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Abstract

Microcantilever probes for tip-enhanced Raman spectroscopy (TERS) have a

grainy metal coating that may exhibit multiple plasmon hotspots near the tip

apex, which may compromise spatial resolution and introduce imaging artefacts.

It is also possible that the optical hotspot may not occur at the mechanical apex,

which introduces an offset between TERS and atomic force microscope maps. In

this article, a gold nanocone TERS probe is designed and fabricated for 638 nm

excitation. The imaging performance is compared to grainy probes by analysing

high-resolution TERS cross-sections of single-walled carbon nanotubes. Com-

pared to the tested conventional TERS probes, the nanocone probe exhibited a

narrow spot diameter, comparable optical contrast, artefact-free images, and col-

location of TERS and atomic force microscope topographic maps. The 1/e2 spot

diameter was 12.5 nm and 19 nm with 638 nm and 785 nm excitation, respec-

tively. These results were acquired using a single gold nanocone probe to

experimentally confirm feasibility. Future work will include automating the

fabrication process and statistical analysis of many probes.

KEYWORD S

AFM, collocated, nanocone, plasmon, TERS

1 | INTRODUCTION

Tip-enhanced Raman spectroscopy (TERS) is an imaging
technique that allows simultaneous, Raman, and topo-
graphical mapping of a surface.1,2 The optical performance
of TERS is dependent on the formation of collective oscil-
lations of surface electrons, known as surface plasmons,
on a metal tip.3,4 Surface plasmons cause charge accumu-
lation at the tip apex, which results in an enhanced electric
field that is confined to the surface of the tip.5 This
enhanced electric field is referred to as the near-field and

leads to amplified Raman scattering in a small sub-
diffraction limited volume.6,7 The tip-sample separation is
controlled using an atomic force microscope (AFM) that
gives a topographical estimate of the height of surface fea-
tures. TERS has been demonstrated to provide sub-
diffraction limited chemical mapping of biological samples
and surfaces during chemical synthesis.8–11

Commercially available TERS probes consist of a sili-
con AFM probe with a metal coating that forms a rough
grain-like structure as illustrated in Figure 1A. The metal
coating is typically silver or gold as these materials have
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been shown to offer good electric field enhancement over
the visible wavelengths.12 However, the formation of
metal grains and nanoparticles is difficult to control dur-
ing fabrication.13 For example, it cannot be guaranteed
that a nanoparticle of a certain size will be formed at the
mechanical tip apex.14 This leads to several issues. If a
nanoparticle is not present at the tip apex, there may be
an offset between the mechanical tip apex and the near-
field hotspot, leading to an offset between the TERS and
AFM maps as shown in Figure 1C. Furthermore, the
presence of more than one nanoparticle at the apex will
distort the electric field distribution15 and create
imaging artefacts16 as shown in Figure 1D,F. The
enhancement at the sample will be reduced because the
hotspot-sample separation is increased. Finally, the ran-
dom grain formation causes unreliable performance for
grain-based TERS probes. To reduce tip variability, a
thick metal coating can be used that increases the likeli-
hood of particle formation at the tip apex. However, this
increases the tip radius, which results in decreased AFM
and TERS spatial resolution.17

Electrochemical etching has been used to produce
silver and gold TERS probes with diameters of 50–
100 nm.13 However, this method results in large mor-
phology and enhancement variations from tip to tip.18

Researchers have estimated that only a few out of 20 man-
ufactured tips will provide adequate near-field
enhancement.19

A gold nanocone TERS probe is a suitable single-
particle TERS probe that circumvents the issues associ-
ated with grainy TERS probes as illustrated in Figure 1B.
The nanocone approach reduces the potential offset
between AFM and TERS images by ensuring the
mechanical tip apex and the near-field are collocated as
shown in Figure 1C. As there is no requirement for ran-
dom formation, nanocone probes are expected to be more
consistent than metal-coated probes. Control of the nano-
cone geometry will enable dimension optimisation to
maximise enhancement for a given application.17 A
nanocone can be sharpened to a smaller apex diameter
than an AFM tip with a thick metal layer and is expected
to enable higher resolution AFM and TERS images21,22 as

