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Abstract 

 

  Surface-enhanced Raman scattering (SERS) of R6G molecule near Ti3C2Tx MXene flakes 

is analyzed theoretically. The flakes are modeled as nanoparticles of different shape and size. In 

order to determine the enhancement factor (EF) of SERS the dye molecule is modeled as a small 

sphere with polarizability spectrum based on experimental data. In the wavelength range 500nm −

1000nm the main contribution to SERS  in the case of MXene substrate comes from polarization 
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induced by two mechanisms - interband transitions (IBT), longitudinal quadrupole and transversal 

quadrupole surface plasmon (LQSP and TQSP) resonances. We show that both polarization 

mechanisms present low sensitivity to the shape and size of MXene flakes, which makes it 

advantageous to use these 2D materials for manufacturing of SERS substrates. The 

electromagnetic SERS enhancement is determined by the “lightning rod” and “hot-spot” effects 

due to partial overlapping of absorption spectrum of the R6G molecule with these MXene  

resonances. Good agreement between the calculated values of the EF and experimental data of 

Ti3C2Tx substrate is reached.  

 

Keywords: MXene, SERS, surface plasmons, enhancement factor, absorption cross-section. 

 

Introduction 

 

Around a decade ago, a new family of 2D materials has been discovered - carbides and 

nitrides of transition metals, called MXenes [1-2]. They are generically identified by Mn+1XnTx, 

where M stands for transition metal, X is either carbon or nitrogen, 𝑛 = 1,2,3 and Tx stands for 

termination species. The investigation of optical properties of MXenes has been carried out by 

electron energy loss spectroscopy (EELS) and optical measurements in the visible, UV, and IR 

ranges [3-6]. The analysis of experimental data allowed identifying bulk plasmons, surface 

plasmons (SPs) as well as IBT in these 2D metal carbides and nitrides [7]. Due to their unique 

optoelectronic properties as well as metal-like electronic conductivity, MXenes became the subject 

of intensive research [8]. The reason for this interest lies in the possible applications of MXenes 

as supercapacitors [9, 10], in optical sensing and light detection [11], in communication and 
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biology [12], in femtosecond mode-locked lasers [13], nanomaterial-based saturable absorbers 

for photonic devices [14], broadband optical filters [15], etc. These new 2D materials are also 

interesting for plasmonics at NIR wavelengths [5,16]. In [17], the optical properties of the most 

studied Ti3C2Tx MXene nanosheets were theoretically analyzed and the absorption cross-sections 

(ACS) were calculated. Particularly, it was shown that in the visible-NIR spectral range, along with 

the IBT and the transversal dipole surface plasmons (TDSP) already identified [5], there is a new 

resonance in the absorption spectra of Ti3C2Tx, caused by LQSP. The results of calculations were 

compared with known experimental data of EELS and optical absorption in visible range [3-

5,15,18], and good agreement was found.    

The exploitation of optical properties of MXenes is not limited to the possibility of creating 

new photonics devices. Another possible and important application is in SERS. MXenes are 

attractive candidates as SERS substrates because of their metallic conductivity and abundant 

surface terminations. The first experimental result for the EF of SERS from rhodamine 6G (R6G) 

on Ti3C2Tx deposited on glass and in aqueous solution was reported in [18]. In this study of 2017, 

using the dielectric function of Ti3C2Tx measured in [5], it was confirmed theoretically that SERS 

for incident light wavelengths between 𝜆 = 500nm to 800𝑛𝑚 is caused by IBT. The experimental 

data of EF, achieved values of the order of 105 − 106. In [19], the SERS activity of the few layers 

of Ti2NTx was detected by fabricating a paper-based MXene substrate. Although the absorption 

spectrum of the MXene did not contain dipole surface plasmon peaks, an EF of 1012 was reported 

for R6G molecules. SERS of rhodamine B molecules on a freestanding Ti3C2Tx membrane was 

investigated in [20] and a homogeneity of the MXene substrate was demonstrated. More recently, 

measurements revealed the possibility of exploiting Ti3C2Tx / AuNRs hybrids as a SERS platform 

for the thiram molecule detection [21]. It was shown in [22], that Raman spectra of Ti3C2Tx affected 
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by intercalated species and stacking and differences in Raman spectra collected from single flakes 

of Ti3C2Tx, colloidal solutions, and multilayer films were reported. In [23], highly crystalline 

monolayers of Ti3C2 were synthesized by chemical exfoliation and microwave heating method. 

