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Silver nanowires for highly reproducible cantilever
based AFM-TERS microscopy: towards a universal
TERS probet
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Tip-enhanced Raman scattering (TERS) microscopy is a unique analytical tool to provide complementary
chemical and topographic information of surfaces with nanometric resolution. However, difficulties in
reliably producing the necessary metallized scanning probe tips has limited its widespread utilisation, par-
ticularly in the case of cantilever-based atomic force microscopy. Attempts to alleviate tip related issues
using colloidal or bottom-up engineered tips have so far not reported consistent probes for both Raman
and topographic imaging. Here we demonstrate the reproducible fabrication of cantilever-based high-
performance TERS probes for both topographic and Raman measurements, based on an approach that
utilises noble metal nanowires as the active TERS probe. The tips show 10 times higher TERS contrasts
than the most typically used electrochemically-etched tips, and show a reproducibility for TERS greater
than 90%, far greater than found with standard methods. We show that TERS can be performed in tapping
as well as contact AFM mode, with optical resolutions around or below 15 nm, and with a maximum
resolution achieved in tapping-mode of 6 nm. Our work illustrates that superior TERS probes can be pro-
duced in a fast and cost-effective manner using simple wet-chemistry methods, leading to reliable and
reproducible high-resolution and high-sensitivity TERS, and thus renders the technique applicable for a

rsc.li/nanoscale broad community.

Introduction

Modern analytical tools such as Tip-enhanced Raman
Scattering' (TERS) or Tip-enhanced Fluorescence® (TEF), are
becoming increasingly invaluable to elucidate properties of
arbitrary surface analytes with nanoscale precision. By coup-
ling the family of scanning probe microscopies (SPM) with
laser spectroscopy, via the introduction of a nanostructured
metallic tip, detailed chemical maps can be formed at resol-
utions far beyond the diffraction limit of light. The tip acts in
effect as an optical antenna;® upon irradiation with incident
light, surface plasmons excited close to the apex serve to gene-
rate a near-field that greatly enhances signals generated from
the vicinity of the antenna apex. The tip or sample can then be
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raster-scanned to produce complementary nanoscale optical
and topographic images. Correlation of these images allows
for unique insight into nanoscale structure-property relation-
ships. The optical resolution ranges from sub-nanometer to
several tens of nanometers, dependent on the sample, scan-
ning conditions, SPM architecture and the particular pro-
perties of the tip. Besides its superior resolution, TERS is a
highly sensitive, non-invasive and label-free technique, with
potential applications across a range of fields in the biologi-
cal*” and physical sciences.®®

Following the development of scanning tunnelling
microscopy (STM) by Binnig and Rohrer in 1982, several types
of SPM design have been employed for surface analysis.
Amongst these, cantilever-based atomic force microscopy
(AFM) has several advantages. Cantilever-based AFM has,
unlike STM, no intrinsic substrate limitations. It is also the
most stable and fastest of all SPM imaging modes. During
measurements the tip is usually either in hard-contact or oscil-
lating dynamically close to the surface. When a dynamic-mode
feedback mechanism (or ‘tapping-mode’) is employed, surface
imaging and force analysis on soft materials such as polymers
or bio-specimens becomes routine. Here, the cantilever is
driven close to resonance and the tip-sample separation is
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modulated to maintain a specific oscillation amplitude or fre-
quency. Indeed, using dynamic feedback modes has allowed
for topographic imaging,'® manipulation'' and identifi-
cation'? with atomic resolution. The performance and versati-
lity of cantilever-based AFM in tapping-mode makes it by far
the most commonly implemented SPM mode in modern
research. But in the field of TERS, efficient production of the
tips required for cantilever-based AFM-TERS microscopy
remains under-developed: resolution and performance lag
behind STM-TERS microscopy,'® where the most notable TERS
results have so far been reported."*™"”

