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Abstract

Tip-enhanced Raman scattering (TERS) is one of the few methods 
to access the molecular composition and structure of surfaces with 
extreme lateral and depth resolution, down to the nanometre scale 
and beyond. This Primer examines the underlying physical principles 
driving signal enhancement and lateral resolution of TERS, laying 
the foundation for both theoretical understanding and practical 
applications. Addressing critical factors such as reproducibility, 
averaging and general limitations, we delve into the nuances of TERS 
experiments. Various TERS modifications are introduced, highlighting 
diverse optical geometries and tip feedback schemes tailored to 
the specific experimental needs. State-of-the-art TERS studies are 
showcased to illustrate its versatility, encompassing structural analysis 
of biomolecules, nanoscale investigation of chemical reactivity 
and exploration of the intrinsic physical properties of 2D materials. 
These TERS applications serve as a comprehensive overview of 
current advancements in the field, encapsulating the breadth of TERS 
experiments.
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processes are mainly modulated by the surface properties of the given 
plasmonic metal and by the binding mode, particularly the orientation 
of the adsorbed sample molecule with respect to the surface. Owing 
to very accurate positioning of the plasmonic tip with respect to the 
sample molecule, site-specific interactions lead to the modification 
of the local chemical environment affecting the electronic structure of 
the plasmonic hybrid system. These tip–molecule site-specific spec-
tral modifications contribute to further enhancement of the lateral 
resolution.

Optical properties of a plasmonic tip
The strong and ultra-resolved Raman signal obtained from scattering 
tips is attributed to ability of metallic probes to localize electromag-
netic fields below the diffraction limit. This localization arises from 
the collective response of the electrons to the incoming light, which 
sustains electromagnetic resonances and produces localized surface 
plasmon excitations at the tip apex. These excitations serve to confine 
propagating light into tiny effective mode volumes around the nano-
structure, thus overcoming the diffraction limit. Owing to this light 
localizing and enhancing effect, metallic nanostructures have been 
often called optical nanoantennas, with different geometrical configu-
rations developed to tailor the wavelength and properties of the local 
field associated to these resonances. Commonly used nanostructures 
include nanorods, nanoshells, nanodimers, nanogaps and metallic tips. 
The optical response and localization of electromagnetic fields around 
metallic tips can be modelled using methods such as finite element 
methods43, finite-difference time-domain methods44 or boundary 
element methods45,46 (Fig. 1a). The field enhancement produced by a 
typical metallic tip (radius of ~20 nm) is approximately 10-fold larger 
than the incident field below the tip apex. This enhancement can be 
intensified when the tip is located on a metallic surface, generating a 
coupled plasmonic gap47. Although the enhancing power of a standard 
plasmonic gap is remarkable, this alone is not capable of explaining the 
ultrahigh spatial resolution (<1 nm) recently achieved. Atomic-scale 
protrusions at the tip are capable of further confining light to single 
atoms, with a threefold to fivefold signal enhancement48,49, leading to 
the term picocavity to refer to atomic-scale light localizing features of 
these atomic protrusions50,51. The use of picocavities in scanning tips 
has enabled state-of-the-art TERS experiments where intramolecular 
vibrational features are now routinely resolved52–55.

Chemical aspects of tip–sample interaction
Chemical effects become prominent at close tip–sample ranges 
(<1 nm), forming site-specific hybrid systems of metal atoms from 
the plasmonic tip and the sample molecule (Fig. 1b). These effects 
include ground state interactions between the tip and sample, reso-
nance contributions and from charge-transfer phenomena, collectively 
referred to as non-resonant, resonant and charge-transfer contribu-
tions, respectively. Theoretical approaches48,51,56–66, such as the dis-
crete interaction model or quantum mechanical model60–62, combine 
time-dependent density functional theory (TDDFT) simulations for 
the molecular sample with atomistic electrodynamics simulations 
for the nanoparticle to model such plasmon-molecule hybrid systems 
accurately. Charge-transfer contributions are particularly relevant 
at close tip–sample distances, influencing resolution and plasmon-
induced catalysis. Incorporating sufficient metal atoms from the tip 
at short tip–molecule distances into the quantum chemistry is essen-
tial for an accurate description of charge-transfer states in scanning 
tunnelling microscopy (STM)-TERS studies.

Introduction
Tip-enhanced Raman scattering (TERS) is a powerful vibrational 
probing technique combining the inherent spectroscopic abilities 
of Raman scattering with substantial signal amplification and excep-
tional spatial resolution achieved through localized optical fields at the 
scattering tip apex1–3. Unlike other optical near-field microscopy tech-
niques, TERS enables chemical imaging with sub-molecular spatial 
resolution. The localized optical fields at the plasmonic tip lead to 
strong enhancement of otherwise weak Raman signals, amplifying 
them by several orders of magnitude, thus enabling sensitivity down 
to the single molecule4–6. This unique combination offers chemical 
specificity, allowing the resolution of vibrational signatures of materials 
and molecular species even at the subnanometre range7.

TERS facilitates the experimental exploration of the molecular 
structures of surface-bound molecules, overcoming the resolution 
limitations of diffraction optics by operating within the near-field 
optical regime. The signal amplification in TERS arises from the 
enhancement of the non-resonant or resonant excitation at a defined 
wavelength. As a result, lateral resolutions much finer than conven-
tional optical microscopes can be achieved, reaching single-molecule 
or sub-molecular sensitivity. Understanding the underlying physical 
mechanisms driving TERS applications at the nanometre and subna-
nometre scales has led to continuous theoretical advancements in 
describing the specific contributions to signal amplification, even 
within a quantum mechanical framework.

The remarkable TERS capabilities were initially demonstrated 
through detailed investigations into intrinsic material properties of 
condensed matter and structural properties of biomolecules, such 
as high-resolution studies of carbon nanotubes8,9 revealing chirality 
changes10, defect identification11 and strain probing12,13. Similar aspects 
are now being explored in TERS studies of a variety of 2D materials14. 
TERS is also highly valuable for studying molecular interactions15–19, 
molecular monolayers20,21, molecular orientations22, biopolymers 
such as peptides, proteins and fibrils23–31, polymer films and nano-
structures32–36, as well as nanoscale chemical reactions37–42. This Primer 
focuses on selected applications in solid-state physics, chemical reac-
tivity and biological nanoscale analysis to illustrate the broad scale of 
potential applications.

Theoretical description of TERS
To understand the remarkable resolution and enhancement prop-
erties of TERS theoretically, various electromagnetic and chemical 
interactions must be considered.

The enhancement in TERS involves two main contributions. 
First, the electromagnetic enhancement results from locally con-
fined and intensified enhanced electric fields and gradients near a 
metal interface, typically resonantly enhanced owing to plasmonic 
modes in specific geometrical configurations, such as the plasmoni-
cally active tip apex used in TERS. This enhancement substantially 
improves the Raman signal of molecular species within this near field. 
Second, chemical interactions arise from close-range, site-specific 
interactions between the surface-bound sample and the metallic 
nanoparticle. These interactions include non-resonant and resonant 
contributions, as well as charge-transfer phenomena between the sam-
ple and the plasmonic nanoparticle. Such charge-transfer processes 
are particularly prominent at close tip–sample distances and when 
sample molecules are adsorbed on metallic surfaces; they modify 
the electronic structure of the molecule when located near the plas-
monic subsystem. In surface–sample interactions, such charge-transfer 
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When simulating TERS and resonance Raman spectra67–70, the plas-
monic tip scanning over the substrate can be represented by an individ-
ual metal atom or a small cluster, such as the Ag20 and Au20 clusters69,71,72. 
At each relative tip–sample position, the electronic structure is cal-
culated using quantum-chemical methods such as density functional 
theory (DFT) for non-resonant terms and TDDFT for resonance and 
charge-transfer terms, as well as the corresponding Raman and possibly 
resonance Raman spectra67,70,73,74. These calculations enable tracking 
of potential site-specific changes in the electronic structure and the 
occurrence of charge-transfer states. This includes characteristics such 
as metal-to-molecule charge-transfer, which can result in a partially 
positively or negatively charged tip, inducing dipole moments, bond 
order changes and the energetic position of the state. If electronically 

excited states are energetically close to the incident wavelength in the 
experiment, both non-resonant Raman and resonance Raman spectra 
need to be calculated, as these contribute substantially to resonance 
excitation69,70,75. Notably, the properties of charge-transfer states are 
highly sensitive to the local tip–molecule interaction, in particular 
if polarized along the electric field, whereas locally excited states of the 
sample are typically less affected by chemical modifications induced 
by the metallic nanoparticle. The combination of these contributions 
generates a TERS map of the molecule, facilitating chemical imaging.

