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Benchmarking TERS and TEPL probes: towards a
reference sample for quantification of near-field
enhancement factors in gap and non-gap modes¥}

James Kerfoot, (2 *@ Elizabeth J. Legge, 2 ° Amy Collins,© Jasbinder Chauhan,®
Kai Rossnagel, 2 9 Peter H. Beton, (2 ¢ Christopher J. Mellor,©
Andrew J. Pollard, 2 ® Graham A. Rance 2 **f and Michael W. George () *f

Benchmarking the near-field signal enhancement attained using plasmonic metal-coated atomic force
microscopy (AFM) probes for tip-enhanced Raman spectroscopy (TERS) and tip-enhanced photo-
luminescence (TEPL) measurements is challenging given the absence of a suitable reference sample that
is simple to prepare, easy to use and compatible with different instrument configurations. To this end, in
this study, we have fabricated a flake of monolayer tungsten diselenide (1L-WSe,) stamped across the
interface of gold and silver thin films on silicon dioxide and glass. We have demonstrated these samples to
be effective for the facile determination of near-field Raman and photoluminescence contrast factors in
both gap and non-gap mode, respectively. We show that the near-degenerate Eég + Aig and 2LA(M)
peaks in the Raman spectra of WSe, enable quantification of Raman contrast factors, with a ~1.6-fold
increase in TERS signal enhancement in gap mode, relative to non-gap mode, observed for a typical
probe. Similar differences in the photoluminescence contrast factors were observed comparing in-
contact and out-of-contact signal intensity ratios from gap and non-gap mode TEPL measurements.
Moreover, in developing a reference methodology we found that the line shape of the TEPL profile was
dependent upon the magnitude of the signal enhancement, with a disproportionate increase in the
longer wavelength shoulder of the emission observed in gap mode. As this contribution to the asym-
metric line shape is tentatively assigned to a dark exciton, which possesses an out-of-plane transition
dipole moment, our TEPL measurements indicate that the directionality of the near-field enhancement
provides a further handle enabling quantification of probe performance. Using samples prepared on glass,
and comparing results obtained from two different instruments, each with a different excitation
laser wavelength and optical access, we demonstrate the universal applicability of our reference material
for sensitivity benchmarking of metallised AFM probes in both gap and non-gap mode, suitable for both
reflection and transmission geometries, and across the range of laser wavelengths typically used for TERS
and TEPL.

Introduction

Tip-enhanced Raman spectroscopy (TERS) and tip-enhanced
photoluminescence (TEPL) rely upon the electric field
enhancement generated at the apex of an atomic force
microscopy (AFM) probe coated with a plasmonically-active
metal, typically Ag or Au. The field enhancement in the vicinity
of the probe apex facilitates the measurement of Raman scat-
tering and/or photoluminescence with nanometre spatial
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resolution (often <10 nm), which is more than an order of
magnitude below the optical diffraction limit, and at near-
single-molecule sensitivity." ® As a consequence, over the last
two decades, TERS and TEPL have been instrumental in
furthering the fundamental understanding of a range of mole-
cular materials at the nanoscale, often providing key insights
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inaccessible by other means, including the identification of
active sites in next-generation catalysts,”® the impact of moiré
effects on phonon properties in twisted two-dimensional
heterostructures,” and the distribution of chemical species
within biological cells.'®'*

Despite these advances, TERS and TEPL have not been as
widely adopted as might be envisioned. This is, in part, related
to difficulties in fabricating probes that routinely deliver the
required sensitivity and spatial resolution. In order to try and
address this critical issue, there has been extensive research
focused on improving the performance of probes for TERS and
TEPL through exploration of different preparation methods,
including the evaporation of Ag or Au onto AFM probes,'>"?
electrochemical etching,'®'® attaching Ag nanowires to AFM
probes'®'” and template stripping of Au nanopyramids from
etched Si.'®'° Further improvements in performance have
been realised through post-preparation modification of probe
morphology and composition, and have included galvanic re-
placement'” and controlled oxidation and reduction of probes
via oxygen plasma/ozone and argon plasma/hydrazine,
respectively.>**!

