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Abstract

Noble metal-based surface-enhanced Raman spectroscopy (SERS) has emerged as an ultrasensitive technique capable of detecting single molecules through their unique vibrational signatures. However, achieving robust SERS nanomaterials that combine significant enhancement factors, scalable reproducibility, and superior chemical stability remains a significant challenge. We present an oxygen-free vapor deposition technique for wafer-scale fabrication of nanocrystalline NbSe2 (NC-NbSe2) films on SiO2/Si substrates, which is compatible with batch production. The NC-NbSe2 films exhibit remarkable chemical stability across both crystalline domains (average size ~8.1 nm) and grain boundaries. This stability, combined with enhanced surface adsorption and a high density of states near the Fermi level, enables superior SERS performance. Rhodamine 6G detection demonstrates a sensitivity of 1×10−10 M, comparable to noble metal-based SERS substrates. Additionally, the NC-NbSe2 film maintains stable SERS signals under harsh thermal and chemical conditions. This scalable approach enables the creation of uniform, reproducible SERS atomic thin film, advancing applications in microelectronics and sensing technologies.
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INTRODUCTION
The Raman enhancement effect has attracted increasing attention in both fundamental studies of light-matter interaction and microanalytical applications toward trace amounts of substances with chemical specificity [1,2]. As a prototypical Raman enhancement technique, surface-enhanced Raman scattering enables the ultrasensitive detection of a single molecule [2], and reveals great promise for practical detection due to its highly efficient, non-invasive, and versatile nature [3]. Generally, the electromagnetic mechanism plays a dominant role in metallic surface-enhanced Raman spectroscopy (SERS) substrates with an enhancement factor of 106–1010 [4,5]. In this process, SERS substrates primarily exploit surface plasmons induced by the incident electromagnetic field in metallic nanoparticles or roughened surfaces to significantly increase the Raman intensity [6]. The implementation of the SERS effect is largely limited by the cost of SERS-active substrates, which involves the use of noble metals [5,7] and the fabrication of delicate nanostructure to enhance the electromagnetic ‘hot-spots’ and highly concentrated charge density. Additionally, most SERS-active systems studied today are based on random nanostructures, whose properties vary from experiment to experiment making quantitative correlation between theory and experiment difficult.
Compared with noble metals, two-dimensional (2D) materials possess several intrinsic advantages involving ultra-large specific surface areas [8], structural tailorability in atomic precision [9], ease of assembly into desirable heterostructure [10], excellent biocompatibility [11,12] and flexibility [13,14], and others, rendering them promising candidates for superior SERS substrates. So far, significant progress has been made regarding 2D materials-based SERS, like graphene [15], transitional metal dichalcogenide (TMDC) semiconductors [16], as well as their heterostructures [17]. Due to the abundant density of states (DOS) at the Fermi level, the recently emerging metallic 2D materials [18,19] offer another avenue to circumvent the match requirement of the frontier orbitals of the molecules and valance/conduction band energies in many widely researched 2D semiconductors [20,21]. Considering the rich combination of elemental components in a 2D plane [22], such a material family provides a versatile platform to develop inexpensive SERS substrates free from complicated structure engineering [23,24] like surface roughing, decoration of nanoparticle, fabrication of delicate heterostructure, which shall provide an efficient solution to the long-standing reproducibility issue in conventional SERS substrates [4,25,26].
The quality of crystallinity in 2D materials has been proven to be a pivotal parameter not only determining the specific light-matter interaction [27], but also laying a firm foundation for their photonic applications [28]. Inspired by our previous research that the absence of oxygen in the 2D material synthesis procedure plays a crucial role in determining its post chemical stability [29], we deem that such controllability shall be a viable alternative in developing 2D SERS substrate with high stability, which is highly desirable in currently reported 2D materials including 1T′-WTe2 [30], NbS2 [31], NbSe2 [32], and TaSe2 [33] that generally suffer from metastability in phase transition or oxidation induced degradation [29,34]. For instance, oxygen-induced vacancies have been widely attested to exist in numerous 2D planes [35,36], triggering crystal degradation within a few minutes after exposure [18,37]. Although the vacancy-induced stability issue can be partially alleviated via surface capping with a molecular or film-based protective layer, this also induces several practical concerns, particularly in surface detection like SERS.
