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Tip-enhanced nanoscopy of two-dimensional
transition metal dichalcogenides: progress and
perspectives
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The optoelectronic properties of two-dimensional (2D) transition metal dichalcogenide (TMD) thin layers

prepared by exfoliation or chemical vapour deposition are strongly modulated by defects at the nano-

scale. The mediated electronic and optical properties are expected to be spatially localised in a nanoscale

width neighbouring the defects. Characterising such localised properties requires an analytical tool with

nanoscale spatial resolution and high optical sensitivity. In recent years, tip-enhanced nanoscopy, rep-

resented by tip-enhanced Raman spectroscopy (TERS) and tip-enhanced photoluminescence (TEPL), has

emerged as a powerful tool to characterise the localised phonon and exciton behaviours of 2D TMDs and

heterojunctions (HJs) at the nanoscale. Herein, we first summarise the recent progress of TERS and TEPL

in the characterisation of several typical defects in TMDs, such as edges, wrinkles, grain boundaries and

other defects generated in transfer and growth processes. Then the local strain and its dynamic control of

phonon and exciton behaviours characterised by TERS and TEPL will be reviewed. The recent progress in

characterising TMD HJs using TERS and TEPL will be subsequently summarised. Finally, the progress of

TERS and TEPL combined with optoelectronic sensitive electronic scanning probe microscopy (SPM) in

the applications of TMDs will be reviewed.

Introduction

In recent years, TMDs composed of periodic layers of tran-
sition metals and chalcogenide elements have emerged as a
new class of optoelectronic materials owing to their unique
physical properties such as high electron mobility,1 large
exciton binding energy,2 large spin–orbit splitting energy,3 etc.
Defects, such as vacancies,4 grain boundaries,5 dislocations,6,7

nonstoichiometric fluctuations,8 wrinkles,9 organic residues,10

etc., are crucial factors affecting the electronic and optical pro-
perties of monolayer (1L) TMDs and their HJs and twisted
thick layers. For TMD HJs, interlayer diffusion and the result-
ing interfacial alloying effect can also be classified as a general
defect. Considering the small exciton diffusion length (a few
hundreds of nanometres)11 in TMDs, the modulated electronic
and optical behaviours are expected to be spatially localised in
a nanoscale width neighbouring the defects.13 Characterising
the electron and exciton behaviours in such a small scale chal-
lenges the spatial resolution, sensitivity and functionalities of
many analytical tools. It is known that the conventional electri-

cal probe method only gives averaged electronic properties in a
spatial width of dozens of microns.5 Far field Raman or photo-
luminescence (PL) mapping is only able to provide averaged
spectral information in a spatial width of hundreds of nano-
metres due to the optical diffraction limit.12 Abbreviation-
corrected transmission electron microscopy (TEM) is able to
give the atomic structure of defects with a spatial resolution of
picometer scale,13 whereas the obtained atomic structure is
very hard to be directly correlated with the local electrical,
optoelectronic or optical properties.

Tip-enhanced nanoscopy has recently emerged as a promis-
ing tool to examine the microstructure modification and local
excitonic behaviours of TMDs at the nanoscale. Raman and PL
signals of a sample can be strongly enhanced by a sharp metal-
lic tip via localised surface plasmon and lightning rod effects,
resulting in TERS and TEPL, respectively.14 The lattice vibration,
doping effect, excitonic characteristics, etc. are expected to be
obtained by analysing the tip-enhanced Raman and PL spectra
at the nanoscale. TERS and TEPL have been successfully
implemented in characterising the microstructure and defects
of a variety of 2D materials,15–29 such as WSe2,

21,26 WS2,
16,19,28,29

MoS2,
17,25,27 and HJs.30–33 However, to the best of our knowl-

edge, there are few review literatures that summarise the recent
studies of TERS and TEPL of TMDs. Therefore, a comprehensive
review of the recent progress is still in demand.
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This manuscript is organized as follows. First, a brief intro-
duction of the theory and instrumentation of tip-enhanced
nanoscopy will be presented. The challenges in the measure-
ments of TMDs will also be discussed. Then we will summar-
ise the recent progress of TERS and TEPL in the characteris-
ation of edges, wrinkles, grain boundaries and other defects of
TMDs generated in transfer and growth processes. The charac-
terisation of local strain and its dynamic control characterised
by TERS and TEPL will be further summarised. Next, we will
review the applications of TERS and TEPL in the characteris-
ation of TMD HJs. Finally, the TERS and TEPL and electrical
SPM combined method and its applications in TMDs will also
be reviewed. This review will be helpful to understand the
exciton and phonon behaviours of TMDs at the nanoscale and
further understand the localised optoelectronic properties of
TMD materials.

Tip-enhanced nanoscopy: principles
and instrumentation
Principles of tip-enhanced nanoscopy

Tip-enhanced nanoscopy is a characterising tool that utilizes
the localised surface plasmon resonance (LSPR), tip–substrate
coupling and lighting rod effects of a plasmonic tip to obtain
higher spatial resolution and stronger signal intensity than far
field (FF) Raman or PL spectroscopy. Usually, a sharp Ag or Au
metallic or metal coated SPM tip is positioned at the focus
centre of an excitation laser. Owing to the LSPR and lighting
rod effects provided by this plasmonic tip, the electric field
intensity beneath the tip apex will be strongly enhanced,
resulting in selectively enhanced Raman or PL signals of a
sample placed under the tip apex.34

LSPR effect

The LSPR effect refers to the enhancement of the electric field
intensity caused by the collective oscillation of free electrons
of the metallic tip apex under the excitation of incident light
and the formation of a localised additional electric field
(Fig. 1a). The scattering cross section of a nanosphere, defined
as the ratio of the scattered electric field to the incident field,
can be expressed as eqn (1):34,35

σs ¼ k4

6πε02
αðωÞj j2 ð1Þ

where k is the wave vector and ε0 is the dielectric constant of
vacuum. The electric permittivity α(ω) can be expressed as:35

αðωÞ ¼ 4πε0R3 εðωÞ � ε0
εðωÞ þ 2ε0

ð2Þ

where R is the diameter of a nanosphere and ε(ω) = εr + iεi is
the complex dielectric constant of a nanosphere.

