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The application of two-dimensional (2D) materials, including metallic graphene, semiconducting transition metal dichalcogenides, and insulating hexagonal boron nitride (h-BN) for surface-enhancement Raman spectroscopy has attracted extensive research interest. This article provides a critical overview of the recent developments in surface-enhanced Raman spectroscopy using 2D materials. By re-examining the relationship between the lattice structure and Raman enhancement characteristics, including vibration selectivity and thickness dependence, we highlight the important role of dipoles in the chemical enhancement of 2D materials.
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1 INTRODUCTION
During the past few decades, the increasing demand for environmental monitoring, food safety, and rapid diagnosis has triggered extensive research in the development of biochemical sensor devices with high sensitivity and selectivity. Raman spectroscopy has been used as an important molecular analytical tool since Raman and Krisnan discovered it in 1928 (Raman and Krishnan, 1928). Raman spectroscopy stands out for its excellent performance, including non-destructive, label-free, rapid sensing, and the ability to recognize the “fingerprint” of the target molecule’s vibration. However, in general, only one of one million incident photons can undergo Raman scattering. Such an extremely low probability of Raman scattering leads to a weak Raman intensity, which hinders the application of Raman spectroscopy to trace detection. In 1974, Fleischman discovered the surface-enhanced Raman scattering (SERS) effect (Fleischmann et al., 1974), which provides a method for biochemical detection even down to the molecular level (Zhang Y. Q. et al., 2017; Wei et al., 2018; Gu et al., 2023) on the basis of two widely accepted enhancement mechanisms: the electromagnetic mechanism (EM) and chemical mechanism (CM). On the basis of the EM, noble metals with plasmonic properties have been widely adopted as highly sensitive SERS substrates (Dasary et al., 2009; Zhou et al., 2010; Yang et al., 2014; Liu et al., 2018). Although CM involves more complex interactions, it has been widely studied to understand the chemical interactions between the analyte and substrate, taking two-dimensional (2D) materials as ideal platforms (Ling et al., 2010; Ling et al., 2014; Park and Jhon, 2019).
Inspired by the study of the chemical enhancement mechanism in metal-based SERS (Sanchez-Cortes and Garcia-Ramos, 2000; Shibamoto et al., 2007; Gruenke et al., 2016), researchers have adopted the chemical enhancement mechanism based on charge transfer to explain the enhancement of Raman scattering in 2D materials. However, experimental evidence for enhanced Raman scattering in 2D materials suggests that the chemical enhancement effect is not solely due to charge transfer. In this article, we review the basic principles of SERS. Upon extensive re-examination of the chemical enhancement phenomenon in 2D materials, we emphasize the important contribution of locally induced electric fields on the material surface by dipoles. Although this effect enables Raman enhancement through local electric fields, it is classified as chemical enhancement, because it stands for one type of substrate-analyte interaction, distinguishing it from surface plasmon-induced electromagnetic enhancement.
2 THE MECHANISMS OF SERS OF 2D MATERIALS
Raman scattering is the inelastic collision of photons caused by molecules during their interaction. After absorbing the incident photon, the molecule transitions to a virtual energy level and releases the scattered photon when it returns to its molecular level. In this process, photons generating the electromagnetic field can gain or lose energy from the molecules (related to the difference between the energy levels of the molecule before and after scattering), resulting in a change in the frequency (or energy) of the scattered photons (Cheng and Xie, 2004; Evans and Xie, 2008). Therefore, the energy level information of a molecule can be obtained using Raman spectroscopy for fingerprint identification (Ferrari, 2007; Zhang et al., 2013).
Raman scattering is sensitive to changes in molecular polarization. When the molecule interacts with the electromagnetic field from the incident photon, the dipole moment is induced, and the photon is scattered; the relationship between the dipole moment, electromagnetic field, and polarizability of the molecule can be represented as (Moskovits, 2005),
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where μind is the induced dipole moment, Einc is the incident electromagnetic field, and αm is the polarizability of the molecule. By taking the vibrational mode of molecules as a simple harmonic vibrational model, the scattering process can be represented as