Developing and fabricating adequate or improved probes
for TERS and TEPL requires appropriate benchmarking of
both spatial resolution and signal enhancement. Methods that
enable determination of spatial resolution are relatively wide-
spread, relying solely on the measurement of signal response
across a feature with small dimensions (often a few nano-
metres), i.e., an object smaller than the near-field “hotspot” at
the probe apex.'*??* For example, one-dimensional nano-
structures, such as carbon nanotubes, are widely used to deter-
mine the limiting spatial resolution of TERS probes, typically
yielding values on the order of ~20 nm,”® with as low as
1.7 nm reported for carbon nanotubes using ambient
STM-TERS.” Single molecules have also been spatially discri-
minated with a resolution of 18 nm using TEPL.'® However,
whilst a comparison of the spatial resolution afforded by a
given probe is relatively trivial, the analogous benchmarking of
probe sensitivity, i.e., near-field signal enhancement, across
reported literature studies is extremely challenging, for a
number of reasons. Firstly, the probe sensitivity will critically
depend on whether the measurement is performed in gap
mode (where the probe is in contact with the material of inter-
est which is on a plasmonic/metallic substrate) or non-gap
mode (where the substrate is a dielectric), with gap mode
potentially enabling in excess of an order of magnitude higher
sensitivity than non-gap mode>* (Fig. S1 and Table S1, ESI{),
though rarely is the same material measured in both modes
with the same probe. Secondly, a broad range of materials
have been used for the assessment of probe sensitivity, as dis-
cussed by Stadler et al,”® examples include carbon nano-
tubes,'” organic dyes,* graphene,'® and self-assembled mono-
layers (SAMs),”>*® with the near-field enhancement inevitably
displaying material dependence. Thirdly, the signal enhance-
ment is understood to be highly directional®” resulting in the
preferential amplification of modes that are out-of-plane.”®
Finally, there is no single convention adopted by the scientific
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community to enable quantification and direct comparison of
sensitivity. In the majority of cases, when explicitly quoted,
benchmarking is accomplished by determining so-called con-
trast factors (Cr and Cpy, for Raman and photoluminescence,
respectively), defined as Cg or Cpy, = (Sxp+rp/Skr) — 1, where
Snr+rr and Sgr are the signals recorded at the sample surface
with either the probe in contact with the surface (i.e., the near-
field plus the far-field, NF + FF) or with the probe retracted
(i.e., the far-field only, FF), respectively.'> Alternatively, several
studies have reported enhancement factors (EF), defined as Cg
multiplied by the ratio of the volumes over which the near-
field and far-field spectra are acquired, which may be overesti-
mated due to the approximations made as part of the near-
field volume estimation.?® Together, these factors limit a rigor-
ous comparison of probe sensitivity across literature studies
and meaningful conclusions concerning the quantitative per-
formance of the different probe fabrication methods cannot
be easily drawn.

Several candidate materials that could, in principle, be used
to benchmark TERS and TEPL probe performance have been
reported. One such example is, as previously mentioned,
carbon nanotubes;>'* however, while they are ideal for evaluat-
ing spatial resolution in TERS, differences in the near-field
Raman signal within and between individual nanotubes due
to differing defect densities and resonance effects, respectively,
coupled with the absence of a far-field signal in well-dispersed
nanotubes, makes accurate quantification of Cy very difficult.
More homogeneous samples, such as thin films of poly(3,4-
ethylenedioxythiophene) : polystyrene sulfonate (PEDOT :PSS)
on glass'® or SAMs on gold,**° have also been proposed.
Whilst Cy of the former can be assessed in both transmission
and reflection mode, the latter is typically restricted to reflec-
tion mode due to the lack of optical transparency of the sub-
strate, limiting the applicability of such samples to a broad
range of setups. A further example is monolayer graphene;
however, the in-plane displacements of the most studied D, G
and 2D bands do not enable a complete characterisation of Cx
for a given probe, which is typically maximal in the out-of-
plane direction.*

Benchmarking near-field enhancement to allow facile com-
parison across the research community requires a reference
material that is easy to measure, compatible with a range of
different experimental set-ups and ideally possesses measur-
able out-of-plane Raman modes and photoluminescence. In
this paper, we present a simple method for the preparation of
a monolayer of tungsten diselenide (1L-WSe,) transferred
across the boundary between a Au or Ag layer and a Si or glass
substrate, enabling the measurement of Cr and Cp;, in both
gap and non-gap mode. 1L-WSe, is a transition metal dichal-
cogenide (TMD), a class of materials possessing a direct
bandgap within the visible range®” and Raman modes with
both in-plane and out-of-plane displacements.**> As such,
1L-WSe, represents an ideal candidate material enabling sys-
tematic benchmarking of near-field enhancement factors in
both Raman scattering and photoluminescence. Our approach
has the advantages of (i) requiring no nanoscale alignment to

This journal is © The Royal Society of Chemistry 2025
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a particular sample feature via AFM, preserving the operational
lifetime of the probe, (ii) providing a sample in which material
is present within the whole far-field spot, a contribution essen-
tial for accurate sensitivity quantification, (iii) allowing quanti-
fication of gap and non-gap mode TERS and TEPL within a
single sample and (iv) possessing applicability to both reflec-
tion and transmission mode geometries across a large window
of common excitation laser wavelengths, limited only by the
dominance of photoluminescence from 1L-WSe, at ~1.65 eV/
~750 nm.

