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ABSTRACT: Tip-enhanced Raman spectroscopy (TERS) was
invented almost 25 years ago and was quickly recognized as one of
the few nano-optical techniques that confine light at the nanoscale to
explore light—matter interactions at the nanoscale. Even several years
after its invention, the spatial resolution in TERS studies is not only
somewhat controversial, especially for AFM-based TERS measure-
ments of samples at room temperature, but also not reported in the
literature in a consistent, generally accepted fashion. This Mini-
Review discusses the current situation and how spatial resolution in
TERS is reported in different ways that yield different values because
no standard method is defined. More importantly, the spatial
resolution in TERS is influenced by various experimental conditions
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and other factors in a comprehensive fashion, which have often been ignored. We consider all possible factors that affect spatial
resolution in TERS and provide guidelines on how to determine and report spatial resolution.

KEYWORDS: Nanospectroscopy, nanoimaging, optical nanoconfinement, plasmonic enhancement, nanodrift

1. INTRODUCTION

Tip-enhanced Raman spectroscopy (TERS), which combines
the chemical specificity of Raman spectroscopy with the spatial
resolution of scanning probe microscopy (SPM), such as AFM
or STM, and the spatial confinement of light field, has been well-
established and well-accepted as a nano-optical technique for
nanoinvestigation and nanoimaging of a variety of samples.
TERS, along with some other plasmonics-based techniques such
as near-fleld luminescence imaging, is one of the very few
apertureless optical techniques that physically confines light in a
nanometric volume, making it possible to study the light—matter
interaction at the nanoscale, enabling nanoscale mapping of
various chemical, physical, and biological properties of a sample.
Two important parameters for obtaining high-quality nano-
imaging of a sample in TERS are the enhancement and
confinement of the light field at the apex of the probe tip, both of
which depend strongly on the experimental parameters,
configurations, and environment and have received extensive
attention in TERS research.”” However, spatial resolution in
TERS studies is often reported inconsistently, with various
criteria employed by researchers to quantify it. Several metrics

are commonly used: (i) The full width at half maximum (fwhm) Received: December 8, 2024
of an isolated nanoscale feature in a TERS image is frequently Revised:  February 18, 2025
taken as the measure of spatial resolution.” (i) In some cases, Accepted:  February 21, 2025

the half width at half maximum (hwhm) is used, which
effectively results in a resolution value that is better by a factor of
2. (iii) Another method involves using the sharpest possible
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step edge in a TERS image, with resolution defined according to
a 10%—90% criterion.” (iv) Occasionally, the resolution is
simply equated to the pixel size used during data acquisition.
Resolution may be determined from line scans or directly from
TERS images, and there is no universally accepted method for
defining, determining, and reporting spatial resolution in TERS.

It is noteworthy that the spatial resolution reported in the
literature for TERS varies widely, as detailed in Table 1.7*7~"
Table 1 is not intended to present an exhaustive list of every
TERS publication that reported a spatial resolution but rather a
selection of key papers from the literature, including some
resolution records and, possibly, exaggerations. The resolutions
quoted in the selected examples range from approximately 0.15
nm to over 20 nm—an astonishing variation spanning more
than 2 orders of magnitude. The reasons for this disparity are not
entirely clear, though it likely stems from differences in the
experimental conditions under which the TERS data were
acquired. For instance, STM-TERS conducted under cryogenic
conditions in ultrahigh vacuum (UHV) consistently achieves
the best spatial resolution.>'>'¢ In contrast, ambient TERS,
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Table 1. Examples of Spatial Resolution Reported in TERS Studies Conducted at Ambient Conditions and under UHV/

Cryogenic Conditions, in Chronological Order

Spatial resolution AFM/STM- Environmental
Reference Sample claimed Step size  Imaging TERS conditions Drift reported?
Ambient Conditions
Kurouski et al., 20127 Insulin fibril ~1 nm 1 nm no AFM atmos, RT no
Chen et al,, 2014* CNTs 1.7 nm” 0.6 nm yes STM atmos, RT 1—2 nm/min
Lin et al,, 2016° ssDNA <1 nm 0.3 nm no AFM atmos, RT 0.5 nm/min
He et al,, 2019° ssDNA 0.5 nm 05nm  (yes)® AFM atmos, RT no
Cai et al,, 2021"° CoTPP ~2 nm 2 nm yes STM atmos, RT <0.3 nm/s
Huang et al,, 2020"' 4-MBA <5 nm 4-5nm  no STM EC-TERS no
Mrdenovic et al,, 2022'*  Cell membrane 20.3 + 7.8 nm 20 nm yes AFM atmos, RT
2.5 + 2.3 nm 1.5 nm no 2.8 + 2.3 nm/min
UHV/Cryogenic Conditions
Zhang et al,, 2013" H,TBPP SA 1.6 A yes STM 80 K, UHV 1-5 A/min
Liao et al,, 2016"* CNTs 7A 25A yes STM 79 K, UHV 0.25 A/min
Chiang et al, 2016"° H,TBPP 2.6A 25A no STM RT, UHV no
Lee et al., 2019° CoTPP 1.67 + 0.12 A 045 A yes STM 6 K, UHV no
Zhang et al,, 2019'¢ Mg-porphine 1.5A 1A yes STM ~7 K, UHV 0.83 pm/min
Li et al. 2022"7 borophene 4.8 A 12A yes STM 78 K, UHV 1.5 A/min