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where vinc is the frequency of the incident photon and vvib is the frequency of the vibration mode. The second part of the equation describes Raman scattering; the intensity of Raman scattering mainly depends on the intensity of the incident electromagnetic field and the change in molecular polarizability, corresponding to the EM and CM mechanisms of SERS (Jones et al., 2019). In the following discussion, we review the two basic mechanisms in detail.
2.1 Electromagnetic field enhancement
EM results from the enhancement of the local electromagnetic field induced by local surface plasmon resonance (LSPR) and contributes to the major part of the enhancement factor (EF) for SERS (Willets and Van Duyne, 2007; Sepulveda et al., 2009), shown in Figure 1A. In this mechanism, the incident and scattered electromagnetic fields are both enhanced by the LSPR of the nanostructure. When the incident electromagnetic field interacts with materials possessing a dielectric constant with a large negative real part and a small positive imaginary part, the oscillating electric field excites the free electrons for reciprocating motion. When the oscillating electrons resonate with the incident electromagnetic field, the absorption capacity of the nanostructures for the incident electromagnetic field reaches its peak, and Raman spectroscopy obtains the strongest electromagnetic enhancement.
[image: Figure 1]FIGURE 1 | (A) Schematic of EM on a metal SERS substrate. (B) Energy-level diagram showing the GSCT process in GERS. (C) Energy-level diagram showing the PICT process between a 2D MoTe2 film and methylene blue molecule.
The LSPR-based enhancement can be deduced by considering the driven harmonic oscillator model (Schlucker, 2014). The incident electromagnetic field Einc (vinc) generates an induced electromagnetic field E′inc (vinc) in the nanostructure. The primary electric field El (vinc) can be represented as
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The molecule is excited by a primary electric field and radiates a scattering field (or secondary electric field) [image: image]; then, a secondary induced electric field E′s (vinc ± vvib) is generated in the nanostructure.
The secondary local electric field Esl (vinc ± vvib) can be represented as follows:
[image: image]
Hence, Raman intensity can be represented as follows:
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Because vvib << vinc, the frequencies of the incident photons and scattered photons are close to each other; thus,
[image: image]
The EF of EM can be represented as follows:
[image: image]
The SERS enhancement from the EM mechanism is equal to the fourth power of the electric field enhancement.
2.2 Chemical enhancement
Compared to the mature theoretical explanation of EM, the understanding of CM has been hindered until recently. Owing to the high electromagnetic enhancement effect caused by plasmons, it is difficult to directly elucidate the chemical enhancement mechanism of metal-based SERS substrates. However, some 2D materials have been found to have Raman enhancement without generating plasmons. With the interference of electromagnetic enhancement excluded, these plasmon-free 2D materials serve as excellent platforms to study the chemical enhancement mechanism to promote researchers’ understanding of the mechanism behind SERS.
The charge transfer mechanism is the most accepted chemical enhancement mechanism and is involved in most substrates, including ground-state charge transfer (GSCT) and photoinduced charge transfer (PICT) (Jensen et al., 2008), as shown in Figures 1B, C. The former is a non-resonant chemical enhancement process that describes the change in molecular electron density distribution by interactions between adsorbed molecules and the substrate under non-excitation conditions (Ling et al., 2012a). In contrast, PICT is a wavelength-dependent mechanism and provides the strongest chemical enhancement when the excitation light and arrangement of energy levels in the SERS system satisfy the energy matching relationship, that is, when resonance occurs (Adhikari et al., 2021; Wang et al., 2021; Zhao et al., 2021). According to Lombardi and Birke’s theory (Lombardi and Birke, 2009), the polarizability of molecules consists of three terms that are responsible for molecular resonance, substrate-to-molecule charge transfer, and molecule-to-substrate charge transfer.
2.3 Dipole-induced Raman enhancement
