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Electromagnetic field enhancement in TERS
configurations
Zhilin Yang,a,b Javier Aizpuruac∗ and Hongxing Xua,d∗

We use three-dimensional finite-difference time domain (3D-FDTD) simulations to investigate the field enhancement properties
of tip-enhanced Raman scattering (TERS) in order to find optimal geometric parameters of the metal tip and the metal substrate
under certain excitation wavelengths with side illumination. The simulation results show that plasmon coupling effects between
the metal tip and the metal substrate play the key role in TERS enhancement, and the enhancement drops dramatically as
the distance between the tip and the substrate increases. The spatial resolution of TERS is mainly dependent on the radius of
curvature of the tip end. A sharp tip with a small radius can dramatically increase the spatial resolution of TERS. Increasing
the tip–substrate distance or changing the metallic substrate into a dielectric substrate lowers the spatial resolution. The TERS
enhancement dependence on the incident angle and polarization, the size of tip, as well as the composition of the substrate is
also discussed in detail. Copyright c© 2009 John Wiley & Sons, Ltd.
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Introduction

Tip-enhanced Raman spectroscopy (TERS), which combines
surface-enhanced Raman scattering (SERS) with scanning probe
microscopy (SPM), such as scanning tunneling microscopy (STM),
atomic force microscopy (AFM), or scanning near field optical
microscopy (SNOM), provides not only rich spectral and structural
information of tiny amounts of the probe molecules even down
to a single-molecule level near the metal tip but also a high spatial
resolution of the sample simultaneously.[1 – 5] The requirement
that metal surfaces are roughened or nano-structured is one
of the most severe restrictions in the application of SERS to a
wide variety of problems. As a new technique, TERS has recently
been developed to circumvent, in principle, this severe restriction
and to access a more general and complete set of substrates in
SERS.[6,7] The excitation of the localized surface plasmons in the
tip–substrate cavity produces a large local optical electromagnetic
(EM) field enhancement, as high as 2 orders of magnitude with
respect to the amplitude of the incoming light, resulting in a
considerable increase of the Raman intensity, the Raman signal
being proportional to the fourth power of the field enhancement.[8]

In addition to the large increase of the Raman intensity, the
enhanced localized EM field in TERS is spatially limited to a few
tens of nanometers. This localization mainly depends on the
radius of curvature of the SPM tip and the tip–substrate distance.
The nanometer-scale spatial resolution of TERS has been used to
provide high-resolution images of nanoscale samples.[9]

It is of great importance to choose optimal conditions for
achieving maximal electric near-field enhancement for a specific
TERS system. Some theoretical and experimental studies have
been developed to investigate the field enhancement and spatial
resolution for various tip–substrate systems.[10 – 14] However, many
variables governing the field enhancement factor and the spatial
resolution in the vicinity of the tip–substrate system require a
systematic understanding of the effect of the tip and substrate
material, the tip size and shape, the tip–substrate distance, and
the configuration of the incoming light including polarization

and incidence angle. The electrodynamic calculation of the field
enhancement and distribution in these cases are therefore crucial
to understand the optimal performance in TERS.

To perform electrodynamic calculations of light scattering
from particles of an arbitrary shape, various theoretical meth-
ods, including the finite-element method (FEM),[15,16] the discrete
dipole approximation (DDA),[17,18] the finite-difference in time-
domain (FDTD) method,[19 – 22] or the boundary element method
(BEM),[23,24] and others have been used to get the field enhance-
ment and distribution in SERS and TERS configurations. Among
them, FDTD is a powerful tool to simulate the distribution of the
EM field around the illuminated nanoparticle array or substrates
with nonspherical geometry. In this work, the three-dimensional
finite-difference time-domain (3D-FDTD) method is used to per-
form theoretical simulations of the field enhancement and spatial
resolution of a conical gold tip, with and without a substrate, under
the side illumination mode. The dependence of the tip size and
shape, the substrate material, the tip–substrate distance, and the
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Figure 1. Schematic diagram of the metal tip and substrate geometry: the
tip is modeled as a conical taper terminated by a hemisphere of radius
r, held at a distance d from the substrate surface. An electromagnetic
plane wave is incident at an angle ϕ, with the polarization in the plane of
incidence.

incidence angle and polarization of the excitation light on TERS
are discussed in detail.