The corresponding EF of SERS signal of R6G was 3.8 × 108. It was explained by the authors as a 

result of dual effects: strong localized SPs and remarkable interfacial-charge-transfer. In [24], 

SERS from salicylic acid adsorbed on Ti3C2Tx film was observed. In [25] was shown, that Nb2C 

and Ta2C MXenes exhibit a SERS EF values of order of 3 × 106 and 1.4 × 106, under excitation 

wavelength of 532nm. Recently in [26], different MXenes - Mo2C, Ti2C, V2C, Mo2TiC2, and Ti3CN 

were synthesized as pristine substrates for SERS applications and in all MXenes a concentration 

of 10−7 of R6G could be detected. In [27], other MXene – a TiVC film was used as SERS substrate. 

In this case a large EF was dominated by the chemical mechanism. In the Supporting Information 

(SI-Table 1) the available experimental data of EFs for different MXenes and the corresponding 

excitation wavelengths are presented. 

 We mention that sensitive detection of SERS under low molecular concentration is still far 

from satisfaction [28]. Regardless the large number of articles on experimental SERS 

measurments based on MXene substrates, to our knowledge the dominant mechanisms leading 

to the electromagnetic enhancement of  the Raman signal are not revealed theoretically yet. 

It is well known, that several electromagnetic mechanisms cause Raman scattering 

enhancement due to metallic nanoparticles (NP) either on the substrate, or in solution:  a) the 

resonant excitation of SP [29], b) the image dipole enhancement effect [30], c) the increase of 

local field due to the strong curvature of the NP surface ("lightning rod" effect) [31], d) the "hot 

spot" effect [32, 33], etc. As the experiments and the corresponding calculations show, in the vis-

NIR wavelength spectral range, commonly used in the SERS excitation and detection there are 
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no dipole SP resonances in the MXene spectra [3-5,15,18]. For example, in Ti3C2Tx, the real part 

of the dielectric function 𝜖(𝜔) becomes negative only for wavelengths 𝜆 ≥ 1130nm indicated in the 

onset of TDSPs [5]. By other side,  EELS measurements based on Ti3C2Tx with different functional 

groups [3] and optical absorption measurements [18] exhibit maxima in the wavelength range 𝜆 =

500 − 1000nm which are responsible for SERS enhancement. 

In this article, we discuss theoretically the SERS process of R6G molecules near Ti3C2Tx 

MXene substrates, using experimental data of the dielectric function. The simulations were 

performed using COMSOL Multiphysics software. The MXene NPs were modeled using different 

shapes and longitudinal sizes. In the spectral range of 𝜆 = 500 − 1000nm, it allowed us to identify 

contributions of IBT and quadrupole SP resonances, which could be responsible for SERS effect. 

Taken in account that synthesized Ti3C2Tx MXene samples investigated in experiments as SERS 

substrates have lateral dimensions in the micrometer range, we studied NPs of linear sizes up to 

2𝜇m. For the optimization of EF, we also consider the contribution of the wavelength dependent 

absorption of the R6G dye molecule to the SERS effect. The absorption spectrum of R6G was 

measured in [34-36]. 

 

Results and discussion 

1. Isolated Ti3C2Tx flake as SERS substrate  

The calculation of the SERS EF for a probe dye molecule near MXene NPs of a various 

shapes and sizes, under illumination of a time-harmonic electromagnetic field, is based on the 

local field found by a numerical simulation. The theoretical EF, 𝐺, is defined according to the 

following expression:  

𝐺 =
|�⃗� total(𝑟 0,𝜔)|

4

|�⃗� 0(𝑟 0,𝜔)|
4   (1) 
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�⃗� total(𝑟 0, 𝜔) is a total electric field at the position of the probe molecule 𝑟 0, 𝜔 is the frequency and 

�⃗� 0(𝑟 0, 𝜔) is the strength of the incident field.  