Herein, we present an oxygen-free vapor continuous deposition-growth design, proposing an industry-compatible technology for the batch growth of wafer scale nanocrystalline NbSe2 films with high stability for SERS application. In stark contrast to the instability of conventional metallic nanomaterials, the synthesized NC-NbSe2 film reveals remarkable chemical stability both in the crystalline domains (with an average lateral size of ~8.1 nm) and grain boundaries. Notably, we found that the grain boundaries (GBs) in NC-NbSe2 play an important role in the enhanced SERS effect toward molecular sensing. The abundance of density states around the Fermi level, coupled with GBs-enhanced surface adsorption in NC-NbSe2 film, contribute to its superior SERS performance. As a proof of concept, Rhodamine 6G (R6G) molecules were detectable, with an enhancement factor higher than that of conventional planar substrates, achieving sensitivity down to 1×10−10 M [38,39], and even comparable to noble metal-based SERS substrates [4,23]. Moreover, the NC-NbSe2 films show negligible SERS performance degradation even after exposure to the atmosphere and elevated temperature, due to the low density of degradable vacancy configuration. This work provides new insights into the development of stable 2D SERS substrates, the controllability, scalability, and direct batch growth of NC-NbSe2 film on commercial SiO2/Si substrate would be favorable for its practical application in photonic devices.
RESULTS AND DISCUSSION
Batch growth of wafer-scale NC-NbSe2 films
A schematic illustration of our batch growth method is shown in Figure 1A. The two-step vapor deposition system involves a combined magnetron sputtering and a post-selenylation chamber, enabling the deep degassing and ultra-low oxygen concentration throughout the growth procedure due to the utilization of ultrapure Nb and Se elements as growth precursors. Notably, SiO2/Si was selected in this work due to the following three reasons: (1) the amorphous nature of the SiO2 surface favors the surface adsorption and nucleation of the deposited film [27,40,41], which is favorable for the facile synthesis of NbSe2 film with lower growth temperature; (2) commercially available SiO2/Si wafer shows excellent compatibility with the current semi-conductor industry and device integration techniques, thus revealing versatility in future applications; (3) the direct growth of SERS-active substrate film on SiO2/Si shall eliminate post-transfer procedure, drastically avoiding the adverse impact of polymer residuals towards the surface adsorption of target molecules.	[image: thumbnail]	Figure 1 The batch growth of wafer-scale NC-NbSe2 films. (A) Schematic illustration of the two-step vapor deposition growth that involves a magnetron sputtering of Nb film and a subsequential selenylation into NC-NbSe2 film in a continuous preparation route. (B, C) Photographs and (D) optical microscopic image of as-grown NC-NbSe2 film on 4-inch SiO2/Si substrates. Notably, the SiO2 substrate was artificially exposed for visual guidance. (E) The representative Raman spectra of NC-NbSe2 film. The inset shows the characteristic Raman stretching modes of A1g and [image: equation] of NbSe2. (F) AFM image and the corresponding height profile of NC-NbSe2 films directly grown on SiO2/Si. (G) Atomic structure model and (H) the ADF-STEM image of bilayer NC-NbSe2 film.




