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Directionally enhanced probe for sideillumination Tip enhanced spectroscopy
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Yuqing Cheng,a Jiafang Li,c Zhi-Yuan Lic and Qihuang Gonga,b
We investigate the high performance of an apertureless near-field probe consisting of a tapered metal tip with periodic shallow
surface grooves. The spontaneous emission of a single emitter near the apex is systematically analyzed for side-illumination tip
enhanced spectroscopy scheme. In contrast to a conventional bare tapered tip, the corrugated probe not only strongly enhances
the local excitation field, but also modulates the emission directivity, leading to high collection efficiency and signal-to-noise ratio.
Specifically, we propose that an asymmetric tip enhanced spectroscopy probe containing two different length nanorods at the
apex realizes unidirectional emissions. The radiation pattern is sensitive to the emission wavelengths and the emitter positions,
which can increase the signal-to-noise ratio through suppression of the undesired signal. The proposed asymmetrical corrugated
probe possesses a wide range of potential applications, including increasing the detection efficiency of tip enhanced spectroscopy
at the single molecule level. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction
Nanoscale chemical analysis for heterogeneous surfaces or interfaces is becoming more and more important in multiple disciplines,
including heterogeneous catalysis, molecular electronics, and
biology.[1] Microscopic techniques that rely on the enhanced electric
field near a sharp and laser irradiated metal tip, such as tip enhanced
spectroscopy (TES), combine scanning probe microscopy (SPM) for
high spatial resolution and optical spectroscopy for determining
the chemical signatures of molecules. These are also known as
‘apertureless’ versions of scanning near-field optical microscopy.[2]
The technique allows for the study of various spectroscopic signals,
including one-photon or two-photon excited fluorescence,[3] coherent anti-Stokes Raman scattering,[4] spontaneous Raman scattering,
harmonic generations, and time-resolved measurements.[5–7] Specifically, because the invention of tip-enhanced Raman scattering
(TERS), TERS imaging experiments have been performed on single
molecules, graphene, carbon nanotubes, and biological
samples.[8–12]
With TERS gaining increasing importance and commercialization
as a chemical analytical technique, questions about the rapidity of
TERS imaging measurements arise. For example, to obtain an image
with 256 × 256 pixels at an acquisition time at 0.5 s/pixel for weak
Raman scatterers, a measurement will take approximately 9 h. Over
this time, thermal drift of the SPM system can have a significant influence on the image quality, and possible photodegradation of the
samples can also limit the total imaging time. Therefore, the collection time per pixel should be reduced as much as possible to avoid
image distortion. Because of the inherently low Raman crosssection of most molecules, the excitation and detection of the
scattered light must be efficient to allow for a short acquisition
time.[13] Thus, highly efficient detectors, optical systems, and
strongly enhanced metallic apertureless tips are required. Currently,
optical detectors with single-photon detection capabilities are
available, and current commercial optical systems present great
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efficiency. These factors have been optimized by some home-built
systems, but they are still unlikely to significantly reduce the collection time of TERS imaging.
A metallic tip is the key device in TES as a local scatterer, which
enhances and scatters the localized evanescent field towards the
far-field. The near-field enhancement plays a central role in many
nanoscale optical phenomena in plasmonics. The principle of TERS
is related to surface-enhanced Raman scattering (SERS), where metallic nanoparticles or nanostructures lead to an enhancement by
several orders of magnitude. For TERS, a metallic or metallized tip
is illuminated by a focused laser beam and the resulting strongly
enhanced electromagnetic field at the tip apex acts as a highly confined light source for Raman spectroscopic measurements. To date,
a variety of optical probes have been proposed and applied to increase the spectroscopic response within a small sample
volume.[14–17] Unfortunately, the excitation enhancement effect
for a single tapered metal tip or gap antenna between the apex
and metal substrate could be limited because of intrinsic
nonradiative decay of the material. Most previous studies concentrated on the localized field enhancement effect because of localized surface plasmon (LSP) resonance or the lighting-rod
effect.[18,19] Little research has focused on the directivity of signal
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emission modified by the metallic tips,[20] which would provide
another way to improve the collection efficiency of the TES signal.
Recently, optical antennas have been utilized to manipulate the
emission direction of single molecules, which may allow for a much
shorter acquisition time.[21–23] In a previous study,[24] we reported
on a 3-dimensional corrugated metal probe presenting beaming
effect for the spontaneous emission from a single emitter, which
improved the collection efficiency up to 25-fold compared with
conventional bare tips. However, only the transmission-mode TES
configuration was investigated and was limited to transparent
samples. In this study, we extend our previous work with a theoretical exploration of the side-illumination TES scheme. Although sideillumination TERS with a metal substrate often provides highly efficient near-field enhancement, the low efficiency of the excitation
and collection is an obvious weakness. Here, an asymmetric corrugated probe is proposed specifically for unidirectional and
enhanced spontaneous emission, which improves both the excitation and collection efficiency. Numerical simulations show that this
probe offers higher near-field enhancement factors and more effective directional control in comparison with a conventional bare tapered probe. This antenna design leads to a significant increase
of the signal-to-noise ratio (SNR), which reduces the collection time
of TERS imaging by an order of magnitude. The proposed probe
thus provides a promising route in the development of directional
enhanced emission related techniques.