Experimental
Sample preparation

Opaque samples for measurement in reflection mode only
were fabricated by evaporation of 10 nm of Cr followed by
30 nm of Au, within a thermal evaporator (Moorfield, UK) onto
a thermally-grown 300 nm SiO,/Si substrate (Si-Mat, Germany)
through a shadow mask. The thickness of the combined Cr +
Au layer was checked using AFM and measured to be 34.2 +
1.9 nm (Fig. S2, ESIY).

WSe, monolayers were prepared by micromechanical clea-
vage of chemical vapour transport grown bulk crystals onto
polydimethylsiloxane (PDMS) (Gel-Pak 3, Gel-Pak, USA) from
scotch tape (3M, USA). Large (>10 pm) flakes of 1L-WSe, were
identified on PDMS based on their contrast under optical
microscopy before being aligned to the shadow masked edge
of the Au layer on SiO, and transferred by viscoelastic stamp-
ing®® using a home-built micromanipulator stage.

Transparent samples for measurement in either trans-
mission or reflection mode were prepared on glass coverslip
substrates (0.17 + 0.01 mm thick, Cole-Parmer, UK) using an
analogous approach, by evaporating a 2 nm Ti adhesion layer
followed by 10 nm of Au using a shadow mask. The combined
thickness of the Au + Ti layers on glass was confirmed using
AFM to be 13.1 + 0.7 nm. A flake of 1L-WSe, was then aligned
to and transferred on to the glass coverslip and over the edge
of the metal layer (Fig. S3, ESIY).

Characterisation with far-field Raman spectroscopy and
photoluminescence spectroscopy confirmed the monolayer
nature of the 1L-WSe, flake in each case (Fig. S4-S6, ESIT).

Probe preparation

Probes were prepared for TERS and TEPL using modifications
to the approach detailed by Kumar et al.'> Commercial Si AFM
probes (ACCESS-FM, AppNano, USA and HQ:CSC17/No Al,
MikroMasch, Bulgaria, for reflection and transmission mode
measurements, respectively) were first oxidised to a thickness
of ~300 nm by annealing at ~1000 °C for 45 minutes (at
National Physical Laboratory, NPL) or 30 minutes (at
Nottingham) in water vapour using a tube furnace (Lenton
Furnaces, UK at NPL, and Carbolite Gero, UK at Nottingham),
then cleaned for 60 minutes using a UV-ozone cleaner
(UVOCS®, USA at NPL and Ossilla, UK at Nottingham). Probes
for reflection mode measurements (ACCESS-FM) were sub-
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sequently metallised via electron-beam evaporation (Moorfield,
UK) of ~100 nm Ag at a deposition rate of 0.05 nm s, a
pressure of <5 x 10~ mbar and an angle of 20° to compensate
for the angle of the tip relative to the cantilever. Analogous
metallised probes for transmission mode measurements (HQ:
CSC17/No Al) were prepared via thermal evaporation of
~100 nm Ag at a deposition rate of 0.05 nm s and a pressure
of 107® mbar. Additional reflection mode data was also collected
using commercially available TERS probes (OMNI-TERS-SNC-Au
and OMNI-TERS-FM-Ag, both AppNano, USA).

Measurement setup

Reflection mode TERS and TEPL measurements were per-
formed at the University of Nottingham using a commercial
system (LabRAM Nano, HORIBA, France), comprising an AFM
(OmegaScope, HORIBA, France) and Raman spectrometer
(LabRAM HR Evolution, HORIBA, France) equipped with a
633 nm laser (operated at 142 pW), a 100x/0.7NA metallurgic
objective (Mitutoyo, Japan), an edge filter with a low-energy cut
off of 50 cm™ and a 150 1 mm™" diffraction grating. The
lateral drift of the system was measured to be ~0.82 nm
min~'. Additional far-field Raman and photoluminescence
measurements were performed using a HORIBA LabRAM HR
Evolution spectrometer equipped with 532 nm and 633 nm
lasers (with maximum powers of 87.9 mW and 15.3 mW,
respectively), 100x/0.9NA metallurgic objective (Olympus,
Japan) and 150 | mm™", 600 I mm™" and 1800 1 mm™" diffrac-
tion gratings. Ultra-low frequency 532 nm measurements
(Fig. S4 and S$6, ESIf) with a low-energy cut-off of ~10 cm™
were performed using volume Bragg filters.

Transmission mode measurements were performed at NPL
using a bespoke system, comprising an AFM (CombiScope,
HORIBA, France) and Raman spectrometer (iHR 320, HORIBA,
France) equipped with a 532 nm laser (operated at 34 pW and
equipped with a liquid crystal radial polarizer), a 100x/1.49NA
oil immersion objective (Nikon, Japan) was used in conjunc-
tion with type NF immersion oil (Nikon, Japan), a notch filter
with a low-energy cut off of ~200 cm™ and a 600 | mm ™" diffr-
action grating.

In both measurement setups, the probe-apex was aligned
with the laser beam path and located by scanning the objective
lens with the probe in contact with the 1L-WSe, flake.

