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Surface-enhanced Raman scattering (SERS), as an important tool for interface research, occupies a place in the
field of molecular detection and analysis due to its extremely high detection sensitivity and fingerprint
characteristics. Substantial efforts have been put into the improvement of the enhancement factor (EF) by way of

modifying SERS substrates.

surface-enhanced Raman spectroscopy MoS two-dimensional materials charge transfer

| 1. SERS Mechanism

Raman scattering was first discovered in 1928 and refers to the change in frequency of a light wave when it is
scattered. When light is scattered from an atom or molecule, most photons are elastic scattering, also known as
Rayleigh scattering, meaning that the photons have the same frequency before and after scattering L. However, a
small part (about 10719-107%) of the photons changes in frequency, namely Raman scattering (Figure 1c), and

SERS is based on Raman scattering.
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Figure 1. (a) Features of SERS; (b) development of research on SERS substrate; (c¢) schematic of Raman
scattering; (d) EM: surface plasmon resonance on metal surface; (e) CM: charge transfer between analyte
molecules and roughed substrate.

Electromagnetic mechanism (EM) is considered the leading cause of the SERS phenomenon, represented by the
surface plasmon resonance (SPR) model of the metal (Figure 1d), which has a long-range effect and has little to
do with the type of adsorbent molecules [EEBI4E, Surface plasmons were first observed in the spectrum of light
diffracted on a metallic diffraction grating. It was soon proven that the anomaly was associated with the excitation
of electromagnetic surface waves on the surface of the diffraction grating €. It was recognized that under the
action of the photoelectric field, electrons near the metal surface would produce dense vibrations, causing
excitation of the plasmons, especially on a rough surface [. Once the incident light frequency matches the
oscillation frequency of electrons near the metal surface, a local surface plasma resonance occurs. Then, the
electromagnetic field in the vicinity of the nanoparticles is significantly enhanced [E. The electromagnetic
enhancement also includes the image field enhancement [ and tip lightning rod effect 19, though their contribution

is smaller than the SPR mentioned above.

Chemical mechanism (CM) refers to the charge resonance transition generated by the interaction between

molecule and substrate (Figure 1e), as well as charge transfer between analyte molecules. Unlike EM, CM has a
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short-range effect and mainly depends on the type of adsorbent molecules and the interplay between detected
molecules and the substrate 1122 Because of the complexity of the substrate and the detection of molecular

species, CM is far more complicated than EM 23],

CM primarily suggests that electrons in the metal are excited to the charge-transfer state under laser irradiation of
appropriate wavelength, which causes relaxation of the molecular nuclear skeleton. Therefore, when the electron
returns to the metal, the photon emitted is one less vibrational quantum of energy than the incoming light. The

enhancement is caused by the resonance of the scattering process with the charge-transfer state (141,

| 2. MoS,-Related SERS Mechanism

It was proven that the EF of 2D monolayer MoS, as SERS substrate to detect 4-Mercaptopyridine could reach 10°,
much higher than the previous observation on 2D graphene and boron nitride 22!, This considerable enhancement
in the SERS signal is probably attributed to interface dipole interaction and the enhanced charge transfer from 2D
MoS, to organic molecules when in resonance 8. Although the enhancement mechanism of the metal/MoS,

composite substrate is not well understood, theorists generally believe that both EM and CM make contributions.

One of the more plausible explanations is that since the Fermi level of MoS, is higher than that of Au nanopatrticles,
Au nanoparticles act as the electron capture centers in the conduction band of MoS,, resulting in the transfer of
electrons from MoS, to Au. Therefore, potential changes and the formation of the Schottky barrier occur on the
surface of MoS, . This process, together with the electromagnetic enhancement of Au nanoparticles, remarkably