 Firstly, COMSOL Multiphysics software was employed to calculate the absorption cross-

section (ACS) and the SERS EF of the probe molecule near an isolated MXene flake, either in a 

solution, or on a substrate. Throughout the paper, in several simulations we used the dielectric 

function 𝜖𝑀(𝜔) of Ti3C2Tx, measured in [5,15]. In COMSOL, to calculate accurately the EF, it is 

required to introduce the dielectric function of the dye molecule as well. In the Supporting 

Information (SI-2) we show that the R6G molecule in different media can be modelled as a small 

sphere possessing a macroscopic dielectric function 𝜖𝑅(𝜔). To obtain 𝜖𝑅(𝜔) of a small sphere with 

radius R, as an auxiliary parameter, the imaginary part of polarizability 𝛼𝐼(𝜆) of the dye molecule 

on glass substrate, or in aqueous solution, is extracted from experimental data of the absorption 

spectrum [34-36]. The real part of the dielectric function is calculated using the Kramers-Kronig 

relation [36, 37]. 𝜖𝑅(𝜔) is obtained according to the procedure described in (SI-2) and employed 

in all simulations. 

MXene flakes were modeled as NPs of different geometries namely, nanoellipsoids (NE), 

nanorods (NR), and nanospheroids (NS) with longitudinal sizes up to 2𝜇m. We note that MXene 

flakes easily synthesized in many experiments have lateral sizes in the micrometer range [38]. In 

all our simulations the electric field of incident wave is oriented along the longest axis of NPs (in 

COMSOL we set it along X-axis) and the field propagates parallel to the shortest symmetry axis 

in case of NE (Z - axis) or transversal axes of NR and NS particles.    

The resulting spectra for the ACS and the EF are accompanied with corresponding charge 

and near field distribution maps extracted at specific wavelengths. In all simulations the spatial 

distribution of electric field is normalized to the amplitude of the incident field. The distance 
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between the dye molecule and the surface of the NP embedded in water or on a glass substrate 

were also varied (starting from the shortest separation of 𝑠 = 0.4nm).  

Below, in Figure1, we present the EF of SERS from R6G molecule near the apex of single 

oblate Ti3C2Tx MXene NE with the long axis 2𝑎 = 500nm and aspect ratios 𝜂1 ≈ 3 and 𝜂2 ≈ 15 with 

𝜂1 = 𝑎 𝑏⁄  and 𝜂2 = 𝑎 𝑐,⁄ , 2𝑏 and 2𝑐 are the short and shortest axes of the ellipsoid, respectively. This 

choice of geometrical parameters of the NE is determined by the need of describing the 

nanoparticle with approximate shape of synthesized MXene flakes always presenting sharp 

edges, lading to strong lightning-rod effect.  

 

 

 

 

 

 

 

Figure1. EF of SERS from R6G molecule near the apex of single MXene NE with 2𝑎 =

500nm and aspect ratios  𝜂1 ≈ 3 and 𝜂2 ≈ 15 on glass substrate. The distance from the apex of NE 

to the dye molecule, modeled as a small sphere of radius 𝑅 = 0.31nm (see SI-2), is  𝑠 = 0.4nm. 

 The EF maximum with value 𝐺 ≈ 2.21 × 105  achieved at the wavelength 545 nm, 

corresponds to the absorption peak of the dye molecule on glass substrate, [34]. The calculated 

EF value for the case of the dye molecule in water is 𝐺 ≈ 1.22 ∙ 105 at 526 nm, which also 

corresponds to absorption peak of R6G, [36].  
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For a MXene NR with full length of 𝑙 = 500nm and diameter of 𝑑 ≈ 170nm on glass substrate, 

we achieved the EF value of 𝐺 ≈ 2.29 × 104. Thus, the EF for the NR is an order of magnitude 

smaller than for the NE. This difference is a consequence of larger radius of curvature of the apex 

of the NE comparing to NR, demonstrating the role of lightning-rod effect arising in sharp edges 

of NPs. We note that the presence of sharp edges in synthesized MXene flakes is evident in 

numerous scanning electron microscope (SEM) images (e.g. see [7]).  

In order to understand the SERS enhancement mechanisms of molecules near MXene 

flakes, we use an example presented in Figure 2. It illustrates the dependence of ACS on 

wavelength for a NE with 2𝑎 = 500nm and aspect ratios  𝜂1 ≈ 3 and 𝜂2 ≈ 15.  

    

 

 

 

 

 

 

 

Figure 2. ACS dependence on wavelength in the system of spherical R6G molecule and MXene 

NE with 2𝑎 = 500nm and aspect ratios  𝜂1 ≈ 3 and 𝜂2 ≈ 15. The arrows indicate the positions of the 

longitudinal dipode surface plasmon resonance, interband transition, transverse and longitudinal 

quadrupole resonances.   

