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ABSTRACT: This Article describes a method for the character-
ization of the imaging performance of tip-enhanced Raman
spectroscopy probes. The proposed method identifies single-walled
carbon nanotubes that are suitable as one-dimensional Raman
scattering objects by using atomic force microscope maps and
exciting the radial breathing mode using 785 nm illumination. High-
resolution cross sections of the nanotubes are collected, and the
point spread functions are calculated along with the optical contrast
and spot diameter. The method is used to characterize several
probes, which results in a set of imaging recommendations and a
summary of limitations for each probe. Elemental analysis and
boundary element simulations are used to explain the formation of
multiple peaks in the point spread functions as a consequence of
random grain formation on the probe surface.
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Bl INTRODUCTION collective oscillations of the surface electrons, known as surface
plasmons, resulting in charge accumulation at the tip apex.””’
The charge accumulations produce an electric near-field that is
enhanced in magnitude and localized to the surface.* The
enhanced near-field increases the inelastic Raman scattering
from the sample in the subdiffraction limited near-field spot.”®
TERS has been used to provide chemical mapping of surfaces
below the optical diffraction limit for applications including
sample characterization during chemical synthesis and imaging
of biological samples.”””

Tip design is paramount for high enhancement and spatial
resolution.'”'" The formation of plasmon modes is dependent
on material and geometry.'” The most common probe surface
material is silver due to the low plasmon losses, particularly at
blue-green wavelengths.'” Gold can be used as an alternative
due to its superior chemical stability, despite lower reported
enhancement.'* The plasmon resonance wavelength is
generally tunable with particle length, while the enhancement

Tip-enhanced Raman spectroscopy (TERS) is an imaging
technique that allows subdiffraction limited imaging of surfaces
with the chemical sensitivity of Raman spectroscopy.’ Figure 1
illustrates the basic operation principle of TERS in the side
illumination configuration as a silver atomic force microscope
(AFM) probe is scanned over a single-walled carbon nanotube
(SWCNT) on a gold substrate. The focused laser excites
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Figure 1. Ilustration of tip-enhanced Raman scattering from a silver
probe on a single-walled carbon nanotube.
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is improved with apex sharpness.'>~'” Metal coated probes rely
on a grainy surface to create enhancing nanoparticles. As a
result, the spatial resolution and enhancement is dependent on
the formation of a suitable grain structure at the tip apex.'® A
thick metal layer has been shown to increase the likelihood of
particle formation at the tip apex, which produces a hot spot at
the apex."”

Tip—sample interactions also effect enhancement and spatial
resolution. Further spatial confinement and increased enhance-
ment are achieved with plasmon-excition coupling””*' and the
formation of tip—sample—tip gap modes,”* ** while at small
tip—sample separations quantum effects begin to reduce
confinement.”> Furthermore, the substrate geometry influences
the enhancement and spatial resolution. Similar to surface-
enhanced Raman spectroscopy, the presence of sharp metal
edges on the substrate has been shown to amplify Raman
enhancement through nonresonant and plasmon effects. For
example, the enhancement and spatial resolution are improved
at the edges of gold nanodisks.”® In addition, the sample
chemistry influences the scattering efficiency. For example,
predominantly, covalent nanoparticles have been shown to
have significantly higher scattering cross sections compared to
ionic nanoparticles due to an increased polarizability, resulting
in a 2 orders of magnitude increase in the enhancement
factor.”” Highly anisotrogic molecules such as nanotubes are
sensitive to polarization.”® Finally, Raman enhancement has
been shown to be dependent on conduction electron
properties.zg"?’0

Finite element simulations can be used to estimate the
enhancement factor, and these values are often quoted by
probe manufacturers.””*"*> However, approximations for
probe and sample geometry are often required, reducing the
validity of simulations as surface plasmons are sensitive to
surface morphology including fine grain structure.’”**
Furthermore, Raman enhancement values from these simu-
lations are often not indicative of laboratory performance.