However, the charge transfer mechanism fails to account for all chemical enhancement effects, such as the unforeseen Raman enhancement of hexagonal boron nitride (h-BN) and the anisotropic Raman enhancement of black phosphorus and ReS2 (Lin et al., 2015). Hence, we emphasize the important role of the built-in electric field (dipole) in 2D materials in SERS. Ling et al. (2014) deposited CuPc molecules on 2D h-BN and examined its chemical enhancement phenomenon. Because of its large band gap of more than 5.9 eV (Zhang K. L. et al., 2017), h-BN should have a negligible charge transfer capacity; however, its strong in-plane local field impacts the dipole moments of CuPc molecular vibrations. This dipole–dipole interaction mechanism exhibits a different mode-selective rule associated with the magnitude and orientation of the dipole moment of the vibration mode (Figure 2A). On graphene, the magnitude of the EF is determined by the ease of charge transfer, and the selectivity of vibrational modes depends on their frequency, i.e., energy. Conversely, on h-BN, the intralayer dipole results in the optimal enhancement of the vibrational mode of CuPc with the largest dipole moment at a frequency of 1,143 cm−1. In addition, the out-of-plane dipole component of 2D materials not only contributes to chemical enhancement but also is easier to manipulate. Lou et al. (Zhang J. et al., 2017; Jia et al., 2020) fabricated the single-layer MoSSe with surface Se atoms replaced by S atoms (Figures 2B, C); the continuous dipoles of S-Mo-Se generate a substantial electric field generated from the 2D material, producing a strong chemical enhancement effect. Through surface functional groups or heterostructures, dipoles could be introduced into non-polar surfaces as well, leading to superimposed chemical enhancement; details are discussed in Section 3.
[image: Figure 2]FIGURE 2 | (A) Comparison of the Raman spectra of the 4-Å CuPc molecule on a blank SiO2/Si (black line), on suspended h-BN (red line), and on suspended graphene (blue line) substrates. (B) Schematic illustration (upper panel) and optical image (lower panel) of monolayer Janus MoSSe. (C) Raman spectra of solid glucose powder on the blank SiO2/Si substrate and 10-mM glucose solution dropped on the monolayer Janus MoSSe substrate.
According to Fermi’s golden rule, the electron transition probability wlk can be represented as follows:
[image: image]
where g (Ek) is the density of states and H′kl is the matrix element for the transition between the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO). Considering graphene and h-BN, two diametrically opposed SERS substrates, the charge transfer interaction with graphene can increase the electron density of states, because graphene has numerous available electron states around the LUMO and HOMO levels. In contrast, the dipole–dipole interaction in h-BN results in a local symmetry-related perturbation and increases the matrix element. The CM for the majority of 2D materials can be considered as a mixture of the two types of interactions.
3 SERS BY 2D MATERIALS
Although metallic nanostructures induce a strong local electric field, the alignment of the Fermi level at the metal surface and the LUMO energy level of the target molecule is generally suboptimal for CM enhancement. Furthermore, disadvantages, including poor adsorption performance, side reactions of the adsorbate, and strong fluorescent background, limit its application (LeRu and Etchegoin, 2009; Li et al., 2010; Cong et al., 2019). The discovery of graphene-based surface-enhanced Raman scattering (G-SERS) has drawn attention to 2D materials for SERS. To date, diverse 2D materials have been adopted to study the Raman enhancement on different 2D material surfaces, such as graphene, h-BN, transition metal dichalcogenides (TMDs), metal oxides, and black phosphorous.
3.1 Graphene
Graphene is a unique solid-state material because all sp2 carbon atoms are located on the surface in a honeycomb-like form and are extremely sensitive to environmental changes, making graphene suitable for sensing applications. This structure endows graphene with a chemically inert surface, high π-electron density at the surface, optical transparency, flexibility, and mechanical strength, providing a good material foundation for graphene-enhanced Raman scattering (GERS) research.