Electromagnetic and chemical effects
The electromagnetic and chemical contributions to TERS have tradi-
tionally been treated separately. However, recent approaches have 
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Fig. 1 | Simulation of plasmon-enhanced Raman signals, combining 
electromagnetic and chemical enhancement. a, Scaled interactions of an 
illuminated tip: nanoscale enhancement owing to a gap formation between 
two plasmonic particles; additional field enhancement owing to atomic-
scale protrusions (picocavities); representation of the strong localization 
of a picocavity (here with an additional gap mode); full representation of 
extreme field localization with respect to a molecule184. b, Site-specific local 
chemical interactions between sample and plasmonic tip, mimicked by a 
single silver atom and a sample molecule (xy plane). Three-dimensional grid 
calculations with varying tip–sample positions are performed to chemically 
map the localized interaction of the sample with the plasmonic tip. For the 

shown adenine molecule, the chemical effect stems from locally enforced 
molecule–tip configurations, based on the overlap of the semi-occupied silver 
orbital and the π-system of adenine. At larger (z-)distances, the electromagnetic 
effect dominates the modulation of the Raman signal. c, A full description of 
the chemical and electromagnetic effects can be obtained by incorporating the 
electric near-field, which can be obtained by finite-element method simulations, 
into the quantum chemical simulation. As a model, a tin(II) phthalocyanine 
molecule is placed below the tip as shown in xz and xy plane (left and right, 
respectively). Part b reprinted from ref. 67, CC BY 3.0. Part c adapted with 
permission from ref. 80, American Chemical Society.

https://creativecommons.org/licenses/by/3.0/
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aimed to integrate these contributions to understand their combined 
impact on signal enhancement, spatial resolution and chemical speci-
ficity. Hybrid multi-scale calculations, such as those using the GPAW 
code76,77, allow for the inclusion of electromagnetic near-fields into 
electronic structure calculations at the tip–sample interface78–80. 
Additionally, methods have been developed to incorporate the effect 
of strongly inhomogeneous local fields, such as those in picocavi-
ties formed by atomic protrusions, into quantum calculation of the 
Raman polarizability tensor81. This captures the effects of inhomoge-
neous fields but misses important quantum effects connected with 
charge-transfer to the metal. Alternatively, the near-field around the tip 
apex including atomic-scale protrusions can first be calculated43,51,82,83 
using a standard Maxwell’s equation solver43. The resulting near-field is 
represented by carefully placed point charges, which can be included 
in the quantum chemical calculations, enabling the assessment of the 
impact of the near-field on the electronic structure and the correspond-
ing Raman spectra80. The sample molecule is subsequently mapped by 
the tip and the local field that follows the tip position (Fig. 1c), disen-
tangling the effects of the metal proximity’s chemical contribution, the 
electromagnetic near-field and the combination of both. Such analysis 
shows that particularly the charge-transfer states are affected when 
including the contribution of the electromagnetic field. This approach 
has demonstrated that the atomic-scale site sensitivity originates from 
chemical effects while incorporating the electromagnetic near-field 
leads to an additional overall enhancement of the signal80.

This Primer aims to provide a concise introduction of the current 
theoretical and experimental aspects of TERS. As applications continue 
to diversify, ranging from nanoscale compound identification to the 
investigation of chemical reactivity, the selected results achieved using 
TERS represent the current state-of-the-art in this evolving field. Finally, 
general challenges inherent in working with sample volumes deviating 
from bulk behaviour are addressed.

Experimentation
Instrumentation
TERS experiments typically involve mapping a region of interest using 
a TERS tip in a predefined pattern to record the Raman signal at speci-
fied positions. The number of pixels of the pattern usually determines 
the lateral resolution, ensuring that the resulting step size is equal to or 
smaller than the lateral confinement at the tip apex. TERS instrumen-
tation consists of an optical setup to excite and collect the scattered 
Raman signal, either in transmission or reflection mode, and a tip–
sample manipulation system to precisely control the movement of 
the tip with subnanometre precision (Fig. 2).

The optical setup includes an illumination system to focus laser 
light with controlled polarization onto the apex of a plasmonic tip, 
a collection system to gather the scattered light while suppressing 
unwanted contributions using suitable filter and a detection system. 
Various illumination schemes have been developed to accommodate 
sample and spatial constraints (Box 1). Plasmonic nanofocusing-based 
tip concepts have been introduced84–86 to separate the bulk excitation 
volume from the nanoconfined excitation volume at the tip apex, 
effectively suppressing background noise (Box 2). Spatial coher-
ence and momentum matching of the incident field can be achieved 
through adaptive optics87, enhancing light coupling to the tip88,89. The 
use of a fixed or tunable excitation wavelength depends on experi-
mental requirements, with fixed being the most frequent approach, 
and excitation-dependent TERS using the tunable approach ena-
bling, for instance, the distinguishing of species with varying optical 

transitions90. Similarly to all Raman spectroscopies, optical filter com-
binations are crucial for rejecting unwanted wavelengths — such as 
cleaning the excitation wavelength — and suppressing the Rayleigh 
line in the detection path91,92.

TERS signal detection can involve capturing full spectroscopic 
information using a charge-coupled device (CCD) camera-coupled 
spectrograph or focusing on intensity maps of specific marker bands 
using a single-point photodetector. The latter approach accelerates 
data acquisition times, enabling mapping at smaller step sizes within 
acceptable acquisition times. Faster acquisition time trades off with 
the amount of information obtained, as information encoded in the 
entire spectrum — such as the band shifting related to specific bond 
conformations — is lost. Careful consideration of total recording time 
is necessary to address the effects of mechanical and thermal drift, 
particularly in ambient and liquid environments. Additional drift compen-
sation approaches can be optionally implemented into TERS setups. 
These use in situ drift correction to maintain the tip within the optimal 
illumination volume, enabling ultra-stable tip-enhanced scattering 
conditions for robust long-term mapping and imaging over large sam-
ple areas and at sufficiently small step sizes. Both lateral drift compen-
sation of the tip position and axial focus drift correction systems rely 
on a feedback-controlled piezoelectric actuation to adjust the tip or 
focus position, relying on optical readouts93–96 such as Rayleigh scat-
tering at the tip.

The second sub-system of a TERS microscope deals with the 
precise spatial manipulation of the tip and the sample. Lateral manip-
ulation of the sample is achieved using a close-loop piezoelectric 
scanner, while maintaining the vertical tip position usually relies on the 
principles of atomic force microscopy (AFM)97 or scanning tunnelling 
microscopy (STM)98.

AFM-based TERS. In AFM-TERS the tip–sample distance is regulated 
by probing the normal forces, such as short-range repulsive Coulomb 
interactions99, attractive van der Waals interactions and superimposed 
long-range electrostatic and capillary forces (Fig. 2). Alternatively, 
shear-force interactions100 between the tip apex and the sample can be 
used, offering the advantage of eliminating the need for an additional 
light source for control.

Force detection involves sensitive force sensors, such as can-
tilevers or piezoelectric quartz tuning forks. A sensitive feedback 
loop controls the vertical tip–sample distance and prevents the tip 
from crashing into the sample (Fig. 2). Contact and non-contract AFM 
operation modes are distinguished based on the applicable tip–sample 
interaction97,101,102 (Fig. 2), with their impact TERS signal enhancement 
outlined in Box 3.

Long-range capillary forces are a frequent issue under ambient 
conditions, and can strongly influence feedback and the minimum 
stable tip–sample distance. This can be addressed by moving from 
ambient conditions to ultrahigh-vacuum (UHV) or liquid environments. 
In the latter case, additional liquid-substrate and liquid-cantilever 
force interactions generally require different feedback parameters to 
maintain a stable tip–sample distance.

