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ABSTRACT The enhancement factor is one of the key parameters characterizing the phenomenon of
surface-enhanced Raman scattering. At present, this parameter is described by an empirical formula or a
certain single physical mechanism instead of a unified model of the chemical and electromagnetic enhance-
ment mechanisms. It is necessary to integrate the dual enhancement mechanisms of SERS to more accurately
obtain the SERS enhancement factor with molecular selectivity. Therefore, we propose a quantitative model
for the prediction of the enhancement factor that includes the two main contributions, metal plasmon
resonance and electronic structure. Theoretical analysis and verification by experimental results prove that
the new predictive enhancement factor (EF) model of electronic structural energy improves the enhancement
factor by approximately 10 times and can be used to calculate the enhancement factors of different molecules
on the same substrate material, which can provide molecular selectivity and more accurate EF predictions.
This paper presents a theoretical model of the SERS enhancement factor that includes the adsorption
of the adsorbed molecules and the surface of the substrate, combines the electromagnetic and chemical
enhancement mechanisms for surface-enhanced Raman scattering, and provides a deep comprehension of
the phenomenon of surface-enhanced Raman scattering.

INDEX TERMS Surface-enhanced Raman scattering, localized surface plasmons, metallic nanoparticles,
electromagnetic enhancement, chemical enhancement.

I. INTRODUCTION
Surface-enhanced Raman scattering (SERS) based on the
Raman effect of adsorbed molecules is a new spectral detec-
tion technique with high efficiency, sensitivity, real time data
acquisition and good specificity [1], [2], and it is widely used
for molecular identification and characterization, surface
treatment of engineering materials, and applications in life
science, food safety and other fields [3]–[6]. Experimental
research on the preparation of SERS substrate materials has
continuously advanced with the development of nanoparticle
manufacturing technology [7]–[9], and one result has been
more demanding requirements for theoretical SERS research.

In the preparation of SERS substrate materials, researchers
have mainly improved substrate nanomaterials to enhance the
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Raman signal, thereby improving the accuracy of quantita-
tive spectral analysis [10]–[13]. Metal nanomaterials have
always been focuses of SERS substrate preparation research
due to their localized surface plasmon resonance (LSPR)
characteristics An Au@AgNP-enhanced substrate to achieve
high-throughput recognition of single exosome vesicles was
prepared by core-shell technology [14]. A three-dimensional
Ag/ZnO/Au structure as a SERS substrate by thermal evap-
oration, sputtering and other processes was prepared and
realized its application in biosensors by detecting λ-DNA
molecules [15]. To overcome the limitations of precious
metals as substrate materials, some researchers have grad-
ually expanded to nonplasma materials [16], [17] A label-
free, biocompatible, ZnO-based, 3D semiconductor quantum
probe for the in vitro diagnosis of cancer was introduced [18].
Although there are many experimental studies on the prepa-
ration of SERS substrate materials, the reproducibility of
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the SERS signal produced by the interactions between the
substrates and the analytes is poor.

Compared with the progress made in the experimental
preparation of SERS substrate materials [19], [20], theoret-
ical research on SERS theory has lagged, mainly because
the SERS effect is very complex [21]. Many factors have
an impact on the SERS effect such as the surface morphol-
ogy and surface electronic structure, the interaction of light
with rough surfaces, the interaction of light and molecules,
the orientations of molecules on surfaces, bonding effects
and so on [22]–[24]. The enhancement mechanisms of the
SERS effect are mainly divided into electromagnetic (EM)
and chemical (CM) contributions [25], [26]. The former
a physical enhancement mechanism, mainly considers the
enhancement of the electric field by the microstructure of
the reinforced substrate, and the latter a chemical enhance-
ment mechanism, mainly considers the chemical interac-
tions between the molecule of interest and the reinforced
substrate [27]–[29].