enhances the Raman signal 7.,

Another explanation takes the more general interaction between semiconductors and metals into account and
suggests that light exposure plays a crucial role in enhancing the Raman signal. In this course, two conditions may
contribute to signal enhancement. First, owing to the localized surface plasmon resonance (LSPR) of metal
nanocrystals, local enhanced electromagnetic fields are generated on the surface. When the metal nanocrystals
are close enough to MoS,, the local electromagnetic field and the absorption spectrum of MoS, overlap, which
promotes the electron transfer from the valence band to the MoS, conduction band and generates electron-hole
pairs. Because of the strong field of the metal nanocrystals, the intensity of this process is increased by several
orders of magnitude relative to light alone. During their interaction, the enhancement effect of the Raman signal is
further amplified. The other functioning mechanism is related to plasmonic sensitization. In simple terms, the laser-
induced plasmonic sensitization excites electrons in the conduction band of metal nanocrystals to overcome the
Schottky barrier and jump into the conduction band of MoS,. The electromagnetic and chemical enhancements are

amplified by plasma excitation and electron transfer during the entire process.

| 3. Hybrid SERS Nanostructures Based on MoS,

3.1. Synthesis of MoS,-Related SERS Substrates

https://encyclopedia.pub/entry/20994 3/12



MoS2-Based Substrates for Surface-Enhanced Raman Scattering | Encyclopedia.pub

Different research groups have prepared MoS,-based SERS substrate using diverse methods. They have found
differences in the final enhancement effect through comparison, which implies that preparation technology can
influence the efficiency and detection sensitivity of Surface-enhanced Raman scattering (SERS) to some extent 19
(201[21][22][23]24] ' The preparation methods of SERS substrates have been constantly updated and developed with
the development of preparation technology. In the following, it was described some classical preparation methods

and discuss the effect of impurities and defects introduced during the preparation process on the detection limits.

3.1.1. Synthesis of MoS,

Currently, there is a wide variety of preparation technologies for SERS substrates to MoS,. The following are some
traditional approaches, namely the hydrothermal/solvothermal method, chemical vapor deposition (CVD) method

and mechanical force stripping method.

Hydrothermal/Solvothermal Method

The hydrothermal/solvothermal method uses molybdenum-containing compounds as molybdenum sources and
high-purity sulfur compounds as sulfur sources and surfactants. These two are mixed by reaction, and the liquid
sample mixture is acquired after complete stirring. The mixture is then dried, heated and molded through a closed-
kettle under high temperature. In the sealed heating process, MoS, substrates with different morphologies can be
obtained by controlling the reaction time, temperature and the number of reaction reagents. For instance, Jiang et
al. 23 used Na,M00,-2H,0 (molybdenum sources), CH3;CSNH, (sulfur sources) and H,[Si(W3010)4]-xH,0 to
collect deposited MoS, in the autoclave. It was employed as SERS substrate to detect carbohydrate antigen 19-9

in serum directly, and the final minimum detection concentration reached 10714 mol-L™ level.

Chemical Vapor Deposition (CVD)

The CVD method is one of the traditional methods for the preparation of large-area nanofilm materials (28], After
decades of technical innovation, it is considered a mature technology for preparing 2D nanofilm materials 2728l
The preparation process involves placing the growth base in a CVD tubular furnace, passing it through the
precursor gas and allowing it to react on the surface of the substrate 22, In preparing MoS, nanosheet films by the
CVD method, Mo is first sputtered on SiO, substrate, then MoS, nanometer-thin films are grown on the surface
through the reaction between Mo and sulfur vapor in the furnace. The size and thickness of the MoS, substrate can
be modulated artificially by altering the thickness of Mo metal films. Zhan and colleagues 2% used this method to
deposit Mo on the SiO, substrate surface and fabricated a MoS, thin-film layer by heating sulfur powder and
reacting with Mo at a high temperature. Zheng et al. B used electrochemically oxidized Mo foil as a growth

material to achieve layer-by-layer growth of MoS, by rapid sulfidation of Mo oxides in the gas phase.