FIGURE 1 An illustrative comparison of a

grainy silver probe where a grain has not formed

at the tip apex (A) and a gold nanocone probe

(B). The electric field distribution under each

probe was calculated using boundary element

method simulations plotted in (C).20 The grainy

probe has multiple hotspots, resulting in two

enhancement peaks that will introduce artefacts

into TERS maps. Furthermore, there is an offset

between the AFM height and TERS

measurements. Finally, the increased tip

diameter results in decreased AFM and TERS

image resolution shown in (D) and (F),

respectively. The nanocone probe circumvents

these issues as the physical tip apex functions as

a single enhancement site with a small diameter,

resulting in artefact-free, high-resolution and

collocated AFM and TERS images as shown in

(E) and (G).
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shown in Figure 1G. Furthermore, silver nanoparticles
corrode in ambient conditions, decreasing plasmon per-
formance.23 The gold nanocone probes would offer supe-
rior lifetimes compared to commercially available silver
TERS probes.

The use of nanocone arrays in surface-enhanced
Raman spectroscopy is well documented in the literature.
The transverse mode of a gold nanocone array has been
used to enhance in-plane excitation.24 Likewise, silicon
or silver double nanocone substrates have been shown to
improve Raman sensitivity.25,26 Arrays of gold nanocones
have also been fabricated, and the plasmon resonance
wavelength has been demonstrated to be tuneable from
600 to 700 nm.27

Gold nanocones TERS probes have been successfully
fabricated at the tips of AFM probes with lengths ranging
from 15 to 175 nm.21,28 These probes were demonstrated
to produce point Raman enhancement and were success-
fully used for high-resolution topographical measure-
ments as AFM probes. However, in these works, the
probes were not demonstrated for TERS imaging, and
their performance was not measured or compared to
other TERS probes.

The work in this article describes the fabrication of a
gold nanocone TERS probe with geometry optimised for
638 nm excitation. The TERS imaging performance of
this probe is compared to grainy metal probes. Finally,
high-resolution TERS maps acquired using the gold
nanocone probe are presented.

2 | METHODS

2.1 | Mathematical model

We have previously modelled gold nanocones using the
boundary element method.17 Empirical models were
developed to estimate the dimensions required to tune
the fundamental localised surface plasmon resonance to
a given wavelength using

L¼ λr�610þ7:1θ�0:3rþ λt
1:5

, ð1Þ

where L is the length (in nm), θ is the cone half angle
(in degrees), λr is the target resonance wavelength
(in nm), r is the tip radius (in nm), and λt is the termina-
tion constant (in nm). The termination constant λt
accounts for the shift in resonance wavelength due to the
termination on a non-vacuum material. Optical model-
ling showed a termination offset of þ15nm with gold
nanocones on silicon and this value is used here. For a
638nm target resonance wavelength, a 28� half-angle and

15nm tip radius, the length of an optimal gold nanocone
is expected to be 158nm.

2.2 | Nanocone fabrication

Figure 2 illustrates the gold nanocone fabrication process.
The cantilevers were mounted on an aluminium
wedge so that a horizontal plane FIB cut would result in
a plateau normal to the tip axis as illustrated in
Figure 2A1,B1. The AFM tips were FIB milled using a
Zeiss Crossbeam 540 FIB-SEM with a 30 kV, 300 pA
gallium beam such that a flat triangular plateau
approximately 1 μm in diameter was created parallel to
the mount base as illustrated in Figure 2C1. A SEM
image of the plateau is shown in Figure 2C2. The
mount was then placed in an AJA ATC-1800-E electron
beam evaporator. Twenty nanometres of titanium at
1Å/s was deposited followed by 300 nm of gold at 2Å/s.
The titanium acts as an adhesion layer for the gold
and improves the otherwise poor adhesion of gold to
silicon. The gold layer was made thick enough to accom-
modate the planned nanocone length. The gold coated
probe is illustrated in Figure 2D1. The cantilevers
were placed into the FIB with the ion beam oriented
co-linearly with the desired tip axis. A 30 kV, 50 pA Ga
beam was scanned in an annular, single-pass, reducing
spiral with an outer diameter of 3 μm and an inner void
diameter of 200 nm, for a total dose of 0.5 nC/μm2. This
produced a sharp nanocone that was approximately
300 nm in length. The scanning pattern is illustrated in
Figure 2D2. The overall height of the metal tip was
monitored using the secondary electron detector while
performing a 0.1 μs dwell time milling scan with the same
FIB beam over a 30 μm diameter disc area. The milling
was terminated once the desired tip length was achieved
as illustrated in Figure 2E2. An SEM image of a success-
fully fabricated gold nanocone probe is shown in
Figure 2E2.