Graphene is a typical chemical enhancement 2D material that mainly depends on charge transfer interactions because of its zero-band gap and structure composed of the same atoms (all bonds are non-polar bonds). Research has demonstrated that a chemically similar group leads to an increased degree of charge transfer and polarizability tensor (Ling and Zhang, 2010), thus increasing the Raman scattering cross section of the target molecules. For graphene, vibrational modes involving long pairs or π electrons usually exhibit the strongest enhancement. For example, Ling et al. (2010) demonstrated that phthalocyanine (Pc) and protoporphyrin IX (PPP) exhibit a stronger Raman signal on single-layer graphene than Rhodamine-6G (R6G) and crystal violet (CV) because of their aromatic and macrocyclic structures similar to that of graphene. In addition to the different groups, different molecular orientations also affect the strength of the GSCT interaction with graphene. Heat treatment of CuPc on graphene imposes a lying-down orientation, producing a stronger enhancement by the interaction of π electrons (Ling et al., 2012b).
For 2D materials with charge transfer interaction, Raman enhancement to different vibration modes depends on the vibration frequency because a larger frequency of the vibration mode results in easier charge transfer. The number of graphene layers affects the charge-carrier distribution, thus affecting the Raman enhancement properties of graphene. Ling et al. (2013) deposited equal-density PPP or CuPc on one to six layers of graphene; different matches to the energy level of the target molecules led to differences in the Raman intensity, and monolayer graphene ensured the highest EF. In addition, graphene quenches fluorescence, and the fluorescence background can be suppressed by a factor of approximately 103 in GERS (Zhao et al., 2015; Brill et al., 2021).
A series of studies has recently been conducted to enhance the dipole moments by modifying the functional groups on graphene (or graphene oxide), aiming for a more sensitive SERS performance. The incorporation of functional groups involves more molecular dipoles in the system, where the induced local electric fields trigger stronger Raman signals. Mao et al. (2014) applied a mild O2 plasma treatment to graphene to generate various oxygenated species, including epoxy and carbonyl groups. They confirmed the significance of the built-in local electric field extending to the absorbed molecules owing to the local dipole moments. Sung et al. (Huh et al., 2011) anchored oxygen-containing functional groups on large-scale graphene assisted by the UV-ozone oxidization technique. They attributed an enhancement factor of up to 104 to the enhanced local electric field underlying the deduced dipole moment. Chiu et al. (2021) employed cation bonding to further realize a significant increase in the dipole moments of oxygen-containing functional groups on graphene. Researchers have confirmed the existence of Cu+ ions rather than nanoparticles, which thoroughly eliminate the typical electromagnetic and chemical mechanisms. The formed Cu-O-C bonds trigger a local electric field and polarization of the analyte molecules, suggesting a new chemical mechanism of SERS.
3.2 Hexagonal boron nitride
Compared to graphene, its similar structure and diverse electrical properties make h-BN another typical 2D material whose chemical enhancement depends mainly on dipole–dipole interactions. Regarding its localized in-plane electric field, the dipole mechanism in h-BN is a single-layer effect, i.e., the chemical enhancement of h-BN is independent of its thickness (Ling et al., 2014). However, the adsorption performance of h-BN depends on its thickness, resulting in stronger Raman signals in SERS substrates containing monolayer h-BN. Owing to their different chemical enhancement mechanisms, the Raman enhancements of graphene and h-BN have different vibration-mode selectivities depending on the frequency and dipole moment of the vibration mode, respectively.
The surface of h-BN is free of charge traps and dangling bonds and has high oxidation resistance; hence, atomically thin h-BN maintains stability in a variety of test environments (Cai et al., 2016; Chugh et al., 2019). Therefore, h-BN is also utilized as a protective barrier or reusable coating for metallic nanostructures.
3.3 Transition metal dichalcogenides
Owing to the relatively small bandgap and polar covalent bonds in the structure, the Raman enhancement of TMDs is considered to be influenced by both of the aforementioned chemical enhancement mechanisms. Although both of these interactions are relatively weak, TMDs can provide significant Raman enhancement under the combined action of both mechanisms, for example, the vibration mode at 1,531 cm−1 of CuPc on MoS2. To date, chemical Raman enhancement based on TMDs has been reported to reach electromagnetic enhancement levels (EF on the order of 109–1010) with detection limits as low as 10−14 to 10−15 M for R6G (Tao et al., 2018).