Nanocrystalline Nb films with homogeneous surface roughness (±0.15 nm) are firstly sputtered on commercial 4-inch SiO2/Si substrates at room temperature (Figure S1). Subsequently, the Nb films were selenized into continuous NC-NbSe2 film at a mild growth temperature of 550 °C, the lowest value compared with those reported in other NbSe2 films [42,43]. The amorphous surface of SiO2/Si can effectively increase the GB density of the Nb films, as proved by the transport measurements in Figure S2. Figure 1B and C show the as-grown NC-NbSe2 films on 4-inch SiO2/Si wafers, which are highly reproducible from batch to batch. As revealed in the representative optical microscopic image in Figure 1D, NC-NbSe2 shows uniform optical contrast, as well as consistent Raman characteristic peaks located at ~226 and ~247 cm−1, which were assigned to A1g (corresponding to an out-of-plane mode) and [image: equation] (corresponding to an in-plane mode) characteristic modes, respectively [44]. The peak spacing between A1g and [image: equation] is thickness-dependent, and the peak spacing of 21 cm−1 over the entire film implies the NC-NbSe2 is composed of two NbSe2 atomic layers vertically stacked on SiO2/Si [45]. Atomic force microscopy (AFM) images show that the thickness of NC-NbSe2 films is 2.0 nm (Figure 1F), further attesting the layer number of NC-NbSe2 film is 2, which is consistent with our previous result on sapphire [29] and other works [43,46]. The high-angle annular dark-field scanning transmission electron microscopy (ADF-STEM) image also shows the bilayer number of NC-NbSe2 film at atomic resolution (Figure 1G and H). The Raman spectra of the NC-NbSe2 film with perpendicular polarization are shown in Figure S3. The peak around ~20 cm−1 can be attributed to the shear mode of bilayer NbSe2 [47]. As a comparison, crystalline NbSe2 (C-NbSe2) films were grown on sapphire substrate under similar preparation conditions, as shown in Figure S4. Notably, the Raman characteristic peaks of the NbSe2 films are far away from the Raman-active region of most common dye analytes (500–1800 cm−1), implying its favorable application as a SERS substrate.
Atomic structure characterization of as-grown nanocrystalline NbSe2 film
The as-grown NC-NbSe2 films are further characterized at the atomic level by the transmission electron microscope (TEM) and the high-resolution transmission electron microscope (HR-TEM). With incredible stability, the morphology and atomic structure of NbSe2 films can be well maintained even after conventional etchant-involved wet transfer procedure. Compared to the C-NbSe2 grown on sapphire (Figure 2A–C), the amorphous nature of the SiO2 surface, combined with the relatively mild growth temperature, facilitates the dynamic crystallization of NbSe2 nano-domains into a continuous film (Figure 2D). Owing to the deep degassing advantage in the combined deposition-growth system, the as-grown NC-NbSe2 film reveals a defined stoichiometric ratio of Nb to Se in the energy dispersive spectrum (EDS) in Figure 2E. The oxygen-free lattice is robust against post-exposure to the atmosphere, due to the high energy barrier in the production of reactive oxygen species on crystalline TMDC surface [36]. The diffraction ring of selected area electron diffraction (SAED) (Figure 2F) among a 30 nm×30 nm region attests to the nanocrystallinity in NC-NbSe2 film. To quantitively clarify the crystallinity and lattice orientation in NC-NbSe2, we conducted HR-TEM statistics in the as-grown sample (Figure 2G). As shown in Figure 2H, the false color highlights the nano-domain in NC-NbSe2 film with an average lateral size of ~8.1 nm. Notably, the grain boundaries between two neighboring nano-domains are atomically distinguishable as shown in Figure 2I, indicating its chemical stability and high quality. This is quite different from the conventional recognition that domain boundaries in 2D materials are generally nonstable in the air [48], which further highlights the crucial role of oxygen-elimination in the growth of stable 2D materials.	[image: thumbnail]	Figure 2 The nanocrystalline domains in NC-NbSe2 film. (A, B) Large-scale and (C) zoom-in high-resolution TEM images, and (inset in (C)) Fourier transform pattern of crystalline NbSe2 (C-NbSe2) film grown on a sapphire substrate as comparison. (D) A large-scale TEM image showing the uniformity of as-grown NC-NbSe2 film on SiO2/Si substrate. (E) The EDS spectrum and (F) SAED pattern of as-grown NC-NbSe2 film. Notably, the Cu Kα signal in panel (E) sources from the TEM grid. (G) A representative high-resolution TEM image with (H) false color and crystalline orientation superimposed to highlight nano-domain in NC-NbSe2 film. (I) A representative grain boundary between nano-domain in NC-NbSe2 film.




