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ARTICLE INFO ABSTRACT

Keywords: Tip-enhanced Raman spectroscopy (TERS) allows the chemical analysis with a spatial resolution at the na-
TERS noscale, well beyond what the diffraction limit of light makes possible. We can further boost the TERS sensitivity
Imaging artifacts by using a metallic substrate in the so-called gap-mode TERS. In this context, the goal of this work is to provide a
Plasmonics generalized view of imaging artifacts in TERS and near-field imaging that occur due to tip-sample coupling.
Nanos_pemow)py_ Contrary to the case of gap-mode with a flat substrate where the size of the enhanced region is smaller than the
Scanning probe microscopy L. . .. . . . .
tip size when visualizing 3D nanostructures the tip convolution effect may broaden the observed dimensions due
to the local curvature of the sample. This effect is particularly critical considering that most works on gap-mode
TERS consider a perfectly flat substrate which is rarely the case in actual experiments. We investigate a range of
substrates to evidence these geometrical effects and to obtain an understanding of the nanoscale curvature role
in TERS imaging. Our experimental results are complemented by numerical simulations and an analogy with
atomic force microscopy artifacts is introduced. As a result, this work offers a useful analysis of gap-mode TERS
imaging with tip- and substrate-related artifacts furthering our understanding and the reliability of near-field

optical nanospectroscopy.

1. Introduction

The current progress in developing novel functional nanomaterials
for upcoming technological applications depends critically on our
ability to characterize these materials, their structure, and chemical
composition with a spatial resolution better than 10 nm. In the same
context, recent progress in coupling plasmonics with optical spectro-
scopy provided significant advancements in the characterization of
chemical material composition with extraordinary sensitivity reaching
a single-molecule level of detection [1-3]. Tip-enhanced Raman spec-
troscopy (TERS) is one of the most promising methods that combine
single-molecule detection with spatially-resolved nanoscale mapping
capabilities far beyond the diffraction limit of light [4-6].

In this context, the scanning tunneling microscope (STM) is the most
convenient and robust technique that offers precise control over the
plasmonically active gap formed between the metallic probe and a
metalized substrate. Not surprisingly, several recent studies demon-
strated remarkable achievements of STM-based TERS for chemical
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imaging with sub-nanometer resolution [5,7]. However, the STM-based
TERS approach is limited to electrically conductive materials. Under
ultra-high vacuum and cryogenic temperatures, STM-TERS allowed
Zhang et al. to obtain submolecular resolution [8], while in ambient
conditions image resolutions down to 1.7 nm [5] or in liquids can be
achieved [9]. On the other hand, the atomic force microscopy (AFM)-
based TERS approach is free of the limitations described above since the
feedback-control is independent on the electrical conductivity of the
sample. Therefore, AFM allows acquiring simultaneously three-dimen-
sional maps of the sample morphology and two-dimensional hyper-
spectral Raman imaging, all these with nanoscale lateral resolution. The
potential of AFM-TERS imaging in gap-mode was recently demon-
strated by the Deckert's group, who identified the structure of a single
peptide molecule and amyloid aggregates using this method [10,11].
It is now accepted that the hotspots, the regions providing Raman
signal enhancement of the order of 107, usually appear in gaps formed
between metallic nanostructures both in TERS [6] and in SERS con-
figurations [6,12,13]. It was shown that even stronger enhancement up

Received 12 March 2019; Received in revised form 26 June 2019; Accepted 4 July 2019

Available online 04 July 2019
0304-3991/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03043991
https://www.elsevier.com/locate/ultramic
https://doi.org/10.1016/j.ultramic.2019.112811
https://doi.org/10.1016/j.ultramic.2019.112811
mailto:raul@tpu.ru
https://doi.org/10.1016/j.ultramic.2019.112811
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultramic.2019.112811&domain=pdf

E. Sheremet, et al.

to 10*2 could be achieved using a combination of SERS and TERS in the
so-called gap-mode TERS [7]. In this mode, the hotspot between a me-
talized scanning probe tip and a metallic substrate seems to be the key
to reproducible nanoscale imaging.