STM-based TERS. STM-based TERS uses precise positioning and gap 
separation distances provided by the tunnelling current between 
a conductive tip and a conductive sample. Applying a bias voltage 
between tip and sample generates a net electron flow that is highly 
dependent on the distance between them, allowing for a very sta-
ble tip–sample distance regulation via a feedback loop. Although 
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STM-TERS and AFM-TERS use different physical properties, both 
achieve similar experimental feedback. However, STM-TERS is lim-
ited to conductive substrates or very thin non-conductive samples on 
conductive substrates.

Comparing the two TERS systems, AFM-based TERS offers 
flexibility, applicability to various sample types and environments, 
large scanning ranges and fast scanning speeds. By contrast, STM-
TERS systems provide greater stability, making tip–sample distances 
easier to control. Both systems can achieve subnanometre resolution 
and single-molecule level sensitivity53,54, with further improvement 
possible in low-temperature and high-vacuum environment. The UHV 
environment eliminates the competitive adsorption interference of air 
impurities and slows down the photobleaching of samples, reduces the 
thermal drift of the sample and improves the stability of the system. 
Although, sub-molecular resolution currently has been demonstrated  

only for STM cryogenic UHV conditions, prospectively (sub-)molecular-
resolved TERS might be achieved with AFM-based modalities and 
ambient conditions in the future.

TERS tip concepts
The quality of the tip directly impacts the resolution and image 
quality of scanning probe microscopy (SPM) and TERS measurement. 
Parameters such as tip material, curvature radius, cone angle and sur-
face morphology substantially influence TERS sensitivity by affecting 
plasmon resonance and electromagnetic field intensity. These param-
eters usually depend on the fabrication method and the precision at 
the nanometre scale, and are tuneable via the size and shape of the 
plasmonic tip, respectively. TERS enhancement is generally greater 
when the tip surface plasmon resonances match the excitation and/or 
emission wavelength, and tips with sharp ends and smooth surfaces 
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Fig. 2 | TERS setup configurations. A, Transmission mode AFM-TERS (atomic 
force microscopy combined with tip-enhanced Raman scattering spectroscopy), 
with bottom illumination. B, Reflection mode STM-TERS (scanning tunnelling 
microscopy combined with tip-enhanced Raman scattering spectroscopy) with 
side illumination. Aa,Ba, Outline of the respective excitation, collection and 
detection path, based on stable narrow linewidth laser, a beam expander often 
in the form of a spatial filter, polarization optics (P) for laser mode conversion 
(optional), and an objective to tightly focus the laser beam to the tip–sample area 
and to collect the scattered Raman signal. The collected signal is either focused 
onto the active area of a photodiode (point detection) or is focused onto the 
entrance slit of the spectrograph for spectrally resolved multichannel detection. 
Ab,Bb, Distance dependence of the non-monotonically varying force (top) 

and monotonically changing tunnelling current It (bottom) used as a feedback 
signal in AFM and STM. Ac,Bc, Outline of AFM (part Ac) and STM (part Bc) 
feedback loop to control the tip–sample distance. A bias voltage Ubias is applied 
to shift the Fermi-level Ef of the tip and sample to enable electron tunnelling. The 
measured sensor signal is compared with a predefined reference signal Uref (set 
point). After amplification, this signal is further processed in a feedback loop 
(here, a proportional-integral-differential (PID) controller), yielding an accurate 
correction function Ucorr, resulting in a sensitive and stable tip–sample distance 
with subnanometre precision. BS, dichroic beam splitter; CCD, charge-coupled 
device; LF/BF, ultra-steep edge long pass or band pass filters; SM, spherical 
mirror; Uerr, error signal; vdW, van der Waals.
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dissipate less heat. Various tip designs have evolved to control these 
parameters103, using fabrication methods such as focused ion beam 
milling, electrochemical etching methods104, physical vapour depo-
sition and e-beam lithography. Simple shearing of wires is the easiest 
machining method, albeit lacking reproducibility, whereas electro-
chemical etching methods produce tips with the desired aspect ratios 
and surface conditions by adjusting etching voltage, etching solution 
composition and concentration and wire immersion105. Here subse-
quent formation of metal atomic clusters can further enhance spatial 

resolution; tips are usually bombarded with argon ions, then heated 
with electron beams and modified on the flat metal surface of the single 
crystal. This strategy is most often used for STM-TERS tips. Physical 
vapour deposition methods reliably produce TERS active tips, however, 
intrinsically the precise localized plasmon resonances are variable. 
which is overcome by introducing nanostructures at the tip apex, such 
as thin silver film resulting in AgNP-decorated tips or plasmonic cavi-
ties106–108. The incorporation of picocavities at the tip end can provide 
Ångström-scale resolution and electromagnetic field enhancement, 
albeit with reduced lifetime under ambient conditions109.

To extend the lifespan of the tip, a dense protective layer is occa-
sionally applied to the metal tip110–113. Additionally, to minimize leakage 
currents from the tip of STM-TERS at the liquid–solid interface, the 
tip may be coated with substrates such as polyethylene paraffin wax, 
zapon or nail polish114,115.

Data recording and processing
Modern SPM controllers facilitate fast acquisition channels, accu-
mulating transistor–transistor logic (TTL) output signals from point 
detectors for intensity mapping as a function of the tip position. 
Full spectral information acquisition requires synchronization of tip 
motion and spectrum acquisition, typically achieved through hand-
shaking procedures. The communication between the SPM and optical 
detection units involves TTL signals defining the start and stop signals 
for the optical data acquisition. Various software tools are used for 
data correction, storage and analysis. Self-written Matlab programs 
or commercial software packages such as Vista Control software are 
used to correlate individually recorded TERS spectra with the AFM 
tip position. SPM data are stored in controller brand-specific data 
file formats. Several freeware data analysis software tools, such as 
Gwyddion116, can be used for data treatment and statistical evalua-
tion of parameters. TERS spectra are stored usually as text files and 
are subject to univariate and multivariate data analysis. Combined 
with quantum-chemical calculations, assignment of Raman bands 
can identify the composition and orientation of certain compounds.

Results
TERS experiments target specific material properties and functions 
based on spectroscopic frameworks derived from preliminary exper-
imental and theoretical data sets or archived Raman spectroscopy 
databases. The TERS spectrum of a compound should resemble the 
peak pattern of the corresponding conventional bulk Raman spectrum, 
although the tip can slightly influence spectra, and also the number 
of molecules observed in an experiment may not provide an average 
result. Therefore, displaying unprocessed, representative TERS spectra 
is recommended to obtain an unbiased estimate and rule out potential 
experimental influences.

Tip-induced spectral deviations
TERS spectral patterns can deviate from conventional Raman spectra 
owing to tip-induced variations. Additional instrument-specific Raman 
bands can arise; for example, silicon cantilever-based tips produce 
peaks at 520 cm−1 and ~900–1000 cm−1, corresponding to the silicon 
phonon band and its overtone, respectively (Fig. 3a). Serious issues 
arise from tip aging, damage and inefficient light coupling, leading to a 
gradual or abrupt signal intensity loss and affecting the signal-to-noise 
ratio (SNR). Transiently emerging or remaining undesired Raman bands 
caused by molecules temporally or permanently residing at the tip apex 
or on the tip shaft can be confused with desired surface-specific Raman 

Box 1 | Basic TERS illumination schemes
 

Side or top illumination (preferred in STM-TERS)
 • Thick and opaque samples
 • Long working distance, low numerical aperture (NA) objectives
 • Direct (oblique) sample irradiation

 - Strong Raman background signal
 - Restriction to a Gaussian laser mode
 - Low light coupling and collection efficiency
 - Poor image quality, owing to non-vertical arrangement of the 

imaging path and the sample–tip
 • Alternative use of a parabolic mirror185 (not shown in the figure) 
to avoid the low NA drawbacks

Bottom illumination (preferred in AFM-TERS)
 • Thin and (semi-)transparent samples
 • Applicability of high NA objectives (≫1)
 • Applicability of higher-order vortex beams

 - Tightly focused laser spots
 - Strong longitudinal field components
 - Reduced direct sample irradiation and smaller Raman 

background signal
 - Higher signal-to-noise ratio
 - Higher light coupling and collection efficiency

AFM, atomic force microscopy; STM, scanning tunnelling microscopy; TERS, 
tip-enhanced Raman scattering.
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marker bands. Tip contamination is hallmarked by exceptionally high 
peak intensities which obscure these Raman bands. Permanent tip 
contamination can be assessed by retracting the tip 10–100 nm from 
the sample surface or by comparing with a TERS substrate spectrum 
and identifying whether the signal persists.

