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Abstract: Gap plasmons in metallic nanogaps confine electromagnetic fields to sub-wavelength 

volumes, offering a significant advantage for surface-enhanced Raman scattering (SERS). The 

performance of a nanogap SERS substrate relies heavily on its geometry, which can be 

customized using e-beam lithography with high fidelity and resolution. In this work, we 

fabricated nanogap grid arrays with various gap widths between 7 and 60 nm and periods of 

150, 200, and 300 nm using e-beam lithography and explored their geometrical effects on SERS 

enhancement and strain-induced shifts in 2D materials. The measured transmission and 

reflection spectra show good agreement with simulations, implying electric field enhancement 

due to gap plasmon excitation. In SERS experiments on rhodamine 6G with varying gap widths, 

we demonstrated that the field enhancement and the resulting SERS signal increase with 

decreasing gap width. Meanwhile, a comparison of the SERS signals with different periods 

revealed a trade-off between proximity effects and nanogap density. Furthermore, we 

transferred a few layers of molybdenum disulfide (MoS₂) onto nanogap grid arrays, and then 

observed a redshift in the peaks of the SERS on these samples, revealing that larger gap widths 

induce greater stretching in the 2D material. Our findings provide insights into optimizing 

nanogap SERS substrates and leveraging grid structures to induce strain effects in 2D materials, 

highlighting potential applications in biomolecular sensing, chemical detection, and 

optoelectronics. 

1. Introduction 

Surface-enhanced Raman scattering (SERS) has become a fundamental analytical technique for 

molecular detection, leveraging the interaction between light and metallic nanostructures to 

amplify weak Raman signals by several orders of magnitude [1-8]. At its core, SERS relies on 

two primary mechanisms: electromagnetic enhancement [9-11], driven by localized surface 
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plasmon resonance (LSPR) at nanoscale metallic interfaces, and chemical enhancement [11-16], 

arising from charge transfer between adsorbed molecules and the substrates. The former 

mechanism has been extensively studied, with research demonstrating that the geometry of 

nanostructures directly influences the electromagnetic field strength and the SERS enhancement 

factor, as exemplified by double-Fano-resonant SERS chips providing broadband tunability and 

refractive-index robustness [17]. Metallic nanogaps supporting gap plasmons [18-20] serve as 

key structures for enhancing SERS, with narrower gaps yielding stronger field enhancement, 

especially when the gap width is below 10 nm [21-26]. This potential for performance 

enhancement through structural optimization endows nanogap SERS substrates with broad 

application prospects across multiple fields. For instance, SERS using nanogaps has enabled 

ultrasensitive identification of biomolecules like proteins [27] and nucleic acids [28], detection 

of pesticides[29, 30] at trace concentrations, and even real-time monitoring of viral particles 

[31]. Nanogap SERS substrates also offer intriguing tunability on the optoelectronic properties 

of 2D materials by introducing mechanical strain [32], identifiable through SERS peak shifts. 

Therefore, the widespread adoption of SERS hinges on overcoming a critical challenge: the 

reproducible fabrication of densely packed nanogaps with high degree of precision and 

uniformity to maximize hotspot intensity and density. 

Diverse fabrication methods have been devised for sub-10 nm gaps, each with its own trade-

offs, advantages, and limitations. Nanoparticle self-assembly [33-35] and DNA origami [36, 37] 

provide cost-effective approaches but lack precise control over gap geometry and spatial 

distribution. Strain-induced nanocracking [38] enables wafer-scale nanogap arrays but often 

suffers from irregular edges and limited pattern diversity. Atomic layer deposition (ALD) [39, 

40] and nanoskiving [41] provide excellent geometric precision but come with the drawback of 

multi-step processes and stringent material compatibility constraints. In terms of process control, 

conventional lithography techniques using resists remain superior, offering minimal 

uncertainties and high reproducibility, which is especially crucial for sensing applications. 

