)
The optical theorem?® relates the forward scattering amplitude
and the cross-section,

4n
Cext = ﬁRe[S(O)]. (17)
Thus from eqn (15) into (16), the effective attenuation of the
slab of nanoparticles is
7 = MPCexe. (18)

Thus the attenuation coefficient y can be described by the
extinction cross-section Cey Which, in turn, may be computed
from the partial wave, or Mie, coefficients.>® Since the sphere is
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assumed to be much smaller than the wavelength of interest,
contributions from terms of higher order in the radius a are
neglected. The extinction cross-section for a small metallic
sphere for a field of wavenumber k = w/c, to powers of (ka)* is

PP -1 (ka)*p* — 1
P +2 15 p2+2

Coxt = 4kna3lm{

pt+27pr + 38
B P R — (19)

2p*+3
Pty
P+2
where p = mg/m is the ratio of the refractive index of the sphere,

m to the refractive index of the medium, m where the sphere is
embedded.

)

+ %(ka)“nazRe

3.2 Extinction due to slab of dimers

We calculate the extinction cross-section Cext dimer Of @ Nano-
spherical dimer with geometry as shown in Fig. 2. We make the
Rayleigh-Gans approximation so that multiple scattering inter-
actions between spheres can be ignored. Within this approxi-
mation, the total extinction cross-section of an arbitrary cluster
Cext,tor cONsisting of N spheres is given by28

N
Cextﬁlot = Z Cg(;;)u (20)
i=1

where €Y, is the extinction cross-section of the ith sphere.
In the case of a dimer (N = 2), the extinction cross-section is

Cext,dimer = 2Cext; (21)

where Cey is given by eqn (19). The effective attenuation ygimer
of a slab of nanospherical dimers is calculated using the same
formalism in Section 3.1 so that

Vdimer = mpcext,dimer- (22)

4 Combined model

In this section, we combine the results derived in Sections 2
and 3 to obtain the cumulative effects of enhancement and
extinction due to the presence of the nanoparticles on the total
Raman signal R in the far zone, depicted schematically in Fig. 6.

We assume that the pump and the applied Stokes field are
strong in the sense that the applied Stokes field is much larger
than the scattered Stokes field and the pump does not change
significantly absent the linear absorption introduced by the
nanoparticles. The coupled wave equations™® for stimulated
Raman scattering were solved numerically using the hyper-
polarizability, }((62, derived from effective medium approach
above. We take G = 10" and p = 1 nM as shown in Fig. 5.
These values are realistic for the enhancement factors and
concentration of nanoparticles used in an experiment.'*'® It
can be seen from the figure that the intensity of the pump field
for the given parameters decreases slowly over the sample and
falls to 90% of its initial value over 2 mm. This size scale is

This journal is © the Owner Societies 2015
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Fig. 5 Predicted intensity of pump field against the propagation distance

z. The signal is plotted for G = 102 and concentration of p = 1 nM. The

pump field is normalized with respect to its maximum value taken over the

range of z fromz = 0 mm to 2 mm.

typically encountered when the sample of interest is contained
in a cuvette.

To include the effects of extinction,'* we incorporate Beer’s
law to the propagation of the pump and Stokes field through a
slab of spheres of thickness z = by including extinction terms
in the coupled-wave equations. The modified coupled-wave
equations for SRS including extinction take the form

dA — 3iw p< >\/—)Cm

e |Ap‘ Ag Pmcexl(w)A57 (23)
d4 1
d—Zp = _Epmcext(wO)Apv (24)

where Aj, and A are the amplitudes of the pump and Stokes’
field respectively. The total Raman signal is obtained by solving
for the Stokes’ field amplitude in eqn (23) and (24) and using

. . 1 .
the intensity formula R = §m80c|ER|2 to obtain

Pumﬁ Field |

N)\/éyg) 1 — e=PmCext(@o)h
R = L(0)|exp | 6iw], O\< 5
S( ) Xp|: 1o P( ) m28()C2 mccxt(w())
(25)
1 2
- zpmccxt (w)h] )
1 1
1 1
: Raman-active :
| Stokes’ Field Molecule on Stokes’ Field |
| EEE— Particle EE————) |
1 1
1 incti incti 1
i Extinction _/ Extinction :
f Gain 1
| 1
1 1
1 1
| .

Fig. 6 Model for including the effects of enhancement and extinction
together. The incident pump and Stokes field will experience extinction as they
propagate through the sample until it interacts with a Raman active molecule on
a particle. The scattered Stokes field will be enhanced by this interaction and
experiences further extinction as it propagates out of the sample.
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where I,(0) and I,(0) are the initial pump and Stokes’ intensities
respectively. From this expression, we see that the Raman
signal is determined by two competing processes: the enhance-
ment and the extinction. A similar competition is seen in
SERS." However, we see an exponential dependence on both
the enhancement and extinction cross-section for SESRS as
compared to a linear dependence on the enhancement for
SERS. The process that increase the enhancement effects also
increases the overall extinction effects on the Raman signal.

