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ABSTRACT 

Graphene and related two-dimensional (2-D) materials have opened up new frontiers in materials science that can potentially lead to more 
efficient and cost-effective devices for a range of applications. In this article we provide a comprehensive description of real surfaces of 2-D 
materials, namely graphene and transition metal dichalcogenides, along with key spectroscopic techniques used for structural and chemical 
characterisation of these materials and review the recent progress and future possibilities for the use of nanoscale spectroscopy tools in 
investigating these ‘all-surface’ materials to characterize disorder, contamination, edge-effects and electronic properties.  
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INTRODUCTION 
The unique characteristic of all types of 2-D materials is the 

accessibility of the whole of the surface, as they are atomically 

thick. This allows the tailoring of electronic properties for 

advanced applications through suitable engineering processes, but 

also limits realistic commercialisation prospects since undesired 

environmental factors, such as surface contamination, can be 

problematic. Optical spectroscopy tools, including Raman and 

infra-red spectroscopy, have played a key role in understanding 

chemical compositions and structures even though these readily 

available commercial techniques have only diffraction-limited 

spatial resolutions
1-3

 and both electron microscopy and scanning 

probe microscopy techniques have been the main tool to conduct 

nanoscale investigations.
4,5

 In this regard, near-field microscopes 

are still not wide-spread enough, even though scanning near-field 

optical microscopy (SNOM) has been reported since the 1980s by 

Betzig et al.
6
 and Zenhausern et al.,

7
 and various groups have 

championed this and related techniques to extract nanoscale 

optical contrast and dielectric properties.
8,9

 The research activities 

in near-field spectroscopy have since expanded into new 

techniques following this research, first using probes with an 

aperture and then apertureless scattering-type probes. This led to 

detailed  nanoscale chemical information being obtained, through 

tip-enhanced Raman spectroscopy (TERS), first reported by 
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Zenobi
10

 and Kawata,
11

 Pettinger
12

 and Anderson
13

 in 2000. TERS 

offered two major advantages over SNOM - (a) it provides full 

spectroscopic information facilitating chemical analysis, and (b) 

the artefacts arising due to cross-talk with the topography were 

reduced since inelastically scattered photons were detected at a 

different wavelength from the excitation beam.
14,15

 Tip-enhanced 

Raman spectroscopy has been applied on a range of materials 

including single molecules,
16

 1-D nanostructures such as carbon 

nanotubes and nanowires,
15

 polymer thin films
17

 and 2-D 

materials such as graphene.
18,19

 Amongst these, 2-D materials, 

which include graphene and graphene-like materials such as 

transition metal dichalcogenides (TMDs), have drawn significant 

attention because of their technological potential to be used in 

nanoelectronics, and both nanooptical and nanomechanical 

devices. TERS is a powerful nanoscale technique for 

characterization of these ‘all-surface’ materials with spatial 

resolution of a few tens of nanometres or less. In this article, we 

describe the issues of disorder and contamination in real-world   

2-D materials before focussing on the spectroscopic imaging 

capabilities for characterising 2-D materials. The challenges 

facing tip-enhancing techniques are also outlined, as is a guideline 

to the standards and reference samples required to advance these 

nanoscale techniques. Recent scientific reports on the mapping of 

graphene and MoS2 are outlined, and finally the potential use of 

advanced non-linear optical techniques with nanoscale resolution 

is discussed.  

2. DEFECTS AND CONTAMINATION CHALLENGES FOR 2-D 

MATERIALS 
For graphene and other graphene-like 2-D materials, both the 

level of disorder and the surface contamination present are key 

considerations in advancing these materials from research 

environments to real-world applications.  

Over the last decade of investigation into 2-D materials, 

techniques such as transmission electron microscopy (TEM), 

scanning tunnelling microscopy (STM) and Raman spectroscopy 

have been extensively used to visualise and probe the disorder 

present in graphene,
20-24

 and reveal the different types of lattice 

defects. These include vacancy defects,
22,24,25

 dislocation 

defects,
20,26

 line defects or grain boundaries,
27,28

 edge defects,
19,29

 

charge defects,
30

 corrugation,
28,31,32

 atomic substitution
33,34

 and 

sp
3
-bonding defects.

