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Figure S1. A plot of the reported Raman contrast factors (CR) calculated from a range of probe 
fabrication methods and substrate configurations (across multiple material classes) (a) and a 
range of materials, including graphene, carbon nanotubes (CNT), dye molecules, self-
assembled monolayers (SAM), graphene oxide (GO) and transition metal dichalcogenides 
(TMD) (across multiple probe fabrication methods and substrate configurations) (b). Further 
details for each data point are given in Table S1.  



Table S1. Details of the probe preparation, sample class, laser wavelength and reported CR 
from literature studies, as shown in Figure S1. The following abbreviations are used 
throughout the table: single-walled carbon nanotube (SWNT), carbon nanotube (CNT), 
graphene oxide (GO), self-assembled monolayer (SAM), poly(3,4-ethylenedioxythiophene) 
(PEDOT), poly(vinyl alcohol) (PVA) and 4-nitrothiophenol (NTP). 

Supplementary 
Information 
Reference and
Method

Probe Apex Material Sample Substrate Laser 
wavelength 
(nm)

CR

Template Stripping (Non-Gap Mode)
1 Au Graphene Glass 633 51
2 Au Graphene Glass 633 72
3 Au Graphene Glass 633 3
4 Au Graphene Glass 633 33
5 Au SWNT Glass 633 10
5 Au Dye Molecules 

(Atto 647N)
Glass 785 200

6 Au Graphene Glass 633 15
6 Au Graphene Au on 

Glass
633 6

Ag Nanowires (Non-Gap Mode)
7 Ag SWNT Si 633 10.6
8 Ag 1L-MoSe2 and 1L-

WSe2

SiO2 633 15

9 Ag Graphene SiO2 532 4.4
Ag Nanowires (Gap Mode)
10 Ag Graphene Ag 532 7.7
11 Ag Thiol (HS-C6H12-

O-azobenzene)
Au 633 500

7 Ag SWNT Au 633 2800
7 Ag SWNT Au 633 33.7
12 Ag SWNT Au 633 99
Physical Vapour Deposition (Non-Gap Mode)
13 Ag Dye molecules 

(brilliant cresyl 
blue)

Glass 488 4

14 Ag Graphene Glass 488 25
15 Ag CNT Glass 488 5
16 Ag PEDOT PEDOT 532 3
17 Ag Polystyrene Polystyrene 532 3
17 Ag CNT Glass 532 10
18 Ag Dye molecules 

(crystal violet)
Glass 532 35

19 Ag MoS2 SiO2 532 3
20 Ag Graphene Glass 532 8
21 Ag Zeolite Resin 532 10
22 Ag CNT PVA on 

glass
532 40

14 Ag Graphene Glass 488 25
23 Ag Lipid Bilayer Glass 532 60



24 Ag Solar Cell Bulk 532 4.5
25 Ag GO Glass 532 10
26 Ag Mouse Cell Resin 532 5.7
Physical Vapour Deposition (Gap Mode)
27 Ag GO Au 633 22
27 Ag GO Au 633 172
28 Ag SAM (biphenyl 

thiol)
Au 532 10

17 Ag SAM
(biphenyl thiol)

Au 532 13

29 Au CdSe Au 638 25
30 Au NTP Ag 633 65
31 Au NTP Ag 633 100
32 Au DNA Au 633 12.3
33 Au GO Au 638 10
34 Au GO Au 638 60
35 Au SAM (4-

aminothiophenol )
Au 642 2000

36 Au RNA Au 660 5
Etched Wire (Non-Gap)
37 Ag Graphite Graphite 532 6
25 Ag GO Glass 532 65
38 Au Graphene Glass 633 1
Etched Wire (Gap)
39 Au Dye molecules 

(brilliant cresyl 
blue)

Au 633 35

40 Au SAM (4-
nitrothiophenol)

Au 633 3

41 Au Protein Au 638 50
42 Ag Dye molecules 

(Cu 
phthalocyanine) 

Au 514 4

43 Au Dye molecules 
(malachite green)

Au 633 8

44 Au WS2 Au 633 5.2



Figure S2. An AFM image of the reference sample discussed in Figures 1-3 of the main 
manuscript is shown (a), along with an extracted line profile – the location of which is indicated 
with a red dashed line in (a) – is plotted in (b). 



Figure S3. A schematic showing the operation of the transfer apparatus is shown (a) in 
addition to optical micrographs of a WSe2 flake prepared by micromechanical cleavage with 
areas of monolayer and thicker regions before (b) and after (c) transfer from the PDMS stamp 
to an Au on glass substrate. 



