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Abstract

Two-dimensional (2D) materials have been one of the most extensively studied classes of
modern materials, due to their astonishing chemical, optical, electronic, and mechanical
properties, which are different from their bulk counterparts. The edges, grain boundaries,
local strain, chemical bonding, molecular orientation, and the presence of nanodefects in
these 2D monolayers (MLs) will strongly affect their properties. Currently, it is still
challenging to investigate such atomically thin 2D monolayers with nanoscale spatial
resolution, especially in a label-free and non-destructive way. Tip-enhanced Raman
spectroscopy (TERS), which combines the merits of both scanning probe microscopy (SPM)
and Raman spectroscopy, has become a powerful analytical technique for studying 2D
monolayers, because it allows very high-resolution and high-sensitivity local spectroscopic
investigation and imaging, and also provides rich chemical information. This review provides
a summary of methods to study 2D monolayers and an overview of TERS, followed by an
introduction to the current state-of-the-art and theoretical understanding the spatial
resolution in TERS experiments. Surface selection rules are also discussed. We then focus on
the capabilities and potential of TERS for nanoscale chemical imaging of 2D materials, such
as graphene, transition metal dichalcogenides (TMDCs), and 2D polymers. We predict that
TERS will become widely accepted and used as a versatile imaging tool for chemical

investigation of 2D materials at the nanoscale.
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Introduction

Two-dimensional (2D) monolayers (MLs) are of great importance in both nature and
technology due to their unique properties,[1-3] which are different from those of their bulk
counterparts. For example, graphene, an atomically thin carbon sheet, is much better than
graphite in mechanical strength, electrical and heat conductivity, and exhibits interesting
optical and magnetic properties.[4-7] Transition metal dichalcogenides (TMDCs) have
tunable electronic properties and variable bandgaps, ranging from insulators (e.g., HfS,),
semiconductors (e.g., MoS, and WS;), semimetals (e.g., WTe;, and TiSe;), to true metals (e.g.,
NbS, and VSe;).[8] Exfoliation of these materials into mono- or few-layers can result in
additional characteristics owing to confinement effects.[9] A structural analogue of
graphene, 2D polymers (2DPs) are covalently linked molecular networks with periodic
bonding and repeat units, whose physical and chemical properties depend on the chemistry
of their building blocks.[10-13] Compared to graphene, 2DPs possess greater flexibility in
composition, porosity, and other physicochemical properties, and can be chemically
modified in many different ways,[14-16] contributing to their applications in optoelectronics,
catalysis, sensing, and as membranes.[17-19]

Additionally, self-assembled monolayers, a kind of one molecule thick layer of material
that binds to a surface in an ordered way, are of vital importance in many applications due
to their interfacial properties that influence wettability, adhesion, tribology, and
corrosion.[20] Furthermore, biological membranes, with complex, dynamic and
temperature-sensitive fluids or gel-like structures, mediate many important cellular
processes such as transport of ions or small molecules (hormones, drugs), as well as
regulation of cell-cell communication, differentiation and growth.[21,22]

Powerful analytical tools are essential for studying chemical structure, properties, and
structure—property relationship of 2D MLs. Spectroscopic investigation of 2D MLs is,
however, very challenging due to the following limitations: (i) the spatial resolution of many
analytical methods is limited, (ii) the materials is only present in extremely small in amounts
(a single molecular layer), and (iii) some 2D MLs are light sensitive. Existing spectroscopic
methods like infrared reflection-absorption spectroscopy or enhanced Raman spectroscopy
can in principle chemically characterize 2D MLs, but they lack the spatial resolution

necessary to determine their structure at the nanoscale. The ideal technique for



investigating 2D MLs should be non-destructive, and capable of gathering molecular
information of compounds in a 2D molecular layer with high sensitivity, high spatial
resolution, and in situ. Methods for nanoscale analysis range from scanning probe
microscopy (SPM), electron microscopy (EM), X-ray based spectroscopies, mass
spectrometry (MS) based approaches, fluorescence-based and scattering-based optical
microscopies, atomic force microscopy (AFM) based optical or force microscopies, to
plasmon-enhanced scanning near-field microscopy (SNOM) techniques. All of these
techniques have their particular strengths and weaknesses as briefly summarized below in

Tab. 1.

Tab. 1 Comparison of analytical techniques for molecular monolayers.

Method Spatial Chemical Advantages Disadvantages
Resolution | Sensitivity
AFM,[23,24] <1lnm None Several operating No chemical
STM[14] modes (force, information available
conductivity,
magnetic, etc.)
SEM[25,26] <1lnm Only Well-established, Usually in UHV
elemental universal technique, (except for
analysis high speed environmental SEM),
possible (EDX) No molecular
information available
SAED,[17] <lnm None Crystal structure Damage from high-
LEED[27] energy electrons
XPS,[28] 0.5-100 Sub- Information on Limited spatial
NEXAFS[29] pum monolayer empirical formula, resolution
chemical state,
electronic state
SIMS[30] ~50 nm Sub- Specific chemical Only in UHV,
monolayer information (MS) destructive
Super-resolving | ~20 nm Single Chemical specificity of Requires labelling by
Fluorescence molecule fluorescent labels, special dyes
Microscopy[31] (fluorescence | 3D imaging
probe)
AFM-IR,[32] 10-50 Multiple IR/force spectra, Limited sensitivity or
PiFM[33] nm molecular little photodamage versatility (no
layers measurements in
water)
iSCAT([34] 10-50 Single High speed, label-free, Limited chemical
s-SNOM([35] nm molecule dynamics imaging information
TERS[36] <1lnm Single Sensitivity, versatility, Photodamage effect,
molecule vibrational fingerprint, tip degradation
orientation dependence




Scanning probe microscopy and electron microscopy. Established methods for studying
surfaces with nanoscale lateral resolution, such as atomic force microscopy (AFM), scanning
tunnelling microscopy (STM), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) based selected area electron diffraction (SAED) and low-energy
electron diffraction (LEED) can yield images with high spatial resolution, but typically give
very little or no chemical information. There are some exceptions, for example, derivatized
AFM tips can be used for specific chemical recognition via force spectroscopy.[37] However,
only the shape of nanostructures, the surface topography, the local friction or electric
properties can be measured, albeit in many cases with excellent spatial resolution, down to
the atomic scale.

X-ray based spectroscopies. Because of different core level energies in various elements,
X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy can reveal the chemical information about empirical formula,
chemical state and electronic state of the elements on a surface from the chemical shift of
atomic transitions. Additionally, the composition, conformation and orientation information
of thiol SAMs on gold substrates also can also be obtained in principle by XPS and NEXAFS,
but, with a micrometer-scale resolution due to the difficulty to focus x-ray.[38,39]
Alternatively, XPS images can be possible obtained with a resolution of better than 100 nm
using zone-plate technology to focus the x-rays or synchrotron radiation as the x-rays
source.[40,41] In these cases, however, rather complicated apparatus and sophisticated
conditions are required.

Mass spectrometry. Secondary ion mass spectrometry (SIMS) is the only MS method
capable of achieving 50—-100 nm spatial resolution, thanks to a tightly focused primary ion
beam.[42] SIMS has been successfully employed for chemical imaging of surfaces, including
thiol SAMS,[43] DNA monolayers,[44] denatured proteins in adsorbed monolayers,[45] and
the nanoscale organization of lipid membranes.[46] However, SIMS is limited to analysis
under ultra-high vacuum conditions and is only suitable for detecting elemental or very
small molecular species (such as CH, CN) since it is a hard ionization method in its high
spatial resolution mode. The static SIMS can only reach a resolution of 0.5 um, comparable
to that of optical microscopy.[30,47]

Super-resolving fluorescence microscopies. Brought into the spotlight by the 2014 Nobel

Prize in Chemistry, super-resolving fluorescence microscopy methods have been shown to



overcome the diffraction limit and afford nanoscale spatial resolution. These methods rely
on experimental modifications and statistical evaluations, including photoactivated
localization microscopy (PALM),[48,49] stochastic optical reconstruction microscopy
(STORM),[50] saturated pattern excitation microscopy (SPEM),[51] stimulated emission
depletion (STED),[52,53] and total internal reflection fluorescence microscopy (TIRFM).[54]
Even though PALM can allow localization of fluorescent protein molecules within = 10 nm
and STED can reach a spatial resolution of =20 nm, a common limitation for all fluorescence-
based methodologies is that only the fluorophore can be observed, and unknown
compounds in the complex systems go unnoticed.