Compared with h-BN, TMDs have dipoles in the out-of-plane direction, which offers the potential for a three-dimensional dipole-driven Raman enhancement effect. These in-layer dipoles can be modulated by introducing structural disorder (Sun et al., 2014) or other atoms. Seo et al. (2020) deposited ReOxSy for ultrahigh SERS EF, and the O atom in the structure is believed to affect the dipole and electronic structure of two-dimensional flakes owing to its higher electronegativity. In the Janus structure mentioned previously, the entire layer of Se atoms on top of MoSe2 is replaced by S atoms, generating a strong dipole in the out-of-plane dipole.
Additionally, stacking different 2D materials to form heterostructures shows great potential in achieving higher SERS effects. The graphene/ReOxSy hetrostrusture exploited the combined effects of dipole-dipole interaction and charge transfer mechanisms (Seo et al., 2020). By tuning the electronic structure of the 2D materials through stacking, it is possible to promote charge transfer between molecules and the substrate (Chen et al., 2020; Qiu et al., 2020). Furthermore, some new mechanisms on 2D heterostructures have been reported, such as plasmon on 2D materials (Ghopry et al., 2021) and non-radiative energy transfer (Dandu et al., 2020).
4 CONCLUSION AND OUTLOOK
The Raman enhancement of 2D materials has attracted considerable attention in recent years owing to their stability and strong chemical enhancement. This plasmon-free SERS substrate provides a suitable platform for studying CM. In this article, the chemical enhancement of various 2D materials is reviewed briefly. In addition to the charge transfer between the substrate and analyte, the electric field induced by the dipole in 2D materials is an important source of chemical enhancement. To date, SERS substrates based on 2D materials have achieved enhanced performance comparable to that of metal-based SERS substrates by combining and modulating two types of CM, showing a promising future for ultrasensitive SERS sensing utilizing both EM and CM.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
YY, SA, and JW wrote the paper, under the supervision of WF, XL, and WW. YY and WW finalized the paper.
ACKNOWLEDGMENTS
We thank the financial support from the Tsinghua University Initiative Scientific Research Program, and Tsinghua-Foshan Innovation Special Fund (grant 2021THFS0103). We would like to thank Editage (www.editage.com) for English language editing.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adhikari, B., Limbu, T. B., Vinodgopal, K., and Yan, F. (2021). Atmospheric-pressure CVD growth of two-dimensional 2H-and 1 T '-MoTe2 films with high-performance SERS activity. Nanotechnology 32, 335701. doi:10.1088/1361-6528/abff8f
 Brill, A. R., Biswas, S., Toroker, M. C., de Ruiter, G., and Koren, E. (2021). Dipole-induced Raman enhancement using noncovalent azobenzene-functionalized self-assembled monolayers on graphene terraces. Acs Appl. Mater. Interfaces 13, 10271–10278. doi:10.1021/acsami.0c20454
 Cai, Q. R., Mateti, S., Yang, W. R., Jones, R., Watanabe, K., Taniguchi, T., et al. (2016). Boron nitride nanosheets improve sensitivity and reusability of surface-enhanced Raman spectroscopy. Angew. Chemie-Int. Ed. 55, 8545–8549. doi:10.1002/ange.201600517
 Chen, M. P., Ji, B., Dai, Z. Y., Du, X. Y., He, B. C., Chen, G., et al. (2020). Vertically-aligned 1T/2H-MS2 (M = Mo, W) nanosheets for surface-enhanced Raman scattering with long-term stability and large-scale uniformity. Appl. Surf. Sci. 527, 146769. doi:10.1016/j.apsusc.2020.146769
 Cheng, J. X., and Xie, X. S. (2004). Coherent anti-Stokes Raman scattering microscopy: Instrumentation, theory, and applications. J. Phys. Chem. B 108, 827–840. doi:10.1021/jp035693v
 Chiu, W. T., Chuang, Y. Y., Chen, H. C., Huang, H. H., and Wang, R. C. (2021). Significant increase in dipole moments of functional groups using cation bonding for excellent SERS sensing as a universal approach. Sens. Actuators B-Chem. 340, 129960. doi:10.1016/j.snb.2021.129960
 Chugh, D., Jagadish, C., and Tan, H. (2019). Large-area hexagonal boron nitride for surface enhanced Raman spectroscopy. Adv. Mater. Technol. 4, 1900220. doi:10.1002/admt.201900220
 Cong, S., Wang, Z., Gong, W. B., Chen, Z. G., Lu, W. B., Lombardi, J. R., et al. (2019). Electrochromic semiconductors as colorimetric SERS substrates with high reproducibility and renewability. Nat. Commun. 10, 678. doi:10.1038/s41467-019-08656-6
 Dandu, M., Watanabe, K., Taniguchi, T., Sood, A. K., and Majumdar, K. (2020). Spectrally tunable, large Raman enhancement from nonradiative energy transfer in the van der Waals heterostructure. Acs Photonics 7, 519–527. doi:10.1021/acsphotonics.9b01648