However, the widespread and reliable implementation of TERS re-
quires the understanding of imaging artifacts understood as mis-
representations of sample surface introduced by the instrument or
technique used. Imaging artifacts can rise for multiple reasons such as
light scattering by the tip [14,15], tip degradation or fluctuations of the
enhancement factor over the surface [16]. The detected spectra can also
differ significantly from the classical Raman spectra due to gap-mode
plasmon luminescence [17], signal fluctuations of carbon contamina-
tion or single-molecules [16,18], suppression [19] or shift of particular
Raman modes, and activation of forbidden ones [20].

Atomic force microscopy (AFM) introduces a new set of artifacts
that, in turn, carry information about the tip itself when the structure
size becomes comparable to the tip apex diameter [21]. Imaging arti-
facts and curvature effects are common-knowledge in the scanning
probe microscopy community, but their role in TERS imaging and near-
field optical enhancement was barely investigated. One should expect
artifacts due to multiple particularities of the tip-sample interaction
affecting the electric field enhancement. The large TERS signal en-
hancement in gap-mode TERS is due to the use of a metallic film rather
than semiconducting or dielectric ones. This configuration was shown
in a multitude of theoretical works and used in several experiments to
improve the signal intensity and spatial resolution thanks to better
spatial confinement of the electromagnetic field [22-25]. The effect is
well explained by the image dipole model. The image dipole is affected
by the changes in the substrate optical properties and is thoroughly
described in the literature [22-25]. Thus, in the case of gold na-
noclusters on a silicon substrate, we should expect higher enhancement
over the gold-coated areas in the case of a perfectly flat surface.
However, for sample surfaces that are not flat, we must consider the
formation of the tip-substrate "hotspot" that will be determined by the
tip and substrate local curvature, the resonance of the localized
plasmon and its shift upon the tip-substrate coupling. Here, we provide
an understanding of how these tip-substrate coupling artifacts affect the
near-field optical properties reflected in TERS imaging. For this, we
performed chemical mapping of metal phthalocyanine ultrathin layers
(CoPc or CuPc) adsorbed on different metallic nanostructures. The na-
noscale resolution hyperspectral imaging using gap-mode AFM-TERS
allows studying the following cases:

1 Tip-sample coupling for isolated gold nanoclusters;

2 The change of surface curvature;

3 Tip over the surface with a negative curvature formed by metal films
on nanospheres (MFON).

2. Experimental methods
2.1. Tip-enhanced Raman spectroscopy instrumentation

The TERS experiments were performed with atomic force micro-
scopy in contact and intermittent-contact modes using gold metal
probes (probes.ters-team.com) specially designed for AFM-based TERS
[26]. The tip apex was etched electrochemically with the resulting tip
radius of ca. 50 nm. Scanning electron microscopy (SEM) images of the
TERS tips were obtained using NanoSEM 200 from FEL

Two different setups were used, both in the side-illumination/col-
lection configuration: A home-coupled TERS system with an Agilent
5420 AFM and a LabRam HR800 Raman spectrometer, and a dedicated
TERS system OmegaScope-R from AIST-NT Inc. coupled to an Xplora
Raman spectrometer. Raman spectroscopy was performed under red
(633nm and 638nm) and green (514.7 nm) laser excitations. The
measurements with red laser must be considered tip-enhanced resonant
Raman spectroscopy (TERRS) since phthalocyanines exhibit an
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Fig. 1. Schematics of the TERS experiments on gold clusters formed using
electron beam lithography. The substrate with a 500 nm period was covered by
2nm of the metal phthalocyanine (XPc, X = Cu or Co).

absorption peak at ca. 650 nm [27,28]. The light of 1 mW power was
focused with a 50x LWD objective (N.A. 0.42) in the Agilent-HORIBA
system, and 160 pW focused with a 100x LWD objective (N.A. 0.7) in
the AIST-NT-Xplora HORIBA system. The power density was 105 and
133 W/mm? for the two experimental setups. A grating of 600 1/mm
was used to disperse the scattered light on CCD detectors.