 

LDSP

P 

IBT, LQSP and TQSP 
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From the ACS spectrum of Figure 2, we assume that the highest peak at 𝜆 = 2250nm 

corresponds to the longitudinal dipole surface plasmon (LDSP) resonance. To support this 

assumption, we carried out simulations for NEs of 2𝑎 = 500nm but with other aspect ratios. The 

results revealed high sensitivity of the location of that peak to the shape of NP, which is a  typical 

behavior of longitudinal dipole plasmon oscillations. The charge distribution map at 𝜆 = 2250nm 

corresponding to the dipole absorption peak is presented in SI-3. This sensitive to NP shape 

resonance was revealed also in high-resolution EELS experiments with Ti3C2Tx flakes [3, 39]. The 

same LDSP resonance at 𝜆 > 2200nm was revealed in [24] using UV-Vis-NIR absorption 

spectroscopy of micrometer sized Ti3C2Tx samples.  

The smaller peak in the spectral range of 𝜆 = 500 − 1000nm of Figure 2. coincides with the 

maximum of absorption (or a dip in the transmittance spectrum) measured in Ti3C2Tx flakes in an 

aqueous solution, on a glass or sapphire substrates [5, 18, 22, 24, 40-42], as well as in measured 

EELS spectra [3, 39]. In optical absorption measurements, the maximum at around 𝜆 = 800𝑛𝑚 

was associated to IBT, which was theoretically verified in [18] (see SI in [18]). However, in [22, 

40-42] the authors also hypothesized a possible excitation of SPs in the same spectral region, 

without specifying the type of collective oscillations. In [39] the peak at 1.7eV(730nm) found in the 

EELS spectrum of a Ti3C2Tx flake as well as the absorption resonance at 𝜆 = 785nm obtained in 

[26] for the same MXene were interpreted as a TDSP. In order to clarify these assumptions, the 

absorption spectrum of Ti3C2Tx flakes was studied theoretically in [17] and COMSOL simulations 

revealed the presence of LQSPs in the range 𝜆 ≤ 1000nm. The physical origin of the peak in the 

spectral range of 𝜆 = 500 − 1000nm of Figure 2 becomes obvious by visualizing the surface charge 

and near-field maps of our COMSOL simulation.  These maps for the NE of 2𝑎 = 500nm, 𝜂1 ≈ 3 
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and 𝜂2 ≈ 15 at 𝜆 = 540nm (corresponding to the EF maximum) are presented in the Figures 3 and 

4 respectively.   

 

 

 

 

 

                                                                                                    

                     4a                                                                               4b                                

Figure 4. Maps of the near-field spatial distribution in NE (2𝑎 = 500𝑛𝑚) at 𝜆 = 540nm in XZ-plane 

(4a) and XY-plane (4b).  

 

Figure 3. Surface charge distribution for a NE (2𝑎 = 500nm) at 𝜆 = 540nm (view from the Y-axis (3a) 

and from the Z-axis (3b). Red and blue colors represent charges of opposite signs. The areas in gray 

correspond to zero charge.  
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Figures 3 and 4 clearly demonstrate quadrupole character of the SP oscillations. Whereas the 

LQSP in MXene at wavelengths 𝜆 ≤ 1000nm were identified earlier [17], we see from Figure 3a 

what appears to be a TQSP oscillations in the surface charge distribution image. The transversal 

oscillations of the charge distribution in case of longitudinal polarization arise due to the inclined 

incidence of light wave to the surface of NE. Therefore, we conclude that at wavelengths 𝜆 ≤

1000nm LQSP and TQSP resonances both contribute to the absorption peak in Figure 2.    

On the other hand, as above referred, in the spectral range 𝜆 = 500 − 800nm, COMSOL 

simulations for relatively small Ti3C2Tx NEs as well as for larger ones showed also a contribution 

of IBT to the absorption peak, for both longitudinal and transversal polarization of incident light 

[17, 18]. Thus, LQSP and TQSP resonances overlap with IBT. However, further investigation is 

necessary to understand their role in total enhancement of SERS. We want to stress that IBT can 

be the exclusive factor contributing to optical resonances, for relatively small NPs. We note that 

in MXene NPs with longitudinal size of 2𝑎 < 500nm, quadrupole oscillations cannot be excited 

resonantly (see SI-4, where the dispersion of refractive index of MXene is discussed). 