The enhancement factor, F, is often used to characterize the
Raman enhancement and is given by’

[Inf — Iy l}ﬁ
I Vot

n

F
(1)

where I ; and I are the near-field and far-field intensities and
V¢ and V are the near-field and far-field volumes. The far-field
intensity is collected with the tip retracted and the near-field,
with the tip on the sample. The far-field volume is often
estimated as the diffraction limited spot size of the illumination
laser’®™* and the near-field volume, by the tip apex
diameter.*>*” There are several modifications of eq 1 that
account for factors such as the number of molecules in each
scattering volume™” or the tip acting as a mirror.”® For a given
enhancement factor, a larger near-field volume of the same
intensity will result in a higher near-field signal. Alternatively,
the contrast can be defined as I, /Iy which more accurately
quantifies the measured near-field to far-field signal ratio. The
literature contains many values of the contrast, which has also
been summarized."'

For TERS imaging, rather than point spectroscopy, different
methods can be used to characterize the TERS system. In an
optical system, the point spread function (PSF) describes the
response to a point light source. Images formed using a given
system are the convolution of the PSF and the true image.*
For TERS, the spot diameter of the PSF defines the spatial

36,
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resolution, which depends on the volume of the near-field in
the tip—sample junction.”® The image contrast is determined
by I¢/I¢ where the near-field signal is collected on a sample
molecule and the far-field signal is collected on the substrate.
The image contrast quantifies the systems ability to distinguish
features on the sample. Hence, the PSF characterizes the TERS
imaging performance of a system.

To measure the PSF, a scattering object that approximates a
delta function is required.”” Single-walled carbon nanotubes
(SWCNTs) act as one-dimensional scattering structures with
diameters on the order of 1 nm and lengths that may exceed 1
um.*>** This makes SWCNTSs superior for TERS character-
ization compared to most nanoparticles that are typically on
the order of tens of nanometers in diameter. Thus, SWCNTs
are suitable structures for the measurement the PSFs of TERS
probes. Furthermore, the length of the SWCNT s allows repeat
measurements of the same structure from a single TERS image.

SWCNTs have three major spectral bands of interest, the
radial breathing mode (RBM), D-band, and G-band. The D-
band and G-band occur at around 1350 and 1582 cm™},
respectively, and the D-band magnitude is associated with
defects. The RBM wavenumber is dependent on tube
diameter; a simple model is given by

Wpgy = — + B
d, )

where A is typically around 248 cm™! and B accounts for

environmental factors such as the surrounding medium,
nanotube bundling, molecular adsorption, and surfactant,
which all affect the wavenumber and intensity of the RBM.*’
Hence, an analysis of the RBM wavenumber distribution
allows the distribution of the diameters to be determined. This
model is accurate for SWCNTs on the order of 1 nm, while for
larger diameters, the RBM is hardly observable.*>*’

SWCNTs are not ideal for measuring the PSF of a TERS
system, as the scattering cross sections are dependent on the
environment surrounding the nanotube and the polarization. It
has been shown that SWCNTs on a glass substrate only
respond to light polarized parallel to the tube axis.”® The
absorption of light polarized parallel to the tube axis has been
found to be 20 times greater than that of the perpendicular
polarized li§ht due to the extreme anisotropic nature of the
SWCNTs.*® In addition, the RBM signal increases as the chiral
angle decreases.”” However, the one-dimensional nature and
availability of the SWCNTSs make them accessible scattering
objects for the measurement of the PSF of the TERS systems.
Furthermore, the impact of environment and chirality on the
measured results can be controlled using a single sample for all
probes that will be compared.

SWCNTs have been used previously to measure the
resolution of TERS systems.”> SWCNTSs have also been used
to fit Gaussian functions to the near- and far-fields for bottom
illumination TERS.*® In doing so, the enhancement factor and
optical spot size were determined. However, the height map
range of 1 um indicates that bundles of nanotubes were
imaged. Similarly, nanotube bundles have been imaged, and
the bundle width was used to estimate the enhancement
factor.”!