SERS effect on nanocrystalline NbSe2 film
Figure 3A shows a schematic diagram of the as-grown NC-NbSe2 films used as the SERS substrates for Raman signal enhancing of analytes. As a proof-of-concept demonstration, a prototypical R6G dye dissolved in ethanol was adopted as an example to evaluate the SERS performance of the as-grown NC-NbSe2. Due to the position of the R6G absorption peak, the 532 nm wavelength laser is selected to yield a high SERS intensity. In a general procedure, 10 μL ethanol solution containing different concentrations of R6G was dropcast onto the as-grown samples and dried for Raman measurement. The intensity comparison of characteristic peaks of R6G on different substrates is shown in Figure 3B. The labeled Raman signatures of R6G on NC-NbSe2 substrate are distinguishable at 1183, 1309, 1361, 1505, 1570, and 1646 cm−1, in good agreement with those reported in previous works [27,30], which evidences that the NC-NbSe2 could detect trace amounts of R6G with better sensitivity compared to C-NbSe2 and bare SiO2 substrates.	[image: thumbnail]	Figure 3 The SERS activity of NC-NbSe2 film. (A) Schematic diagram of the NC-NbSe2 films used for SERS activity towards R6G molecules. (B) Raman spectra of R6G coated on SiO2/Si, C-NbSe2 films, NC-1-NbSe2 film, and NC-NbSe2 film, respectively, correspond to 10 μL R6G solution (10−6 M) on substrates. Notably, the Raman intensities are normalized to the integration times. (C) The comparison of characteristic vibrational Raman peaks of R6G on NC-NbSe2 and C-NbSe2 film. Notably, the overall intensity was normalized to the intensity of peak at 1361 cm−1 on C-NbSe2 film. (D) The ADF-STEM images of NC-NbSe2 film. Notably, the amorphous domain (highlighted in purple) implies the GBs-enhanced surface adsorption of organic species on NC-NbSe2 film. (E) The corresponding SAED pattern of the bottom two domains in NC-NbSe2 film. (F) Diagram of energy level diagram and charge transfer transitions between R6G and NbSe2 film. Notably, μi-CT and μk-CT denote the charge transfers from the HOMO of the R6G molecules to the Fermi level of NbSe2, and from the Fermi level of NbSe2 to the LUMO of the R6G molecules, respectively. The DOS near the Fermi level is based on the results of previous studies [54,55].




Compared with the reported data, no obvious shift is observed, indicating that target molecules are adsorbed as a single molecule on the SERS substrates [27,49]. We selected NC-NbSe2 (grain size ~8.1  nm), NC-1-NbSe2 (grain size ~50  nm), and C-NbSe2 (grain size >1  μm) to compare the SERS effect of NbSe2 with different grain sizes. As shown in Figure 3B and C, the SERS effect enhances as the grain size of NC-NbSe2 decreases. Specifically, the Raman intensity at 1361  cm−1 of R6G coated on NC-NbSe2 is 1.9 and 3.2 times higher than that of R6G coated on NC-1-NbSe2 and C-NbSe2, respectively. To our knowledge, this level of enhancement is significantly greater than the grain domain effect observed in graphene-based materials, which is generally less than a factor of 2 when compared with crystalline graphene [27,38,39]. The higher SERS effect of the as-grown nanocrystalline NbSe2 films proves the huge potential of metallic 2D TMDCs as SERS substrates. In these two cases, the GB density of NbSe2 films is the only experimental variable. It should be attributed to the higher GB density and higher adsorption energy of NC-NbSe2, which results in more R6G molecules being adsorbed effectively. GBs-enhance surface adsorption has been observed and interpreted in several previous works [50–52], increased DOS in grain boundaries, particularly those pentagon structures and distorted lattice configurations, serve as charge-poor for an enhanced surface adsorption of the positively charged dye molecules. The GBs-enhanced surface adsorption effect in NC-NbSe2 was also proved at the atomic scale as shown in Figure 3D. Considering the non-stability of dye molecules under electron beam irradiation, we adopted polymethyl methacrylate (PMMA) polymers as indicators [51,52], and observed by ADF-STEM. As shown in Figure 3D, the GBs are distinguishable by both atomic orientation in the crystalline domain and the Fourier transform pattern in Figure 3E, due to the relatively light element nature in polymer, its preferable adsorption upon domain boundary is distinguishable and highlighted in Figure 3D, with an average width around 2.8 nm, indicating the strong adsorption of the atomically sharp domain boundary. Additionally, according to the electrical transport measurement (Figure S5A and B) [53], corroborated with the negligible influence of GBs on the DOS near the Fermi level [54,55], we shall conclude that the large DOS of NC-NbSe2 films combined with the GBs-enhanced surface adsorption collectively facilitate the charge transfer between dye molecules and NC-NbSe2 substrates, leading to superior SERS effect (Figure 3F).
