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Abstract 12 

Surface-Enhanced Raman spectroscopy (SERS) is a powerful technique for trace-level 13 

fingerprinting. Recently, layered two-dimensional (2D) materials have gained significant interest 14 

as SERS substrates for providing stable, uniform, and reproducible Raman enhancement with the 15 

potential for trace-level detection. Yet, the development of effective 2D SERS substrates is still 16 

hindered by the lack of fundamental understanding of the coupling mechanism between target 17 

molecules and substrates. Here, we report a systematic excitation-dependent Raman spectroscopy 18 

investigation on the coupling between 2D materials such as SnS2, MoS2, WSe2, and graphene and 19 

small organic molecules like rhodamine 6G (Rh 6G). Strong coupling between SnS2 and Rh 6G is 20 

found due to their degenerate excitons through Raman excitation profiles (REP), leading to the 21 

enhancement of Rh 6G vibrational modes that are observable down to 10-13 M. Our study shows 22 

that exciton coupling in the substrate-adsorbate complex plays a vital role in the Raman 23 

enhancement effect, opening a new route for designing SERS substrates for high sensitivity. 24 
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Introduction 29 

The discovery of the graphene-enhanced Raman scattering (GERS) effect early in 2010 paved the 30 

way for the study of Raman enhancement on two-dimensional (2D) materials.1 Since then, the 31 

Raman enhancement effect has been observed on several other layered 2D materials, including 32 

boron nitride,2,3 black phosphorus,4 transition metal dichalcogenides (TMDs),5,6 metal-carbides 33 

(MXenes),7 among others.8,9 In contrast to traditional noble-metal SERS substrates, the enhanced 34 

Raman scattering effect on 2D materials is ascribed to increased molecular polarizability arising 35 

from electronic couplings between the adsorbate and the substrate (chemical enhancement 36 

mechanism – CM) rather than the plasmonic effect (electromagnetic enhancement mechanism – 37 

EM).10–12 The atomically flat and chemically inert surfaces and tunable electronic properties of 2D 38 

materials make them ideal platforms for investigating the effects of electronic couplings on the 39 

Raman enhancement, which ultimately offers insight into the enhancement mechanism between the 40 

organic molecules and inorganic semiconductors. Notably, in the leading theory of SERS on 41 

semiconductors described by Lombardi and Birke and their co-workers, strong Raman intensities 42 

are expected when the excitation energy coincides with either a charge-transfer transition (𝜇CT), 43 

molecular absorption (𝜇mol), or exciton resonance (𝜇exc).12 and additional enhancements may be 44 

possible by achieving multiple resonances with the same excitation source.13 While most 45 

enhancement observations on 2D materials have been ascribed to charge-transfer resonances, very 46 

few studies have focused on the effect of achieving dual resonances in the system. Some reports 47 

have hinted at the potential for improving Raman enhancement by aligning exciton resonances to 48 

charge transfer resonances,14,15 yet a systematic study into aligning exciton resonances to molecular 49 

resonances remain under-explored.16  Our research presents a systematic study into Raman 50 



enhancement by exciton hybridization by probing different 𝜇mol and 𝜇𝑒xc alignments, offering new 51 

insights in designing semiconductor-based SERS substrates for trace-level chemical sensing. 52 

In this work, we explore this co-resonance effect on Raman enhancement by selecting an 53 

appropriate system in which resonance with both molecule (𝜇mol) and 2D material (𝜇2D mat) are 54 

achieved with the same excitation energy. Recently, 2D SnS2 has garnered newfound interest in 55 

light-harvesting applications due to its high carrier mobility,17,18 ranging from photocatalysis,19 56 

photodetectors,20,21 to dye-sensitized solar cells.22,23 So far, the application of SnS2 as a SERS 57 

substrate is still under-explored,5,24–26 despite its chemical stability, non-toxicity, and earth 58 

abundance.27 Here, we showcase 2D SnS2 and rhodamine 6G (Rh 6G) as a model platform for 59 

investigating the effects of simultaneously achieving 𝜇mol and 𝜇2D mat resonances in the molecule-60 

substrate complex,12,13,28–30 Figure 1A, and its potential for trace-level sensing; structures are shown 61 

in Supplementary Figure 1. 2H-SnS2 is an n-type semiconductor with a bandgap around 2.2 - 2.4 62 

eV 31–35 (𝜇exc ~ 2.3 eV) and Rh 6G has an S0-S0 transition at 532 nm36 (𝜇mol ~ 2.3 eV). Moreover, 63 