This Article describes a method for the measurement of the
PSF of TERS probes using SWCNTs. The RBM of the
SWCNTs is analyzed to identify single nanotubes. High-
resolution TERS cross sections of the SWCNTSs are collected,
and the PSF is calculated. From the PSF, the contrast and spot
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Figure 2. (a) Schematic of the experimental setup used for TERS. The side illumination setup requires TERS probes with the access tip geometry
as shown. (b) The TERS map shows the G-band counts of a single-walled carbon nanotube (SWCNT). (c) An AFM map of a SWCNT that is
suitable for collecting TERS cross sections. The nanotube (surrounded by the white box) is approximately aligned horizontally. The spectrum of
the SWCNT is collected to ensure the radial breathing mode (RBM) is present when illuminated with the 785 nm laser. The scan area (shown by
the cyan box) is 400 X 5 nm with a pixel size of 1 nm®. (d, e) Example TERS spectra of a SWCNT for 785 and 638 nm illumination. (f) A zoomed
plot of the RBM peak at 285 cm™". (g) Example TERS cross sections plotted for the RBM, D-band, and G-band. These cross sections are used to

calculate the PSF, contrast, and spot diameter of the TERS probes.

diameter are calculated, allowing a comparison of the imaging
performance. This is repeated with 638 and 785 nm laser
excitation to quantify probe performance at these two
wavelengths, which are commonly used for TERS imaging of
different materials.

B METHOD

Sample Preparation. Polished silicon substrates were coated
with a 50 nm thick gold layer using thermal evaporation. (6,5)-
Chirality SWCNTSs were purchased (Signis SG65i) with a reported
average diameter of 0.78 nm as measured using near-infrared
fluorescence spectroscopy. The nanotubes were dispersed in N-
methyl-2-pyrrolidone with an initial mass loading of 1 mg/mL. The
mixture was bath sonicated for 15 min. The initial mass loading was
found to be too high as a sediment was formed. The mixture was
diluted 10-fold and bath sonicated for 15 min. The translucent
decantate of this mixture was further diluted 5-fold and sonicated for
1S min. The solution was drop cast onto the gold substrate, which was
held horizontal using reverse action forceps and was left to dry for
several days.

TERS. Figure 2a shows a schematic of the TERS microscope used
for this work. The Horiba XploRA Plus confocal Raman microscope
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provides the spectrometer and filters to process the Raman scattered
light collected from the sample. The XploRA unit also provided the
785 nm laser excitation. The system was modified to include a 638 nm
fiber coupled laser. The microscope operates with side illumination,
where the laser is focused onto the tip apex using a 100X, 0.7
numerical aperture side objective lens. A laser power of 0.7 mW
measured at the probe results in a power density of approximately 4.3
X 10° W/cm? for the 638 nm laser and 2.8 X 10° W/cm? for the 785
nm laser. Both laser sources were aligned with a vertical polarization.
The laser alignment procedure is detailed in Figure S1. A 600 g/mm
grating resulted in a spectral resolution of 3.1 cm™.

An AIST-NT AFM was used to control the tip scanning. The used
scanning protocol was a hybrid mode where the Raman signal is
collected in contact mode for the specified acquisition time. The
height map and movement between pixels are performed in tapping
mode. The Raman acquisition time was minimized while achieving an
acceptable Raman signal-to-noise and was generally 0.1-0.5 s. This
reduced the duration of mapping and avoided unnecessary optical
drift. An example G-band TERS map of a SWCNT is shown in Figure
2b.

AFM maps were acquired using tapping mode to minimize sample
and probe damage. These AFM maps are used to identify suitable
carbon nanotubes that appear as isolated tubes, free from any bundles,

https://doi.org/10.1021/acsanm.2c01274
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and are roughly aligned with the x-axis. An example of a suitable
SWCNT is shown in Figure 2c. Once a suitable SWCNT is found, the
tip is put into contact with the nanotube and the laser alignment is
adjusted to optimize the Raman signal. The Raman signal is checked
for the presence of a single radial breathing mode peak at
approximately 280 cm™". A narrow line width supports the conclusion
that this is an isolated SWCNT. If this peak is not present or appears
to be broadened or there are multiple peaks, then the CNT is deemed
unsuitable and another is found. If a Raman spectrum typical of a
SWCNT cannot be produced, the TERS probe is deemed to have
failed. Example SWCNT spectra for 638 and 785 nm excitation are
shown in Figure 2d,e where the RBM mode occurs at 288 cm™!, the
D-band occurs at 1289 cm™!, and the G-band occurs at 1587 and
1580 cm™ for 638 and 785 nm excitation, respectively. The RBM is
only excited with the 785 nm excitation. A zoomed plot of the RBM is
shown in Figure 2f.

