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Abstract: Optical-field enhancement and confinement for an asym-
metrically illuminated nanoscopic Au tip suspended over a planar Au
substrate is investigated both numerically and experimentally. The spatial
field distribution of the tip-sample system was calculated using the full 3D
finite-difference time-domain method. The calculation enables investigation
of the effects of the substrate-tip placement, angle of incidence, and spectral
response. The tip plasmon response leads to a significant (upto ∼70 times)
local field enhancement between the tip and substrate. The enhancement
is found to be extremely sensitive to the tip-sample separation distance.
Tip-enhanced Raman scattering experiments were performedand the
numerical results provide a consistent description of the observed field
localization and enhancement.
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1. Introduction

The optical antenna properties of metallic nanostructuresto detect and concentrate light into
highly confined regions has attracted considerable interest of late for a broad range of appli-
cations. For example, the local optical-field enhancement in colloidal nanoparicles has long
been known to be responsible for surface-enhanced Raman scattering (SERS) [1-3] or related
photochemical effects [4]. SERS is particularly importantin molecular plasmonics for novel
analytic and sensor applications [5]. More recently, lithographically produced nanoscale opti-
cal antennas of various designs have been demonstrated; this approach allows the plasmonic
properties and degree of field enhancement to be tuned [6, 7].In addition, the field confine-
ment and localization of bare and metal-clad tapered dielectric tips has been demonstrated in
scanning near-field optical microscopy (SNOM) [8-10]. Another promising application that
has recently been examined is the guiding of light along nano-scale metallic waveguides and
nanowires [11, 12].

In contrast, the optical properties of pure metal tips have come under consideration only
recently despite their widespread use as probes in atomic-force and scanning-tunneling mi-
croscopy (AFM and STM, respectively) [13-18]. Recent applications of metallic-tip optics
include scattering-type SNOM (s-SNOM) [19-21], photoemission via inelastic tunneling in
STM,[22] nonlinear processes such as second-harmonic generation (SHG) driven by local field
enhancement [13, 18], and tip-enhanced nonlinear imaging [23, 24]. The signal that can be ob-
tained with these techniques and its spectroscopic signature depend on the strength of the field
enhancement located in the tip-sample gap and plasmonic resonances. Both parameters depend
sensitively on the exact details of the geometry. This problem has been studied analytically in
the quasi-staticlimit, for the special case of a hyperboloid-shaped tip and afield distribution
with cylindrical symmetry [25, 26]. However, many experiments (including the one described
below) require a more general tip and illumination geometryand analysis in order to under-
stand fully the degree of field enhancement, its material dependance, the exact mechanism of
optical tip-sample coupling, and the spectral response of such systems. In addition, other com-
putational methods, such as the multiple multipole method [9] and the finite element method
[27] have been used to examine the field structure near metallic tips. However, it is preferable
to operate in the time-domain in order to derive the spectralresponse in one computational run;
the computational methods listed above only consider a single frequency at a time.

In this paper, the spatial distribution and spectral characteristics of an optical field gener-
ated between a Au nanoprobe and an infinite planar Au substrate, when excited by an inci-
dent monochromatic plane wave at an angle to the tip axis, is investigated. A fully-3D finite-
difference time-domain (FDTD) method was implemented to calculate the spatial field distribu-
tion, spectral characteristics and field enhancement, withthe latter defined as the ratio between
the local and incident field amplitudes. The numerical results are compared with complemen-
tary tip-enhanced Raman scattering experiments using the same geometry. This allows for an
experimental test of the calculated enhancement values; inturn the theory provides a consistent
interpretation of the microscopic origin of the optical response observed in the experiment.

2. The FDTD model and simulations

The full 3D FDTD numerical method employed to investigate the light interaction with the
metallic tip is a particularly effective approach, due to its ability to investigate, without as-
sumptions, arbitrary 3D geometries, including that of the metallic tip, metallic substrate and
the illumination geometry discussed here. FDTD also allowsthe complete spectral response
of the system to be calculated in a single computational run,which would not be the case for,
for example, the multiple multipole method. The FDTD methodalso incorporates retardation
effects, which can be important for scatterers having dimensions comparable or larger than the
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Fig. 1. Schematic of the tip-sample geometry: the Au tip is modeled as a conical taper
terminated by a hemisphere of radiusR as its point and elevated a distanced above a
Au substrate. The tip length,L, and top diameter,D, remain constant for each simulation
(800 nm and 200 nm, respectively). An electromagnetic plane wave of wavelengthλo =
633 nm is incident at an angleθ , and is polarized in thex−z plane.

wavelength. Specifically, without including retardation,the effect of induced charges far from
the apex cannot correctly be taken into account. Although itwas not explored here, the FDTD
method can also be used to treat a wide variety of metallic anddielectric materials, rounded
and irregular structures [28].