“Measured using half width at half maximum (hwhm). bImaging was performed, but the DNA sample was pulled along the AFM scan direction;

therefore, the TERS “image” was essentially reduced to a line profile.

often performed using AFM-TERS without a “gap mode” to
confine the electromagnetic field beneath the tip, generally
yields poorer resolution.'"® Factors such as system drift and the
stability of atomic protrusions at the tip apex (sometimes
referred to as “picotips”) are also critical, and these issues will be
discussed in detail in this Mini-Review. Additionally, the nature
of the sample itself—such as a single-crystal surface versus the
surface of a live cell in a culture medium—has a significant
impact on the observed resolution. Nevertheless, some studies
have reported remarkably good resolution, even for ambient
TERS on biological samples.'” One of our aims is thus to clarify
whether such a good resolution is indeed achievable and, if so,
under what specific conditions.

UHV/cryogenic TERS experiments with extremely flat
samples, such as single crystal surfaces, provide a more
controlled environment. Therefore, a discussion on the large
discrepancies in spatial resolution should primarily focus on
ambient TERS. A few research groups also conduct TERS in
liquid environments, such as in electrochemical TERS studies.'”
The spatial resolution in these contexts is comparable to that in
ambient TERS and will not be discussed separately. Readers are
also referred to the review by Richard-Lacroix et al.,”’ which
mostly attempted to justify the possibility of obtaining sub-nm-
scale spatial resolution achievable under ambient conditions. In
this Mini-Review, however, we take a broader approach to the
issue of spatial resolution in TERS: our objective is to outline the
factors that influence spatial resolution in TERS, critically
evaluate the existing literature, and, building on previous studies
that have touched on some of these issues,””' provide a set of
guidelines for accurately measuring and reporting spatial
resolution.

2. FACTORS THAT INFLUENCE SPATIAL RESOLUTION

2.1. Step Size and Nyquist Criterion. In microscopy, the
Nyquist—Shannon sampling theorem establishes a fundamental
physical constraint on resolution, stating that the optimal
resolution cannot be better than approximately 2.3 times the

: 22,23 L
sampling frequency. In the context of digital imaging, the
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sampling frequency is equivalent to the pixel size, and this
principle applies universally across imaging techniques,
including MRI, confocal microscopy, and scanning probe
microscopy. For example, it has been demonstrated that even
the apparent height of two-dimensional (2D) crystals imaged by
AFM is influenced by the pixel size, as a pixel size that is too large
will fail to accurately capture the highest protrusions of a 2D
crystal.”* Consequently, a basic requirement for reporting spatial
resolution in scanning probe microscopy techniques such as
TERS should be that it is no better than 2.3 times the pixel size
used.

This approach contrasts with instances where researchers
equate pixel size with the resolution, a practice that, at first sight,
appears fundamentally flawed. The validity of this approach,
however, depends on the size of the features on the sample
surface that are being resolved. Consider Figure 1: The Nyquist
criterion is applicable when the features are larger than the step
or pixel size used (Case A). However, when the features on the
sample surface are similar to (Case B) or smaller than (Case C)
the pixel size, these features may appear in one pixel but not in
the adjacent one (Figure 1). In such cases, it is reasonable to
equate the spatial resolution with the pixel or step size. In this
case, the pixel size/step size may be regarded as an upper bound
to quote the experimental resolution, because the TERS tip itself
may afford a better resolution.

The challenge, of course, is that one cannot, a priori, know
how small features on a sample will be. Additionally, rapidly
changing spectral signatures may be mistaken for resolvable
features, although in reality they could be artifacts—originating
from degradation products, or from contaminants that adhere to
the TERS tip or appear transitorily on the sample surface (see
Section 2.5).

As an obvious solution to this issue, we recommend imaging
the area of interest more than once. If a small feature repeatedly
appears in one pixel but not in adjacent pixels (allowing for some
drift; see Section 2.2), then the resolution can be considered
equivalent to the pixel size used. Reducing the pixel size could
further sharpen the localization of such a small feature.

https://doi.org/10.1021/acs.nanolett.4c06273
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Figure 1. Sampling rate versus spatial frequency. When the step size
(represented by the blue grid) in hyperspectral TERS imaging is smaller
than the spatial frequency of the features in the sample, as illustrated by
feature A, the Nyquist resolution criterion is applicable. However, if the
step size is comparable to or significantly larger than the feature size, as
exemplified by features B and C, respectively, the TERS signal will be
confined to a single pixel. In such cases, the spatial resolution of the
TERS image is effectively determined by the step size of the imaging
grid.