Indeed, nanogap SERS substrates fabricated by deep UV lithography were demonstrated with 

excellent SERS reproducibility [42]. Since e-beam lithography (EBL) can achieve resolutions 

even below 10 nm, optimizing high-density nanogap SERS substrates through EBL patterning 

is highly advantageous. 

In this study, we demonstrated the reliable fabrication of grid nanogap arrays using EBL 

combined with ion etching and evaluated their performance for SERS applications based on 

geometrical factors. We performed a straightforward three-step fabrication process involving 

gold deposition, EBL patterning, and ion etching to produce square grid nanogap arrays with 

gap widths ranging from 7 to 60 nm and periods of 150, 200, and 300 nm. Transmission and 

reflection spectra measured in the wavelength range of 500 to 1000 nm showed good agreement 

with the numerical simulations, suggesting gap plasmon excitation and the Fabry–Pérot 

resonance. SERS performances were investigated using Rhodamine 6G (R6G) and 



molybdenum disulfide (MoS₂) with the excitation wavelength of 633 nm. It was found that 

Raman intensity can be significantly enhanced by reducing the gap width, while tensile strain 

in transferred MoS₂, indicated by Raman peak redshifts, can be induced by employing larger 

gap widths. Our approach highlights how simple and reproducible EBL patterning can facilitate 

the practical implementation of nanogap SERS substrates, optimizing the plasmonic hotspots 

and allowing strain engineering of 2D materials. 

2. Grid nanogap array fabrication and characterization 

Square grid nanogaps were fabricated by a three-step top-down method, of which process is 

schematically described in Fig. 1(a). First step is metal deposition: a quartz substrate with a 500 

um-thickness was cleaned sequentially using acetone, methanol, and DI water by sonication. 

After cleaning, a Cr(3nm)/Au(50nm) thin film was deposited on the quartz substrate by e-beam 

evaporator. Second step is EBL: Polymethyl methacrylate (PMMA) was spin coated on the gold 

film and baked for 1 minute at 180 ℃, followed by e-beam writing and resist development to 

form square grid patterns in the PMMA layer. Each array pattern was designed to have an area 

of 20 um × 20 um. Third step is ion etching: the grid patterns were transferred as gold nanogap 

arrays by argon ion etching. Nanogap arrays were fabricated in with various periods (150, 200, 

and 300 nm) and gap widths (range from 7 to 60 nm). This fabrication process utilizes standard 

EBL equipment, offering deterministic control and high reproducibility. 

 

Fig. 1. Fabrication process and topology characterization. (a) Schematic flow of the square grid 

nanogap fabrication process. A layer of Cr(3nm)/Au(50nm) is deposited on a 500 μm thick quartz 

substrate, followed by e-beam lithography process to define the grid patterns. Subsequent argon 

ion etching transfers these patterns into the gold nanogaps. (b) Top view SEM images of a 



nanogap array with a 200 nm period and a 16 nm gap width. (c) SEM images of nanogap arrays 

of various periods and gap widths. (d) Optical microscope image of 200 nm-period nanogap 

arrays, where the gap width decreases from left to right and top to bottom. (e) Topographic AFM 

image of a square grid nanogap. (f) Cross-sectional AFM profile of the red dot line in (e). 

Dimensions of the nanogap arrays were identified by field emission scanning electron 

microscopy (FE-SEM) and atomic force microscopy (AFM). FE-SEM images of a grid nanogap 

in Fig. 1(b) show that the nanogaps have good uniformity across the entire array, except the gap 

intersections positions due to the proximity effect [43, 44] during the EBL process. We 

estimated the gap widths of the fabricated arrays from the FE-SEM images, with selected 

examples shown in Fig. 1(c). The difference in gap widths between the arrays manifested as 

visible color change, as seen in the optical microscope image (Fig. 1(d)) where the gap width 

gradually varies across eight arrays. To further verify the formation of the nanogap arrays, three-

dimensional morphology of a nanogap array of a 33 nm gap width was characterized using a 

sharp AFM probe (tip radius of curvature < 5 nm), as shown in Fig. 1(e). The cross-sectional 

profile in Fig. 1(f) shows a ~10 nm-wide plateau in the gap region, suggesting that the probe 

reached the bottom of the gap, although the high aspect ratio of the gap limited precise tracking 

of the full 33 nm width. The gold island thickness of 54 nm confirms that the metal layer was 

deposited with the intended thickness and that the ion milling process was terminated at the 

appropriate time. 