Various factors, including sample degradation and tip–plasmon-
induced reactions, can lead to additional peaks in the TERS spectra. 
For example, the dimerization of p-nitrothiophenol (pNTP) to 4,4′- 
dimercaptoazobenzene (DMAB)37,38,117–119 may show vibrational bands 
of the newly formed azo group after the dimerization of pNTP, whereas 
pNTP-specific modes decrease or completely disappear (Fig. 3a). Sam-
ple degradation owing to light irradiation can cause significant arti-
ficial changes in a TERS spectrum, which are not representative for 
the analyte. Plasmon-induced charge-driven dissociation has been 
identified as a major degradation mechanism for biological samples 
such as peptides and proteins120. Thermal dissociation may occur at 
very high laser powers. Sample burning of organic compounds is often 
accompanied by strongly fluctuating peak patterns and the appearance 
of broad bands at 1350 cm−1 and 1570 cm−1 associated to the G-band and 
D-band of carbonaceous species121,122. Other TERS spectral deviations 
from Raman bulk spectra can be attributed to modified Raman selec-
tion rules thus, non-active Raman modes can become active owing to 
strong transverse and longitudinal field gradients87,123–126, which couple 
to quadrupole–quadrupole interactions. Particularly, adaptive optical 
irradiation schemes demonstrated that infrared-active Raman modes 
can be selectively turned on and off through phase modulation87.

In a TERS experiment, the absence of certain vibrational modes 
and differences in the intensity ratio of certain marker bands can be 
influenced by specific excitation conditions. TERS tips that provide 
strong electromagnetic field enhancement factors typically gener-
ate strong longitudinal field components. These components are 
orthogonal to the substrate and sample plane, and mainly excite vibra-
tional modes associated in this direction, whereas in-plane vibrational 
mode enhancement, typical for normal Raman microscopy, is less 
efficient127. Altered TERS spectra may arise also from the confined 

information depth, resulting in the absence of specific Raman marker 
bands owing to shielding effects of certain functional residues in mac-
romolecules128. Additionally, shifts in the peak position in TERS spectra 
may occur owing to metal–molecule charge-transfer mechanisms, par-
ticularly evident when chemical enhancement becomes non-neglecta-
ble in TERS investigations using the STM point contact regime129,130. 
These effects, tied to the high resolution capabilities of TERS, enable 
conclusions regarding the immediate vicinity of the molecule under 
investigation.

Standardization and quality control
Standardization of TERS experiments is crucial to ensure independent 
information gathering and to achieve high-quality, reproducible and 
comparable experimental data. Standardization involves following well 
specified sample preparation protocols and measurement routines 
commonly used in Raman and surface-enhanced Raman spectros-
copy and in scanning probe microscopy. Particularly routine refer-
ence measures and protocols, such as choosing a suitable feedback 
mode and illumination–detection configuration, as well as adjustable 
procedures to adapt to experiment and sample properties. Careful 
adjustment of laser power density, wavelength and data integration 
time per spectrum is necessary to optimize the SNR and prevent sample 
damage. Additionally, obtaining a statistically meaningful number 
of spectra per area is essential for reproducibility. Beam alignment 
and spectrometer calibration must be monitored on a regular basis 
to ensure data comparability.

Quality control of experimental datasets is necessary, and it is 
important to adhere to routine referencing and assignment for Raman 
and scanning probe microscopies. This involves impartially evaluat-
ing the TERS data based on SNR. Only high-quality data should be 
considered for reliable postprocessing. Each spectrum is inspected 
for outliers and potential tip-induced alterations to obtain a set of 
marker bands representative of a pristine TERS spectrum. Raman data 
analysis may be hindered by detector sensitivity to cosmic rays, lead-
ing to occasional spikes in intensity, which can be identified by their 

Box 2 | Advanced TERS modes for enhancing the sensitivity and stability
 

Plasmon nanofocusing84–86,186–189

 • Applicable to a broad wavelength range
 • Spatial separation of the bulk excitation volume from the 
nanoconfined sample irradiation

 • Use of integrated surface plasmon–polariton (SPP) couplers, for 
example, grating, cavities and photonic crystals

 • Gradual compression and propagation of the excited SPPs to the tip 
apex along the tapered tip shaft in the limit of adiabatic SPP damping

 • SPP amplitude enhances along the propagation direction
 - Nanoscale energy compression of the incident light into 

volumes of only several cubic nanometres
 - Spot size is determined by the atomic structure of the tip and the 

non-local electronic response (spatial dispersion)
 - Efficient background suppression
 - Low energy losses
 - SPP propagation depends critically on taper angle and length 

of the tip, metal film thickness, and material properties of the 
metal–dielectric interface

 • Minimization of energy losses demands for smooth metal surfaces
 • Sophisticated nanofabrication tools with nanoscale accuracy are 
required

Adaptive illumination87,190

 • Momentum and phase matching according to the atomistic 
structure of the tip–sample

 • Compensation of distortions of the laser focus upon transmission 
through thick samples and samples with varying index of 
refraction (IoR)

 • Iterative adjustment processes based on the optimization of 
a tip-induced reference signal, for example, tip-enhanced 
luminescence
 - Tip-enhanced Raman scattering (TERS) with nearly perfect laser 

beam profiles
 - Improvement of the light coupling efficiency and TERS signal 

stability
 - High signal-to-noise ratios achievable
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ultranarrow band width and often removed without losing information. 
Spectra normalization can mitigate experimentally induced inten-
sity variations caused by laser power fluctuations, mechanical drifts 
or variations in tip enhancement capabilities. These fluctuations affect 
tip-specific bands, which can be used for peak intensity normalization. 
Alternatively, Raman bands independent of molecular conformational 
or environmental changes can be used in spectra normalization.

Baseline correction procedures can address the non-homogenous 
background in TERS spectra arising from substrate illumination, fluo-
rescence emission and electronic noise from the CCD camera chip. This 
can be done by subtracting the substrate’s TERS spectrum obtained 
under the same experimental conditions as for the analyte sample. 
Ideal baseline correction involves procedures at each image or map-
ping pixel, the acquisition of a regular TERS spectrum and a Raman 

spectrum recorded at a retracted tip position (Fig. 3b). Alternative 
methods such as asymmetric least square smoothing, derivative or 
nonlinear interactive peak clipping algorithms can be used. However, 
these post-processing steps carry the risk of causing unwanted TERS 
spectra modifications and should be applied cautiously, preferably 
only with high quality data to avoid over fitting.

TERS data analysis
Owing to various experimental effects on TERS spectra, displaying 
unprocessed TERS spectra for initial assessment is recommended. 
Data analysis focuses on identifying peak patterns from molecular 
functional groups via specific peak parameters such as wavenumber 
position, intensity and peak width. Individual peaks are fitted with a 
Lorentzian or mixed Lorentzian–Gauss function. The fitted positions, 
intensity ratios and widths of all peaks ideally well match the raw spectra 
and allow to draw conclusions regarding molecular orientations and 
tip–sample interactions. The fitting of a band provides quantitative 
information about the numerical peak parameters, although direct 
relation to structural parameters is generally not possible, instead 
requiring molecular modelling approaches.

Univariate data analysis extracts information on selected Raman 
bands in the form of averages and distributions. Advanced analysis 
methods, such as multivariate data analysis methods27,54, reduce data 
dimensionality and extract relevant information from TERS spectra, 
owing to the high correlation of some Raman bands that share the same 
source of variation131,132.