2.2. Lithographically defined gold particles

SERS substrates with lithographically-defined clusters, sketched in
Fig. 1, were fabricated by electron beam lithography; additional details
can be found in previous works [29,30]. An electron resist (PMMA
950 K) deposited on a silicon (100) substrate was structured with an
electron beam (Raith-150, Germany). The patterned resist was covered
with 5nm Ti and 40 nm Au films. Afterward, the remaining resist was
removed by a lift-off process in dimethylformamide to obtain individual
gold clusters on the surface. One section of this sample retained the Au
layer on PMMA particles and on the Si substrate producing the sample
shown in Fig. 2.

2.3. Metal film on nanosphere (MFON) substrate

The MFON substrate [31] was obtained by coating a silicon sub-
strate by a monolayer of hexagonal closed-packed (hcp) polystyrene
spheres with 450 nm diameter; additional details can be found in pre-
vious work [32]. The sample was partly metalized by evaporation of a
60 nm Au film. Half of the substrate was left without gold.

2.4. Organic layer deposition

The substrate was entirely covered by a 2nm (“thin”) of cobalt
phthalocyanine (CoPc) or 40 nm (“thick”) layer of copper phthalocya-
nine (CuPc) using organic molecular beam deposition (OMBD) under
high vacuum (~10~7 mbar). The thickness of metal phthalocyanine
films was controlled using a quartz crystal microbalance. The micro-
balance resonance shift vs. thickness was calibrated before the deposi-
tion by measuring the thickness of the reference layers by ellipsometry.

2.5. Numerical simulations

The commercial software ANSYS 14.0 Multiphysics was employed
to analyze 3D models of the TERS tip and the substrate employing
realistic configurations of the experiments. ANSYS Emag calculates the
electromagnetic field components by finite element method (FEM)
based on a full-wave formulation of Maxwell's equations in the har-
monic regime.

The mesh was created with the HF119 tetrahedral element with a
much finer mesh around the tip and the gap with the sample. Complex
refractive index data for gold and silicon were used from a previous
report [33]. The laser beam propagation was approximated by a plane
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electromagnetic wave with A = 633 nm with an electric field amplitude
of 1V/m. The computational domain was truncated with a surface
impedance absorbing boundary condition.

3. Results and discussion
3.1. The case of isolated Au particles

The SEM image of isolated gold nanoclusters on a silicon substrate is
shown in Fig. 2a. The nanoclusters have a height of 40 nm, 200 nm
diameter, and disk-like shape. The edges are rounded due to the lim-
itations of electron beam lithography. The TERRS images for the most
intense Raman feature of CoPc at 1540 cm™! attributed to C=N
stretching (Fig. 2c) taken from the same area for the case of isolated
gold nanoclusters on a silicon substrate are shown in Fig. 2b. As ex-
pected from the extensive research on gap-mode TERS, the TERS signal
from the 2 nm CoPc film is larger over the gold nanoclusters than on the
Si substrate. The CoPc spectra remain unchanged as compared to the
reference spectrum in Fig. 2c. The signal enhancement is in-
homogeneous over the nanocluster surface due to its roughness. When
comparing the spectra averaged over the circled areas in Fig. 2b, the
signal intensity is at least 3 times higher over the gold nanoclusters and
reaches up to 12 times enhancement at its maximum. TERS imaging
shows, however, an interesting effect: the TERS enhancement is not
equally distributed over the whole nanocluster surface and appears to
be asymmetric. Such effects are not observed for the AFM profile ob-
tained with the same tip (Fig. 2d) and are preserved when we consider
the signal amplified as the 4th power of the electric field enhancement.
Thus we can consider this effect as electromagnetic tip self-imaging
analogous to the tip convolution effect known in the scanning probe
microscopy (SPM) community [34,35]. We observe several changes in
the TERS profile as compared to the AFM profile: (1) for all the na-
noclusters the signal is much higher when the tip is above its center as
compared to when the tip is above the edges; (2) the signal enhance-
ment tends to extend beyond the nanocluster on the one side; (3) the

enhancement appears to have very localized nature within the na-
nocluster area. The localized nature of the enhancement can be at-
tributed to the grainy structure of the polycrystalline nanocluster sur-
face that could also affect the CoPc distribution. These small
topographic changes are obvious from the SEM image but are not
visible in the AFM profile obtained with TERS tip suggesting that the
TERS resolution outperforms AFM at least in gap-mode which was
shown previously in multiple theoretical works. The two other artifacts
must be considered on a larger scale and can be understood by per-
forming numerical simulations of the tip at different positions over the
Au nanocluster.