For a suitable SWCNT, a TERS map is acquired with an area of 5
nm X 400 nm with the long axis aligned perpendicular to the SWCNT
and a pixel count of 5 X 400. The map contains S cross sections of the
SWCNT. Examples of RBM, D-band, and G-band TERS maps are
shown in Figure 2g with the SWCNT occurring at approximately y =
200.

For a given wavenumber @, let the Raman map be denoted as

my 1 ™My 400
M, =
Ms,1 Ms,400 (3)
where m,,; are the Raman counts at each pixel and each row has been

aligned so that the SWCNT is positioned approximately at index 200.
When one assumes the PSF is symmetric in the x-axis and y-axis

5
2i—1 M

max(E7 ) )

The far-field contribution is estimated by taking the mean of the PSF
with the near-field peak removed:
PSE

1 end
Z}:l PSEH,}' + Z}:r w,j
n (s)

where [ and r are the j indices at two full maximums to the left and
right of the PSF peak, respectively, and # is the number of elements in
the numerator.

The near-field PSF is then

PSE, . =

w,j —

PSF;

PSE, = PSF — DSF (6)

The contrast is calculated as

1 — PSEy
PSE; 7)
which quantifies the ratio of near-field to far-field contributions.
Hence, a high contrast will allow objects of interest to be
distinguished from the substrate. The starting wavenumbers were
285 cm™! for the RBM, 1292 cm™" for the D-band, and 1606 cm™ for
the G-band. The wavenumbers were adjusted to maximize the
contrast for each band. The mean contrast is calculated across the
spectral bands to reduce the effects of band ratio variation between
the nanotubes. For 638 nm excitation, the RBM is not included in the
calculation as it is not effectively excited at this wavelength. The mean
contrasts are

Cram + Cp + Cg

C =
785 3 (8)
and
C. = Cp + C¢
638 = > 9)
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From eq 6, the spot diameter d is the diameter where PSF ; falls to
1/é* of the maximum value. This procedure was repeated using 785
and 638 nm lasers. The data processing method is summarized in the
flowchart provided Figure S3. In this work, contrast and spot diameter
are the metrics that characterize the imaging the performance of a
TERS system.

TERS Probes. Three commercially available probes were selected
to demonstrate the method presented in this Article:

e A: silver and gold coated silicon
e B: gold coated silicon
e C: gold coated silicon

Silver tarnishes rapidly in ambient conditions, which results in a
redshift in plasmon energy and a decreased scattering cross
section.> > Hence, the silver probes were kept in the sealed
packages they were delivered in and were opened immediately before
use. This minimized the possibility of silver degradation. The Au
probes were stored in gel packs in ambient conditions.

SEM and EDX. A JEOL FE-SEM was used for SEM imaging and
EDX element analysis. EDX was performed where the probe was thick
enough to limit the effects associated with a finite electron penetration
depth and allow a comparison between the probes. The SEM and
EDX were performed immediately after opening the sealed packages.
These probes were not used for TERS, as enhancement was found to
degrade after SEM/EDX, likely due to carbon contamination. An
example SEM image is shown in Figure 3 with the EDX area
indicated.

EDX Area

Figure 3. SEM image of a probe showing the EDX area of analysis.

Simulations. Boundary element method simulations were
performed to investigate the role of random grain formation on the
PSE of TERS probes. These simulations were performed using the
MNPBEM MATLAB package.56 638 nm plane wave excitation was
incident on silver nanocones with an apex diameter of 40 nm. To
simulate different grain formations at the tip apex of TERS probes,
several configurations of silver nanospheres with 30 nm diameters
were embedded into the nanocones. Electric field maps were
calculated and analyzed.

B RESULTS

SEM Images and EDX Element Analysis. SEM images of
the tested TERS probes are shown in Figure 4. The apex radius
was estimated using the SEM images with the assumption that
the tip apex is a nanosphere. The element compositions of the
probes as measured using EDX are given in Table 1. Probe A
has the largest apex diameter at 430 nm. This corresponds to
the highest metal composition by percentage of mass at 90%,
consisting of 73% silver and 7% gold. Probes B and C both
have smaller apex diameters at 147 and 203 nm, respectively.
Probes A, B, and C have visible metal grain structures on their
surfaces and have metal contents exceeding 70%.