If the interaction length is small such that the exponent in
eqn (25) is much less than unity, a simpler expression can be
obtained through linearization. Taking the Taylor expansion of
eqn (25) and keeping terms quadratic in the exponent such
that we are only considering SESRS, we obtain the following
expression,

1- epmcexwwo)h)z
)

— (A2 RO) e pmCeni ()
R=(N)"R%YGe ( mCoa(@0) (26)
where R is the Raman signal due to a single Raman-active
molecule without the presence of the sphere.

Alternatively, eqn (26) can be derived by considering the SRS
interaction within the first Born approximation.'* The pump
and Stokes beam incident on the slab will be attenuated upon
propagation until they interact with the Raman-active mole-
cules. The interaction with the molecules will produce the
Stokes field that is enhanced by the factor G due to the presence
of the sphere. The scattered field is then further attenuated as
it propagates through the medium to z = 4. By incorporating
these effects and using the intensity formula, the total Raman
signal becomes

R = (N)*4R" (jhdzp()exp[—J;dz'mz')mcext(w)/z

X exp {—J;dz’p(z')mCem(wo)} (27)

2

X exp l:—deZ/p(Z,)mCext(w)/z:l) )

If the number density of particles p does not depend on its
spatial coordinates, the integrals in eqn (27) can be evaluated in
close form to give eqn (26).

5 Simulations and discussion

Using eqn (25), we plot the Raman signal for a slab of single
sphere nanoparticles as a function of wavelength and concen-
tration to analyze the competing effects of enhancement and
extinction in SESRS. These plots were generated using the
optical constants of gold with a plasmon resonance of about
520 nm that were obtained by Johnson and Christy*® and are
shown in Fig. 7. Likewise, results for silver and copper nano-
particles can be obtained from the data in Johnson and
Christy.”® In Fig. 7a, it is clearly seen that the peak signal gets
shifted further away from the plasmon resonance as the con-
centration of the particles is increased. Hence, the significant
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Fig. 7 Predicted signal for SESRS in transmission mode as a function of
(@) the wavelength of incident light. The signals are plotted at three
different concentrations of gold nanospheres with a radius of 15 nm. The
thickness of the suspension h is 1 mm. Predicted signal for SESRS as a
function of (b) the concentration of gold nanospheres. The signals are
plotted at two incident wavelength (532 nm and 633 nm). The radius
of the gold nanospheres is 20 nm and the thickness of the suspension
his 1 mm.

enhancement effect at the plasmon resonance is negated by the
strong extinction effects near the plasmon resonance such that
no appreciable signal is obtained.

Fig. 7b depicts the relationship between the Raman signal
and the concentration for two commonly used incident wave-
lengths evaluated at the Raman band of 1076 ¢m™'. For
A =532 nm, the signal is almost negligible because the incident
wavelength is very close to the plasmon resonance of the
nanoparticle. On the other hand, the signal for 4 = 633 nm is
much stronger and it can be clearly seen from this incident
wavelength that there is a non-linear relationship between
the intensity of the Raman signal and the concentration
of enhancement particles. Due to the competition between
the enhancement and extinction effects, there is an optimal
concentration p,pc where the extinction effects are balanced by
the strong enhancement effects from the nanoparticles.'* This
optimal concentration can be found by taking the derivative
of eqn (26) and setting the resultant expression to zero.
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Fig. 8 Predicted signal for SESRS using nanoparticle dimers in trans-
mission mode as a function of (a) the wavelength of incident light. The
signals are plotted at three different concentrations of gold nanospheres
with a radius of 20 nm and a gap of 5 nm between the nanospheres. The
thickness of the suspension h is 100 um. Predicted signal for SESRS as a
function of (b) the concentration of gold nanospheres. The signals are
plotted at two incident wavelength (532 nm and 633 nm). The radius of the
gold nanospheres is 20 nm with a gap of 5 nm between the nanospheres
and the thickness of the suspension h is 1 mm.

We find that p,, takes the form

1201,(0)(N)VGRe {xﬁ)]

1
n m3epc2 Cexy(w)

= 2
popt theXt(wO) [ 8)

Hence, the non-linear relationship between the Raman
signal and the concentration of nanoparticles is a crucial
factor in the experimental design. In particular, eqn (28)
provides a method for optimizing the total Raman signal
collected through varying the nanoparticle concentration.
This relation also provides caution to the notion that one
can increase the concentration of nanoparticles in the hopes
of strengthening the Raman signal since the extinction
effects will dominate beyond a certain critical point.