The FDTD algorithm consists of discretizing Maxwell equations on a 3D-grid and then,
starting from a given initial condition, marching a set of iterative relations forward in time.
Upon choosing a suitably refined computational grid, the corresponding numerical solution
gives an accurate representation of the dynamics of the electromagnetic field. Throughout our
simulations, we utilized a rectangular computational domain, Lx × Ly × Lz, of dimensions
400× 400×950 nm3 surrounded by a 25 nm-thick perfectly matched layer (PML). Both the
computational domain and the PML were covered by a 1.41 × 1.41 × 1.41 nm3 uniform grid.
The severe computational requirements of a full 3D FDTD simulation were satisfied using a
parallel implementation of the FDTD algorithm, run on a Linux cluster consisting of 18 2.8
GHz Pentium 4 processors. The optical dispersion of Au is accounted for by a Drude dielectric

functionε(ω) = ε0
[

1− ω2
p

ω(ω+iγ)

]

, whereε0 is the permittivity of free space, andωp = 13.72·
1015 rad/s andγ = 4.05·1013 rad/s the plasma and damping frequencies, respectively [29].

Such a Drude-type dependence of the dispersive optical effects can be rigorously incorpo-
rated in the FDTD algorithm [30]. Note that, as is common practice [31], this Drude model,
which can be adapted to many materials and excitation wavelength combinations [4], assumes
that interband transition effects and dephasing due to electron surface scattering can be ne-
glected. However, the latter can be included by replacingγ with a term dependent on the local-
plasmon-system geometry [31]. As we will show later, the frequencies of the resonances ex-
hibited by the tip-substrate system are far fromωp (i.e., the resonance wavelengths are greater
than∼ 200 nm), where these interband transitions are important. Therefore in our simulations
we use the Drude model described above.
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Fig. 2. Thex−zsection of the time-averaged spatial profile of the steady-state electric field
near the apex of the tip normalized to the amplitude of the incident field. The plot shows
a) Ex, b) Ez and c) the total field, respectively. For this simulation,d = 8 nm,R= 10 nm,
θ = 30◦, andλo = 633 nm were used. The dashed line and arrow indicate the location of
the substrate and tip apex, respectively.
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Fig. 3. The field enhancement forEz for different values of the tip-substrate separationd
of (a) d = 8 nm, (b)d = 20 nm and (c)d = ∞ (no substrate). In each case,R = 10 nm,
θ = 30◦, andλo = 633 nm. The dashed line and arrow indicate the location of the substrate
and tip apex, respectively.

The geometry of the tip-sample configuration is shown in Fig.1. The Au tips are modeled
as inverted cones, with a base diameterD = 200 nm and lengthL = 800 nm. The cone is
terminated with a hemisphere having radiusR= 10 nm. The probe is suspended perpendicularly
at a variable distanced above the Au substrate, which defines thex−y plane. The metallic tip is
illuminated by a monochromatic plane wave, incident at an angle θ from thez-axis and having
a wavelengthλo = 633 nm. The incident wave is polarized so that the electric field E lies in the
x− z plane. The choice of tip length is important, since the field structure of the system may
have contributions from both a plasmon propagating along the taper and a localized surface
plasmon (LSP) at the apex [32]. However, the computed field structure suggests that the LSP
resonance is the dominant source of the field enhancement between the tip and substrate. The
tip length, which was limited by our attainable computational domain, was slightly greater than
λo; this length is known to provide a comprehensive representation of the field structure about
the apex [24, 17]. The finite tip length in our computation caneffect the locations of the spectral
resonances seen in the tip wavelength response. This point is discussed in conjunction with Fig.
5.
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3. Simulation results

The resulting spatial field distribution calculated aty = 0 for aθ = 30◦ incident light angle and
a tip located atd = 8 nm above the substrate surface is shown in Fig. 2. Fig. 2(a),2(b) and
2(c) show theEx component of the local field (normalized to the incident-field strengthE0),
the normalizedEz component, and the total field strength, respectively. These profiles were
generated by waiting for the transient computational effects of the CW excitation to dissipate
and then averaging the spatial field distributions, which were recorded at 40 time points and
equally distributed within a wave period. From Fig. 2, it canbe seen that the local field has
been enhanced by∼ 50× for Ex and∼ 70× for Ez. In every case considered, theEz component
of the field is dominant. This pattern is observed even whenθ is small (i.e., small incident
Ez). Note that all the fields display a high degree of symmetry about thez-axis, despite the
asymmetric illumination. Note also that the finite spatial grid leads to an apparent but artificial
roughness of the field at the tip/vacuum boundary; however, as a practical matter the field region
of relevance is adjacent to the substrate surface where thisroughness is not present.