The electric permittivity in eqn (2) is maximized when the
denominator ε(ω) + 2ε0 = 0, i.e., εi(ω) = 0 and εr(ω) = −2ε0,
resulting in an infinite scattering cross section according to

eqn (1). When the frequency of incident light satisfies the
dielectric resonant conditions of a probe according to eqn (1)
and (2), the electric field intensity beneath the tip apex will be
most effectively enhanced, which is the so-called LSPR effect.35

The LSPR resonant wavelength of a plasmonic tip strongly
depends on the dielectric constant, curvature and roughness
of the tip, and it can be further modulated by controlling
these parameters. In the visible light range, gold and silver are
the most commonly used metals to prepare scattering metal
probes. The resonant peak of an Au probe is in the red light
range, while the Ag probe is located in the yellow to green light
range36 (Fig. 1b).

Lightning rod effect

The lightning rod effect is generated by the accumulation of a
high density of local surface charges at the singularity points
of a metallic object. When the polarization direction of inci-
dent light is parallel to the axis of a plasmonic probe, the
surface charge distribution is almost rotationally symmetrical
under the influence of the applied electric field, and the
charge density at the tip apex is strongly enhanced
(Fig. 1c).37,38 This results in a significantly enhanced local elec-
tric field beneath the tip. It should be noted that when the
polarization direction of incident light is perpendicular to the
axis of the plasmonic probe, charge accumulation is very weak
at the tip apex, resulting in weak enhancement of the local
electromagnetic field.

Imaging dipole effect

Compared with the case without a substrate, when a smooth
gold or silver thin film is used as a substrate, the local electric
field intensity under the tip apex is more tightly localised at
the gap between the tip apex and the substrate, and a signifi-
cant additional enhancement is expected to be obtained. This
working mode is the so-called gap mode.39 In the electric field

Fig. 1 (a) LSPR effect of an incident light wave (electric field amplitude
E and wave vector K) for a plasmonic probe; (b) scattering intensity of
light as a function of the light wavelength measured for silver- and
gold-coated silicon AFM probes;36 (c) lighting rod effect of incident light
polarization (E) parallel or perpendicular to the axis of plasmonic tips;
and (d) imaging dipole effect of a plasmonic probe placed on the
surface of a metallic substrate. (b) has been adapted/reproduced from
ref. 36 with permission from IOP Publishing, copyright 2010.
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of the incident laser, the strong coupling of a local electric
field of the tip apex to the metallic substrate can be modelled
by a spherical imaging dipole placed at a mirror position of
the tip apex (Fig. 1d). The additional permittivity provided by
the imaging dipole can be expressed as

αimage ¼ α
εs � ε0
εs þ ε0

ð3Þ

where εs is the dielectric constant of the metallic substrate.

Enhancement factor

The effectiveness of a tip-enhanced nanoscopic measurement
is usually quantified by contrast (C) and the enhancement
factor (EF). Contrast refers to the intensity ratio of a target
peak when the tip is in contact with and retracted from the
sample surface, respectively, which is defined as40

C ¼ Itip‐in
Itip‐off

� 1 ð4Þ

where Itip-in and Itip-off are target peak intensities measured
with the tip in contact with and retracted from the surface,
respectively.

EF, on the other hand, includes the spatial volume of the
incident excitation area as a parameter to quantify the
enhancement effect of a nanoscopic system41

EF ¼ Itip‐in
Itip‐off

� 1
� �

VFF
VNF

ð5Þ

where VFF is the volume of the far field excitation region of
incident light. VNF is the effective volume of the localised elec-
tric field beneath the tip apex. Usually, the thickness of 1L 2D
materials like MoS2 or WS2 is limited to several atom layers,42

which is negligible compared with the diameter of laser focus
(usually several hundreds of nanometres). Therefore, in the
calculation of the EF of 2D materials, we can always ignore the
thickness difference between VEF and VFF by using

41

EF ¼ Itip‐in
Itip‐off

� 1
� �

AFF
ANF

ð6Þ

where AFF is the area of far field laser focus. ANF is the effective
area of the localised electric field, usually calculated from the
tip diameter or the spatial resolution obtained from nanoscopy
imaging using a given probe.25,41

In the enhanced local electric field, the correlation of
Raman enhancement with the electric intensity is straight-
forward since the Raman enhancement factor is proportional
to the fourth power of the ratio of the local electric intensity to
the incident electric intensity (|Elocal/Ein|

4),43 whereas the ana-
lysis of PL enhancement is quite complicated. Both the gene-
ration and recombination rates of excitons can be strongly
enhanced in the localised electric field.25 However, the PL
intensity is also affected by the Auger process related to the PL
quenching effect. The metallic surface of a plasmonic tip acts
as a shortcut for exciton recombination. The exciton might
recombine via this nonradiative process by giving its energy to

the third electron travelling in the tip apex, resulting in a
lowered PL intensity compared to the conditions without the
Auger process.44

Moreover, charge transfer between the tip and TMDs
induces a p(n) doping effect when the work function of the
metallic tip is smaller (larger) than that of the TMD thin layer.
The depletion (injection) of electrons in the TMD thin layer
will induce the enhanced density of neutral excitons (trions).
This will finally tune the relative PL intensity of neutral exci-
tons and trions in the obtained TEPL spectrum.25 Since the
exciton generation and recombination of 1L TMDs take place
in a thickness of the entire layer, the influences of the Auger
process and charge transfer induced by the tip apex are much
stronger than the conditions of a bulk semiconductor and
cannot be neglected.

Instrumentation of tip-enhanced
nanoscopy

According to the different configurations of illumination/
collection optical paths referring to the plasmonic tip, the
instruments of tip-enhanced nanoscopy can be usually classi-
fied into the following types: side illumination, top illumina-
tion and bottom illumination.