In general, tips for cantilever-based AFM-TERS are prepared
via vacuum deposition of a thin layer of gold or silver onto a
standard silicon-based AFM cantilever.'®'® But such tips com-
monly suffer from a combination of both low-reproducibility*’
and short-lifetime,*" allied to the requirement for technical
and specialised fabrication protocols and an associated prohi-
bitively high cost. The Raman enhancement and plasmon
dipole orientation are not consistent even within the same
batch of tips, vastly complicating the acquisition of results and
their subsequent analysis.>* It is also usual for the probes to
provide a lesser Raman enhancement than the electrochemi-
cally etched gold/silver tips used for STM-TERS microscopy."?
This is especially the case when operating AFM in tapping-
mode due to the comparatively larger average tip-sample dis-
tance. The relative lack of enhancement is compensated for by
operating the AFM in contact-mode, which is now used as
standard, but this tends to limit probe lifetime due to the
weakness of the metallic adlayer,”" in addition to being sub-
optimal for certain samples. When tapping-mode has been
used it has typically produced only very weak signals, meaning
that very few tapping-mode AFM-TERS studies have been
reported. This is especially true when applied to high resolu-
tion mapping,*® with lock-in detection®* typically required to
obtain results.

In this context, novel methods for the reliable fabrication of
TERS probes are actively being pursued.>® This includes the
proof of concept attachment of polycrystalline silver nanowires
to AFM cantilevers for TERS by Brodard et al.*® using electron
microscopy and a micromanipulator. Though some progress
has been made through so called ‘top-down’ approaches,””
precise control of metal nanostructure composition is still
difficult and improvements to tip lifetime are not expected.
These also still require highly expensive and specialised equip-
ment out of reach to most researchers, including the stated
use of electron microscopy that is liable to induce amorphous
carbon contamination. This is something that has been a
typical issue for TERS.*®*° Attention has as a result shifted
towards tips based around colloidal noble metal
nanoparticles,>* > the synthesis of which falls within the
domain of ‘bottom-up’ nano-engineering. The shape, size and
composition of such particles can be readily controlled with
high homogeneity and on a large scale, making them ideal for
plasmonic applications.?® Additionally, they help to limit tip-
degradation®*?” as they exhibit superior mechanical properties
compared to the corresponding bulk material. For example,
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the Young’s modulus of silver nanowires can reach up to 160
GPa,*® around 3 times greater than found in bulk.

However, no fast and scalable fabrication method for col-
loidal based TERS probes has demonstrated sufficiently high
performance in terms of both topographic and Raman
imaging. Resolution and reproducibility are still lacking, and
application to tapping-mode TERS has yet to be realised. This
makes the development of a high-performance and cost-
effective probe still the critical issue in TERS.

Here we propose a new AFM-TERS tip based on the functio-
nalisation of standard AFM cantilevers with chemically-syn-
thesised silver nanowire (AgNW) assemblies. We demonstrate
TERS imaging far below the diffraction limit in both tapping
and contact feedback modes. The tips are also shown to
provide excellent topographic scanning on a variety of nano-
structured samples. Owing to the well-controlled apex struc-
ture and excellent optical coupling afforded by the synthesis,
the fabricated tips show a TERS reproducibility greater than
90%, when tested in contact-mode, as well as Raman signals
enhanced by a factor of 10 over the gold tips most commonly
used for  STM-/shear-force =~ AFM-TERS  microscopy.
Representative enhancement factors are estimated as about
10°. The tips typically achieved a resolution of around 15 nm
when used to image single-walled carbon nanotubes (CNTs)
on a gold substrate under contact mode. Moreover, thanks to
the high enhancement achieved, Raman signals can still be
obtained in tapping-mode without lock-in detection, for which
the highest obtained resolution was below 6 nm. The results
described herein show that high performance AFM-TERS tips
can be generated practically and at low-cost using simple wet-
chemical methods, and will serve to greatly accelerate the pro-
liferation of TERS as a unique tool for nanoscale analysis.

Experimental
Materials

Isopropanol (IPA), polyvinylpyrrolidone (PVP), ethylene glycol
(EG), silver nitrade (AgNO;), copper chloride (CuCl,), cystea-
mine, hydrochloric acid (HCl), poly-i-lysine (PLL) were
obtained from Sigma Aldrich. H;,SCsO-azobenzene was
obtained from Prochimia. All chemicals were used without
further purification.

