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Abstract
In this article, boundary element method simulations are used to optimise the
geometry of silver and gold nanocone probes to maximise the localised electric
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field enhancement and tune the near-field resonance wavelength. These objectives are expected to maximise the sensitivity of tip-enhanced Raman microscopes. Similar studies have used limited parameter sets or used a performance
metric other than localised electric field enhancement. In this article, the optical responses for a range of nanocone geometries are simulated for excitation
wavelengths ranging from 400 to 1000 nm. Performance is evaluated by measuring the electric field enhancement at the sample surface with a resonant
illumination wavelength. These results are then used to determine empirical
models and derive optimal nanocone geometries for a particular illumination
wavelength and tip material. This article concludes that gold nanocones are
expected to provide similar performance to silver nanocones at red and nearinfrared wavelengths, which is consistent with other results in the literature.
In this article, 633 nm is determined to be the shortest usable illumination
wavelength for gold nanocones. Below this limit, silver nanocones will provide
superior enhancement. The use of gold nanocone probes is expected to dramatically improve probe lifetime, which is currently measured in hours for silver
coated probes. Furthermore, the elimination of passivation coatings is expected
to enable smaller probe radii and improved topographical resolution.
KEYWORDS
nano-antenna, nanocone, near-field enhancement, tip-enhanced raman spectroscopy (TERS)

1 | INTRODUCTION
Currently available probes for near-field applications
consist of a silicon atomic force microscope (AFM) tip
with a thick silver coating. They generally suffer from
inconsistent performance, low topographic resolution
and an offset between the Raman signal and topological
map.[1] Furthermore, the silver rapidly tarnishes in ambient conditions resulting in lifetimes of approximately
J Raman Spectrosc. 2020;1–9.

1 day.[2] Alternate probes consisting of a metal nanocone
attached to a silicon AFM tip have been produced,[3]
which will likely offer more consistent performance and
superior topographic resolution. The near-field resonance
wavelength and localised electric field enhancement of
these nanocone probes is yet to be accurately modelled.
In this article, boundary element method (BEM) simulations are used to calculate the near-field resonance wavelength and electric field enhancement of nanocone tips
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and map the dependencies of tip dimensions and material. The aim of this work is to produce numerical models
that describe the optimal geometry of gold and silver
nanocones for excitation wavelengths from the visible to
near-infrared. Gold nanocones have a longer lifetime
than silver nanocones due to the chemical stability, and
therefore, it is of interest to identify the wavelength range
where the performance is comparable with silver.
The diffraction limit determines the maximum resolution of microscopy techniques. The diffraction limit
can be overcome using the optical near-field that consists
of electric and magnetic fields that are strongly localised
to a surface or narrow aperture.[4] The electric field
localisation allows higher resolutions to be achieved
compared with using far-field light. Furthermore, the
spatial confinement is wavelength independent, allowing
long wavelength illumination sources to be used.[5]
The method of near-field production considered
here is to excite a localised surface plasmon resonance
(LSPR) that is resonant oscillations of conduction
electrons on the surface of a nanoparticle or an ensemble
of nanoparticles.[6] This results in a near field consisting
of electric and magnetic fields strongly confined to the
surface.[7]
Tip-enhanced Raman spectroscopy (TERS) is an imaging technique that makes use of the near-field generated
through LSPRs.[8] Similar to far-field Raman spectroscopy,
the wavelength shift between the illumination source and
scattered light gives chemical information about the sample. Compared with Raman spectroscopy, TERS significantly increases the spatial resolution due to the tight
spatial confinement of the near field. This is illustrated in
Figure 1 where a LSPR on a nanoparticle can be used for
tip-enhanced near-field applications. A focussed laser
beam excites a LSPR on a metallic nanoparticle located at
the end of an AFM tip. The near field increases the interaction with the sample in close proximity to the tip only. As
a result, TERS has been used to demonstrate single molecule Raman responses on a variety of samples.[6,9]
Increased mapping speeds are likely to come from
improved AFM cantilevers in the near future.[10]
The near field can also be used to induce chemical
reactions in a substrate for photolithography. Feature
sizes as low as one-tenth of the excitation wavelength
(well below the diffraction limit) have been achieved
using the near field from an AFM tip to induce polymerisation.[11] This represents a significant improvement in
resolution compared with far-field maskless lithography
that is diffraction limited.[12]
For an LSPR to form, the particle has to be spatially
confined in all three dimensions. Furthermore, the particle material needs to have a negative real permittivity
and a low imaginary permittivity, which dampens
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F I G U R E 1 Illustration of basic operating principle of
apertureless near-field applications where a laser is focussed onto a
plasmonically active metallic tip. This produces a near-field that is
kept in close proximity to the sample using an AFM system,
resulting in increased Raman scattering for tip-enhanced Raman
spectroscopy (TERS) or increased photoresist exposure for
lithography. (a) Simulated electric field enhancement for a gold
nanocone. (b) Electric field enhancement 1 nm below gold
nanocone with the spot size (full width half maximum) showing
the spatial confinement of the field (black line). AFM, atomic force
microscope