Side illumination

As for a side illumination configuration (Fig. 2a), the incident
laser and the plasmonic probe are located at the same side of
the sample. A linearly polarized laser beam is usually focused
onto a side of the probe apex through a long working distance
objective lens. The excited PL or Raman signals are enhanced
by the plasmonic tip and collected by the same objective lens.
In the side illumination configuration, it is easy to tune the
polarization direction of the incident beam parallel to the tip
axis, benefiting to form a longitudinal electric field with stron-
ger enhancement.45 Moreover, there is no limitation of the
transparency of the substrate or the sample. However, the
numerical aperture of a long working distance objective lens is

Fig. 2 Schematic of TERS configurations. (a) Side illumination; (b) top
illumination; (c) bottom illumination; and (d) side illumination based on a
parabolic mirror.
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usually less than 0.7, which limits the collection efficiency of
light. In addition, in the side illumination configuration, the
focus spot is projected onto the sample surface at an inclined
angle ∼30°,45 resulting in a large elliptical focus shape and
larger far field background noise.

Top illumination

In a top illumination configuration (Fig. 2b), the incident laser
beam is focused onto a side of the plasmonic probe apex
through a long working distance objective lens directly posi-
tioned above the sample. The excited Raman or PL signals are
enhanced by the probe apex and then collected by the same
objective lens. Usually a long working distance objective lens
and a nose type probe are used to reduce light shielding of the
probe shaft. In this configuration, the SPM system usually
needs to be specially designed to fit a large size objective lens.
Moreover, the shielding effect of the probe shaft on both the
incident and collection beams needs to be considered.46,47

Bottom illumination (transmission mode)

As show in Fig. 2c, a plasmonic probe is placed on the top side
of a sample. The laser beam penetrates the substrate and
sample and is focused onto the tip apex from the bottom side
of the substrate via a high NA objective lens. The PL or Raman
signals are collected by using the same objective lens. In this
configuration, an objective lens with a high numerical aper-
ture of >1.3 can be used to effectively collect the PL or Raman
signals in a larger angle range. However, since both the illumi-
nated and collected beams need to penetrate the substrate and
sample, transparent or semitransparent samples and sub-
strates are required in the measurements.14,18,48

Side illumination based on a parabolic reflector

In this configuration, the incident laser beam is focused onto
the apex of a plasmonic probe via a parabolic mirror. The
excited PL or Raman signals are collected by the same parabolic
mirror and sent into the detector. The parabolic mirror effec-
tively increases the spatial solid angle range of excitation and
collection beams and improves the illumination and collection
efficiency (Fig. 2d).49,50 However, the parabolic mirror needs to
be specially designed and processed to fit the SPM system.

Considering the optical configuration of the TERS system,
the sample preparation procedures of TMDs need to be opti-
mized. The transmission of 1L TMDs is >94.5%,51 which
allows the observation of TERS and TEPL using a bottom illu-
mination system. In order to allow the transmission of inci-
dent and scattered photons, a transparent substrate is also
required. However, directly depositing high quality 1L or few-
layer TMDs on a commonly used glass or quartz coverslip is
greatly restricted due to the large density of nucleation sites.52

A mechanical exfoliation method would be alternatively desir-
able to obtain high quality thin layer flakes on a glass or
quartz substrate. For a lateral or top illumination system, the
substrate can be either transparent or opaque, which is desir-
able for the observation of the intrinsic defects of TMDs
directly grown on SiO2/Si substrates using the CVD method. In

a gap mode TERS system, a gold or silver thin film is required
to be placed between the few-layer TMD flakes and the sub-
strate. However, direct deposition of high quality 1L TMD
flakes on a gold or silver surface using CVD is greatly
restricted.19 As an alternative, a wet or dry transfer method can
be used to prepare few-layer TMDs or their HJs. Transfer intro-
duced defects, such as organic residues, bubbles, wrinkles,
etc.55 may strongly affect the physical properties of the samples
and need to be diminished.

Characterisation of the deposition and
transfer induced defects of 2D TMD
thin layers by tip-enhanced nanoscopy

For most TMD semiconductors, excitation is the dominant tran-
sition process of light emission. In 1L TMDs such as MoS2 with
a perfect lattice structure, the distribution of excitons is
expected to be uniform, which is expected to induce uniform PL
intensities of different excitons over the entire flake. However,
the prepared TMD thin layer samples always contain certain
defects and consequently nonuniform exciton PL intensity dis-
tribution is expected to be observed. As early as 2016, Su et al.
successfully used TERS and TEPL to investigate mechanically
exfoliated MoS2 thin layers.25 They studied the charge transfer
effects between metallic (Ag and Au) coated TERS tips and 1L
MoS2. The related influences to the local exciton process and
electron population were addressed. They found that these
factors are significantly affected by the metal work function of
the tip. Then they performed TERS and TEPL mappings of 1L
MoS2 using an Ag-coated probe and obtained an excellent
spatial resolution of ∼20 nm (Fig. 3a–d), which is 18 times
better than that of the far field imaging in the same region and
only 1/25 of the excitation laser wavelength. They also observed
a quenching centre with a size of ∼40 nm on 1L MoS2 using
TEPL. Their studies indicate that intrinsic defects may strongly
mediate the local excitonic properties of 2D TMDs. This is also
the first time that TERS and TEPL have been successfully used
in the characterisation of 2D TMD materials.

