
Nano-Raman imaging of monolayer MoS2 
nanoribbons

Cite as: Appl. Phys. Lett. 128, 203102 (2026); doi: 10.1063/5.0321304
Submitted: 6 January 2026 . Accepted: 8 April 2026 .  
Published Online: 18 May 2026

Andrey Krayev,1,a) Tara Pe~na,2 Anton E. O. Persson,2 Kathryn Neilson,2 Anh Tuan Hoang,3
Andrew J. Mannix,3,4 and Eric Pop2,3,5,6

AFFILIATIONS
1HORIBA Scientific, Novato, California 94949, USA
2Department of Electrical Engineering, Stanford University, Stanford, California 94305, USA
3Department of Materials Science and Engineering, Stanford University, Stanford, California 94305, USA
4Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
5Precourt Institute for Energy, Stanford University, Stanford, California 94305, USA
6Department of Applied Physics, Stanford University, Stanford, California 94305, USA

Note: This paper is part of the Special Topic, Advances in Inelastic Light Scattering Spectroscopies. 
a)Author to whom correspondence should be addressed: andrey.krayev@horiba.com

ABSTRACT
Two-dimensional semiconductors are promising candidates for next-generation electronics. However, characterizing these materials at techno
logically relevant dimensions remains underexplored. Here, we use tip-enhanced Raman spectroscopy (TERS) to map lithographically- 
patterned monolayer MoS2 nanoribbons down to 50 nm widths. The surface sensitivity of TERS enables direct nanoscale assessment of the 
MoS2 surface after a vacuum annealing procedure that removes resist residues. Subsequently, we find a consistently strong TERS response 
across the nanoribbon, indicating good quality MoS2 and a clean interface to the Au substrate. The good spatial resolution of TERS (down to 
�10 nm) uncovers small, 50–100 nm regions of inhomogeneities, likely arising from the growth process with a higher intensity and redshifted 
2LA(M) peak. We also find a 0.5 cm−1 redshift of the A01 mode at nanoribbon edges, consistent with a fixed negative charge. Our study high
lights how advanced nanoscale metrology can be leveraged for future devices and fabrication process optimization.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0321304

Raman spectroscopy is an optical, nondestructive technique to 
inspect composition, strain, doping, and defects in a variety of materi
als.1–4 However, conventional Raman spectroscopy is at the mercy of 
the diffraction limit of light; thus, the subsequent Raman analysis is a 
convolution of nanoscale effects averaged over the �1 lm laser spot 
size. To bypass this limitation, tip-enhanced Raman spectroscopy 
(TERS) has been proposed for nanoscale imaging, where a metallic tip 
enhances light signals from plasmonic fields. The spatial resolution of 
TERS imaging can routinely reach a few tens of nanometers under 
ambient conditions and can be improved to the sub-nanometer range 
under ultrahigh vacuum and cryogenic conditions.5,6

Tip-enhanced Raman and photoluminescence spectroscopy7 

have enabled nanoscale insights into two-dimensional (2D) materi
als8–17 and their heterostructures,18,19 including nanoscale inhomoge
neities and defects. The strongest TERS enhancement and highest 
spatial resolution are obtained in the “gap-mode” configuration, 
when a thin sample (a few nanometers or less) is sandwiched between 

a sharp, plasmonic TERS probe and a metallic substrate. The substrate 
should either support the plasmon resonances in a similar spectral 
range as the probe or at least be a good, low loss mirror in that spec
tral range.20 To prepare 2D semiconductor samples for gap-mode 
TERS imaging, samples can be transferred off their original substrate 
using a gold or silver film, which then becomes the substrate for 
TERS probing.21

Monolayer transition metal dichalcogenides (TMDs) are 2D 
semiconductors with potential for nanoscale logic transistors, owing to 
their good charge carrier mobility even in a monolayer material22–24 

(�6 Å) and improved robustness to short-channel effects.23 As a result, 
they have been featured on technology roadmaps for next-generation 
gate-all-around nanosheet transistors.25 Among TMDs, monolayer 
MoS2 transistors have seen the most progress, with recent demonstra
tions of good electrical contacts,24,26 doping schemes,27 and low- 
temperature synthesis.28,29 However, most experimental studies have 
focused on devices with micrometer-scale channel widths, whereas 
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high-density nanoscale transistors30 require channel dimensions (both 
length and width) well below 100 nm. At such scales, edge states, mate
rial inhomogeneities, and fabrication-induced disorder31 could influ
ence electronic properties and contribute to device-to-device 
variability. Thus, understanding the impact of reducing the TMD 
dimension is critical, and nanoscale materials characterization techni
ques are therefore key when evaluating 2D nanoribbon quality prior to 
device fabrication and electrical testing.