Results and discussion

To enable systematic evaluation of probe sensitivity in both
gap and non-gap modes, a flake comprising 1L-WSe, (and
additional thicker regions) transferred partially over Au and
partially over 300 nm SiO, on Si was prepared (Fig. 1a-c). The
flakes were obtained via micromechanical cleaving, thus yield-
ing areas in-excess of (10 x 10) um* on both Au and SiO,
(Fig. S3, ESIf). Such large flakes, readily visible by optical
microscopy (Fig. 1f), enable facile landing of a metallised AFM
probe with end-of-tip optical access on the specific region of
interest (i.e., 1L-WSe, on either Au or SiO,) without the need

Analyst, 2025, 150, 3077-3088 | 3079
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Fig. 1 Schematic representation of the preparation strategy of our reference sample consisting of evaporation of metal onto a substrate through a
shadow mask (a), exfoliation of a WSe, flake on a viscoelastic PDMS stamp (b) and subsequent transfer onto the interface between the metal and
bare substrate using a micromanipulator (c) (Fig. S3, ESI{). This yields an idealised structure (d and e) comprising a 1L-WSe, flake overlapping regions
of Au and SiO, enabling measurement of near-field enhancement in gap and non-gap mode, respectively. Note, these are not drawn to scale and
are for illustration purposes only. Insets in (d) are depictions of the symmetries of the degenerate Eég (in-plane displacements) and A4 (out-of-plane)
Raman modes of WSe,. Optical microscopy of the sample is shown (f), where the WSe, flake has been outlined in red dashes for visualisation, with
accompanying far-field spectroscopy measurements (Fig. S4 and S5, ESIT) of the resultant structure permitting identification of monolayer regions
of the flake. Single-point spectra acquired with a 633 nm excitation laser with 0.15 mW power, recorded with the Ag probe in contact (Syr.re) and
out-of-contact (Sgf) are shown (g). The far-field subtracted TERS spectra (from (g), Snr+rr — Srr) Were compared relative to a representative far-field
spectrum taken at a higher power of 0.77 mW (440% increase in laser power and 50% decrease in acquisition time) on SiO, (h). Histograms of Cx (i)
extracted from 50 separate measurements of Syr.rr and Sgr on areas of SiO, and Au show the spread of Cr values obtained in gap and non-gap

modes. All contrast ratio values were acquired at lateral distances of >250 nm from the interface between Au and SiO,.

for an initial AFM reference scan or subsequent TERS
mapping - both critically required for common alternative
reference samples, such as carbon nanotubes, which are often
negatively impacted by drift - thus preserving the lifetime and
performance of the probe. Moreover, laser-to-probe alignment
can be optimised in direct contact with 1L-WSe, using either
the TERS or TEPL signal, rather than relying on the inherent,
but weak, plasmonic signal from the underlying probe when
retracted from the surface, which can be somewhat cumber-
some and often requires subsequent re-alignment upon
contact of the probe to 1L-WSe,.

Representative single-point TERS spectra (633 nm excitation
laser) acquired from the 1L-WSe, regions on Au and on SiO,
both in- and out-of-contact are shown in Fig. 1g. Both in-
contact spectra (Syp+rr) exhibit a clear peak at ~257 cm™'. We
tentatively ascribe and later refer to this peak as the 2LA(M)
overtone,*?” which is typically observed in the literature at
~260 cm™" and known to be enhanced through resonance at
633 nm, though we are careful to note that this peak may be

3080 | Analyst, 2025, 150, 3077-3088

convoluted with additional contributions from resonantly-
enhanced second-order processes and phonons at the edges of
the Brillouin zone that do not have a common assignation in
the literature.*®3° In addition, a lower wavenumber shoulder
was also seen corresponding to the degenerate Ej, and A,
modes at ~249 cm™ " and ~251 cm™', respectively.>**> An
assignment of the modes present in higher spectral resolution
TERS and confocal Raman spectra with respect to the literature
reported values for 1L-WSe,****?7* is shown in Fig. S7 of the
ESI.} Our ability to fully deconvolute the complex set of peaks
in this region was hindered by the limiting spectral resolution
of the 150 1 mm™" grating used for TERS measurements
(~3 em™"), which was chosen to enable greater signal for rapid
alignment and extraction of the contrast factor. Both the 2LA
(M) overtone and the Eég and A,;; modes are absent in the
corresponding far-field spectra in Fig. 1g, obtained under equi-
valent conditions (Sgr), though measurable far-field signal was
observed at higher laser powers, which was required for less
sensitive (lower Cg) probes in order to deliver a TERS signal

This journal is © The Royal Society of Chemistry 2025
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(Fig. S7, ESIf). The peak at ~520 em™" in all spectra is likely
attributed to the SiO, substrate along with a possible contri-
bution from the partially exposed Si of the TERS probe. Taking
the broad feature in the spectral window of 150-300 cm™" in
the far-field spectra (Sgr in Fig. 1g) to represent the far-field
signal intensity, and to enable more straightforward compari-
son with data presented later, Cr was extracted via Lorentzian
fitting of the peak at ~257 ecm™ and calculated to be 1.74 +
0.02 and 0.49 + 0.01 on Au and SiO,, respectively, thus yielding
a ~3.6-fold increase in the near-field enhancement in gap
mode relative to non-gap mode.