TERS correlation with other properties
Understanding the collective and cooperative properties of, and the 
roles of electrical and mechanical forces involved in these processes, 
is crucial for comprehending material behaviour and limitations. In 
recent years, there has been a focus on the development of multimodal 
and correlative approaches in various fields. These approaches offer 
the potential to enrich our understanding of molecular processes by 
considering complementary sample properties or using different 
spatial or time resolution capabilities.

Initially aimed at elucidating chemical composition and structure 
of materials, TERS has evolved to serve as a fundamental platform for 
multimodal and correlative investigations when combined with AFM 
and STM modes; these combined techniques provide synchronous 
information into chemical composition, structural properties, sample 
topology and mechanical and electronic properties. The addition of 
other standalone methodologies, such as micro-Raman spectros-
copy, nano-infrared (nano-IR) spectroscopy, tip-enhanced photo-
luminescence and electron microscopy is also useful for extracting 
additional information. These integrated approaches using TERS as 
a pivotal method paired with complementary techniques are termed 
synergistic TERS.

A crucial aspect of synergistic TERS approaches lies in the spa-
tial resolution capabilities of the paired methodologies. Although 
analytical methods yielding information exceeding the nanoscale 
sampling volume of TERS typically aim at a discrimination between 
different species or morphology differences within materials, direct 
correlation of quantitative measure and chemical composition is often 
redundant owing to this mismatch. However, this approach presents 
new strategies for extracting information from nanoscale objects that 
is not accessible by using either technique alone, relying on a qualita-
tive comparative approach. For example, the presence or absence of 
certain marker bands in TERS, with its shallow information depth, 

Box 3 | Impact of different feedback modes 
on the TERS signal enhancement
 

In scanning tunnelling microscopy (STM) and atomic force 
microscopy (AFM) contact modes, the tip remains continuously at 
a distance ≪1 nm, resulting in a nearly constant electromagnetic 
field enhancement across the entire signal integration time. For 
an AFM shear-force mode, the small lateral oscillation of the 
tip (oscillation amplitude ≪1 nm) does not affect the vertical tip 
position; therefore, the tip continuously remains at much larger 
distances (>1 nm), leading to lower enhancement capabilities. For 
the tapping mode AFM feedback, the tip–sample distance changes 
across a range from <1 nm (contact regime) to over 5 nm, according 
to the applied oscillation amplitude. Consequently, the obtainable 
enhancement continuously changes from high to low, and it only 
remains for a minor period of the total signal integration time in the 
optimal tip–sample distance regime associated with a maximum 
signal enhancement. Utilizing a tapping mode–feedback mode 
leads to an average signal enhancement much lower than for the 
AFM or STM contact modes191, at lower mechanical stress192. Hence, 
to obtain a good signal enhancement, the oscillation amplitude 
of the tip should be reduced as much as possible while enabling 
stable feedback conditions. Alternatively, time-gated illumination or 
detection modes synchronized with the tip motion can be applied 
to record the TERS signal only for the small tip–sample distances 
near the contact point.

TERS signal 
enhancement

Tapping 
mode

Shear-force 
mode (AFM)

Contact 
mode (AFM)

Constant 
current (STM)

Tip oscillation 
amplitude

≥5 nm, 
vertical

≪1nm, 
lateral

– –

Minimum 
tip–sample 
distance

<1 nm ~1 nm ≪1 nm ≪1 nm

Effective 
tip–sample 
distance

0–6 nm ~1 nm ≪1 nm ≪1 nm

Signal 
enhancement

5–75% <50% 100% ~90%

The effective TERS signal enhancement critically depends on the applied feedback 
mode to control and maintain the tip–sample distance, owing to the vertical tip–sample 
distance dependence43.
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can distinguish surface-related materials and structures from bulk 
properties. This differs and complements nano-IR or micro-Raman 
techniques, which offer deeper information depths of several ten 
nanometres and several hundred nanometres, respectively.

By contrast, quantifying material properties becomes meaning-
ful when paired methods yield nearly identical information depth, 
typically observed in scanning probe-based techniques. These 
techniques enable direct correlation between quantified surface 
properties and the chemical composition and molecular assembly 
of the surface. Data interpretation aims to understand how chemical 
composition, structure and molecular assembly influence electrical 
and mechanical properties, and vice versa. Such synergistic infor-
mation is crucial for optimizing electrical and mechanical transport 
properties. Although synergistic TERS modalities are still in their 
early stages of development, recent case studies highlight their great 
potential35,36,133–136.

Case studies. Of particular interest are synergistic AFM-TERS (Fig. 4a) 
and AFM force volume spectroscopy investigations (Fig. 4b). The latter 
allows quantitative monitoring of the nanomechanical properties of 
materials by recording force–distance curves for each imaging pixel102. 
The stiffness of the specimen can be determined from the strain curve 
by analysing the linear part of the branch associated with the repulsive 
tip–sample interaction, corresponding to elastic deformation. In other 
words, stiffer samples result in steeper curves. Young’s modulus can be 
calculated using appropriate contact models, whereas adhesion force 
is determined by measuring the minimum of the retraction branch 
of the force curve. These quantities can be accessed with nanoscale 
lateral resolution. When combined with TERS, these properties can 
be interpreted in terms of the chemical composition, conformational 
changes and molecular assembly.

Synergistic AFM-TERS has been used to study the core crosslink-
ing process initiated by a furan–maleimide Diels–Alder reaction 
within the confined core region of core–corona block copolymer 
micelles35. Information obtained on the chemical composition and the 
structure of the block copolymer chains from the evolving marker band 
intensity and position across the interfacial region was paired with the 
quantitively determined the stiffness, Young’s modulus and adhesion 
of the core, corona and core–corona interface from force–volume AFM 
spectroscopy (Fig. 4c). This enabled the identification of influences 
affecting the crosslinking efficiency across the entire core region 
associated with highly crosslinked polymer chains facilitated by a 
high density of furan moieties and sequestered crosslinker molecules, 
which was supported by the TERS data. Conversely, a breakdown of 
the crosslinking process was observed at the interface between the 
glycidyl–polyethylene oxide core and corona owing to the exclusion 
of the crosslinker from this region, resulting in a decreasing Young’s 
modulus towards the core-shell interfacial region. The efficiency of 
the crosslinking process appeared to be influenced by the degree 
of intermixing between the hydrophilic polyethylene oxide and the 
hydrophobic furfuryl-glycidyl ether block in this region, leading to 
higher chemical heterogeneity and altered nanomechanical proper-
ties in the interfacial region (Fig. 4c). This synergistic AFM-TERS study 
provided in-depth insights into how structure–property relations 
control molecular processes in confined spaces.

STM-TERS is particularly useful when combined with electro-
chemistry, known as electrochemical (EC)-TERS137–139. EC-TERS uses 
a bi-potentiostat to control the electrochemical environment and 
monitor chemical changes through TERS, allowing for correlation 

between the structure of electrochemical interfaces and their proper-
ties and functionality, which are governed by various processes such 
as molecular absorption140, desorption and diffusion, surface recon-
struction, charge-transfer, bond formation and chemical reactions141. 
Another example of synergistic TERS is correlative TERS-KPFM (Kelvin 
probe force microscopy) studies, which pair chemical properties with 
the contact potential difference and capacitance of surfaces. These 
studies are particularly useful for analysing 2D materials in terms of 
local defect density133, spatial distribution of grain boundaries and 
their charge carrier concentration142.

Applications
This section showcases the versatility of TERS in investigating a wide 
range of materials across disciplines. Through state-of-the-art studies, 
we illustrate various analytical and experimental aspects relevant to 
studying materials in the fields of biological and life sciences, chemistry 
and solid-state physics. The selected applications demonstrate the 
strength of TERS in identifying and discriminating nanoscale organic 
materials, characterizing intrinsic material properties of both common 
1D and 2D materials and driving chemical reactions at the nanoscale 
at smallest length scales.