Silver nanowire synthesis

The nanowires were fabricated using the polyol method, as
described elsewhere.?” Briefly, after heating up 5 mL of 0.15 M
PVP solution in EG at 150 °C for 15 min, 40 pL of CuCl, (4 x
10~ M) solution in EG was injected, followed by adding
2.5 mL of AgNO;, while the EG solution was added in a drop-
wise manner under magnetic stirring (600 rpm). Then the
solution was kept at 150 °C for another 1.5 h, obtaining high-
yield silver nanowires. These nanowires were then washed
three times with ethanol. Thereafter, the PVP surfactant was
replaced by stirring 0.1 mL of the as synthesised nanowire
solution into 0.9 mL of a 0.5 mM solution of cysteamine in
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iso-propanol (IPA) for 24 h (stirring rate 600 rpm). Finally, the
nanowires were washed 3 times in IPA. Average diameter and
length of the silver nanowires were 120 nm and 10 pm,
respectively.

Fabrication of silver nanowire functionalised AFM tip

Tip-view type AFM cantilevers (ACCESS-NC-A, AppNano) were
dipped into a silver nanowire solution deposited on a cleaned
ITO or FTO substrate with which the solution was supported
by an elastomer (polydimethylsiloxane, PDMS) containing a
central hole. The solution typically contains approximately
10-20 pL of 10-40 times diluted silver nanowire solution with
a few drops (~50 pL) of Milli-Q water. The cantilever was sub-
merged into the solution whilst being monitored by a charge-
coupled device (CCD) camera. Then a square voltage of 2-12
Vp-p (duty 50%, 1-2 MHz) provided by a function generator
(4052, BK Precision) was applied for usually 1-10 s between
the cantilever and the conductive plate to achieve the nanowire
attachment. Finally, the length/angle of the nanowires
attached to the cantilever apex was checked in situ or with high
magnification optical microscope.

Fabrication of etched Au tips

The gold tips were fabricated by electrochemical etching of a
gold wire using a concentrated HCI solution.*® The gold wire
(MaTecK, ¢ 0.25 mm) was partially dipped in a 1:1 mixture of
IPA and fuming HCI and a DC 2.4 V was applied between the
gold wire and a counter electrode (ring-shaped gold wire,
@ 0.5 mm). Finally, the tips were washed in IPA/H,O several
times.

Preparation of monolayer azobenzene-thiol on Au(111)

Au(111) substrates purchased from Arrandee were first flame
annealed with an O, burner for around 60 s and then cooled
with N, atmosphere for 5 min to remove contamination. The
substrates were then deposited in a ~2 mM solution of
HS-C¢Hy,-O-azobenzene (Prochimia) in Isopropanol for
approximately 12 h. Note that the solution was de-gassed with
Argon prior to use. Finally, the substrates were removed from
the solution and were washed with IPA several times to com-
pletely remove unbound thiol molecules.

Preparation of DNA on mica

Prior to DNA deposition, mica was functionalised with poly-1-
lysine (PLL) by incubating 20 ul of a 0.01% w/v PLL (MW
500-2000, Sigma Aldrich) solution for 30 seconds on freshly
cleaved mica. The sample was then gently rinsed with 50 mL
Milli-Q water and dried with a gentle flow of Argon gas. DNA
molecules of approximately 500 bp were diluted to a final con-
centration of ~0.5 ng pL ™" in a buffer containing 200 mM Na-
acetate and 10 mM Tris-HCI (pH = 7.6). A 10 pL-solution was
deposited onto the poly-i-lysine-coated mica for 30 seconds
before the sample was again gently rinsed with 20 mL Milli-Q
water and finally dried using a gentle flow of Argon gas.
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AFM/TERS measurements

AFM/TERS performed on an
Omegascope™ (AIST-NT) with a home-made optical platform.
Laser light from a He-Ne laser (632.8 nm) was reflected by a
dichroic mirror (Chroma, Z633RDC) and then focussed onto
the sample/tip by an objective (MITUTOYO, BD plan Apo 100x,
N.A. 0.7). Raman scattering was collected using the same
objective and directed to a CCD camera (Andor, Newton 920)
equipped on a Raman spectrograph (Horiba JY, iHR-320)
through the dichroic mirror, a pinhole and a long pass filter
(Chroma, HQ645LP). Polarization of incident light was set to
maximise the TERS contrast/resolution (often parallel to the
nanowire long axis). A stage was designed in house to hold
the SPM unit at an angle of 60° (side-illumination) or 0° (top-
illumination) to the optical axis. Laser alignment to the tip
apex was done by recording Rayleigh scattering mapping as
the objective was scanned in the XY/XZ plane under fixed
tip position. Measurements were carried out under
ambient conditions and at room temperature. All AFM/Raman
measurements processed using Gwyddion/IGOR

measurements were

were
Pro software.