Rh 6G has a large Raman cross-section,37 which allows Raman spectra to be acquired even under 64 

off-resonance condition. A comprehensive investigation using excitation-wavelength dependent 65 

Raman measurements reveal exciton hybridization between SnS2 and Rh 6G, leading to a limit of 66 

detection (LOD) of 10-13 M. This phenomenon is further supported by tuning the 𝜇mol and 𝜇𝑒xc 67 

alignments and measuring excitation-wavelength dependent Raman spectra for Rh 6G adsorbed on 68 

MoS2, WSe2, and graphene, as well as for Rhodamine B (Rh B) and Rhodamine 123 (Rh 123) 69 

adsorbed on SnS2. 70 

 71 

Results 72 

Characterization of Rh 6G Raman enhancement on SnS2 73 

The SERS spectrum of Rh 6G (10-5 M) adsorbed on mechanically exfoliated few-layer SnS2 crystal 74 

is shown in Figure 1B. In addition to the SnS2 A1g mode at 313 cm-1 and the Si peaks at 520.7 and 75 



~950 cm-1, 15 characteristic Rh 6G peaks are observed. Their frequency and vibrational 76 

assignments are summarized in Supplementary Table 1. Resonance Raman (RR) spectra, especially 77 

when obtained by irradiating into a strong absorption band like the S0,0-S1,0 transition in Rh 6G, is 78 

largely influenced by Franck-Condon overlap integrals.38,39 These integrals contribute to the 79 

intensity of a given normal only when there's a difference in the potential energy surfaces between 80 

the ground and excited electronic states. This difference in potential surfaces is evident if the bond 81 

distances between the two states involved in the transition are not the same, such as in carbon-bond 82 

stretching modes.36,40 In aromatic molecules like Rh 6G, this difference in bond distance is typically 83 

observed for C-C bonds.41 Consequently, it's anticipated that stretching modes associated with the 84 

carbon skeleton will result in the most intense RR bands, and is in agreement with previous 85 

experimental reports.36,42–44 86 

Moreover, under resonant conditions, it's interesting to note that the C-C bending modes, 87 

i.e., 613 cm-1, greatly intensify when compared to off-resonance conditions. This is intriguing 88 

because, typically, vibrations of this nature don't undergo marked changes upon electronic shifts. 89 

This implies that the intensification of the 613 cm-1 mode arises from another source, namely 90 

Herzberg-Teller vibronic coupling, a mechanism well-documented in resonance Raman 91 

spectroscopy.45 In our research, the C-C in-plane bending mode at 613 cm-1 is the most pronounced 92 

feature when Rh 6G is deposited on SnS2 under resonance, displaying an intensity about 3 times 93 

stronger than that of the 1361 cm-1 mode. This mode-selective enhancement emphasizes the 94 

contribution of vibronic coupling to the SERS spectrum, which is central to the CM theory. 95 

Furthermore, we believe the unusually strong 613 cm-1 mode serves as indication of the efficient 96 

vibronic coupling in the Rh 6G/SnS2 system, given the vibronic coupling dependence of this 97 

mode.36  98 

 We further investigated the SERS sensitivity of SnS2 by immersion in dilute solutions of Rh 99 

6G with the concentration ranging from 10-14 to 10-4 M as shown in Figure 1C and Supplementary 100 



Figure 2. At higher concentrations, two characteristic Rh 6G Raman peaks at 613 and 774 cm-1 are 101 

observed. Their intensities gradually decrease until only the 613 cm-1 mode is present at 10-13 M, 102 

which is the LOD we achieved. Supplementary Table 2 presents the LOD for Rhodamine 6G (Rh 103 

6G) adsorbed onto various 2D SERS systems. These systems include semiconducting, metallic, and 104 

doped 2D materials. Currently, SnS2 stands out as the most sensitive pristine 2D semiconductor 105 

SERS substrate for Rh 6G detection. However, we do note metallic 2D substrates (e.g. TaS2, NbSe2 106 

and 1T’ WSe2) tend to exhibit superior LOD, suggesting they may rely on a distinct enhancement 107 

mechanism. Nevertheless, the LOD for Rh 6G on SnS2 is very promising, on par with the most 108 

sensitive reports so far,44,46,47 and even rivals plasmon-based SERS substrates.48,49  109 

