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The efficiency of the generation of Raman spectra by molecules adsorbed on some substrates (or placed at a very close
distance to some substrates) may be many orders of magnitude larger than the efficiency of the generation of Raman
spectra by molecules that are not adsorbed. This effect is called surface-enhanced Raman scattering (SERS). In the first
SERS experiments, nanostructured plasmonic metals have been used as SERS-active materials. Later, other types of
SERS-active materials have also been developed.
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| 1. Introduction

Raman scattering relies on an inelastic photon scattering. In contrast to elastic Rayleigh scattering, inelastically scattered
photons have different energy from the incident ones. For many years Raman spectroscopy has not been considered a
useful analytical tool because of very low efficiency of the “normal” Raman scattering. Typical total Raman scattering
cross-section is only ca. 1072 cm? per molecule, whereas typical cross-sections for absorption in ultraviolet and infrared
are ca. 107 and 102! cm? per molecule, respectivelyl. In 1974 Fleischmann et al. reported a significant growth of the
Raman signal measured from pyridine adsorbed on electrochemically roughened (nanostructured) silver substrate@. They
interpreted this effect as a result of an increase of the surface area of electrochemically roughened silver electrode and
hence adsorption of a significantly larger number of pyridine molecules. Three years later two independent research
groups found true reasons for the very large growth of the intensity of the Raman signal observed by Fleischmann et al.
(2 Jeanmaire and van Duynel3], and Albrecht and Creighton® connected very strong Raman signal observed for pyridine
adsorbed on nanostructured Ag surface with the increase of the efficiency of Raman scattering. The observed effect was
called SERS (surface-enhanced Raman scattering). As mentioned above, the increase of the efficiency of Raman
scattering for molecules being in the close proximity to the plasmonic nanoparticles is mainly due to the increase of the
intensity of the electromagnetic field

It is generally accepted that the enhancement of SERS spectra is due to the cooperation of two mechanisms: the
electromagnetic and the chemical one. The electromagnetic mechanism is due to inducing the SERS substrate by the
electromagnetic wave of the electric dipole (see Figure 1), which may lead to a significant local increase in the intensity of
the electric field.

The total SERS enhancement is proportional to the fourth power of the local electromagnetic field (Equation 1).
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where: Eq - value of the intensity of the electric field of the incident excitation beam (amplified by the interaction with the
plasmonic system); E,, - value of the intensity of the electric field of the scattered beam (also amplified by the interaction
with the plasmonic system)
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Figure 1. Schematic illustration of the surface plasmon resonance (SPR) phenomenon. Reproduced with permission®.
Copyright, 2020, Springer Nature.



In the case of an isolated nanoparticle, the strongest field enhancement usually occurs on its sharp edgesllZ. In the case
of dimers and other agglomerates very large enhancement is observed when nanoparticles are relatively close to each
other — the strongest field is in the slit/slits between nanoparticlesBlIl&I19, places with especially high field enhancements
are called “hot-spots"™d. In some cases it is possible to obtain enhancement of the intensity of the electromagnetic field
even above 102 timesl8 Distribution of electromagnetic field around nanoparticles strongly depends on the nanoparticle
shape.

It was found that while irradiating nanoprism using radiation with the wavelength of 770 nm the highest field enhancement
around nanoprism (over 22 times) is observed at the tips of the nanoprism. While irradiating using radiation with a
wavelength of 460 nm the highest enhancement occurs at the middle of the triangle's sides opposite to the triangle's
edge, but this enhancement is much smaller than the enhancement at tips when using 770 nm radiation!€. This behavior
is due to the possibility of the excitation in nanoprisms of various plasmonic modes. Nanoprisms of all kinds have four
plasmon resonance peaks: out-of-plane quadrupole, in-plane quadrupole, in-plane dipole, and weak out-of-plane dipole.
When 770 nm radiation is used for excitation of surface plasmons the distribution of electric field outside the nanoprism is
similar to this obtained from dipole excitation in spherical nanoparticles while for excitation with 460 nm radiation the
distribution of the electromagnetic field outside the nanoprism is similar to the distribution of the electromagnetic field due
to the quadrupole excitation in spherical nanoparticlel€.

It is worth to note that the maximum achievable field enhancement factor for anisotropic nanoparticles is significantly
larger than for isotropic spherical nanoparticles. For example, the maximum enhancement factor for spherical Ag
nanoparticles (with the diameter of 20 nm) irradiated using the light with the wavelength of 700 nm is calculated to be 14
times the applied field, whereas the maximal field enhancement factors for nanoprisms, nanorods, and nanospheroids
irradiated using radiation with the same wavelength are estimated as equal to 59.1, 67, and 68.5, respectively.