Mechanical Stripping Method

The mechanical stripping method applies the viscosity of special tape to act on the surface of MoS, material to

weaken Van der Waals forces of MoS, between layers. Without breaking the covalent bond, MoS, layered
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structure or even a single layer structure can be obtained. The thin layer is attached to the SiO,/Si substrate
surface to form a MoS, substrate. Yan et al. 32 obtained MoS, substrate for Rh6G molecule detection with a
minimum detection limit of 1078 mol-L™1 by the mechanical stripping method combined with heating and annealing

treatments.
3.1.2. Synthesis of Metal/MoS, Hybrid Substrate

Recent approaches to prepare metal/MoS, hybrids substrates for SERS can be organized into three categories: (1)
physical methods: physically depositing specific metal on MoS, or placing ready-made metal nanoparticles on
MoS, directly; (2) chemical methods: spontaneous reduction method, self-assembly technology, thermal reduction
method (including hydrothermal method, solvothermal method, microwave-assisted hydrothermal method), among
others; (3) nanoetching methods: plasma etching, electron beam lithography (EBL) and photoetching. It was

emphatically described the latter two approaches.

Spontaneous Reduction Method

The spontaneous reduction method refers to the initiative reduction reaction between the prepared MoS, film and
the precursor solution of metal nanoparticles such as HAuUCl, solution (the precursor of gold NPs), to obtain directly
the metal/MoS, composite substrate. This spontaneous reduction can occur at room temperature or more uniformly

and rapidly through auxiliary means such as heating [2923],

Hydrothermal Reduction Method

Hydrothermal reduction is the process of reducing metal cations in solution under different conditions while adding
MoS, material. The cations are attracted by unsaturated sulfur on the MoS, surface to form chemical bonds, and
eventually the metal/MoS, composite SERS substrate is obtained. Singha’s group 24 adopted the hydrothermal
method to modify MoS, with Au NPs and detected free bilirubin in human blood, which showed high sensitivity,
stability and good reproducibility. However, compared with the traditional hydrothermal method, the microwave-
assisted hydrothermal method is more frequently used to prepare nanomaterials (2233861 Microwaves are utilized
as a heating tool to realize stirring on the molecular level. It overcomes the shortcoming of uneven heating in the
hydrothermal vessel, thus shortening reaction time and improving efficiency BAE8IEA Kim and coworkers 49
reported this facile method and observed that the gold nanoparticles tend to grow at defective sites, mainly at the

edges and the line defects in the basal planes.

Nanoetching Method

Nanoetching technology was first applied in the integrated process and had irreplaceable advantages in
micrographics 4. Its advantages such as fast processing speed, high precision, minor damage to substrates and

no pollution make it a popular technique.

The typical representative of electron beam processing is electron beam lithography (EBL), which mainly uses

electron beams to induce surface reaction beams for microprocessing. The reaction between the atoms on the
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substrate surface and the adsorbed molecules or ions is facilitated by irradiating the specimen by the electron
beam, and the designed pattern is finally obtained on the substrate by the liftoff technique. Zhai et al. 42 applied
EBL to fabricate a Au nanoarray on the monolayer MoS, film, which was used as a SERS substrate to realize CV
detection of 1076-1071% M. They considered it to be combined with the separation technology to form a sensor that

can quickly detect trace molecules in a natural environment.

The focused laser beam can locally transform the MoS, film into microscopic patterns with active nucleation sites.
When the modified film is in complete contact with the reaction substance, selective modification can be achieved
at specific locations to flexibly prepare a thin layer of MoS, decorated by metal NPs. Lu and coworkers [43]
employed this technology to realize self-designed pattern preparation of Au NPs decorating MoS,. They controlled
the localized modification of the materials by changing the laser power, MoS, film thickness and reaction time. It
was proven that the prepared hybrid substrate can detect aromatic organic molecules with outstanding

performance.

The femtosecond laser is another technique that is widely adopted to modify MoS, with metal NPs (21231 |t can
induce photoelectrons generated on the film surface and greatly promote the interaction between metal cations and
photoelectrons on the film surface. Then, the reduction and in situ deposition of metal NPs on MoS, nanosheets
formed the metal/MoS, hybrid substrates for SERS.