2.3 | Experimental setup

A Horiba XploRA Plus confocal Raman microscope was
used in combination with an AIST-NT AFM to control
the tip scanning. The system includes the spectrometer
and filters to process the Raman scattered light. The
inbuilt 785 nm laser source was used as well as an exter-
nal 638 nm fibre coupled laser. Both lasers were aligned
with vertical polarisation. The side-illumination configu-
ration was used where the laser is focused onto the tip
apex using the side objective lens. A 100� objective with
a numerical aperture of 0.7 was used. A laser power of

MCCOURT ET AL. 3
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1mW measured at the probe was used, resulting in a
power density of 2:8�105 W/cm2 and 4:3�105 W/cm2

for the 785 nm and 638 nm laser, respectively. A sche-
matic of the experimental setup is shown in Figure 3A.

2.4 | Quantifying TERS performance

We have previously developed a method for characteris-
ing the imaging performance of TERS probes.29 This
involves performing high-resolution cross-section TERS
scans of an isolated single-walled carbon nanotube
(SWCNT) that acts as a 1D scattering object. The radial
breathing mode (RBM) of SWCNTs reveals information
about the diameter and local distribution of nanotubes.30

The diameter of a SWCNT is proportional to the wave-
number of the RBM spectral peak, usually located around
280 cm�1 for diameters less than 1 nm. Furthermore, if
multiple SWCNTs are bundled together, the RBM will be
broadened or have multiple spectral peaks. Thus, a single
narrow spectral peak around 280 cm�1 indicates an iso-
lated SWCNT that is suitable for use as a 1D scattering
object. A high-resolution TERS cross-section of an iso-
lated SWCNT allows calculation of the point spread func-
tion (PSF) and hence spot diameter and optical contrast.
This method is adopted here and is described in the
following.

The sample consisted of dispersed SWCNTs on a gold
substrate. An analysis of the spectral RBM peaks of mul-
tiple SWCNTs gave an average diameter of 0.85 nm with
a standard deviation of 0.01 nm. Tapping mode AFM
maps were used to find a suitable sample area consisting
of dispersed nanotubes to limit the far-field contribution
from multiple nanotubes. The RBM was excited using
785 nm illumination with the tip in contact with the
SWCNT as shown in Figure 3C. If the RBM spectral peak
was not present, was broadened, or had multiple peaks,
the nanotube was assumed to be a bundle and deemed
unsuitable.

With the probe in contact with the SWCNT, the
Raman acquisition time was minimised while maintain-
ing an acceptably low noise in the point spectrum shown
in Figure 3C,D. This reduced the time taken to complete
a scan and minimised the impact of slow optical drift.
The Raman signal acquired when the tip is in contact
with the SWCNT and wile retracted scales linearly with
time. Hence the optical contrast is independent of pixel
acquisition time. However, a lower acquisition time
results in lower total Raman counts and increased noise,
which is viewed as an acceptable trade-off. Once a suit-
able SWCNT is identified, TERS and AFM maps with a
resolution of 5�400 are collected simultaneously over an
area of 5 nm � 400 nm. The scanning protocol used was a
hybrid mode where the topography measurements are

FIGURE 2 Gold nanocone fabrication method and results. The cantilevers were mounted on an aluminium wedge and secured using

adhesive tape (A) to achieve a suitable horizontal FIB milling angle. An illustration of the AFM tip with the planned FIB cut line to produce

a plateau is shown in (B1). A corresponding SEM image of the tip is shown in (B2). FIB milling is used to create a plateau, which is

illustrated in (C1) and a corresponding SEM image is given in (C2). A thin platinum adhesion layer is deposited followed by a thicker gold

layer, which is illustrated in (D1). The FIB milling pattern is shown in (D2) and results in a gold nanocone at the tip apex as illustrated in

(E1). An SEM image of a 150 nm long gold nanocone TERS probe is shown in (E2).