Furthermore, considering that TDSPs in MXene appear at wavelength 𝜆 > 1130nm [5, 15] and 

LDSP resonance is located at much longer wavelength 𝜆 > 2000nm, we come to the important 

conclusion - in relatively small NPs only IBT resonances can be excited. It is this result that was 

obtained earlier (see Figure S7 b) of [18]) in simulations of absorption spectra of relatively small 

Ti3C2Tx MXene NEs (with 2𝑎 < 300nm) for transversal polarization. Indeed, as it is shown in the 

Supporting Information of reference [18], the wavelengths of resonances arising under excitation 

with transversal polarization are practically independent on the particle size. In particular, by 

varying the longitudinal size of a nanodisk from 10 nm to 300 nm, the position of absorption 

resonance around 𝜆 = 640nm, does not change, which is a direct indication of the contribution of 
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IBT as a source of these resonances. Thus, the material polarization in the wavelength range 𝜆 ≤

1000nm in Figures 3,4 is induced by quadrupole plasmons and IBT. It is relevant the fact that IBT 

can play a dual role in SERS, by enhancing the Raman signal directly and simultaneously exciting 

additional electrons to the conduction band increasing the flake polarization, induced by 

quadrupole plasmon oscillations. 

The partial overlapping of LQSPs and IBT  was confirmed by our simulations for other 

shapes of MXene flakes such as NSs and NRs of same length. It turns out that for wavelengths 

𝜆 ≤ 1000nm the ACS for different particle shapes has almost the same results as in Figure 2,  which 

is typical for quadrupole plasmons and also for IBT [17]. The calculations show that peculiarities 

revealed for NEs appear also in NRs, however TQSPs in NR are less pronounced because of the 

larger radius of curvature compared to NE. The surface charge distribution and near-field map for 

a MXene NR, which confirm quadrupole character of oscillations, are presented in the Figures  5a 

and 5b.  

 

                                             

                             5a                                                                                 5b 

Figure  5. Maps of the surface charge distribution - glance along the Y-axis (5a) and near-field 

distribution at the XZ-plane (5b) in a NR (length - 𝑙 = 500nm and diameter - 𝑑 ≈ 170nm at the 

resonance wavelength  𝜆 = 540nm). 

1.6 ∙ 10−5 𝐶 𝑚2⁄  

−1.6 ∙ 10−5 𝐶 𝑚2⁄  - 

0 

- 

- 
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Obviously, an increase of the NP size leads to an increase in polarizability, and 

consequently increases the ACS. Moreover, simulations for larger particles demonstrate an 

increasing role of the quadrupole modes in absorption and correspondingly in near-field 

enhancement. For example, in Figure  SI-4-1 we present the results of simulation of ACS and EF 

for the NE with 2𝑎 = 1000nm on glass substrate and obtained a theoretical EF ) close to the value 

estimated in experiments [18, 20, 26]. Comparing Figures 1 and 2 with Figure SI-4-1 we see that 

larger particles provide more favorable conditions for exciting quadrupole plasmons, and 

consequently larger values of the ACS and SERS EF (see SI-5).  

We note that the simulations were carried out for larger NRs with lengths of 𝑙 = 1000nm and 

different diameter.  The aforementioned characteristics in ACS and EF were also revealed for a 

NR of 𝑙 = 1000nm (ACS and near-field enhancement curves are presented in Figure SI-4-2). In 

summary, in Figures SI-4-1,2 although the ACS of the NR is larger than that of NE, due to its 

bigger volume, the EF of NR turns out to be smaller. This is attributed to the smaller radius of 

curvature of the NE causing a stronger lightning-rod effect. 

Simulations based on a further increase of size of ellipsoidal flakes (2𝑎 = 1500nm and 2𝑎 =

2000nm) does not lead to a significant change in the absorption spectrum in the visible-NIR range. 

In the spectral range of 𝜆 ≤ 1000nm in NPs with aspect ratios 𝜂1 ≈ 3,  𝜂2 ≈ 15, quadrupole and 

higher order SP mods start to play a more pronounced role in optical absorption processes (see 

e.g. charge distribution map of MXene NE with 2𝑎 = 2000nm in Figure 6). 
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Figure 6. Surface charge distribution maps for NE (2𝑎 = 2000nm) at 𝜆 = 540nm (glance 

along the Y-axis (7a) and Z-axis (7b). Red and blue colors represent charges of opposite signs. 

The areas in gray correspond to zero charge.  