Nanoetching technology possesses unique advantages in terms of precise tuning. The roughness of the laser-
treated MoS, film is about three times greater than that of the pristine, which facilitates the deposition of metal
nanoparticles 3. The hybrid substrates prepared by this method show stronger SERS activity, whose detection
limit can reach as low as 1 fM for CV detection. In addition, the power of the laser also affects the Raman intensity

at the same concentration of the analytes 42,
3.2. Advances in MoS,-Based SERS Substrate
3.2.1. MoS, Substrates

With the development of chemical mechanisms, SERS substrate material is not confined to metal, and MoS,
emerges as a promising substrate material owing to its distinct merits shown in SERS studies. For single MoS,
material research, researchers have placed more focus on 2D material, which can be roughly divided into two
directions: (1) special treatment of MoS, material, such as plasma treatment and usage of the femtosecond laser
to induce defect sites on the surface to enhance the charge transfer; and (2) stacking the single-layer 2D MoS,

material according to the set angle to obtain double-layer MoS..

For the former research direction, it was found that the plasma-processed MoS, nanosheets can perform better in
SERS. The Raman intensities of Rh6G on MoS, nanoflakes were enhanced more than tenfold after oxygen-
plasma and argon-plasma treatments 44, Other external treatments such as pressure and femtosecond laser were
verified that they could reinforce charge transfer between the substrate and molecules to induce MoS, defect sites

and realize pressure or photoluminescence control 42l48147] Syn et al. 42 found that there are more transferred
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charges between the substrate and analytes with increasing applied pressure, which also leads to an increase in
the enhancement factor. For the latter, Xia and coworkers [28 studied prominent resonance Raman and
photoluminescence spectroscopic differences between AB and AA stacked bilayer MoS,, and considered that the
0° stacked MoS, bilayer was superior to the 60° stacked one in interlayer electron coupling, hence its Raman

enhancement effect was more outstanding.

Compared with metal, MoS, possesses unique adsorption capacity, especially for some aromatic molecules,
because the 1 bonds of MoS, interplay with those of aromatic molecules 4349 Furthermore, MoS, has good
fluorescence quenching ability and can quench background fluorescence, which is conducive to detection and
substrate stability at low concentration BYBL, However, its electromagnetic enhancement is extremely weak, and
chemical enhancement alone can hardly contribute significantly to sensitivity. In addition, owing to the selectivity
and complexity of chemical enhancement for the detection of molecules, these substrates can only be

implemented for some particular organic molecules such as aromatic molecules.
3.2.2. Metal/IMoS, Hybrid Substrates

Metal/MoS, hybrid substrates are considered admirable SERS substrates, with EFs that can reach 108 and even
up to 1012 after some special processing such as changing shape and metal nanoparticles configuration (21,
Because of the prominent enhancement effect of this substrate, experimentalists have conducted various studies

on it, making this kind of substrate become one of the important research topics of SERS in recent years.

One was on Au NPs /MoS,, and the researchers found that these composite substrates enhanced significantly
better than either single Au or single MoS,. Subsequently, Rani et al. 58 used low-power focused laser cutting to
carve artificial edges on the MoS, monolayer. The intensive accumulation of Au NPs along the artificial edges led
to the aggregation of SERS hotspots in the same places, which made it possible to generate SERS hotspots with
ideal location and geometry shape in a controllable way on a large-area substrate. Liang’s group 24 prepared 3D
MoS,-nanospheres, 3D MoS,-nanospheres @Au seeds and 3D MoS,-nanospheres @Ag-NPs hybrids structures,
and calculated their enhancement factors as 500, 7.5 x 10° and 1.2 x 108, respectively. Through experiments, they
believed that silver nanoparticles were more suitable than gold nanoparticles as modification materials for MoS..
This is because silver nanoparticles can be closer to each other and have higher coverage, leading to more

hotspots on the surface and stronger signal enhancement.

Compared with the substrates mentioned above, the metal/MoS, hybrid substrate concentrated the advantages of
metal and MoS,, so it shows better adsorption effect, higher sensitivity, stronger stability and lower detection limit,
and has gradually become a new platform in SERS research. Because of the modification of MoS, by metal
nanoparticles, the composite substrate exhibits not only stronger electromagnetic enhancement, but also better
chemical enhancement effect and fluorescence quenching effect, which can greatly reduce external interference.
However, owing to the unclear mechanisms of the interaction between metal and MoS, and the complicated

production process, further development of this kind of substrate has been limited to some extent.
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