The second enhancement mechanism, which also leads to an increase in the efficiency of the generation of the Raman
signal, is called the chemical enhancement. The interaction of adsorbed molecules with the metal substrate provides new
electronic transitions for metal (or adsorbed molecule) electrons. The electrons at the Fermi level of the metal can be
virtually excited into unoccupied molecular orbitals of the adsorbed molecule and back to the metal (see Figure 2a), or the
electrons at the highest occupied molecular orbital can be virtually excited into the Fermi level of the metal and back to the
adsorbed molecule (see Figure 2b). This means that a mechanism analogous for the standard resonance Raman process
(that can generate a significant increase in the efficiency of the generation of the Raman signal) may be observed for
adsorbed moleculesl2l,

Figure 2. Schematic illustration of the energy levels involved in the charge transfer (CT) mechanism of the surface-
enhanced Raman scattering (SERS) enhancement; hv—photon energy, Ec—Fermi level energy, Ect—energies of
occupied and unoccupied levels of the adsorbed molecules. (a) The electrons at the Fermi level of the metal are virtually
excited into unoccupied molecular orbitals of the adsorbed molecule and back to the metal, (b) the electrons at the
highest occupied molecular orbital can be virtually excited into the Fermi level of the metal and back to the adsorbed
molecule. Reproduced with permissionl2&. Copyright, 2009, Elsevier.

The enhancement of the SERS spectrum in relation to the normal Raman spectrum determines how big enhancement
material can provide for the molecule under study. The enhancement factor is given by the formula (Equation 2):
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Where: Isggrs - intensity of measured SERS spectrum; Igraman - intensity of measured normal Raman spectrum; Nraman -
the average number of molecules interacting in normal Raman spectrum; Ngers - the average number of molecules
interacting in SERS spectrum

To record the SERS spectrum, Raman scatterers (studied molecules) must be adsorbed at or be placed in a close
proximity to the SERS-active material. The first surface-enhanced Raman spectra were published in 1974—in this case,
the measurements were carried out on nanostructured silver2l. During the next three decades, the SERS measurements
were also carried out mainly on nanostructured plasmonic metals (Ag, Au and Cu), although other SERS substrates were
also developed relatively quickly: in 1982, Loo recorded SERS spectra using as a SERS-active material polycrystalline
TiO,13! and in 1983, Yamada and Yamamoto produced SERS-active materials by the deposition of some metals on the
surface of NiO and TiO,4. The number of SERS measurements carried out on composite substrates containing non-
metallic nanostructured materials are still increasing. This is due to many significant advances of such SERS substrates in
some applications of SERS spectroscopy, such composites usually have additional important functionalities that are not
possible to obtain in standard SERS substrates produced only from plasmonic metals. In this review article, we present
selected SERS substrates that utilize nanostructured non-metallic materials, including non-metallic nanostructured thin
films or non-metallic nanoparticles covered by plasmonic metals and SERS-active nanomaterials that do not contain
plasmonic metals. Some future perspectives of the application of composite SERS substrates are also discussed.

2. Substrates for Surface-Enhanced Raman Scattering Formed on
Nanostructured Non-Metallic Materials

SERS spectroscopy is one of the most sensitive analytical tools. In some cases, the generated SERS signal is so strong
that it is possible to record a reliable SERS spectrum even of a single molecule. Therefore, SERS experiments are carried
out by a very large number of research groups. To obtain a SERS spectrum, the studied molecules must be adsorbed on
a SERS-active substrate (or placed at a very close distance to such a substrate). The quality of measured SERS spectra
is closely correlated with the activity of used SERS substrates. In this review article, selected SERS substrates that utilize
nanostructured non-metallic materials are described. Recently, one can observe a significant progress in the construction
of such a type of nanomaterials. Obtained materials, even those that do not contain plasmonic metals, can generate very
large SERS enhancement factors—in some cases similar to those generated on standard SERS substrates produced
from pure gold or silver. Moreover, SERS substrates that utilize nanostructured non-metallic materials are often
significantly more reproducible than the standard metallic SERS substrates. They can also have some additional
functionalities, for example, they can very effectively self-clean when illuminated with UV radiation or can be manipulated
by a magnetic field (in the case of magnetic—plasmonic composites), which significantly facilitates their homogenous
deposition and removal after the measurement. Therefore, we think that SERS substrates that utilize nanostructured non-
metallic materials are a very promising group of nanomaterials and we expect a significant continuous development in this
field in the near future—especially in the development of multifunctional SERS substrates, and those designed for specific
applications. The strengths and weaknesses of different types of SERS substrates formed from nanostructured non-
metallic materials are listed in Table 1.

Table 1. Comparison of different types of SERS substrates formed from nanostructured non-metallic materials.

Material Strengths Weaknesses

non-metallic nanostructured domination of the measured spectrum by the

L . usually high reproducibility, usually i . X ?
thin films covered by plasmonic high SERS enhancement factors contribution from molecules interacting directly

metals with the plasmonic metal
. . usually high SERS enhancement domination of the measured spectrum by the
non-metallic nanoparticles - I . X ?
. factors, easy possibility to add contribution from molecules interacting directly
covered by plasmonic metals D - - . .
additional functionalities with the plasmonic metal

measured SERS spectrum from
molecules interacting directly with the often low SERS enhancement factors
analysed material

SERS substrates that do not
contain nanostructured metals
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