LSPRs.[7] Examples of such materials are silver and gold.
In addition, LSPR wavelength is dependent upon material permittivity and particle geometry.[13] Hence, probe
geometry needs to be adjusted so an LSPR exists at the
illumination wavelength.
The current industry standard tip for near-field applications consists of a silicon AFM tip with a silver coating,
which forms a grainy surface. A scanning electron microscope image of one such tip is shown in Figure S1. The
discrete metal grains provide particle confinement, and
silver meets the permittivity requirements, most notably
having low loss across the visible spectrum.[14] However,
there are a number of disadvantages associated with
these probes. First, the random nature of grain formation[15,16] results in inconsistent electric field enhancement and near-field resonance wavelength. Second, to
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ensure a nanoparticle at the tip apex, a thick metal coating is required, which decreases optical and topographic
resolution. For the tip shown in Figure S1, the apex
radius of 45 nm will result in an optical resolution of
approximately 90 nm. Third, there is often an issue with
collocation, where the enhanced near field is not located
at the AFM tip apex. In the case of TERS, this results in
an offset between Raman and topography maps.[1]
Finally, silver nanoparticles tarnish rapidly in laboratory
conditions, exhibiting a decreased absorption coefficient
by one order of magnitude over 36 h and a redshifting
near-field resonance wavelength of 1.8 nm/h.[2] Thus,
silver-based tips have lifetimes limited to approximately
1 day, which is prohibitive given the significant set-up
time associated with aligning the optical system that
must be performed for each new tip. To extend the lifetime, a passivation layer may be added. However, this
increases the separation between the plasmonically active
silver and the sample resulting in decreased near-field
enhancement, optical and topographic resolutions.
An alternative tip consists of a metallic nanocone
attached to the end of a silicon AFM probe. This design is
illustrated in Figure 1, with the electric field enhancement
surrounding the gold nanocone in Figure 1a and the
enhancement perpendicular to the cone axis, below the
apex, shown in Figure 1b. These nanocones can be manufactured using focussed ion beam milling with consistent
surface topologies, producing more consistent electric field
enhancement and near-field resonance wavelengths.[3] In
addition, the nanocone apex is both the source of
near-field enhancement and mechanical apex removing
the collocation issue. Furthermore, these nanocones can
be produced with apex radii of approximately 10 nm,
providing superior optical and mechanical resolution to
commercially available silver-coated tips. Finally,
nanocone geometry can be altered to shift the LSPR to the
excitation wavelength,[13] allowing the use of alternative
materials with higher chemical stability than silver.
As nanoparticle material and geometry affect the
LSPR wavelength and near-field enhancement, the material and shape of the nanocone tips need to be optimised
for a required optical wavelength. In contrast to spheres
and ellipsoids, no analytic solutions for the optical
response of nanocones exist.[7] Hence, computational
methods are needed to optimise nanocone geometry.
Previous studies have investigated the optical performance of geometries similar to the nanocone considered
here. However, some have only considered a single
excitation wavelength[6,17-20] that does not allow the
near-field resonance wavelength and peak enhancement
to be identified. Others use quantities other than nearfield enhancement such as optical extinction[6,21] or
antenna efficiency.[22] However, simulation allows direct
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calculation of electric field enhancement and the effects
of material and geometry to be investigated. Furthermore, by considering limited nanocone geometry parameters, studies have failed to produce generalised models
of near-field resonance wavelength and enhancement in
the visible spectrum.[23,24]