To consider the experimental asymmetry, the model geometry was
approximated to the key experimental parameters. The tip apex radius,
tip apex angle, and tip-tilt angle were determined from the SEM images
of the tip used, and the cantilever tilt angle is known from the AFM
instrument design. The experimental values for the incident angle of
light and the illumination direction were also taken into account. The
results are presented in Fig. 3. Intuitively, one expects the case 3 to
provide the highest enhancement since the tip is aligned with the
electric field of the p-polarized incident laser light, and the edge cur-
vature should localize the electromagnetic field due to lightning rod
effect. However, the simulations suggest that the field enhancement is
the highest when the tip is above the center of the nanocluster, which
also matches the experimental results. This effect results in a “tip nar-
rowing artifact”. Note that in this case, the surface roughness of tip and
nanoclusterdue to their polycrystallinity has been neglected still pro-
viding reasonably good matching between the theory and the experi-
ment. However, since the plasmonic resonance frequency and electro-
magnetic field localization depend on the particular geometry of the
tip, the interpretation of TERS images must always be supported by
electromagnetic field simulations.

The asymmetry of the TERS profile is explained by the fact that one
of the sides of the tilted tip interacts with the surface feature (the na-
nocluster in our case) leading to an apparent enlarged width of the
measured structure on one side. The fact that this artifact is not
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(a) Sketch of the experiment (b) Simulated electric field enhancement at three different locations
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Fig. 3. FEM simulations to determine asymmetric effects of signal amplification of a gold nanocluster and a gold tip: (a) sketch of the geometry; (b) finite element
method simulation for the tip in different locations with maximum enhancement factor EF for each configuration. The scale bar and the color scale are the same for

all three simulated images, while the maximum EF is indicated in each of them.

observed in the AFM topography image suggests that the electro-
magnetic coupling extends beyond the AFM interaction analogously to
the tip broadening artifact. This is in line with the known interaction
distances of ca. 10 nm for electromagnetic field coupling and ca. 1-2 nm
for the atomic forces [36].

3.2. The change of the surface curvature on a continuous film

In the previous case, we looked at isolated nanoclusters, which
means that the effects may be partially determined by the localized
surface plasmons. Further, we consider nanoclusters of the same size
(200 nm diameter and 40 nm height) but located on a gold film instead
of silicon. The sketch of the structure cross-section is presented in
Fig. 4a. The surface curvature change was introduced by a polymer
underneath the gold layer during the process of preparation by electron
beam lithography. The resulting topography is seen in the AFM height
image (Fig. 4b). Indeed, in the TERS experiment performed on this
structure, the intensity of the CoPc B,; mode at 682 cm ™! mapped in
Fig. 2c increases by 25% when the Au TERS tip is moved to the Au film
as compared to its intensity over the Si substrate. We also observed a
55% increase of the CoPc signal intensity over the surface features as
compared to the Si substrate. Such cases are hard to analyze analyti-
cally, and there are only a few experimental reports in the literature
[37]. Therefore, to complement our understanding of this configura-
tion, we performed numerical simulations of a system mimicking the
experimental conditions.