1L TMD thin layers prepared by the CVD method contain a
much higher density of defects than mechanically exfoliated
samples.56 These defects always cause more profound PL
intensity variation inside a 1L flake. In 2017, Lee et al. imaged
the exciton PL distribution of CVD prepared 1L WS2 samples
using near-field spectroscopy.53 As shown in Fig. 3e–g, they
found that the distribution of neutral excitons (A0) is relatively
uniform and is less affected by structural defects, but trions
(A−) and defect induced excitons (XD) are strongly affected by
structural defects. It was proposed that these profound distri-
butions of A0, A− and XD excitons are strongly dependent on
the distribution of defects generated during sample prepa-
ration. In another TERS and TEPL study of CVD-grown MoS2
flakes, Okuno et al. successfully observed the transformation
steps from 1L to a bilayer (2L). The local PL of defects at the
edges of 1L MoS2 was also observed.57 During the growth of
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2D TMDs, heterogeneous defects in the nanometre scale are
always produced, which induce distinguishable Raman fea-
tures. Lee et al. first performed tip-enhanced nanoscopy of
these defects of WS2 using TERS and found different TERS
signals which originate from two majority defects, i.e., S- and
W-vacancies.58 In another study, Kato et al. developed a modi-
fied tip-enhanced nanoscopy system with the capability of sta-
bilizing an image for a long time as several hours. They suc-
cessfully found nanoscale defects in large size WS2 (several
microns) using a defect related TERS peak at 410 cm−1. The
defect density was estimated to be 5.2%.59

Wrinkles might be formed in 2D TMD thin layers prepared
by mechanical exfoliation or transferring. The strain field may
change the elastic properties of the surrounding area, indu-
cing Raman signal variation in the nanoscale spatial width
around the wrinkles. Kato et al. conducted TERS mapping of a
wrinkle on 1L MoS2 and obtained a spatial resolution of
20 nm (Fig. 3h and i).54 In an AFM topography image, a protru-
sion with a height of 8 nm (Fig. 3h) was assigned to a wrinkle
on the 1L MoS2. Benefiting from the high resolution of TERS,
they successfully captured a high resolution nanoscopy image
of this wrinkle, which gives a stronger A1g peak intensity than
the basal plane of 1L MoS2. The shape of this wrinkle

measured by TERS imaging agrees well with the topography
image obtained from AFM.

For TMD thin layers deposited on a corrugate surface, it is
expected that even higher density of defects existing due to the
unwanted lattice merging of multiple nanocrystals during the
growth process. Lee et al. studied the defects of 1L WS2 de-
posited on a gold thin film with TERS and obtained an
enhancement factor of 2.7 × 104 and a spatial resolution of
45 nm (Fig. 3j–m).19 They found that both the A1g and 2LA(M)
peaks of MoS2 redshifted at the places where a high density of
defects exists. Two new Raman peaks emerge at ∼400 cm−1

and ∼432 cm−1 can be attributed to defect-induced D and D′
modes. These two new peaks have not been seen in mechani-
cally exfoliated or CVD deposited 1L WS2 flakes on flat sub-
strates. They speculated that this phenomenon is related to the
density of sulphur atomic vacancy. Their DFT calculations
indicate that the increasing density of sulphur atomic vacancy
induces a red shift of the out-of-plane Raman modes. When
the vacancy concentration is 15.625%, the A1g, D and D′ peaks
redshifted by 3.14 cm−1, 10.27 cm−1 and 0.24 cm−1 respect-
ively, which agree well with their experimental results.

The edge is another typical non-ideal structure in 2D TMD
materials. The discontinuity of lattice periodicity at the edge of

Fig. 3 (a) Overlay image of the TERS image obtained using the A1g Raman band intensity (red) and the TEPL image obtained using the A− exciton
band intensity (green); A0 exciton (b), trion (c) and B exciton (d) PL intensity images deconvoluted from the PL spectra measured at each pixel in the
near-field of an Ag-coated tip;25 near-field PL images of the A0 excitons (e), trions (f ), and local defect excitons (g) of 1L WS2;

53 AFM height (h) and
TERS (i) images of a MoS2 sample and the corresponding height line profile along the white dotted line;54 multispectral TERS images of defective 1L
WS2, STM height ( j), Raman intensity images of A1g (k), 2LA(M) (l) and defect peaks (m).19 (a–d) have been adapted/reproduced from ref. 25 with per-
mission from the Royal Society of Chemistry, copyright 2016; (e–g) have been adapted/reproduced from ref. 53 with permission from the Royal
Society of Chemistry, copyright 2017; (h and i) have been adapted/reproduced from ref. 54 with permission from AIP publishing, copyright 2019; and
( j–m) have been adapted/reproduced from ref. 19 with permission from the American Chemistry Society, copyright 2018.
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a perfect TMD lattice generates defect related mid-gap states.60

The phonon and exciton behaviours at the edge are expected
to be modulated by these defect states. Moreover, the diffusion
of chalcogenide atoms during the CVD growth is expected to
emerge at the edges, which causes higher density of defects
than the inner part of a TMD flake and induces a much stron-
ger modulation of the PL nonhomogeneity over a TMD flake.61

Driguez et al. conducted TEPL measurement on a MoS2 flake
using a non-gap nanoscopy system.62 They found that the PL
intensity and energy at the edge are much larger than those in
interior region (Fig. 4a–d). This could be attributed to the high
density of structural defects introduced in the growth of MoS2
edge, resulting in a higher density of A0 excitons than trions.
Therefore, the PL peak shifts to the high energy side, mean-
while the PL intensity increases accordingly. Huang et al. suc-
cessfully conducted a TERS study of few-layer MoS2 edges with
a spatial resolution of 7 nm.63 They found that the Raman
peak at ∼220 cm−1 can only be observed at the edges of 1L and
2L (Fig. 4e–h), while a Raman peak at ∼396 cm−1 generated by
the LA + TA vibrational mode can only be found at the tran-
sition step between 1L and 2L MoS2. The LA + TA Raman peak
originates from the bending of the energy band, which was

further used to characterise the energy band bending region at
the step of 2L MoS2 with a spatial resolution better than 7 nm.
As shown in Fig. 4h, they found that the A1g peak red shifted
(blue shifted) at the zigzag (armchair) edges, which could be
attributed to the different strains generated by different edge
structures. Therefore, they proposed that this can be used to
judge whether the MoS2 edge is zigzag or armchair.