35,36
 Terminology is particularly important, as 

‘defect’ in the classical sense may refer to a large-scale 

non-uniformity or breakage and this term may broadly be used for 

the same type of features in graphene-based products. However, 

this classical terminology is not considered the same as the 

previously listed types of ‘graphene defects’ which are typically 

on the nanoscale. Figure-1 shows TEM and STM images of 

examples of dislocation and vacancy defects, revealing the 

capability of these characterisation techniques to resolve the 

nanoscale changes in the graphene lattice due to the deformation 

of up to four carbon rings or removal of one carbon atom. It 

should be noted that graphene defects are not necessarily 

undesired, as the term ‘defect’ is typically seen as negative, and 

may in fact be key to enabling applications. Examples of such 

applications are vacancy defects introduced into graphene to 

enable liquid filtration and desalinisation,
21,37

 the introduction of 

non-carbon elemental or molecular species through doping for 

electronic applications
33

 and graphene functionalisation for 

polymer-composites.
38

 Contrastingly, the supreme conductivity of 

graphene is a desired property for many electronic applications, 

and this conductivity is reduced by the introduction of disorder 

due to scattering processes.
32,39

 

 

 

Figure 1. Visualising dislocation and vacancy defects in graphene. (a) 

ATEM image of a Stone-Wales dislocation defect with an overlay of 

the atomic structure as a guide to the pentagon and heptagon carbon 

rings and (b) TEM image of a single vacancy defect with a 

corresponding overlay, both from Ref 20, Copyright 2008 American 

Chemical Society. (c) A 3-DSTM topography image of a single 

vacancy defect, measured at 6K, tunnelling current 0.5 nA with 

sample bias of +150 mV, from Ref 22, Copyright 2010 American 

Physical Society. 

Contamination is a critical problem in the commercialisation of 

2-D materials, in the form of adventitious contamination from 

ambient conditions or as a result of processing of these materials 

and subsequent devices. Due to the essentially all-surface nature 

of these 2-D materials, surface contamination can drastically 

reduce the supreme properties that these exciting materials 

possess. This is a challenge commonly encountered within the 

academic community, but under-investigated due to both the 

difficulty in reliably characterization or removing the undesired 

chemical species and the reduced requirement of reproducibility in 

a blue-sky research environment as compared to the needs of 

industrial production. The nanoscale visualisation of organic 

molecules purposefully introduced on graphene single-layers 

(1LGs) has previously been achieved,
40,41

 however it is by far 

more challenging to truly define the exact chemical species 

present on the surface of 2-D materials due to exposure to ambient 

conditions or material processing.  

Chemical vapour deposition (CVD) is recognised as the most 

likely fabrication method for producing large-area single-layer 

graphene
42-44

 that will both be suitable for electronic applications 

and industrial mass-production. This production process has also 

been used to produce other 2-D materials, such as hexagonal 

boron-nitridesingle-layers.
45,46

 However, CVD graphene must be 

transferred from the metal substrate used for growth, onto an 

application-specific substrate typically using a sacrificial polymer 

layer. Although this polymer is then etched away using chemical 

methods, as shown in Figure 2a, the polymer is not entirely 

removed; instead an inhomogeneous nanoscale-thick layer is left 

on the sample. The subsequent inhomogeneity of adsorbed species 

on the surface of a 2-D material is particularly disruptive for 

electronic applications due to scattering processes
39

 and can 

substantially affect the conductivity and doping of the 2-D 

material.
47,48
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The fabrication of electronic devices consisting of 2-D 

materials also leads to challenges in surface contamination in 

itself, as typical methods for creating contacts with optical 

lithography or electron-beam lithography requires a surface to first 

be covered in typically a polymer resist. This process results in 

creating an inhomogeneous layer of polymer residue on the 

surface of the 2-D material,
48

 similar in scope to the residue 

problems caused by the transfer of CVD-grown 2-D materials. 

Although 2-D materials other than graphene are now an 

exciting area of research, these newer materials are still very 

immature, even when compared to graphene itself. This is why 

work performed on materials such as MoS2, WS2, MoSe2, WSe2 

and others shown in Figure 2c, typically involves mechanical or 

liquid-phase exfoliation of the bulk counterpart and therefore has 

associated challenges with adventitious chemical species present 

on the surfaces.
49,50

 This problem is exacerbated for research into 

the properties of heterostructures made from several different 2-D 

materials,
51,52

 as shown in Figure 2b, where different layers are 

mechanically exfoliated on top of oneanother in separate 

exfoliation processes. 

To counter this contamination problem, cleaning procedures for 

2-D materials have been developed, primarily by heating the 

samples in inert atmospheres.
50,51,53,54

 Reports vary on the success 

of the removal of polymer residues using these different 

techniques and typically the resulting electronic properties of 

devices are used as the measurand, showing some improvement. 