AFM-based spectroscopies (AFM-IR, PiFM). AFM-IR nanospectroscopy, which combines
the spatial resolution of AFM with the chemical analysis capability of IR spectroscopy, relies
on detection of the thermal expansion of a sample by illuminating it with the pulse of
infrared light and by measuring changes of AFM cantilever deflection. The thermal
expansion is proportional to the absorbed light, thus the investigated film is supposed to be
thick enough or sensitive enough to detect the thermal expansion.[32] Hence, AFM-IR can
be applied for imaging of monolayer graphene with a spatial resolution of ~¥33 nm,[55] but
not for the measurements in liquid due to strong absorption of IR light by water.
Additionally, photoinduced force microscopy (PiFM) relies on the mechanical measurement
of molecular resonances.[56] Illumination of the sample with laser light induces an
oscillating dipole, whose magnitude depends on the local polarizability of the sample. The
dipole is mirrored in the metal-coated AFM tip, and the resultant attractive force between
the original and mirrored dipoles is measured with the AFM cantilever. Therefore, the
optical frequency of the oscillation of molecular polarizability is down-converted to a
mechanical frequency of the cantilever's oscillation. By tuning the frequency of the incident
laser light, different molecular resonances can be probed, and ultimately a complete
vibrational spectrum can be acquired. The method has recently been applied for nanoscale
imaging of two-dimensional block copolymer films with a spatial resolution of <10 nm.[33]
However, PiFM cannot take advantage of field enhancement and is not sensitive enough to
acquire the spectra of single polymer sheets.

Scattering-based optical microscopies. Interferometric scattering microscopy (iSCAT)
relies on collecting the interference between a weak reflection light at the sample surface

and light scattered by an object in the medium.[57] Temporal resolution and localization



precision can be decoupled from one another in iISCAT imaging.[58] For example, lipid nano-
domains as small as 50 nm in droplet interface bilayers can be resolved and dynamics on the
millisecond timescale can be established using iSCAT.[34] Since the image contrast in iSCAT
stems from differences in refractive index, the method is unable to identify the chemical
differences that are responsible for the contrast. Additionally, infrared vibrational scattering
scanning near-field microscopy (IR s-SNOM) detects light scattered by nanoscale regions
under the apex of a metallic AFM tip. The scattered signal of interest arises from the near-
field interaction between the tip and sample optical polarization, and can be resonantly
enhanced due to the resonance between the vibrational modes in the sample and the
incident IR wavelength.[59] IR s-SNOM can have access to the structure, coupling, and
dynamics information of the sample at molecular length scales,[35] however, it is unable to
measure samples in liquid and susceptible to the sample thickness and substrate induced
shifts in the position of absorption peaks.[32]

Plasmon-enhanced SNOM. Plasmon-enhanced SNOM techniques can overcome the
insufficient sensitivity of the AFM-based methods, and enhance the spectroscopic signal by
employing plasmon resonance of the scanning probe. This principle is not only applicable in
Raman spectroscopy, but can also be wused to enhance fluorescence and
photoluminescence.[60] A relevant example is that the individual transmembrane protein in
the cell membranes of erythrocytes can be optically resolved by using antenna-based
fluorescence imaging in a liquid environment.[61] The distribution of interprotein distances
was determined with 50 nm spatial resolution. This approach should also allow one to probe
single membrane proteins in live cells with a resolution of 5-10 nm.[61] Furthermore, the
photoluminescence quenching center in a MoS, monolayer can be determined by tip-
enhanced photoluminescence microscopy with a spatial resolution of 20 nm,[62] and
internal twin boundaries associated with the expected exciton diffusion length in a
monolayer MoSe; can be resolved with a spatial resolution of around 15 nm.[63]

In this review, we start with an overview of recent methods for nanoscale analysis of 2D
monolayers. Next, we will discuss background of TERS, mechanisms of tip enhancement,
and technical aspects of TERS, which include optical geometries, SPM feedback, TERS tips,
tip lifetime, and TERS imaging. We then introduce the current understanding of the sub-

nanometer spatial resolution and surface selection rules of TERS. A focus is then put on the



applications of TERS imaging to 2D materials, including graphene, TMDCs, and 2DPs. Finally,

we discuss some challenges and future directions of TERS.

1. Background of TERS

When light encounters molecules, it is possible for the incident photons to scatter
inelastically off the molecules and exchange energy, leading to the emission of photons with
different frequencies. This effect was first discovered by C.V. Raman and K.S. Krishnan in
1928 in India,[64] and was named Raman scattering. It is a very rare and fast process, with
only 10°°-10® photons of the incident light being inelastically scattered within a picosecond
or less.[65] Even though ordinary Raman spectroscopy provides a detailed chemical
fingerprint of a sample that can be used for molecular structure analysis and quantification,
most molecules have only a very low scattering cross sections in the large of ~10°' - 10
cm?sr?, leading to very weak Raman signals.[66]

An improvement came with the introduction of surface-enhanced Raman spectroscopy
(SERS), which employs metallic nanostructures to cause a very strong local surface plasmon
resonance (LSPR) enhancement.[67,68] This local electromagnetic field increases both the
absorption as well as the Raman scattering from compounds in a SERS hotspot, which is
commonly known as the electromagnetic (EM) mechanism of SERS.[69] Experimentally, the
EM mechanism has yielded the enhancement factors on the order of 106“108, which even
enables single-molecule detection.[69] Additionally, photo-driven charge transfer (CT)
excitations may occur of the adsorbate if the Fermi level of the metal is located between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) in energy. This chemical CT mechanism results in an additional enhancement factor
ranging from 10" to 10%.[70] SERS has been applied to a wide variety of fields owing to its
high sensitivity and because it overcomes the low Raman cross section of many different
molecules. However, it still encounters some following drawbacks:[71-74]

1. The optical diffraction limit prevents the SERS signals from a conventional
microscope from being spatially resolved beyond ~200 nm.
2. Electromagnetic and chemical enhancements in SERS can be intertwined, and thus,

the distinct mechanisms of SERS enhancement are still under discussion.



3. SERS is mainly recorded from rough surfaces of coinage metals, but hardly from
smooth or even single crystalline interfaces with only chemical enhancement.
4. The total enhancement depends on the properties of the SERS substrates and the

nature of molecules studied.

In order to address these limitations, the theoretical concept of enhanced near-fields was
proposed in the 1980s. Around the same time, in 1985, Wessel proposed the idea of TERS,
namely, to combine the use of a single metal SERS nanoparticle with a scanning probe
microscope (SPM) for obtaining topographic and spectroscopic information
simultaneously.[75] He also noted that the nanoparticle can act as an antenna to provide
field enhancement for Raman spectroscopy to reach even single molecule detection, while
SPM can enable precise control of the particle/tip to reach high spatial resolution.[72] In
2000, the first experimental realization of TERS was demonstrated independently by the
groups of Zenobi,[76] Pettiger,[77] Kawata,[78] and Anderson,[79] who used full-metal or
metal-coated tips to enhance the Raman signal from surface adsorbed molecules. Upon
laser illumination, localized surface plasmons are excited at the tip apex, giving rise to a
large enhancement of the electromagnetic field, which greatly increases the Raman
scattering of compounds in the vicinity of the tip. In addition to the large enhancement, the

TERS effect originates from an extremely small region, typically =10 nm.

Chemical High Spatial
fingerprints sensitivity resolution

(Raman) (SERS) TERS (Scanning probe microscopy)

Fig. 1 Venn diagram highlighting the benefits of TERS and basic schematic of the TERS
experimental geometry for nanoscale imaging of monolayers.



TERS combines the chemical selectivity of Raman spectroscopy, the sensitivity of SERS,
and the lateral resolution of SPM (Fig. 1). It was found that TERS can generally provide an
enhancement factor around 10°-10° with a spatial resolution of about 10-80 nm, which
clearly breaks the optical diffraction limitation.[71] Compared to confocal Raman
spectroscopy, TERS is also affected by surface selection rules, which is similar to the SERS
surface selection rules.[80] In general, all Raman-active modes can in principle be observed
in a confocal Raman spectrum, where vibrational modes are averaged over all (random)
orientations of the molecules present.[81-83] Conversely, when using a metal tip-metal
substrate geometry, the TERS spectrum mainly shows the active modes of an adsorbed
molecule that follow the selectivity of the Raman response and surface selection rules on
metallic substrates. These modes contain significant out-of-plane vibrational components
and coincide with the direction of the enhanced plasmonic field.[36,81,84,85] This
selectivity also enables TERS to access the orientation/configuration of molecules and
monolayers deposited on the conductive, flat surfaces.[86,85]

Despite a much weaker enhancement factor than SERS which is offered by multiple
hotspots from laser radiated areas, TERS is still good enough for experimentally measuring
samples with a low Raman cross section at the nanoscale, and even reaches single molecule
detection sensitivity in favorable cases.[87,88] For instance, experiments carried out under
UHV and ultralow temperature, TERS clearly showed the single molecule sensitivity with a
sub-nanometer spatial resolution.[73,36] Additionally, by collecting every TERS spectrum at
each pixel of a simultaneous scan probe image, TERS imaging opens up a new avenue for
surface imaging at the nanoscale, and its general applicability ranges from chemistry,

physics, biology to materials science.

