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In this paper, we present a simple near-field probe model that is composed of an elongated ellipsoid
and a finite metal truncated cone. The elongated ellipsoid has been shown to act as a protrusion or
separate particle near a truncated cone apex with strong near-field enhancement under laser excitation. By controllably varying the length of the ellipsoid protrusion from the truncated cone, the
truncated cone-ellipsoid probes can be adapted to the suitability of near-field probes. The effects
of substrate material and excitation wavelength on the near field enhancement for different tip
apexes are also discussed. In addition, we compared the properties of the truncated cone-ellipsoid
probe with the widely used hemisphere conical tip by launching surface plasmon polaritons on
plasmonic waveguides to prove the suitability of the truncated cone-ellipsoid probes as high
performance near-field probes. The present simple model would provide a theoretical basis for the
actual construction of probes.
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1. Introduction
Benefits from the use of a sharp tip, scanning near-field optical microscopy (SNOM)
and tip-enhanced Roman spectroscopy (TERS) methods have the capability of direct
probing optical properties of inorganic, organic, and biological materials on a nanometer-scale [1– 4]. Theoretical and experimental studies have shown that the high
resolution is the result of a strongly localized electric field [5–7] and great field enhancement [8, 9] produced near the tip apex. One of important issues is that we should
choose the optimal conditions to achieve as maximal near-field enhancement as possible for detection with the high resolution.
Over the last two decades, a variety of near-field tips have been proposed in literature,
which could be mainly categorized into two types: aperture and apertureless [10–12].
The aperture-based tips can achieve the resolution of optical images better than 50 nm,
breaking the diffraction limit on spatial resolution [13, 14]. However, the light throughput decreases markedly as the aperture diameter decreases and a large aperture leads
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to a relatively poor resolution [15, 16]. Equally challenging is the fabrication of tips
with sufficiently small apertures to resolve small topographic features [17–19]. The alternative method is an apertureless-based probe, which uses a sharp tip as either a local
field scatter or a locally enhanced optical source. These tips show strong field confinement and enhancement upon external far-field illumination due to the lighting-rod effect and the excitation of localized surface plasmons. The high spatial resolution of 3 nm,
limited only by the sharpness of the tip apex diameter [20], has been demonstrated.
However, since the far-field illumination by a focused laser beam generates a large background scattering signal, highly localized light at the tip apex is very desirable, which
could significantly suppress interferences with a background from far-field illumination [21–23].
A proper tip should possess nano-scale resolution, efficient far-field to near-field
coupling, strong local field enhancement, and perhaps most importantly, reproducibility and robustness [24]. In recent years, a variety of apertureless tips aimed at improving one or more of these desired tip properties have been proposed, including an etched
metal tip [21], a metal coated silicon cantilever [25], a nanoparticle attached to the apex
of a tapered optical fiber or a cantilever [5, 26]. In particular, plasmonic tips with arrays
of subwavelength holes, slits and other plasmonic planar geometries on the side or apex
of the tip [8, 27] have been developed, which are able to achieve better enhancement
and confinement. In the aspect of numerical simulation, most literature established
the calculation model of the apertureless tips and did optical property analysis for
a probe tip of different structure parameters with a software. These models include
a semi-infinite solid of a conical or pyramidal shape [28], a finite cylinder [29], truncated cone [30], and circular cylinder with tapered ends [31].
In the reported literatures, MARTIN et al. [32] put forward a point of view that the
retardation effects can drastically reduce the electric field enhancement, and changing
the tip area illuminated by a laser beam results in unstable enhancement of the local
electric field near the apex. To overcome these problems, one of possible solutions is
to create a small discontinuity at the tip end, which is a protrusion or separate particle
made of a different material. In fact, several theories have proposed a metal particle
probe, which is composed of a cantilever or optical fiber with metal particle [5, 26, 33].
According to their proposals, we present a simple near-field probe model that is composed of an elongated ellipsoid and a finite metal truncated cone. The elongated
ellipsoid can be used as a protrusion or separate particle in terms of the feature of structural organization. In the studying, we have made great efforts to give an optimization
design in order to achieve the best structural layout. The effects of substrate material
and excitation wavelength on the near-field enhancement for different tip apex are also
discussed. Finally, we compared the properties of the truncated cone-ellipsoid probe with
the widely used hemisphere conical tip by launching surface plasmon polaritons (SPP)
on plasmonic waveguides to prove the suitability of the truncated cone-ellipsoid probes
as high performance near-field probes. The establishment of the model provides a theoretical basis for the actual construction of the probe.