4 MCCOURT ET AL.
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acquired using tapping mode AFM, and the Raman mea-
surements are acquired in contact mode AFM for the
specified acquisition time. Each SWCNT was used for
only a single TERS map to avoid the possibility of photo-
bleaching. Maps were collected at 638 nm and 785 nm
using a far-field beam power of 1mW.

The raw high-resolution TERS SWCNT cross-sections
are used to calculate the PSF, optical contrast and spot
diameter as follows. Let the Raman map at a given wave-
number be given by

Mω¼
m1,1 … m1,400

..

. . .
. ..

.

m5,1 … m5,400

2
664

3
775, ð2Þ

where mi,j is the Raman count at a pixel. The rows
were aligned so that the SWCNT was positioned at index
200. Assuming a PSF that is symmetric in the x and
y-axes:

PSFω,j ¼
P5

i¼1mi,j

max
P5

i¼1mi,j
� � : ð3Þ

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

PSFff ¼
P l

j¼1PSFω,jþ
Pend

j¼rPSFω,j

n
, ð4Þ

where l and r are the j indices two full width half maxi-
mums to the left and right of the PSF peak and n is the
total number of elements in the numerator.

The near-field PSF is

PSFnf ¼PSF�PSFff : ð5Þ

The optical contrast is

Cω ¼ 1�PSFff

PSFff
: ð6Þ

The contrast quantifies the ratio of the near-field to
far-field contributions. A high contrast allows objects
to be distinguished from the substrate. The initial wave-
numbers used to calculate the contrast were 285 cm�1,
1292 cm�1 and 1606 cm�1 for the RBM, D-band and
G-band. The wavenumbers that maximised the contrast
for each band were selected for final contrast and PSF
calculations. The mean contrast was calculated using
multiple spectral peaks to minimise the effects of band
ratio variations between nanotubes as follows:

C785 ¼CRBMþCDþCG

3
ð7Þ

and

C638 ¼CDþCG

2
: ð8Þ

The spot diameter d is calculated as the diameter
where PSFnf (Equation 5) falls to 1=e2 of the maximum
value. The spot diameter is used in this work as a metric
for optical resolution. This method was repeated with
638 nm and 785 nm laser excitation using a gold nano-
cone TERS probe. The results from three commercially
available probes previously reported are reproduced in
this article for the sake of comparison.29 The commer-
cially available TERS probes are labelled as follows:

FIGURE 3 (A) Schematic of the experimental setup used for

TERS imaging. The microscope is a Horiba XPlora Plus in the side

illumination configuration. The inset shows an illustration of a gold

nanocone in contact with a SWCNT causing amplification of the

Raman scattered light within the near-field volume. (B) An AFM of

a suitable area for collecting TERS cross-sections (white box). An

example scan area is labelled. (C, D) Example point spectra. The

RBM at wavenumber 282.2 cm�1 identifies the nanotube as a

SWCNT.

MCCOURT ET AL. 5
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• A - silver coated silicon with a thin gold passivation
layer of unknown thickness

• B1, B2 - gold coated silicon
• C1, C2 - gold coated silicon

Probes A and B are both specified by the manufac-
turer as suitable for use with the TERS setup used in
this paper; however, the optimal excitation wavelength
is not given. Probe C is not specified as a TERS

FIGURE 4 Data acquired from high-resolution cross-section TERS maps of SWCNTs. All plots are raw normalised data with no

background correction. The RBM, D-band and G-band PSFs for the gold nanocone TERS probe are plotted in (A1–A3) for 638 nm

illumination and (A4–A6) for 785 nm excitation. A SEM image of the nanocone is shown in (A7). The results of three commercially

available probes are included for comparison.29 The SWCNT cross-sections with Raman intensity/mW�1 s�1 are plotted in (E1–E6). The
PSFs are used to calculate the contrast and spot diameter of each TERS probe, which are summarised in Table 1. The gold nanocone probe

fabricated in this work provides the narrowest spot diameter while maintaining adequate contrast at both excitation wavelengths. The probe

diameters are estimates taken from the SEM images.