Due to the non-linear interaction in SESRS, we find that
the optimum concentration is dependent on the enhancement

This journal is © the Owner Societies 2015
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Fig. 9 (solid blue) The normalized extinction cross-sections Ce,: and
Cextaimer plotted using single gold spheres with a radius of 20 nm and
gold dimers with a radius of 20 nm and a gap of 5 nm as a function of the
incident wavelength respectively. The normalized extinction cross-section
for monomers lies on top of the extinction cross-section for dimers since
the two quantities differ by some scalar factor only. (dashed red) The
normalized enhancement factor G plotted using single gold spheres with a
radius of 20 nm as a function of the incident wavelength. (solid red) The
normalized average enhancement factor Ggimer plotted using gold dimers
with a radius of 20 nm and a gap of 5 nm as a function of the incident
wavelength. The plots of the enhancement factors are evaluated for a
Raman shift of 1076 cm ™.

factor and the extinction cross-sections in contrast to SERS
where the optimum concentration is dependent on the extinction
cross-sections only.'* In comparison, the optimum concentration
for the linearized equation, eqn (26), is

In {1 +%§2§)]

mhCog(@0) (29)

Popt =
Like SERS, the optimum concentration in the linearized regime is
independent of the enhancement factor. We expect eqn (28) and
(29) to converge as the interaction length decreases because
eqn (25) will approach the linearized regime.

Likewise, we plot the Raman signal as a function of wave-
length and concentration to analyze the competing effects of
enhancement and extinction in SESRS with nanospherical
dimers. This is obtained by using eqn (25) in conjunction with
eqn (22) and (8). In Fig. 8a, it is seen that the peak signal gets
shifted away from the plasmon resonance just as in the single
sphere case. However, the effect of increasing nanoparticle
concentration on the shifts is negligible since the resonance
of the enhancement spectrum is shifted further from the
resonance of the extinction spectrum as depicted in Fig. 9.
This is in contrast to the single sphere case where the reso-
nances in the enhancement and extinction spectra are close to
one another so that the competition between the two effects are
profound.™*

Fig. 8b depicts the relationship between the Raman signal
and the concentration of nanoparticle dimers evaluated at the
Raman band of 1076 cm ™. We see that the plots in Fig. 8b are
similar to the plots in Fig. 7b where the signal for / = 532 nm is
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Fig. 10 Predicted signal for SESRS and SERS in transmission mode as a
function of (a) the wavelength of incident light. The signals are plotted for a
concentration of 8 nM and the radius of the gold nanosphere is 15 nm.
Predicted signal for SESRS and SERS as a function of (b) the concentration
of gold nanospheres. The signals are plotted for an incident wavelength of
633 nm and the radius of the gold nanosphere is 20 nm. Both the SESRS
and SERS signals are normalized with respect to their own maximum value.

almost negligible because the incident wavelength is very close
to the plasmon resonance of the nanoparticle and the signal for
A =633 nm is much stronger. Due to the non-linear relationship
between the intensity of the Raman signal and the concen-
tration of enhancement particles, there exists an optimum
concentration of nanoparticle dimers that can be calculated
with the use of eqn (28).

The formalism for calculating the total Raman signal can
be extended from single spheres and dimers to aggregates
consisting of arbitrary spheres. This allows us to calculate the
Raman signal from a suspension that consists of aggregates of
varying cluster size. By characterizing the distribution of cluster
size in the suspension, the total Raman signal is calculated as a
weighted sum of the Raman signal from each cluster size.

Similar competition between enhancement and extinction is
also seen in SERS.'* The difference between SERS and SESRS
with single sphere nanoparticles is depicted in Fig. 10. As can
be seen from Fig. 10a, the peak signal in SERS is further shifted
away from the plasmon resonance than the peak signal in
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SESRS. That is, the competition between enhancement and
extinction is more profound in SERS than in SESRS. This is
expected since the huge enhancement in SESRS, which is gen-
erally larger than the enhancement effect Gggrs = | f,fs|” in SERS™
by a factor of | fi,fs|?, helps to compensate the extinction effect.

The signals for SERS and SESRS are plotted with respect to
concentration in Fig. 10b. We see that the peak signal in SERS
is obtained at an appreciably lower concentration than the peak
signal in SESRS. This is also indicative of the strong competition
between enhancement and extinction in SERS since a lower
concentration of nanoparticles is required for the extinction
effects to dominate over the enhancement effects.

6 Conclusions

In this paper, we derived the results for SESRS for a suspension
that is filled with Raman-active molecules and nanoparticles.
The case for a suspension of singles sphere nanoparticles and
for a suspension of dimer nanoparticles were considered
separately. We found that the Raman enhancement factor for
SESRS is in general larger than the Raman enhancement factor
for SERS. This effect is desirable for the detection of the Raman
signal collected from the sample. However, we see that there is
competition between extinction and enhancement in the resul-
tant Raman signal. In particular, we find that the competition
between enhancement and extinction is more profound in the
case with single spheres as compared to the case with dimers
because the resonances in the enhancement and extinction
spectra are further apart in the latter. Due to the competing
effects of enhancement and extinction, the collected Raman
signal does not increase arbitrarily with increasing nano-
particle concentration. Instead, there is an optimum concen-
tration of nanoparticles, found using eqn (28). We find that a
higher concentration of nanoparticles should be used in SESRS
than in SERS. Likewise, in both SERS and SESRS, the optimal
pump frequency is shifted away from the plasmon resonance of
the nanoparticles, but that optimum is shifted even further in
SERS than in SESRS.
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