 

We found that further increase of sizes of ellipsoidal flakes of 2𝑎 = 1500nm and 2𝑎 = 2000nm and 

aspect ratios 𝜂1 ≈ 3,  𝜂2 ≈ 15 does not lead to higher enhancement in the EF of Raman signal. For 

example, the EF value for 2𝑎 = 2000nm ellipsoidal flake despite the larger volume is only 2.4 ∙ 105 

whereas for 2𝑎 = 1000nm NE with the same aspect ratio the EF is 𝐺 = 2.7 × 105 (see SI-4-1b). The 

reason for this small change of the EF in large NPs (increase of only 10%) is directly connected 

with the radius of curvature at apex of NE which are 𝑅1 = 𝑎 (2𝜂1
2)⁄  and 𝑅2 = 𝑎 (2𝜂2

2)⁄ . Indeed, the 

increase in length of NE keeping constant the aspect ratios, causes an increase of 𝑅1 and 𝑅2, 

therefore weakening lightning-rod effect. By keeping the particle volume constant and increasing 

the aspect ratios, a significant increase of the EF could be expected.  To test this assumption,  we 

have done simulations using NPs of different aspect ratios, but having the same volume, to assess 

the role of the sharpness of the NP in EF. NSs of equal volume but different shape as 2𝑎 = 1000nm 

and 2𝑏 = 400nm, 2𝑎 = 1500nm and 2𝑏 = 327nm, 2𝑎 = 2000nm and2𝑏 = 280nm, give for the EFs the 

2.27 × 10−5 𝐶 𝑚2⁄  

−2.27 × 10−5 

𝐶 𝑚2⁄  

0 

_ 

_ 

_ 
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following values 𝐺 = 5.71 × 104, 𝐺 = 1.12 × 105, and 𝐺 = 1.12 × 105, respectively. Thus, isolated 

MXene substrates with realistic sizes and arbitrary shapes provide an EF of order of 105. 

Interestingly, in larger particles with 2𝑎 = 1500nm and 2𝑎 = 2000nm a new resonances 

appear in the ACS spectrum, as is shown in the Figure 7. For both NPs, the ACS has new maxima 

at wavelengths 𝜆 = 1540nm and 𝜆 = 1830nm. The corresponding surface charge distribution maps 

(see SI-6) clearly show that both a longitudinal and a transversal quadrupole modes contribute to 

these  resonances. It is well known that quadrupole plasmons in nanoparticles are excited at 

wavelengths that approximate the particle size. In Figure SI-4, for a particles with length of 1500nm 

and larger, this condition is satisfied. Thus, the new absorption peaks at long wavelengths in single 

NSs of micrometer size are due to the hybridization of longitudinal and transversal plasmon 

oscillations. We must note that this effect was also found for MXene dimers of smaller size, where 

coupling of different plasmon modes takes place in interacting NPs [17].  

 

Figure 7. ACS dependence on wavelength in the MXene NE with 2𝑎 = 1500nm (blue) and 

2𝑎 = 2000nm (red) (aspect ratios  𝜂1 ≈ 3 and 𝜂2 ≈ 15).  
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In summary, the EF from R6G on MXene substrates of micrometer sizes weakly depends 

on geometry of NPs. The reason of such behavior is that in absence of strong dipole SP 

oscillations in vis-NIR range Raman signal comes from IBT and quadrupole plasmon resonances.  

2. Hot spot effect in coupled Ti3C2Tx flakes as SERS Substrate   

Atomic force microscopy (AFM) images of MXene flakes show often bent sheets and curved 

surfaces with a number of edges supporting the origin of localized strong EM fields. Consequently, 

MXene flakes deposited on substrate or in solution can provide favorable conditions for another 

EM mechanism of SERS – hot-spot effect. This is probably the reason for high values of EF 

reported (exceeding 106) in experiments with Ti3C2Tx substrates [18, 20, 23].  