6 MCCOURT ET AL.
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probe but was selected as it exhibits the characteristics
of many gold TERS probes with a grainy gold
coating and the correct geometry for side illumination.
For the gold nanocone and probe A, TERS cross-
sections were acquired using a single probe each.
For probes B and C, two probes each were required
(one at 638 nm and one at 785 nm) as probe
degradation occurred while searching for suitable
SWCNTs. The degradation was likely due to a
combination of wear and contamination from the
sample as several AFM scans were often required to
locate a suitable SWCNT. A 0.5 s pixel acquisition
time was used for the gold nanocone, probe A and
probe B. A 0.1 s pixel acquisition time was used for
probe C as this provided sufficient signal-to-noise
ratio and longer times did not improve the contrast
metric.

3 | RESULTS

3.1 | Far-field and substrate raman
spectra

Negligible far-field contribution is observed when the
gold nanocone tip, excited at 785 nm, is a short
distance from the SWCNT. This is shown in Figure S1
(Supporting Information) by comparing spectra of the
probe in contact with an isolated SWCNT and in contact
with the gold substrate away from a SWCNT.
Additionally, Figure S2 (Supporting Information) shows
example Raman spectra with the gold nanocone in
contact with an isolated SWCNT on a gold substrate and
when retracted. There is negligible far-field due the
sparse distribution of nanotubes. These spectra
demonstrate the near-field enhancement of the gold
nanocone probe.

3.2 | TERS cross-section analysis

Figure 4 shows the measured PSFs of the fabricated gold
nanocone probe along with those measured for three
commercial probes. The calculated performance metrics
are given in Table 1. Details on the experimental proto-
cols are provided in the Supporting Information.

3.2.1 | 638 nm illumination

The PSFs of the gold nanocone probe with 638 nm illumi-
nation are shown in Figure 4A1–A3 for the RBM, D-band
and G-band, respectively. The D-band and G-band PSFs
display a single narrow peak. This is due to a single hot-
spot and will allow the nanocone probe to produce
artefact-free TERS maps. The calculated spot diameter of
19 nm is significantly narrower than comparable commer-
cial probes where the narrowest spot diameter of 28 nm
was achieved using probe C. This suggests that the nano-
cone probe will produce higher resolution TERS maps.

The gold nanocone achieved an 8.05 mean contrast
with 638 nm illumination. This is 28% lower than
probe A, 6% lower than probe C, and 650% that of probe
B. Hence, the contrast achievable with the gold
nanocones is comparable to commercial probes.

The TERS counts for the nanocone probe with
638 nm excitation are given in Figure 4E1–E3 for the
RBM, D-band and G-band. The nanocone provides
the highest D-band counts indicating that a high total
Raman signal is acquired using this probe.

3.2.2 | 785 nm illumination

The PSFs of the gold nanocone probe with 785 nm
illumination are shown in Figure 4A4–A6 for the RBM,

TABLE 1 Performance characteristics of TERS probes for imaging SWCNTs at 638 nm and 785 nm laser excitation. The quoted

uncertainty is the standard deviation.