Figure S4. Far-field micro-Raman spectroscopy characterisation of the WSe2 flake used for 
evaluation of probe performance in reflection mode TERS and TEPL, as discussed in Figures 
1, 2 and 3 of the main manuscript. Single-point Raman spectra (532 nm excitation laser at 
0.88 mW power) from locations corresponding to three different thicknesses of WSe2 (denoted 
by coloured circles in the optical micrograph (a)) are shown (b), with the absence of the B1

2g 
mode inferring 1L-WSe2 was present at the location of the black circle. The specific number 
of layers from multilayer areas was extracted using the position of the characteristic C mode 
correlated with the linear chain model (c),45 with regions marked with red and blue circles 
corresponding to 3L- and 14L-WSe2, respectively. A comparison between the single-point 
Raman spectra (633 nm excitation laser at 0.77 mW power) for each layer thickness of WSe2 
on SiO2 and Au is shown (d), indicating the far-field spectra are independent of the substrate. 
It is important to note that the spectra acquired with a 633 nm laser (d) show the same first 
order bands as the corresponding spectra acquired with a 532 nm laser (b), but additional 
harmonics and overtones are observed due to resonance effects.46 Thus, the Raman spectra 
acquired with a 633 nm laser shown here can be classified as resonance Raman spectra, in 
the same way that the TERS spectra shown in Figure 1 (also with a 633 nm laser) can be 
described as tip-enhanced resonance Raman scattering (TERRS) spectra; however, for the 
sake of simplicity, we have not made this distinction elsewhere.



Figure S5. An optical micrograph of the 1L-WSe2 sample used for probe performance 
evaluation in reflection mode TERS and TEPL discussed in Figures 1, 2 and 3 of the main 
manuscript is shown (a) in addition to single-point photoluminescence spectra recorded from 
1L- and 3L-WSe2 regions on SiO2 and Au (b) confirming the 1L- assignation determined from 
micro-Raman measurements (Figure S4), with 1L-WSe2 showing strong and relatively uniform 
photoluminescence from the monolayer area of the flake. The spectra have been normalised 
such that the spectra obtained on Au are of equal intensity. Hyperspectral photoluminescence 
imaging was performed to show the spatial distribution of the total integrated signal intensity 
from the 1L-WSe2 flake (c). Note, the 3L- and 14L-WSe2 regions and flake-free areas were 
excluded from (c) by intensity thresholding.



Figure S6. Far-field micro-Raman and photoluminescence spectroscopy characterisation of 
the WSe2 flake (a) used for evaluation of probe performance in transmission mode TERS 
discussed in Figure 4 of the main manuscript. Single-point Raman spectra (532 nm laser) 
obtained from different locations are indicative of the 1L- and 2L- nature of WSe2 on glass and 
Au (b). The layer thickness of the different areas of the sample annotated in (a) were verified 
using both ultra-low frequency Raman spectroscopy (c) and photoluminescence spectroscopy 
(d) characterisation of the monolayer region of the sample on and off the Au film. 



Figure S7. Higher spectral resolution spectra recorded with the probe in contact (SNF+FF) and 
retracted (SFF) from 1L-WSe2 on Au (a) and a comparison of the far-field subtracted data with 
the confocal Raman spectrum with literature46-49 Raman mode assignments for 1L-WSe2 (b). 
Spectra were acquired with a 600 l mm-1 diffraction grating and a probe of lower CR under the 
same experimental conditions used for Figure 1 of the main manuscript. Here, signal 
contribution from the far-field was significant; however, the amplification of the combined A1g 
and E1

2g modes, relative to the 2LA(M) mode, in the near-field plus far-field spectrum is clear, 
thus providing compelling evidence for the preferential enhancement of the in-plane (A1g) 
mode in the near-field spectrum in gap mode. It is important to note that as the A1g and E1

2g 
modes are degenerate their respective contributions cannot be deconvoluted. Thus, low 
spectral resolution data, including that collected using a 150 l mm-1 diffraction grating, as 
shown in Figure 1 of the main manuscript, is sufficient to enable meaningful quantification of 
CR, with the additional advantage that low resolution set-ups provide a broad spectral window 
sufficient to examine both TERS and TEPL simultaneously. TERS measurements were 
performed with a 633 nm excitation source at a power of 0.15 mW. If we assume the in-plane 
2LA(M) and E1

2g modes are enhanced to the same extent in gap mode, by extracting peak 
ratios (2LA(M):E1

2g+A1g) and applying simultaneous equations we can tentatively comment on 
the preferential enhancement of the out-of-plane A1g mode. From this analysis, we determine 
in-plane and out-of-plane CR values of ~2 and ~12, respectively, corresponding to a ~6 fold 
increase which can be ascribed to an enhancement of the out-of-plane electric fields arising 
from coupling to the plasmonic substrate in gap mode.



Figure S8. Normalised SNF+FF - SFF (red) and SFF (grey) photoluminescence spectra of several 
combinations of probe and substrate materials (labelled inset) acquired with a 633 nm 
excitation source at a power of 0.15 mW.



Figure S9. The power dependence of the far-field-subtracted TEPL spectra (SNF+FF - SFF) 
recorded from 1L-WSe2 on Au in reflection mode is shown (a) in addition to a log plot of the 
intensities extracted from a two-component Lorentzian fit (b). Component 1 is centred at 
~1.66 eV and component 2 is centred at ~1.64 eV.