The grain boundary (GB) is another typical defect that
formed by two flakes merging at a certain angle. The dis-
locations at GBs usually generate deep gap states and strongly
affect the electron and exciton diffusions in 2D TMDs.64,65 Su
et al. used a tip-enhanced nanoscopy method to investigate the
optoelectronic behaviour of GBs in 1L WSe2 (Fig. 4j and k).
They found that the excitonic PL quenching at the GBs
depends significantly on the tilting angle of two 1L flakes.28

Further study indicates that the work function and charge
accumulation are all strongly dependent on the tilting angles
and can be correlated with the dislocation type. However, the
geometric size of dislocations at GBs is only ∼1 nm. Spatially
identifying the optical influence of dislocations needs a nano-
scopic tool with Angstrom spatial resolution. Recent studies
showed that TERS operated at liquid helium temperature was

Fig. 4 TEPL intensity (a) and energy (b) of 1L MoS2 prepared by CVD; PL intensity (c) and energy (d) profiles along the dashed line in (a); AFM topo-
graphy image (e) of mechanically exfoliated MoS2 with different types of 1D defects on an Au substrate and (f ) TERS spectra of four 1D defects and
the basal plane in MoS2; AFM topography image (g) of mechanically exfoliated 1L MoS2 with different edge angles on an Au substrate and a plot of
then peak position (h) when the tip obtained through the armchair and zigzag edges, respectively (lower panel);63 TEPL mapping of grain boundaries
with different tilting angles (i); and tilting angle dependence of PL spectra ( j) and quenching ratio R (k) in the grain boundaries of 1L WSe2.

28 (a–d)
have been adapted/reproduced from ref. 62 with permission John Wiley and Sons, copyright 2019; (e–h) have been adapted/reproduced from ref.
63 with permission from Springer Nature, copyright 2019; and (i–k) have been adapted/reproduced from ref. 28 with permission from the American
Chemistry Society, copyright 2021.
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able to provide vibration information of a single sheet of sili-
cene with a spatial resolution better than 1 nm.66 This indi-
cates that low temperature TERS or TEPL can be potentially
used to identify the electron and exciton behaviours in a nano-
scale region neighbouring a single dislocation.

Very recently, Jelken et al. used TERS combined with lateral
force and peakforce mode AFM to unveil a hidden flower-like
structure of WS2. Their work shows that the tip-enhanced
nanoscopy and nanomechanical combined method is a
reliable and promising approach to unveil structural features
in 2D TMD thin layers that cannot be measured by AFM topo-
graphy scans.67

Applications of tip-enhanced
nanoscopy in the characterisation of
strain in 2D TMD thin layers

In addition to the defects generated in sample preparation,
strain accumulation is usually seen in transferred TMD thin
layers. In the CVD procedure, the cooling of samples from
hundreds of Celsius degrees to ambient temperature causes
residue thermal strain in the obtained samples.68 Such unin-
tentionally introduced strain is spatially accumulated and
usually modifies the local band structure,69 resulting in the
localised optoelectronic properties of TMD thin layers. In a
reverse view, local strain can also be rationally utilized to gene-
rate nanostructures of TMDs with different optoelectronic pro-
perties.70 Recently, TERS and TEPL had been employed to
study the influence of intentionally introduced local strain to
TMD thin layers. Milekhin et al. placed 1L MoS2 onto period-

ically arranged Au nanopillars and studied it with TERS
(shown in Fig. 5a and b). They found that the Raman intensi-
ties of the different phonon modes of 1L MoS2 were greatly
enhanced, which can be attributed to the plasmonic gap
between the Au tip apex and the Au nanoclusters. They also
observed a crystal structure transition of MoS2 from the 2H to
1T phase at the pillar edges.71

In another study, Rahaman et al. prepared periodic gold
nanotriangles using nanosphere lithography, and then they
transferred trilayer MoS2 onto these nanostructures (shown in
Fig. 5c).72 The MoS2 area at the edge of gold nanotriangles is
strongly affected by strain, while the flat area in the centre is
free of strain. As a consequence, there is an obvious difference
of the Raman signals collected from the central flat area and
the edge of gold nanotriangles (Fig. 5d). The second derivative
of the AFM topography image is presented in Fig. 5e. In this
image, the higher the brightness, the greater the bending and
the larger the strain. TERS mapping was performed in the area
corresponding to Fig. 5c, shown by a TERS intensity image in
Fig. 5f. The spatial resolution of the TERS map was deter-
mined to be better than 25 nm by fitting the differential curve
of an intensity profile in the TERS image (Fig. 5g). The peak
positions of the E2g and A1g modes of 10 points with different
levels of strain (in Fig. 5e) are plotted in Fig. 5h. They found
that the shifts of the two first-order Raman peaks increase
with increasing strain.

Zhang et al. successfully used TERS and TEPL to study the
local strain in 1L MoS2.

70 They first deposited 1L MoS2 onto
gold pyramids, inducing different local strains. TERS and TEPL
line scans were carried out across the edge of a gold pyramid. In
the obtained results, it was found that with the increasing
strain, the E2g and A1g peaks of MoS2 redshifted. They proposed

Fig. 5 (a) Raman intensity image of A1g mode; (b) overlay image using the TERS intensity image in a and the simultaneously measured AFM topogra-
phy image;71 (c) AFM topography of an interesting area during TERS imaging; (d) the averaged TERS spectra of the two different areas noted in the
TERS intensity image; (e) the second order derivative (SOD) of AFM topography; (f ) TERS intensity image of MoS2 acquired in the spectral range from
360 to 480 cm−1; (g) the intensity profile of the cross section along the white solid line in the TERS image and the fitting to determine the spatial
resolution; and (h) the fitted peak position of the corresponding spots in the SOD image (e).72 (a and b) have been adapted/reproduced from ref. 71
with permission from the Royal Society of Chemistry, copyright 2018 and (c–h) have been adapted/reproduced from ref. 72 with permission from
the American Chemistry Society, copyright 2017.
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that this change can be attributed to the modification of the
energy band structure and phonon dispersion relationship of
1L MoS2 under tensile strain. Koo et al. used TEPL to study the
strain induced band structure modification of 1L MoS2 on a
SiO2 substrate. They found that the PL peak at a fold of MoS2
red shifted compared with that at the flat area, which is due to
the lowered conduction band minimum induced by tensile
strain. Furthermore, an Au tip was used to apply compressive
strain to the folded area. They found that the PL peak blue
shifted with increasing strain. This change is elastic, i.e., after
releasing the compressive strain, the PL peak restores to its orig-
inal position.73 This strategy could be potentially used to design
logical units applied in nanoscale optoelectronic devices.