Wavelength Contrast Contrast Contrast Contrast Spot Diameter
Probes (nm) D G RBM Mean (nm)

Gold Nanocone 638 8.3 � 0.8 7.3 � 1.1 N/A 8.1 � 0.7 19 � 1

(150nm) 785 10.1 � 2:5 3.1 � 0:7 1.8 � 0:8 6.6 � 1.3 13 � 1

A 638 13.6 � 4:2 9.8 � 1:1 N/A 11.2 � 3.3 57 � 15

785 44.1 � 3.6 21.1 � 6.5 24.6 � 5.4 33.7 � 3.7 52 � 7

B-1 638 1.1 � 0.4 1.4 � 0.5 N/A 1.3 � 0.3 45 � 17

B-2 785 3.6 � 0.7 7.2 � 2.2 13.7 � 1.5 8.2 � 1.2 16 � 2

C-1 638 9.5 � 2.0 7.7 � 4.1 1.1 � 0.5 8.6 � 2.3 28 � 7

C-2 785 3.8 � 0.6 3.7 � 0.7 2.0 � 0.2 3.7 � 0.5 20 � 2

MCCOURT ET AL. 7

 10974555, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jrs.6625 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [11/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



D-band and G-band, respectively. The PSFs for the
RBM, D-band and G-band all display a single peak.
This supports the previous conclusion that this
probe has a single hotspot. The calculated spot diameter
of 12.5 nm is significantly smaller than the other
probes tested.

The gold nanocone achieved a 6.59 mean contrast
with 785 nm illumination. This is comparable to the con-
trast measured with probes C and D but only 20% of
probe A. This is thought to be because the 150 nm long
nanocone is too short to adequately excite the fundamen-
tal plasmon mode at this wavelength.17 It is expected that
a nanocone of optimal length would provide improved
contrast.

The TERS counts for the nanocone probe with
785 nm excitation are given in Figure 4E4–E5 for the

RBM, D-band and G-band. The nanocone provides lower
counts than most of the other probes. This is expected as
the geometry was optimised for 638 nm.

3.3 | TERS imaging

Figure 5A1,A2 shows TERS and AFM images of CNT
bundles on a gold substrate collected using probe A and
638 nm excitation. This probe features a grainy surface as
shown in Figure 4B7. Features are identified and labelled
on the TERS map. The TERS D-band counts and AFM
height are plotted in Figure 5A3,A4 as a function of dis-
tance along the x-profile and y-profile, respectively. There
appears to be a minor offset between the TERS and
height maps in the x-axis with the maximum of feature

FIGURE 5 Comparison of TERS mapping using probe A and the gold nanocone TERS probe fabricated in this work with 638 nm

excitation. The TERS maps are presented with the background spectra removed for each pixel using the ALPS algorithm.31 The sample

consists of CNT bundles on a gold substrate. (A1, B1) D-band TERS maps with features labelled 1–3. (A2, B2) AFM height maps. (A3, B3)

Raman D-band counts and AFM height along the x-profile. (A4, B4) Raman D-band counts and AFM height along the y-profile. For

probe A, there appears to be an approximately 12 nm offset between the TERS and height maps in the x-axis. Meanwhile, there appears to

be a 72 nm offset between the TERS and height maps in the y-axis. The poor collocation seen here is typical of TERS probes with grainy

surfaces. The gold nanocone probe exhibits collocation between all labelled features.

8 MCCOURT ET AL.
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1 appearing in the TERS map 12 nm before appearing in
the height map. The offset is more significant in the
y-axis with the maximum of feature 3 appearing 72 nm
earlier in the TERS map compared to the height map.
This offset often makes the identification of structures
difficult as the AFM height and TERS maps have a
spatial offset. The spatial offset becomes significant
when small scan areas are used. For example, if a
100 nm � 100 nm scan area is used, then most features
appearing on the TERS map will be missing in the topog-
raphy map and vice versa.

In addition to the cross-sections of SWCNTs, large
area TERS maps of carbon nanotube bundles were col-
lected using a nanocone probe and a second example of
probe A. This approach allows a direct comparison
between the collocation of the AFM and TERS maps. A
Horiba TERS test sample was used for these maps, con-
sisting of CNT bundles and graphite flakes on a gold sub-
strate. The maps were collected using the hybrid
contact mode.

Figure 5B1,B2 shows TERS and AFM images of
CNT bundles on a gold substrate collected using the
nanocone TERS probe. The D-band counts and AFM
height as a function of distance along the x-profile and
y-profile are plotted in (b3) and (b4), respectively. The
AFM and TERS maps are collocated with features
appearing at the same position in both axes. This dem-
onstrates collocation of TERS and height maps using
the nanocone probe, particularly when performing
small-area, high-resolution scans.