Theoretical methods and models
Figure 1(a) illustrates the schematics of our proposed corrugated
probe for TES. In the side-illumination scenario, a linear polarized
beam is focused onto the tip/sample gap by a long working
distance microscopic objective with an incidence angle of 60°.
The strong local field at the apex effectively excites nearby single
emitters or scatters. The enhanced spontaneous emission from a
perpendicularly oriented emitter is collected using the same objective lens. In our simulations, the gold tip is modeled as a conical
taper with an opening angle of 30° and tip-end radius of 10 nm.
To improve the collection efficiency, the geometric parameters
enabled more light to be directed towards the objective (Fig. 1b).
These parameters were: groove period G = 280 nm, width
a = 140 nm, depth d = 40 nm, groove number N = 6, and the
tip-apex-to-first-groove distance g = 280 nm. To aid unidirectional

emissions, we also placed two asymmetrical nanorods at the tip
end as shown in Fig. 5(a); where one rod is longer than the other
to avoid scanning the surface with two apexes. It should be noted
that the fabrication of such asymmetric metal probes is very challenging in practical experiments. We thus propose a plausible way
to fabricate the probe using nanofabrication methods. For example,
the periodic gratings on the tip side surface can be made using a
focused ion beam technique or 3D laser direct writing
method.[18,25] For close-by dual asymmetric gold nanorods, a
narrow slit can be cut at the tip apex using a focused ion beam,
but the slit should deviate slightly from the tip central axis.
The finite-difference time-domain (FDTD) method is applied to
simulate the emission process of a single dipole source near the
metal tip.[26] This method has been widely used to calculate electromagnetic field distribution, scattering and absorption spectra,
charge density distributions, and decay rates in the proximity of
metallic nanostructures. We implemented a classical point current
source placed under the tip end in the FDTD calculations. The
dielectric permittivity of gold is taken from the Johnson and Christy
data and fitted by the Drude–Lorentz dispersion model.[27] Perfectly
matched layer (PML) techniques are used as the absorbing boundary conditions. We set the mesh size to 2 nm unless otherwise
stated, so it should be noted that the simulations cannot be considered completely realistic. For most of these calculations, the tipsubstrate distance is 20 nm. While a shorter tip-substrate distance
(<5 nm) would be more ideal for the practical TERS experiment,
the additional time and computer storage would be beyond the
ability of our computation resources. We therefore investigated
how the tip-substrate distance affects the angular far-field patterns
(Fig. 3). The directional emission for a tip-substrate distance of
20 nm produced almost the same result as 4 nm tip-substrate
distance, which suggests that the tip-substrate distance has little
influence on the directivity, although the separation strongly affects
the local field enhancement factor.
To obtain the far-field emission distribution, we first recorded the
near-field data (E (t), H (t)) at two transformation surfaces SL and SR
by applying FDTD simulations in the cylindrical coordinates (Fig. 1b).
Because of the azimuthal symmetry, we can calculate the
3-dimensional directivity using the 2-dimensional simulation
results. We then performed Fourier transform on these fields and
calculated the surface electric (Js) and magnetic (Ms) currents on
the chosen surfaces SL and SR, respectively. According to the
Near-Field to Far-Field (NTFF) transformation method,[28] we finally