The results also show that the substrate location has a pronounced influence on the resulting
field distribution; this is evident in a comparison of theEz field profiles at various values ofd
with d = 8 nm,d = 20 nm, andd = ∞ (equivalent to the absence of the substrate) as shown in
Fig. 3(a), 3(b) and 3(c), respectively. The enhancement drops significantly both at the sample
surface and the apex surface of the tip as the tip-substrate distance increases.

Figure 4 shows cross-sections of theEz-field profiles taken atx = y = 0 for variousd andθ
values. In every case, the field peaks in strength near the surface of the tip, and falls off rapidly
inside the metal structures, on a length scale set by the skindepth (∼ 20 nm for Au). In the
lower panel, the dependance of theEz enhancement onθ is displayed. The effect of tuningθ to
maximize the enhancement is much smaller than that achievedby tuningd. The coupling of the
incident polarized light beam with the dipole between the tip and substrate apparently results in
a relatively insensitive angular dependance of the field enhancement, with an optimum coupling
at θ = 45◦.

Figure 5 shows the normalized spectral characteristics of the Ez component for variousR
andd values. To compute these spectra, we used as incoming waves pulses with spectral width
△λ = 6λ0, whereλ0 = 633 nm. The temporal response of the resultingEz component near
the tip was then recorded and Fourier transformed. The tip response reveals a progression of
plasmon-resonance spectral modes. The existence of these peaks in the spectral response has
a second practical consequence, namely, that tuning the incident wavelength to one of these
peaks in an actual experiment would enhance the system efficiency. Note that a solid metallic
cylinder supports a set of plasmon modes whose frequencies converge asymptotically to a fre-
quency limit ofωl = ωp/

√
2, irrespective of the radius of the cylinder [33, 34]. For Au, the

corresponding limiting wavelength isλl = 194.3 nm, which is the same with the asymptotic
wavelength to which the resonances in the spectra shown in Fig. 5 converge. It can also be seen
that the model accurately predicts no response at short wavelengths (< 194.3 nm). Below this
wavelength, the corresponding optical frequencies exceedthe plasma frequency of the metal, a
range in which the metal behaves as a dielectric; thus there would be no plasmon enhancement.

In addition to the spectral shifts shown in Fig. 5, the plot also illustrates the spectral variation
caused by a change in parameters of the tip:d, R, andL. Figure 5(a) shows that increasingd
results in a significant blue-shift (∼ 50 nm) of the plasmon resonances. These spectral blue-
shifts can be attributed to the effective change of the dielectric environment of the scatterer
affecting the resonant conditions [35]; similar blue-shifts for tip-substrate systems have been
reported elsewhere [17, 23]. Figure 5(b) shows that increasing Racts to reduce the enhancement
slightly, with a smaller shift in the spectral response; this trend agrees with the general property
of stronger field enhancement near interfaces with smaller radii of curvature. Figure 5(c) illus-
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Fig. 4. The enhancement ofEz taken along thex = y = 0 line for various values ofd and
θ . The substrate location is indicated with a dashed line. As expected, the field strength
drops off dramatically upon entering the metal tip or substrate and its maximum strength
is located just above the surface of the tip. The field enhancement does not vary strongly
with incident angle. Here,R= 10 nm andλo = 633 nm;θ = 30◦ for the upper panel and
d = 4 nm for the lower panel.

trates the effect of having a finiteL for our computation; here, we see that the overall length of
the tip, which is limited by the size of the computational domain considered, does play a role in
determining the exact positions of the resonance peaks, butthat the effect is most pronounced
for longer wavelengths which are of lesser interest. The effect at shorter wavelengths is min-
imal; even smaller (< 200 nm) computational domains have been used [17]. The insensitivity
of the shorter wavelength resonances to length and the fact that there is a broad and substantial
base to the spectral response makes this plot a useful indicator of the tip wavelength response.

4. Experimental results

In order to provide a direct comparison of the values calculated for the optical field enhance-
ment in the tip-sample gap with experiment, we have performed tip-enhanced Raman scattering
measurements. The enhancement can be derived from varying the tip-sample distance for the
tip-scattered Raman response. We chose single-walled carbon nanotubes (SWNT) as adsorbate
on planar Au surfaces [36]. For the experiment we employ a confocal epi-illumination and -
detection geometry, similar to the schematic shown in Fig. 1. Au tips with apex radiir down to
r ∼ 10 nm produced by electrochemical etching [15] were mountedonto a quartz tuning fork of
a shear-force AFM [39]. The incoming pump light provided by aHeNe laser (λ = 632.8 nm) is
focused onto the tip-sample gap using a microscope objective (Numerical ApertureNA= 0.28,
working distance= 32 mm, angle of incidenceθ ≃ 70◦).