 

Fig. 2. Experiment and simulation results of transmission, reflectance and absorption spectra of 

nanogap arrays with a 200 nm period. (a, b, c) Measured spectra with gap widths of 7, 12, 17, 

33, 42 and 52 nm. Absorption spectra were calculated by 𝐴 = 1 − 𝑇 − 𝑅. The black curves 

represent the case of an unpatterned gold film, for comparison purposes. (d, e, f) Simulated 

spectra of nanogap arrays with gap widths of 5, 10, and 20 nm, showing a consistent tendency 

with the experiment. 



We investigated the optical properties of the array samples using a microspectrometer in the 

wavelength range of 500 to 1000 nm. Since each pattern area is 20 μm × 20 μm, we used an 

aperture to collect signals only from the central region with a diameter of 10.8 μm. Transmission 

and reflection spectra of the nanogap arrays were normalized by using transmission spectrum 

of a bare quartz substrate and reflection spectrum of a 120 nm thick silver film, respectively. 

Absorption spectra were calculated by the formula 𝐴 = 1 − 𝑇 − 𝑅 . The transmission, 

reflection, and absorption spectra for the 200 nm period arrays are plotted in Figs. 2(a-c). In the 

wavelength range above 600 nm, transmission increases while reflection decreases with 

increasing wavelength, consistent with the fact that a dense slit array achieves near-perfect 

transmission [45]. This trend becomes more pronounced in arrays with larger gap widths. The 

increase in transmission and absorption in the wavelength range under 600 nm can be attributed 

to the interband transitions of gold.  

To understand the optical properties, we performed finite element method simulations 

(COMSOL Multiphysics). We note that, in the simulations, the corners at the gap intersections 

were rounded with a radius of 20 nm to account for the proximity effect, while all other metal 

edges were rounded with a 1 nm radius to prevent singularities, as shown in Figs. 3(d,e). The 

overall trends of the simulated spectra (Figs. 2(d–f)) are similar to those observed in the 

experimental results. In the simulated reflection and absorption spectra for the 5 nm gap width, 

we can identify a distinct resonance at ~630nm. The resonance is also observed, albeit more 

weakly, at shorter wavelengths for gap widths of 10 nm and 20 nm. This blueshift with 

increasing gap width suggests that this resonance is a Fabry–Pérot resonance of the gap plasmon 

[46]. This resonance is not clearly observed in the experimental data, possibly due to structural 

irregularities such as slight deviations in gap width and the wider top openings in the fabricated 

samples. Since Fabry–Pérot resonances should be exist in all the nanogap variations of a finite 

length, it is reasonable to infer that the resonance peak observed in the idealized simulation 

became distributed and broadened in the real samples, thereby smearing out the distinct spectral 

feature. 



 

Fig. 3. Field enhancement due to the gap. (a) Simulated electric field enhancement (|𝐸 𝐸0⁄ |) 

spectra of 200 nm period nanogap arrays with 5, 10, and 20 nm-gap widths. Average was taken 

at the bottom surface of the gap. (b) Simulated field enhancement versus gap width at the 

wavelength of 633 nm at which we conducted Raman spectroscopy. (c) Experimental estimation 

of field enhancement versus gap width at the wavelength of 633 nm. The estimation is given by 

√𝑇𝑒𝑥𝑝 × 𝐴𝑤ℎ𝑜𝑙𝑒 𝐴𝑔𝑎𝑝⁄  where 𝑇𝑒𝑥𝑝 is the experimental transmission value given in Fig. 2(a), 

𝐴𝑤ℎ𝑜𝑙𝑒 is the whole area, and 𝐴𝑔𝑎𝑝 is the gap area. (d) Top view of simulated electric field 

(|𝐸 𝐸0⁄ |) distribution at the bottom surface with the 633 nm excitation wavelength. The nanogap 

width and period are 5 nm and 200 nm, respectively. (e) Cross-sectional distributions of 

simulated electric field at the 633 nm excitation for the gap widths of 5, 10 and 20 nm. The color 

scale is the same as (d). 