Therefore, repeated and reproducible TERS imaging is crucial.
A corollary is that the laser power must be kept low enough to
avoid thermally degrading or displacing molecular features on
the sample surface, which could result in their disappearance in
subsequent scans.

2.2. Drift. A common question often posed is: why not
simply increase the spatial resolution in TERS imaging under
ambient conditions by reducing the step size? The answer to this
question involves addressing the often overlooked yet crucial
issue of drift. Drift is rarely quantified and reported in TERS
studies. It hinders the continuous improvement of TERS
resolution by limiting the effectiveness of reducing the step size
during imaging, especially in 2D TERS imaging compared to
line scans. Drift may originate either from molecular movement
(molecular drift) or from the instrument itself (instrumental
drift). Differentiating between these two sources of drift is
challenging. Molecular drift may be exacerbated during laser
illumination, although laser powers are typically kept low and
heating is minimal. Nevertheless, this warrants further
investigation: to the best of our knowledge, no studies have
yet reported a direct comparison of drift with and without laser
illumination. This section will address the phenomenon of drift
in a general context and examine its implications for spatial
resolution in TERS imaging.

While sample drift remains a considerable challenge at
ambient conditions, it is significantly reduced when TERS
measurements are conducted under UHV and cryogenic
temperatures. For instance, in 2013, Dong’s group reported a
breakthrough by achieving UHV-TERS imaging of a single
porphyrin molecule at 80 K with sub-nm spatial resolution." In
this study, the total imaging duration was only 2.7 min, and the
thermal drift was reported to be 1.5 A/min at 80 K. In another
study, the same group reported a thermal drift of 1.5 nm/h (0.25
A/min) at 79 K.'* By 2019, Dong’s group further improved the
UHV-TERS spatial resolution to 1.5 A by imaging a single Mg-
porphine molecule at 7 K, reducing drift by more than 30-fold to
below 0.83 pm/min.'® In the same year, Apkarian’s group
reported UHV-TERS imaging of a Co-porphyrin molecule at 6
K with a spatial resolution of 1.67 A, but with an imaging time of
2.3 h, indicating a considerably low drift of below 0.01 A/min.’
More recently, Jiang’s group achieved UHV-TERS imaging of
borophene at 78 K with a spatial resolution of 4.8 A, where the
drift was reported to be 1.5 A/min.'” These TERS studies in
controlled UHV and cryogenic environments demonstrate the
critical role of drift in determining spatial resolution. As the
temperature is reduced from 78—80 K to 6—7 K, presumably the
significant decrease in instrument and molecular drift extends
the TERS spatial resolution to the angstrom scale.

While the UHV-TERS studies conducted under cryogenic
conditions by the Dong, Apkarian, and Jiang groups
demonstrated minimal drift, which enabled sub-molecular
spatial resolution, the situation under ambient conditions is
markedly different and more complex due to the nature of the
samples studied. Recently, the Zenobi group measured drift in
their bottom-illumination AFM-TERS system, which was based
on a Bruker AFM, under ambient conditions.'” This was
achieved by recording time-lapse AFM images of single-wall
carbon nanotubes (SWCNTs) on an atomically flat mica
substrate. The first and the last frames of the 14 time-lapse AFM
images, shown in Figures 2a and 2b, respectively, reveal a
significant drift over time. A histogram of the drift, generated by
analyzing consecutive AFM images, is presented in Figure 2c,
indicating that the drift ranged from 0.5 to 6.0 nm/min, although
occasionally it was as high as >19.0 nm/min. After excluding
these outliers, the average drift was estimated at 2.8 & 2.3 nm/
min, a factor of 3—6 higher than the drift reported in previous
TERS studies by Lin et al. (0.5 nm/min)® and Chen et al. (12
nm/min).4 A drift of the order of 1—2 nm/min at room
temperature appears typical, and it will probably be worse for
systems where diffusion or movement can occur, or for older
scanning piezo elements.
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Figure 2. AFM topography images of SWCNT's on mica substrate recorded at (a) 0 and (b) $6 min in tapping mode. The measurement time of each
AFM image was 4 min. (c) Histogram of the drift (nm/min) estimated by analyzing 14 time-lapse AFM images of the SWCNTs. Adapted with