In 2019, Carmesin et al. studied the strain induced modu-
lation of the optoelectronic properties of 1L MoS2 nanobub-
bles through TEPL characterisation. The influence of local
strain on the MoS2 energy band was investigated by testing
multiple points on the nanobubbles,74 shown in Fig. 6a and b.
They found that the nonuniform strain forms a pocket, and
the energy band in this strain pocket is highly localised.
Meanwhile, the carrier limitation caused by local changes of
the dielectric environment needs to be considered. They
further showed that these two effects are crucial for changing

the local electronic states and optical properties of MoS2. In
2020, Darlington et al. used TEPL to characterise 1L WSe2 and
studied the strain induced exciton localization in the nanobub-
bles. They found that these localised excitons generally lead to
a circular low-energy distribution around the high-energy
centre of the bubble. Their experiment established robust
experimental and theoretical connections for the strain
induced formation of quantum dot states in 1L TMD semi-
conductors for the first time. Their results show that the LX
states retain localised at room temperature. Their studies indi-
cated that tip-enhanced nanoscopy has remarkable potential
applications in strain engineering of optoelectronic and
quantum optical architectures.75 Recently, Rodriguez et al.
used low frequency TERS mapping to study a WS2/WSe2
heterostructure bubble (Fig. 6c–e). Owing to a spatial resolu-
tion ∼10 nm, a heterostructure bubble with a size of ∼50 nm,
which is totally invisible in far field Raman imaging, can be
clearly seen in the TERS intensity image generated using low
frequency Raman mode at ∼22 cm−1. The decoupling of WS2
and WSe2 layers marked by the disappearance of the low fre-
quency interlayer phonon mode was also observed by TERS.76

A TERS probe can also be used as an intermedium to load
controllable strain onto TMD thin layers. As shown in Fig. 7a–c.

Fig. 6 (a) A MoS2 air nanobubble with radius r and height h; (b) top view of the probability densities for electrons and holes at bubbles with
different h/r ratios;74 (c) AFM topography image of a WS2/WSe2 bubble; (d)low frequency TERS and (e) far field images of the bubble in (c) using
Raman mode at 22 cm−1.76 (a and b) have been adapted/reproduced from ref. 74 with permission from the American Chemistry Society, copyright
2019 and (c–e) have been adapted/reproduced from ref. 76 with permission from the American Chemistry Society, copyright 2022.
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Park et al. used TERS and TEPL to study the strain induced exci-
tonic PL variation in 1L WSe2.

21 They used an active Au metallic
probe to control the applied strain at the nanoscale and tune
the local bandgap reversibly. Then they studied the effects of
strain and defect on PL at different structural heterogeneities.
Rodriguez et al. found there are new PL peaks near the PL
energy of the intralayer excitons of a MoS2/WSe2 hetero-
structure.77 They believed that these peaks are caused by the
influence of micro strain in blisters and nanobubbles. Through
TERS and TEPL (Fig. 7d–f), they proved that even a bubble with
a size of only 60 nm can produce such PL peaks.

Albagami et al. used TEPL to the characterise freestanding
nanobubbles of TMD thin layers.78 They observed a PL signal
change in the nanobubbles and studied the competition
between the PL enhancement mechanisms and nanoindenta-
tion as a function of the tip–sample distance (Fig. 7g). They
believed that the difference observed in the experiment may be
caused by many factors, such as the competition between
quantum plasma suppression, strain induced exciton funnel
enhancement of the PL signal, charge transfer from MoSe2 to
a gold tip, quantum plasma hot electron transfer from the
gold tip to a WSe2/MoSe2 junction, etc.

Nanoscopy of TMD HJs

In addition to local defects and strain in 2D TMDs materials,
TERS and TEPL can also be used to investigate the HJs of 2D
TMDs. A clear junction interface without atomic interdiffusion is
desirable for an abrupt junction. However, at the HJ interface of
CVD grown samples, an alloyed transition region is often formed
due to atomic interdiffusion. The nanoscopy study of HJs is initia-

lized by imaging the junction interface using TERS and TEPL. Liu
et al. conducted TEPL measurements on a MoS2/WS2 lateral HJ.79

Owing to the good spatial resolution of TEPL, they can identify
the MoS2 and WS2 junction interface that cannot be clearly distin-
guished using far field PL imaging. Sahoo et al. studied a WSe2/
MoSe2 lateral HJ using TERS. A sharp junction interface with neg-
ligible interdiffusion was observed.80 Xue et al. performed TEPL
to characterise a 1L MoSe2/WSe2 lateral HJ. With a spatial resolu-
tion of ∼40 nm, they obtained a clear interface of the HJ.30

Shao et al. studied abrupt and graded MoS2/WS2 lateral HJs
using TERS and TEPL.81 Combining the far field Raman and PL
spectra and AFM image of this region, it can be concluded that
these two lateral HJs are composed of 2L WS2 and MoS2. Then
they conducted TERS and TEPL on these two HJs and obtained
a spatial resolution better than 40 nm (Fig. 8a–d). As for abrupt
HJs, the MoS2-like 2LA(M), WS2-like A1g, exciton PL intensities
and energies of MoS2 and WS2 exhibit abrupt transitions at the
junction interface within a spatial width of a single pixel. For a
graded junction, the WS2 and MoS2 areas can also be easily dis-
tinguished in TERS and TEPL intensity images. However, a low
Raman and PL intensity area assigned to an alloyed area with a
spatial width of 300–700 nm is sandwiched between the MoS2
and WS2 areas. No clear junction interface can be identified.
They estimated the stoichiometry in the nanoscale vicinity of the
junction interface using the Raman peak intensity (Fig. 8e and
f). They combined these data and obtained the diffusion coeffi-
cient of W in MoS2 as 0.54 ± 0.18 × 10−12 cm2 s−1. The obtained
results indicate that TEPL and TERS could be further used to
deeply understand the composition of the HJs at the nanoscale.