 Dasary, S. S. R., Singh, A. K., Senapati, D., Yu, H. T., and Ray, P. C. (2009). Gold nanoparticle based label-free SERS probe for ultrasensitive and selective detection of trinitrotoluene. J. Am. Chem. Soc. 131, 13806–13812. doi:10.1021/ja905134d
 Evans, C. L., and Xie, X. S. (2008). Coherent anti-Stokes Raman scattering microscopy: Chemical imaging for biology and medicine. Annu. Rev. Anal. Chem. 1, 883–909. doi:10.1146/annurev.anchem.1.031207.112754
 Ferrari, A. C. (2007). Raman spectroscopy of graphene and graphite: Disorder, electron-phonon coupling, doping and nonadiabatic effects. Solid State Commun. 143, 47–57. doi:10.1016/j.ssc.2007.03.052
 Fleischmann, M., Hendra, P. J., and Mcquillan, A. J. (1974). Raman-SPECTRA of pyridine adsorbed at a silver electrode. Chem. Phys. Lett. 26, 163–166. doi:10.1016/0009-2614(74)85388-1
 Ghopry, S. A., Sadeghi, S. M., Farhat, Y., Berrie, C. L., Alamri, M., and Wu, J. Z. (2021). Intermixed WS2+MoS2 nanodisks/graphene van der Waals heterostructures for surface-enhanced Raman spectroscopy sensing. Acs Appl. Nano Mater. 4, 2941–2951. doi:10.1021/acsanm.1c00087
 Gruenke, N. L., Cardinal, M. F., Mcanally, M. O., Frontiera, R. R., Schatza, G. C., and Van Duyne, R. P. (2016). Ultrafast and nonlinear surface-enhanced Raman spectroscopy. Chem. Soc. Rev. 45, 2263–2290. doi:10.1039/c5cs00763a
 Gu, M. M., Guan, P. C., Xu, S. S., Li, H. M., Kou, Y. C., Lin, X. D., et al. (2023). Ultrasensitive detection of SARS-CoV-2 S protein with aptamers biosensor based on surface-enhanced Raman scattering. J. Chem. Phys. 158, 024203. doi:10.1063/5.0130011
 Huh, S., Park, J., Kim, Y. S., Kim, K. S., Hong, B. H., and Nam, J. M. (2011). UV/Ozone-Oxidized large-scale graphene platform with large chemical enhancement in surface-enhanced Raman scattering. Acs Nano 5, 9799–9806. doi:10.1021/nn204156n
 Jensen, L., Aikens, C. M., and Schatz, G. C. (2008). Electronic structure methods for studying surface-enhanced Raman scattering. Chem. Soc. Rev. 37, 1061–1073. doi:10.1039/b706023h
 Jia, S., Bandyopadhyay, A., Kumar, H., Zhang, J., Wang, W. P., Zhai, T. Z., et al. (2020). Biomolecular sensing by surface-enhanced Raman scattering of monolayer Janus transition metal dichalcogenide. Nanoscale 12, 10723–10729. doi:10.1039/d0nr00300j
 Jones, R. R., Hooper, D. C., Zhang, L. W., Wolverson, D., and Valev, V. K. (2019). Raman techniques: Fundamentals and Frontiers. Nanoscale Res. Lett. 14, 231. doi:10.1186/s11671-019-3039-2
 Leru, E. C., and Etchegoin, P. G. (2009). Principles of surface-enhanced Raman spectroscopy: And related plasmonic effects. Amsterdam: Elsevier Science Bv. 
 Li, J. F., Huang, Y. F., Ding, Y., Yang, Z. L., Li, S. B., Zhou, X. S., et al. (2010). Shell-isolated nanoparticle-enhanced Raman spectroscopy. Nature 464, 392–395. doi:10.1038/nature08907
 Lin, J. J., Liang, L. B., Ling, X., Zhang, S. Q., Mao, N. N., Zhang, N., et al. (2015). Enhanced Raman scattering on in-plane anisotropic layered materials. J. Am. Chem. Soc. 137, 15511–15517. doi:10.1021/jacs.5b10144
 Ling, X., and Zhang, J. (2010). First-layer effect in graphene-enhanced Raman scattering. Small 6, 2020–2025. doi:10.1002/smll.201000918
 Ling, X., Xie, L. M., Fang, Y., Xu, H., Zhang, H. L., Kong, J., et al. (2010). Can graphene be used as a substrate for Raman enhancement?Nano Lett. 10, 553–561. doi:10.1021/nl903414x
 Ling, X., Moura, L. G., Pimenta, M. A., and Zhang, J. (2012a). Charge-transfer mechanism in graphene-enhanced Raman scattering. J. Phys. Chem. C 116, 25112–25118. doi:10.1021/jp3088447
 Ling, X., Wu, J. X., Xu, W. G., and Zhang, J. (2012b). Probing the effect of molecular orientation on the intensity of chemical enhancement using graphene-enhanced Raman spectroscopy. Small 8, 1365–1372. doi:10.1002/smll.201102223
 Ling, X., Wu, J. X., Xie, L. M., and Zhang, J. (2013). Graphene-thickness-dependent graphene-enhanced Raman scattering. J. Phys. Chem. C 117, 2369–2376. doi:10.1021/jp310564d
 Ling, X., Fang, W. J., Lee, Y. H., Araujo, P. T., Zhang, X., Rodriguez-Nieva, J. F., et al. (2014). Raman enhancement effect on two-dimensional layered materials: Graphene, h-BN and MoS2. Nano Lett. 14, 3033–3040. doi:10.1021/nl404610c
 Liu, Y. H., Wu, H., Ma, L. W., Zou, S. M., Ling, Y. H., and Zhang, Z. J. (2018). Highly stable and active SERS substrates with Ag-Ti alloy nanorods. Nanoscale 10, 19863–19870. doi:10.1039/c8nr07138a
 Lombardi, J. R., and Birke, R. L. (2009). A unified view of surface-enhanced Raman scattering. Accounts Chem. Res. 42, 734–742. doi:10.1021/ar800249y
 Mao, H. Y., Wang, R., Zhong, J. Q., Zhong, S., and Chen, W. (2014). Mildly O-2 plasma treated CVD graphene as a promising platform for molecular sensing. Carbon 76, 212–219. doi:10.1016/j.carbon.2014.04.070
 Moskovits, M. (2005). Surface-enhanced Raman spectroscopy: A brief retrospective. J. Raman Spectrosc. 36, 485–496. doi:10.1002/jrs.1362