permission from ref 12. Copyright 2022, Wiley-VCH GmbH.
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An obvious question that arises from the drift analysis is, Can
drift be minimized or compensated under ambient conditions,
without lowering the temperature? This was addressed in a
recent study by the Verma group,25 where significant advance-
ments were made to minimize drift along the optical axis (z-
direction). A real-time focus stabilization system was developed
using a piezo-controlled objective scanner combined with laser
reflection-based positional sensing. This system could maintain
the focal plane within 5 nm over 8 h, effectively eliminating
focus drift and ensuring the stability of the TERS signal during
long-duration measurements. For lateral drift (x—y directions),
the study employed a laser-scanning-assisted technique.
Galvanometer mirrors were used to rapidly raster scan the
laser spot around the metallic tip, generating a Rayleigh
scattering image that identified the tip’s position. Using a
feedback system, the relative position of the tip and laser focus
was corrected automatically, achieving lateral drift compensa-
tion within +10 nm over 1.5 h. This enhanced stability allowed
these researchers to capture high-resolution images of large-
sized WS, layers over a 6-h period (12X longer than the
conventional imaging durations) without significant signal
degradation, enabling the detection of rare defect-related signals.

While drift compensation is not available in every laboratory,
we strongly recommend measuring and reporting the drift of the
TERS system along with the spatial resolution.

2.3. Tip Type, Size, and Geometry. Two types of tips are
generally used in TERS, metal-coated dielectric tips and solid
metallic tips. While the metal-coated tips, which are often made
by evaporating or sputtering metal on the shaft of an AFM tip,
are frequently used in contact-mode or tapping-mode AFM-
TERS, the solid metallic tips, which are usually made by
electrochemical etching of metal nanowires, are commonly used
in STM-TERS and shear-force-mode AFM-TERS. The
dominating mechanisms for field confinement and enhance-
ment in these two types of tips are different. While the process of
localized surface plasmon resonance (LSPR) dominates the
confinement and enhancement of light in metal-coated tips, the
lightning rod effect dominates in stand-alone solid metallic tips.
It is generally accepted that the spatial resolution in TERS is
comparable to the size of the tip apex for both types of tips.
However, recent publications have demonstrated surprisingly
good spatial resolution that is considerably better than the size of
the tip apex. In most cases, the authors explain this with the
existence of atomic protrusions at the tip apex, so that the
resolution can still be compared with the size of the extreme
apex, ultimately a single metal atom.*®

In the case of metal-coated tips, a thin and rough metallic layer
is evaporated on the tip body, which is equivalent to depositing
multiple metal nanoparticles. These nanoparticles behave like
optical antennas, and their size as well as the interparticle gaps
determine which wavelength will be best enhanced through
plasmon resonance and how tightly it will be confined.”” To
create a reasonably strong plasmon resonance for a target
wavelength, the antennas should have a specific size, somewhere
around one-tenth to one-fifth of the wavelength, which originally
was thought to limit the spatial resolution in TERS. A much
smaller metal particle would not provide high enhancement due
to the lack of strong plasmon resonance, making it practically
challenging to observe Raman scattering from a sample,
particularly a weakly scattering sample. Consequently, the
commonly reported tip apex size was about 20—50 nm, which
produced a spatial resolution of about 20—30 nm in the past.”®
With the advancement of instrumentation and experimental
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skills, it is now commonly reported that a metal-coated tip can
produce a spatial resolution of about 10 nm or less under
ambient conditions.”*’

On the other hand, the surface of a solid metallic tip fabricated
by the electrochemical etching method is relatively smooth, with
no metal nanoparticles on the body, making it unsuitable for
producing plasmon resonance in the visible range. Conse-
quently, the lightning rod effect becomes the dominating
mechanism for the confinement and enhancement of light for a
solid metallic tip. Here also, light confinement depends on the
apex size but is largely wavelength-independent. The typical
apex size for electrochemically etched solid metallic tips was
reported to be about 20—70 nm in the past, and accordingly, the
spatial resolution in TERS utilizin% solid metallic tips was also
reported to be about 20—30 nm,”” the same as in the case of
metal-coated tips. Once again, with improved instrumentation
and experimental skills, a spatial resolution with solid metallic
tips, even under ambient conditions, is now frequently reported
to be about 10 nm or less.”"”*

Since the lightning rod effect is a nonresonant phenomenon, a
solid metallic tip with a very sharp apex is expected to provide
much tighter confinement without a strong influence of the apex
size, and hence, much better spatial resolution in TERS could be
obtained. Although it is practically very challenging to
deliberately fabricate a solid metallic tip with an extremely
small apex, obtaining a tip with a single metal atom protruding at
the apex is apparently still possible by chance or with some
special skill, such as by contacting the tip with a metal surface
under a controlled environment and pulling out a few atoms that
can stick to the tip apex. Figures 3a and 3b illustrate a

small protrusion
at the tip apex

Figure 3. [llustrations of TERS tips: (a) a smooth solid metal tip, (b) a
smooth solid metal tip with an atomic protrusion at the apex, and (c) a
metal-coated tip with a tiny metallic protrusion at the apex. While the
larger grains on the tip body in (c) can plasmonically enhance the light
field, the atomic protrusion at the apex can highly localize this enhanced
field near the protrusion.