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2. Simulation method and model
To study the effect of the tip shape on the electromagnetic field enhancement and optimize the probe tip design, various theoretical methods, such as the finite-difference
time-domain (FDTD), have been developed [34]. Here, the three-dimensional finite-difference time-domain (3D-FDTD) method was used. In our simulation, the commercially available FDTD software (Lumerical Solutions, Inc., Vancouver, Canada) has
been used [7]. Figure 1 shows the geometry of the model for our computer simulation.
The probe is made up of a finite gold truncated cone and a gold elongated ellipsoid.
The length of the truncated cone is L = 800 nm with diameters of the two ends of
D = 200 nm and d = 20 nm, respectively. The length of the minor and major axis of
ellipsoid are d = 20 nm and j. The length of the ellipsoid protrude from the truncated
cone is δ, so the total length of the probe is £ = L + δ. The probe is located near a flat
surface of a substrate, and the distance between the probe and the substrate surface is
g = 8 nm. The frequency power monitors record the electric fields which are located
under the tip and the distance from the tip apex is h. In order to ensure the accuracy
of the FDTD simulation results, some convergence tests were conducted to reduce the
numerical error to an acceptable level. Most of error sources that lead to typically small
effects can be ignored completely when the default settings were used. However, the

Fig. 1. Geometry of the composed apertureless tip model: the tip is made of a finite gold truncated cone
and a gold elongated ellipsoid particle with a minor axis d and major axis j. The length of the truncated
cone is L = 800 nm with diameters of the two ends of D = 200 nm and d = 20 nm, respectively. The ellipsoid
exposed to the truncated cone is δ. So the total length of the probe tip is £ = L + δ. The distance g between
the tip apex and the substrate surface is 8 nm. The frequency power monitors record the electric fields
which are located under the tip and the distance from the tip apex is h. The incident light is a Gaussian
source with a radial polarization.
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effects of perfectly matched layer (PML) reflectivity and grid size are important.
Taking into account enough computational resources and the limits of our computer,
the input parameters for the simulation were set as follows: the simulation volume was
1000 × 1000 × 1200 nm discretized with an auto non-uniform mesh step surrounded
by 64 layers of PML boundary conditions at all boundaries. PML reflectivity was set
at 1 × 10–5. A non-uniform mesh was automatically generated based on the mesh
accuracy slider bar and the material properties. In this case, the mesh accuracy parameter was set at 4, and the step-size depends on (1/18 × λ /n), where λ is the light wavelength and n is the index of the current material. Overriding meshes were set to ensure
finer grid spacing at points of interest. A grid with spacing of 0.5 nm was created around
the gap between the tip and the substrate, since it is known that the nano-gap region
is often characterized by a rapid increase in electric field intensity. Simulation time
step was ∇t = 9.53 × 10–18 s. A Gaussian beam light source was used. According to
[35–38], the radial polarization of the incident light promotes the stronger confinement
of the electric field than a linearly input polarization. So the radially polarized light
with the wavelength of 633 nm was utilized for the corresponding calculations. The polarization vectors were oriented radially in the transverse plane with respect to the propagation direction (z axis). All the calculated and reported intensities are normalized
with respect to the intensity of the incident light.

3. Results and discussion
Figure 2 displays five structures of such composed tip and corresponding simulation
results of the electric field distribution, respectively. As can be seen in Fig. 2a, the elecδ=0
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Fig. 2. The structures and the electric field distributions of the tip model in the x-z section for δ = 0 (a),
δ = 10 nm (b), δ = 20 nm (c), δ = 30 nm (d), and δ = 40 nm (e) of the ellipsoid protrude from the
truncated cone.
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Fig. 3. The variations in electric field |E | as a function of the x for the different values δ, and the frequency
power monitors position is h = 4 nm (a). Calculated variation in the electric field |E | as a function of
probe tip model length £ for different position h (b). The length of minor and major axis of ellipsoid are
d = 20 nm and j = 40 nm, respectively, and the wavelength of incident light is 633 nm.

tric field is enhanced at the side points of the top edge of the truncated cone when the
length of an ellipsoid protrude from the truncated cone is δ = 0. If the ellipsoid protrudes from the truncated cone, as shown in Figs. 2b–2d, the field distributions change
with the protrusion length δ and the field enhancement takes place only at the probe
tip. When the ellipsoid is jointed in the truncated cone, as shown in Fig. 2e, which is
like a metal particle probe, the electric field is enhanced not only at the probe tip but also
in the gap between the top of the truncated cone and the ellipsoid. Further, we calculated the variations in electric field |E | as a function of the x for different values δ, and
the frequency power monitors record the electric fields which are located under the
tip and the distance from the tip apex is h = 4 nm, as shown in Fig. 3a. It is easy to see
that the center part underneath the tip has higher intensity and the maximum intensity
can be obtained in the case of x being 0 and δ being 20 nm, which is the half-length
of the ellipsoid major axis. These simulation results, consistent [18], are used to prove
that the variation of the local field intensity depends on how smooth is the joint surface
between the ellipsoid and the truncated cone. There are no abrupt steps or small gaps
between the cone and the ellipsoid when δ = 20 nm, so the electric field mainly distributes on the apex rather than anywhere else. Figure 3b gives the variation in the electric field |E | as a function of probe tip model length £ for different position h. We
can also see that the maximum electric field intensity can be obtained for δ = 20 nm.