2. Tip enhancement

The enhancement mechanisms of TERS are largely the same as those involved in SERS,
i.e., EM and CT mechanisms. The EM mechanism also contributes dominantly to the
enhancement effect in TERS.[69] It normally contains three different contributions: (i)
surface plasmon resonances; (ii) the lightning-rod effect; and (iii) antenna resonances.[89]
For a plasmonically active, conductive and sharp nano-tip under laser irradiation, which

apex allows for significantly concentrating surface charges, the nano-tip will serve as a



lightning rod leading to strong optical resonances and highly confined local electromagnetic
fields. This phenomenon is known as lightning-rod effect.[90,91] The strong electromagnetic
field could cause enhanced Raman scattering, resulting in highly intensified and localized
Raman signals of molecules under the nano-tip with the confined field far below the
diffraction limit. Note that the lightning-rod effect depends on the geometry and
conductivity of the tip material and it is independent of the frequency of the incident
light.[92] However, if the dimension of the tip is related to an effective incident wavelength,
antenna resonances can be formed, similar to the excitation of surface plasmon.[93,94] In
this case, these three enhancement mechanisms all contribute, and the highest field
enhancement is expected.

When approaching the tip close to (~1-2 nm) a plasmonic substrate (Au, Ag, and Cu) using
SPM feedback, even stronger field intensity and confinement can be created due to
electromagnetic coupling between the tip and the substrate, which is known as the gap-
mode effect, as shown in Fig. 2.[95] Here the nano-cavity between the tip and substrate is
spatially confined, and a distinct red shift of the LSPR peak can be observed.[96] Conversely,
if there is no coupling between the tip and the substrate, the TERS enhancement could be
weaker than that of the coupled case by 2 to 3 orders of magnitude.[97] The enhancement
in the nano-cavity shows a d'° dependence (d is the tip-substrate distance), as described
previously.[98] Additionally, many other factors also impact the enhancement of the
confined field, including the tip material and geometry, incident laser wavelength, focus,

polarization, and incident angle.[73]

Electric Field Intensity Electric Field Intensity Electric Field Intensity
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Fig. 2 Electric field distribution at the 10 nm apex of a silver tip illuminated at 532 nm by (a)
linearly polarized light along the tip axis, (b) linearly polarized light along the tip axis with 1
nm separation from a gold substrate, (c) linearly polarized light perpendicular to the tip axis,
(d) linearly polarized light along the tip axis with 1 nm separation from a silver substrate, (e)
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radially polarized light along the tip axis,(f) radially polarized light along the tip axis with 1
nm separation from a gold substrate. (Adapted from [95], Copyright 2013 Optical Society of
America)

As shown in Fig. 3, this tip-substrate configuration can be approximated as a system of

two metal spheres, one being the tip apex and the other is its image in the substrate.[98]
By assuming these two spheres to be equipotential bodies, Xu et al. proposed a simple
method to estimate the local electric field E,. in the nano-gap as follows:[99,100]

Etoel 2R +d
IEincl d

€y

where R is the radius of curvature of the tip apex and d is the distance between the tip and
its image. For a very small d, the field enhancement can be approximated as 2R /d. The full
width at half maximum (FWHM) of the field is given by the following equation:

FWHM = 2VRd (2)
This result is similar to more accurate calculations.[101] Further simulations based on the
finite-difference in the time-domain (FDTD) simulations suggested that E,,. is proportional

to 1/(R + d)™, while the local field is confined in a region with a FWHM is proportional to

VRd.[102,103]

Metal substrate

Fig. 3 Scheme of gap-mode TERS with the metal tip-substrate structure approximated as a
metal-sphere dimer.

Flat and clean metal substrates can provide a reliable reference surfaces for STM-TERS
mapping, which is really necessary for some low dimensional materials, such as CNTs, DNA,
graphene, self-assembled monolayers, and 2D polymers. Owing to its physico-chemical

properties and its stability, Au is widely used as a substrate in ambient TERS, e.g., template-
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stripped Au,[104] flame-annealed Au surfaces,[105] Au nanoplates,[106] semi-transparent
Au substrates,[107] and single crystal surfaces.[108,85] Among them, single crystal surfaces
are mostly used for investigating molecular orientation by TERS.[81,84,85,108] Furthermore,
Stadler et al. studied a wide range of rarely used or previously unused substrates (Cu, Ag, Al,

Pd, Pt, Ni, Ti, Mo, W, stainless steel, Al,03, SiO,) in TERS.[97]

3. Technical aspects of TERS
3.1 TERS tips

The tip is the most crucial element in TERS, as it dominates not only the enhancement but
also the spatial resolution in TERS imaging. In addition, the activity and stability of the TERS
tip determine the quality and reproducibility of TERS measurements. Consequently,
fabrication of reliable and highly enhancing TERS tips is essential to the further development
and application of TERS. Generally, a full metal or metal coated tip is used to approach the
sample surface controlled by an SPM feedback. Several factors are involved in determining
the enhancement factor and spatial resolution of the tip, including the material, radius,
angle, and morphology of the tip apex.[96] Au and Ag are the most commonly used
materials for tip fabrication and for excitation with visible light, because their LSPR
wavelength can approximately match with the irradiation laser. In the UV and deep UV
spectral regions, Al is a viable choice and Al tip shows a promising enhancement for some
special applications.[109,110] In order to obtain high-quality TERS spectra, the lifetime and

issues with contamination of the tip also have to be taken into consideration.

AFM-TERS tips

For AFM based TERS, tips are typically fabricated by vacuum evaporation or
electrodeposition of the desired metal (Au, Ag, or Al) onto commercially available AFM
cantilevers (Si, SisN4). The morphology of the deposited metal films or grains can be affected
by the material, evaporation ratio, and whether annealing setup is used.[111-114]
Moreover, the plasmonic enhancement of a tip strongly depends on the number of metal
grains and on their separations on the tip surface.[94,115]

To tune the LSPR wavelength of an Ag-coated cantilever to be resonant with a green/blue

laser, auxiliary layers can be helpful by decreasing the refractive index of the dielectric tip
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from Si (n=3.48) to TiO, (n=2.75), or SiO; (n=1.5) to AlF; (n=1.4).[116-118] Another way to
tailor the LSPR wavelength of the tip is to increase its length, and such tips can be fabricated
by focused ion beam (FIB) milling.[119,120] Additionally, metal-coated AFM tips can also be
prepared by pulsed electrodeposition to rationally control the radii of AFM-TERS tips from a
few to hundreds of nanometers.[121,122] Furthermore, some specialized AFM-TERS tips are
fabricated by chemical bonding nanoparticles to the AFM tip apex,[123-125]
electrochemical depositing nanoparticles to the AFM tip apex,[126] or using
microfabrication methods.[127-129] In order to take advantage of an etched Au or Ag tip,
combining an AFM chip and an etched metal wire was proposed for fabricating full metal

AFM-TERS tips.[130]

STM-TERS tips

For STM based TERS, the most common and reproducible method to produce STM-TERS
tips is electrochemical (EC) etching of metal wires (Ag and Au). During the etching processes,
the metal wire acts as a dissolution anode and the part near the air-liquid interface will be
etched to form a neck until it drops off, once it becomes too thin to support the immersed
part.[131] Depending on the etching parameters (e.g., voltage, cut-off current, etchant, and
temperature), a different radius of curvature can be obtained for the tip apex, which
strongly impacts the field enhancement and spatial resolution of the tip. Generally, the radii
of curvature range from around 40 nm to 70 nm for etched Ag tips,[132-135] and from 20
nm to 40 nm for etched Au tips.[136-138] Furthermore, the shape, size and geometry of the
tip can also be controlled by changing the EC etching parameters.[139] Additionally, some
specialized STM-TERS tips are produced by using FIB milling to fabricate gratings on the tip
shaft. Owing to the coupling effect of the grating under laser illumination, surface plasmon
polaritons (SPP) are excited and propagate to the tip apex for nanoscale excitation.[140,89]
For electrochemical applications of STM-TERS at the solid/liquid interfaces, the tip has to be
isolated by coating it with a thin layer of polyethylene[141] or Zapon[142,143] to reduce the

leakage current.