Figure 1. (a) Schematics of the proposed side-illumination/collection TERS configuration. A linear TM polarized beam passes through a long working
distance objective with an incident angle of 60°. (b) Sketch of the metallic tip design: G = g = 280 nm, a = 140 nm, d = 40 nm, N = 6. The radius of curvature
at the tip end is 10 nm with an opening angle of 30°.
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derived angular directivity D(θ) = πP(θ)/∫P(θ)dθ from the
2-dimensional simulation results,[29] where P(θ) is the angledependent time-averaged Poynting power density, and the integral is performed over the upper half space. To accurately utilize
the simulation results, the transformation surfaces should be sufficiently large (SL and SR were approximately 9 μm long) and very
close to the dipole source or metal tip to capture most of the fields
that contribute to the far-field emission.

Results and discussion
The side-illumination TES presents several advantages to
transmission-mode, such as a lack of limitation for transparent
samples. However, since only a long working distance objective
with low numerical aperture (NA) can be used in the
side-illumination configuration, two issues need to be considered
carefully: (i) the focal spot projected on the sample surface is usually
very large (Fig. 1a), leading to strong optical background noise;
(ii) the collection efficiency of the system is limited by the small
detection angle because of the low NA objective lens. Consequently, the side-illumination TES approach always suffers from
low SNR and collection efficiency.

Our aim was to improve the excitation and collection efficiency
of the side-illumination TES, which is helpful for sensitive single
molecule detection. We first considered the local field intensity in
the excitation process based on 3D-FDTD simulations. In the simulations, the structured tip is under side-illumination by a z-polarized
plane wave at a wavelength of 785 nm (Fig. 2a). It should be noted
that the optimized response wavelength can be tuned by the
corrugated probe parameters. The Yee cell size is set to 5 nm.
Figures 2(b) and 2(c) show the dominant z-component electric field
distribution |Ez|2/|Ein|2 in the x–z plane for a probe without and with
gratings, respectively, where Ein is the incoming excitation field
amplitude. For both of these cases, we observed a strong and
highly localized field at the tip apex because of the lighting-rod
effect of the sharp tip. With the corrugated tip, the maximum field
enhancement M reaches up to 3755-fold, which is approximately
25 times higher than the bare tip (148-fold). The corrugated gratings provide the necessary momentum to match conditions for efficient surface plasmon polaritons (SPPs) coupling.[23] Figures 2(d)
and 2(e) display the normalized curves of local field intensity along
line z and in the x direction, respectively. The curve profiles of both
are almost the same, indicating the gratings strongly enhance the
field intensity, but do not affect its spatial distribution. This distribution is related to the spatial resolution (~18 nm) of the TES probe.[24]

2

2

Figure 2. Localized excitation enhancements based on 3D-FDTD simulations. (a) Field enhancement |Ez| /|Ein| as a function of wavelength. (b) and (c)
demonstrate the electric field distribution for a tip without and with gratings in free space, respectively, while (d) and (e) show the normalized curves of
local field enhancements along line profile z (along the tip axis) and in the x (at a surface 5 nm under the tip apex) direction. For the corrugated tip, the
maximum field enhancement M at the tip apex is 3755-fold, 25 times higher than a bare tip.
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Figure 3 demonstrates the calculated angular emission directivity
obtained with the NTFF method. A z-oriented dipole emitter at
670 nm, corresponding to the emission band of the widely used Cyanine 5 dye molecule or fluorescent nanodiamond, is placed at a
distance of 10 nm above the Au substrate. We compared three
cases: (i) an isolated dipole emitter above the Au substrate; (ii) an
emitter coupled to a tip without and (iii) with corrugated gratings.