It has been widely reported in the field of Raman enhancement effect on 2D crystals that 110 

few-layered samples offer the highest enhancement factors when compared to their bulk 111 

counterpart,5,11,16 due to increased light absorption by the underlying substrate. This phenomenon is 112 

also observed in our study: Supplementary Figure 3 shows the spectra for Rh 6G adsorbed on 113 

different number of layers which are confirmed by atomic force microscopy (AFM) 114 

(Supplementary Figure 4). For instance, the 613 cm-1 mode intensity is about 10 times stronger for 115 

a 3L sample than that for an 18L sample. This behavior highlights the thickness-dependent Raman 116 

enhancement effect on SnS2 is likely due to optical absorption by the substrate and the layer-117 

dependent electronic band structure.50 Supplementary Figure 5 plots the 613 cm-1 peak intensity as 118 

a function of concentration for Rh 6G adsorbed on 3, 11, and 18L SnS2 samples. At the lower 119 

concentration regime, the Rh 6G Raman intensity is notably low. As the concentration increases, 120 

there is a pronounced amplification in the Raman intensity, resulting from more Rh 6G interacting 121 

with the SnS2 substrate.  At the even higher concentrations, the Raman intensity reaches a plateau, 122 

which is particularly obvious for the 18 L sample. This plateau suggests a saturation point where 123 

increasing the sample concentration further doesn't result in a proportional increase in Raman 124 

intensity, which is attributed to the “first-layer effect”.51  Nevertheless, the LOD for Rh 6G on 3L 125 



and 18L SnS2 is the same and shows that trace-level detection is consistent even for multilayered 126 

samples. 127 

To better understand the Raman enhancement mechanism of Rh 6G on SnS2 we measured 128 

absorption spectra of liquid exfoliated SnS2 mixed with Rh 6G to probe whether their coupling 129 

gives rise to new optical transitions. Figure 1D shows the absorption spectra of Rh 6G when 130 

dissolved in two distinct solutions with various concentrations from 30 to 377 nM: one comprising 131 

solely of isopropyl alcohol (IPA) and another made of SnS2 dispersed in IPA. In the case of Rh 6G 132 

dissolved in pure IPA (bottom spectra), the absorption baseline starts at zero. These spectra display 133 

two distinct peaks corresponding to the S0,0-S1,0 transition at 532 nm (2.33 eV) with a vibronic 134 

shoulder, S0,0-S1,1, at 508 nm (2.44 eV). These transitions are characteristic of Rh 6G and provide 135 

a clear benchmark for its identification and characterization.  136 

Turning our attention to the absorption spectra of SnS2 (top spectra), there's a noticeable 137 

broad background. Interestingly, this background initiates at an absorption baseline that's elevated 138 

by about 0.1 units in comparison to the IPA solution. This difference in baseline is an important 139 

consideration and is indicative of SnS2's inherent optical properties. In the mixture of Rh 6G and 140 

SnS2, the absorption baseline decreases from 0.1 unit with increasing Rh 6G concentration. 141 

Additionally, the two peaks at 2.33 eV and 2.44 eV are evidence of the presence of Rh 6G in the 142 

mixed solution. An intriguing feature is the presence of isosbestic points at 511 nm and 547 nm in 143 

the Rh 6G/SnS2 mixtures. Isosbestic points, often observed in absorption spectroscopy, mark a 144 

consistent molar absorptivity between two species at specific wavelengths, despite changes in 145 

concentrations.52 In this context, the isosbestic points may serve as evidence for the interaction 146 

between Rh6G and SnS2. 53 We also performed the micro-absorption spectra of dried SnS2 flakes 147 

before and after Rh 6G deposition (Supplementary Figure 6), from where we obtain the difference 148 

spectra by subtracting the Rh 6G/SnS2 absorption spectrum from pristine SnS2, which appear 149 

featureless.  150 



 151 

Raman excitation profiles of Rh 6G/SnS2 and the exciton hybridization mechanism 152 