 Park, J., and Jhon, Y. M. (2019). Fluorescence and Raman enhancement effect caused by a chemical mechanism in metal-tetraphenylporphyrin on 2D layered materials. J. Korean Phys. Soc. 74, 102–106. doi:10.3938/jkps.74.102
 Qiu, H. W., Wang, M. Q., Zhang, L., Cao, M. H., Ji, Y. Q., Kou, S., et al. (2020). Wrinkled 2H-phase MoS2 sheet decorated with graphene-microflowers for ultrasensitive molecular sensing by plasmon-free SERS enhancement. Sens. Actuators B-Chem. 320, 128445. doi:10.1016/j.snb.2020.128445
 Raman, C. V., and Krishnan, K. S. (1928). A new type of secondary radiation. Nature 121, 501–502. doi:10.1038/121501c0
 Sanchez-Cortes, S., and Garcia-Ramos, J. V. (2000). Surface-enhanced Raman of 1,5-dimethylcytosine adsorbed on a silver electrode and different metal colloids: Effect of charge transfer mechanism. Langmuir 16, 764–770. doi:10.1021/la9905822
 Schlucker, S. (2014). Surface-enhanced Raman spectroscopy: Concepts and chemical applications. Angew. Chemie-Int. Ed. 53, 4756–4795. doi:10.1002/anie.201205748
 Seo, J., Lee, J., Kim, Y., Koo, D., Lee, G., and Park, H. (2020). Ultrasensitive plasmon-free surface-enhanced Raman spectroscopy with femtomolar detection limit from 2D van der Waals heterostructure. Nano Lett. 20, 1620–1630. doi:10.1021/acs.nanolett.9b04645
 Sepulveda, B., Angelome, P. C., Lechuga, L. M., and Liz-Marzan, L. M. (2009). LSPR-based nanobiosensors. Nano Today 4, 244–251. doi:10.1016/j.nantod.2009.04.001
 Shibamoto, K., Katayama, K., and Sawada, T. (2007). Ultrafast charge transfer in surface-enhanced Raman scattering (SERS) processes using transient reflecting grating (TRG) spectroscopy. Chem. Phys. Lett. 433, 385–389. doi:10.1016/j.cplett.2006.11.036
 Sun, L. F., Hu, H. L., Zhan, D., Yan, J. X., Liu, L., Teguh, J. S., et al. (2014). Plasma modified MoS2 nanofl akes for surface enhanced Raman scattering. Small 10, 1090–1095. doi:10.1002/smll.201300798
 Tao, L., Chen, K., Chen, Z. F., Cong, C. X., Qiu, C. Y., Chen, J. J., et al. (2018). 1T ' transition metal telluride atomic layers for plasmon-free SERS at femtomolar levels. J. Am. Chem. Soc. 140, 8696–8704. doi:10.1021/jacs.8b02972
 Wang, S. Y., Lai, H. J., Lv, X. Y., Chen, Q. L., Liu, P. Y., Chen, J., et al. (2021). Improving the SERS effect of van der Waals material by intercalation strategy. Appl. Surf. Sci. 559, 149834. doi:10.1016/j.apsusc.2021.149834
 Wei, W. B., Wang, Y. R., Ji, J. J., Zuo, S. S., Li, W. T., Bai, F., et al. (2018). Fabrication of large-area arrays of vertically aligned gold nanorods. Nano Lett. 18, 4467–4472. doi:10.1021/acs.nanolett.8b01584
 Willets, K. A., and Van Duyne, R. P. (2007). Localized surface plasmon resonance spectroscopy and sensing. Annu. Rev. Phys. Chem. 58, 267–297. doi:10.1146/annurev.physchem.58.032806.104607
 Yang, Y., Liu, J. Y., Fu, Z. W., and Qin, D. (2014). Galvanic replacement-free deposition of Au on Ag for core-shell nanocubes with enhanced chemical stability and SERS activity. J. Am. Chem. Soc. 136, 8153–8156. doi:10.1021/ja502472x
 Zhang, R., Zhang, Y., Dong, Z. C., Jiang, S., Zhang, C., Chen, L. G., et al. (2013). Chemical mapping of a single molecule by plasmon-enhanced Raman scattering. Nature 498, 82–86. doi:10.1038/nature12151
 Zhang, J., Jia, S., Kholmanov, I., Dong, L., Er, D. Q., Chen, W. B., et al. (2017). Janus monolayer transition-metal dichalcogenides. Acs Nano 11, 8192–8198. doi:10.1021/acsnano.7b03186
 Zhang, K. L., Feng, Y. L., Wang, F., Yang, Z. C., and Wang, J. (2017). Two dimensional hexagonal boron nitride (2D-hBN): Synthesis, properties and applications. J. Mater. Chem. C 5, 11992–12022. doi:10.1039/c7tc04300g
 Zhang, Y. Q., Shen, J. F., Xie, Z. W., Dou, X. J., Min, C. J., Lei, T., et al. (2017). Dynamic plasmonic nano-traps for single molecule surface-enhanced Raman scattering. Nanoscale 9, 10694–10700. doi:10.1039/c7nr02406a
 Zhao, W. W., Bi, K. D., Nan, H. Y., Zhang, C. W., Chen, W. Y., Chen, Y. F., et al. (2015). Raman enhancement caused by gold nanoparticles clustered between graphene and substrate. J. Nanosci. Nanotechnol. 15, 3173–3177. doi:10.1166/jnn.2015.9646
 Zhao, S. S., Wang, H. L., Niu, L. X., Xiong, W. Q., Chen, Y. X., Zeng, M. Q., et al. (2021). 2D GaN for highly reproducible surface enhanced Raman scattering. Small 17, 2103442. doi:10.1002/smll.202103442
 Zhou, Q., Yang, Y., Ni, J. E., Li, Z. C., and Zhang, Z. J. (2010). Rapid recognition of isomers of monochlorobiphenyls at trace levels by surface-enhanced Raman scattering using Ag nanorods as a substrate. Nano Res. 3, 423–428. doi:10.1007/s12274-010-0001-0
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Yang, Ao, Wang, Fu, Liu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_qu2.gif
b Cin €O (27TVincl)