Biological applications
TERS has garnered considerable interest for its ability to probe bio-
logical matter with low or moderate Raman scattering cross-sections, 
offering high sensitivity and chemical specificity143. TERS can discern 
major biomolecular components such as genetic materials, proteins, 
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Fig. 3 | Different processes and parameters determining the TERS peak 
pattern and deviations from bulk Raman spectra. a, Comparison of a tip-
enhanced Raman scattering (TERS) spectrum recorded with a silver nanoparticle-
decorated Si-atomic force microscopy cantilever tip and a bulk Raman spectrum 
of 4-nitrothiophenol (4-NTP). Differences in the peak pattern arise from tip-specific 
modes (the silicon band at 520 cm−1 and its overtone at ~950 cm−1) and plasmon-
induced reaction (the dimerization of 4-NTP to dimercaptoazobenzene (DMAB)). 
b, Baseline correction of a recorded TERS spectrum of DMAB by subtraction of a 
background spectrum recorded after retraction of the tip.
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lipids and carbohydrates based on the specific Raman marker bands 
associated with each group. It enables identification of molecular 
orientations, various electronic, hydration and hybridization states,  
cis or trans isomerization, and can provide information on secondary or 
tertiary structure of peptides and proteins. TERS studies offer insights 
into various biological processes, including membrane morphogen-
esis, lipid raft formation, cell polarization and signalling pathways, 
glycosylation, inflammation, interfacial cargo transport, drug–target 
interactions, protein misfolding and toxicity. The technique holds 
promise for advancing understanding in fields such as treatment of 
cancer and infectious diseases.

A prominent area using TERS focuses on the structure, polymor-
phism and formation of protein fibres23–28, their toxicity — particularly 
of amyloid fibres29–31 — and their interaction with lipids31,144. However, 
studying biological materials often requires controlled environmental 

conditions to preserve function. Currently, TERS studies of biological 
matter in its native state owing to challenges in liquid AFM-TERS are chal-
lenging145. Research targeting extracellular vesicles, cell membranes and 
tissues have been primarily conducted under ambient conditions146–151.

RNA and DNA sequencing. TERS, with its Ångström-scale lateral resolu-
tion, is being explored as a tool for sequencing RNA, DNA, peptides and 
proteins. It can distinguish individual nucleobases and amino acids with-
out labelling strategies or material amplification, enabling detection at  
picomolar levels152,153. TERS has been successful in label-free detection 
and sequencing of single-stranded and double-stranded DNA and RNA 
oligomers by identifying variations in nucleobase marker154–159. Single-
nucleobase resolution was achieved using TERS on M13mp13 phage 
single-stranded DNA (ssDNA)160 and single-stranded RNA (ssRNA). This 
was accomplished with a step size of 0.5 nm in a gap mode configuration, 
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core region, indicating a high crosslinking efficiency and a soft hydrophilic corona 
region, which are separated by a highly hydrophilic interfacial area with lower 
crosslinking efficiency. c, Cross-sections across the interfacial region reveal a high 
compartment selective chemical distribution of the PEO and glycidyl-ether blocks, 
a high crosslinking efficiency in the central core region (DAP), and quantitatively 
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wherein the sample was sandwiched between a flat gold substrate 
and the tip, followed by multivariate data analysis for classification161 
(Fig. 5Aa,Ab). A sequencing accuracy of >90% was obtained because 

occasional interferences with adjacent nucleobases can occur in their 
tight arrangement (Fig. 5Ac). Furthermore, differentiation of DNA 
hybridization states is feasible through observation of backbone-specific 
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along the red arrow (spot 1) in part Ab at a step size of 0.5 nm. Ac, Measured 
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Raman marker bands158. These experiments demonstrate the lateral 
resolution capabilities and strength of combining structurally sensitive 
spectroscopy, such as TERS. Although it is unlikely to replace current 
PCR-based DNA sequencing methods, this approach can be applied 
to sequencing any chainlike molecules, including proteins or sugars.

Virus detection and differentiation. TERS shows promise as an alter-
native tool for virus detection and differentiation on minute sample 
volumes, bypassing extensive material amplification steps required 
in PCR testing162,163. Preliminary TERS studies on different virus types, 
including H1N1 virus and coxsackie virus B3 (CVB3), have demonstrated 
the need for substantial TERS datasets of the entire nanoscale chemi-
cal heterogeneity across the virus surface (Fig. 5Ba,Bd), to overcome 
spectral variability based on nanoscale composition of virus surfaces162 
(Fig. 5Bb,Be). To accomplish a meaningful averaging, the number 
of individual TERS spectra must match the covered area. Conserva-
tively, considering 1-nm-diameter TERS resolution this means that for 
a 100-nm-diameter virus at least 10,000 TERS spectra are required, 
which are time-consuming to obtain. Alternatively, viruses can be dif-
ferentiated by averaging the spectral information in a single spectrum 
across a selected region of interest. Here the tip is constantly moved, 
and the spectral information is continuously collected. This way the 
resolution is artificially reduced and, hence, representative of chemical 
composition of the entire area of the scanned virus (Fig. 5Bc,Bf). TERS 
scans of the H1N1 virus provided information on the lipid and protein 
content, whereas CVB3 TERS spectra were distinguishable by RNA and 
protein content. However, the variability of single TERS spectra is inher-
ent to high lateral resolution and surface composition, emphasizing 
the importance of the averaging procedure for applications such as 
virus discrimination. Point-by-point mapping would require a dense 
mapping grid, resulting in long acquisition times. Depending on the 
application one has can choose between a fast averaging at the cost 
of spatial resolution or a highly resolved experiment that can locally 
distinguish, for example, lipids and proteins.

Nanoscale chemical reactivity
TERS offers a powerful and efficient method for observing and con-
trolling nanoscale chemical reactivity at specific reaction sites. TERS 
uses the intrinsic plasmon properties of the tip to localize and amplify 
electromagnetic fields for sensing, but it can also accelerate chemical 
reaction rates and control reaction products through hot electron and 
heat effects induced by the plasmons. Consequently, TERS serves as a 
valuable tool for elucidating nanoscale chemical reaction mechanisms, 
identifying specific molecular structures at the nanoscale, and even 
inducing novel specific reaction pathways.

Initial investigations using AFM-TERS focused on the plasmon-
induced reaction of pNTP on gold nanoplates. Silver-coated tips were 
brought into contact with the pNTP monolayer on atomically flat gold 
nanoplates, and illumination of the tip–sample system facilitated 
the conversion of pNTP to dimercaptoazobenzene (DMAB). Time-
dependent TERS spectra clearly depicted the decrease in the pNTP 
marker bands and the concomitant increase in the characteristic azo 
group signals of DMAB at 1,440 cm−1 (ref. 37) (Fig. 6). Subsequent in situ 
high-vacuum TERS (HV-TERS) experiments confirmed this chemical 
reaction under environmentally controlled conditions38. TERS tech-
nology, with its high detection sensitivity and precise tip control, is 
well-suited for determining the chemical properties and structure of 
materials at very high resolution. It enables characterization of elec-
tronic properties and catalytic activity of different sites on the surface 

with a spatial resolution of up to 3 nm have been shown40. TERS is also 
effective in characterizing nanoscale chemical reactions in both liquid 
environments and on solid–liquid interfaces39. Recent research indi-
cates that TERS in high-vacuum environments can further enhance its 
potential for ultra-sensitive spectral analysis of chemical reactions at a 
nanoscale. By adjusting the tunnelling current, HV-TERS can effectively 
control the gap, enabling additional monitoring of surface catalytic 
reactions. The high-vacuum environment prevents contamination 
and facilitates high spatial resolution.

2D materials
One-atom or few-atoms thick 2D materials represent a new class of low-
dimensional materials with applications in advanced electronics, opto-
electronics, energy storage devices and twistronics164,165. Their electronic 
and optical properties are highly adaptable owing to sensitivity to internal 
(defects, impurities, stacking order, twist angle) and external (strain, 
doping)166 influences on their electronic and phononic properties.