However, these cleaning methods are generally accepted to make 

the surface ‘cleaner’ rather than completely clean. Only when both 

superior performance and the reproducible production of graphene 

materials and devices are reached, the commercialisation of 

graphene will be truly achievable in many technology areas. 

Therefore, the nanoscale mapping and understanding of both 

defects and contaminants is required for these atomically-thin 

materials, with nanoscale spectroscopy an emerging tool that can 

enable fast, non-destructive, and reliable measurements, or in 

some cases a more comprehensive understanding of their non-

nanoscale counterparts. 

3. RAMAN CHARACTERISATION OF GRAPHENE AT THE 

NANOSCALE 
The ever-expanding research into the inclusion of 2-D 

materials, such as graphene and MoS2, in nanoscale electronic 

devices calls for a non-destructive measurement techniques that 

can characterise these materials with nanoscale resolution.
9
 

However, conventional optical techniques cannot be utilised for 

this high resolution characterisation because of the associated 

diffraction-limited spatial resolution and the size constraints of 

these devices. The maximum spatial resolution that an optical 

technique such as confocal Raman spectroscopy can achieve with 

 

Figure 2. 2-D materials, heterostructures and CVD-transfer. (a) CVD growth and subsequent transfer of single-layer graphene from Ni thin 

film, via a sacrificial polymer film, from Ref 43, Copyright 2009 American Chemical Society. (b) Illustration of a 2-D material 

heterostructure formed from layers of different 2-D materials, (c) Table of 2-D layered material families. Both (b) and (c) were reproduced 

from Ref. 52, Copyright 2013 Nature Publishing Group. 
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an excitation laser of wavelength λ and an objective lens with 

numerical aperture (NA) is (0.61λ)/NA, which is not high enough 

to resolve features in nanoscale electronic devices.  Furthermore, 

even though scanning probe microscopy (SPM) techniques can 

provide topographic mapping with an atomic resolution, these 

techniques cannot determine the chemical composition of the 

surface. Hence, development of novel optical techniques is 

essential to optimise the functionality and performance of 

nanoscale electronic devices based on graphene and 2-D 

materials.   

In the last decade, tip-enhanced Raman spectroscopy (TERS) 

has been established as a powerful technique to provide 

simultaneous topographic and chemical information from a 

surface at the nanoscale, thus overcoming the limitations of both 

SPM and optical techniques.
55

 TERS requires a metal or 

metal-coated SPM tip apex at the centre of a laser focus, providing 

an enhancement of the electric field at the tip-apex due to a 

combination of localised surface plasmon (LSP) resonance and the 

lightning rod effect.
56

 A schematic of a bottom illumination AFM-

TERS set-up is presented in Figure 3. The enhancement and 

confinement of the electric field to a region equal to the radius of 

the tip-apex enhances the Raman scattering signal from this 

nanoscale area. Once the TERS tip and laser focus are aligned, the 

sample can be raster-scanned and simultaneous topographic and 

Raman spectroscopy images produced with a resolution that is 

now limited by the size of the tip-apex rather than the laser 

wavelength. TERS has already been demonstrated in diverse areas 

of research ranging from organic electronics
57

, material science
58

 

and biology,
59

 and offers great potential for nanoscale 

characterisation of graphene and 2-D materials.  

 

 

Figure 3. Schematic diagram of a bottom illumination AFM-TERS 

set-up. In this geometry Raman scattered photons are collected by the 

same objective lens that is used to excite the sample. 

Stadler et al. have performed high resolution STM-TERS 

imaging of CVD-grown single-layer graphene on a Cu substrate 

as well as mechanically exfoliated graphene on a 

template-stripped Au substrate.
18

 A huge signal contrast of up to 

80 was achieved between the near-field and far-field Raman 

signals and nanoscale adsorbates and defects were localised on the 

graphene surface with a spatial resolution <12 nm. In this study 

large contrasts in the maps with D-peak and the 2D-peak 

intensities were observed between different regions of the 

samples. Since the scattering from a defect takes place only from a 

very small area (~10 nm), the enhancement from the D-band 

originating from defects or adatoms is very high.
60

 The 2-D band 

is also very sensitive to the local environment and contrast 

observed in this work is not unusual. 