The FEM simulations of the Au tip were performed based on the tip

radius of 30 nm experimentally determined from a scanning electron
microscopy (SEM) analysis. The images in Fig. 5a—c are obtained for the
systems made by an Au tip over a Si substrate, Au tip over a 40 nm thick
Au film on Si, and a curved Au surface feature with parameters obtained
from the AFM experiments (40 nm height and ca. 200 nm diameter in
Fig. 4b). The distance between the tip and the sample of 2 nm corre-
sponds to the nominal CoPc thickness. When comparing the local field
enhancement for all three configurations, at the same excitation wa-
velength (633 nm), we observe a 3-fold and 6-fold enhancement of the
electric field for the cases of the Au film and the curved surface with
respect to the Au tip over the silicon substrate. The results are quali-
tatively explained by the image dipole model predicting higher field
enhancement above a flat metallic surface and even higher over a
protrusion [38]. We attribute the much lower contrast observed in the
experiment (25 and 55%) as compared to the simulations (200 and
500%) to the fact that the TERS imaging experiment was performed
with the tip oscillating in tapping mode. Thus, the enhancement was
strong only during a small fraction of the oscillation cycle. Moreover,
the high refractive index of CoPc film was omitted in the simulations. It
naturally leads to damping of the electric field in the gap but would
probably have no effect on the image contrast.

The gap formed by the tip and the metal substrate strongly confines
the electric field under the tip in a nanometer range, increasing the
sensitivity and spatial resolution in TERS experiments. This happens
because the gap acting as a nano-antenna amplifies both the electric
field of the excitation and the electric field of the Raman scattered light
from the sample. The optical signal intensity that can be detected is

(a) PMMA 2 nm CoPc
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Fig. 4. TERS imaging of the sample with different surface curvature. (a) Sample cross-section; (b) AFM image of the surface; (c) TERS image of the mode at

682 cm ™. The step size is 39 nm, excitation wavelength 632.8 nm.
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proportional to the square of the electric field intensity. If both, the
spectral regions of the scattered signal and the excitation are spectrally
close to each other, then the difference in enhancement factors for both
wavelengths can be neglected. In this case, the total increase in Raman
intensity scales to the fourth power of the electric field enhancement.
This condition is usually met in the experiments although deviations
would occur for very sharp localized surface plasmon resonances
(LSPR) and for Raman modes at large wavenumbers [32]. The simu-
lation results show that the gap-mode can increase the magnitude of the
enhancement from 1.9 X 10° (Epax = 21) t0 1.5 X 107 (Epax = 62). This
increase of two orders of magnitude is achieved simply by depositing a
40 nm gold film on the silicon substrate.

The high field enhancement over the flat gold surface can be un-
derstood by the well-established image dipole effect that also leads to
the redshift of the LSPR mode due to the coupling with the image dipole
from the substrate. Note that the enhancement is observed for all the
wavelength range presented in Fig. 3d. Higher TERS enhancement
above a curved surface can be explained by one of the two effects 1)
LSPR coupling of the tip and the surface feature and 2) the lightning rod
effect for the curved surface. Of course, these two effects are not mu-
tually exclusive so that a combination of both is also possible. The
lightning rod effect originates from a purely geometric factor that oc-
curs in sharp tips of metal nanostructures [39]. Since the use of FEM
implies the solution of Maxwell's equations numerically, the mathe-
matical approach does not allow us to arbitrarily exclude one effect or
the other. In general, since the boundary conditions require the electric
field lines to be perpendicular to the surface of a perfect conductor,
some field enhancement will occur on any curved surface, while its
exact value will depend on the feature dimensions and its aspect ratio.
The LSPR is distinguished by a pronounced electric field enhancement
at its resonance frequency. When performing a wavelength sweep, we
observe the enhancement over the whole spectral range, suggesting that
the effect is more related to the lightning rod effect than to the LSPR
coupling. Still, the redshift of the LSPR maxima is visible in Fig. 5d, and
this is explained by the tip-sample field coupling. [40]

This result must be compared to the work of Chen et al. [37] where
a small gold particle on a gold surface was imaged with TERS. There,
the additional enhancement was attributed to the LSPR coupling, which
seems to be a reasonable assumption for a small particle. Regardless of
the mechanism, and this is the most crucial point of this work, when
interpreting TERS imaging data, the presence of such curvature

b 4. . mv. -
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Fig. 5. Finite element method simulation of electric field
amplification in the gap with a nanometer range acting as a
nano-antenna between gold tip and different substrates: (a)
flat silicon substrate; (b) silicon with a flat 40 nm gold film; (c)
curved Au surface; (d) electric field amplitude magnification
for a certain wavelength range.