2 | CO NTR IB UT I O NS
In this work, detailed simulations of the electric field
enhancement below the tip apex are provided. The BEM
is employed to calculate electric field enhancement for a
wide range of nanocone geometries and excitation beam
wavelengths. Compared with previous studies that consider only a small number of geometries or a fixed illumination wavelength, this work computes the enhancement
for every feasible combination of geometry and illumination wavelength, with sufficient wavelength resolution to
identify the spectral peak for each geometry. This
approach allows the derivation of optimal nanocone
material and geometry combinations for wavelengths
commonly used in near-field applications. The results
predict that gold will achieve similar enhancement to silver at red and near-infrared wavelengths. Therefore, gold
nanocone tips with improved chemical stability and lifetime are concluded to be feasible.

3 | METHOD
3.1 | Tip performance metrics
Two metrics for tip performance are used throughout this
work. First, the electric field enhancement, referred to as
‘enhancement’, is E enh ¼ E res =E exc , where Eres is the maximum electric field strength in the plane 1 nm below the
sample surface, perpendicular to the cone axis, and Eexc
is the electric field strength of the excitation beam, which
is set to 1 V/m. A high enhancement is desirable as the
ratio of near-field to far-field increases. An example electric field map for a nanocone is plotted in Figure 1a. The
second metric, spot size, is the full width half maximum
of the electric field in the plane 1 nm below the sample
surface, perpendicular to the cone axis. A smaller spot
size improves resolution in near-field applications. An
example spot size calculation is illustrated in Figure 1b.

3.2 | BEM simulations
The BEM package, metallic nanoparticles using BEM
(MNPBEM),[25,26] was used to solve Maxwell's equations
in the frequency domain for gold and silver metallic

4

MCCOURT ET AL.

nanocone structures above a lossless glass substrate. The
problem space is described in Figure 2. The particle
boundaries consist of boundary elements that are defined
by a set of vertex positions and normal vectors. Measured
dielectric functions[27] for gold or silver were used inside
the boundary. The substrate was assumed to be a lossless
material with a refractive index of 1.5, approximating
glass. A plane wave excitation Eexc was used, propagating
in x with y polarisation, a configuration that has been
shown to maximise enhancement.[20] Particle geometry
was varied using combinations of particle length L,
radius of curvature r and apex angle θ.
For each tip geometry, the near-field resonance
wavelength was identified by the maximum electric
field enhancement. The order of each mode was
identified from the surface charge distribution, with the
order corresponding to the number of zero surface
charge nodes in y^ . Examples of first- and second-order
longitudinal modes are shown in Figure S2. For consistency, only results for the first-order mode are given for
each nanocone.

Figure 3 with each data point representing a unique
nanocone geometry defined by the radius, angle and
length on the xyz axis. Figure 3a shows the near-field resonance wavelength for silver nanocones. Enhancement
spectra for the boxed data points, A1–A4, are shown. The
enhancement achieved at the near-field resonance wavelength of each silver nanocone is shown in Figure 3b,
and the enhancement spectra for the boxed data points,
B1–B4, are shown. Similarly, the near-field resonance
wavelengths and corresponding enhancements for gold
nanocones are shown in Figure 3, panels c and d, respectively. An empirical model can then be used to describe
the near-field resonance wavelength and enhancement as
a function of length, half angle and radius, in the range
of interest.
Fitting a linear regression model using a least squares
algorithm to the near-field resonance wavelength data
yields