To probe the reproducibility of this effect, an area either
side of the Au-SiO, interface was mapped and Cy was deter-
mined from 50 individual measurements on both Au and SiO,
(Fig. 1i). Differences in the mean Cy obtained from this more
statistically appropriate approach were seemingly more modest
at 1.2 + 0.4 and 0.8 + 0.3 in gap and non-gap mode, respect-
ively, equating to a ~1.6-fold increase in additional enhance-
ment when working in gap mode. We note that, regardless of
whether single or multiple point analyses are considered, the
enhancement in Cy observed in gap mode relative to non-gap
mode is considerably lower than that expected based on con-
sideration of the theoretical differences in electromagnetic
field intensities (~10°> and ~10° enhancement relative to far-
field Raman signal for non-gap and gap mode, respectively),*!
confirming that additional factors, including chemical
effects,’>*? play an important role in modulating the magni-
tude of near-field signal enhancement. Moreover, this analysis
shows that variation in Cy across multiple measurements on
both substrates, whilst not insignificant (31% and 32% stan-
dard deviation as a function of the mean Cy for Au and SiO,,
respectively), is effectively independent of the nature of the
substrate, i.e., any difference in the local roughness of the Au
substrate, relative to SiO,, does not contribute to additional
variability in plasmonic enhancement compared to that seen
in non-gap mode. Indeed, the magnitude of variation in Cy
observed here is commensurate with that seen in previous
interlaboratory studies,*® with the substrate independence we
note likely reflecting a combination of various effects, includ-
ing a reduction in signal-to-noise (an artefact of the shorter
per-point acquisition time necessary when mapping), potential
probe degradation inherent when acquiring multiple spectra,
nanoscale inhomogeneities in strain and dielectric environ-
ment arising from a combination of substrate roughness (seen
on both Au and SiO,) and interfacial contamination above and
below the 1L-WSe, flake following transfer, as has been seen
for related two-dimensional materials in our previous work.**
In particular, an uneven distribution of polymeric contami-
nation from flake transfer, as discussed in the studies of Jain
et al.*® and Rahaman et al.,*® is likely to result in moderate
variation in Cy as this will modulate the strength of inter-
actions between Se of 1L-WSe, and Au of the substrate®”*®
and/or Ag (or Au) of the probe, all of which in turn will impact
the Raman spectrum of 1L-WSe,."® Regardless, we propose the
1L-WSe, flake on Au and SiO, as a reference sample to quan-
tify Cr in both gap and non-gap modes, obtaining solely

This journal is © The Royal Society of Chemistry 2025
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single-point measurements in each case. Whilst it is reason-
able to expect some variation in Cr when spectra are obtained
from multiple locations, single-point measurements permit a
facile and accurate assessment of probe performance without
impacting the operational lifetime of the probe. Similarly, the
evaluation of the inherent Type A uncertainty from the sample
itself of ~30% gives prospective users an understanding of the
inherent uncertainty that comes with this reference sample
when making comparisons between data obtained from the
reference sample by the same or different users.

Interestingly, the increase in Cy between SiO, and Au
observed is contrary to that reported by Miranda et al.,* who
systematically compared Cy of the G and 2D bands of mono-
layer graphene deposited on glass, Au thin films and Au nano-
particles on different substrates in transmission mode. In
their study, negligible differences were observed in C for both
gap- and non-gap modes across the different substrates
explored. This somewhat counterintuitive result was attributed
to the electric field in gap mode being preferentially enhanced
in the out-of-plane direction and therefore having minimal
effect on the in-plane Raman modes of graphene. 1L-WSe,
possesses both in-plane (Ej, and 2LA(M)) and out-of-plane
(A;¢) modes, however, our chosen diffraction grating (150 1 mm™"
with pixel spacing ~3 cm™") does not provide sufficient spectral
resolution to allow discrimination of the relative intensities of
the E%g/Alg and 2LA(M) modes. Therefore, commentary on the
likelihood of preferential amplification of out-of-plane modes in
gap mode is not straightforward; however, this is observed when
a higher groove density grating (600 1 mm™) is employed
(Fig. S7, ESIf). Such an effect has also been seen in the TERS
spectra collected from Au nanostructures as presented by
Rahaman et al*® for 3L-Molybdenum disulfide (MoS,) and
Milekhin et al>® for 1L-MoS,. These results indicate that by
measuring the relative intensities of in-plane (E, and 2LA(M))
and out-of-plane (A, and B;,) modes of WSe;, Cg could, in prin-
ciple, be extracted separately from the in-plane and out-of-plane
directions from a single TERS spectrum for any given probe.