For the case when the tip is retracted out of the near-field tip-sample interaction distance the
Raman spectrum of SWNT is shown in the inset of Fig. 6. The weak signal observed originates
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Fig. 5. The spectral response of the tip system for variousd (a), R (b), andL (c) values.
Various resonant frequencies are present; these resonances canbe exploited to make the
field enhancement process more efficient. Increasingd can lead to small blue-shifts in the
resonant frequencies, while adjustingRonly affects the resonant peak amplitude. Note that
for ω > ωp (below∼ 200 nm) the actual response deviates due to interband transistions.
The dashed line shows the location ofλo = 633 nm (∼ 1.96 eV). In (c),R= 10 nm and
d = 10 nm.
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Fig. 6. Optical field enhancement versus tip-sample distance derived from the tip-enhanced
Raman scattering experiment (left). Inset: Corresponding Raman spectra for SWNTs on a
Au surface with tip atd ≈ 5 nm (’Tip in’) versus tip-sample distance exceeding the near-
field interaction length scale (’Tip out’). Right: Electron micrograph of a typical Au tip
used for the experiments (scale bar: 100 nm).

from SWNTs within the area of the laser focal spot at the samplesurfaceAout ≈ 9 µm2. With
the tip in force contact with the sample (d ∼ 5 nm), the observed tip-scattered and -enhanced
Raman signal is now emitted predominantly from the near-field confined area ofAin ∼ πr2

localized around the tip apex in the sample plane. This enhanced near-field region scales with
tip radius, as seen from the calculated lateral field distribution shown in Fig. 2(c).

The Raman enhancement factorM for the near-field tip response is then derived asM ≈
IinAout/IoutAin, with Iin and Iout being the integrated Raman peak intensities. This results
in an enhancement ofM ≃ (1− 50) × 107 for the tip-scattered Raman response with re-
spect to the far-field Raman intensity. The range of values refers to experiments with dif-
ferent tips, since the degree of enhancement varies due to small differences in apex geome-
try. For both far-field or tip-enhanced processes, the induced Raman polarization is given by
P(νS) = NαbaF(νi)F(νS)E(νi). HereN is the number of adsorbates,αba is the Raman tensor,
E(νi) is the incident optical field,F(νi) andF(νS) are the local field enhancement factors for
the pumpνi and Stokes-shiftedνS frequencies, respectively [37]. Given the comparatively small
Stokes shift relative to the plasmon response we assume the fields at the pump and Raman-
shifted frequencies to be enhanced equally [38]. With the Raman intensityI ∼ P(νS)

2, i.e.,
scaling with the forth power of the field enhancement factorF , the obtained Raman enhance-
ment corresponds to a local enhancement factor of 60 – 150 forthe electric field localized in
the tip-sample gap. This represents a spatial average across the effective area underneath the
tip apex; the exact value of the local enhancement factor is again dependent on the exact apex
geometry of the tip used.

The corresponding distance dependence of the local-field enhancement is shown in Fig. 6.
As expected the enhancement decays on a length scale of∼ 10nm, i.e., correlated with the tip
radiusr and in accordance with the theoretical results discussed above. Due to the strong optical
near-field coupling between Au-tip and Au substrate, the local field enhancement observed
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exceeds corresponding values derived in previous experiments for SWNTs on glass substrates
[19]. The results presented here show a very good qualitative and even quantitative agreement
with the theoretical model.

5. Conclusion

This paper reports the results of using a full-3D FDTD methodto calculate the field enhance-
ment induced between a metallic tip and metallic substrate by an incident monochromatic wave.
The generality of this approach enables an examination of realistic geometries for externally
illuminated STM tips. The values of field enhancement calculated for this system are gener-
ally more than four times the values reported [17] for similar Au tips suspended over a glass
substrate. The increased enhancement provided by the metalsubstrate indicates that a large
range ofd values can be used in a given application, whereas the enhancement associated with
a dielectric substrate becomes increasingly negligible beyond d ∼ 15 nm [17]. Thus, any ap-
plication requiring the highest possible values of enhancement or large tip-substrate separation
values would be improved by the use of a metallic substrate. The enhancement factors cal-
culated here were confirmed with tip-enhanced Raman-scattering experiments. Spectrally, the
system possesses several resonant peaks above∼ 200 nm, which blue-shift asd is increased.
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