In this study, we use TERS to investigate monolayer MoS2 nano
ribbons of widths below 100 nm, aiming to provide insight into the 
causes of electrical device-to-device variation. The nanoribbons used 
in this work are prepared similarly to lithographically patterned 
monolayer devices recently studied with good electrical perfor
mance.32 In brief, continuous monolayer MoS2 films were first grown 
at 750 �C onto 300 nm SiO2 on Si substrates [Fig. 1(a)] via solid source 
chemical vapor deposition (CVD).33 The monolayer nature of the 
samples was confirmed through photoluminescence, atomic force 
microscopy (AFM), and optical contrast approaches.32 These films 
were then coated with resist for electron-beam lithography (ARP 
6200.04, CSAR 62), patterned into �1 lm long nanoribbons with 
widths below 100 nm, and dry-etched with XeF2 [Fig. 1(b)]. The 
MoS2 nanoribbons were designed in a “dumbbell” structure, where 
contact regions are much wider (�1 lm) than the nanoribbon chan
nel, to assist the samples’ mechanical stability during processing. 
After etching, the resist was removed in Remover PG, followed by 
acetone and isopropyl alcohol (IPA) rinses. We found that solvent 
cleaning alone was not sufficient, because some resist residues remain, 

hindering proper TERS enhancement [Fig. 1(c)]; thus, in this manu
script we explore implementing an overnight anneal at 250 �C in 
�10−5 Torr vacuum for 8 h [Fig. 1(d)].

To probe the nanoribbons by TERS, a 100 nm Au layer is 
electron-beam evaporated onto the samples [Fig. 1(e)], then flipped 
and placed onto a new substrate [Fig. 1(f)], as described in previous 
work.21 In this configuration, gap-mode TERS conditions are met as 
the monolayer MoS2 is sandwiched between the plasmonic TERS 
probe and the Au substrate [Figs. 1(g) and 1(h)]. After the vacuum 
annealing procedure illustrated in Fig. 1(d), we can resolve the promi
nent peaks of the monolayer MoS2 nanoribbon, as discussed later. We 
use an excitation laser energy below the optical bandgap (here, 
785 nm or �1.58 eV) to increase the signal from the out-of-plane (A01) 
and M-point phonon modes, like 2LA(M), for monolayer MoS2.34 An 
additional advantage of this laser is the negligible far-field response, 
which allowed us to skip collection of far-field maps. For proof of 
concept, we choose a 300 l/mm spectrometer grating, allowing us to 
obtain higher Raman intensity from the MoS2 phonon modes and 
simultaneously investigate Stokes and anti-Stokes peaks. However, 
this spectrometer grating also introduces more instrumental broaden
ing and sacrifices some spectral resolution (pixel to pixel step is 
�2 cm−1).

Atomic force microscopy (AFM) and TERS imaging were car
ried out on a LabRam-Nano AFM-Raman system (HORIBA 
Scientific). Excitation and collection of the TERS signal were done 
using the side 100�, 0.7 NA objective (Mitutoyo) inclined at 25� to 
the sample plane. Gold-coated OMNI-TERS-SNC-Au AFM 

FIG. 1. Schematics of the sample preparation for TERS characterization on lithographically patterned monolayer MoS2 nanoribbons. (a) Monolayer MoS2 is grown directly 
onto SiO2/Si substrates. (b) Resist is spun onto the sample and then exposed to electron-beam patterning to define the nanoribbon shape, followed by dry etching to obtain 
the final nanoribbons. (c) After the resist is stripped using solvents, resist residues often remain on the MoS2 and SiO2 surfaces. (d) To obtain clean MoS2 nanoribbons, the 
sample is annealed under vacuum as described in the main text. W denotes the nanoribbon width. (e) Au (100 nm) is electron-beam evaporated onto the sample. The 
Au/MoS2 interface is cleaner if the vacuum anneal is employed. (f) The Au/MoS2 is stripped using the glued transfer wafer (with the MoS2 upward). (g) Schematic of the final 
sample, showing the MoS2 embedded into the Au substrate for gap-mode TERS imaging. (h) Tip-enhanced Raman spectroscopy (TERS) is conducted on the final sample, 
with a 785 nm laser excitation used in this study.
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cantilevers (APPNano) were used for both the AFM and TERS char
acterization. Laser power past the objective was maintained between 
100 and 250 lW. The AFM topography and the corresponding con
tact potential difference (surface potential) images of a Au-transferred 
nanoribbon with a width of 60 nm from the first batch (without the 
vacuum annealing) are presented in Figs. 2(a) and 2(b).