Enhancement factor calculations

The median far-field signal was used in all cases to account for
sample variations, with only positions where a clear peak
could be seen taken into account. In many cases there was no
far-field signal and hence the value stated for the contrast can
be seen as a lower bound for both the etched gold and AgNW
tips.

Results and discussion
Tip fabrication & characterization

The tips were fabricated using the alternating-current dielec-
trophoresis (AC-DEP) method. This method allows nano-
particles in a medium to be manipulated by a non-uniform
electric field. The strength of the applied force is proportional
to the gradient of the magnitude of the applied electric field.*®
The procedure is similar to methods previously described for
STM-TERS microscopy®® and live-cell endoscopy,"’ but was
modified based on the low intrinsic conductivity of the cantile-
vers and the desire to limit the length of the assemblies. The
choice of nanowires was made due to their quasi-1D dimen-
sions and micrometre length, and the fact that the size and
composition of the nanowires can be readily adapted depen-
dent on sample and system requirements.’*** Fig. 1a shows a
schematic of the system used for attachment. A solution con-
taining chemically-synthesised silver nanowires (diameter
~120 nm (ref. 37)) was deposited onto a conductive substrate
(Tin-doped Indium Oxide, ITO, or fluorine-doped tin oxide,
FTO), with the apex of a commercial AFM cantilever then
dipped into this solution. Both the cantilever and substrate
were electrically contacted to a pulsed voltage supply. The
AgNW concentration was usually kept at or below 10° AgNW
per L. Thereafter, a pulsed voltage between 2 and 12 V was

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Schematic of tip attachment procedure. (b) Typical SEM
image of an AFM tip after silver nanowire functionalisation (4 V, 3 s). (c—
e) Optical transmission images during silver nanowire attachment to an
AFM cantilever: before (c), during (d) and after (e) submersion into the
silver nanowire solution.

applied for several seconds, before the cantilever was vertically
retracted from the solution. The alignment of the AFM tip
cone perpendicular to the solution surface means that the
nanowires are preferentially attached in the direction of the
tip. Fig. 1c—e show optical images taken before (c), during (d)
and after (e) nanowire attachment to the AFM cantilever.

The functionalised probes were evaluated by either check-
ing the optical image directly or by looking at the meniscus
formed when the newly formed assembly is dipped slowly
back into the solution. The length of the assembled AgNWs
can then be estimated by the distance between the cantilever
and the meniscus. This is especially convenient when looking
at thin nanowires beneath the diffraction limit. In addition,
the AgNWs can be detached in situ by simple submersion of
the cantilever deep into the solution without applying any
voltage, something that allows long or otherwise unsuitable
assemblies to be removed and cantilevers reused. Indeed, too
long nanowires were found to be unstable for AFM feedback
(ESI, Fig. S1t), and so the attachment process was repeated
until a desired length (<10 pm) was achieved. A scanning elec-
tron microscope (SEM) image of a typical AgNW tip fabricated
with 4 V for 3 s is given in Fig. 1b. Though it is not necessary
for single nanowires to be attached, often only single or few
nanowires were assembled on the tip using these parameters,
typically ranging in length from a few to 10 pm. The method
as described here was found to be general, and nanowires of
varying dimensions and composition could be assembled in a
facile manner.