In this Section in order to investigate this effect, we use dimers of Ti3C2Tx, in a “end - to - end” 

configuration composed of identical NEs and NRs of different sizes on glass substrate with the 

R6G molecule located in the middle of the gap. In Figures 8 (a) and 8 (b) are presented the ACS  

and EF for a dimer of identical ellipsoidal particles of 2𝑎 = 1000nm and aspect ratios  𝜂1 ≈ 3 and 

𝜂2 ≈ 15 on the glass substrate. Comparing to the ACS of Figure 7a) the ACS of the dimer with 

2𝑎 = 1000nm is about twice as large for the NP with the same value of the longitudinal axis. The 

corresponding near-field and surface charge distribution images, showing patterns typical of 

quadrupole resonances are presented in Figure SI-6.  
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Figure 8. ACS (a) and EF (b) of the MXene NEs dimer on glass substrate with 2𝑎 = 1000nm 

and aspect ratios  𝜂1 ≈ 3 and 𝜂2 ≈ 15 , The distance from the apex of each NEs to the dye molecule 

is 𝑠 = 0.4nm.  The incident EM field is polarized along long symmetry axis of the ellipsoids.  

 

The EF for dimer (Figure 8 (b) due to near-field coupling resulting in hot-spot effect is  𝐺 =

1.2 × 107. A notable contribution to the EF in the dimer is due to polarization induced by the 

absorption of the R6G dye at short wavelength (see Figure 8 (a)) at 𝜆 = 545nm [34].  

Our simulations for dimers based on NRs with longitudinal size of ~1𝜇m show that in all 

cases the ACS increases due to larger particle volumes comparing to dimers of NE, however the 

EF is smaller because of smaller apex sharpness. For example, for the NR dimer (length and 

diameter of each rod was 𝑙 = 1000nm and 𝑑 = 330𝑛𝑚) the peak value of the EF was 𝐺 = 9.1 × 105 

indicating that the hot-spot effect dose not enhance substantially the Raman signal because of 

the round termination of the particles.  

We have also done simulations for dimers and dye molecules in water. Using data of [36] 

for other shapes of  MXene NPs in water we obtain results close to those observed in [18, 26].  
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To assess the dependence of ACS on the gap length in a dimer we calculated the 

absorption spectra of identical NS particles with sizes 2𝑎 = 1000nm and 2𝑏 = 2𝑐 = 400nm in “end-

to-end” configuration, with incident field parallel to the symmetry axis of the dimer ( Figure. 9). For 

wavelengths below 1300nm the ACS of the dimer does not depend on the gap size (see Figure 9). 

The reason for this behavior is due to the weak interaction between two NSs in wavelength range 

of interest (𝜆 ≤ 1300nm), because of the quadrupole mode evidenced in the surface charge 

distribution. This insensitivity to the gap length is an important advantage in the preparation of 

MXene flakes as SERS substrates, since there is no need in a strict control of lateral sizes of 

synthesized NPs. 

The minimum in the ACS of Figure 9, at 𝜆 = 1440nm for a inter-particle gap size of 1.5nm  

was interpreted in [17] as a dip due to a Fano resonance formed by coupling between TDSP and 

LQSP modes. We verify in Figure 9 that this dip vanishes with increasing dimer gap. 
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Figure 9. Dependence of ACS on the size of the gap of dimer composed of identical NSs 

with 2𝑎 = 1000nm and 2𝑏 = 2𝑐 = 400nm in “end-to-end” configuration when the incident electric field 

is parallel to particles longitudinal symmetry axis. The gap values are shown in the inset. 

 

The surface charge distribution in a NS dimer at 𝜆 = 1440nm for a gap of 2.5nm is presented 

in Figure 10. It shows the simultaneous excitation of a TDSP mode and a LQSP mode, which 

generate the destructive interference producing the Fano dip. 

 

 Figure 10. Surface charge distribution map in a NS dimer, for a gap of 2.5nm, with 2𝑎 =

1000nm and 2𝑏 = 2𝑐 = 400nm at 𝜆 = 1440nm.  

 

We note that the peak at longer wavelengths of Figure 9, contrarily to the peak at shorter 

wavelengths, corresponding to the excitation of the TDSP and the LQSPs strongly depend on the 

gap length. In conclusion, we must say that due to the hot-spot effect Ti3C2Tx flakes tightly placed 

on a glass substrate, or immersed in water can lead to rather high values of the EF. 

 

Discussion  

It is demonstrated that together with IBT, LQSP and TQSP mods in MXene flakes contribute 

to the SERS enhancement for wavelengths below 𝜆 ≤ 1000nm. Raman signal enhancement of 

the order of 𝐺 = 105 − 107 obtained in simulations of this article are determined by partial 
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overlapping of the IBT, LQSP, TQSP and R6G  molecule absorption resonances, as well as by 

extra enhancement due to hot-spot effect.  Unlike in dipole SP modes which are highly dependent 

on shape of NPs and generate large polarization in noble metals, all polarization mechanisms 

considered in this paper are much less sensitive to the shape of NPs. We conclude that although 

MXene substrates demonstrate moderate enhancements as compared to noble metal 

counterparts, nevertheless they can provide some advantages in conventional SERS 

applications. Despite the moderate enhancements the EF values are large and present a weak 

dependence on the particle shape and size.  