Electric field
enhancement

represents a clear case of an imaging artifact since without prior
knowledge one cannot judge whether the higher signal is achieved due
to a different amount of material, substrate properties, or the substrate
shape. Therefore, one needs to take into account the topographic SPM
data but also the thickness of the Raman scattering layer (CoPc in our
case). With the increase in the thickness of the CoPc layer, we should
expect a larger volume of CoPc material in the near-field of the tip, but
also exponentially weaker coupling with the gold film. Consider the
case when a molecule of interest is inhomogeneously covering a rough
surface. In this case, the topographic data must be considered for the
correct interpretation of the TERS images. This impact of substrate
morphology in TERS imaging was first identified in 2007 by Zhang
et al. [41]. although just now it is systematically studied.

3.3. TERS imaging on a substrate with negative curvature

We performed imaging of a 40 nm thick film of CuPc on MFON. The
Raman spectrum in Fig. 6a is the average over a whole TERS map. Two
spectral regions (blue and yellow in Fig. 6a) were used to construct the
TERS images marked by arrows in Fig. 6b and d. The background image
in Fig. 6b has little correlation with the topography so that we can
exclude the tip scattering enhancement mechanism. The TERS intensity
map of the C=C ring stretching mode around 1530 cm ™! in Fig. 6d
shows the most significant signal enhancement over the highest regions
of the AFM topography (Fig. 6c), but also a few regions with a low
signal intensity that corresponds to a missing nanosphere and lower
regions of the substrate. We find these large-scale signal changes hard
to interpret reliably and attributethem to tip shadowing effects, film
thickness, field enhancement variations, or slight optics instability over
the large-scale image.

In contrast to the featureless map of the background intensity map
shown in Fig. 6b, the TERS map in Fig. 6d displays regions with a subtle
hexagonal arrangement. Notice also the difference in intensity scales
between Fig. 6b and d. The hexagonal symmetry of the topography and
TERS results are reflected in the fast Fourier transform of those images
in Fig. 6e and f, respectively. The composite image in Fig. 6g was
formed by overlapping the topography and TERS maps; the direction of
the electromagnetic excitation and its polarization are shown by ar-
rows. Fig. 6g suggests that due to the large film thickness reducing the
tip-sample coupling, the contrast between the different points is much
lower than for the previous cases discussed above. The profiles in
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Fig. 6. (a) Raman spectra of a 40 nm CuPc film on the MFON substrate averaged over the entire spatial region mapped in TERS. The inset shows the scheme used for
finite element method simulations of a gold tip over a gold particle under red excitation. The distance between the tip and particle is now set to 50 nm in the
simulation showing that there is a persistent coupling between tip and sample. The flat region marked in the spectrum (yellow) was used to visualize the TERS map of
the background in (b) with no contrast related to the surface topography shown in (c). While the intensity mapping of the main peak (blue) of the C=C vibration in (d)
shows a faint but perceptible resemblance to the hexagonal close-packing of the MFON surface. The step size is 31 nm. (e) and (f) are the fast Fourier transforms of the
topography (c) and TERS image (d), respectively. (g) is the composed image formed by overlapping the height and TERS images, the direction of laser excitation and
its polarization are shown with red arrows. Profiles in (h) and (i) show the AFM topography and the TERS signal intensity along the dashed lines in (g). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6h and i show a spatial offset between the AFM topography and the different offsets in the two profiles.
TERS signal intensity. For the tip located between the spheres, two hot
spots are expected to be generated, providing higher signal intensity in
the offset position. The change of the illumination direction affects the
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3.4. Discussion and implications

The enhancement patterns in all three cases illustrate the difference
in signal intensity that can be achieved when gap-mode is used on
various substrates. This is a critical point for nanoscale spectroscopy
imaging since larger signals imply that lower acquisition times can be
used, thus enabling faster scanning. Pushing to detect every single
scattered photon, or increasing the scattered signal intensity, e.g. by
using gap-mode imaging, allows nanoscale mapping with a much better
spatial resolution that is otherwise hampered by instrumental limita-
tions such as thermal drift. However, this larger enhancement in gap-
mode TERS comes at the price of artifacts such as tip-convolution and
tip-self-imaging that originate from the electromagnetic coupling be-
tween the tip and the sample. We found that when these two are se-
parated by a spacer such as a thick molecular layer, then the tip arti-
facts are also reduced in the near-field imaging.