AFM topography imaging of the samples from the first batch 
revealed contamination particles on the Au surface. The contact 
potential difference (CPD-FM) image collected using a two-pass 
frequency-modulated version of scanning Kelvin microscopy (SKM- 
FM) reveals the presence of the nanoribbons, although the spatial res
olution of the surface potential image was limited by the tip radius 
(�50 nm) and the tip-sample distance of �35 nm during the mea
surements of the surface potential. The first TERS map was collected 
over the full length of the nanoribbon and the wider regions at the 
ends. The TERS map [Fig. 2(c)] shows the distribution of the intensity 
of the complex 2LA(M) peak at around 451 cm−1, as marked in 
Fig. 2(d). The out-of-plane (A01) Raman mode can also be examined 
in the spectra [Fig. 2(d)], but this peak may experience instrumental 
broadening and possible splitting caused by the TMD interaction 
with the Au substrate.35 Gap-mode TERS with sub-bandgap excita
tion yields a stronger response for monolayers34 but preferentially 
enhances only the out-of-plane and M-point phonon modes. For 
more sophisticated analysis that would resolve the in-plane E0 mode, 
allowing estimation of strain,2 laser excitations closer to or above the 
optical bandgap of MoS2 would be required, with higher spectral reso
lution and longer acquisition times.

In Fig. 2(c), we can clearly see that the intensity of the TERS sig
nal was greatly reduced in the central (across its width) part of the 
nanoribbon and the effect is well reproducible (i.e., not related to tem
poral fluctuations) as it can be seen over the whole length of the nano
ribbon. When examining the raw TERS spectra from various 
locations of the map in Fig. 2(d), we observe faint MoS2 signatures at 
the center of the nanoribbon, thus excluding the possibility of incom
plete nanoribbon transfer (which would result in bare gold in the cen
ter). Moreover, we clearly see that the bell-shaped feature next to the 
excitation laser line at 0 cm−1 was greatly reduced over the central 

area, indicating that the overall gap-mode TERS enhancement went 
down36 in the center of the nanoribbon channel. This indicates that 
resist residue was not entirely removed, accumulating on both the 
central part of the nanoribbon and on the SiO2 surface, hindering sat
isfactory gap-mode TERS conditions. Such resist residues are critical 
to remove, as they can ultimately degrade contact resistances and/or 
the electrostatic control of gate stacks in 2D devices.

The “bright edge-dim center” pattern was consistently present in 
all TERS maps collected over the nanoribbons from the first batch 
(solvent cleaned without vacuum anneal). To test our hypothesis on 
the incomplete resist removal, the second batch was fabricated (on 
Si/SiO2), this time with an additional overnight vacuum anneal 
(250 �C at �10−5 Torr for 8 h) intended to remove remaining resist 
and adsorbates from the MoS2 surface. After this additional step, the 
nanoribbons were coated with Au and stripped from the SiO2 growth 
substrate like the first batch.

For this second vacuum-annealed batch, the topography map in 
Fig. 3(a) provides clear contrast between the nanoribbons and Au 
[compared to Fig. 2(a)]. TERS maps acquired with the same 785 nm 
excitation laser as before show that the dim central region was not 
present here, and the TERS response was mostly uniform across the 
nanoribbon width [compare Fig. 3(b) with Fig. 2(c)]. We observe 
small regions of the nanoribbon channel that have higher 2LA(M) 
intensities than the rest of the nanoribbon, as marked by “Spot 2” in 
Fig. 3(b). To examine these regions more closely, we investigate the 
TERS spectra of individual pixels within these areas in Fig. 3(c). 
Encouragingly, we do observe a substantially improved signal-to- 
noise ratio in the TERS spectra in Fig. 3(c), further validating that the 
cleaning procedure enabled high-quality samples and proper TERS 
enhancement compared to the nanoribbon from the first batch.

In Fig. 3(c), the 2LA(M) intensity sharply increases at the loca
tion of Spot 2 compared to the region marked “Spot 1,” accompanied 
by redshifts in both 2LA(M) and A01 peaks of 2.8 and 0.6 cm−1, respec
tively, obtained from our Lorentzian peak fitting procedure. Such 
behavior may arise from growth inhomogeneities, which are either 
defects, grain boundaries, or multilayer islands.37,38 Although we con
currently obtain topography in these measurements, the MoS2 