comparison between a smooth solid metallic tip and a similar tip
with a tiny protrusion at the apex. For such tips, which we will
refer to as “tips with an atomic protrusion”, achieving sub-
nanometric or even sub-atomic spatial resolution ought to be
possible because the lightning rod effect can confine the light at
the protruding atom. Similarly, it might also be possible to
obtain a tiny metallic protrusion at the apex of a metal-coated tip
(Figure 3c). The metal-coated tip can have suitably sized metal
nanoparticles deposited on the body, including at the apex, for

https://doi.org/10.1021/acs.nanolett.4c06273
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good plasmon resonance, and a very small nanoparticle right
below the apex, where the plasmonically enhanced field around
the larger particle at the apex can be channeled down through
the small particle below the apex to provide a tight confinement
of the light field. Therefore, one can expect to achieve an
angstrom-level or even better spatial resolution for both types of
tips if an atomic protrusion can be created and sustained at the
apex.

A major concern, however, is about the longevity of such a
protrusion, which can easily drift away from the tip apex or be
destroyed either by the environment or during the experimental
process, as it is expected to be only weakly attached to the tip.
Particularly under ambient conditions, such protrusions will not
survive long, while they have a better chance of survival at
cryogenic temperatures in UHV. Several researchers have been
recently able to fabricate such an STM tip with an atomic
protrusion inside the UHV system and demonstrate that the
atomic protrusion can survive the entire measurement period.
When these tips are used in the gap-mode configuration, which
is an essential part of STM-TERS measurement where the
sample molecules are sandwiched between the tip apex and a
metal substrate, the enhancement increases by about 100x.”” In
addition to the lightning rod effect, the gap-mode configuration
also allows the plasmonic effects to become significant for a
resonant illumination, as one can consider the interaction of a
localized dipole at the tip apex and its image in the metal
substrate to activate the gap-mode plasmon resonance.”” All
these factors favor measuring extremely weak Raman signals
from the sample area under the atomic protrusion at the tip apex.
This has recently allowed several researchers to observe atomic-
and sub-atomic-level spatial resolution in STM-TERS.>'>** It
must, however, be noted that extraordinarily good spatial
resolution was almost always obtained under very strict
experimental conditions of gap-mode configuration, resonant
illumination, UHV, and cryogenic temperatures. While gap-
mode geometry and illumination with a wavelength that
resonates with the gap-mode plasmons can significantly improve
the enhancement, UHV and low temperatures can effectively
protect the tip and the sample from atmospheric contamination
and minimize drift to picometer scale, which helps in measuring
a weak scattering sample with high spatial resolution. UHV also
reduces photobleaching and improves the signal-to-noise ratio,
which further helps in TERS measurement with improved
spatial resolution.

Atomic-level resolution has not yet been demonstrated under
ambient conditions, either with a metal-coated tip or with a solid
metallic tip. Environmental factors (e.g,, the presence of oxygen
that can oxidize the sample molecules and some metals, carbon
and sulfur contaminants that can contaminate the tip and
deterjorate the field enhancement, other atmospheric molecules
that can diffuse onto the sample, humidity that can create a water
layer on the sample) prevent practical observation of weak
Raman signals under ambient conditions. Furthermore, not only
do chemical interactions of the atmospheric contaminants with
the tip and the sample molecules escalate at room temperature,
but also drift, diffusion, rotation, and other fluctuations of the
sample molecule increase. Most importantly, at ambient
conditions and room temperature, atomic protrusions at the
apex, if obtained, will not be stable. Even though theoretical
considerations suggest that atomic-scale spatial resolution could
be achievable, observing atomic-level resolution in ambiance is
practically extremely challenging.
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Some recent reports have suggested that a resolution in the
low nm range under ambient conditions is possible with certain
restrictions. For example, a 3 nm resolution was reported with a
solid metallic tip in STM-TERS, which was estimated from the
scanning step size,”* and a 2.5 nm resolution was reported for a
metal-coated tip in AFM-TERS of cell surfaces,'” where it was
noted that such high-resolution data was only possible if the
measurement time was drastically reduced to counteract drift by
performing line scans. Lin et al. claimed a resolution of 1 nm with
a metal-coated tip in a gap-mode AFM-TERS under ambient
conditions® by measuring TERS signals from a single-stranded
DNA. Although the authors used a scan step of 0.5 nm and
estimated a spatial resolution of about 1 nm from the variation in
the Raman spectra, a TERS image was not provided. This shows
that achieving true nanometer spatial resolution in TERS under
ambient conditions is still a challenge, and it has been claimed
only with certain restrictions, such as for a short measurement
time or without a clear TERS image. There are no reports
available on atomic-level spatial resolution under ambient
conditions.