The SERS enhancement factor (EF) is the most intuitive
parameter for evaluating the enhancement of SERS, and
many empirical formulas have been established to evalu-
ate it such as the single molecule, orientation-averaged sin-
gle molecule, and analytical enhancement factors [30]–[33].
Because the determination of an empirical formula requires
information including the concentration and molecular
weight, an empirical formula cannot predict the enhance-
ment effect. In addition, various empirical formulas pre-
dict different values of the enhancement effect for the same
molecule on the same base material because of the lack of
strict theoretical basis. At present, theoretical calculations of
the SERS enhancement factor mainly follow the assumption
that the EF is proportional to the 4th power of the electro-
magnetic enhancement [34]. The calculation and verification
of electromagnetic enhancement factor theory was enriched
by the development of plasma resonance technology. For
example, the influence of the surface selection rules on the
SERS enhancement factor at the hot spot received special
consideration, and an additional theory of depolarization was
proposed by the E C. L Ru team on the basis of the SERS
electromagnetic enhancement factor [35]. According to elec-
tromagnetic theory, the electromagnetic gain of SERS is
related to the amplitude and resonance bandwidth of the local
field, in addition the average localization factor at the same
frequency is consistent with the average Purcell radiation fac-
tor [36]. However, the above electromagnetic enhancement
factor theory could not provide enough information to explain
the repeatability of substrates and considered only the charac-
teristics of metal nanoparticles; as a consequence, theoretical
calculations of electromagnetic enhancement differed from
actual measured Raman enhancement signals. EM and CM
enhancement mechanisms are present at the same time, and
only one mechanism (electromagnetic or chemical enhance-
ment) could not explain all SERS phenomena. Therefore, it is
necessary to establish a unified theoretical model of electro-
magnetic and chemical enhancement mechanisms to obtain

a theoretical enhancement factor that is more appropriate for
experimental applications and can fully explain the SERS
enhancement phenomenon.

Based on the above discussion, this paper establishes a
theoretical model for the calculation of SERS enhancement
factors of metal nanoparticles based on the local surface
plasma effect and electronic structure theory, analyzes the
effects of the properties, size and shape of metal nanopar-
ticles on SERS enhancement, and considers the influence
of the adsorption between the molecule to be tested and
the substrate material on the SERS enhancement We unify
the electromagnetic and chemical mechanisms of the SERS
effect and establish a theoretical model to predict the SERS
enhancement effect. This not only provides theoretical guid-
ance for surface enhanced spectroscopy but also provides
a possible approach for the clear analysis of microscopic
structural information and macroscopic material properties in
material science.

II. SERS ENHANCEMENT FACTOR MODEL WITH
DUAL MECHANISMS
According to the theory of classical mechanics, the light
intensity of Raman scattering is proportional to the square
of the induced electric dipole moment P. Under the action
of an incident photoelectric field, the induced electric dipole
moment P is:

P = αE (1)

where α is the molecular polarizability and E is the electric
field strength.

The above formula shows that increasing the molecular
polarizability or increasing the electric field strength can
increase the electric dipole moment, thereby realizing the
enhancement of the Raman scattered light intensity. There-
fore, the enhancement mechanism of SERS consists of two
categories, namely, EM enhancement and CM enhancement.

There are two main sources of the electromagnetic field
enhancement mechanism. First, local electric field enhance-
ment [37] is realized by local surface plasmon resonance, and
the local field enhancement factorMLoc is:

MLoc(ω0, rm) =

∣∣∣∣ELoc(ω0, rm)
E0(ω0, rm)

∣∣∣∣2 (2)

where ELoc(ω0, rm) is the local electric field strength at posi-
tion rm of the molecule, E0 is the incident light field, and ω0
is the incident wave frequency.