We assumed a 0.5 NA objective with maximum detectable angle
of ±30°, fixed at an angle of 30°with respect to the tip axis. To
quantify the collection efficiency of the system, we defined the facπ
3

tor κ = P1/P2, where P1 ¼ ∫0 PðθÞdθ is the power within the detectπ

able angle of the objective and P2 ¼ ∫0 PðθÞdθ is the total power
radiated to the upper half space for the 2-dimensional simulation

Figure 3. Calculated far-field radiation patterns in the x–z plane of a z-oriented dipole (λ = 670 nm) close to the metal substrate for three cases: an isolated
dipole emitter (black dotted line), an emitter coupled to a tip without (green solid line) and with gratings (red solid line). The separation s between the tip and
the gold substrate (thickness H = 100 nm) is 20 nm with a z-oriented dipole emitter placed in the middle. For comparison, we also calculated these patterns for
a smaller tip-substrate distance of 4 nm.

Figure 4. (a–d) Calculated radiation patterns for emission wavelengths at 500 nm, 532 nm, 800 nm, and 900 nm for a tip without (black) and with (red)
gratings. (e) Dependence of the factor κ on the dipole emission wavelength. As a result of plasmonic beaming, the corrugated tip exhibits much higher
collection efficiency (κ > 0.4) for a wide range of wavelengths as compared with the bare tip (κ ~ 0.2).
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results in the x–z plane. It should be noted that the factor κ defined
here is a simple approximation of the collection efficiency for comparison. In practice, this integration should be considered in the full
solid angle.[29] For an isolated dipole emitter close to the Au substrate, it exhibits a typical ‘doughnut’ radiation pattern. Emission
spreads over the collection angles with a factor of κ = 0.45, resulting
in great background noise. When we considered a conventional
bare tip (total length L = 2000 nm) located 10 nm away from the dipole emitter, we found that the main beam angle θ2 is greater than
60o and that only a small part of the emitted power was collected
by the objective (κ = 0.18),[30,31] which led to a low SNR. When we
introduced the concentric metal gratings, we observed an obvious
emission beaming effect with the angle θm tuned towards 30°; thus,
the emitted power can easily be captured by the objective (κ = 0.47)
and resulted in a 2.6-fold increase. This directional emission is due
to complex interference of the light emitted directly by the dipole
source and surface waves scattered by the surficial corrugated
grooves towards the far-field, as previously demonstrated using
Green’s function.[24]
Figure 4 shows the dependence of the factor κ on the emission wavelength λ. The conventional bare tip has low collection
efficiency (κ ~ 0.2) with varying λ values ranging from 600 to
800 nm. Compared with the bare tip, the emission pattern with
the corrugated tip is strongly dependent on the wavelengths
(Fig. 4a–d). From λ = 500 to 800 nm, a dramatically enhanced collection efficiency (κ > 0.4) can be obtained for a wide range of
wavelengths because of the beaming effect from the surface

corrugated gratings. At an emission wavelength of 532 nm, the
light is directed into a single narrow beam with θm at 45° and
a full-width at half-maximum (FWHM) of 30° (Fig. 4b). Additional
increases in λ to 900 nm produced a rapid decrease in κ to 0.24
and an emission far-field pattern that is quite similar to a conventional bare tip. Furthermore, with a conventional bare tip κ
reached up to 0.49 at λ = 500 nm and exhibited an emission pattern similar to an isolated dipole, which is ascribed to the weak
coupling of the antenna–dipole system. This broad band of
enhanced directivity makes the antenna design more convenient
for nanoscale optical spectroscopy applications, such as molecular fluorescence with large anti-Stokes shifts between the
excitation laser and emission wavelength, or a two-photon fluorescence process.
The efficient fluorescence or Raman signal detection is highly
desirable and challenging in single molecule detection and
analytics.[8] However, the emission patterns discussed previously
are omnidirectional in the azimuth angle because of the antenna
symmetry, which leads to the loss of more than half of the signal.
Pakizeh and Käll[22] postulated that unidirectional emission is possible if an emitter is coupled to the dark mode of two neighboring
metallic disks. Considering scanning probe microscopy, we
suggested placing two asymmetrical nanorods at the tip end, so
that one rod is longer than the other to avoid scanning the surface
with two apexes (Fig. 5a). The shorter rod would thus couple more
weakly with the emitters. The asymmetric probe can be
deconstructed into three main parts: a sharp metal probe with a