2.4. TERS Enhancement. As also indicated in Section 2.3,
another critical factor that directly influences spatial resolution
in TERS is the enhancement factor of the metallic TERS tips.
This is particularly important for non-gap-mode AFM-TERS
measurements (without a metallic substrate), where plasmonic
signal enhancement is significantly lower and the far-field
background is considerably higher compared to the gap-mode
TERS measurements (with a metallic substrate). Two key
parameters are typically used to evaluate the enhancement
provided by a TERS tip: contrast and the enhancement factor.
Contrast is defined as the ratio of the near-field signal intensity
to the far-field signal intensity. The enhancement factor,
however, provides a more comprehensive measure by
accounting for the difference in the spatial extent of the near-
field and far-field signal sources. Specifically, the enhancement
factor is calculated by multiplying the contrast by the ratio of the
far-field to near-field volumes. For thin-film and monolayer
samples, the corresponding surface areas can be used in place of
volumes to determine the enhancement factor:”

EF:IN_Fﬁzcﬁ

Iep Anp Anr (1)
where Iyrand Ipg are the Raman peak intensities measured in the
near-field and far-field, respectively, Ay and Agp are the near-
field and far-field probe areas, respectively, and C is the contrast.
Here Iyp represents the Raman intensity of pure near-field,
which is determined by subtracting the far-field Raman intensity
(tip-out) from the measured TERS intensity (tip-in). Given the
challenges in accurately determining the probe areas associated
with TERS near-field and far-field regions, contrast serves as a
more practical metric for assessing the enhancement capability
of a TERS probe. High contrast is achieved under resonance
when the localized surface plasmon frequency (vigp) of the tip
apex in the case of AFM-TERS or a gap-mode resonance in the
case of STM-TERS matches the frequency of the excitation laser
(Vi) "7 A high contrast indicates a strong enhancement of
Raman signals, leading to a high signal-to-noise ratio in the
TERS spectrum. Strong Raman signals enable shorter
acquisition times during TERS imaging, significantly reducing
the overall imaging duration and, at the same time, providing
higher contrast. Consequently, pixels with smaller step sizes can
be used during hyperspectral TERS imaging, ultimately
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Figure 4. (a) TERS and far-field spectra measured from a single-layer graphene on a glass substrate in non-gap-mode geometry. (b) Overlay of the
TERS images’ D-mode, G-mode, and 2D-mode signals measured using TERS. Step size: 20 nm. (c) D-mode intensity profile across the dashed line
marked in panel b. D-mode signal is observed in a single pixel, indicating that the width of the structural defect in the single-layer graphene sheet is
smaller than the step size of the TERS image (Figure 1). Notably, this line defect was undetectable in both far-field Raman and AFM topography
images. Panel b is adapted and panels a and c are redrawn with permission from ref 38. Copyright 2016, Royal Society of Chemistry.
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Figure S. (a) TERS map of a biphenyl thiol (BPT)-functionalized Au(111) surface acquired using full-spectrum intensity. Step size: 20 nm. A
pronounced high-intensity signal is observed along a straight line in the center of the image. (b) TERS spectra collected at positions 1—S5, as indicated
in panel a. The spectra at positions 1 and 2 exhibit the characteristic Raman signatures of BPT. In contrast, the spectra obtained along the central line
(positions 3—5) differ markedly from the typical BPT spectrum, which can be attributed to atmospheric contaminants adhering to the TERS tip and
being subsequently dragged across the surface before being discarded. (c) Raman spectra recorded from the apex of a freshly prepared silver-coated tip
in an ambient environment without contacting the sample. The time-dependent spectra reveal significant variations in intensity and relative peak
positions, indicative of SERS activity arising from the granular silver coating near the tip apex. (d) TERS map showing the p,p’-dimercaptoazobenzene
(DMAB) signal intensity on a 4-nitrothiophenol (4-NTP)-functionalized Au(111) surface, with a step size of 3.3 nm. (e) TERS spectra corresponding
to the pixels labeled 1—S in panel d. Notably, only pixel 3 displays the characteristic DMAB signal, while the surrounding pixels exhibit the
characteristic 4-NTP signal, indicating a spatial resolution of 3.3 nm. (f) TERS map of the 890 cm™ signal obtained from a pyridine-4-thiol (4-PyS)-
functionalized Au(111) surface, with a step size of S nm. (g) TERS spectra recorded at the pixels labeled 1—S in panel f. While the spectra from pixels 1,
2,4, and 5 display the characteristic peaks of 4-PySH, the spectrum from pixel 3 exhibits additional bands. Based on supporting DFT calculations, the
TERS spectrum at pixel 3 was attributed to the 4-PyS-SH intermediate species. Panels a—c show unpublished data. Panels d and e are adapted with
permission from ref 32. Copyright 2022, American Chemical Society. Panels f and g are adapted with permission from ref 47. Copyright 2022,
American Chemical Society.