Second, similar to modified spontaneous emission,
the radiated enhancement factor MRad is usually approxi-
mated by the optical reciprocity theorem:

MRad(ωR, rm) =

∣∣∣∣ELoc(ωR, rm)
E0(ωR, rm)

∣∣∣∣2 (3)

where ELoc(ωR, rm) is the plane wave light field E0(ωR, rm)
in the local field generated at the Raman scattering
frequency ωR.
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The enhancement of the entire SERS at rm can be approx-
imated as:

MEM = Mloc (ω0, rm)MRad (ωR, rm) (4)

When the frequency of Raman scattered light is very close
to the frequency of incident light, equation (4) is simplified to:

MEM=

∣∣∣∣ELoc(ω0, rm)
E0(ω0, rm)

∣∣∣∣2 ·∣∣∣∣ELoc(ωR, rm)
E0(ωR, rm)

∣∣∣∣2≈ ∣∣∣∣ELoc(ω0, rm)
E0(ω0, rm)

∣∣∣∣4
(5)

where MEM is the electromagnetic enhancement factor.
Equation (5) is the |E|4 approximation hypothesis of the
SERS enhancement factor [38].

The chemical enhancement mechanism mainly consid-
ers the interaction between the metal nanosurface and the
molecule to be tested, which is caused by the change in
electronic structure. When free molecules adsorb on a metal
surface, the electronic structure changes. The electronic struc-
ture can be solved by density functional theory (DFT), which
uses the laws of quantum mechanics to address the electri-
cal properties of solids. The Kohn-Sham method for DFT
reduces the difficulty of solving a multielectron problem
to that of a noninteracting electron moving in an effective
potential field [39] and gives the specific electronic structure
energy Es expression:

Es =
n∑
i

fiεi −
1
2

∫∫
ρ(−→r )ρ(

−→
r ′ )

−→r −
−→
r ′

d−→r d
−→
r ′ + EXC

[
ρ(−→r )

]
−

∫
ρ(−→r )VXC(

−→r )d−→r (6)

where fi is the orbital occupancy number, εi is the electron
orbital energy, ρ(−→r ) is the electron density of the system,
−→r is the electron coordinate, EXC

[
ρ(−→r )

]
is the interaction

energy between electrons, and VXC(
−→r ) is the functional

derivative of the exchange correlation quantity.
We define the chemical enhancement factor MCM as the

increase in electronic structural energy caused by the interac-
tion between the test molecule and substrate material:

MCM =

∣∣∣∣ EtotEmol

∣∣∣∣ (7)

where Etot is the total electronic structural energy of the
equilibrium adsorption system, and Emol is the electronic
structural energy of the molecule to be measured.

In summary, a priori, the two enhancement mechanisms
have nothing in common and are independent of each other.
However, both of mechanisms can lead to the enhancement of
SERS. The expected value of the SERS effect could be equiv-
alent to the product of the two effects. Therefore, the SERS
enhancement factor model can be described as:

EF = MEMMCM

=

∣∣∣∣ELocE0

∣∣∣∣4 · ∣∣∣∣ EtotEmol

∣∣∣∣ (8)

FIGURE 1. Scattering, extinction and absorption spectra of Au, Ag and Cu
nanospheres with r = 40 nm: (a) Au (b) Ag and (c) Cu.

III. ANALYSIS AND DISCUSSION
A. A THEORETICAL ANALYSIS OF ELECTROMAGNETIC
ENHANCEMENT
The main theoretical basis of the electromagnetic enhance-
ment mechanism is that metal base materials have a strong
LSPR which is related to the properties of metal base materi-
als and the dimensions and shape ofmetal nanoparticles. Coin
group metals such as Au, Ag, and Cu can generate obvious
LSPR effects. The variations in the scattering efficiency,
extinction efficiency and absorption efficiency of Au, Ag and
Cu nanospheres are analyzed for a radius of 40 nm and shown
in Figure 1. The Au, Ag and Cu nanospheres have obvious
resonance peaks for scattering, extinction and absorption in
different wavelength bands. The resonance peak wave band
of the Au nanospheres is more biased toward the direction of
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red light than is the case for the Ag and Cu nanospheres. The
extinction coefficient of the Ag nanospheres is approximately
3 times that of the Au and Cu nanospheres of the same
size, and the scattering coefficient of the Ag nanospheres is
approximately 5 times that of the Au and Cu nanospheres
indicating that the Ag nanospheres have stronger extinction
and scattering abilities than Cu and Au at the same radius.