In addition to TERS, TEPL spectra were simultaneously
recorded from 1L-WSe, on Au and on SiO,. As can be seen in
the far-field characterisation of 1L-WSe, (Fig. 2a and Fig. S5,
ESIY), the emission profile contains a maximum peak at ~1.65
eV/750 nm, which is asymmetric and can be fit using two
Lorentzian line shapes (Fig. 2a), centred at ~1.66 eV/746 nm
(C1) and at ~1.64 eV/756 nm (C2), which in the far-field
spectra predominantly corresponds to signal from neutral exci-
tons and trions, respectively (Fig. 2b). Interestingly, the far-
field measurements indicate that the photoluminescence of
1L-WSe, on Au was not fully quenched. This is likely due, as
discussed previously, to the presence of polymeric contami-
nation at 1L-WSe,/Au and 1L-WSe,/air interfaces, an obser-
vation typical of the dry transfer process used,*> and here of
significant benefit as it provides another spectroscopic handle
to quantify probe performance. As can be seen visually in
Fig. 2¢, when compared to Fig. 1g, values of Cp;, based on
single-point measurements, were lower than Cg, with Cpy, cal-
culated to be 0.5 + 0.2 and 0.5 + 0.1 on Au and SiO,, respect-
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CpL (C1)
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(a) showing contributions from two excitonic species each fit using a

Lorentzian line shape along with a simplified band diagram detailing the nature of the excitonic species typically present in monolayer transition
metal dichalcogenides (b), where the top and bottom parabolas correspond to the conduction and valence bands of 1L-WSe,, respectively, blue and
white circles correspond to electrons and holes, respectively, arrows denote the alignment of electron/hole spins and dashed ovals denote a bound

complex. A comparison of spectra obtained in contact (Syr.+rr) and with

the probe retracted (Sgf) for 1L-WSe, on Au and SiO; (c), indicates higher

CpL in gap mode. Histograms of Cp_ (d) extracted from 50 separate measurements of Syr.rr and Sgr both on SiO, and Au show the spread of Cp

values obtained in gap and non-gap modes. All measurements were acqui

red with a 633 nm excitation laser operated at 0.77 mW power for confocal

far-field measurements in (a) and 0.15 mW power for TEPL measurements in (c).

ively. Related analysis with an increased number of data points
(50) from mapping experiments on both SiO, and Au of
Sne+rr and Sgp (Fig. 2d), generated Cpy, values of 0.7 + 0.2 and
0.3 + 0.1 for Au and SiO,, respectively, which corresponds to a
~2.3-fold increase in near-field enhancement in gap
mode. The variation in Cp;, consistent with that seen for
the corresponding analysis of Cr as discussed previously,
likely reflects a combination of effects encompassing the con-
ditions of the measurement, as well as the fundamental
physicochemical characteristics of the probe, sample, and sub-
strate, and their pairwise interactions. It is important to note
that in all our measurements the tip was held directly in
contact with the surface at each pixel via contact mode AFM
feedback, such that the mechanical conditions (ie., tip-
sample distance) were consistent between measurements.
Whilst it is known that the separation between tip and sample
will inevitably lead to variation in measured contrast
ratios,>">> we do not expect this to be a significant contributor
here, but will be important when comparing contact mode
AFM with other feedback mechanisms, e.g., scanning tunnel-
ling microscopy.

3082 | Analyst, 2025,150, 3077-3088

Interestingly, whilst Cp;, values are smaller than Cg, more
dramatic changes in TEPL line shape are evident. We extract
differences in the profile through fitting two Lorentzian line
shapes, as seen in Fig. 2a. The higher energy component (C1)
is taken to be the neutral exciton while the lower energy com-
ponent (C2) likely contains contributions from trions, biexci-
tons and dark excitons, as illustrated in Fig. 2b and discussed
later in the main text. We observe a disproportionate increase
in the longer wavelength shoulder (C2) of the WSe, TEPL
across the area defined in the AFM image in Fig. 3a, when in
gap mode (Fig. 3b and c). Several effects, including strain,>*"*
doping,* dielectric environment,*® dark excitons®” and laser
power® have been shown to affect the far-field line shape of
photoluminescence obtained from monolayer TMDs. In
addition, more recent reports detail related effects observed in
the near-field spectra of analogous materials.***°"** Indeed, in
the studies of Park et al.,*® Hasz et al.°® and Rahaman et al.,”®
the unique capability provided by AFM to apply force and
external bias via the probe have been explored. The normalised
Snr+rr — Spr and Sgr spectra plotted in Fig. 3b each show the
average spectrum, from over >256 pixels spanning an area