While conventional absorption spectroscopy did not yield valuable information about the potential 153 

coupling between SnS2 and Rh 6G, we further performed excitation-dependent Raman 154 

spectroscopy measurements, from which Raman excitation profiles (REPs) are obtained. REPs 155 

were reported particularly useful in probing the coupling in semiconductor-based SERS substrates 156 

because the excitation energies at which resonances occur can be traced to electronic transitions in 157 

the complex.10,37,54 Here, we obtain and compare the REPs of Rh 6G on several different 2D crystals, 158 

including MoS2, WSe2, and graphene, as well as for Rh B and Rh 123 adsorbed on SnS2. In this 159 

work, all REPs were collected with 11 laser lines ranging from 648 to 458 nm (1.91 to 2.70 eV). 160 

Figure 2A shows the typical Raman spectra of Rh 6G (10-5 M) adsorbed on SnS2 under 11 laser 161 

excitations. It is clear that the Raman peaks of Rh 6G are strongest when excited under 2.3 - 2.6 eV 162 

lasers and quickly decrease outside this window. Additionally, the relative peak intensities vary in 163 

this resonance window. For example, at 2.33 eV, the 613 cm-1 mode is significantly stronger than 164 

the xanthene ring modes in the range of 1350 - 1650 cm-1. However, at 2.54 eV, the 613 cm-1 mode 165 

is much weaker. We also note that because of the strong Rh 6G emission, the spectra acquired with 166 

2.33 eV excitation are noisier. 167 

We further plot the REPs for different Rh 6G modes in Figure 2B. The REP intensities are 168 

calibrated to a quartz reference and normalized for easier visualization. It is clearly seen that all Rh 169 

6G modes display a resonance peak at ~2.35 eV (R1) in the REPs, matching well with the S0,0-S1,0 170 

absorption of Rh 6G at 2.33 eV.37,54 We note the resonance maximum for the bending modes (613, 171 

774 cm-1) occur at 2.33 eV, whereas for the xanthene ring modes (those above 1350 cm-1), the 172 

maxima occur at 2.38 eV. This slight difference in resonance underscores the vibronic character of 173 

the bending modes,37,43,55 as well as a possible contribution from conformational distortion of the 174 

xanthene core upon Rh 6G chemisorption36 on SnS2. Moreover, an additional resonance peak at 175 



2.54 eV (R2) is also observed for all modes and is strongest for the xanthene ring. We note the 176 

relative intensity between R2 and R1 varies depending on the vibrational modes. For example, R2 is 177 

as intense as R1 for the 1361 cm-1 mode, whereas R2 is weaker than R1 for the 1504 cm-1 mode. 178 

While it is clear that R1 matches well with the 𝜇Rh 6G, the origin of R2 at 2.54 eV requires further 179 

analysis.  180 

We verify R2 is a feature of the Rh 6G/SnS2 complex and not the underlying SnS2 substrate 181 

by comparing the REP for the SnS2 A1g mode before and after deposition of Rh 6G, as shown in 182 

Figure 2C. For intrinsic SnS2 sample without Rh 6G deposited, the REP displays a single maximum 183 

at 2.38 eV, suggesting a transition at this energy, matching well with the S0,0-S1,0 transition in Rh 184 

6G at 2.33 eV. However, the A1g REP shows increased Raman activity at ~2.54 eV after Rh 6G 185 

deposition, which is at the same energy as R2, suggesting a synergistic effect between Rh 6G and 186 

SnS2. Recently, Muccianti et al. proposed an exciton hybridization concept for the Raman 187 

enhancement of 3,4,9,10-tetracarboxylic dianhydride (PTCDA) when adsorbed on WSe2.16 The 188 

authors argued that hybridization of degenerate excitons in PTCDA and WSe2 led to the formation 189 

of new exciton states with different resonant energies. We believe a similar concept applies to the 190 

coupling between Rh 6G and SnS2: degenerate excitons from the molecule (𝜇Rh 6G ) and the 191 

substrate (𝜇SnS2
) couple and hybridize, giving rise to excitons with new resonant energies, as shown 192 

in Figure 2D. The R2 (2.54 eV) resonance peak likely stems from the hybridization of the degenerate 193 