The quantum coherence length (LC), a crucial property governing 
2D materials, typically ranges from 1 to 100 nm but has not yet been 
established in the spatial domain. Unlike incoherent micro-Raman scat-
tering, the spatial coherence of phonons and electrons in 2D materials 
controls TERS enhancement because LC is comparable to a spatial field 
confinement. Thus, TERS is ideal for investigating nanoscale electrical 
and thermal transport mechanisms, defects, strain and doping effects 
of 2D materials142,167–172. Spatial coherence Raman scattering theory for 
2D materials accounts for the non-radiating near-field components 
and identifies the coherence properties of the inelastically scattered 
field173–175. The occurring field interferences can be either constructive 
or destructive, depending on the sequence of the involved internal 
scattering processes, vibrational mode symmetry and dimension-
ality. Consequently, the TERS signal of different Raman modes can 
exhibit different amplification. Accordingly, when applying already-
established micro-Raman metrological approaches to TERS datasets 
for quantitative property assessments, adjustments (for example, 
enhancement-specific corrections) are necessary as was demonstrated 
in a study quantifying defects in graphene176.

Probing the Raman spatial coherence length of 2D materials. The 
TERS signal depends on the tip–sample distance, facilitating experi-
mental nanoscale determination of the LC via numerical fitting, yielding 
values of ~50–60 nm in GaS (ref. 177) and ~20–40 nm in graphene174. 
TERS coherence theory was validated using the Fermi-energy depend-
ence of LC (ref. 178), revealing to suppression of phonon-induced elec-
tronic excitations near the Dirac Point, with a subsequent shortening of 
LC toward the neutrality point with decreasing doping levels178.

Interpretation of the spatial correlation length in terms of phonons 
or electrons. Light scattering involves electron–light and electron–
phonon coupling, raising questions about whether LC is dictated by 
electron or phonon coherence length. The strength of TERS lies in 
gathering information near the Brillouin zone’s centre, providing 
insights into the correlation of scattered electromagnetic field. Experi-
mentally accessible phonon coherence length indirectly determines 
phonon group velocity178, indicating the presence of ultrasharp kinks 
in phonon dispersion at the Brillouin zone centre. To date, calculations 
of the Kohn anomaly cannot confirm this behaviour179,180, whereas the 
LC experimentally determined values may be dictated by the electronic 
energy uncertainty rather than the phonon coherence length. Further 
research is needed to clarify its nature.
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Localization of lattice dynamics and electrons in graphene hetero-
structures. Superlattice-forming van der Waals heterostructures 
yield specific intrinsic phonon properties that differ from regularly 
constructed 2D materials and can, therefore, be probed by TERS. 

TERS of reconstructed low-angle twisted bilayer graphene (rTBG) 
unveils lattice dynamics localization, such as strain solitons (SP) and 
topological (AA) points, separating triangular AB and BA stacked 
domains181. Although such structures cannot be imaged by AFM, 
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with tip-enhanced Raman scattering (AFM-TERS). Aa, Photo-catalysed 
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dependent TERS spectra of the catalytic processes before (top) and after 
(bottom) illumination at 633 nm. B, High-resolution scanning tunnelling 
microscopy (STM)-TERS study of the electronic and catalytic properties of a 

palladium(sub-monolayer)–gold(111) bimetallic system. Ba, STM-TERS using 
gold tips on palladium–gold(111) substrates coated with phenyl isocyanide 
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Springer Nature Limited. Part B adapted from ref. 40, Springer Nature Limited.
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because they do not change the surface topography, the line shape 
of the 2D (G′) band is sensitive to electron localization and local 
electron–phonon coupling. While a typical 4 Lorentzian peak pattern 
is observed for AB stacked regions associated with the triangular 
domains (Fig. 7a,b), the SP–AA domains are characterized by a devi-
ating line profile (Fig. 7c,d). Furthermore, the rTBG exhibits unique 
phonon properties such as a split G-phonon band (Fig. 7e,f), revealing 
insights into the influence of formed solitons and topological points 
on vibrational and electronic properties.

Local doping variations in lateral graphene homojunctions. Lateral 
graphene homojunctions formed of graphene@talc–graphene@SiO2 
consist of highly p-doped and lighter doped p′ areas, separated by a 
p–p′ junction (p′ < p) at the talc–SiO2 interface (Fig. 7g). TERS inves-
tigations reveal abrupt changes in intensity, Raman shift and band 
width across interfacial regions182. Major contributing mechanism 
ascribes to doping effects rather than to strain, evidenced by 2D versus 
G frequency and intensity plot ratios. The 2D and G intensity ratio is 
inversely proportional to the charge doping, and so the talc supported 
graphene region shows a lower 2D/G intensity ratio compared to the 
SiO2 supported region (Fig. 7h). Oscillation of the 2D/G intensity ratio 
across the interface suggests formation of a pp′pp′ junction, indicating 
local doping variations similar to diode pn junctions.

Reproducibility and data deposition
Achieving reproducibility in TERS experiments, particularly at the 
nanometre scale, presents unique challenges, owing to its highly 
localized measurement nature.

In TERS, as with any nanoscale experiment, there is an inherent 
inability to perform signal averaging at such a small scale. Unlike con-
ventional macroscopic Raman spectroscopy, wherein signals from a 
relatively large sample volume allow for statistical averaging to mini-
mize noise and enhance reproducibility, TERS experiments operate on 
an extremely localized level. The interaction volume between the tip 
and the sample is confined to the immediate vicinity of the nanoscale 
tip or even to a single atom-sized edge. Consequently, the Raman sig-
nal collected during TERS experiments lacks spatial averaging and is 
highly localized. Even small changes in the orientation of a molecule 
can lead to variations in the Raman signals, primarily owing to the 
extreme resolution of the technique rather than reproducibility issues. 
Although theoretical calculations can account for these effects, they 
complicate comparisons with existing databases typically used for 
spectrum assignment in Raman microscopy.

One approach to address these variations is to use averaging over 
larger areas if the extreme resolution is not essential. In many cases, 
a reduced lateral resolution of 10–20 nm is adequate, and in such 
instances, averaging over larger sub-areas, as demonstrated in the 
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solitons and topological points separating the stacked regions. e,f, The G band 
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TERS virus example, is a viable approach. This differs from simply 
selecting larger step sizes for the TERS experiment, as that typically 
leads to inadequate sampling of the sample surface.

When comparing TERS experiments, the nature of scanning probe 
experiments must be considered. These experiments rely on the shape 
and properties of the tip, as well as the roughness of the specimen. 
Accurately capturing the topography of a sample depends on the 
sharpness of the tip. If the surface is too rough, the tip may not properly 
approach it, resulting in plasmonic enhancement and topography 
being registered at different locations on the tip, potentially mislead-
ing interpretations. Therefore, comparisons should only be made for 
smooth surfaces.

Currently, TERS-specific data repositories are unavailable, 
mirroring the absence of concise Raman or SERS repositories. Data 
are typically provided either as supplemental information or upon 
request from the authors of the respective publications. However, 
establishing TERS data repositories in the next decade is imperative to 
meet the demands of new artificial intelligence-based data analysis and 
interpretation methods. A web repository for microbiological Raman 
data, including TERS data, has been proposed183. These data analysis 

methods require precise, high-quality and reproducible datasets of 
sufficient volume. Given the complexity of parameter entangle-
ment in TERS studies, establishing high entry requirements for these 
repositories is essential. These requirements depend on experimental 
parameters that must be carefully considered and defined according 
to field standards.

Limitations and optimizations
As one of the few methods capable of achieving nanoscale lateral 
resolution under ambient conditions, TERS stands out as a crucial 
tool for obtaining structural information about surfaces. However, 
this advantage comes with trade-offs. The extreme sensitivity and 
local resolution of TERS mean that it samples only a small number 
of molecules, resulting in highly surface-sensitive measurements. 
Consequently, TERS cannot directly access the bulk properties of a 
specimen. Like most scattering-type near-field optical techniques, TERS 
combines far-field and near-field contributions, necessitating careful 
measures to isolate the near-field signal. However, the far-field signal 
already offers an initial insight into bulk properties. Laser damage to 
the sample must also be considered, as is typical for any Raman setup.

Glossary

Adaptive optics
A technical approach to improve the 
quality of an optical system by reducing 
the wavefront distortions (increasing the 
phase matching) imposed by diffractive 
optical elements, light scattering in 
thick samples and the variation in the 
index of refraction along the light path 
by using deformable mirrors or liquid 
crystal spatial light modulators.