High-resolution topographic mapping in tapping-mode

As a first step following fabrication, topographic imaging was
demonstrated with the AgNW tips using tapping-mode AFM.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

Fig. 2a and b show AFM images of a Silicon trench structure
(TGZ3, NT-MDT) generated with an AgNW and an unfunctio-
nalised conical-shaped tip, respectively. The height and period
of the trench were given as 520 nm and 3 pm. Comparing the
cross-sectional plots, steeper edge structures were found with
the AgNW tip compared to the normal (unfunctionalised) tip.
This more accurate tracing of the structure is a direct result of
the quasi-1D shape of the AgNWs themselves, and has simi-
larly been found with other high-aspect ratio tips, such as
those modified with carbon nanotubes.*® Furthermore, the
AgNW probes could also be used to image graphite step-edges
or single linear DNA molecules (Fig. 2c and d), illustrating
sub-nanometre sensitivity in the Z-direction.

Information regarding the lateral resolution was also
extracted from the results on DNA (Fig. S2c and df).
Measurements of the separation between 2 approximately par-
allel DNA molecules indicate that the true lateral resolution in
tapping-mode was at least 25 nm with the nanowire tips,
which compares well to the value of 21 nm similarly extracted
using an unfunctionalised probe. The full-width at half
maximum (FWHM) of a single DNA molecule also increased
from around 12 nm using an unfunctionalised probe, to a
value of 15 nm with an AgNW tip (Fig. S2e and f¥).

These changes are likely a result of the expected increase in
tip curvature for the nanowire probe. Nevertheless, the results
validate that tip sensitivity in both the Z-direction and X,
Y-plane is sufficient for AFM imaging, and indicates the appli-
cability of the developed probes over a wide range of nanoscale
systems.

Strength and reproducibility of the near-field Raman
scattering

The primary use of the nanowire tips is as effective probes for
TERS measurements and related techniques in near-field spec-
troscopic imaging. The strength and reproducibility of the
TERS signal using the AgNW tips was therefore assessed
against the electrochemically etched gold probes that are
employed as standard in STM-/shear-force AFM-TERS
microscopy.®® The reference tips were approached onto the
surface using an STM feedback mechanism.

The choice of 633 nm as the excitation source was made
based on dark-field spectroscopy’® measurements of the tip
Plasmon resonance for both the AgNW and etched Au tips.
These spectra typically showed peaks at around 600 nm, as
shown in Fig. S5.1 Indeed, TERS measurements performed
using AgNW tips on the same azo-benzene thiol substrate with
two wavelengths (633 nm and 532 nm) indicated that the
signal to noise ratio of the TERS signal was approximately 26x
higher with 633 nm excitation than with 532 nm (Fig. S57).

A sample of azobenzene-thiol chemisorbed on an Au(111)
substrate was used for the measurements. Azobenzene thiols
on gold are a commonly used system to evaluate aspects of
TERS,*® due to the large Raman cross-section of the azo-
benzene moiety and the detailed spectra that can be obtained.
The gold substrate allowed a highly-confined hybridized plas-
monic mode (gap-mode) to be supported.’”*® Fig. 3a shows

Nanoscale, 2018, 10, 75567565 | 7559
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(a, b) AFM images and line profiles of a calibration grating using a silver nanowire (a) and an un-functionalised (b) tip. (c, d) AFM height

images observed using a nanowire tip of freshly-cleaved graphite (c) and DNA on Mica (d), along with associated line profiles. All AFM images were
obtained under tapping-mode AFM feedback with isolation of acoustic and vibrational noises.
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(a) Typical spectra of azobenzene-thiol on an Au(111) surface, recorded with the tip approached (red) and retracted (blue) from the surface,

respectively. The spectra were recorded under contact-mode AFM feedback and with side-illumination configuration, with the light polarized
approximately parallel to the tip long axis. (b, c) Histograms of the logarithmic TERS contrast for the silver nanowire (b) and etched Au (c) tips, along

with fitted Gaussian profiles in each case. An STM feedback mechanism was used for the reference Au tips. The power was kept below 19 kW cm

typical spectra recorded with the AgNW tip both approached
in contact-mode and in a retracted position from the surface.
For the far-field measurement, when the tip was withdrawn
from the surface, only the strongest band at approximately
1140 cm™ " can be discriminated above the noise level.
Conversely, with the tip-engaged the characteristic bands of
the azo-benzene moiety can be unambiguously identified, and