SFM-TERS tips
For SFM based TERS, almost all kinds of tips can be attached to a tuning fork for shear

force feedback, thus this method is similar to the AFM techniques. A distinguishing feature
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is that in SFM feedback, the tip, driven by the tuning fork, oscillates horizontally with
respect to the sample, and the tip-sample distance is controlled via SFM feedback to around
2-5 nm.[144] Etched Ag or Au tips with proper length are usually glued onto a tuning
fork.[86,145-147] In this case, the additional weight of the glued tip and the amount of the
glue affect the frequency and quality factor of the tuning fork, i.e., the amount of glue has
to be minimized. Furthermore, etched tungsten tips with Au or Ag coating are also used to
the SFM-TERS system.[148] Another option is to pull or etch glass fibers and then coat a
metal layer or attach nanoparticles to the fiber apex,[149-151] but these procedures appear

to be time-consuming, and have low reproducibility.

3.2 Tip lifetime

Despite the ability to provide a stronger field enhancement in the gap-mode TERS, Ag tips
are susceptible to chemical and mechanical degradation during the measurements. A
possible reason is the high reactivity and low stability of nanorough Ag tips. Therefore, the
lifetime of Ag tips is limited to several hours, or at most a few days as reported in the
literature.[152-154] Alternatively, Au tips can show a longer lifetime. Therefore, a
compromise between enhancement and lifetime has to be found.

On the one hand, some oxygen and sulphur compounds from the atmosphere can react
with Ag tips to change their surface plasmon resonance, leading to degradation or
inactivation. Two quite noticeable modes at 220-240 cm™ have been assigned to the silver
oxides or sulphides on the defect sites of the tips.[155,156] Another significant indicator is a
band at around 960-970 cm™ that can appear during TERS mapping, which is related to the
silver sulfite (Ag,S03) and silver sulfate (Ag,S04).[157] On the other hand, the Ag tip apex
may be worn out or its nanostructure may be changed during scanning, and such
mechanical degradation also causes fluctuations in the TERS intensity.[158] For metal-
coated AFM tips, the coating layer or particle on the apex can be easily worn out during
scanning in contact mode, due to weak adherence between the metal and the underlying
tip material.[159] Furthermore, another source of tip degradation may come from heating
from laser irradiation and enhanced local plasmon in the confined area.[160-162] If

decomposition of organic materials taken place on the tip, two broad bands often appear
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after a long time of measurement, centered around 1350 cm™ (D band) and 1580 cm™ (G
band), respectively.[163] These peaks can be easily recognized as carbonaceous
contamination due to sample degradation within the hotspot nano-cavity.[164,165]

In order to extend the tip lifetime, several strategies have been proposed in the literature,
including protective coatings, electrochemical reversal, and environmental control. An
additional thin layer, such as SiO,,[166] Al,0s,[154] AlF;,[167] or a self-assembled
monolayer,[167] is helpful to improve the wear resistance and prevent chemical
degradation. However, there is a delicate balance between better protection with a thick
coating and less enhancement, because a larger tip-sample gap will also decrease the field
enhancement of the tip. Moreover, Opilik et al. have presented a simple galvanic
replacement reaction to recover the activity of corroded silver tips, a recipe that also allows
the long-stem storage of Ag tips.[153] Interestingly, Huang et al. found that when prepared
by the electrodeposition method, the Ag-coated AFM tips exhibit a longer lifetime in the
ambient environment (13 days) compared to those prepared by vacuum evaporation (9
hours). This is due to different surface morphologies of the Ag layers and different adhesive
strengths between the Ag layers and the tips.[114] The resulting Ag tips are attractive for
long time TERS measurements in the ambient environment that require longer times, e.g.
imaging experiments.

For the environmental control, Kumar et al. have demonstrated that Ag-coated probes
stored in a glovebox with sub-ppm oxygen and moisture concentrations have much longer
lifetimes (5 months) than those stored in the ambient environment (4-8 hours).[168]
Additionally, a large number of studies have demonstrated the benefits of performing TERS
in an UHV environment. Under well-controlled conditions, many different molecules and
materials can be deposited and studied in an UHV-STM/AFM system, which will greatly
improve the tip lifetime, the stability of the tip-sample junction, and minimize

contamination of the tips.[73]

3.3 TERS imaging

Since a single point spectrum can only provide a limited amount of information, TERS
imaging has become a viable technique to gain information about the local molecular

concentration and molecular distribution samples over the entire surface on the nanoscale.
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The results can then be statically analyzed. TERS imaging is usually achieved by scanning the

surface with SPM feedback while obtaining a TERS spectrum at each pixel.[161]. TERS

imaging with the acquisition of a full spectrum at every pixel was used to visualize the

distribution of organic molecules and peptide nano-tapes,[104,169] to map the structural

inhomogeneity of inorganic crystals,[86] track the strain-induced carbon nanotubes

(CNTs)[170], and estimate the conversion ratio in 2D polymer monolayers.[108] Zhang et al.

reported chemical mapping of single molecules by TERS with an unprecedented, sub-

nanometer spatial resolution, which could even resolve the molecule’s inner structure.[36]

However, TERS imaging is also affected by several factors, leading to spectral and

resolution artifacts:

1.

2.

3.

Thermal drift. For TERS under ambient conditions, thermal drift of the TERS setups is
unavoidable. Consequently, a compromise between the acquisition time of each
pixel and the step size of the imaging has to be found, which may sacrifice the spatial
resolution. Thermal drift of a TERS setup can be minimized by continuous scanning
until the equilibrium of the system is reached.

Thermal diffusion. Due to laser and near-field heating, as well as possibly hot
electrons from the substrate, adsorbates may thermally diffuse, leading to
fluctuations of molecular orientation, desorption, movements, and even sample
decomposition. In this case, some additional signals can occur and peak ratios will
fluctuate in the spectra. Moreover, thermal diffusion of sample molecules can also
decrease the spatial resolution of TERS imaging. To prevent this problem, one can
immobilize molecules on surface, for example, by using a self-assembled monolayer
with a thiol-anchor, or by using a low temperature system.

Tip degradation. Tip degradation can change the morphology and plasmonic
properties of the tip, resulting in the degradation of its enhancement factor and
spatial resolution. Generally, the maximum enhancement of the tip and the highest
intensity of the signal is obtained at the beginning of recording a TERS map, and then
it will get weaker and weaker over time until reaching equilibrium. Based on the
sample, materials of the tip and the incident laser power, some experimental
parameters have to be optimized. Moreover, protection strategies for the tip can be

useful, but at the expense of the enhancement factor and spatial resolution.
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Theoretically, quantitative measurements by TERS are possible because the Raman signal
intensity is proportional to the probing analytes probed by the hotspot.[163] However, the
enhancement in TERS is also subject to variation, due to fluctuations of the laser power,
instabilities in the tip-sample distance, and some artifacts mentioned above. Additionally,
nano-roughness of the substrate can induce an even higher plasmon enhancement in gap-
mode TERS. These temporal changes of the TERS contrast will hamper quantitative
measurements by TERS imaging. To address this issue, a straightforward way is to use the
intensity ratio of two characteristic peaks from the target compounds[85,108] or
mixtures.[171,172,152] By plotting the ratio of the marker peaks, the image contrast can be
improved during TERS raster scanning, because signal enhancement is mostly the same
within one pixel of an image, even if these pixels may be different from each other. In some
cases, a peak ratio is related to the molecular orientation.[108,85] Another approach is to
use an internal standard to monitor the variation of the signal enhancement. For example,
tip material (e.g., Si)[173] or an additional molecular coating (e.g., a SAM of a thiol)[167] can

be used as internal standards for quantitative measurements.