The Raman enhancement of R6G on NC-NbSe2 can be attributed to the chemical mechanism (CM), which originates from charge transfer between the target molecules and the substrate. CM is a short-range effect occurring at the molecular scale, where the distance between the substrate and the target molecules is crucial. N atoms in R6G with positive charge tend to be adsorbed on seven-membered rings. Through theoretical analysis, we found that near the GBs, the charge density of the heptagonal rings increases significantly, which is beneficial for adsorbing positively charged R6G molecules, as shown in Figure S6. The adsorption energy of the heptagonal rings for R6G is −2.4 eV, which proves that it does have a strong adsorption effect on R6G (Figure S7). For the case of NC-NbSe2, the high density of GBs can uniformly anchor more positively charged R6G molecules, providing a prerequisite for collecting enhanced Raman signals.
After this effective adsorption, a photon-induced charge transfer (PICT) process occurs. The PICT process includes charge transfer from the highest occupied molecular orbital (HOMO) energy level of R6G to the Fermi level of NbSe2, and from the Fermi level of NbSe2 to the lowest unoccupied molecular orbital (LUMO) energy level of R6G (Figure 3F). This molecule-metal coupling can be described using the vibronic Herzberg-Teller theory, where the polarizability tensor of the probe is greatly amplified in the coupled system [56]. The large number of electrons at the metallic NbSe2 Fermi level can increase the number of allowed energy states for PICT in the dye molecule-NbSe2 coupled complex, thereby enhancing the probability of charge transitions. These factors may collectively lead to the high Raman enhancement efficiency of NC-NbSe2.
We also investigated the SERS effect of NC-NbSe2 for different dyes, including indocyanine green (ICG), methylene blue (MB), 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), all at a concentration of 10−8  M, and found that NC-NbSe2 exhibits a very good SERS effect for all of them (Figure S8).
The comprehensive SERS performance evaluation of NC-NbSe2 film
Figure 4A shows the Raman spectra of R6G/NC-NbSe2 at various concentrations of R6G. The Raman intensity at 1363 cm−1 as a function of R6G concentration is shown in Figure S9. The labeled R6G Raman signatures located at 1362, 1570, and 1646 cm−1 assigned to aromatic C–C stretching are detectable [57]. The detection limit down to 1×10−10 M is comparable with or even beyond those of noble-metal-based SERS substrates (~10−9 M) [4,23]. Notably, this result is also superior to the previously reported results based on metallic TMDCs [33].	[image: thumbnail]	Figure 4 The comprehensive SERS performance evaluation of NC-NbSe2 film. (A) Stack plots of Raman spectra for R6G coated onNC-NbSe2 films with various R6G concentrations ranging from 1×10−5 to 1×10−10 M. (B) The time-dependent evolution of Raman spectra of R6G coated on NC-NbSe2 films exposure to air at 50 °C. (C) The time-dependent Raman spectra of R6G coated on NC-NbSe2 films that were pre-immerged in water for 30 min. (D) The robustness demonstration of NC-NbSe2 film with pre-immersion in water and subsequent reliable SERS signal towards RhB (4×10−6 M) detection.