4 | R ES U L T S A N D D I S C U S S I O N

where λres is the near-field resonance wavelength in nm,
the radius is in nm and the angle is in degrees. This fit
allows for accurate predictions of the near-field resonance wavelength with less than 5% error for both materials when compared with the simulated results. The
coefficients reveal that increased length or apex radius
induce a redshift of the near-field resonance wavelength,
whereas increased angle produces a blueshift. There is a
trend where larger radii cause a blueshift for short
nanocones, but a redshift for long nanocones. This averages to a slight redshift as radius increases. However, the
shifts due to radius are small compared with the shifts
associated with length and angle, especially given the
small range of radii considered here (5–30 nm).
In addition, the near-field resonance wavelength of
gold is 150 nm longer than silver with the same geometry.
As a result, even when short nanocones are used, the
near-field resonance wavelength of gold nanocones cannot be realistically tuned below 630 nm.
A non-linear optimisation was used to determine the
following enhancement models:

4.1 | Nanocone parameters
For nanocones of silver and gold located 1 nm (s ¼ 1 nm)
above a glass substrate, the near-field resonance wavelength was identified, and the enhancement at this wavelength calculated 1 nm below the glass surface (a total of
2 nm below the tip apex). The results of this are shown in


λres ðnmÞ ¼

610 + 1:5L −7:1 θ + 0:3r, Gold
460 + 1:9L −7:0 θ + 1:1r, Silver,

E enh ¼ c1 e − 2γ + c2 ,
F I G U R E 2 x-y cross section of the simulation problem space,
consisting of a vacuum with an embedded nanocone tip defined by
an outer boundary with length L, radius of curvature r and apex
angle θ. The tip is positioned with the bottom vertex at the origin,
separated a distance s above a substrate of 1.5 refractive index.
Electric field values are calculated over an 1 × N grid located 1 nm
below the substrate surface

ð1Þ

ð2Þ

where c1 is 770 and 930, and c2 is 27 and 32 for gold and
silver respectively and γ ¼ ðrθÞ1=2 where r is in nm and θ
is in radians. The models capture the trend well with a
root mean squared error (RMSE) in enhancement of 12.
The enhancement models are shown (Equation 2),
together with the simulated enhancements in Figure 4.
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F I G U R E 3 The simulated
optical responses of silver and
gold nanocones 1 nm above a
glass substrate, measured 1 nm
below the glass surface are given
with example spectra in the top
plots. (a) Silver and (c) gold
show the near-field resonance
wavelengths of nanocones. The
wavelength scale is in the
bottom left. The near-field
resonance wavelength is
redshifted when moving to
longer lengths and smaller
angles. (b) Silver and (d) gold
show the electric field
enhancement of nanocones. The
enhancement scale is in the
bottom right. A high
enhancement can be observed
for nanocones with small radii
and cone angles

Enhancement is increased when tip apex angle and
radius are small, in effect when the tip is sharp. This
differs from hemisphoid ellipses where enhancement
is dependent on the short to long axis ratio.[19,28]
Equation (2) is length independent, which indicates
an increased tip length does not decrease the enhancement at least across the particle lengths considered here and when restricted to the first order
longitudinal mode.
Gold nanocones have been manufactured in
McMahon et al.,[3] where the length and far-field scatter
resonance wavelengths were measured, whereas a
range of cone angles is given. In Figure 5, the nearfield resonance wavelength model for gold nanocones
(Equation 1) is compared with this experimental data.
Probable bounds on the experimental cone angle give a
range of near-field resonance wavelengths for a given
nanocone length. The model fits the data well, with 4% of
the data points falling outside of the models predictions.