 

  

Figure 4. (a) A high resolution TERS image of graphene on a 

template-stripped Au substrate. Green and red colours represent the 

graphene 2D- and D-band intensity, respectively. Areas showing 

intense graphene 2D- and D-band signals are highlighted with dotted 

white and solid white circles, respectively. (b) TERS spectra for the 

graphene, defect and graphene-free regions. Both (a) and (b) were 

reproduced from Ref.,18 Copyright 2011 American Chemical Society. 
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Figure 4a shows a 100 × 100 pixel TERS image of a 400 × 400 

nm
2
  area of graphene on a template-stripped Au substrate. Green 

colour corresponds to the intensity of 2D-band at ~2670 cm
-1

 and 

red colour corresponds to the intensity of D-band at ~1350 cm
-1

. 

An area with an intense graphene signal can be seen in the image 

(dotted circle) surrounded by region of weaker graphene signal, 

which is not clearly visible due to the high contrast of the image. 

The full width at half-maximum (FWHM) of the intensity profile 

along the white dotted line marked in this area was calculated to 

be 10.6 nm. Two areas showing intense defect peaks can also be 

identified (solid white circles) with a resolution of 11.8 nm 

(FWHM of the dotted line on the bottom right area). Raman 

spectra from a graphene area, defect area and an area of 

carbonaceous material are shown in Figure 3b. These high 

resolution maps of 1LG and defect areas demonstrate that TERS is 

an effective technique to map localised nanoscale contaminants 

and defects on graphene with high sensitivity, which is essential 

for the development of reliable electronic devices and structures 

based on graphene and 2-D materials. 

As described in Section 2, the different classifications of 

graphene defects are varied. Point defects, such as single 

vacancies or single atomic dopants as shown in Figure 1, have a 

length scale of less than 1 nm. This scale is far below the spatial 

resolution of confocal Raman spectroscopy measurements. 

Although the highest resolution of TERS reported is below 

1 nm,
61

 so far no nanoscale resolution images of point defects 

have been reported for graphene. 

 

 

Figure 5. Confocal Raman imaging of graphene. (a)  D-peak 

intensities around grain boundaries of CVD-grown single-layer 

graphene, from Ref,27 Copyright 2011 Nature Publishing Group. (b) 

Raman D-peak intensity mapping, and (c) SEM imaging of graphene 

wrinkles, from Ref,62 Copyright 2012 American Chemical Society. 

Grain boundaries act as strong carrier scattering sites, greatly 

decreasing the carrier mobility, andadsorbates anchored on grain 

boundaries may also act as p- or n-type dopants. Nanoscale 

measurements of these grain boundaries using high resolution 

TEM and conductive AFM have been previously published. 

However, due to the nanometre scale of grain boundaries, 

confocal Raman spectroscopy measurements provide images of 

the D-peak for these grain boundaries that are convoluted with the 

probe size, as shown in Figure 5a.
27

 This convolution effect is also 

seen for the Raman D-peak measured for physical wrinkles in 

CVD-grown graphene as shown in Figure 5b.
62

 TERS is the only 

potential technique that can provide nanoscale spectroscopic 

imaging of grain boundaries and wrinkles, though this is yet to be 

reported. For physical variations in the graphene lattice, the 

situation is more complicated as TERS systems operating in 

contact-AFM mode may induce physical changes in the graphene 

layers themselves. 

Su et al. have reported high resolution Raman image of a 

graphene-edge using the D-peak intensity and calculated the 

electron phase-breaking length at room temperature.
19

 The 

average distance travelled by a photon excited electron-hole pair 

during its lifetime is defined as the phase-breaking length (Lσ).
63

 

Accurate measurement of the phase-breaking length near an edge 

is required to evaluate the electronic properties of graphene-edges. 

The D-peak originates from transverse optical (TO) phonons 

around the K-point in the phonon dispersion curve of graphene, 

and requires a defect for its activation. Probing the Raman D-peak 

intensity distribution across the edge of a graphene flake serves as 

an accessible method for determining the value of Lσ. However, 

because the spatial resolution of confocal Raman microscopy 

(>250 nm) is approximatelytwo orders greater than the expected 

value of Lσ, a confocal Raman measurement will not suffice. 