Boundary element methods
Methods to solve Maxwell’s equation, 
which relies on the discretization of the 
surface elements of a configuration, 
wherein the boundary conditions are 
applied to each finite element of the 
elements of the interface.

Chemical effects
Stem from close-range and site-specific 
interactions between the surface-
immobilized sample and the metallic 
nanoparticle and comprises non-
resonant and resonant contributions 
and charge-transfer phenomena 
between the sample and the plasmonic 
nanoparticle.

Coherence length
The distance an electromagnetic wave 
can travel in a material and keeps its 
coherence, or maintain its phase.

Electromagnetic effect
Responsible for the locally confined 
and enhanced electric field and field 
gradients near the plasmonic particle.

Finite-difference time-domain 
methods
Grid-based differential numerical 
methods that allow to solve Maxwell’s 
equations in an iterative scheme.

Finite element methods
Numerical approaches that can solve 
partial differential equations by dividing 
the system into a certain number of 
smaller subsystems (finite elements).

Force–volume AFM 
spectroscopy
An advanced imaging atomic force 
microscopy (AFM) mode enabling a 
quantification of certain nanomechanical 
properties (adhesion, stiffness, Young’s 
modulus, dissipation and viscoelasticity) 
of a sample by recording entire extend-
and-retract force–distance curves for 
each image pixel.

GPAW
A python implementation of the time-
dependent density functional theory 
approach based on the projector 
augmented wave method.

Kohn anomaly
An anomaly in the phonon dispersion 
relation of graphene and metals, 
which arises from electron–phonon 
interaction, leading to a failure of the 
Born–Oppenheimer approximation.

Picocavity
Atomic-scale structure constituted by 
one or few metallic atoms protruding 
from the surface, which enables 
localization of light onto the atomic 
scale, often phrased as ‘atomic 
protrusion’.

Polarizability tensor
Describes the induced dipole moment 
along one direction as a function of the 
local electric field in any given direction; 
according to the general selection rules 
in Raman spectroscopy, a vibration is 
Raman active only if the polarizability 
changes along the displacement vector 
of the specific vibrational normal mode.

Rayleigh line
Corresponds to the peak in a spectrum 
that arises from elastic scattering of the 
incident light in a sample, that is, at a 
frequency or energy corresponding to 
the incident light.

Spatial field confinement
The ability of a plasmonic nanostructure 
to convert free propagating radiation 
into localized energy, that is, the 
obtained spatial extension of the 
formed secondary electromagnetic 
filed at the tip apex.

Strain solitons
Nonlinear quasi-stationary localized 
strain waves in solids that occur at 
boundaries of symmetry-broken 
stacking domains (in the case of 
graphene, AB and BA stacking domains).

Synergistic TERS
A terminology to summarize 
comparative approaches pairing tip-
enhanced Raman scattering (TERS) as a 
pivotal method with a secondary, ideally 
complementary analytical technique.
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The ultimate resolution limit of TERS remains unclear. Current 
experimental setups can localize the tip with a certain precision, 
depending on the feedback mechanism and general setup (cryogenic 
conditions, AFM or STM). Currently, a lateral resolution of less than 
100 pm may be achieved. Theoretical considerations are particularly 
intriguing in this regard. The electromagnetic component of the 
Raman spectrum is linked to the excitation volume and determines 
the resolution limit. Conversely, the chemical effects contributing 
to the Raman spectrum depend solely on the precise positioning of 
the tip relative to the molecule. Therefore, the resolution is influenced 
by the technical precision and noise of the tip positioning, as well as 
the SNR of the collected Raman spectra. Although achieving resolution 
within the range of a bond length can be generally deemed sufficient 
from a chemical perspective, appropriate equipment might go below  
this scale.

Limitations in liquid
Using TERS to study biological samples requires technical solutions 
for investigating samples in their natural or native state. Liquid TERS 
bio-applications, although intriguing, remain uncommon. Previous 
liquid TERS investigations have focused on simple sample systems such 
as lipid monolayers and bilayers and protein fibrils, typically under 
physiologically irrelevant ambient conditions. To establish liquid 
TERS as a routine method, issues related to tips and feedback mecha-
nisms must be addressed. STM-TERS in liquid environments requires 
special tip treatment to reduce Faradaic currents whereas AFM-TERS 
is preferred for biological matter. Liquid AFM-TERS introduces addi-
tional hydrodynamic and sample interaction forces, leading to altered 
molecular orientation and the occurrence of periodic hydration forces 
and Derjaguin–Landau–Verwey–Overbeek (DLVO) forces. Typically, 
the tip–sample distance increases for set points similar to ambient 
settings. Liquid TERS may encounter significant tip lifetime issues; 
metal-coated dielectric or semi-conducting tips exposed to aqueous 
solutions may experience partial detachment of the metal film or metal 
nanoparticles. Although intermediate adhesion layers can improve 
mechanical stability, the lifetime of TERS tips may still be significantly 
reduced owing to chemical damage by organic solvents, acids or buffer 
solutions. Tip contamination by residual analytes in the solution is 
also a potential issue. Introduction of additional thin protective layers 
can decrease the risk of chemical destruction and contamination, but 
careful material selection and thickness considerations are crucial for 
preserving enhancement capabilities.

Outlook
As the field develops, it continues to face challenges, such as improv-
ing reliability and accessibility; novel approaches, innovative tech-
nology and interdisciplinary collaboration are constantly driving 
the field forward. In this section, we explore the challenges in the TERS 
field, innovative approaches being developed, questions TERS can 
answer, priorities for the next decade and potential applications of 
TERS beyond its immediate domain.

Challenges in TERS research
Achieving stable, highly enhancing and reproducible TERS tips 
remains a challenge, especially for complex specimens such as those 
in biological sciences. Although the atomic-scale edge required is 
typically formed automatically, improving tip stability, particularly 
in challenging environments, is crucial. Leveraging existing scanning 
probe technologies for TERS experiments could be beneficial.

Intrinsic TERS signal variability owing to extreme localization 
dependency hinders quantitative assessment of sample composition. 
Developing standardized protocols, particularly for reduced resolu-
tion approaches, could enable breakthroughs based on correct local 
averaging.

Most TERS investigations are static, focusing on samples in equi-
librium. Dynamic kinetic investigations could provide insights into 
reactivity on solid surfaces, such as catalytic reactions. Overcoming 
potential reactivity of the tip itself and acquisition restrictions of 
current setups is a primary challenge.

Innovative approaches in TERS research
Combining non-linear optical techniques such as coherent anti-
Stokes Raman scattering and stimulated Raman scattering with tip 
enhancement offers dramatically improved sensitivity. Enhancements 
in measurement speed, such as picosecond-scale time resolutions 
and overcoming sample drift, are expected. Automatically matching 
the incoming light’s field to specific tip requirements using spatial 
light modulators can substantially improve TERS signal intensity. This 
approach, along with non-linear optical methods, holds promise for 
improving measurement time. The application of artificial intelligence 
and machine learning principles in TERS spectra analysis could expedite 
spectrum assignment, ideally during experiments, leading to faster 
data interpretation.

Priorities for the next decade
Experimental and theoretical evaluation of the resolution limit of TERS 
or other TERS-based experiments under varying environmental condi-
tions is paramount. Addressing experimental challenges and deter-
mining appropriate theoretical models are key aspects. Simplifying 
instrumentation systems is crucial for wider adoption of TERS across 
disciplines. Interdisciplinary collaborations are vital, and complex 
experimental setups may pose barriers to potential users.

Potential applications
TERS finds applications in a range of fields, from biological and phar-
maceutical applications to solid-state physics. It enables the label-free 
study of surface structures beyond the optical diffraction limit, making 
it applicable in materials science, medical diagnostics, pharmaceutical 
analysis and environmental monitoring wherein target structures are 
smaller than 100 nm.

In conclusion, TERS holds immense potential as a tool for probing 
the nanoscale world, with ongoing research and innovative approaches 
driving the field forward. Its applications extend far beyond its imme-
diate domain, promising transformative impacts across scientific and 
technological realms in the years to come.

Published online: xx xx xxxx
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