We examined the electric field enhancement, which is crucial for effective SERS 

performance. Figure 3(a) presents the simulated field enhancement as a function of wavelength 

for nanogap arrays with a 200 nm period, showing that the field enhancement increases 

significantly as the gap width decreases, accompanied by a blueshift in the resonance 

wavelength. Since our SERS measurements were conducted at the wavelength of 633 nm, the 

field enhancement at this wavelength was plotted as a function of gap width in Fig. 3(b) for the 

three different periods. All three periods yield nearly identical curves, indicating that the field 

enhancement at 633 nm is primarily determined by the gap width rather than the periodicity. 

Based on the Kirchhoff integral formalism, the field enhancement at 633 nm can also be 

estimated from the experimental transmission 𝑇𝑒𝑥𝑝  using the expression √𝑇𝑒𝑥𝑝 ×

𝐴𝑤ℎ𝑜𝑙𝑒 𝐴𝑔𝑎𝑝⁄  where 𝐴𝑤ℎ𝑜𝑙𝑒 𝐴𝑔𝑎𝑝⁄  denotes the coverage ratio of the gap region [45, 47]. This 

experimental estimation shown in Fig. 3(c) further confirms that the electric field is enhanced 

as the gap width decreases. 



The origin of the field enhancement at the 633 nm wavelength becomes clear when 

inspecting field distributions. Gap plasmons require an electric-field component across the slit 

and corresponding charge accumulation on the opposing sidewalls. Under x-polarized 

illumination, the induced current in the gold patterns flows in the direction of the incident 

polarization, leading to charge deposition on the sidewalls perpendicular to the polarization axis. 

As a result, only nanogaps oriented perpendicular to the incident polarization can support strong 

gap plasmon excitation [24, 48]. The top-view field map in Fig. 3(d) shows that field 

enhancement occurs exclusively in nanogaps oriented perpendicular to the incident x-

polarization, while those aligned parallel to it exhibit negligible fields, as expected for gap 

plasmon excitation. Figure 3(e) presents cross-sectional field maps at the midplanes for gap 

widths of 5, 10, and 20 nm. The field map for the 5 nm width (left) clearly shows the excitation 

of a Fabry–Pérot resonance of the gap plasmon, generating two electric hot spots at the top and 

bottom openings. As increasing the gap width (center, right), the Fabry–Pérot resonance 

condition is gradually mismatched at the 633 nm wavelength, resulting in the smaller field 

enhancement. Although the fabricated samples have some structural irregularities smearing out 

the distinct peak, it is reasonable to assume that SERS performance still benefits from some 

degree of field enhancement due to gap plasmon excitation and the Fabry–Pérot resonance, 

particularly for gap widths below 10 nm, even if not as strong as in the simulations. 

3. SERS performance and geometrical factors 

 

Fig. 4. The effect of gap width on the SERS spectra from the nanogap arrays of a 200 nm period. 

(a) Measured SERS spectra of R6G molecules under 633 nm laser excitation. R6G aqueous 

solution of 10-5 M was drop-casted on the nanogap samples. For comparison, the black curve 

shows the Raman spectrum of 10-3 M R6G deposited on a gold film without nanogaps. (b) Raman 

enhancement factors for the three main characteristic peaks calculate by (𝐼𝑛𝑎𝑛𝑜𝑔𝑎𝑝 𝐼𝑓𝑖𝑙𝑚⁄ ) ×

(10−3M 10−5M⁄ ). (c) Simulated |𝐸 𝐸0⁄ |4 averaged over the whole surface. The green dashed 

line indicates the 633 nm wavelength. The inset displays the dependence on the gap width at 633 

nm. 