improving the spatial resolution of the acquired TERS image in demonstrated in Figure 4b. This high spatial resolution allowed
accordance with the Nyquist criterion. the detection of a line defect within the graphene sheet, which

For instance, using non-gap-mode TERS in a bottom
illumination geometry, Su et al. achieved a contrast of 15.8 for
the D-mode Raman intensity measured from a single-layer
graphene on a glass substrate, as shown in Figure 4a.”” The high

was undetectable in the far-field Raman and AFM topography
images. It should be noted that this analysis does not account for
the local (D-mode) and nonlocal (G-mode and 2D-mode)

contrast of TERS signals enabled imaging a single-layer nature of Raman signals in single-layer graphene, which are also
graphene sample with a spatial resolution of 20 nm, as important factors in the context of TERS measurements.”’
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A high TERS contrast and therefore a high spatial resolution
are closely linked to tuning the v;gp of the tip or the gap
resonance to the v ., of the excitation laser. In the case of AFM-
TERS, this alignment can be achieved through several
approaches, including modifying the refractive index of the
AFM tip before metallization,*>*" adjusting the grain density of
the metal coating,28 and altering the size of the metal
nanostructure at the tip apex.42

2.5. Single-Pixel Variability in TERS Spectra. In the
TERS literature, it is frequently reported that line scans
conducted under ambient conditions exhibit significant spectral
variability, particularly when measured at intervals of just a few
nanometers (and sometimes even <1 nm).43’44 In these cases,
TERS spectra can vary dramatically from one pixel to the next in
terms of the number and relative intensities of peaks, often
resulting in no two spectra within a TERS line scan being
identical. Additionally, there are instances where a TERS signal
is only observed at a single pixel, while the surrounding pixels of
a 2D TERS map show entirely different spectra. Such pixel-to-
pixel spectral differences are sometimes interpreted as evidence
that the spatial resolution of the TERS line scan or image is
equivalent to the pixel size. However, a critical question arises:
How can we be certain that these spectral variations genuinely
reflect the surface chemistry of the sample rather than being
artifacts due to transient contamination of the tip or sample
degradation?

In TERS imaging under ambient conditions, single-pixel
variability in TERS spectra can arise from four different sources:

i. Tip Contamination. Contamination of the tip apex is a
common source of spectral variability.** Tip contamination can
occur due to the attachment of molecules either from the sample
or from the ambient environment to the tip. This contamination
often manifests itself as horizontal streaks across one or several
lines in the TERS image, as the tip drags the picked-up
molecules across the sample before eventually discarding them,
as depicted in Figures Sa and 5b. In other instances, the entire
TERS image may exhibit uniform signal intensity with minimal
variation, suggesting possible tip contamination. To rule out this
possibility, the cleanliness of the tip should be confirmed
immediately after TERS imaging by measuring its spectrum on a
clean substrate. It is important to note that simply measuring the
“tip spectrum” in the absence of a substrate is inadequate,
particularly in gap-mode TERS. For accurate assessment, the tip
spectrum should be recorded on the same type of clean substrate
(e.g., metal or glass) used for the sample.

ii. SERS Activity of the Tip Shaft. For metal-coated AFM-
TERS tips, the granular morphology of the tip shaft, within a few
hundred nanometers of the apex, can sometimes induce
unintended surface-enhanced Raman scattering (SERS) activity.
In such cases, atmospheric carbon contaminants may be
captured in the SERS hotspots present on the tip shaft, causing
rapid changes in the number and relative intensity of peaks, as
shown in Figure Sc. In the SERS literature, this phenomenon is
known as “blinking”.*® To rule out SERS activity from the tip
shaft, time-dependent spectra should be measured by holding
the tip stationary at a single location on the sample.
Alternatively, time-dependent spectra can be acquired by
placing the tip in contact with a clean substrate (similar to the
one on which the analyte is placed). If rapid spectral variation is
observed in these time-dependent measurements, it would
suggest that the observed spectral changes are due to SERS
activity from the tip.
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iii. Sample Spectrum. In some instances, the TERS spectrum
observed in a single pixel during imaging may perfectly match
the expected spectrum of the sample, while the TERS spectra
from surrounding pixels either exhibit no peaks or display peaks
corresponding to a different molecule or compound, as
demonstrated in Figures 5d and Se.*” Since spatial resolution
is defined as the ability to distinguish the smallest features of a
sample, if it is confirmed that only one pixel is showing the
sample signal, the claim that the TERS resolution equals the
pixel size can be justified. This is because features smaller than a
single pixel have been successfully resolved in the TERS image
(Figure 1).

iv. Spectrum of an Unusual Compound or Intermediate. If
a TERS spectrum observed in a single pixel does not fully match
the expected sample spectrum and exhibits no streaking or
blinking behaviors, it could arise from an “intermediate” species
involved in the surface chemical transformation under
investigation, as shown in Figures 5f and 5g.47 In this scenario,
it is essential to document both the anomalous TERS spectrum
detected at the single pixel and the TERS spectra observed in the
adjacent pixels. Furthermore, to confidently assign the spectrum
to an intermediate, density functional theory (DFT) calculations
of potential intermediates should be performed and compared
with the measured TERS spectrum. Only if a satisfactory match
with the calculated spectrum is achieved should the spectrum be
attributed to the corresponding intermediate. In such a case, the
spatial resolution of the TERS image can be considered equal to
the pixel size.