In order to use the interaction of the dye in the EF we calculate a dielectric function of the 

R6G molecule based on experimental data of its ACS obtained in water or on glass substrate [34-

36]. Since the dielectric function is a macroscopic property necessary to describe optical materials 

used in COMSOL, the R6G molecule is modeled as a small solid sphere of polarizability 𝛼R6G(𝜔) 

equal to that measured for rhodamine molecule. This modelling was performed with the COMSOL 

simulation that allowed simple fitting procedure to choose proper radius of small sphere (see SI-

2). Despite the fact that the polarizability is a tensor, usually the optical properties are averaged 

over a large number of R6G molecules random orientations. Thus, in experimental measurements 

the anisotropy of polarizability does not matter. For purpose of comparison with experimental data 

the same model was carried out when R6G molecule is placed near the MXene particle in vacuum.  

Synthesized MXene flakes present a large variety of shapes, depending on the fabrication 

process. It is therefore, not possible to account for all the effects that may arise due to the various 

shapes present in samples of different experiments. Thus, we limit out theoretical analysis to the 

absorption experiments of MXene, for which we can model flakes of various shapes and assess  

the results obtained from experimental SERS mesurements based on dye molecules. We study 
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MXene NPs with sizes matching those studied experimentally e.g. thin and thick samples, 

considering NPs of different shapes – NEs, NSs, and NRs. 

In order to estimate the contribution of image effect into the EF value we calculated the 

electric field enhancement caused by  MXene NE of 2𝑎 = 500nm and 2𝑎 = 1000nm in the absence 

of the dye molecule. The simulation show that the dependence of EF on the wavelength does not 

differ from those, presented in Figures 1 and SI-5-1, demonstrating the negligible role of  image 

effect in SERS based on MXene flakes. The small contribution of image effect in this case is the 

result of absence of dipole SP resonance in the spectral range 500nm − 1000nm considered. In 

principle, quadrupole SP resonances excited in the same spectral range may also contribute to 

the image effect. However, comparing to dipole SPs the electric field of quadrupole modes |�⃗� |, 

decreases with 𝑟 faster than 𝑟−3 (𝑟 is distance from NP to dye molecule). Therefore, in MXenes 

even at small separations the image effect does not cause significant enhancement of the Raman 

signal.  

To identify separate contributions of different EM mechanisms causing SERS we also 

studied small MXene NPs with sizes much less than the wavelength by applying an analytical 

model based on quasistatic approximation (see SI-8). The EF of R6G molecule near the small 

Ti3C2Tx NS with semiaxes 𝑎 = 30nm and 𝑏 = 𝑐 = 5nm for the separation of the molecule from the 

NS apex ℎ = 0.565nm is presented in the Figure SI-7. Separate contributions into EF corresponding 

to the lightning rod and image effects in resonance condition are evident. From the simulations 

we verify that in the absorption spectrum of small MXene NPs there are no higher order multipole 

SP oscillations, since the role of inhomogeneity of the field at that spatial scale is negligible. Thus, 

higher order multipoles appear only in larger MXene NPs as it was demonstrated in the Sections 

1 and 2.   
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Conclusion 

 

The dependence of the SERS EF from R6G molecule near titanium carbide MXene flakes 

of different size and shape is investigated theoretically in order to interpret results from 

experiments. In the numerical calculations of the EF the dye molecule is modeled as a small 

sphere with polarizability dependent on the wavelength of light, coinciding with the value found 

from the experiments. The calculations reveal a weak dependence of Raman EF on the shape 

and size of flakes for wavelengths 𝜆 ≤ 1000nm, and identify a crucial role of quadrupole SP 

resonances in SERS with MXene substrates. The results of simulation for MXene substrates in 

vis-NIR spectral range provide EF values of the order of 105 ÷ 107 in agreement with experimental 

data for Ti3C2Tx.  

The weak dependence of EF on linear sizes of easily synthesized and almost arbitrary 

shaped MXene NPs in visible-NIR range opens up new possibilities for using these substrates in 

conventional SERS applications. 
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