Our TERS analysis complemented by numerical simulations allowed
introducing an analogy with atomic force microscopy artifacts. As a
result, our work offers a useful framework for the analysis of TERS
images with substrate-related artifacts in TERS, and particularly in gap-
mode, thus improving the understanding and reproducibility in the area
of near-field optical nanospectroscopy. At the time of submission of this
work, Wang and Kurouski reported similar findings to ours regarding
the role of sample features in the emergence of tip-related artifacts in
TERS imaging [42]. They used gold plates functionalized with p-ni-
trothiophenol and found that in the reduction of thiophenol, the Au
plate edges have lower catalytic activity than the flat basal plane. Their
conclusions resonate with our results emphasizing the role of topo-
graphical effects on TERS imaging. Nevertheless, our combined com-
putational and experimental work involving different tip-sample con-
figurations takes Wang and Kurouski's observations a step beyond by
carefully showing how closely related these artifacts are to the near-
field coupling between the tip and the sample in gap-mode TERS, and
by additionally showing how these artifacts can be minimized by
weakening the coupling.

Just like it happened for AFM, [33] we expect that the emergence of
reference samples for the analysis of AFM-TERS artifacts would allow
the system characterization and a more robust interpretation of near-
field images. This is indeed our next goal in this exciting research field.
By analogy with AFM where one can restore the tip shape from ana-
lyzing the imaged particle itself, one could expect the TERS image to
provide information about the tip plasmonic properties. This was
shown in TERS on carbon nanotubes (CNTs) that helped to deduce the
orientation of the tip dipole [43].

4. Conclusions

In this work, we demonstrated that the optical field amplification
that occurs due to a change in the radius of curvature of a substrate
gives rise to near-field imaging artifacts. To aid in understanding the
experimental results, we performed numerical modeling of various tip-
sample configurations used in the experiments. The simulation results
show that gap-mode allows for increasing the enhancement factor from
1.9%10° to 1.5x10”. This additional gain is achieved by depositing
40 nm gold film on a silicon substrate. An even more significant gain is
achieved with a change in the curvature of the surface that can be
explained by several effects: LSPR-coupling, tip/surface characteristics,
lightning rod effect for a curved surface, or a combination of all these.
We encountered some limitations, especially that it is impossible to
isolate any of these effects wusing numerical simulations.
Experimentally, the nanoscale sample curvature implies the introduc-
tion of an imaging artifact; therefore, one cannot judge whether a high
signal intensity is achieved due to a different amount of material, due to
the chemical properties of the substrate, or because of the shape of the
substrate.

In the case of isolated Au nanoclusters, the signal on the CoPc film is
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12 times larger than on the Si substrate, but the spatial distribution of
the electric field enhancement is unevenly extending beyond the na-
nocluster surface. This effect is called tip convolution and arises from
the interaction of the side walls of the tip with the surface feature (the
nanocluster). The results show that a weak coupling in the gap-mode is
still present through a thick organic layer >40nm and that this re-
duction in the electromagnetic coupling also reduces the tip-convolu-
tion artifacts. We further discussed the implications of our work in the
selective catalytic interaction of oxygen with CoPc at the nanoparticles
edges as defined by the tip-sample geometry. Thus, this result is re-
levant to other areas in which TERS is starting making an impact like in
heterogeneous catalysis. Our work shows that the significant increase of
Raman intensity when using gap-mode TERS comes at the cost of
imaging artifacts in the near-field. These artifacts also appear when
imaging three-dimensional nano-objects becoming a contributor to the
image contrast in TERS that should not be neglected.
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