Stability is another key concern regarding SERS for practical application, particularly for 2D materials that generally suffer from intrinsic metaphase transition or oxidation in the atmosphere [29,34]. Then, we mainly focus on the stability evaluation of the SERS effect in NC-NbSe2 via pretreatment in various chemical environments. In order to make a comparison with previous works, the Raman spectra of R6G coated on NC-NbSe2 films after exposure to air at room temperature for 30 d were first tested. As shown in Figure S10, the Raman intensity of NbSe2 and R6G remains unchanged. In contrast, the electrochemically exfoliated NbSe2 shows visible structure defects after exposure to air for 7 d due to its intrinsic defects sourced from bulk crystal (Figure S11). To identify the origin of the instability observed in electrochemically exfoliated NbSe2 flakes, we conducted atomic-resolution characterization of the exfoliated flakes. As shown in the ADF-STEM image in Figure S12A, within an area of 10  nm×10  nm, there are more than 13 Se(Nb) atomic vacancies. These vacancies may originate from defects in bulk NbSe2 or be caused by the environmental sensitivity of the exfoliated NbSe2 flakes. Theoretical results indicate that these atomic vacancies may be the origin of the instability observed in electrochemically exfoliated NbSe2 flakes (Figures S12–S14). As shown in Figure S13, H2O and O2 can not be adsorbed stably on defect-free monolayer NbSe2 with very low adsorption energy (−0.09 and −0.06 eV). While on the single-vacancy surface, H2O and O2 have very strong adsorption energies of −0.84 and −2.03 eV, respectively, which leads to a decrease in the stability of NbSe2 in solution (Figure S14A–D). Especially, in the site of dual defect NbSe2, the adsorption energy of H2O is higher (−0.96 eV) (Figure S14E and F). O2 will directly dissociate and be embedded in NbSe2 (Figure S14G and H). Therefore, more defects make oxygen atoms with stronger electronegativity embedded in the lattice, making the structure unstable after electrochemical exfoliation.
More interestingly, the NbSe2 films show a robust SERS effect even after heating at 50 °C for 10 h (Figure 4B, Figure S15A) without measurable degradation in Raman intensity, this is substantially different from conventional physical adsorption cases that tend to be very sensitive to elevated temperature due to weak adsorption and gradual desorption [31,32]. Given oxidation triggered by H2O or O2 represents one of the main reasons for the instability of 2D metallic TMDCs-based SERS substrates [36], additional harsh treatments were conducted to verify the stability of NC-NbSe2 films. Before dropping the dye solution onto it, the NC-NbSe2 substrate was pre-immersed in deionized water for 30 min (Figure 4C, Figure S15B). Then, the Raman intensity of R6G was detected against time, which was almost identical after exposure to air at 25 °C for 2 d. When the exposure time was extended to 7 d, only a slight reduction (~10% decrease of the Raman intensity) was observed. The stable SERS effect of NC-NbSe2 films was also applicable to other dyes such as Rhodamine B (RhB), as shown in Figure 4D. The SERS performance of representative 2D SERS substrates is shown in Table S1. In our case, the SERS performance of NC-NbSe2 is comparable to the recently reported 2D TMDC SERS substrates. Interestingly, our as-grown NC-NbSe2 films show a stable SERS effect even under harsh chemical conditions. For example, the as-grown NC-NbSe2 shows a stable SERS effect in air for 30 d and even shows a stable SERS effect for 7 d after treatment in water for 30 min (Table S1). The above tests unambiguously confirm the excellent stable SERS effect of NC-NbSe2 films grown on SiO2/Si, which holds significant implications for the future applications of molecular sensing. To further justify the benefit of ‘Batch growth’ and confirm the homogenous thickness of our sample, we supplement 10 additional Raman spectra, which are randomly distributed at the R6G coated as-grown 4-inch NC-NbSe2 film (Figure S16). These results clearly show that Raman intensity is similar at different locations, confirming the homogeneous SERS performance of our batch-grown films, which is promising from lab to practical application.