In terms of LSPR dimensional effects, the electric field
intensities of 10 spherical Ag nanoparticles were calculated
for a size range from 5 to 55 nm and a spacing of 5 nm,
as shown in Figure 2. As the radius increases, the electric
field intensity of Ag nanoparticles first increases and then
decreases. When the Ag nanosphere radius is 15 nm, the elec-
tric field intensity reaches its maximum, and the electric field
enhancement factor is 40.614. The internal electric field of the
particles decreases, reducing the resonance frequency and the
electric field strength, when the size is greater than 30 nm.

The LSPR effects of Ag nanoparticles with different geo-
metric shapes on the surface, such as triangular, quadrilat-
eral, hexagonal, and five-pointed star, are considered. The
local electric field distributions of Ag nanoparticles of dif-
ferent shapes in the X-Y plane are calculated separately,
as shown in Figure 3. The electric field signal is signifi-
cantly enhanced at the tip of the particle edge. When the
incident wavelength is 514 nm, the maximum electric field
enhancement factors of Ag nanoparticles are 54.573, 6.391,
14.195 and 16.777 with triangular, quadrilateral, hexago-
nal and five-pointed star shapes, respectively. Among them,
the triangle has the largest electric field enhancement fac-
tor, which is inconsistent with the rule that the more parti-
cle vertices there are, the more complex the spectrum and
the stronger the electric field enhancement effect. However,
the other three shapes of nanoparticles conform to this rule.

FIGURE 2. The electric field intensity changes of Ag nanospheres for
different radii and the electric field distribution when the radius is 15 nm.

B. THEORETICAL ANALYSIS OF CHEMICAL
ENHANCEMENT
Probe molecules are commonly used in SERS analysis to
measure the enhancement effect. Pyridine (Py) is one of the
most important SERS probe molecules [40], so we studied

FIGURE 3. FDTD electromagnetic field simulation results in the X,
Y-plane. (a) Triangle; (b) Quadrilateral; (c) Hexagon; (d) Pentagram.

the Raman enhancement effect after it interacts with metal
nanoparticles. The Py-Agn (n=3, 4, 5, 6, 7, 8) structure
was established by the metal cluster model, and the equi-
librium structure was calculated by the hybrid density func-
tional B3LYP method. For C, H, and N, the all-electron
basis set 6-311+G(d, p) was adopted, and for the Ag atom,
the LANL2DZ pseudopotential basis set was used. The opti-
mized Py-Agn configuration is shown in Figure 4.When pyri-
dine and metal nanoparticles adsorb, nitrogen atoms adsorb
with silver atoms in metal clusters, producing N-Ag chemical
bonds rather than binding with other atoms.

The changes in the N-Ag bond distance, energy and energy
level of the Py-Agn complex are shown in Table 1. The
adsorption distance does not vary with the size of the metal
clusters, and the N-Ag bond lengths of the six configura-
tions are similar. With the increase in the number of metal
clusters, the adsorption energy of the system at equilibrium
decreases, and the adsorption capacity and stability of the
system increase. The number of metal cluster atoms affects
the orbital system of the composite molecule. When the
number of atoms is even, Py-Agn is a closed-shell system;
when it is singular, Py-Agn is an open-shell system. In the
SERS system, the direction of charge transfer is determined
by the relative position of the front orbital of the adsorbed
molecule and the Fermi level of the metal. Taking Py-Ag4 as
an example, the HOMO orbital energy level is 3.952 eV, the
LUMO orbital energy level is 2.584 eV, and the Fermi energy
level of Ag4 is 3.94 eV. The charge transfer direction for
Py-Ag4 adsorbed on the Ag surface should be from molecule
to metal because the HOMO orbital of Py-Ag4 is close to the
Fermi level of Ag4.

We calculated the SERS spectra of the optimized structures
of the six Py-Agn complexes and compared them with the
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TABLE 1. N-Ag bond distances, energies and energy levels of Py-Agn complexes.