This indicates the simulated data and subsequent linear
regression model are valid. A particular near-field resonance is typically redshifted from the same resonance
observed in the far-field due to retardation effects that
become significant as particle size approaches the excitation wavelength.[29,30] In this study, the particle widths
are small compared with the near-field resonance wavelengths; hence, there will be a small shift between the
near-field and far-field resonances. Furthermore, the
experimental data[3] measure nanocones terminated on a
glass substrate that will redshift the resonance wavelengths as discussed in Section 4.2. This limits the validity
of a direct comparison between the experimental data[3]
and the data acquired through simulations. However,
due to a lack of experimental near-field resonance data
for gold nanocones, this was necessary.
The empirical functions that describe trends in the
resonance wavelength and enhancement provide a
starting point for the tip design process. The desirable
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F I G U R E 4 The enhancement of each nanocone geometry is
plot as a function of γ (black) for (a) gold and (b) silver. Each data
point represents a unique nanocone geometry. The enhancement
model (Equation 2) is overlayed (blue) and captures the data well.
The highest enhancements occur when gamma is small or the
nanocone is ‘sharp’
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Figure 6 shows the spot size as a function of radius,
with a single linear fit capturing both the silver and gold
data set. Multiple data points at a given radius are for different combinations of length and apex angle; however,
the position of these data points within a group could not
be predicted. The spot size was found to be independent
of length, apex angle and material (gold or silver), with
the apex radius being the only strong predictor. The spot
size being proportional to radius is consistent with previous results,[5,31] and so the radius should be minimised.
As gold has a relatively low imaginary permittivity, it
provides similar near-field enhancement to silver, provided the geometry is appropriate, and offers the same
resolution capabilities. Due to superior corrosion resistance, gold nanocone tips appear to be better suited for
imaging and lithography applications in the 633–900 nm
wavelength range. Outside of this range, the comparatively low enhancement may limit their use.
It is worth noting that an increased substrate refractive index will result in a redshifted nanocone near-field
resonance.[32] Hence, the wavelength ranges suggested
here are limited to use with substrates similar to glass
with refractive indices around 1.5. For high refractive
index substrates, the use of gold nanocones may be
restricted to longer wavelengths.

4.2 | Nanocone termination

F I G U R E 5 The experimental far-field resonance wavelength
for gold nanocones (black)[[3]] is plot and compared with the nearfield resonance wavelength model (Equation 1). Estimates for
maximum and minimum cone angle were chosen as 30 and 20
and radius kept at 10 nm, resulting in upper (blue) and lower (red)
estimates from the model, respectively

characteristics of small spot size and high enhancements
are most closely associated with a small tip radius combined with a small tip angle; therefore, these should be
minimised within the limits of the available manufacturing process.
Then, the resonance wavelength can be tuned with
nanocone length. Optimised length and material combinations are given in Table 1 for commonly used wavelengths in TERS.

The termination of metal nanocones onto the larger
AFM cantilever has been shown to affect the near-field
enhancement, with an increased refractive index redshifting near-field enhancement.[33] Figure 7 compares
the near-field enhancement spectra for a gold-coated tip
that forms a cap and a gold nanocone. The cap structure
results in a 30% greater peak enhancement and a resonance that is blueshifted 15 nm. Given the significant
increase in computation time when including the silicon
structure and the small wavelength shift, free-standing
metal nanocones were considered in this work.

4.3 | Tip-sample separation
In this section, the effects of tip-sample separation are
investigated in terms of enhancement, location of spectral peaks and the spot size for nanocone tips.
Figure 8a shows the enhancement spectra for a
nanocones, calculated 1 nm below the tip apex, at multiple tip-sample separations. As the sample is brought
closer to the tip, the strongest spectral peak is redshifted
and increases in amplitude. This effect is further explored
in Figure 8b, which shows the enhancement as a
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T A B L E 1 Recommended nanocone material, length and cone angle combinations for common wavelengths in near-field lithography
(785 nm) and tip-enhanced Raman spectroscopy (TERS) (633 and 514 nm) given a radius of 10 nm
Wavelength
(nm)

Material

Angle
( )

Length
(nm)