7560 | Nanoscale, 2018, 10, 7556-7565
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clearly illustrates that the fabricated tips work as effective plas-
monic antennas for near-field spectroscopic measurements.
Next, the tip-to-tip reproducibility was assessed. In total, it
was found that over 90% of all nanowire tips that could be
approached onto the surface could be used for TERS measure-
ments (28 of 30 tested). A more quantitative basis for the per-
formance of a respective probe can be made using the TERS

This journal is © The Royal Society of Chemistry 2018
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contrast, Ctgrs, and/or enhancement factor, EF, given by the
following two equations:

Itgrs — Irar-Field
CTERS - (1)
Trar-Field
AFar—Field
EF = Crgps X ——m— (2)
ANear-Field

where Itgrs and Iparrielq are the Raman signal intensities with
and without the tip, respectively, and with Argrs and Agar-rield
being the areas from which each of these signals were
obtained. Crggs is often more practically relevant for measure-
ments as it is simple to calculate and is a measure of the pure
Raman enhancement caused by the proximity of the tip. On
the other hand, calculation of EF is complicated by difficulties
in accurately determining the area ratio. For a monolayer
sample in the far-field, this is simply approximated as the
diffraction limited focal spot, but for the near-field the situ-
ation is more complex.*>*® Though this should most appropri-
ately be taken from the experimentally determined near-field
resolution, it is not practical to assess for the number of
probes required for statistical analysis. Therefore, numerical
simulations are often used to give an ‘enhancing area’ but this
requires a number of assumptions that limit validity. Slight
variations in the defined ‘near-field’ area can greatly affect the
final enhancement factor value. It was hence deemed more
appropriate to assess the tips using Crgrs With the TERS
resolution(s), shown below, used to calculate the near-field
area and thereafter represent the enhancement factor.

Fig. 3b and c provide histograms of the contrast for the
AgNW and electrochemically-etched gold tips, respectively. As
stated, in the far-field only the peak at 1140 cm™*, assigned to
the stretching of the two CN moieties,>" ever gave a sufficient
signal to be analysed, and so only the contrast of this particu-
lar mode was considered. To exclude any surface effects, a
TERS contrast greater than 10 was set as judgement criterion.
This was passed for all 21 of the silver nanowire tips used to
test the TERS contrast, with 90% giving a value better than 80.
Conversely, of the 9 measured Au tips, only 6 were found to
yield a contrast greater than 10, and only a single tip gave a
TERS contrast more than 100. From the fits the mean values of
the logarithmic TERS contrast for the two tip types were corre-
spondingly 2.7 + 0.5 for the AgNW tip and 1.7 + 0.5 for the
etched gold, meaning that the AgNW tips thus gave a signal on
average 1 order of magnitude greater than the etched gold tips
used as reference. By then taking into account the resolution
of the AgNW tips, which, as detailed below was on the order of
15 nm, EF could then be approximated. In doing so, a repre-
sentative figure for the enhancement factor in contact-mode
and under the outlined conditions was about 10°. The fact
that the tips yield such high signals and reproducibility for the
comparatively low power used probably results from the strong
optical coupling at the apex. This is important as the play-off
between laser power, acquisition time and TERS contrast is
crucial for collecting spectra whilst minimising damage to the
tip and/or sample.
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Benchmarking TERS resolution on carbon nanotubes in
contact-mode

The AgNW probes were further used to demonstrate Raman
mapping of carbon nanotubes (CNTs) dispersed on Au(111).
Spectra were recorded in a side-illumination configuration and
with contact-mode. Fig. 4a shows an AFM topographic image
of a single walled CNT{ taken with an AgNW probe, along with
a zoomed image. Fig. 4b in turn displays several point spectra
recorded at the positions indicated in Fig. 4a. Although each
point is only separated by about 100 nm, heterogeneity on the
CNT could be clearly discriminated. There was also no Raman
signal observed on the bare gold substrate, despite this being
only 50 nm from the CNT (point D), unambiguously illustrat-
ing that the resolution of the measurements is far beyond the
diffraction limit.