Through TERS imaging measurements, Su et al. measured the 

minimum D-peak spatial width as 18.2 nm with nanoscale spatial 

resolution (16 nm),
19

 as shown in Figure 6. According to this 

result, the phase-breaking length was calculated to be ~4.2 nm, in 

good agreement with literature.
24,25,63

 

 

 

Figure 6. TERS imaging of a graphene flake. (a) TERS mapping of a 

graphene edge. (b) TERS spectra at three distinct positions marked in 

(a) as a circle(centre), star(edge) and triangle(glass).(c) (open 

circle)Average D-peak intensity in the rectangular marked area of (a), 

(solid line) calculated D-peak intensity, revealing a D-peak spatial 

width of ~18.2 nm and phase-breaking length(Lσ) ~4.2 nm. Adapted 
from Ref 19, Copyright 2013 American Vacuum Society. 

Prior to this work, confocal microscopy has been used by other 

groups to obtain the value of Lσ.
29

 Due to high signal-to-noise 

ratio in the Raman measurements, significant scattering was 

observed in the value of Lσ. These difficulties were partially 

overcome by Beams et al.
63

 using defocusing methods with a 
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confocal microscope, combined with theoretical calculations. 

These measurements also determined the phase-breaking length to 

be ~4 nm at room temperature.  

4. INSTRUMENTATION CHALLENGES OF TIP-ENHANCEMENT 

TECHNIQUES 
For tip-enhanced nanoscale optical spectroscopy, an SPM 

system is coupled with a confocal microscope so that a metal or 

metal-coated probe can be held in close proximity to a surface
15

. 

There has been considerable improvement in automation and 

control of the tip-sample distance, as well as the coupling of the 

laser probe volume with the TERS probe. However, further 

developments are required in the areas of reproducibility of the 

TERS probes, applying a non-metallic protective layer on the 

probes and also reference samples for characterisation of the 

TERS probes themselves.  

The preparation of metal or metal-coated probes is considered 

to be a major challenge in the implementation of tip-enhanced 

optical spectroscopy. The quality of the probe determines the 

signal enhancement that can be achieved in the near-field, which 

in turn determines the resolution and contrast obtainable in the 

tip-enhanced optical image. Hence, fabrication of highly 

enhancing and reproducible probes is critical for the nanoscale 

characterisation of graphene and 2-D materials. These metal and 

metal-coated probes can provide not only Raman scattering 

measurements, but simultaneous topography, photoluminescence 

and electrical information with nanoscale resolution.  

Progress has been made recently in addressing the issues of tip 

reproducibility and yield. Yeo et al. obtained close to a 100% 

yield of Ag-coated TERS probes when they coated the AFM tip 

with low refractive index materials such as SiOx and AlF3, and 

achieved large contrast values of 70-80 on brilliant cresyl blue 

(BCB)
64

. Hayazawa et al. have also reported a 100% yield of 

TERS probes with an enhancement factor >100 on single-wall 

carbon nanotubes (SWCNT) samples by oxidising silicon AFM 

tips and then coating them with Ag.
65

 Decreasing the refractive 

index of the AFM tip prior to the metal coating improves the LSP 

resonance characteristics of the TERS probes, thus enhancing 

their overall yield and reproducibility.
64

 

An inert coating, such as an oxide layer, on top of the metal-

coated tip would prevent degradation and contamination of the 

probe. Ag-coated AFM tips have been found to have superior 

enhancing properties, however, they soon degrade due to 

oxidation in ambient conditions. Moreover, the metals used for 

coating, such as gold and silver, are prone to wear during scanning 

and a coating with superior mechanical properties would reduce 

the mechanical damage and wear to the probe. Stable oxides such 

as Al2O3 and SiO2 can be used as a coating material since these 

can be deposited as thin films of nanometre thickness.  Such 

nonconducting oxides can also be used for measuring tip-

enhanced PL imaging of 2-D materials as described in Section 4.
66

  

Standardised procedures and reference samples enable 

reproducible and accurate measurement techniques, and 

quantitative measurements are only possible when a measurement 

has a known uncertainty. Yet there are no accepted standardised 

procedures and reference samples to verify current nanoscale 

spectroscopic measurements. However, it is recognised that 

standardisation in this area needs to be developed if these new 

techniques are to progress into industrial environments and 

diverse application areas. The measurement of enhancement factor 

(EF) is considered to be a key parameter in nanoscale 

spectroscopy. Bortchagovsky et al. have recently reported a 

method to remove the local variation of EF by coating TERS 

probes  in a single-layer of chemisorbed molecules and using the 

near-field signal from these molecules as an internal standard.
67

 

This method, however, needs a plasmonic metal surface to 

enhance the signal from the molecule in-between the metal tip and 

metal surface. Roy et al. have reported a methodology to measure 

the enhancement factor of a TERS probe by imaging a SWCNT.
68

 