The factors discussed above emphasize that single-pixel
variability in TERS spectra can originate either from the sample
itself or from contamination. However, to accurately determine
the source of this spectral variability, it is crucial to record
locations with such single-pixel variations more than once, either
with the same or a smaller step size, perform control
measurements that verify the cleanliness of the tip, or perform
supporting DFT calculations that confirm intermediate
detection. Without these control measurements and calcu-
lations, the reliability of the TERS data cannot be assured, and
any conclusions regarding the surface chemistry of the sample
and the spatial resolution achieved would be questionable.

3. CONCLUSIONS AND GUIDELINES

Based on the concepts and discussion above, we give guidelines
about how to best determine and report spatial resolution in
TERS at the end of this text (below).

One frequently neglected issue is drift, which definitely needs
to be considered. From the integration time per pixel (in s) and
the drift (in nm/s), it can then be estimated whether drift will or
will not influence the fidelity of the localization and, thereby, the
spatial resolution. Drift can significantly impact spatial
resolution and must be considered when reducing step size in
imaging. To minimize drift during long-duration measurements
under ambient conditions, it is recommended to utilize
advanced stabilization techniques, such as real-time focus
stabilization systems and lateral drift compensation methods,
as demonstrated by Kato et al.*®

To achieve high spatial resolution in TERS imaging, the
enhancement factor of TERS tips should be maximized, which
allows short acquisition times and imaging of the relevant areas
without being too much affected by drift. This requires aligning
the localized surface plasmon (v gp) frequency of the TERS tip
apex with the excitation laser frequency (U e;)-
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Figure 6. (a) Schematic diagram of the TERS setup to image a single Co-porphyrin molecule on a Cu(111) surface under UHV and cryogenic
conditions. (b) Overlay of the molecular frame and TERS image of the 2986—2995 cm™" spectral region (C—H stretching) showing the phenyl moiety
of the Co-porphyrin molecule. Inset, intensity profile of TERS signal over one of the C—H bonds fitted with a Gaussian curve. The spatial resolution
was determined from the fwhm of the Gaussian fit to be 1.67 + 0.12 A. Adapted with permission from ref 3. Copyright 2019, Springer Nature
Publishing.

If possible, repeat measurements should also be performed by
imaging the same sample area more than once—although we do
acknowledge that, due to drift, repeat measurements of the exact
same area may be challenging. Nevertheless, the consistent
appearance of a spectral feature in the same pixel across multiple
scans will support the validity of the observed resolution,
suggesting that the variability reflects actual surface features
rather than artifacts.

Figure 6 shows an example where the spatial resolution was
properly determined and reported.” We note in particular that
Figure 6b is an image, not just a line scan, the lobes of the
molecule that are shown do not line up with the scan direction,
and the fwhm of the TERS peak on the left was reported along a
line that was put through it after TERS imaging.

The only “blind spot” in this paper is that the drift of the
system was not reported; on the other hand, this was also the
case for a few other recent TERS studies in UHV or at cryogenic
temperatures that reported sub-molecular resolution (see Table
1).

The field of TERS currently lacks sufficient quantitative
studies, such as those by Mrdenovic et al.'” and Kato et al, >
which systematically explore the factors that influence spatial
resolution. Expanding on this aspect through rigorous
quantitative investigations is imperative for advancing the
understanding and capabilities of TERS, in particular with
respect to spatial resolution. We therefore encourage the TERS
community to prioritize such efforts, as they are essential for
elucidating the factors that govern spatial resolution and for
driving further innovation in nanoscale chemical imaging.

Recommendations on How to Accurately Measure
and Report TERS Resolution.

o It is recommended to use the fwhm of the TERS signal
from a very small feature on the sample surface to
determine and quote the spatial resolution. In any case,
the metric (10%—90%/fwhm/hwhm) used must be
indicated.

e The drift of the system should be measured and reported
in the TERS studies, especially when claiming exception-
ally high spatial resolution under ambient conditions.

o Before and after TERS imaging, the SERS activity of the
TERS tips should be checked, to rule out spectral changes
(e.g., blinking) originating from contaminants. Obviously,
tips that show such behavior should not be used for TERS
imaging.

e When single-pixel variability is observed, it is recom-
mended to reimage the same area at least one more time, if
possible with a different (smaller) step size.
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