Rh 6G S0,0-S1,0 transition and the SnS2 exciton transition (green arrow in Figure 2D), while the R1 194 

resonance peak stems from the Rh 6G S0,0-S1,0 transition (blue arrow in Figure 2D).  In the 195 

following, we further discuss other possible origins for R2 including light scattering resonance, 196 

charge-transfer resonance, and electronic hybridizations. 197 

 198 

Investigation of the resonance peaks  199 



First, we consider the possible contribution of light scattering resonance to R2. The standard 200 

formalism for Raman scattering intensity is described by three processes: 1) absorption of an 201 

incident photon that excites an electron, 2) interaction between the excited electron with a 202 

vibrational mode (or phonons in crystals), and 3) relaxation of the excited electron to the ground 203 

state, accompanied by the emission of a Raman photon as scattered light. For the Stokes Raman 204 

scattering process, the intensity of normal Raman scattering can be written as:10,56 205 

𝐼(𝐸𝐿) = 𝐾 |
⟨𝑓|𝐻𝑒−𝑟|𝑏⟩⟨𝑏|𝐻𝑒−𝑣𝑖𝑏|𝑎⟩⟨𝑎|𝐻𝑒−𝑟|𝑖⟩

(𝐸𝐿 – 𝐸𝑔 – 𝑖Γ𝑎)(𝐸𝐿– 𝐸𝑔 – 𝐸𝑣𝑖𝑏 – 𝑖Γ𝑏)
|

2

  (1) 206 

where |𝑖⟩, |𝑎⟩, |𝑏⟩, |𝑓⟩ are the initial, two intermediate, and final states, respectively; 𝐻e−r  and 207 

𝐻e−vib  are the matrix elements for the Hamiltonian of light radiation and electron-vibration 208 

coupling, respectively; 𝐸L is the energy of incident light, 𝐸g is the energy of the electron transition, 209 

𝐸vib is the energy of the vibrational mode; 𝛤𝑎 and 𝛤𝑏 are damping parameters associated with the 210 

lifetime of the two intermediate states, |𝑎⟩ and |𝑏⟩, respectively. From the denominator in Eq. 1, 211 

there are two instances where maximum Raman intensity can be achieved. The first occurs when 212 

𝐸L = 𝐸g, which corresponds to the incident light resonance, where the energy provided by the 213 

incident light excites an electron from the ground to an excited state. The second case, 𝐸L = 𝐸g +214 

𝐸vib, occurs when the energy of the incident light matches that of the scattered light. We consider 215 

the possibility of R2 stemming from scattered light resonance, as observed previously in REPs of 216 

copper phthalocyanine molecules on graphene.10 The scattered light resonance for 𝜈613 = 0.08 eV 217 

(𝜇Rh 6G = 2.33 eV) occurs at 2.41 eV. Likewise, for  𝜈1361 = 0.17 eV scattered light resonance is 218 

expected at 2.50 eV, and for 𝜈1650 = 0.20 eV, it is expected at 2.53 eV. Evidently, scattered light 219 

resonance is mode-dependent, and the resonance peak position shifts accordingly. However, such 220 

mode-dependent effect is not observed in our Rh 6G/SnS2 system, as all Rh 6G REPs show R2 at 221 

2.54 eV position, suggesting scattered light resonance is not the origin for R2.  222 



Second, in the theory of enhanced Raman scattering on semiconductors,12 charge-transfer 223 

(CT) resonances occur between substrate and adsorbate through intensity borrowing from 224 

vibronically coupled states. The band alignment diagram in Figure 1A shows Rh 6G has the lowest 225 

unoccupied molecular orbital (LUMO) at -3.4 eV and the highest occupied molecular orbital 226 

(HOMO) at -5.7 eV, while the conduction band minimum (CBM) and valence band maximum 227 

(VBM) of SnS2 are at around -5.0 and -7.3 eV, respectively.50,57,58 In addition to molecular and 228 

exciton resonances, charge-transfer resonances are expected to occur from the SnS2 VB to the Rh 229 

6G LUMO at 3.8 eV and from the Rh 6G HOMO to the SnS2 CB at 0.7 eV – which indicates a 230 

much lower excitation energy could be used to achieve direct charge-transfer resonance. 231 