Performance of nanogap arrays as SERS substrates and its dependence on the gap width were 

investigated. We selected R6G as a probe molecule due to its widespread use in previous SERS 

studies [49]. R6G solutions of a concentration of 10-5 M were prepared using ethanol as the 



solvent. Drop-casted R6G molecules on nanogap arrays were excited by an unpolarized 633 nm 

laser with the power of 1 mW and the laser spot size of ~1 μm. We collected the SERS spectra 

over the wavenumber range of 500–1800 cm-1 and obtained the average spectrum from 5 

measurement positions randomly selected within each array (Supplementary Information S1: 

repeated Raman measurements for representative nanogap arrays with different gap widths and 

periods). Figure 4(a) presents the SERS spectra from nanogap arrays with a 200 nm period, 

along with that from an unpatterned gold film (black line), for which a higher R6G concentration 

of 10-3 M was used due to the weak signal. Compared to the SERS signal from the unpatterned 

gold film, the nanogap arrays exhibited significantly enhanced responses, with the signal 

progressively intensifying as the gap width decreased from 52 nm to 7 nm. Figure S1(c) shows 

the 5 Raman measurements within the array of a 7 nm gap width, and the relative standard 

deviations (RSDs) for the three prominent peaks at 612 cm-1, 771 cm-1, and 1363 cm-1 are 3.08%, 

2.66% and 2.40%, respectively, demonstrating good reproducibility. We calculated the Raman 

enhancement factors for the three peaks at 612 cm-1, 771 cm-1, and 1363 cm-1 as a function of 

gap width, as shown in Fig. 4(b). All three peaks displayed an exponential increase with 

decreasing gap width, consistent with findings from other studies [4], and achieved 

enhancement factors of ~103 at the gap width of 7 nm. We note that many previous SERS studies 

estimated enhancement factors by considering only molecules located within hotspot volumes. 

In contrast, we estimated overall SERS enhancement factors of the arrays by accounting for the 

total signal, including contributions from both hotspot and non-hotspot regions. While this 

method yields lower enhancement factors compared to hotspot-only estimates, it provides a 

more realistic assessment under practical conditions where analytes are distributed across the 

entire surface. Because SERS signal is generally proportional to the fourth power of the field 

enhancement (|𝐸 𝐸0⁄ |4), we examined the |𝐸 𝐸0⁄ |4 spectra for gap widths of 5, 10, and 20 nm 

through simulations, as plotted in Fig. 4(c). Here, we averaged |𝐸 𝐸0⁄ |4 over the entire air-

exposed surface area of the simulated unit cell, including the top and side gold surfaces and the 

substrate surfaces at the gap openings, considering the case of uniform spreading of molecules. 

The inset of Fig. 4(c) shows a drastic increase in |𝐸 𝐸0⁄ |4 at the 633 nm wavelength as the gap 

width narrows, further confirming that the performance of nanogap arrays as SERS substrates 

is highly dependent on the gap width. We remark that, since the Fabry–Pérot resonance lies near 

633 nm, other commonly used laser wavelengths (532 nm and 785 nm) are less suitable for 

achieving such a pronounced increase (Supplementary Information S2). 



 

Fig. 5. SERS spectra measured with nanogap arrays of different periods. (a) SERS for the 300 

nm period. (b) SERS for the 150 nm period. The measurement method is the same as that for 

Fig. 4. (c) Raman enhancement factors obtained for the three distinct periods of 150, 200, and 

300 nm. (d) Simulated |𝐸 𝐸0⁄ |4 average for the three periods with a 10 nm-gap width. The inset 

displays the dependence on the period at 633 nm. 

The influence of the period on SERS performance was also investigated by measuring the 

R6G SERS spectra from the nanogap arrays with periods of 300 nm and 150 nm (Figs. 5(a,b)). 