,%“%‘mumm ~at] 4 cos[2 (v + vea)t])





OPS/images/math_qu3.gif
ine (Vine) 4 Eine (Vine) = £ (Vine ) Eine (Vine)






OPS/images/inline_1.gif
E.(vi.c £ vu,) = aE(vi,.)





OPS/images/math_qu1.gif
o = By * Qg





OPS/images/math_qu6.gif
' (e  vet) = f (4a)






OPS/images/math_qu4.gif
Ea (Ve £ Ven) = Ey (Vi £ Vi) + E, (Viee £ Vo)
af' (e £ ) Es (Vi £ e) = @ f (Vi £ ¥20) f (Vine) Esne (Vi)






OPS/images/math_qu5.gif
P f (Vine £ Vi) f (V)| T






OPS/xhtml/nav.xhtml
Contents

		Cover

		Recognition of dipole-induced electric field in 2D materials for surface-enhanced Raman scattering		1 Introduction

		2 The mechanisms of SERS of 2D materials		2.1 Electromagnetic field enhancement

		2.2 Chemical enhancement

		2.3 Dipole-induced Raman enhancement





		3 SERS by 2D materials		3.1 Graphene

		3.2 Hexagonal boron nitride

		3.3 Transition metal dichalcogenides





		4 Conclusion and outlook

		Data availability statement

		Author contributions

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-11-1183381-g001.gif
|

A

Molecule  Graphene






OPS/images/fchem-11-1183381-g002.gif
>

nenay a1






OPS/images/math_qu8.gif





OPS/images/math_qu7.gif
E;tv..)

EF s = | (i £ v)f () = o]










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