3.4 | Stability

The TERS maps presented in this work were acquired
12 days after the gold nanocone TERS probe was fabri-
cated. The probe was stored in ambient conditions, and
there did not appear to be a noticeable drop in
performance over this time period. Longer term stability
analysis of the nanocone probes is subject to current
research efforts. Given the chemical stability of gold,32

the nanocone probes are expected to have a longer
lifetime than commercially available silver probes (in the
authors' opinion).

The gold nanocone probe was used for a mixture of
28 tapping and hybrid-contact mode AFM scans before
the acquisition of the TERS results in Figure 5A1–A6 and
Figure 5A1–A4. There was no noticeable degradation of
the AFM images or decrease in TERS enhancement
during these experiments, which suggests a high mechan-
ical stability with the SWCNT sample under study.
Further experiments with many probes and different
samples are needed.

The nanocone probe was exposed to operating laser
power for over 3 h during the acquisition of results pre-
sented in this paper. Thus, under the operating condi-
tions presented, the nanocone probe has sufficient
thermal stability. However, further investigation is
required to determine the effect of higher laser power.

3.5 | Study limitations

The results presented in this article were acquired using
a single gold nanocone probe and a single sample.
Equation (1) has not been experimentally verified and it
is possible that the 150 nm long nanocone presented here
is not optimal for 638 nm excitation. Furthermore, the
repeatability of the manufacturing process has not been
demonstrated. Many more production runs and imaging
experiments are required to determine the statistical vari-
ations in the manufacturing process and probe perfor-
mance. Furthermore, the nanocone probe was compared
to a limited set of grainy TERS probes, which are known
to exhibit large variations between probes.13,14 A larger
set of grainy probes would permit a statistical analysis of
probe performance and a more conclusive comparison
with nanocone probes. Future research will focus on
automating the nanocone fabrication process to allow
higher production rates and a statistical analysis of probe
performance.

All results presented in this paper were acquired on
gold substrates, which may result in stronger gap modes
when combined with a gold TERS probe.33 This may bias
results towards the gold nanocone probe. Future work
should investigate the effects of different substrates.

The PSFs, optical contrast and spot diameters were
calculated under the assumption that the near-field dis-
tribution is symmetric in the sample plane, which may
not be true. Future work should investigate potential
asymmetries by acquiring the PSF in both dimensions of
the sample plane.

4 | CONCLUSION

This article demonstrates the feasibility of using gold
nanocone probes for tip-enhanced Raman spectroscopy
(TERS). The proposed nanocone probe appears to
mitigate some of the limitations encountered with com-
mercial TERS probes, namely, variable spatial TERS reso-
lution, multiple enhancement sites that can introduce
imaging artefacts and misaligned TERS and AFM images.
The nanocone probe exhibited the narrowest spot
diameter of 12.5 nm and 19 nm with 638 nm and 785 nm
illumination, respectively. The nanocone also exhibited
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comparable contrast to the commercial probes with
638 nm and 785 nm illumination and was free from mul-
tiple hotspots. As the single gold nanoparticle forms both
the TERS hotspot and mechanical apex, the AFM and
TERS maps were advantageously collocated. Finally, the
nanocone probe was stored in ambient conditions
without noticeable performance degradation over a
2-week period.

Despite the possible performance and practical advan-
tages of gold nanocone probes, the present fabrication
complexity makes them uncompetitive against silver
coated probes, especially for TERS imaging on flat sur-
faces where there may be little performance benefits.
Current work includes automating the fabrication pro-
cess to increase the number of probes per batch and
reduce the operator time. If this is successful, nanocone
probes may offer a viable alternative for applications that
require a long probe lifetime, or simultaneous AFM and
TERS imaging.

To the knowledge of the author, the work presented
here contains the first high-resolution TERS maps
acquired with a gold nanocone probe. Future work
involves a statistical analysis of many nanocone probes to
experimentally determine optimal geometries at different
excitation wavelengths.
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