Figure 5. Hybrid asymmetric probe for unidirectional single molecule emission by 2D-FDTD simulations along Cartesian coordinates. (a) Schematics of the
2
2
hybrid asymmetric probe. (b) Calculated near-field distribution |Ez| /|Ein| in the x–z plane of the asymmetric probe coupled to the Au substrate. In the
calculations, a z-polarized plane at 565 nm is incident from + x direction, and the distance between the tip and Au substrate is 4 nm. (c–h) show that the
position is dependent on the angular patterns for single emitters placed at (0, 4), (10, 4), (20, 4), (28, 4), (40, 4), and (10, 4) in nm,
respectively, when the tip apex is fixed at (0, 0) nm. The red line indicates the asymmetric tip with gratings and the black dashed line shows results for
the bare tip.
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tip radius of 25 nm and opening angle of 30°, several grooves milled
on one side of the tapered metal tip (G = g = 390 nm, a = 185 nm,
d = 30 nm, and N = 5), and a dimer resonator (rod radius r = 10 nm,
length D1 = 80 nm, D2 = 40 nm, and surface–surface distance
δ = 8 nm) carved at the tip end. Figure 5b shows the near-field
distribution for the asymmetric corrugated tip and demonstrates
that the strong electromagnetic field is highly confined in the gap
between the tip end and metal surface. The dependence of the
angular directivity on the emitter’s position is shown in Fig. 5(c)–(d).
In Fig. 5c, a z-oriented dipole at a wavelength of 800 nm is placed
4 nm away from the longer nanorod. The radiation patterns
demonstrated excellent unidirectional emission for both asymmetric tips without and with the surface corrugated gratings. This
unidirectional effect results from the near-field coupling of phase
shifts between the two rods’ dipole mode.[22] While the gratings
are responsible for additional beaming light, resulting in a higher
collection efficiency (κ = 0.83) for the corrugated asymmetrical tip.
Compared with the conventional TES tip (κ = 0.18), the factor κ of
the asymmetric corrugated tip is almost 5-fold higher. As emitter
deviating from the apex (Fig. 5(c)–(g)), the unidirectional effect
diminishes and more light is directed towards the left side. Furthermore, the direction of the main radiation lobe is reversed if the
emitter is positioned near the shorter nanorod (Fig. 5g). This would
suppress the background signal, leading to an increased SNR of the
fluorescence or Raman signal, which is helpful for sensitive single
molecule detection.

Conclusions
We investigated the emission properties of a 3-dimensional corrugated metal probe with several concentric gratings for a sideillumination TES scheme. The simulation results showed that the
angular emission from a z-oriented emitter can be directed into a
single narrow lobe at a particular polar angle, depending on the antenna parameters and the emission wavelength. This probe also enhanced the localized field intensity approximately 25 times greater
than a conventional bare tip. An asymmetric TES tip was also
analyzed to further improve the collection efficiency and demonstrated an approximately 5-fold increase above the conventional
TES tip from the unidirectional beaming effect. We also explored
the dependence of the angular directivity on the emitter’s position
and found that the emitters away from the apex presented a different emission direction than those directly below the apex. This
result implies that a lower nonspecific background is achievable
with an asymmetric tip. The highly directional emission of this tip
would lead to an increase in the signal-to-noise ratio and less collection time. The proposed probes provide a promising approach for
potential applications in optical spectroscopy, analytical chemistry,
single molecule sensing, and tip enhanced fluorescence and Raman imaging techniques.
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