Similar alloyed regions of TMD HJs were observed by Garg
et al. using TERS.82 The CPD image of a 1L MoS2/WS2 lateral
heterostructure is presented in Fig. 8g. Typical Raman spectra

Fig. 7 AFM (a) and TEPL (b) images of a 1L WSe2 flake with different heterogeneities; (c) reversible evolution of TEPL spectra under the modest
nanomechanical tip–sample force interaction;21 AFM topography (d) and TEPL intensity (e and f) images of the nanobubbles on MoS2/WSe2 hetero-
structures; and (g) schematics of the PL enhancement mechanisms of TEPL on a freestanding WSe2/MoSe2 heterostructure.74 (a–c) have been
adapted/reproduced ref. 21 with permission from American Chemistry Society, copyright 2016 and (d–g) have been adapted/reproduced from ref.
74 with permission from IOP Publishing, Ltd, copyright 2019.
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collected at the interface show characteristics of MoS2 and
WS2, indicating an alloyed layer at the interface (Fig. 8h). They
used TERS to investigate the interface of this lateral HJ and
obtained a spatial resolution of ∼50 nm. They found that the
intensities of the ∼200 and ∼215 cm−1 Raman modes are sub-
stantially higher in the transition region. From the TERS inten-
sity images obtained using these peaks (Fig. 8i–l), a clear tran-
sition region of this lateral HJ can be seen. The spatial width
variation of the transition region separating the core and shell
of this HJ was also obtained. Then they conducted non-res-
onant TERS in the same region. They found that the peak of A′
(Γ) mode red shifted from 455 cm−1 of the 1L MoS2 core to
435 cm−1 of the 1L WS2 shell. In the transition region, a new
mode bridging these two modes appear at 442 cm−1, which
can be used to characterise the transition region.

In addition to the lateral HJs, vertical HJs had also been
investigated by TERS. Krayev et al. studied the vertical HJs of
WS2/WSe2 using TERS operated with multiple excitation laser
wavelengths of 638, 671 and 785 nm. Owing to the different
resonance of WS2 and WSe2 with the excitation laser wave-
length, WS2 shows a strong enhancement at three wavelengths,
while WSe2 is quite insensitive to the 638 nm laser. Combined
with the CPD obtained from the KPFM scan, the vertical HJ
areas can be unambiguously distinguished.83

In addition to the aforementioned progress of HJs, there
are still a handful of unsolved issues challenging the multi-
functionality of the nanoscopic method. For example, local
strain at the semiconductor HJ interface induced by the lattice
mismatch and growth parameters strongly modulates the local
electronic band structure. The study of this effect preliminarily
requires a high quality HJ sample with a sharp and clear inter-
face to avoid the interference of the alloying effect. A highly
sensitive TERS measurement is required to obtain the strain
field at the junction interface by analysing the Raman peak
shift. Then a TEPL scan is required to obtain the local exciton
energy shift induced by the strain. A further correlation
between the local energy band modification and the strain
needs to be addressed.

Applications of tip-enhanced
nanoscopy combined with electrical
SPM at the nanoscale

Recently, TERS and TEPL had been combined with electric
SPM, such as Kelvin probe force microscopy (KPFM), scanning
capacitance microscopy, etc., and spatially identifying defect

Fig. 8 (a) Overlay TERS intensity image of an abrupt HJ using the A1g peak of WS2 (green) and the 2LA(M) of MoS2 (red); (b) overlay TEPL intensity
image of an abrupt HJ using the A excitons of WS2 (green) and MoS2 (red); (c) TERS intensity image of a graded HJ using the A1g peak of WS2 (green)
and 2LA(M) of MoS2 (red); (d) overlay TEPL intensity image of a graded HJ using the A excitons of WS2 (green) and MoS2 (red); (e and f) atomic ratio
of W and Mo across abrupt and graded HJs, respectively; (g) CPD image of the region characterised with TERS;81 (h) representative semi-resonant
TERS spectra of the 1L MoS2 core, 1L WS2 shell, and the transition regions of a 1L MoS2/WS2 lateral heterostructure; (i) spatial image of the peak
intensity in the 440–480 cm−1 band of 1L MoS2; ( j) spatial image of the peak intensity in the 320–380 cm−1 band of the 1L WS2 shell; (k) spatial
image of the peak intensity in the 190–230 cm−1 resonant band associated with the alloyed transition region; and (l) combined image of the TERS
bands with the 1L MoS2 band (red channel), the alloyed transition band (blue channel), and the 1L WS2 band (green channel).82 (a–f ) have been
adapted/reproduced from ref. 81 with permission from the American Chemistry Society, copyright 2021 and (g–i) have been adapted/reproduced
from ref. 82 with permission from American Chemistry Society, copyright 2021.
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related physical properties at the nanoscale were achieved, pro-
viding a novel analytical tool to study the optoelectronic and
electrical properties of 2D TMD materials. Jariwala et al. used
a TERS and KPFM combined method to investigate multilayer
WSe2 flakes.85 As shown in Fig. 9, the TERS intensity (in the
range of 220–280 cm−1) image corresponds very well with AFM
topography and CPD images (Fig. 9a–c). Representative TERS
spectra collected from the high and low CPD areas are shown
in Fig. 9d. The distribution of the TERS intensity associated
with multiple resonant peaks in the range of 220–280 cm−1

correlates well with the distribution of domains exhibiting
high CPD. On the other hand, non-resonant TERS spectra are
obtained in the area with lower CPD. Then they conducted a
series of experiments to determine whether the correlation
between the surface potential and the resonant-enhanced
Raman spectrum is due to the underlying metal or an intrinsic
feature of WSe2 samples. The experimental results suggest that
the observed non-uniformities arise from crystalline intrinsic
variations in WSe2. Their research indicates the potential
applications of the TERS and KPFM combined method in the
characterisation of the nanoheterogeneities of 2D TMDs.