Imaging Performance. The wavenumbers that maximized
the contrast for each probe are given in Table 2. Using probe

https://doi.org/10.1021/acsanm.2c01274
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(b)

d =147 nm

= 100 nm

Figure 4. SEM images of the TERS probes reviewed in this paper: (a)
probe A, (b) probe B and (c) probe C. The approximate apex

diameters are displayed on each image.

Table 1. Mass Composition of TERS Probes Measured
Using EDX

probe silicon (mass %) silver (mass %) gold (mass %)
A 12 73 7
B 3 0 86
C 19 0 72

Table 2. Wavenumbers That Maximized the Contrast for
Each Spectral Band and Probe

probe wavelength (hm) RBM (cm™) D-band (em™) G-band (em™)

A 638 N/A 1325 1602

785 282 1302 1585
B-1 638 N/A 1289 1587
B-2 785 288 1289 1580
C-1 638 N/A 1313 1594
C-2 785 285 1284 1587

A, the data for 638 and 785 nm excitation was successfully
collected with a single probe. For probes B and C, two probes
each were required as probe degradation occurred while
searching for suitable SWCNTs after switching from 785 to
638 nm excitation.

Figure S shows the PSFs for the RBM, D-band, and G-band
for probes A, B, and C with 638 and 785 nm illumination. The
contrast for each band, the calculated spot diameters and the
apex diameter estimated from the SEM data are summarized in
Table 3. Of the probes tested, probe A provides the highest
contrast with 638 and 785 nm excitation, which require shorter
acquisition times than the other probes tested. However, the
spot diameter is also the largest at 57 and 52 nm for 638 and
785 nm excitation, respectively. This makes probe A suitable
for high-speed, lower resolution TERS imaging. However, the
PSFs reveal multiple hot spots, which introduce artifacts into
the TERS maps. This appears as a ghosting effect in the TERS
maps to the right of the SWCNT in Figure Sa—c and the left in
Figure Sm—o.

Probe B-1 provides poor contrast with 638 nm excitation.
Hence, long acquisition times are required for an acceptable
signal-to-noise ratio. Furthermore, the spot diameter of 45 nm
and multiple hot spots make the probe unsuitable for high-
resolution imaging. Conversely, probe B-2 provides adequate
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contrast at 785 nm excitation, the narrowest spot diameter at
16 nm, and a single hot spot, which make the probe suitable
for high-speed, high-resolution imaging.

Probe C-1 provides adequate contrast at 638 nm excitation
and a spot diameter of 28 nm, making it the most suitable for
high-speed, high-resolution imaging. However, the PSF of
probe C-1 shows multiple hot spots, which will result in
ghosting artifacts that are visible in the TERS maps shown in
Figure Sh,i. Probe C-2 provides a lower contrast at 785 nm
excitation compared to probe B-2 and, thus, is less suitable for
high-speed imaging. To compensate for the lower contrast,
longer acquisition times will be necessary. However, long
acquisition times introduce significant optical drift and expose
the probe to an extended period of illumination that may
degrade the metal layer. On the other hand, the spot diameter
is relatively small and the PSFs show one hotspot making
probe C-2 suitable for low-speed high-resolution imaging.

The measured spot diameters are significantly smaller than
the apex diameters. For example, probe A has a measured spot
diameter of 57 nm when excited with the 638 nm laser, while
the apex diameter is approximately 430 nm. Thus, for this
example, the spot diameter is only 13% of the apex diameter,
which is much smaller than previously reported.”” This shows
that approximating the tip apex as a sphere for a grainy probe is
inadequate for the estimation of the spatial resolution. The
complex geometry at the tip apex must be considered along
with tip—sample interactions that increase confinement.””””"
As an example, Figure 4c shows sharp features at the tip apex
that are smaller than the apex diameter if the tip is considered
as a sphere. It is possible that higher resolution SEM images
would reveal further features at the tip apex.