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 An AFM image acquired at the intersection of the edge of the 1L-WSe, flake and the Au layer (a) is shown in addition to single-point far-
field-subtracted TEPL spectra (Snr+rr — Ske) and corresponding far-field (Sgr) spectra on Au and SiO,, both of which had been averaged over >256

pixels for each experimental condition (b). A TEPL map (2 pm field-of-view,

31.25 nm pixel size) was acquired from the region illustrated in (a) and a

false colour map was generated (c) showing the intensity of the longer wavelength shoulder (C2) extracted by Lorentzian fitting. In both (a) and (c),
red lines denote the edge of the 1L-WSe; flake. (d) Relative intensities of the possible neutral exciton peak (C1) and the long wavelength shoulder
(C2) as a ratio of Snrirr — Spr compared to Sgg, for different probe and substrate materials, are compared to Cr obtained from the same spectra. The
normalised Snrirr — Skr and Sgr spectra which were analysed for (d) can be found in Fig. S8 in the ESIL.{ All measurements were acquired with a

633 nm excitation laser.

comparable to the far-field laser spot size, while the TEPL map
(Fig. 3c) shows that the height intensity of the C2 peak
(defined in Fig. 2a) is consistently higher on the Au substrate
in comparison to that on the SiO, substrate, with some
additional local variations in the height of the C2 peak
observed across the Au and SiO, interface. The root-mean
square roughness of the 1L-WSe, layer on Au (1.6 + 0.3 nm)
and SiO, (1.5 = 0.3 nm) was calculated from an AFM image
(Fig. 3a). The similar roughness of the 1L-WSe, layer on Au
and SiO, and the clear differences in the area averaged far-
field PL and far-field subtracted TEPL spectra indicate that the
difference between the TEPL spectra of 1L-WSe, on Au and
SiO, are a consequence of the near-field enhancement
achieved when bringing the plasmonically active probe into
contact with the sample, while nanoscale effects, such as
surface roughness,®” local strain,>** dielectric environment>®
and doping variations®> due to the conformation of the

This journal is © The Royal Society of Chemistry 2025

1L-WSe, on the substrate, may account for local variations
across uniform Au and SiO, regions.

Several explanations have previously been given to account
for the emergence of longer wavelength peaks in the TEPL of
1L-WSe, and related structures. Tip-induced doping was
shown by Su et al. to bring about changes in the relative contri-
bution of neutral excitons and negatively charged trions in
MoS,.%> In both TEPL and systems where TMDs are interfaced
on both sides with plasmonic layers, preferential plasmonic
enhancement of trion and biexciton species has also been
discussed.®”*®*7° More recently, longer wavelength TEPL com-
ponents have been attributed to spin-triplet dark excitons
(Fig. 2b), which are favourably excited in gap mode TEPL
owing to their out-of-plane transition dipole
moment.*®°%°%7572 T gain further insight into the origin of
the long wavelength shoulder, TEPL measurements were
carried out on 1L-WSe, on a range of substrates (Au, Ag, SiO,

Analyst, 2025, 150, 3077-3088 | 3083
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and glass) with both Au and Ag coated probes (Fig. 3d). In all
cases, the relative intensity of the low energy shoulder
extracted using Lorentzian fitting remained the same or
increased in the near-field spectra relative to the corres-
ponding far-field, which is contrary to what one would expect
from probe-induced doping given the work functions of Ag, Au
and 1L-WSe, (~4.3 eV, ~5.1 eV’* and ~4.5 eV, respectively).
To determine the origin of the long wavelength shoulder in
our WSe, TEPL, ie., as dark excitons, trions or biexcitons, we
investigated the relative intensity (by area) of the different con-
tributions to the TEPL spectra from 1L-WSe, on Au across a
range of laser powers (Fig. S9, ESIt). The near-linear behaviour
of the area of the Lorentzian fitted C1 and C2 peaks as a func-
tion of laser power are consistent with a dark exciton for the
longer wavelength component, as trions/biexcitons would be
expected to show a superlinear/quadratic dependence.®
Moreover, in Fig. 3d, we plot the increase in the relative inten-
sity of the low energy shoulder in the near-field photo-
luminescence spectra as a function of the Cy extracted from
the same spectra for various combinations of probe material
and substrate. This shows that the increase in the relative con-
tribution of the low energy shoulder only occurs in gap mode,
which is further evidence that the feature is more likely a dark
exciton, which would be preferentially enhanced in gap mode
given its transition dipole moment would be aligned to the
polarisability of the probe apex/substrate plasmonic nano-
structure. These results demonstrate that the existence of
power- and polarisation-dependent excitonic processes in
1L-WSe, is very useful for benchmarking probe performance,
as, in addition to quickly extracting Cp;, based upon the inten-
sity of the neutral exciton, further information regarding the
directionality of the enhancement could be obtained by analys-
ing the line shape of the photoluminescence profile.