CONCLUSIONS
In this study, we develop an industry-compatible technology for the batch growth of wafer-scale NC-NbSe2 films on SiO2/Si substrates, exhibiting an exceptionally stable SERS effect. We found that the GBs of NbSe2 can effectively enhance the SERS effect toward molecular sensing. When the density of GBs in NbSe2 films increased (with an average lateral grain size of ~8.1 nm), the DOS near the Fermi level of NbSe2 remained unaffected. However, this increase in GB density resulted in a greater number of adsorption sites on the NbSe2 films and higher adsorption energy for target molecules. Crucially, the absence of oxygen-associated vacancies in the NbSe2 films ensures a stable SERS effect for molecular sensing, even after exposure to harsh conditions such as heating or immersion in solutions. Given their sufficient sensitivity for technical detection limits and their incredibly stable SERS effect, the batch-grown NC-NbSe2 film-based SERS substrates emerge as prime candidates to address the critical challenges of industrial applications for next-generation SERS substrates.
METHODS
Batch growth of nanocrystalline NbSe2 films on silicon (SiO2/Si)
The two-step deposition method was used to grow NbSe2 films. The growth process is as follows: first, nanocrystalline Nb (>99.9%) films are sputtered on four pieces of 4-inch Si/SiO2 wafers within 5 min at room temperature (25 °C); second, Nb films are transferred to a growth chamber (base pressure ​<10−5 Pa) within few minutes to avoid the oxidation and heated to 550 °C for 30 min. High-purity Se (>99.9%) was evaporated from a standard Knudsen cell Se source. A mixture gas of H2/Ar (1:10) was used as a carrier gas to ensure uniform selenization of Nb films. The growth time of a homogenous film is 8 min. Note: four pieces of 4-inch nanocrystalline NbSe2 films can be prepared in batches with continuous sputtering-growth time within 15 min. The grown films are transferred by the traditional wet method [29] to different substrates or TEM grids for other characterizations, noted that the sample is annealed at 350 °C under high vacuum (~10−5 Pa) for 2 h to remove possible surface adsorbates and contaminants.
SERS measurements
Ethanol solutions with different concentrations of dye molecules (R6G, RhB, etc.) were obtained through a continuous dilution process. For each SERS measurement, 10 μL probe solution is dropped on NbSe2 and dried in air. The substrate is then washed with ethanol three times to remove the free molecules. All the Raman measurements are collected by a Witec/alpha 300 R confocal microscope system with a laser spot size of ~1 μm. The excitation wavelength is 532 nm, and the laser power is set at 1 mW unless specified. The SERS spectra are obtained with 10 s acquisition time unless specified. The spectra for comparison are acquired under identical measuring conditions.
Characterizations
TEM and ADF-STEM images are captured by FEI Titan ChemiSTEM probe aberration corrected scanning TEM with a monochromator, which is operated at 80 kV to minimize the knock-on damage. Raman spectra are performed using a Witec/alpha 300 R confocal microscope with a 532 nm laser at ambient conditions. AFM images are taken using the Bruker AXS Dimension Icon in tapping mode. The superconducting and transport properties are carried out in 4He cryostat with a superconducting magnet (Oxford Teslatron 8T), and electrical transport measurements are performed using a standard lock-in amplifier (Stanford SR830) with currents of 1–10 μA. Four-probe contacts are used by an e-beam evaporated 80 nm Cr/Au array with 500 μm dots array spacing.