Random grain formation can partially explain the differences
in PSFs between probes B-1 and B-2, likewise between C-1 and
C-2. The grain formation at the tip apex will determine the
spot diameter, and this will vary from probe to probe.'®
However, probe A also displays different PSFs when
illuminated with 638 and 785 nm excitation despite being
the same probe. One explanation is that different plasmon
modes are being excited that have unique enhancement
distributions. This effect has been demonstrated on gold
nanoparticles in the literature.”®>” Another potential explan-
ation is that the tip morphology was altered due to excessive
heat generation, although anecdotally this is usually associated
with a significant decrease in enhancement and therefore
unlikely.

There are notable differences between the PSFs of the
spectral bands for probe C when illuminated with the 638 nm
laser. The D-band PSF displays two distinct peaks while the G-
band PSF displays a less pronounced second peak as shown in
Figure Shji, respectively. This is undesirable as it indicates that
the choice of spectral band effects the measured PSF. This
effect is not present for the other measurements presented. It is
possible that a bundle of nanotubes were imaged with
individual nanotubes of varying D-band and G-band scattering
cross sections.

The presented method allows the PSF to be measured when
dswent <K dgpop Where dgyenr is the SWCNT diameter and
dqpoc is the PSF spot diameter."” This inequality is true for the
conditions described in this Article. However, the method is
likely to be unsuitable for the measurement of the PSF of
TERS systems that exhibit subnanometer resolution where
dswent ¥ dgpoy Such as those under vacuum.””*® Furthermore,
as SWCNTSs are only excited by in-plane polarizations, the
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Figure S. Data acquired from high-resolution cross section TERS maps of SWCNTs. PSFs with the corresponding normalized TERS map shown
below for (a—i) 638 nm and (m—u) 785 nm illumination. Results are included for three TERS probes at the RBM, D-band, and G-band. SWCNT
cross sections with TERS counts per mW of laser power per second of pixel acquisition time for (j—1) 638 nm and (v—x) 785 nm illumination. The
PSFs are used to calculate the contrast and spot diameter of each TERS probe, which are summarized in Table 3.

measured contrast will depend on the tip—sample geometry.”®
Thus, the method presented here is suitable for the
comparison of the performance of TERS probes in a specific
microscope but likely not between different microscopes.

The plasmon response of grainy metal probes is highly
dependent on random grain formation at the tip apex.'®'*!
Hence, a statistical analysis of several probes is required for a
comprehensive analysis of design parameters.

9029

The relative intensities of the D-band and G-band have been
shown to vary along the length of a SWCNT.** The method
presented in this Article accounts for this by averaging five
cross sections over a length of 5 nm. The method could be
improved by averaging over more lines and a larger length.
Furthermore, the method presented assumes a PSF that is

symmetrical in the x—y planes. The 2D PSF could be
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Table 3. Performance Characteristics of TERS Probes for Imaging SWCNTs at 638 and 785 nm Laser Excitations”

probe wavelength (nm) contrast RBM contrast D contrast G contrast mean spot diameter (nm) apex diameter (nm)
A 638 N/A 13.59 9.82 11.21 57 430
785 24.61 44.11 21.13 30.62 52
B-1 638 N/A 1.13 1.39 1.26 45 147
B-2 78S 13.73 3.62 7.23 8.19 16
C-1 638 1.14 9.48 7.68 8.58 28 203
C-2 78S 2.04 3.80 3.65 3.17 20

“The apex diameter was estimated using the SEM data with separate probes.
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Figure 6. (a-d) Normalized enhancement maps of grainy silver probes acquired using boundary element method simulations. These geometries are
used to investigate the effects of random grain formation on the spot diameter and introduction of multiple peaks in the PSF. (e) Normalized
enhancement cross sections below the grainy silvers TERS probes shown in (a-d). Probes with multiple grains offset from the tip apex result in an
increased spot diameter and multiple enhancement peaks that introduce artifacts into TERS maps.

calculated by devolving the PSF acquired with SWCNTS Figure 6a—d shows the normalized electric field enhance-
aligned with the x-axis and y-axis. ment at the apex of simulated TERS probes with a 40 nm
The proposed method of comparing probe imaging diameter tip apex and random grain formation. The probes are
performance has been demonstrated on probes A, B, and C, illuminated with a 638 nm planewave polarized in the y-axis.
which reveals the PSF, contrast, and spot diameter. The PSFs Figure 6e shows the normalized electric field cross section
provide information about potential imaging artifacts due to perpendicular to the apex corresponding to the geometries (in
multiple hot spots. The TERS imaging performance is panels a—d).
characterized by acquiring a single TERS map, which does Figure 6a shows a probe where no random grains have

formed in the local vicinity of the tip apex. The corresponding
cross section reveals that this configuration results in a wide
spot diameter, which would lead to poor spatial resolution
when used for TERS imaging.