Theoretical Model and The FDTD Method

The geometry considered for TERS in this work consists of a gold
metal cone, ending in a sphere with a radius of curvature r in
air over a substrate with tip–surface separation d, as depicted
in Fig. 1. A p-polarized plane wave is incident from the side at
an angle ϕ on the cavity formed by the tip and substrate. The
wavelength of the incident light is set to be 632.8 nm in all
simulations since the He–Ne laser is the most used excitation
light source in TERS experimental studies and it usually shows an
efficient TERS enhancement factor when the distance of the tip to
the substrate is in the range of 1–5 nm for gold tips.

The basic principle of FDTD is to numerically solve Maxwell’s
differential equations.[25,26] In the FDTD approach, both space
and time are divided into discrete segments. Space is segmented
into box-shaped cells, and the electric fields are located on the
edges of the box and the magnetic fields are positioned on the
faces. This orientation of the fields is known as the Yee cell. A
standard Cartesian Yee cell used for FDTD calculation is often
set as a cubic voxel, and the three-dimensional space lattice is
comprised of a multiplicity of such Yee cells. In order to obtain
an accurate field distribution for the 3D object, the Yee cell size,
which is the most important constraint in any FDTD simulation,
must be much less than the smallest excitation wavelength. A
convergence rule often quoted in this technique is ‘ten cells per

wavelength,’ meaning that the side of each cell should be 1
10λ or

a smaller fraction of the shortest wavelength of interest. Another
consideration regarding the size of the cell is that the relevant
geometrical features of the problem must be accurately modeled.
In order to accurately simulate the 1–2 nm tip–substrate distance
in a general gap mode TERS configuration, the appropriate Yee
cell size should be in the range of 0.5 to 1 nm. This size will
automatically meet the condition of ‘ten cells per wavelength’ in
the simulation. However, this cell distribution would require very
large memory resources and computation time when applied to

simulate a real TERS geometry. In this work, the nonuniform FDTD
mesh method was adopted to improve the accuracy of modeling,
which reduced the computation resources needed significantly.

Benefiting from the method developed by Leubbers, Huns-
berger, and Kunz, since the early 1990s it has been possible to use
the FDTD method for dispersive materials based on the simple
Drude model.[26 – 28] However, the Drude model cannot accurately
describe the frequency-dependent complex permittivity for met-
als over a wide frequency range. Here, instead of the simple Drude
model, we adopted the general Drude model to simulate the
complex permittivity of the form[19,29]

ε(ω) = ε∞ + εs − ε∞
1 + iωτ

+ σ

iωε0
(1)

where εs, ε∞, σ , τ represent static permittivity, infinite frequency
permittivity, conductivity, and the relaxation time, respectively; ω
is the angular frequency; and ε0 is the permittivity of free space.
The four parameters εs, ε∞, σ , τ can be adjusted through curve-
fitting techniques to correctly match the complex permittivity,
which can be derived from the experimentally determined optical
constants through the relationship εr = n2 − k2, εi = 2nk, where
εr, εi are the real and imaginary part of dielectric function of the
dispersive material, respectively.

It is important to keep in mind that for materials that can be
described through the general Drude model, the infinite frequency
permittivity must meet the condition ε∞ ≥ 1 and the conductivity

should obey the equation σ ≥ ε0(ε∞ − εs)
τ 0

1 if εs < ε∞.
This model for the local dielectric function of metallic materials

represents faithfully the optical response in a wide frequency
region, especially at visible frequencies, ensuring the accuracy of
the FDTD simulation.[19,29]

Near-Field Coupling Effect In TERS

It is well known that an EM configuration based on a single
particle is not enough in most cases to achieve efficient SERS-
active systems. Most SERS-active systems are actually assemblies
of coupled nanoparticles, such as nanoparticle aggregates, rough
metal surfaces, and island films.[30] For example, single-molecule
SERS (SM-SERS) has been limited mostly to colloidal aggregate
structures, which presumably are efficient at producing particle
junction structures that are needed to produce the extraordinarily
high enhancement factors (EM hot spots) required for SERS.[8,31,32]