FIGURE 4. Modeling structures and optimized geometries of Py-Agn.

intensities of the Raman peaks of the pyridine molecule.
As shown in Figure 5, the six configurations with adsorbed
silver nanoparticles all enhanced the Raman spectrum of the
pyridine molecule. In addition to the two main peaks that
are consistent with the experimental peaks [41] measured at
1006 and 1035 cm−1, the Py-Agn complexes also have two
strong peaks at 1238 and 1634 cm−1. The peak at 1238 cm−1

refers to the in-plane bending vibration ρ(C-H) of the C-H
bond, and the peak at 1634 cm−1 refers to the symmetric
stretching vibration υs of the benzene ring. With the increase
in the number of silver atoms in themetal clusters, the ρ(C-H)
vibration mode weakens and the υs vibration mode strength-
ens, indicating that chemical adsorption has little effect on
the vibration of molecules on the Benzene ring and mainly
affects the vibrational mode of the adsorption site.

C. VALIDATION AND ANALYSIS OF THE THEORETICAL
MODEL OF THE SERS ENHANCEMENT FACTOR
We selected three sets experimental results for SERS sub-
strate preparation to verify the accuracy of our theoretical

model of the SERS enhancement factor. First, we calculated
the enhancement effect of the electromagnetic field based on
the substrate material prepared in the experiment. Consid-
ering the influence of the nanoparticle gap on the electric
field enhancement effect, we designed triangular prism Ag
nanoparticles with a side length of 30 nm and a thickness
of 10 nm by referring to the morphology of the prepared
particles in an experiment [42]–[44]. Cubic Ag nanoparticles
with a length of 110 nm and a thickness of 110 nm and
hexagonal Ag nanoplate particles with a side length of 85 nm
and a thickness of 25 nm were also used. The effect of
multiparticle electric field enhancement is shown in Figure 6.
The localized electric field intensities of normalized triangu-
lar prism, cubic, and hexagonal Ag nanoparticles are 8.008,
12.028, and 47.429, respectively.

Second, we analyzed the electronic structural energy and
Raman enhancement effect when the molecule of interest
interacts with the metal cluster. Based on the molecules used
in the experiment, 4-mercaptobenzoic acid, crystal violet and
methylene blue, density functional theory calculations were
performed on 4-MBA, CV and MB respectively, and for
C, H, O, N, S, the all-electronic basis set 6-311+G(d,p)
was used. For Ag atoms, the LANL2DZ pseudopotential
basis set was used. The configuration of 4-MBA-Ag3 is
shown in Figure 7(a). After optimization, 4-MBA molecules
mainly interact with Ag clusters through S atoms, and the
adsorption energy Eads is 2.748 eV, resulting in a strong
Ag-S bond. Figure 7(d) shows the Raman peaks of 4-MBA
and 4-MBA-Ag3. The strongest SERS peak of 4-MBA-Ag3
appeared at 1633 cm−1 because of the coupling of the stretch-
ing vibration of the carbon-carbon bond on the benzene
ring in 4-MBA and the in-plane rocking vibration of the
hydrocarbon, which is consistent with the characteristic peak
measured in the experiment.

Because there are many adsorption sites for CV and MB
molecules, we consider only one adsorption situation here.
The configuration of CV-Ag14 is shown in Figure 7(b). After
optimization, CVmolecules interact with Ag clusters through
N atoms, and the adsorption energy Eads is 2.353eV, result-
ing in a strong Ag-N bond. Figure 7(e) shows the Raman
peaks of CV and CV-Ag14. The strongest SERS peak of
CV-Ag14 appears at 1652 cm−1, which is attributed to the
coupling of the torsional motion of the carbon-carbon bond
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FIGURE 5. Simulated Raman spectra of Py-Agn complexes calculated with B3LYP.

FIGURE 6. Electric field distribution in the X, Y-plane for various Ag nanoparticles. (a) Triangular; (b) Cubic; (c) Hexagonal.

on the benzene ring and the stretching vibration of the carbon-
nitrogen bond in the CV.