Nevertheless, because these energies are far outside our excitation window, we do not believe R2 232 

originates from photo-induced CT.  233 

Third, we consider an electronic hybridization concept proposed by Morton and Jensen,59 in 234 

which hybridization occurs between the molecule and substrate electronic states. To this end, we 235 

further measure the Rh 6G REPs on 2D MoS2
 and WSe2 where Raman enhancement has been 236 

reported2,5,60–64 and that have electronic states close to either HOMO or LUMO of Rh 6G. For 237 

example, the MoS2 VBM lies near the Rh 6G HOMO at -5.8 eV, while the WSe2 VBM lies near 238 

the Rh 6G LUMO at -3.6 eV.65,66 Figure 3A shows the Rh 6G/MoS2 REPs overlaid on the Rh 6G 239 

absorption spectrum and scaled for better comparison, where the maximum occurs at 2.38 eV, 240 

matching well with the S0,0-S1,0 transition energy. Notably absent, however, is a resonance peak at 241 

2.54 eV. Similarly, for Rh 6G/WSe2 shown in Figure 3B, the REPs also display a maximum at 2.33 242 

eV, corresponding to the S0,0-S1,0 transition, and no secondary peak is observed. These results 243 

suggest that electronic hybridization is not responsible for R2, although it may contribute to the 244 

Raman enhancement for the S0,0-S1,0 transition (around 2.35 eV excitation), as observed in the 245 

literature.59 246 



Moreover, we also measured the Rh 6G REPs on graphene, a semi-metal that does not 247 

possess a bandgap,67 and exciton hybridization is not expected. However, graphene has been 248 

demonstrated to enhance the Rh 6G signals by efficient charge transfers that prevent the 249 

recombination of electrons and holes in Rh 6G and lead to the suppression of the fluorescence,68,69 250 

which allows us to obtain the REPs for Rh 6G. The Rh 6G/graphene REPs shown in Figure 3C 251 

display a main peak at 2.38 eV, which is similar to that in other REPs discussed above. In addition, 252 

a shoulder peak is also observed at 2.47 eV, which matches well with the energy of the S0,0-S1,1 253 

transition (i.e., 2.44 eV) measured from the shoulder peak in the absorption spectra (Figure 1D). Of 254 

particular note, the energy of this shoulder peak (i.e., 2.47 eV) in the Rh 6G/graphene REPs is 255 

different from the energy of the R2 peak (i.e., 2.54 eV) in Rh 6G/SnS2 system. Notably, the R2 peak 256 

blueshifts by about 0.1 eV, and we attribute it to exciton hybridization between the Rh 6G S0,0-S1,0 257 

transition and the exciton in SnS2. Spectra for Rh 6G on MoS2, WSe2, and graphene under various 258 

excitations are shown in Supplementary Figure 7. 259 

 260 

Modulation of molecular exciton degeneracy with SnS2 exciton 261 

The exciton hybridization in Rh 6G/SnS2 system is further confirmed by measuring REPs on SnS2 262 

for molecules with different HOMO-LUMO gaps, i.e., 𝜇mol ≠ 𝜇SnS2
. Particularly, Rh B and Rh 263 

123 share the same xanthene core structure as Rh 6G but have different 𝜇mol ,  which allows 264 

adjustment of the degeneracy with 𝜇SnS2
 in the rhodamine/SnS2 complex. The typical Raman 265 

spectra for the two rhodamines deposited on SnS2 are shown in Supplementary Figure 8, where 266 

discernible xanthene ring bands are observed between 1190 and 1650 cm-1 for all, due to the same 267 

xanthene core structure. The slight differences in the lower frequency portion of the spectra are due 268 

to the vibrational modes related to different functional groups. The vibrational assignments are 269 

given in Supplementary Table 1.  270 



The absorption spectrum for Rh B in Figure 4A shows the characteristic S0,0-S1,0 (𝜇Rh B) 271 

and S0,0-S1,1 transitions at 2.24 and 2.34 eV, respectively. Because 𝜇RhB < 𝜇SnS2
, hybridization in 272 

Rh B/SnS2 is not expected. In fact, the REP of the 1360 cm-1 mode of Rh B closely follows the 273 

absorption spectrum, and no feature at the R2 energy is present, nor is a shift in the S0,0-S1,1 observed. 274 

Similarly, for Rh 123, the absorption spectrum in Figure 4B shows the S0,0-S1,0 (𝜇Rh 123) and S0,0-275 

S1,1 occur at 2.41 and 2.54 eV, respectively. Hybridization is again not expected since 𝜇Rh123 >276 