Finally, to validate the applicability of the proposed sample
configuration to quantify probe sensitivity across different
instrument set-ups, ie., transmission mode as well as reflec-
tion mode, TERS measurements were performed using a pro-
posed alternative reference sample on which a 1L-WSe, flake

View Article Online
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was transferred partially over glass and partially over 10 nm of
Au (with a 2 nm Ti adhesion layer) on glass (Fig. 4a). The glass
substrate and a 10 nm Au layer were chosen to facilitate trans-
mission mode measurements, where the 10 nm Au layer is
thinner than the 30 nm Au layer used for reflection mode, as
signal will inevitably be attenuated due to absorbance of both
the incident and scattered light by Au. The sample was pre-
pared as described in the Experimental section and as shown
in Fig. S6 of the ESL.{ Sxp+rr and Sgr spectra were measured
from at least three locations in each non-gap mode and gap
mode area (five measurements on glass and three on Au were
possible within the lifetime of the probe used for testing, and
therefore used for analysis) and the spectra corresponding to
the median values of Cy are shown in Fig. 4b. We note the
intensity of Sgr and Sxp+rr ON Au is lower than that observed
on glass due to attenuation of the transmitted laser and
Raman scattered signal by Au (a slightly opaque layer within
the laser pathway) in this configuration. For both gap mode
measurements on Au and non-gap mode measurements on
glass, a relative increase in the intensity of the peak arising
from the degenerate E;g + A;; Raman modes was observed
with the TERS probe present, demonstrating that Cr can also
be readily extracted from this sample in transmission mode.
The mean values of Ci were found to be 0.8 + 0.4 and 0.5 + 0.2
for Au and glass, respectively, which is a ~1.6-fold increase in
signal due to gap mode enhancement, in good qualitative
agreement with our ~1.6-fold increase in signal in reflection
mode. Whilst there is more variability in Cg observed in trans-
mission mode (46% and 41% standard deviation as a function
of the mean Cy for Au and glass, respectively) compared to
reflection mode (31% and 32% standard deviation as a func-
tion of the mean Cy for Au and SiO,, respectively), it is impor-
tant to note that the number of spectra upon which the trans-
mission mode values are based is significantly smaller than
the number in reflection mode. Regardless, the observations
made using our modified proposed reference sample in trans-
mission mode are very similar to those obtained in reflection
mode and thus clearly demonstrate the versatility of our
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Fig. 4 Schematic representation of a transmission mode TERS measurement of a modified proposed reference sample comprising a 1L-WSe; flake
overlapping regions of both Au and glass (a). Using probes coated in Ag, spectra acquired with a 532 nm excitation laser were recorded from
1L-WSe; on (Snr+rr) and off (Sge) the hotspot of the probe in gap mode and non-gap mode (b). The spectra have been normalised such that the
SNF+FF Spectra are of equal intensity. For comparison, the normalised far-field-subtracted TERS spectra (Snr+rr — Ske) on Au and glass are shown,
along with the far-field Raman signal measured on glass (c). The spectra shown in (b) and (c) are single-point spectra corresponding to the position
at which the median enhancement factor was extracted for both Au and glass.
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1L-WSe,-based materials to quantify probe performance irre-
spective of specific instrument configuration.

Conclusions

We have fabricated and tested a class of proposed reference
samples for TERS and TEPL measurements in which a
1L-WSe, flake is transferred partially over Au and partially over
SiO, or glass enabling rapid comparison of the near-field
signal enhancement in both gap and non-gap mode all within
a single sample. We have seen that the 2LA(M) and combined
E;g + Az Raman modes provide an excellent handle for quanti-
fication of Raman spectroscopy contrast factors, with a ~1.6-
fold amplification in TERS signal enhancement in gap mode,
relative to non-gap mode, typically observed. Similar contrast
factors are observed using the signal intensities from photo-
luminescence, with additional analysis showing that the longer
wavelength component of the asymmetric TEPL line shape, ten-
tatively ascribed to a dark exciton, is preferentially enhanced in
gap mode. The combination of both gap mode and non-gap
mode, and the well-defined plane of the 1L-WSe, flake, and by
extension the Raman mode displacements and photo-
luminescence transition dipole moments versus the probe
dipole, enables a greater range of properties to benchmark near-
field enhancement than alternative samples, such as disordered
polymers and dye molecules. By performing the characterisation
using two common access geometries in two separate labora-
tories, and critically assessing the performance of our reference
sample against a guiding set of criteria we consider important
for an ideal TERS/TEPL reference sample (Table S2, ESIT), we
demonstrate the suitability of this class of sample to be adopted
as a future TERS/TEPL reference enabling the refinement of new
probe development and benchmarking measurement protocols
across different laboratories.
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