In addition, the local field enhancement is decreased when h increases. This is because
the electric field collects near the tip apex, and the electric field will decrease with increasing distance from the tip apex.
From the results of Fig. 2, we known that the maximum electric field intensity can
be obtained when the ellipsoid just protrudes from the truncated cone and the extension
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Fig. 4. The structures and the electric field distributions of the probe tip model. The ellipsoid protrude
from the truncated cone and the extension length equal to the half-ellipsoid major axis. Most geometrical
parameters are held constant, and the extension lengths are δ = 10 nm (a), δ = 20 nm (b), δ = 50 nm (c),
δ = 70 nm (d), and δ = 90 nm (e).

length equal to the half-ellipsoid major axis. Here, we consider the effect of one geometrical parameter of the ellipsoid tip, namely, the length of the half-ellipsoid major
axis δ, on the electric field enhancement. The results are given in Figs. 4a–4e, the ellipsoid major axis becomes longer (i.e., δ = 10, 20, 50, 70, and 90 nm, respectively).
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Fig. 5. The variations in electric field |E | as a function of the x for the different values δ ; the frequency
power monitors record the electric fields are located under the tip and the distance from the tip apex is
h = 4 nm (a). Calculated variation in the electric field |E | as a function of probe tip model length £ for
different position h (b). The wavelength of incident light is 633 nm.
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It is easy to find that the field enhancement accumulates mainly at the sharp tip apex
and depends essentially on the tip length £. To understand this behavior in more detail,
further simulations have been performed. Figure 5a depicted the variations in electric
field |E| as a function of the x for the different values δ, and the frequency power
monitors position is h = 4 nm. The figure clearly indicates that the field enhancement
underneath the tip apex is not linearly increasing with the increase in the extension
length δ. The maximum field enhancement could be obtained when the extension
length δ is 20 nm, which is larger than that of the extension length δ = 10 nm. And
the probe has been described as the rounded cone in other published simulations if
the extension length δ is 10 nm [26, 39]. Figure 5b shows the variation in the electric
field |E| as a function of probe tip model length £ for different position h. It is clear
that two prominent peaks appear in local field spectra of the tip in all different observation planes. That means the electric field enhancement is larger when the length of
the extension δ is 20 and 70 nm, respectively. Beyond that, the electric field enhancement will decrease with the increase of h. Most likely, the combined effects of the
multipole effect of the nanoantenna and the lighting rod influence the results.
Furthermore, we calculate the electric field enhancement versus the extension
length δ for different wavelength as shown in Fig. 6a. In the calculation, the Au substrate is used and the distance between the tip and the substrate is set to be 8 nm. Taking
532, 633, 830, and 1000 nm into consideration, the calculated results present that the
maximum field enhancement appears at different values of the extension length δ . If
the excitation wavelength is 633 nm, the highest field enhancement is achieved in the
case of δ being 20 and 70 nm. Based on the present understanding for plasmon resonance of small particles, the new high-frequency modes of multipolar order emerge
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Fig. 6. The electric field enhancement |E| versus the probe length £ for different wavelength (the gold substrate) (a) and different substrate (λ = 633 nm) (b). Most geometrical parameters are held constant; the
ellipsoid protrudes from the truncated cone and the extension length is equal to the half-ellipsoid major
axis, and δ = 20 nm; the frequency power monitors position is h = 4 nm.
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for extended objects [39]. For the probe length at 820 nm, there might be a resonance
peak at 633 nm for the dipolar mode; for the probe length at 870 nm, there might be
another higher-order resonance mode, since as the length of nanoantenna increases,
the frequency of mode red shifts, which insures the higher-order modes to enter the
633 nm region. The lightning rod effect, resulting from the increasing confinement of
the surface charge density at the sharp tip apex, is a non-resonant effect, which depends
mainly on the radius of curvature of the tip [4]. Earlier calculations for long tips show
that the field enhancement decreases moderately with increasing tip length and radius
[6, 11, 21]. In our simulations, the length of tip extension is increasing, but the radius
of the tip is decreasing with the increase of δ. Therefore, the variation of the field enhancement value is the result of the multipole effect of the nanoantenna and the lighting
rod effect.