Yao et al. studied the defect induced localised opto-
electronic properties of 1L WS2 by combining TEPL with in situ
photosensitive KPFM.28 They first studied the correlation of
defect distribution with CPD distribution and then studied the
distribution of excitons (Fig. 9e and f). They took six points
“T1”–“T6” at areas with different defects (shown in Fig. 9g–i)
and further found that these areas give different TEPL inten-

sity ratios of A0 and A− excitons. They proposed that this is
possibly due to the higher density of single sulphur and W-3S
vacancies in the edge region of 1L WS2 than in the interior
part. In addition, they found two categories of low CPD lines
in Fig. 9j and k. At the first category (“I”), the PL intensities of
both A0 and A− excitons are quenched. However, in the second
category (“II”), the PL intensities of both A0 and A− excitons
are enhanced. They proposed that such a PL enhancement or
quenching of A0 and A− excitons strongly depends on the
radiative recombination rate of neutral excitons (ΓA0) and
trions (ΓA−) and also the transition rate from the neutral exci-
tons to trions (k). Their method enables direct correlation of
localised optoelectronic properties with defect distributions at
the nanoscale.

TEPL was also combined with KPFM to study the dynamic
control of the local exciton recombination process. He et al.
used the TEPL and KPFM combined method to achieve a high
resolution TEPL mapping of the WS2 surface and realized the
modulation of excitons by controlling the distance between
the plasmonic tip and the sample surface.84 As shown in
Fig. 10a–d, there are two representative tip–sample coupling
regimes as a function of the tip–sample distance (d ), i.e., clas-
sical coupling (CC) and quantum coupling (QC). When d =
0.31 nm, the PL intensity ratio of X− to X0 excitons is larger
than that at d = 1.03 nm, which indicates the role of tunnel-
ling. Subsequently, they studied the relationship between the
population change of X0 and X− excitons as a function of the
tip–sample distance. They found that there are two conditions,

Fig. 9 (a) AFM topography image of multilayer WSe2 exfoliated on template stripped gold; (b) surface potential image of the same area in image (a);
(c) TERS intensity image of the complex A(M) + A1g + E2g + 2LA(M) peak on the background of surface potential; (d) averaged TERS spectra from adja-
cent areas with higher surface potential (blue spectrum, resonant behaviour) and lower surface potential (red spectrum, non-resonant behaviour);85

overlay far field (e) and near field (f ) PL images of neutral excitons (red) and defect-bounded excitons (green); (g) TEPL spectra from the high inten-
sity of neutral excitons (T1) and the high intensity of trions (T2); (h) TEPL spectra from the line defect I (T3) and neighbouring the line defect I (T4);
(i) TEPL spectra from the line defect II (T6) and neighbouring the line defect II (T5); and overlay images of neutral excitons ( j) and trions (k) with CPD
in the corresponding area.28 (a–d) have been adapted/reproduced from ref. 85 with permission from IOP publishing, Ltd, copyright 2018 and (e–k)
have been adapted/reproduced from ref. 28 with permission from the American Chemistry Society, copyright 2020.
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i.e., the complete and incomplete PL quenching (Fig. 10e–
i). They attributed this difference to the transition from
X0 to X−.

The dynamic control of local excitons is also implemented
in a WSe2/MoSe2 HJ by Tang et al.86 It was found that when
the tip–sample distance is less than 0.36 nm, the hot electrons
generated by the tip will greatly enhance the PL intensity of
the sample. There are a large number of holes in a 1L WSe2
sample, which combines with the injected hot electrons to
form excitons, resulting in an enhancement of the PL inten-
sity. This effect is in a competitive relationship with the PL
quenching effect caused by the tip electric field. Therefore, for
1L MoSe2 with a low density of holes, the quenching effect
caused by the tip electric field is dominant in this process.
Then they repeated the experiments on a WSe2/MoSe2 HJ and
found that the holes accumulated on the MoSe2 side where the
PL enhancement was seen. Their experiment points out that
the carrier migration in HJs can be studied by accurately inject-
ing hot electrons into HJs through TEPL, which provides a
novel method for designing controllable nanoscale opto-
electronic devices.

Conclusions

Based on the above discussions, a large number of studies and
practices show that TERS and TEPL can be used as powerful

analytical tools to study 2D TMDs. Owing to their excellent
spatial resolution up to several nanometres, we can observe
the primary defects, residue strain and alloying effects in
TMDs at the nanoscale. In this work, we introduced the basic
principle and configuration of TERS, and reviewed the pro-
gress of TERS and TEPL in the research of 2D TMDs in recent
years. In addition to the reported data, TERS and TEPL still
have great potential. In recent years, twist angle 2D materials
have attracted the attention of researchers all over the world.
The size of moiré superlattices in twisted angle 2D materials is
often in the scale of nanometre, which has exceeded the
spatial resolution of confocal Raman and PL spectroscopy.
TERS and TEPL can satisfy this demand and help people to
understand the atomic structure and local exciton properties
in moiré supercells at the nanoscale. In the 2D TMD HJ, in
addition to the alloying effect, there are still many factors that
affect its properties, such as local strain, composition segre-
gation and so on. These problems still need to be addressed,
and TERS and TEPL will be powerful analytical tools. It is
expected that TERS and TEPL will play important roles in the
future research of TMD materials.
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Fig. 10 (a) Schematic of the Au–Ag cavity with a tip–sample distance d > 1 nm that corresponds to the classical coupling (CC) regime; (b) PL
spectra of X0 and X− in 1L WS2 in the CC regime; (c and d) the corresponding sketch and PL spectra of 1L WS2 in the Au–Ag picocavity in the
quantum coupling (QC) regime with a tip–sample distance d < 0.35 nm; (e) energy diagram of the tip–sample–substrate (Ag–WS2–Au) system with
a Schottky barrier (SB); and (f–i) tip–sample distance dependence of the PL signal intensities of neutral excitons (X0) and trions (X−) in different situ-
ations.84 This figure has been adapted/reproduced from ref. 84 with permission from the American Association for the Advancement of Science,
copyright 2019.
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