4. Spatial resolution

In optical microscopy, the spatial resolution Ax can simply be understood as the
minimum distance between two objects that can be unambiguously distinguished. In the
19th century, Abbe and Rayleigh derived the criterion for the spatial resolution of an optical

system as follows,[174,175]

1y 2 0614 ;

where 4 is the wavelength of the light, and NA is the numerical aperture of the optical
system, which depends on the refractive index of the medium. The value of Ax is often
approximated as half the irradiation wavelength, thus resulting in a diffraction-limited
optical resolution of 200-300 nm when using visible light. In general, this value is the best
spatial resolution achieved by confocal Raman spectroscopy and SERS systems.

In TERS, the diffraction limit does not play a role because the Raman signals are
dominated by the molecules in the nano-cavity where the electromagnetic field is highly
enhanced and confined. Generally, a spatial resolution of ~10-80 nm has been reported for

TERS, which is in accordance with the diameter of a typical SPM tip apex.[100] In such a
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context, the spatial resolution of TERS would simply be limited by the geometry of the tip
apex. Recently, however, several experimental results have shown unprecedented TERS
spatial resolution down to the sub-nanometer regime. Almost all of these results were
obtained in ultrahigh vacuum and low temperature systems operating with gap-mode STM-
TERS.[36,81,170,176-179] This surprisingly good spatial resolution is considerably smaller
than the tip apex diameter, so that it cannot be explained by the size, shape, and material of
the nano-tip at the apex.

There are several experimental prerequisites for reaching sub-nanometer resolution in
TERS. (i) Analytes. TERS experiments with sub-nanometer resolution have almost exclusively
been done with resonant porphyrin molecules[36,81,177-179] or very strong Raman
scatterers like CNTs[170]. One exception is a study of (non-resonant) DNA bases in a
hydrogen bonded network [176], in which sub-nanometer resolution (~0.9 nm) was
demonstrated in an ultrahigh vacuum (~1x10*° Torr) and low temperature (80K) system.
However, it was impossible to resolve isolated single adenine and thymine molecules at
room temperature or even at 80K in TERS experiments, probably due to the weak
interaction between the DNA bases and the Ag(111) surface.[176] (ii) Tip-substrate
geometry. In all of these studies, the combinations Ag tip — Ag substrate[81,176], Ag tip — Au
substrate,[178,179] or Ag tip — Cu substrate [177] have been used. It therefore appears that
gap-mode STM-TERS is required for reaching the single-molecule sensitivity and sub-
nanometer spatial resolution. Note that a better spatial resolution automatically implies a
smaller number of molecules (down to single molecules) under the TERS tip. (iii) Exciting
laser lines. To be resonant with the tip-substrate geometry, 532 nm (Ag tip — Ag substrate
geometry),[81,176] 561 nm (Ag tip — Cu substrate geometry),[177] and 634 nm (Ag tip — Au
substrate geometry)[178,179] lasers have been used in sub-nanometer spatial resolution
TERS, for establishing a strong plasmon resonance. In other words, a certain size of the tip
and a proper gap-mode geometry are also required for resonance with the irradiating laser.

To achieve sub-nanometer resolution at ambient conditions is another general pursuit
in TERS community, which has been reported on single-stranded DNA sequences [180] and
individual amyloid fibrils [181] with AFM-TERS. In light of the discussion above, these results
are surprising: these biological macromolecules are generally weak Raman scatterers [182]
and basically hard to detect with AFM-TERS because of its lower enhancement [95, 183]

compared to, for example, gap-mode STM TERS. For this reason and because of thermal
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drift, imaging of such samples has not been possible with AFM-TERS at room temperature.
Also, degradation of molecules can occur at room temperature under the tip and lead to
spurious peaks [184]. A very interesting theoretical suggestion to explain these findings is
that a single atom on spherical plasmonic particles (Ag, Au) acts as a “super tip”’ in gap-
mode TERS, and drastically increases the lateral resolution to the sub-nanometer level
within the tip-substrate cavity.[185] Such single atomic cavities are dynamic at room
temperature,[186] i.e., it is unclear whether such a sub-nanometer, single atom cavity
“super tip“ is indeed stable at ambient conditions. Consequently, much more work will be
needed in this direction.

Until now, the physical mechanisms underlying the sub-nanometer spatial resolution
TERS still is not understood. This has of course attracted the theoretical community during
the past years. For instance, by the finite element method (FEM), Meng et al. found that the
confined electric field and its gradients contribute to the resolution in the gap-mode,
owning to the field’s tighter spatial confinement.[187] They also report a higher sensitivity
to infrared (IR)-active modes of molecules under the tip. Duan et al. reported that the
increase in the nonlinear contribution to the total Raman intensity can further improve the
lateral resolution of a Raman/TERS image based on calculations using a higher-order
confinement from stimulated Raman scattering.[188] Shortly after, they proposed a general
guantum chemical approach to describe resonant and non-resonant Raman scattering in
the localized plasmonic field. Under an inhomogeneous field, their calculations
demonstrated that an individual vibrational mode of the molecule can be distinguished only
in resonant Raman images, and that nonlinear effects can further improve the resolution of

the images.[189]

19



I J— A 2 |
(b) —— modified 4 “ 1700 kKW/cm
1.0 ——unmodified | 3 4 ¢l , —1950 kW/cm?
3 s \ — 2118 KW/em?
L 0.8t z 3 [
2 g ‘
@ € 2.5} ( |
qc’ 0.8 2 || 1.5nm
- € 2 - |-
£ o |\
é 04r FWHM=2.2 nm 8 1.5 \\
©
& 0.2} FWHM=7.2nm g ! \
@ 05| A\
0.0 A 1 1 n n 10 nm
4 3 -2 1 0 1 2 3 4 -

-10 -5 0 5 10
xo(nm) Position [nm)

Fig. 4 (a) Scheme of the coupled molecular dipole-local field system involving molecular self-
interaction via multiple elastic scattering. (b) Comparison of the TERS lateral resolution
predicted by the theory with (black) and without (red) molecular self-interaction. (Reprinted
with permission from [190], copyright 2015 American Chemical Society) (c) Schematic
mapping of a coupled molecule-plasmon system in a normal coordinate X between a
mechanical oscillation Q, and a cavity of frequency w, with occupation d,. (d) Computed
Stokes scattering intensity as a function of lateral position assuming a point-source scatterer
located at the origin. (Reprinted with permission from [191], copyright 2016 Macmillan
Publishers Ltd.)

Due to multiple elastic scattering of light by a molecule in the nanogap (Fig. 4a), Zhang
et al. proposed that the near-field self-interaction of this molecule with the plasmonic
nanogap in both the Raman excitation and radiation processes can lead to sub-nanometer
spatial resolution in TERS mapping (Fig. 4b).[190] In order to consider the coupling between
molecular vibrations and plasons, Roelli et al. introduced a canonical model of cavity
optomechanics that accounts for the dynamic nature of the plasmon—-molecule
interaction.[191] Their theory depends on a coherent coupling between a mechanical
oscillator (the molecular vibrations) and an electromagnetic cavity mode (the localized
plasmon), which can be applied to both SERS and TERS (Fig. 4c). Interestingly, their model
also predicts a large nonlinear Raman response when the incident laser intensity
approaches the threshold of parametric instability, leading to a sharp increase in spatial

resolution (Fig. 4d). That may be used for interpreting the sub-nanometer spatial resolution

in TERS.
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Furthermore, atomic features on the tip and chemical enhancement effects of
molecules also have been considered for TERS with sub-nanometer spatial
resolution.[185,192] To provide a consistent treatment of a molecule in the plasmonic near
field, Liu et al. reported a hybrid quantum mechanical method that combined atomistic
electrodynamics with time-dependent density functional theory, and thus is well-suited for
describing single-molecule TERS imaging with atomic resolution (Fig. 7).[193] Using water as
a simple model system (Fig. 7b-7d), they demonstrate that TERS images are extremely
sensitive to the near field in the junction. in addition, achieving atomic resolution required
the near field to be confined within a few Angstroms in diameter. The best resolution can be
obtained when the focal plane (the field maximum height relative to the molecule plane)

overlaps with the molecular plane.
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Fig. 5 (a) Scheme of an Ag tip-substrate nanojuction in TERS. Simulated TERS images of
different vibrational modes of a single water molecule: (b) bending mode at 1600 cm™; (c)
symmetric stretching mode at 3676 cm™%; (d) antisymmetric stretching mode at 3776 cm™™.
(Adapted from [193], copyright 2017 American Chemical Society)

Since many factors, e.g., enhancement processes, near-field effects, changes of selection
rules, and system coupling, are involved in determining TERS spectra, theoretical
explanations for sub-nanometer spatial resolution observed in TERS are extremely complex
and are still ongoing. In practice, to achieve sub-nanometer spatial resolution, several
factors need to be well controlled in TERS experiments, such as thermal diffusion of the

molecule, thermal drift of the setup, step size of the TERS mapping, incident laser

polarization and angle, and nano-features on the substrate, which can all influence the
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lateral resolution, and even cause experimental errors or artefacts.[100] In terms of system
stability and tip quality, UHV and low temperature systems can generally deliver sub-
nanometer spatial resolution in TERS. Additionally, to provide a larger amount of statistical
data, TERS imaging is helpful to unambiguously prove a certain spatial resolution. Last but
not least, it is important to pay attention to the problem of molecular decomposition under
the tip at room temperature, which may lead to spectral changes that could be erroneously

interpreted as appearance of new/different molecules.