The configuration of MB-Ag13 is shown in Figure 7(c).
After optimization, the N atoms and S atoms on the aro-
matic ring of the MB molecule interact with the Ag clus-
ters, and the adsorption energy Eads is 0.947 eV. Figure 7(f)
shows the Raman peaks of MB and MB-Ag13. Since both
N and S adsorb with Ag clusters, the enhancement effect is
more significant. MB Raman characteristic peaks appear at
460 and 1649 cm−1, but the strongest peak is at 1380 cm−1,
which is considered to be due to Ag The coupling of the
benzene ring carbon-carbon, hydrocarbon and carbon-sulfur
bond bending vibrations is caused by clusters.

Table 2 shows the enhancement factors calculated by the
empirical formula in the experiments, the theoretical formula
(the fourth power of the electromagnetic enhancement), and
the new model developed in this paper. The comparison of
the calculated results based on different experiments and

different enhancement factors shows that the enhancement
factor calculated with the new model in this paper is approx-
imately 10 times higher than the electromagnetic enhance-
ment (4th power) factor, which is in line with the general
effect of the chemical enhancement mechanism. This makes
our calculated enhancement factor closer to the real results
obtained in the experiments. To highlight the molecular selec-
tivity of our theoretical model, we take the base material
established experimentally [42] as an example and calcu-
late the enhancement factor produced when it interacts with
pyridine molecules, which can be different from 4-MBA
molecules. However, the 4th power theoretical model of elec-
tromagnetic enhancement is limited by the nonselectivity of
the EM mechanism, so the model cannot differentiate the
enhancement effect for different molecules adsorbed on the
same substrate. The above analysis confirmed that our theo-
retical model can make selective predictions of the enhance-
ment of SERS. Verification by a variety of test molecules and
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FIGURE 7. (a) Optimized adsorption configuration for 4-MBA-Ag3; (b) Optimized adsorption configuration for CV-Ag14; (c) Optimized adsorption
configuration for MB-Ag13; (d) Raman spectra of 4-MBA and 4-MBA-Ag3; (e) Raman spectra of CV and CV-Ag14; (f) Raman spectra of MB and MB-Ag13.

TABLE 2. Enhancement factor comparison.

substrate materials proved that the model is suitable for the
analysis of any substrate material and adsorbate and has a
certain universality.

IV. CONCLUSION
This paper introduces electronic structural energy to revise
the theoretical model of the SERS enhancement factor by
combining the EM and CM mechanisms with consideration
of the chemical interaction between an adsorbed molecule
and substrate material. In terms of metal LSPR characteris-
tics, Ag nanoparticles possess stronger scattering properties
than other nanoparticles. The electric field intensity first
increases and then decreases with increasing metal nanopar-
ticle size. It is not the case that the more complex the shape

of the metal nanoparticle is, the stronger the electric field
intensity. In the quantum chemical analysis of molecule-
metal cluster configurations, adsorption and Raman perfor-
mance are related to the size of the cluster and adsorption
energy, and the Raman peak is enhanced by the increase in the
number of metal clusters. When different molecules interact
with the same metal clusters, the SERS enhancement effect
depends on which atoms are bound to the adsorption sites.
Finally, through verification and analysis of experimental
results, the enhancement factor calculated by our proposed
model is increased by approximately 10 times, reflecting the
contribution of chemical enhancement, which is more con-
sistent with the actual SERS enhancement effect. In addition,
the enhancement factors of different molecules on the same
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substrate material were calculated, and selective molecular
predictions of the enhancement effect of SERS were realized.
The prediction of the SERS enhancement effect was obtained
by calculating enhancement factors, which can be used to
guide the preparation of SERS substrate materials; this is
of great significance for accurately describing surface spec-
troscopy images and realizing quantitative analyses. Future
studies will be extended to SERSenhanced analyses of tran-
sition metals, with potentially great application value in the
unified interpretation of SERS CMs and EMs
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