The TERS image of a SWCNT has a near-field signal overlapped 

on top of a far-field background that can be separated by fitting 

two Gaussian functions to a cross-section of the image. Hence, the 

true enhancement factor of the TERS tip can be calculated from 

the ratio of the near-field to far-field signal. Kumar et al. have 

recently reported a simpler method to estimate the enhancement 

factor of a TERS tip through elimination of far-field artefacts 

using a bilayer sample.
69

 This method consists of conducting ‘tip-

in’ and ‘tip-out’ measurements on a sample that consists of two 

thin-films with unique and distinct Raman peaks. The Raman 

scattering signal from the top film is plasmonically-enhanced due 

to the LSP resonance at the TERS probe-apex, however the signal 

from the bottom layer is purely due to far-field excitation, which 

may be increased due to the presence of the TERS probe because 

of scattering and multiple reflections between the tip-shaft and the 

sample. Thus, when the TERS probe is present, the true 

plasmonic-enhancement can be separated from the increase in far-

field signal from the Raman scattering signals, from the top and 

bottom layers respectively.
69

  

Such reference samples are required for improving the 

performance of tip-enhanced optical systems, the confirmation of 

stability and optical alignment, and to optimise the preparation of 

tip-enhanced optical probes. Furthermore, they can be used to 

compare the contrast factor of different probes and performance of 

instruments through interlaboratory studies, thus enabling 

reproducible nanoscale spectroscopic measurements that can be 

applied in areas such as 2-D materials, and beyond. 

5. PHOTOLUMINESCENCE AS A CHARACTERISATION TOOL 

FOR 2-D MATERIALS 
Photoluminescence (PL) spectroscopy is progressively 

emerging as a tool for the characterisation of direct-gap 2-D 

semiconductors. This is especially true for the group 6 TMDs, i.e. 

MoS2, WS2, MoSe2, and WSe2, which are indirect gap 

semiconductors in the bulk form, but found to be direct gap 

semiconductors when in their single-layer form.
70-72

 The shape, 

position and relative intensity of PL peaks are valuable quantities 

which can be directly correlated to the electronic and structural 

properties of the atomically thin TMDs. 

The electronic band structure is fully captured in the PL 

spectrum, becoming an immediate tool to probe the number of 

layers.
70

 Two PL peaks are usually present in few-layer samples, 

respectively associated to the direct (A) and to the indirect (I) 

exciton transitions.
72

 The strong intensity of the A peak is a direct 

signature of single-layer.
71

 Its intensity progressively decreases 
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upon increasing the number of layers, accompanied by a 

downshift of the I-peak energy.
70

 In MoS2, the strong spin-orbit 

band splitting (148 eV)
73

 is also responsible for two possible 

direct transitions, named A and B.
70

  

Compared with few-layers, the reduced dielectric screening in 

isolated single-layers makes the Coulombic interactions stronger, 

giving rise to tightly bound trions.
74

 As a consequence, a new PL 

peak is observed at the lower side of A (Figure 7), and associated 

to negatively charged trions A
-
 (quasiparticles composed by two 

electrons and one hole).
74

 Its intensity is enhanced in the presence 

of an excess of electrons, as emerged from gate-induced doping 

experiments.
74

 Such sensitivity permits an easy assessing of 

doping, which is of primary importance in 2-D materials, whose 

carrier concentration is strongly affected by the environment. For 

instance, systematic studies have been carried out on single-layer 

MoS2  supported by dielectric and conducting substrates,
75,76

 in the 

presence of dielectric capping,
76

 and suspended,
77

 showing the 

sensitivity of PL spectroscopy in detecting different charging 

effects. 

 

 

Figure 7. PL spectra of single-layer MoS2 at different gate voltages. 

The energy of the neutral exciton (A) and the trion (A-) are indicated 

by dashed lines. The additional peak, usually referred to as B, is due 

to the direct transition involving the lower split valence band. 

Adapted from Ref. 74 Copyright 2013 Nature Publishing Group. 