5. Surface selection rules

In IR spectroscopy, vibrational modes of molecules, when adsorbed on flat, metallic
substrates, are subject to surface selection rules:[194,195] the transision dipole moment pu,
induces an image dipole inside the metallic substrate. When perpendicular to the surface,
the dipole will be doubled, whereas the parallel components will be canceled by the image
dipole (Fig. 8). In other words, for adsorbates on the surface, only those vibrational modes
which induce a transition dipole perpendicular to the surface are IR active and give rise to

an observable absorption band.[196]
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Fig. 6 Schematic illustration of the operation of an adsorbate dipole selection rule on a
metallic substrate. The image dipole within the substrate compensates the effect of the
dipole for parallel orientation, but enhances the effect of the dipole with a perpendicular
orientation.

For Raman spectroscopy, it is the anisotropic polarizability tensor as defined as a 3x3
matrix that must be considered,[197,198]

Axx axy Ayy

a=|% a, a (4)
Azx azy a,,

Here, x, y and z are rectangular coordinate axes, which are fixed on the molecule but

otherwise chosen arbitrarily. All &;; are the components of the polarizability tensor a. For
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example, a,,, means that an electric-field applied in the x-direction will polarize the
material in the y-direction.[199] The polarizability tensor &« can be described by a real,
symmetric matrix, with all @;;= a;;. Thus, it has three diagonal components and three off-
diagonal components, and only six tensor components need to be determined. This matrix
is only necessarily symmetric in the case of non-resonant Raman scattering. The Raman
tensor a' is obtained as the first derivative of the polarizability tensor a with respect to the

vibrational normal coordinate.[200]
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Fig. 7 Scheme of the reflection enhancement for the incident (left) and scattered (right)
processes. The XYZ axes indicate the coordinates of the molecule.

Since incident light is reflected off metals, a molecule will be exposed to a different
electric field when it adsorbed on a flat, metal surface. For a molecule placed right at the
surface, the scattered radiation will consist of the coherent superposition of both the
incident and scattered waves (Fig. 7), and one gets the effective scattering intensity of the
molecule as follows:[195,74]

17 « |y, (1+7,)(1+ rp’)|2 sin? ¢ sin? ¢’ (5)
where 1, and 7, are the reflected and scattered Fresnel coefficients at the interface for p-
polarized (parallel to the plane of incidence) light, respectively. ¢ and ¢’ are the angles of
incidence and scattering, respectively. a;, is the Raman tensor of the involved molecular
vibration in the Z direction.

Note that the effective Raman component which survives on the surface depends on the
z component of the Raman tensor (a;,), which is not usually measured in ordinary Raman
spectroscopy.[195] This can be regarded as a surface selection rules, which relates directly
to the orientation of the molecule. Importantly, this is different from SERS: because sample
molecules are localized in random SERS hot spots with a wvariety of

orientations/configurations compared to the enhanced field direction, the local field in
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normal SERS is usually treated as orientation-independent. Therefore, for the conventional
description of SERS, the signals are averaged. However, for a single molecule or monolayer
in the nano-cavity between a TERS tip and a metal substrate, the molecular
orientation/configuration and local field direction can dramatically impact the final
Raman/TERS signal.[81] Furthermore, similar surface selection rules in SERS can also be

observed when there are homogeneously distributed SERS hot spots.

metal substrate e ittt

Fig. 8 Schematic of the gap-mode TERS in the side-illumination configuration. The incident
far-field radiation induces a strong and confined plasmon field within the gap nano-cavity.
The dashed box indicates the frame of reference of the molecule and the coordinates of the
plasmonic field, in which is mainly confined and enhanced in the z direction. The black axis
arrow (labelled “axis”) indicates the defined normal direction of the molecule.

According to FDTD calculations (Fig.2), a tip illuminated by a XY polarized beam, will
exhibit an overall electric field intensity of almost zero below its apex in the gap-mode
configuration. Consequently, an enhancement matrix, G, can be introduced in the gap-

mode TERS as follows:[81]

G, O 0 0 0 O
¢G=| 0 G, 0 z(ﬂ 0 0> (6)

For a gap-mode TERS setup with a selected polarization and incident angle of the incident
light, the local field is thus mostly confined and enhanced in z direction (Fig. 8).
Consequently, enhancement components parallel to the surface can be ignored, and the

effective intensity of TERS signals can be approximately expressed as below:[81]
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where G’ (wjyc) is the enhancement matrix from the incident light (w;y.), and G(wsca)is
the enhancement matrix from the scattered light (wgcq)-

If the molecular normal direction is parallel to the direction of the enhanced field, (angle
0=~ 0, see Fig. 8), the TERS signals is only associated with the a,, component. As a corollary,
when a molecule is tilted on the surface, other compounds of the polarizability tensor will
contribute to a new efficient component (&Z). As a result, some modes will disappear and
extra modes will appear when the molecule is tilted on the surface, and the corresponding
signal intensity of each mode will vary with the tilt angle.[81]

It is worth noting that the abovementioned assumptions are based on a simplified, free
space Raman tensor model without considering intermolecular and molecule-substrate
interactions. In particular, when a molecule is strongly chemisorbed on the surface, its
geometry and configuration may be changed significantly due to the interaction with the
surface, and thus leading to breaking of the system symmetry. In this case, some Raman
silent modes may become Raman active. Additionally, the light—plasmon coupling in TERS
can also modify the classical Raman selection rules, caused by photon tunneling through

perturbation of the evanescent field.[201]

6. Applications: TERS imaging of 2D materials

6.1. Graphene

After the first exfoliation of monolayer graphene from graphite in 2004,[202] graphene
has stimulated tremendous research interests about 2D materials. Since the disorder-
induced D band around 1350 cm™ is a defect related Raman mode, Raman spectroscopy is
particularly useful for characterizing defects in graphene.[203,204] However, the D band
signal from a single point defect (with a radius of a few nanometers) cannot be detected
with confocal Raman spectroscopy. Consequently, to characterize local defects within
graphene has become one of most prominent applications for TERS imaging.[205] Generally,
local defects can strongly affect the mechanical strength,[6,206] cause poor fracture

characteristics,[207] and degrade the electronic performance of graphene.[208] However, it
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can also induce magnetism in graphene,[209] increase grain boundary strength,[210] and
enhance the conductivity of graphene nanoribbons.[211]

Stadler et al. showed the first TERS image of monolayer graphene using a top-illumination
STM-TERS setup in 2011 (Fig. 9a-11d).[212] On the monolayer graphene produced by
chemical vapor deposition (CVD) on a copper foil, their TERS images were able to identify
pristine, defective, contaminated area, and hydrogen-terminated areas with a spatial
resolution of <12 nm due to different spectroscopic signatures. Based on the D band
intensity, single point defects created by ion bombardment [213] or intrinsic line defects
[214] within graphene have also been visualized by AFM-TERS mapping with bottom-
illumination, with a spatial resolution of ~20 nm. Recently, Li et al. found that an Ag-coated
AFM tip can induce atomic deformations when the tip attached to a graphene surface, and
that these defects are reversible.[215]

Graphene edges and grain boundaries can be treated as special types of defects, because
they break the entire symmetry of the graphene lattice.[205] Su et al. used TERS imaging to
locate the edges of monolayer graphene, and to improve measurement accuracy of the
phase-breaking length (L, = 4.2 nm) based on the edges’ D band intensity.[216] Shortly
after, they reported that the D band is highly localized in graphene[217], as expected from
confocal Raman measurements.[218] As shown in Fig. 9e-11g, the TERS images of the D
(green), G (blue), and G’ (red) bands correlate with the topographic image of a graphene
sample,[214] and the corresponding spectra demonstrate the ability of TERS tips to enhance
weak D and G band signals from localized defects.[214] For a twisted bilayer in CVD grown
large-area graphene, Park et al. reported high-resolution (= 18 nm) multispectral TERS
images to provide a better understanding of the lattice and electronic structure, as well as
elastic and phonon scattering properties of grain boundaries.[219]

Structural deformations, e.g., local strain, can change the interatomic distance,
redistribute the electronic charge, or even open the band gap in graphene.[204] However,
the two most commonly studied types of strain in graphene, uniaxial and biaxial, cannot be
characterized by far-field Raman spectroscopy.[205] Snitka et al. used tapping mode AFM-
TERS with special tips fabricated by flattening Au microwires to investigate the effect of tip
pressure on graphene.[220] They observed that the G mode of graphene is shifted and the
Raman intensity of the 2D band fluctuates when local strain is induced by the gold tip.