FIG. 2. TERS imaging of MoS2 nanoribbons prepared without vacuum annealing. (a) Topography and (b) contact potential difference (CPD-FM) image of a MoS2 nanoribbon 
(W� 60 nm) transferred onto Au after solvent cleaning, but without vacuum annealing. (c) Tip-enhanced Raman spectroscopic (TERS) map of the same MoS2 nanoribbon 
(250� 1200 nm2 map, 10 nm per pixel), displaying the intensity of the 2LA(M) mode. The intensity is nonuniform across the sample, likely due to resist residue at the Au 
substrate/MoS2 interface. (d) Raw TERS spectra of two points on the TERS map, displaying representative spectra from the nanoribbon edges and center of the channel. 
The nanoribbon center has a lower signal-to-noise ratio, alongside a decrease in intensity of the broad bell centered at 0 cm−1. Conversely, the edges have reasonably 
strong MoS2 Raman peaks and higher intensity of the broad bell.
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nanoribbons are embedded inside the Au substrate (which is used to 
remove them from the SiO2 growth substrate), making subtle thick
ness or grain boundary changes difficult to identify during the height 
mapping on the topmost MoS2 surface. Regardless of the origin, these 
nanoscale inhomogeneities along the nanoribbons could lead to 
device-to-device variations in 2D devices, stressing the importance of 
improving the TMD monolayer crystal synthesis.

To convey the true potential of TERS imaging on nanoribbons, 
we also conduct a thorough analysis of our TERS mapping for the 
MoS2 nanoribbon sample presented in Figs. 3 and 4. We systemati
cally fit the A01 and 2LA(M) peaks to one Lorentzian each, then mini
mize error between the measured spectra and the peak fits. Upon 
completing peak fitting [Figs. 4(a) and 4(b)], we can map the peak 
shifts from the growth inhomogeneities identified in Fig. 3. Thanks to 
the high spatial resolution of TERS (�10 nm), we may also investigate 
the effects of the nanoribbon edges on the TERS spectra, which we do 
by averaging the TERS spectra of �10 pixels across the direction of 

each nanoribbon edge compared to the center of the channel itself 
[Fig. 4(c)]. Both edges do not exhibit distinguishable changes in full 
width at half maximum (FWHM) of the peaks, signaling that the 
nanoribbon edge quality is preserved, consistent with good transistor 
performance down to 25 nm nanoribbon widths.32 However, the A01 
peak at the edges experiences a small redshift of �0.5 cm−1, whereas 
the 2LA(M) peak remains unchanged. This redshift appears consis
tent with threshold voltage changes in devices with reduced widths, 
e.g., due to negative fixed charges39 at the nanoribbon edges. This 
effect likely arises from fabrication and/or atmospheric exposure.40 

We emphasize that future TERS studies with higher spatial and spec
tral resolution on TMD nanoribbons are required to examine the fine 
peculiarities of the edges, especially because the A01 peak splitting35 

cannot be resolved with the spectrometer grating and the instrumen
tal broadening present in this study.

In summary, we show that gap-mode TERS imaging can serve as 
a prototype-stage technique for nanoscale quality control of 

FIG. 3. TERS mapping of an MoS2 nanoribbon transferred after additional vacuum annealing. (a) Topography and (b) TERS map of the same MoS2 nanoribbon 
(1400� 300 nm2 map, 10 nm per pixel), displaying the intensity of the 2LA(M) mode. The intensity is highly uniform across the sample, owing to the complete removal of 
resist residue at the Au substrate/MoS2 interface. Note that, in the topography map, the MoS2 appears “sunk” into the Au film, which is used to remove the MoS2 from its ini
tial growth substrate. (c) TERS spectra of the nanoribbon center, labeled as Spots 1 and 2, from locations shown in panel (b). The spectra are normalized to the Rayleigh 
line, then shifted vertically for clarity. Symbols are experimental data, solid lines are Lorentzian peak fits.

FIG. 4. Nanoscale Raman spectroscopic analysis on the vacuum-annealed MoS2 nanoribbon. (a) Map of the A01 peak position (in cm−1) obtained by Lorentzian fitting of the 
TERS spectra at each pixel. (b) Map of the 2LA(M) peak position (in cm−1) obtained from the same fits. (c) TERS spectra corresponding to the edges and nanoribbon cen
ter, where these spectra correspond to the dotted white box in the Raman maps presented in (a) and (b). The spectra are averages of �10 pixels along the direction of the 
nanoribbon channel to improve signal-to-noise ratio and account for local variability. The spectra are normalized to the Rayleigh line, then shifted vertically for clarity. 
Symbols are experimental data, solid lines are Lorentzian peak fits.
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monolayer MoS2 nanoribbons with sub-100 nm widths. As a demon
stration of the process-control capabilities of TERS, we observed that 
incomplete removal of electron-beam resist from solvent cleaning will 
cause significant reduction in TERS enhancement over contaminated 
regions. In contrast, nanoribbons with an additional vacuum anneal
ing step exhibited a more uniform TERS response. We also identified 
sample inhomogeneities, likely arising from the growth process and 
some spectral signatures potentially consistent with fixed charge at 
the nanoribbon edges. These findings highlight the potential of TERS 
imaging as an ambient nanoscale characterization technique for the 
study and development of 2D-based nanoribbon devices.
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