From Figure 6a, we can also see that the effect of the excitation wavelength on the
field enhancement of different tip apexes is not trivial. The optimal tip length £ is distinct for different excitation wavelength. If the excitation wavelength is 532 nm, the
highest field enhancement is achieved in the case of δ being 10 nm, which is a hemisphere shape. Therefore, the ellipsoid shape of the tip apex lost its advantage. The highest ratio of field enhancement between the extension length and the hemisphere tip apex
is achieved for the excitation wavelength of 830 nm and |E|δ = 40 nm/|E|δ = 10 nm = 1.6.
This phenomenon can be explained as follows. On the one hand, the enhancement essentially depends on the plasmonic resonance of small particles. The resonant modes
experience a red shift and new high-frequency modes of multipolar order emerge for
extended objects. On the other hand, the near field is thus practically determined by
the surface charge density near the apex. Increasing the length £ of the tip results in
reducing the curvature and enlarging the surface area near the tip. The sharper the curvature is, the higher the surface charge distribution is. The relatively large surface area
will lead to a decrease in the surface charge density and hence to a decrease in the electric field.
In order to study the influence of substrate materials on the field enhancement,
Au, Si and SiO2 are chosen as the substrate materials. The distance between the tip
apex and the substrate is fixed at 8 nm. The radially polarized Gaussian source with
a wavelength of 633 nm is used as the incident light. The intensity curves for the different tip length £ and different substrate materials are shown in Fig. 6b, where the
dependence of the enhancement on the tip length £ has the same form for all simulation
results, but the magnitudes of the intensity are different. The Au substrate provides the
highest field enhancement, while the dielectric substrates (Si, SiO2) are in the middle
between the Au substrate and no substrate. These results imply that the coupling degree
between the tip and the substrate effects the enhancement. The metallic tip-substrate
structure is able to provide strong surface plasmonic resonances in the visible range.
In order to demonstrate the advantage of the truncated cone-ellipsoid tip, the launching of SPP on plasmonic waveguides using the truncated cone-ellipsoid tip was studied
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Fig. 7. Simulations of the electric field distribution for the tip at the left end (a, b) and the midsection (c, d)
of the Ag nanowire, put on the SiO2 substrate. The diameter and the length of the Ag nanowire are 10
and 1000 nm, respectively.

and compared with the widely used conical tip [28, 40]. The simulation results of the
field distribution are given in Fig. 7, in which the length of the truncated cone-ellipsoid
tip extension δ is 20 nm and that of the conical tip is 10 nm. An gold nanowire is placed
on the SiO2 substrate and the incident light wavelength is 633 nm. As shown in Fig. 7,
an increase of the field enhancement at the junction between the tip and the nanowire
takes place. The enhancement factors of 430 and 252 can be obtained with the truncated
cone-ellipsoid tip while illuminating the end and the middle of the nanowire, respectively, which are higher than respective 350 and 199 with the conical tip at the same
positions. The results imply that higher efficiency for launching SPP on the nanowire
can be obtained by using the ellipsoid tip under the same conditions. The reason of the
enhancement factors, while illuminating the end, are larger than those when illuminating the middle of the nanowire, could be explained as follows. Under normal circumstances, in order to couple light into SPP modes in a nanowire, momentum mismatch
between the photons and the plasmons must be compensated. When the light through
the tip apex directly illuminates one end of the nanowire (see Figs. 7a and 7b) or the
middle of the nanowire (see Figs. 7c and 7d), efficient subwavelength-scale near the
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field coupling emerges between the tip and the nanowire. The end-face scattering of
the tip apex provides an additional wave vector and causes the mismatch of the momentum.

4. Conclusion
We have presented a numerical model of an apertureless probe for the SNOM and
TERS methods based on the FDTD method. The probe consists of an elongated ellipsoid positioned at the top of a finite gold truncated cone. The elongated ellipsoid has
been shown to act as a protrusion or separate particle near a truncated cone apex with
strong near-field enhancement under laser excitation. A well-defined and adjustable
near-field probe model is determined by the shape and size of the elongated ellipsoid.
This probe concept combines the advantages of a very sharp tip for high spatial resolution, and the multipole effects of the optical antennas. Near-field enhancements from
launching SPP on plasmonic waveguides were shown to prove the suitability of the
truncated cone-ellipsoid probes as high performance near-field probes. The present simple model would provide an alternative way for fabrication of a tip with a high performance for the SNOM and TERS methods.
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under Grant No. 2013CB934004; and the National Natural Science Foundation of China under Grant
No. 11232013 and No. 11304006.
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