Enhancement

785

Gold

20

210

45

30

275

34

20

160

54

30

195

42

20

110

45

30

155

35

20

95

54

30

135

42

633

Silver

Gold

514

Silver

F I G U R E 6 Near-field spot size (FWHM) as a function of
radius for gold and silver nanocones. The spot size is measured 1
nm below apex with each data point representing a unique
nanocone geometry. The radius is observed to be the dominant
determinant of spot size. The linear fit is spot size ðnmÞ ¼
1:72rðnmÞ + 1 nm

function of tip-sample separation 1 nm below the tip apex
and at the sample surface. As the tip-sample separation
increases, the enhancement below the tip apex decreases
asymptotically towards the enhancement seen when
there is no sample present. The enhancement at the sample surface decays towards 1 as the tip-sample separation
increases, a trend consistent with experimental
results.[24,34-38] This shows that a small tip-sample separation increases the enhancement at the sample through
two mechanisms. First and most significant, the sample
being closer to the tip decreases the distance over which
the evanescent field can decay. Second, there is an amplification of the near-field enhancement, which is evident
as the enhancement measured at the tip apex increases
when the tip-sample separation is decreased. This is due
to the formation of a tip image in the substrate, increasing the dipole strength.[32] Thus, for enhancement and
resolution, the tip-sample separation should be
minimised. Figure 8c shows that spot size increases linearly as a function of tip-sample separation from 0 to 30
nm typical in TERS. This is consistent with previous

F I G U R E 7 Near-field spectra for a gold-coated silicon tip apex
(cap) and gold nanocone. The gold cones are both 250 nm long with
a radius of curvature of 10 nm and a cone angle of 10

work.[6] Thus, for high enhancement and resolution, the
tip-sample separation should be minimised.

4.4 | Future work
In future work, a range of nanocone geometries will be
produced for specific excitation wavelengths, including
785 and 633 nm. The geometries of the nanocones will be
selected based on the LSPR wavelength and enhancement models, given in Equations (1) and (2), respectively.
A possible production method using focussed ion beam
etching is described in the literature.[3] Simulations also
reveal the possibility of isolating a metal cap on a
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The effects of increasing tip-sample separation for a 250-nm silver nanocone with a radius of 10 nm and an angle of 10 , for
(a) electric field enhancement spectra. (b) Electric field enhancement as measured 1 nm below tip apex (blue), 1 nm below the sample
surface (red) and with the no sample (infinite tip-sample separation) case included as a reference (black). (c) The near-field spot size
measured 1 nm below the sample surface (FWHM). The linear fit in (c) approximates the dependence of spot size on tip-sample separation

FIGURE 8

metal-coated AFM tip by etching a ring with a height of
approximately 50 nm.[33] The performance of the produced nanocones will be assessed with an emphasis on
their applicability for TERS in terms of Raman signal
enhancement and topographic resolution.

5 | C ON C L U S I ON
This article describes a numerical method for optimising the enhancement and resonant wavelength of
metallic nanocones for applications such as TERS. The
BEM is utilised to simulate the optical response of a
large number of metallic nanocones with unique combinations of length, half-angle and radius. Tip-sample
separation is also considered. The materials of interest
are gold and silver; however, the presented method is
applicable to any metal.
The results show well-defined trends between each
geometry parameter and the resulting resonance wavelength and tip-enhancement. Empirical functions are
fitted to simulation results that describe the major trends.
These empirical functions are useful for predicting performance and determining the optimal geometry for a
given application.
For TERS, gold nanocones are found to have similar
near-field enhancement to silver nanocones at red and
near-infrared wavelengths. This is significant as gold has
far superior corrosion resistance to silver, which could
potentially increase the probe lifetime from hours, to days
or weeks. However, gold nanocones do not provide competitive enhancement below 633 nm, so silver nanocones
expected to be a better choice for applications requiring
these wavelengths. This work highlights that the choice
of material is strongly dependent on the required

operating wavelength. Nanocones are also predicted to
have significantly improved resolution compared with
metal-coated tips due to the smaller tip radius.
Future work includes fabrication of the optimal
nanocone geometries and experimental validation of the
simulation results. If successful, this is expected to lead to
a new class of probes for TERS that provide simultaneously improved optical resolution, enhancement and
topographical resolution.
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