The dimensionality confinement along the out-of-plane 

direction make the band structure, and consequently PL, easily 

affected by defects.
78

 This has made PL spectroscopy widely used 

to characterise the level of disorder and the crystallinity of CVD-

grown TMDs. PL inhomogeneities have been reported in as-

grown flakes both in MoS2
79

 and WS2.
80,81

 PL intensity has indeed 

been reported to undergo quenching at grain boundaries of MoS2
79

 

and enhancement at WS2 edges,
80

 and has been shown to depend  

on the growth process.
81

 The effect of defects has been studied 

foroxidised flakes of MoS2
82

 and also α-particle irradiation of 

MoS2, MoSe2 and WS2.
83

 In these cases of induced disorder, an 

enhancement of PL has been observed
82,83

 (see Figure 8), along 

with PL emissions at new energies.
83

 This variation of results arise 

due to a combination of different factors, such as appearance of 

new discrete gap states,
78,83

 doping by adsorbates
84

 and 

oxidation.
82

 Defects can also induce strain, which can modify the 

optical emission. Indeed, the band structure of atomically thin 

TMDs is easily modulated by uniaxial
85,87,88

 and biaxial
89

 strain, 

permitting an easy engineering of optical and electronic 

properties.
90

  

Aperture-less near-field optical microscopy through the 

enhancement of LSPs may be a promising technique for 

characterising 2-D dichalcogenides. Although the highest spatial 

resolution (~10 nm)
18

 is larger than the size of most defects and 

adsorbates, near-field optical microscope is still potentially useful 

for investigating the localised electronic properties caused by 

defects and adsorbates; however, no tip-enhanced Raman or PL of 

2-D dichalcogenides has yet been reported, possibly due to a 

number of challenges. 

 

 

Figure 8. (a) PL, (b) Raman and (c) AFM maps of cracks in high-

temperature annealed single-layer MoS2. Bright zones in the PL map 

refer to the enhanced optical emission at defect sites. Adapted from 
Ref. 82, Copyright 2014 American Chemical Society. 

It is well understood that 2-D dichalcogenides are much more 

susceptible to damage via laser irradiation than graphene. Thus, 

the confocal PL or Raman measurements for 2-D dichalcogenides 

are typically conducted with lower laser powers of <200 µW or 

lower, depending on the objective lens used,
71,91,92

 to avoid 

thermal damage.  The highly localised electric field under the 

metal or metal coated tip-apex is also many times higher than the 

incident electric field.
19,69

 Taking the case of an enhancement 

contrast of 2 as an example, for an oil immersion objective lens 

with NA=1.49, laser wavelength=532 nm, and a typical tip-apex 

radius of 25 nm, the electric field under the tip-apex is enhanced 

by a factor of 10 or more. In ambient conditions, such a strong 

electric field will oxidise the 2-D flake very quickly during any 

imaging process. Other options would be to either use a probe 

with poorer enhancement or by further decreasing the laser 

excitation power, however neither of these options will benefit the 

viability of TERS measurements since the Raman scattering 

signal of single-layer 2-D dichalcogenides is very weak. By 

pursuing a lower laser power or lesser enhancement the Raman 

scattering signal to noise ratio will also be decreased, which will 

in turn render the measurements ineffective at obtaining any 

electronic information. TERS mapping in an inert environment or 

ultrahigh vacuum
93,94

 may inhibit damage caused during imaging 

measurements. 

Since the PL signal of 2-D dichalcogenides is always of 

significant intensity, tip-enhanced PL may be an applicable 

technique in ambient conditions. However, the key challenge may 

be the quenching of the PL signal at the metallised tip-apex due to 
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the localised energy transfer between the tip and 2-D 

semiconductor. Using a perfectly symmetric tip where the 

enhancement hotspot and PL quenching point spatially coincide at 

the tip-apex may in fact lead to no observable PL   

enhancement.
95-97

 One possible solution could be to coat the 

metallic tip with a few-nanometre thick layer of insulator, such as 

SiO2 or Al2O3,
98

 which would retain the probe enhancement but 

exclude the quenching effect. Therefore, tip-enhanced PL 

measurements with nanoscale resolution are still possible by 

addressing the aforementioned challenges. 

6. PROBING THE PROPERTIES OF 2-D MATERIALS WITH 

SECOND HARMONIC GENERATION 
Alongside their unusual electrical and mechanical properties,  

2-D materials also exhibit unusual non-linear optical response in 

comparison with their bulk counterparts. As such, non-linear 

optical phenomenon can be an excellent probe of physical 

structure, band structure, number of layers, doping and electrical 

field effects in 2-D systems. This section briefly summarises the 

use of SHG as a probe of structure in 2-D materials and explores 

the prospects for nanoscale nonlinear measurements. Due to its 

centrosymmetric structure, SHG is intrinsically forbidden in free-

standing graphene single-layers.
99

 However, this symmetry is 

broken by the presence of a substrate, allowing the generation of 

second harmonic radiation.
100

 It is found that SHG in graphene 

exhibits a dependence on both the number of layers and the 

azimuthal angle of rotation about the normal of the substrate.
101

 

This makes SHG a powerful probe of structure in graphene films. 