Furthermore, Beams et al. demonstrated that TERS can be used to map out locally static
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strain fields in single layer graphene at the nanoscale, where a 5 nm particle underneath the

graphene exerted a local radial strain. These are inaccessible using force-displacement

techniques.[221]
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Fig. 9 Raman image of graphene on Cu. Background and enhancement corrected band
intensity of the (a) 2D-band at 2634cm™, (b) G band at 1580cm™, (c) D band at 1350cm™,
and (d) CH stretching mode at 2800-3000cm™. The maps show clear localization of graphene
defects (c) and the complementary behaviour of the 2D (a) and CH bands (d). (Adapted from
[212], copyright 2011 American Chemical Society). (e) Topographic image of a graphene
sample. (f) TERS image of the graphene sample with the D (green), G (blue), and G’ (red)
overlaid. (g) Spectra with (black) and without (red) the tip at the locations labelled in (f).
(Adapted from[214], copyright 2016 The Royal Society of Chemistry)
6.2. Transition metal dichalcogenides

Many TMDCs materials, such as NbSe,, MoS,, MoSe,, WS,, WSe; and Ta$,, are structurally
similar but have an array of electronic properties, ranging from semiconducting to metallic,
which give rise to some unusual properties and phenomena (e.g., lattice-symmetry-induced
valley Hall effect, valley polarization, and superconductivity).[222] Local structural
heterogeneities, including doping, defects, and strain in TMDCs can also affect their intrinsic
quantum properties,[223] which were investigated by tip-enhanced photoluminescence
(TEPL) mapping at the nanoscale.[224,225] However, it is still challenging to understand the
relation between the PL intensity, line shape, spectral position and its structural

heterogeneities.[63] As shown in Fig. 10, Park et al. reported a hybrid nano-optomechanical

approach combining TERS, TEPL and atomic force local strain control to study the associated
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effects on the excitonic properties in monolayer WSe, with a spatial resolution of ~15
nm.[63] Through controlled tip—sample force interaction with a SFM feedback, the bandgap
can be tuned via local nanoscale strain engineering (0-1%, Fig.12c). Specifically, the
combined results enable one to separate the effect of strain from controlling the
photoluminescence modification at edges, nucleation sites, and twin boundaries, suggesting
that the defects and stoichiometry are the primary factors that affect the

photoluminescence at the structural heterogeneities.
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Fig. 10 (a) Schematic of multimodal TEPL/TERS imaging of monolayer WSe, with (b) top
illumination of a shear-force atomic force microscope tip. (c) Tip—sample distance
dependence of TEPL and TERS of monolayer WSe,. Measured TEPL spectrum (black) at 6
mm distance with Voigt profile fit (gray) decomposed into exciton (blue, X), and possibly
biexciton (green, XX) emission. (Reprinted with permission from [63], copyright 2015
American Chemical Society).

To induce highly localized strain, Rahaman et al. mechanically deposited tri-layer MoS; on
a hexagonal periodic array of gold nanotriangles. Through AFM-TERS imaging with a side-
illumination configuration, they observed that the frequency of the E,; mode of the
ultrathin MoS, with local strain shifted by around 4.2 cm™, corresponding to 1.4% of biaxial
strain induced in the MoS,/Au heterostructure.[226] In analogy, apart from local strain,
Milekhin et al. reported an unprecedented giant enhancement (by a factor of 5.6 x 10°) and
an excellent spatial resolution of 2.3 nm from a monolayer MoS; flake stamped onto Au

nanocluster arrays, using gap-mode AFM-TERS (Fig. 11).[227] Specifically, due to strong hot
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electron doping through the plasmonic coupling between MoS, and Au nanoclusters, their
TERS spectra indicated that there is a structural change of MoS; from the 2H to the 1T phase
during TERS imaging.[227] These examples illustrate that TERS can be used to investigate
local structural heterogeneities in such inorganic 2D materials at the nanoscale, which is of

great importance for potential device applications.
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Fig. 11 (a) Scheme of the TERS experiment on a MoS, monolayer stamped onto Au
nanocluster arrays. (b) A representative TERS spectrum of a MoS, monolayer on an Au
nanocluster array in comparison with the spectrum excited by 785.3 nm light. (c) A high-
resolution TERS image of the A;g mode of MoS, on Au nanoclusters. The false colors
represent the intensities of the Ajg mode and form a semi-ring on Au nanoclusters. To
determine the spatial resolution, several intensity profiles across the border line of the
semi-ring were taken as shown by white open circles. (d) Gaussian fit of the intensity profile.
The spatial resolution of the TERS image is equal to the full width at half maximum (FWHM)
of the fit (2.3 nm). (Reprinted with permission from [227], copyright 2018 Royal Society of
Chemistry)

6.3. 2D polymers

In recent years, 2DPs have emerged as a new type of 2D material with customized and
tunable properties.[10-12] 2DPs are considered structural analogues of graphene. The
existing tools to synthesize 2DPs primarily rely on the single-crystal and the air/water
interface methods. The single-crystal approaches are mostly used for 2DPs prepared by
photo-chemically induced [4+4]-cycloadditions of anthracene-based monomers, or

thermally initiated C-C cross-coupling of tetrabromopolyaromatic monomers,[15,228-231]
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followed by exfoliating into single sheets. The air/water interface approach can produce
large-area 2D covalent MLs ranging from tens of micrometers to wafer size.[12,17] These 2D
covalent MLs are mainly obtained from photo-polymerization under ultraviolet irradiation
of amphiphilic anthracene-derivatives,[14,232] co-ordination chemistry with metal
ions,[233-235] or dynamic imine chemistry with a Schiff base,[12,17] using a Langmuir-
Blodgett (LB) trough. To characterize 2DPs, TERS has established itself as a promising
method, because it allows very high-resolution, high-sensitivity, local spectroscopic

investigation and imaging, and provides rich chemical information in a label-free fashion.
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Fig. 12 Amphiphilic and shape-persistent trifunctional monomer 1 (a) and monomer 2 (b).
The photochemically reactive sites (anthracene moieties) are ideally positioned at an angle
of 120° with respect to each other. (c) The reaction scheme shows the reversible
photochemical anthracene dimerization. (d) Packing model for the monomers in a
monolayer at the air/water interface and the 2DP created from them. (e) Raman intensity
image of the triple bond stretching vibration across the edge of a covalent sheet on gold.
(Reprinted with permission from [236], copyright 2015 American Chemical Society). (f)
Normalized average TERS spectra of monolayers of 2 and the polymer made from it
deposited on Au(111). For the signal at 1758 cm ™" see text. (g) TERS map measured over a
100x 100 nm” area with a size 5x5 nm?*/pixel based on the intensity ratio of the signals at
972 and 670 cm ™' of a 2DP formed from 2. For an ideal 2DP, each pixel contains of approx.
10 repeat units. Defects are indicated by dark-blue pixels with a white star. (h) Calculated
TERS spectra of polymer model formed from 2 as a function of the tilt angle 6. (i) Schematics
of the plane-parallel (bottom picture) and plane-perpendicular (top picture) configuration of
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this model, respectively. The red and blue arrows indicate the Z direction axis of the
molecule and the electromagnetic field, respectively. The molecular bending and twisting
angles are held constant at 0°. (Adapted from [237], copyright 2017 Wiley-VCH Verlag
GmbH)