Density functional theory (DFT) calculations
The projector augmented wave (PAW) potential and generalized gradient approximation with Perdew-Burke-Ernzerh (GGA-PBE) functional were used to describe the exchange-correlation interactions. The van der Waals (vdW) correction DFT-D3 proposed by Grimme was chosen due to the good description of long-range vdW interactions. Moreover, the plane wave cutoff energy was set to 520 eV, and 1×1×1 k-point was applied to the sample. The 20 Å vacuum space was used to avoid the layers’ interactions. The electronic energy was considered self-consistent when the energy change was smaller than 10−5 eV. Geometry optimization was considered convergent when the energy was smaller than 0.02 eV/Å. The adsorption energy (Eads) between the substrate and adsorbate (X) on the support is defined as

[image: equation]
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All Figures
	[image: thumbnail]	Figure 1 The batch growth of wafer-scale NC-NbSe2 films. (A) Schematic illustration of the two-step vapor deposition growth that involves a magnetron sputtering of Nb film and a subsequential selenylation into NC-NbSe2 film in a continuous preparation route. (B, C) Photographs and (D) optical microscopic image of as-grown NC-NbSe2 film on 4-inch SiO2/Si substrates. Notably, the SiO2 substrate was artificially exposed for visual guidance. (E) The representative Raman spectra of NC-NbSe2 film. The inset shows the characteristic Raman stretching modes of A1g and [image: equation] of NbSe2. (F) AFM image and the corresponding height profile of NC-NbSe2 films directly grown on SiO2/Si. (G) Atomic structure model and (H) the ADF-STEM image of bilayer NC-NbSe2 film.
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	[image: thumbnail]	Figure 2 The nanocrystalline domains in NC-NbSe2 film. (A, B) Large-scale and (C) zoom-in high-resolution TEM images, and (inset in (C)) Fourier transform pattern of crystalline NbSe2 (C-NbSe2) film grown on a sapphire substrate as comparison. (D) A large-scale TEM image showing the uniformity of as-grown NC-NbSe2 film on SiO2/Si substrate. (E) The EDS spectrum and (F) SAED pattern of as-grown NC-NbSe2 film. Notably, the Cu Kα signal in panel (E) sources from the TEM grid. (G) A representative high-resolution TEM image with (H) false color and crystalline orientation superimposed to highlight nano-domain in NC-NbSe2 film. (I) A representative grain boundary between nano-domain in NC-NbSe2 film.
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	[image: thumbnail]	Figure 3 The SERS activity of NC-NbSe2 film. (A) Schematic diagram of the NC-NbSe2 films used for SERS activity towards R6G molecules. (B) Raman spectra of R6G coated on SiO2/Si, C-NbSe2 films, NC-1-NbSe2 film, and NC-NbSe2 film, respectively, correspond to 10 μL R6G solution (10−6 M) on substrates. Notably, the Raman intensities are normalized to the integration times. (C) The comparison of characteristic vibrational Raman peaks of R6G on NC-NbSe2 and C-NbSe2 film. Notably, the overall intensity was normalized to the intensity of peak at 1361 cm−1 on C-NbSe2 film. (D) The ADF-STEM images of NC-NbSe2 film. Notably, the amorphous domain (highlighted in purple) implies the GBs-enhanced surface adsorption of organic species on NC-NbSe2 film. (E) The corresponding SAED pattern of the bottom two domains in NC-NbSe2 film. (F) Diagram of energy level diagram and charge transfer transitions between R6G and NbSe2 film. Notably, μi-CT and μk-CT denote the charge transfers from the HOMO of the R6G molecules to the Fermi level of NbSe2, and from the Fermi level of NbSe2 to the LUMO of the R6G molecules, respectively. The DOS near the Fermi level is based on the results of previous studies [54,55].
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	[image: thumbnail]	Figure 4 The comprehensive SERS performance evaluation of NC-NbSe2 film. (A) Stack plots of Raman spectra for R6G coated onNC-NbSe2 films with various R6G concentrations ranging from 1×10−5 to 1×10−10 M. (B) The time-dependent evolution of Raman spectra of R6G coated on NC-NbSe2 films exposure to air at 50 °C. (C) The time-dependent Raman spectra of R6G coated on NC-NbSe2 films that were pre-immerged in water for 30 min. (D) The robustness demonstration of NC-NbSe2 film with pre-immersion in water and subsequent reliable SERS signal towards RhB (4×10−6 M) detection.
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