Table S2. A proposed set of desirable characteristics for a TERS and TEPL reference sample. The specifications noted here are not intended to 
be exhaustive or definitive but are designed to tentatively guide further development in this area. A critical appraisal of how well our 1L-WSe2 
reference sample meets these criteria is presented, along with commentary on the potential modifications to this reference sample or alternative 
reference samples previously described in the literature (specifically, carbon nanotubes (CNT)28, 50 or self-assembled monolayers (SAM) of 
organic molecules51 on Au) that would enable these to be fully met is discussed. Information on general reference sample requirements can be 
found in ISO 17034:2016(en) and ISO 33403:2024.

Criterion Descriptor Criterion 
met?

Comments Alternatives

1 General requirements
1.1 Relevance to a real-life sample Yes WSe2 is a nanomaterial of interest in the 

TERS/TEPL community.
CNT, SAM, MoS2.

1.2 Quantification of probe sensitivity or 
enhancement

Yes Tested at UoN (Figures 1-3) and NPL (Figure 4). SAM.

1.3 Quantification of spatial resolution No In principle, nanoscale patterns in the 1L-WSe2 
could be engineered using lithographic techniques 
to enable quantification of limiting spatial resolution, 
as has been shown previously for SAM on Au.51

SAM would require lithographic 
patterning. CNT have dimensions 
that are appropriate, though 
variations in diameter would need 
to be accounted for.

1.4 Suitable for reflection mode Yes Tested at UoN (Figures 1-3). CNT, SAM on Au.
1.5 Suitable for transmission mode Yes Tested at NPL (Figure 4). A transparent substrate 

and thin Au layer (~10 nm) were essential.
CNT, SAM on a thin Au layer.

1.6 Suitable for multiple wavelengths of 
excitation laser

Yes Excitation wavelengths of 633 nm and 532 nm were 
tested at UoN (TERS and TEPL) and NPL (TERS), 
respectively.

1.7 Suitable for gap mode Yes Tested at UoN (Figures 1-3) and NPL (Figure 4). CNT, SAM.
1.8 Suitable for non-gap mode Yes Tested at UoN (Figures 1-3) and NPL (Figure 4). CNT.
1.9 TERS signal Yes Tested at UoN (Figure 1) and NPL (Figure 4). CNT, SAM.
1.10 TEPL signal Yes Tested at UoN (Figures 2 and 3). SAM with visible fluorophores 

might enable this.
2 Sample features
2.1 Area of interest identifiable with 

optical microscopy, or covering the 
whole sample

Yes Demonstrated in Figure 1.

2.2 Uniform chemical and physical 
composition

Partially Small changes in surface roughness, but uniform 
concentration (thickness) and at least initially 



chemically uniform.
2.3 Stable under ambient conditions Partially WSe2 is relatively stable under ambient conditions, 

however, gradual oxidation can occur, therefore 
storage under vacuum or inert atmosphere is 
preferable.52

2.4 Stable when exposed to lasers Partially We observed no spectral changes that would be 
diagnostic of damage and/or photobleaching up to 
a laser power of 0.77 mW. However, damage would 
be expected (as with most samples) at high laser 
power.

CNT, SAM.

2.5 Mechanically robust when the probe 
is in contact with the sample

Yes The sample discussed in Figure 2 was measured 
with multiple probes and found to be mechanically 
robust under all conditions applied.

CNT.

2.6 Robust sample for shipping and 
handling at multiple laboratories

Partially The substrate in Figure 4 is susceptible to 
mechanical breakages, however it was successfully 
shipped between laboratories using appropriate 
packaging.

CNT, SAM.

3 Spectral features
3.1 At least one peak between 200 cm-1 

and 2000 cm-1
Yes Several measurable Raman peaks with the range 

~240-265 cm-1.
CNT and SAM both exhibit Raman 
modes above 200 cm-1.

3.2 At least one peak between 1.5 eV 
and 1.8 eV

Yes Possesses PL emission at ~1.65 eV.

3.3 Distinct in-plane and out-of-plane 
modes

Yes The out-of-plane A1g and in-plane E1
2g modes of 1L-

WSe2 are degenerate, though the PL contains 
contributions from exitonic species with in-plane 
and out-of-plane transition dipole moments. 

Related transition metal 
dichalcogenides exhibit not-
degenerate A1g and E1

2g modes, 
but their spectra can be 
complicated by overlapping 
Raman and PL emissions 
(depending on excitation laser 
wavelength).

3.4 Easily isolated or identifiable peak Yes
4 Sample preparation
4.1 Trivial to prepare Yes
4.2 Safe to handle After 

preparation
WSe2 does present H301+H331 and H373 hazard 
codes, but standard health and safety provisions 
enable the safe handling of these materials. Once 
prepared and adhered to a non-hazardous 
substrate, the sample hazards are significantly 

The preparation of SAM, 
particularly those based upon 
highly toxic thiophenol derivatives, 
requires specialist handling. MoS2 



reduced. has no known hazards.
4.3 Easy route to commercialisation Yes A simple cost analysis reveals that ten samples 

could be manufactured for as little as ~$200 each. 
As such, we anticipate future potential for 
commercialisation.

CNT on Au and SAM on Au 
samples are commercially 
available.
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