Similar to the 200 nm period, both arrays exhibited increased Raman signals as the gap width 

decreased. For all three periods of 150, 200, and 300 nm, the Raman enhancement factors of 

the main peaks were calculated and plotted in Fig. 5(c). Contrary to expectations based on the 

areal density of nanogaps, all peaks exhibited a trend where longer periods resulted in higher 

Raman enhancement factors. This may be attributed to structural irregularities in the fabricated 

samples, as evidenced by comparison with the simulation results. Figure 5(d) presents the 

simulated |𝐸 𝐸0⁄ |4 spectra for the three periods, all with a 10 nm gap width. It shows that a 

smaller period can yield a higher Raman signal, as expected from the increased density of 

nanogaps. The additional peak near 810 nm for the 300 nm period is attributed to an in-plane 

oscillation mode of the gap plasmon (Supplementary Information S3). The inset of Fig. 5(d) 

depicts the relationship between the average |𝐸 𝐸0⁄ |4 at the 633 nm wavelength and the period 

for different gap widths. The 20 nm gap width exhibits the same trend as the 10 nm case. For 

the 5 nm gap, slight weakening of gap plasmon excitation (Fig. 3(b)) offsets the effect of 



increased nanogap density, resulting in nearly constant values. This discrepancy between the 

experimental (Fig. 5(c)) and simulated (Fig. 5(d)) results suggests that the array period 

influences SERS performance through two competing effects: (i) a reduced period increases 

hotspot density, whereas (ii) fabrication fidelity generally degrades at smaller periods as the 

higher number of grid intersections deteriorates EBL proximity effects. At these intersections, 

dose spillover can lead to wider top openings or edge rounding, thereby reducing local fields 

and increasing spectral broadening. The observation of higher SERS signals at longer periods 

in the experiment can thus be attributed to effect (ii) outweighing effect (i) in our samples. 

Therefore, a balance between nanogap density and fabrication precision should be considered 

to optimize SERS performance. Notably, the EBL process here was carried out at an accelerating 

voltage of 30 kV, whereas higher voltages could potentially provide improved resolution. 

Moreover, there remains considerable potential for optimization of EBL parameters, such as 

resist thickness, line does, e-beam current and development time [50, 51]. By mitigating 

proximity effects and improving resolution, even higher performance could be expected for 

shorter periods. 

 

Fig. 6. SERS of few-layer MoS2 transferred on nanogap arrays. (a) Schematics of MoS2 transfer. 

Firstly, 4 nm Al2O3 was conformally deposited on nanogap arrays by ALD and followed by dry 

transfer of few layer MoS2. (b) Optical microscope image of a nanogap array partially covered 

by MoS2. (c) AFM image inside the red square region in (b). (d) Cross-sectional AFM profile 

along the green line in (c), showing that the thickness of MoS2 is 3.9nm. (e) Raman spectra of 

MoS2 on a gold film without nanogaps and on nanogap arrays of various gap widths. The period 

of all arrays is 200 nm. The solid lines are Lorentzian fittings for each peak. (f) Comparison 

between the fitting curves of the Raman spectra. The inset shows the peak positions as functions 

of the gap width. The gap width of 0 indicates the unpatterned gold case. 



To explore the applicability of grid nanogap structures to 2D materials, we performed SERS 

measurements on transferred MoS₂. Before transferring MoS2, a 4 nm Al₂O₃ layer was 

conformally deposited onto 200 nm period nanogap arrays by ALD to prevent direct charge 

transfer and electronic interactions between MoS₂ and gold. MoS₂ was transferred from its bulk 

form onto the nanogap arrays via a dry transfer method using polydimethylsiloxane (PDMS), 

as illustrated in Fig. 6(a). Successful MoS₂ transfer was confirmed by optical microscopy, as in 

the example shown in Fig. 6(b), where a multilayer MoS₂ region is observed overlaid on the left 

part of the nanogap array. We conducted AFM scanning to measure the thickness of the 

transferred MoS₂. Figure 6(c) is the AFM image corresponding to the red box region in Fig. 