An image was thereafter recorded by raster scanning the
sample beneath the tip and recording a full spectrum at each
position (hyperspectral imaging). Fig. 4c shows the resultant
image of the most prominent Raman feature, the G band,
located for this CNT at around 1584 cm™". Fig. 4c also shows a
line profile across the nanotube, from which the resolution
was estimated (Fig. S4bf) from the extracted FWHM of a
Gaussian fitting. In the case shown it was found to be 18 nm
which corresponds to an improvement by a factor of around 30
over that expected from far-field measurements. Note that as
the CNT has finite width (and may additionally be bundled)
this can be seen as an upper bound on the resolution. The
topographic resolution similarly derived from the line profile
in Fig. 4a gave a slightly greater value of ~23 nm (Fig. S4at),
and further validates the concomitant nature of the optical
and topographic resolutions.

Exceptional TERS resolution on carbon nanotubes in tapping-
mode

Interestingly, it was found that TERS images could also be
recorded in tapping-mode when high contrast tips were used. For
these measurements the cantilever free oscillation amplitude was
set to 20 nm. For mapping, a top-illumination configuration was
chosen instead of side-illumination (Fig. S3t), to further increase
the TERS sensitivity by suppressing the broad background arising
from the far-field contribution.”® Fig. 5a-c displays the intensity
maps of the 3 most prominent Raman bands of CNTs;§ the
defect induced D-band at ~1300 cm™', the G-band at
~1590 ecm ™, and the 2D band at around 2600 cm ™.

Fig. 5d presents the merged image of the 3 bands shown
individually in the Fig. 5a-c. The positions and intensity ratios
of the D-, G- and 2D-bands are intimately related to the physi-
cal nature of the CNTs, and to the characterisation of carbon
materials more generally. For example, regions of the image
exhibiting high D-band intensity allow for the localisation of

iMetal carbon nanotubes with 1.4 nm average diameter (IsoNanotubes-M,
Nanolntegris) were spin-casted on Au(111).

§CNTs of 0.7 nm average diameter purchased from Sigma Aldrich were spin-
casted on Au(111).
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Fig. 4 (a) Contact-mode AFM image of a CNT dispersed on Au(111) obtained with a silver nanowire-tip along with a zoomed image. (b) TERS spectra
recorded at the positions indicated in (a). (c) Contact-mode TERS image displaying the G-band intensity of the same nanotube as found in (a). The pixel
size was set to 8.3 nm. The spectrum at each pixel point was collected under irradiation of 632.8 nm laser light with approximately 28.0 kW cm™2 with
an acquisition time of 0.3 s, and then the image was reconstructed by extracting G-band peak height after background subtraction.

(a) D-band (b) G-band

(c) 2D-band

Fig. 5 (a—c) TERS maps of D- (a), G- (b), and 2D-bands (c) of CNTs dispersed on Au(111) surface. The size of the maps was set to 2x2 pm with
150 pixel resolution (1 pixel = 13.3 nm). Spectrum at each pixel point was collected under irradiation of 632.8 nm laser light with approximately
43.0 kW cm~2 with an acquisition time of 0.3 s. Peak height after background subtraction was used for the map reconstruction. (d) Combined map
of the D-, G- and 2D-bands. The red, blue, and green colours respectively correspond to D-, G-, and 2D-bands intensity.
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(a) TERS map of the G-band of CNT on Au(111) surface (acquisition time = 0.15 s). Pixel resolution was set to 2 nm. The same excitation con-

ditions and analysis procedures as Fig. 5 were used. (b, c) Line profiles as designated in (a) along with fitted Gaussian profiles.

defective regions on the CNTs. Broad D and G peaks at an
intensity ratio close to unity, along with a greatly suppressed
2D band, are representative of graphene oxide or similar amor-
phous or graphitised carbon. Hence, this combined image
vividly discriminates the heterogeneity of the sample to an
extent not possible with traditional SPM, and indicates that
defect sites or the degree of charge-carrier doping can be
assessed at the single nanotube level.