Figure 6b shows a probe where a single grain has formed at
the tip apex, acting as a new geometric apex. The
corresponding cross section shows that this configuration
results in the narrowest spot diameter and would be suitable
for high-resolution TERS imaging.

Figure 6¢ shows a probe where a single grain has formed but
is offset from the apex. The corresponding cross section reveals
that this configuration results in an increased spot diameter. In
addition, multiple enhancement peaks would introduce
artifacts into TERS maps. These effects are amplified when
multiple grains are offset from the apex as shown in Figure 6d
and the corresponding cross section.

not require assumptions about particle density, apex diameter,
or spot diameter. Therefore, this Article describes an improved
method for the characterization of the imaging performance of
a TERS probe compared to other methods in the literature
that estimate the far-field**™** or near-field*>*” spot sizes and
calculate the enhancement using tip-in-contact and tip-
retracted spectra or require the number of molecules in the
scattering volume to be estimated.”® The disadvantages of the
method presented are that the measured contrast may be
polarization dependent and that the spot diameter should be
larger than the nanotube diameter.

A potential alternative method has been presented
theoretically in the literature that uses the TERS approach
curve on an ideal two-dimensional scattering surface. The tip
radius is also measured using a topographic alignment grid.*”

This approach may provide characterization of TERS systems These results indicate that random grain formation has a
with reduced sample dependence but has not been confirmed profound effect on the performance of the TERS probes in
experimentally. terms of spot diameter and the introduction of artifacts in
Effects of Random Grain Formation. This section TERS maps due to multiple enhancement sites. Random grain
describes the effects of random grain formation on the electric formation provides an explanation for the different PSFs and
field distribution at the tip apex. The simulated geometries do spot diameters measured for probes B-1 and B-2 (see Table 3).
not approximate the probes shown in Figure 4 and are instead The probe used with 638 nm illumination likely had multiple
exaggerated examples that explain the formation of multiple grains in proximity to the apex, resulting in a spot diameter of
peaks or broadening of a PSF. 4S nm and multiple PSF peaks. Meanwhile, the probe used
9030 https://doi.org/10.1021/acsanm.2c01274
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with 785 nm illumination likely had fewer or even a single
grain at the apex resulting in a spot diameter of 16 nm and a
single PSF peak.

One method of overcoming the random grain formation at
the apex of TERS probes involves using a single nanoparticle as
the plasmonic nanoantenna. Such probes can have a
nanoparticle with dimensions optimized using optical simu-
lations."® Using focused ion beam milling or deposition allows
these nanoparticles to be created on AFM cantilevers for TERS
imaging.'®"” The methods of measuring probe performance
outlined in this work will allow one to make a comparison
between single nanoparticle TERS probes and the existing
grainy metal layer TERS probes investigated here.

B CONCLUSION

This Article describes a method for the measurement of the
PSF, contrast, and spot diameter of TERS probes in the side-
illumination configuration. Knowledge of the contrast and spot
diameter allow probe characteristics to be matched to a given
imaging application. For example, probes that provide low
contrast and a small spot diameter are suitable for high-
resolution imaging of small structures where the acquisition
time can be increased without introducing significant optical
drift. On the other hand, a probe that provides high contrast is
suitable for large TERS maps where the acquisition time must
be kept low to reduce optical drift. The method presented is
unique, as using 785 nm excitation of the RBM allows for the
selection of isolated SWCNTs that act as one-dimensional
Raman scattering probes. This ensures accurate measurements
of the near-field spot diameter for TERS probes. Different
lasers can then be used to determine performance over a range
of illumination wavelengths.
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