6(b). In the AFM image, we can distinguish three regions from left to right: the unpatterned 

gold, transferred MoS₂, and the nanogap array. Figure 6(d) is the cross-sectional AFM profile 

along the green line in Fig. 6(c), transversing the MoS2 edge on the unpatterned gold. As shown 

in Fig. 6(d), the transferred MoS₂ had a thickness of 3.9 nm, corresponding to 5 or 6 layers. The 

Raman spectra of the samples were measured using 633 nm excitation, and the results are shown 

in Fig. 6(e). From left to right, the spectra correspond to MoS₂ on the gold film and on nanogap 

arrays with gap widths of 39 nm, 22 nm, and 9 nm, respectively. All spectra were deconvoluted 

using three Lorentzian peaks (solid lines) to determine peak positions. The Raman spectrum of 

MoS₂ on the gold film exhibited three modes: E1
2g at 382.16 cm-1, A1g at 407.70 cm-1, and 2LA 

at 453.82cm-1. The frequency difference between the E1
2g and A1g peaks is 25.54 cm⁻¹, which 

aligns with the measured thickness of 3.9 nm [52]. Compared to the Raman peaks of MoS₂ on 

the gold film, those from the nanogap arrays exhibited enhancement. Considering that an Al₂O₃ 

spacer was introduced between gold and MoS₂ to suppress charge transfer, the observed effect 

can be attributed to electromagnetic enhancement. This enhancement increased with decreasing 

gap width, as expected from the electric field enhancement. At the gap width of 9 nm, the peak 

intensities of E1
2g, A1g, and 2LA are enhanced by factors of 1.62, 2.51, and 2.39, respectively. 

The relatively modest enhancement may be related to the presence of the Al₂O₃ layer, which 

positions MoS₂ above the nanogaps rather than directly within the hotspot region. The observed 

differences in enhancement factors among Raman modes can be attributed to mode-specific 

coupling with distinct components of the local field and the effect of exciton-plasmon coupling 

in MoS₂ [53]. Similar non-synchronous enhancements have also been reported in previous 

studies [32]. 

One interesting feature of this MoS2/nanogap system is redshift of the Raman peaks. Owing 

to the presence of nanogaps, transferred MoS₂ experiences localized tensile strain across the 

suspended regions [54, 55], and the magnitude of this strain increases with gap width. It has 

been well established that tensile strain reduces interatomic restoring forces and softens phonon 

modes, causing redshifts of Raman modes [56, 57]. As illustrated in Fig. 6(f) and the inset, 

redshift became more pronounced as the gap widened, consistent with the corresponding 

increase in strain. Among the three peaks, the A1g mode exhibited the most pronounced redshift, 



shifting from 407.70 cm-1 on the gold film to 404.46 cm-1 at the gap width of 39 nm, 

corresponding to a 0.79% change. The E1
2g and 2LA peaks at the 39 nm gap width showed 

redshifts of 0.73% and 0.23%, respectively. Similar strain-induced Raman peak shifts have been 

reported in other systems [32]. Since the gap width can be tuned at the nanometer-scale using 

EBL, our nanogap grid arrays can be utilized for precise strain engineering of 2D materials. 

4. Conclusions 

We fabricated nanogap grid arrays using EBL and ion etching. After confirming the successful 

formation of densely packed nanogaps with nanometer-scale precision, we evaluated their 

SERS performance using R6G and MoS₂ as model materials while systematically varying the 

gap widths (7–60 nm) and periods (150–300 nm) across this wide range. By narrowing the gap 

width down to just a few nanometers, we achieved Raman enhancement factors of 

approximately 103, attributed to gap plasmon excitation and Fabry–Pérot resonance. However, 

we found that the array period must be carefully optimized due to proximity effects during 

fabrication. Additionally, redshifts in the MoS₂ Raman peaks revealed that the nanogap arrays 

induce tensile strain in the transferred 2D materials, and this strain can be tuned by adjusting 

the gap width, highlighting the potential of nanogap arrays for investigating 2D materials 

coupled with surface plasmons [58, 59]. We also note that introduction of 2D materials with 

chemical SERS enhancement is anticipated. Our study offers both fundamental insights and 

practical guidance for leveraging nanogap arrays in SERS applications, with promising 

implications for optical sensing and optoelectronics. 
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