𝜇SnS2
. Consequently, the REP for the 1368 cm-1 mode of Rh 123 shows a maximum at 2.41 eV and 277 

a small feature at ~2.5 eV, matching very well with the S0,0-S1,0 and S0,0-S1,1 transitions of Rh 123, 278 

respectively. Similar trends are observed for other xanthene ring modes (e.g., 1510 and 1647 cm-1 279 

modes, Supplementary Figure 9) in both Rh B and Rh 123. Importantly, in both rhodamine cases, 280 

there are no apparent shifts when comparing the peaks in the REPs and their absorption spectra, 281 

which is different from the case of Rh 6G. The diagram in Figure 4C summarizes the exciton 282 

degeneracy for Rh B/SnS2 and Rh 123/SnS2, illustrating that the exciton hybridization does not 283 

occur. Therefore, for all three rhodamine analogs, only in the Rh 6G/SnS2 case, where the 𝜇Rh6G ≅284 

𝜇SnS2
 and hybridization is possible, a new resonance peak appears in the REP. The results clearly 285 

show that exciton hybridization occurs and plays an important role in Raman enhancement.  286 

 287 

Discussion  288 

In summary, we perform a comprehensive investigation on the Raman enhancement effect of 289 

rhodamine molecules on 2D materials using excitation-dependent Raman spectroscopy 290 

measurements. The result suggests that degenerate excitons in Rh 6G and SnS2 lead to strong 291 

coupling between them, causing an exciton hybridization. Particularly, compared to other systems 292 

without proper exciton alignment and no exciton hybridization is expected (e.g., Rh 6G/MoS2, Rh 293 

6G/WSe2, and Rh 6G/graphene), the hybridization in Rh 6G/SnS2 system leads to the observation 294 

of a new resonance peak at 2.54 eV (R2) in the REPs. The exciton hybridization concept is further 295 



verified by measuring Rh B and Rh 123 REPs on SnS2, which have 𝜇mol different from 𝜇SnS2
, 296 

and hybridization is not observed. This control experiment underscores the significance of precise 297 

exciton alignment. While exciton resonance with SnS2 can be achieved under 2.33 eV excitation, 298 

the excitons from Rh B and Rh 123 fail to hybridize with SnS2 due to misaligned energies. In 299 

instances where both molecular and exciton resonances are congruent – as in the Rh 6G/SnS2 300 

case, hybridization occurs, and is evidenced by the emergence of a new resonance peak in the 301 

REP. Lastly, we interpret the unusually intense C-C-C ring in-plane bending mode (613 cm-1, 302 

Figure 1B) under 2.33 eV as a consequence of the strong coupling – enabled by the exciton 303 

hybridization – which allows an excellent LOD of 10-13 M to be achieved. This LOD is 304 

comparable to plasmon-enhanced Raman spectroscopy and highlights the importance of efficient 305 

coupling between substrate and adsorbate. Although lower LOD was reported on a couple of 306 

other pristine 2D materials (e.g. TaS2, NbSe2 and 1T’ WSe2),44,46,47 we envision improved LOD to 307 

a similar level could be realized by leveraging our understanding on exciton resonance in Raman 308 

enhancement effect.  For example, by tailoring the crystal structure of SnS2 through defect, strain 309 

and heterostructure engineering, one can change the band alignment with Rh 6G and then the 310 

exciton coupling strength, leading to even higher detection sensitivity. The present work provides 311 

important guidance to the rational design of future SERS substrates for trace-level detection based 312 

on exciton hybridization.  313 

 314 

Methods 315 

Preparation of 2D Materials  316 

The bulk crystals of SnS2, MoS2, WSe2, and graphene were purchased from HQ Graphene. The 2D 317 

materials were prepared via mechanical exfoliation and transferred onto cleaned 300 nm SiO2/Si 318 

substrates.  319 

 320 



Atomic Force Microscopy 321 

The number of layers of SnS2 was determined by atomic force microscopy (Bruker Dimension 322 

3000) using the tapping mode. 323 

 324 

Deposition of Probe Molecules 325 

Rhodamine 6G (Sigma-Aldrich), Rhodamine B (Sigma-Aldrich), and Rhodamine 123 (Sigma-326 

Aldrich) were dissolved in isopropyl alcohol (IPA) to make 10-4 M stock solutions (10 mL). 327 

Exfoliated 2D crystals were then submerged in the solution for 2 h and washed several times with 328 