Opilik et al. reported the first investigation of single/few layers of a synthetic covalent
2DP sheet by TERS imaging with a reasonably high spatial resolution (<60 nm) and a
significantly improved sensitivity (contrast factor of >4000) compared to confocal Raman
microscopy (Fig. 12a, e).[236] The covalent monomolecular sheets were obtained at an
air/water interface by photochemically induced anthracene dimerization between the
amphiphilic monomers (monomer 1, Fig. 12c). From the TERS spectra, it was also found that
the intensity of the characteristic anthracene vibrations decreased dramatically, suggesting
the successful dimerization of neighboring monomer 1 based on a [4 + 4] cycloaddition,
instead of [4 + 2] cycloaddition. However, the anthracene bands did not disappear
completely, probably due to unreacted monomer in this film. We have recently
demonstrated a 2DP formation at the air/water interface of monomer 2 with its three
fluoro-substituted anthracene blades and a bridgehead carboxylic acid (Fig. 12b).[85] By
irradiating monomer 2 monolayer with 365 nm laser light, direct TER spectroscopic evidence
was obtained for the polymerization of the neighboring tetrafluoroanthracene units (Fig. 12
e).[237] TERS mapping revealed the polymerized films to be largely homogeneous, although
defects can be seen (Fig. 12g). It was also found that polymer sheets lie flat on the Au(111)
surface based on DFT calculations taking into account the surface selection rules. Statistical
evaluation of the TERS data could be used to estimate a polymerization conversion of about

90 % within the covalent polymer monolayer.
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Fig. 13 (a) Synthesis of the polyimine monolayer sheet 5 with nanodefects from dialdehyde
3 and triamine 4. (b) TERS imaging of edge-induced molecular tilt within the 2D covalent
monolayer. (a) TERS signal-to-noise ratio image at 2,220 cm™ and, (c) TERS intensity image
at 1,600 cm™ of the monolayer on a terrace of the Au(111) substrate. The maps were
measured over a 100 x 100 nm? area with 32x 32 pixels. (d) Corresponding TERS intensity of
the band at 1,600 cm™ along the trace and retrace scans at the edge. The spatial resolution
is estimated to be around 8 nm using a 10-90% contrast criterion. (e) STM image and
corresponding topographic height profile of the terrace after TERS imaging. (Reprinted with
permission from [238], copyright 2018 American Chemical Society)

We subsequently reported a 2D covalent organic monolayer synthesized from aromatic
triamine and dialdehyde building blocks by dynamic imine chemistry at the air/water
interface (Fig. 13a).[238] Raman/TERS-based evidence supported both the existence of
imine bonds and the absence of end groups, providing strong arguments for the formation
of the proposed imine-linked network in the monolayer. By introducing a triple bond into
the monomer as a spectroscopic reporter, TERS imaging provided information of the
chemical bonds, molecular orientation, as well as nanodefects in the resulting monolayer.
Combined with DFT calculations that take into account surface selection rules, we found
that the 2D covalent monolayer lies flat on the Au(111) surface, with a homogeneous
orientation locked by the imine network. Approximately 3% nanodefects were observed in

the networks, where the imine bonds have broken and residual segments containing the
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triple bond tilt up. Additionally, using TERS imaging, we could visualize the topography and
integrity of the ML sheet at Au(111) terrace steps, in which the ML smoothly covers the
edge and thus will cause the orientation tilt instead of causing nanodefects or rupture.
Interestingly, besides edge-induced molecular tilting, a stronger signal enhancement was
observed at the terrace edges, from which a spatial resolution around 8 nm could be

deduced (Fig. 13).

Conclusions and Outlook

Taking advantage of the sensitivity of SERS, the selectivity of Raman spectroscopy, the
high spatial resolution of SPM, and surface selection rules, TERS has developed into a
versatile tool for surface and monolayer characterization. In this review, we summarized
recent works on nanoscale chemical imaging of 2D monolayers, e.g., graphene, TMDCs, and
2D polymers, using TERS in a label-free and non-destructive fashion. Combined with DFT
calculations that take into account the surface selection rules and dispersion interactions,
TERS imaging provides structural information of such 2D monolayers in terms of
nanodefects, edges, grain boundaries, local strain, end groups used, newly formed chemical
bonds, molecular orientation, and intermolecular interaction at the nanoscale. Overall, TERS
has matured into a powerful analytical technique at the nanoscale, and has already
attracted the attention of researchers ranging from chemistry and biophysics to materials
science. However, there are still several questions and challenges remaining in developing

TERS into a routine and versatile technique for nanoscale chemical imaging:

Reproducible TERS tips

TERS tips play a crucial role in TERS imaging due to their impact on the enhancement
effect, the spatial resolution, and signal stability. Currently, how the tip materials and
morphology influence the plasmonic enhancement and the spatial resolution is still not fully
understood. Under laser excitation, the morphology and plasmonic properties of the tip can
be modified, resulting in the degradation of its enhancement factor and maybe also spatial
resolution. Experiments with tips of different parameters (e.g., materials, morphology, and
coating) will provide a better understanding of what tip type is good for long-time TERS

imaging and how to fabricate more robust and reproducible tips. Furthermore, for long
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measurement times, Raman signals of carbonaceous decomposition products often average
to two broad bands (D and G bands) centered around 1350 cm™ and 1580 cm™, respectively,
which has been recognized and discussed for SERS and TERS by several research
groups.[165,239-241] Carbon contaminations can also lead to a distinct sharp peaks
typically above 1000 cm™, which are easily misinterpreted as specific sample signals.[242]
That is often a source of confusion in TERS imaging of organic materials and biological
samples. How to avoid molecular photodamage and reduce production of carbonaceous
contamination in the tip-sample junction during TERS imaging is another important practical

problem remaining to be solved.

TERS imaging in liquids

Most TERS experiments so far have been performed under ambient or ultrahigh vacuum
conditions. The liquid environment, thanks to its thermal conductivity, is expected to
improve the energy dissipation under the TERS tip compared to experiments done in air. A
proof-of-principle study on TERS in water was conducted in 2009 by adsorbing a self-
assembled monolayer (SAM) of ethanethiolate on the Ag surface of the TERS tip to passivate
it.[167] While TERS for studying electrochemical processes at liquid/solid interfaces was
demonstrated independently by several groups,[141-143,243] no TERS imaging in water has
been achieved so far. The key methodological problems to be solved are: (i) whether TERS
tips are robust enough when operated in an aqueous environment, (ii) whether the tips
have an appropriate coating to avoid current leakage in STM-TERS in liquids, and (iii)
whether the tip-to-sample feedback, the enhancement, and the spatial resolution are
maintained in a liquid. Performing a TERS experiment in a liquid would be extremely helpful
and interesting for studying biological processes under native conditions, catalytic reactions
at liquid/solid interfaces, and molecular recognition in solution with nanoscale spatial

resolution.

Selection rules for TERS

In far-field Raman spectroscopy, all Raman-active modes can in principle be observed
because these vibrational modes are averaged over the full space of randomly orientated
molecules,[81] while in near-field TERS, the spectrum of a single molecule or monolayer will

be affected by the experimental geometry (tip morphology, substrate materials, the
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distance between the tip and the sample, incident and detected polarization, and the
propagation direction of light).[36] Recently, Poliani et al. reported that the plasmon
enhanced Raman signal is largely independent of the incoming light polarization in several
materials, due to a modification of the Raman selection rules in TERS.[201] Moreover, the
study of symmetry-imposed selection rules also facilitates the understanding of linear and
nonlinear optical processes in molecules and solids.[244] However, the influence of the gap-
mode on the symmetry-derived selection rules for TERS still remains to be elucidated.
Several factors may break the symmetry of the molecule, including the near-field effect
from the plasmon, the heating effect in the nano-cavity, and the interaction between
molecules and substrates. Therefore, by taking these factors into consideration in

calculations, more detailed information can be obtained from gap-mode TERS experiments.

Investigation of 2D heterostructures

2D heterostructures have been one of the most essential elements in modern
semiconductor research and industry, due to revelation of unusual properties and new
phenomena compared to their isolated building blocks.[245,246] Layer-by-layer stacking or
lateral interfacing to combine different atomic monolayers together has opened up
unprecedented opportunities to engineer 2D heteromaterials with atomic layer
precision.[247] There is strong covalent bonding between the atoms within each isolated
building layer, and predominantly weak van der Waals bonding between adjacent
layers.[248] Due to the diffraction limit of light, existing spectroscopic methods like infrared,
Raman, and photoluminescence spectroscopy that in principle could allow chemical
characterization of 2D heterostructures, lack the spatial resolution necessary to analyze the
heterostructures at the nanoscale. This gives rise to many open questions regarding the
interlayer coupling and the nature of defects. Investigation of the van der Waals interaction

within 2D heterostructures may open a new avenue for TERS application.
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