Similarly, the strong near-field coupling effect between the tip
and substrate usually plays a key role in producing efficient
enhancement in a real TERS system. Figure 2(a) and (b) show the
calculated optical field enhancement in TERS with and without a
gold substrate, respectively. The Au tips are modeled as a metal
cone with a radius of curvature 25 nm in both Fig. 2(a) and (b).
The 632.8 nm monochromatic plane wave is incident at an angle
ϕ = 60◦, with the polarization in the plane of incidence, from the
side. The distance d between the tip and substrate is set to be
2 nm. In the simulation, the Yee cell size in the gap region was set
to be 0.5 × 0.5 × 0.5 nm3 while a 2 × 2 × 2 nm3 cell size was used
in other regions. This nonuniform FDTD mesh method can save
computation resources greatly without losing accuracy. Figure 2
shows that the maximum field enhancement, defined as the ratio
between the maximum local field Eloc and the incoming field Ein

amplitude, M = |Eloc||Ein| , in a single tip is only about 20 (Fig. 2(a)),

which is much smaller than the field enhancement factor of 189
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Figure 2. FDTD simulations of the electric field distribution for a single Au tip (a), and a gold tip held at distance d = 2 nm from a gold substrate surface.
The polarization E and wave vector k of the incoming light are displayed in the schematics. M stands for the maximum.

Figure 3. Dependence of field enhancement M (square), intensity en-
hancement M2 (circle), and TERS enhancement M4 (triangle) on the
tip–substrate distance. All calculation parameters are the same as in
Fig. 2(b) with a varying tip–substrate distance.

in a tip–substrate coupled system (Fig. 2(b)). Since the enhanced
Raman scattering intensity from a probe molecule at any given
position is approximately proportional to the fourth power of the
electric field enhancement at the position of the molecule, the
maximum Raman EM enhancement factor for a single gold tip is
therefore about 1.6 × 105. If the tip is placed over a gold substrate
with a small distance, as in Fig. 2(b), with d = 2 nm, the strong
near-field coupling effect between the tip and substrate will result
in a 1.8 × 109 TERS enhancement factor, which means four extra
orders of Raman enhancement contributing to the TERS signal
compared with the TERS enhancement in a single gold tip. The
coupling effect in TERS is strongly dependent on the tip–substrate
separation since the near field decays in an exponential manner
far from the surface. Figure 3 shows the normalized decay curve

of the localized field enhancement M = |Eloc||Ein| , the intensity

enhancement M2, and the TERS enhancement M4, respectively.
The maximum enhancement in the gap is strongly dependent on

the tip–substrate distance d. If d is changed from 1 to 5 nm, the
maximum electric field enhancement in the gap would decay by
about 70%, and the TERS signals from the probe molecule in the
gap would decay by 99%, assuming a fourth power law to describe
the Raman intensity, where the energy shift of the vibration can
be neglected. If the tip is placed over the substrate at a distance
of 20 nm, the coupling effect is negligible according to our FDTD
calculation, and the TERS enhancement becomes approximately
equal to the one produced in the proximity of a single tip. It
should be noted that the above coupling effect is calculated
at a fixed frequency to resemble the experimental conditions.
If the frequency of the excitation laser is changed, the decay
curve may show some different characteristic since the plasmon
resonance frequency is strongly affected by the tip–substrate
distance, especially when this distance is in the range of 0–3 nm.

Tip-Size Dependence On TERS Enhancement
and Spatial Resolutions

The dominant contribution producing the giant enhancement
factor in TERS is associated with the large local field enhancement
due to the excitation of localized surface plasmons at the
tip–substrate system when illuminated by the incoming radiation.
The strength of the localized surface plasmon resonance and the
corresponding TERS enhancement is dependent on many factors,
such as the size and shape of the tip, the materials of the tip
and substrate, the distance between the tip and substrate, and
the dielectric environments of TERS. In this section, we focus our
attention on the tip size dependence of the TERS enhancement
and the corresponding spatial resolution that can be achieved.
In Fig. 4 we can observe the FDTD simulation of the maximum
field enhancement at the surface of a Au substrate when probed
with gold tips of different sizes under p-polarized laser excitation
with a wavelength of 632.8 nm illuminated from the side at an
incident angle of 60◦. The tip–substrate distance is fixed in all
cases at a value of d = 2 nm. The radius of curvature of the
tip in the simulation model is in the range of 5 to 80 nm. The
calculations show that the field enhancement does not change
very much as the tip size changes. The value of the enhancement

J. Raman Spectrosc. 2009, 40, 1343–1348 Copyright c© 2009 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/jrs
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Figure 4. Tip size dependence of the maximum field enhancement and spatial resolutions of TERS. All calculation parameters, except for the tip size, are
the same as in Fig. 2(b). (a) Maximum electric field enhancement in the gap as a function of tip radius. The inserts give the spatial field distribution for
tip radius r = 2, 25, and 50 nm respectively, from left to right. The yellow scale bar is 20 nm (b): Normalized electric field enhancement M (black) and
normalized Raman enhancement M4 along a horizontal line 1 nm below the apex of a gold tip with 25 nm radius on top of a gold substrate.