IPA to remove excess molecules. For concentration-dependent studies, Rh 6G solutions, ranging 329 

from 10-4 to 10-14 M, were prepared by serial dilutions from the stock. After soaking for 2 h in the 330 

lowest concentration and washing, Raman spectra were acquired, and the sample was dipped in the 331 

next higher concentration and so on until the maximum concentration. 332 

 333 

Optical Measurements 334 

Raman scattering measurements were carried out on a micro-Raman spectrometer (Horiba-JY 335 

T64000) in the triple-grating mode equipped with an 1800 g mm–1 grating. Signals were collected 336 

through a 100X objective, and the power was kept <1 mW at the sample with an acquisition time 337 

of 60 s. Excitation-dependent Raman scattering measurements were performed with a series of laser 338 

lines from a Kr+/Ar+ ion laser (Coherent Innova 70C Spectrum), ranging from 458 to 647 nm. 339 

Micro-absorption measurements were performed in a custom-built setup, where reflectance and 340 

transmittance spectra were collected. Optical absorption of 10-5 M Rh 6G, Rh B, and Rh 123 341 

solutions were carried out on a UV-vis spectrophotometer (Agilent CARY 5000). The x-ray 342 

photoelectron spectroscopy measurements were carried out on an integrated X-Ray system 343 

(Thermo Scientific, Nexsa G2). 344 

 345 



Data Availability  346 

All data needed to evaluate the conclusions in the paper are present in the paper and the 347 

Supplementary Materials. The dataset analyzed in the current work is also available from the 348 

corresponding author upon reasonable request. 349 
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 512 

Figures 513 

 514 

Figure 1 – Characterization of Rh 6G Raman Enhancement on SnS2. (a) Energy band 515 

alignment for Rh 6G and SnS2. (b) Raman spectrum of Rh 6G on SnS2 excited with 2.33 eV; peaks 516 

with an asterisk are from the Si substrate. Inset shows schematics for Rh 6G/SnS2 and their coupling 517 

through exciton alignment. (c) Concentration-dependent Raman spectra of Rh 6G on a 3L SnS2 518 

sample, with 2.33 eV excitation. Spectra shown were baseline corrected for photoluminescence 519 

background. (d) Comparison of absorption spectra for Rh 6G with various concentrations dissolved 520 

in IPA (bottom spectra), and dissolved in SnS2 solution (top spectra).  521 



 522 

Figure 2 – Raman Excitation Profiles for Rh 6G/SnS2. (a) Rh 6G/SnS2 Raman spectra under 523 

different excitation energies, from 1.91 to 2.70 eV. Peaks marked with an asterisk are from the Si 524 

substrate; the A1g peak is from the SnS2. (b) Raman excitation profiles for selected Rh 6G 525 

vibrational modes. Blue shaded area marks the R1 resonance peak at 2.35 eV, and in green the R2 526 

resonance peak at 2.54 eV. Inset shows the zoomed in R2 region for the 613 and 774 cm-1 bands. 527 

(c) REPs of the A1g mode of SnS2 before and after Rh 6G deposition. (d) Proposed exciton 528 

hybridization between Rh 6G and SnS2, depicting the new resonant energies. Error bars in (b) and 529 

(c) represent the standard deviation from measuring multiple samples.  530 



 531 

Figure 3 – REPs for Rh 6G Deposited on Different 2D Materials. REPs for selected vibrational 532 

modes of Rh 6G deposited on MoS2 (a), WSe2 (b), and graphene (c). The absorption spectrum of 533 

Rh 6G is shown in each plot for comparison. The red dash rectangular labeled regions correspond 534 

to the R2 region. Error bars represent the standard deviation from measuring multiple samples.  535 



 536 

 537 

Figure 4 – Modulating Exciton Degeneracy in Rhodamine/SnS2. (a) The REP of 1360 cm-1 538 

mode from Rh B/SnS2. Note no feature at 2.5 eV is observed. (b) The REP of the 1368 cm-1 mode 539 

from Rh 123/SnS2. The absorption spectra of Rh B and Rh 123 are shown in (a) and (b), 540 

respectively, for comparison. The red dash rectangular labeled regions in (a) and (b) correspond to 541 

the R2 region. Error bars represent the standard deviation from measuring multiple samples. (c) 542 

Illustration showing exciton hybridization between SnS2 and Rh B or Rh 123 does not occur due to 543 

exciton energy misalignment.  544 
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