Measurements of the resolution could also be carried out
in tapping-mode using a higher resolution image, as shown in
Fig. 6a. The same experimental conditions as Fig. 5 were
employed for this image. Here, again, the G-band of the CNT
was used, with Gaussian fittings of the extracted line profiles
to determine the TERS resolution. Fig. 6b and c illustrate that
the obtainable resolution was below 10 nm, and from one of
the profiles even approached 6 nm - a value superior to that
previously demonstrated for contact-mode. The interpretation
of the two profiles is subtly different as Fig. 6c¢ is representative
of the ability to discriminate two closely spaced objects, and is
therefore analogous to the Rayleigh criterion in normal optical
microscopy. Resolutions were estimated for several tips and
were found to be consistently at or below 15 nm.

It is typical for most modern AFM systems to utilise
tapping-mode as default, as this is thought to provide more
stable scanning at a higher resolution/speed than contact-
mode, and it is possible that the results here could be reflec-
tive of this. The resolutions detailed are exceptionally high for
an AFM based TERS system, particularly one which does not
benefit from lock-in detection or any further processes to
boost the signal sensitivity,”>>* and to the best of our knowl-
edge we know of no cases of tapping-mode AFM-TERS
measurements that have demonstrated the resolution and sen-
sitivity detailed here.

Importantly, when measuring in tapping-mode the average
force experienced by the tip is much weaker than found in
contact-mode. Hard contact with the surface can induce mor-
phological change in the tip apex and lead to a degradation in
performance.”’ Empirically in the field of TERS, tips are found
to have scanning lifetimes that don’t usually extend beyond a
few hours of measurement at most, which may be mitigated by

This journal is © The Royal Society of Chemistry 2018

routine TERS operation in tapping-mode. This loss in tip per-
formance over time may additionally arise from oxidation of
silver - a typical problem in ambient surface-enhanced Raman
scattering (SERS) experiments® and a further understanding
of these processes and their mitigation would be valuable.

Conclusions

Our work enlightens upon a simple, cost-effective and easily
scalable method for producing nanowire-functionalised AFM
tips, based on an alternating-current dielectrophoresis
approach. Preparation of tips was found to be fast and cost-
effective compared to other nanoparticle attachment methods
such as the manipulator-based technique.*® The tips were
tested on a variety of substrates for AFM and found to be
capable of high-quality topographic imaging that in some
cases even exceeded the performance of standard silicon
probes. The tips were then shown to be effective for tip-
enhanced Raman scattering (TERS) microscopy, yielding an
average TERS contrast 1 order of magnitude greater than the
electrochemically-etched gold probes used as standard for
TERS measurements. The significantly improved signal
enhancement was in conjunction with a TERS reproducibility
greater than 90%. When used for Raman mapping of carbon
nanotubes, optical resolution was found to be at least around
15 nm in contact-mode and, when used in tapping-mode, a
maximum optical resolution of 6 nm could be obtained. This
high performance owes to the excellent optical coupling as
well as the good structural reproducibility of the chemically
synthesized silver nanowires and distinguishes the approach
used here from those based on so-called top-down methods.
Though progress has been made using other bottom-up
engineered optical antennas for TERS microscopy, none have
successfully demonstrated the universal performance for both
optical and topographic nano-imaging of the AgNW probes
shown here. The quasi-1D structure of the nanowires is ideal
for tip design, with minimal scope for dependence on orien-
tation as might be expected for nanoparticles of other shapes,
whilst the micrometre length is highly beneficial for assessing

Nanoscale, 2018, 10, 7556-7565 | 7563
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fabricated probes in situ. Additionally, mature fabrication pro-
tocols mean that nanowires of differing size and composition
can easily be assembled on the cantilever, which is important
given the assumption that TERS resolution and enhancement
is largely dictated by tip dimension.

The aperture-less Near-Field optical microscopies, of which
TERS is the most well-known, have long been expected to
provide novel insights in a wide variety of fields, ranging from
the mapping of active sites in heterogeneous catalysis, to
descriptions of the nano-heterogeneity of novel materials and
the local characterization of biologically relevant molecules.
Such expectations have largely been stymied by the notorious
difficulty in conducting experiments, a result of critical limit-
ations in tip-production and, in this context, the introduction
of such a method as described herein is a vital and necessary
step. We therefore expect the work to greatly increase the
scope of TERS by providing a means of moving the technique
away from specialist research groups and into the domain of
industry and the general scientific fields.
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