Indeed, SHG has been used to probe structural inhomogeneities in 

graphene, revealing the presence of wrinkles.
102

  

SHG can also be a powerful probe of the extrinsic properties of 

few-layer graphene structures. It has been found that the presence 

of a DC field can enhance SHG from graphene on various 

substrates.
99

 Due to the variation of current-induced SHG with the 

measurement location along the direction of current flow,
99

 SHG 

could be a powerful probe of charge distribution in graphene 

devices. 

It is clear that SHG can be a useful probe of both the intrinsic 

and extrinsic properties of graphene. However, graphene is not the 

only 2-D material that exhibits a useful nonlinear optical response. 

Unlike graphene and its bulk parent structure, single-layer and 

other odd layered structures of MoS2 are non-centrosymmetric. 

This is reflected by a large increase in the second harmonic 

response for odd layered structures of the material. The orientation 

dependence of the SHG emission reflects the 3-fold rotational 

symmetry of the structure (Figure 9). This allows SHG to be used 

as a powerful probe of crystallographic orientation in MoS2
103

 as 

well as h-BN.
104

  

Although all of these measurements probe the bulk properties 

of graphene and other similar 2-D materials, there is great 

potential for nanoscale nonlinear optics. SHG beyond the 

diffraction limit has been demonstrated on ZnO nanowires using 

tip-enhanced SHG.
105

 Using a SNOM configuration with an 

ultrafast Ti:sapphire regenerative amplifier, the authors 

demonstrated SHG mapping of a single ZnO nanowire. Sub-

diffraction limited imaging of this structure revealed 

inhomogeneities in material properties undetectable by other 

techniques. For example, the authors observed <100 nm variations 

in the SHG intensity which could be attributed to crystallographic 

domain alignment or surface contamination, as shown in Figure 

10. A passivation study on the same ZnO nanowire system 

revealed a much reduced SHG intensity owing to the 

centrosymmetric nature of the passivation layer. This highlights 

the utility of tip-enhanced SHG in nanoscale surface-specific 

contamination studies.  

 

 

Figure 9. SHG imaging of MoS2. (a) Optical image of single-layer 

CVD-grown MoS2. (b) Second harmonic image of the same area, 

boundaries between grains are clearly identified by the reduced 

second harmonic intensity. (c) Crystallographic orientation of the 

single-layer MoS2 flakes derived from SHG signal. From Ref. 103, 

Copyright 2014 AAAS. 

 

Figure 10. (A) AFM, (B) tip-enhanced SHG and (C) far field SHG 

images of a single ZnO nanowire on fused silica. Each image is 64x32 

pixels with a 1 second integration time per pixel. From Ref 105, 

Copyright 2014 Society for Applied Spectroscopy. 
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Although tip-enhanced SHG studies are rare, there are exciting 

possibilities to use tip-enhanced SHG to probe the local symmetry 

breaking induced by defects and edge states in the new generation 

of 2-D material structures. With the aid of a growing knowledge 

in the field of tip-enhanced Raman spectroscopy, tip-enhanced 

SHG is a promising tool for the nanoscale study of the structural 

properties of 2-D materials. 

CONCLUSION 
We have summarised the characterisation needs to investigate 

contamination and defects for graphene surfaces, and the role that 

emerging nanoscale spectroscopic techniques based on tip-

enhanced Raman spectroscopy can play in understanding these 

‘all surface’ materials. Both surface contamination and lattice 

disorder alter the electronic properties of  single-layer 2-D 

materials, which can be measured by the Raman peak positions 

and intensities, as well as photoluminescence arising from 

electronic transitions in case of semiconducting materials. TERS 

instruments enable to capture these signals from a region of tens 

of nanometres, limited only by the size of the probe-apex. For 

graphene, the edges act as a defect itself and alter the electronic 

behaviour, so when the size of graphene devices inevitably 

shrinks, the edge properties will dominate. Nanoscale Raman 

spectroscopy is amongst the handful of techniques that can be 

used to study devices at this scale. Although many other single-

layer 2-D materials have not yet been studied with TERS, reports 

on measurements using techniques lacking nanoscale resolution 

reveal that nanoscale Raman and photoluminescence 

measurements will also enable the investigation of these materials 

for many potential applications in nanoscale devices.   
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