factor is in the range of 180 to 220. The TERS enhancement
increases slowly when the tip radius increases from 15 to 50 nm.
Further increase of the tip radius does not provide additional
enhancement. This increasing tendency is similar to the findings
of a previous SERS study,[33] which has confirmed that gold
nanoparticles with sizes of 100–130 nm give rise to the largest
SERS enhancement factor under 632.8 nm laser excitation mainly
due to the size-dependent effect of surface plasmon resonance.
An interesting result derived from our simulation is that when the
tip radius decreases from 15 to 5 nm, the enhancement in the
substrate shows a rapid increasing rate, this enhancement being
due to a lightning rod effect which results from the increasing
confinement of the surface charge density at the sharp tip
apex. We note that the lightning rod effect is a nonresonant
effect that depends mainly on the radius of curvature of the
TERS tip.

We consider now the spatial resolution of TERS for the
different tip radii. Due to the highly localized EM fields, TERS
can provide very high spatial resolution, smaller than the size
of the tip apex, mainly determined by the tip geometry. The
field distribution in a plane parallel to and 1 nm above the
substrate is shown as an inset in Fig. 4(a) corresponding to
a tip radius r of 5, 25, and 50 nm, respectively. The figure
clearly indicates that the center of the area underneath the
tip apex gives the highest enhancement, and the spatial
resolution, which we quantify as the full width at half-maximum
(FWHM) of the Raman enhancement, is strongly dependent
on the tip radius. From our simulations, we can state that
decreasing the tip radius can improve dramatically the spatial
Raman resolutions of TERS, and therefore tips with sharp
ends (small radius of curvature) are preferable in TERS. We
show in Fig. 4(b) the result of an FDTD calculation for a 25-
nm-radius gold tip placed on top of a gold substrate at
2-nm separation distance. The spatial resolution obtained for
the TERS signal is less than 10 nm, which is better than the field
resolution and intensity resolution, because of the fourth power
rule in TERS enhancement. It should be pointed out here that the
radius of the tip is not the only factor determining the value of
the FWHM. In fact, the substrate material and the tip–substrate
separation will also directly affect the spatial resolution of TERS.[10]

In general, increasing the tip–substrate distance or changing the
metallic substrate into a dielectric substrate will lower the spatial
resolution.

Figure 5. Dependence of field enhancement on the plane wave incident
angle ϕ. All the calculation parameters are as in Fig. 2 (b).

Incidence Angle Dependence Of TERS En-
hancement

The side-illumination geometry is the most convenient choice for
analysis of nontransparent samples and samples on nontranspar-
ent substrates with TERS. In addition, side-illumination geometry
provides an easier way to align the incident beam polarization
along the tip axis, compared to the bottom-illumination geom-
etry, which will be useful to optimize the TERS configuration in
order to get the maximum enhancement factor. Predictions by
theoretical simulations can provide important insights to choose
an optimal angle of incidence giving the maximum enhancement
factor for a given TERS geometry. However, there are no detailed
experimental studies of the enhancement factor as a function of
incidence angle to date. Since the vertical field component along
the tip axis plays a dominant role in the coupling effect, it is logical
to expect that the maximum field enhancement occurs when ϕ

tends to π
2 , as this angle maximizes the vertical field component.

However, this is not the result from our simulations. Figure 5 shows
the dependence of field enhancement on the incidence angle of
the incoming light. The maximum field enhancement for a gold
tip kept at a 2-nm distance over a gold substrate under p-polarized

www.interscience.wiley.com/journal/jrs Copyright c© 2009 John Wiley & Sons, Ltd. J. Raman Spectrosc. 2009, 40, 1343–1348
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Figure 6. FDTD simulations of the electric field distribution in the proximity of a single Au tip at a distance d = 1 nm from an Au (left), Pt (middle), and
SiO2 (right) substrate. M is the maximum field enhancement.

laser illumination of wavelength 632.8 nm from the side occurs at
an incidence angle ϕ in the range of 40–60◦.

The reason for this optimal value (diagonal incidence) is due
to the proximity of the surface. The total vertical field in the
gap is strongly affected by the interference of the reflected field
and the incident field. When ϕ → 90◦, although the amplitude
of the reflected vertical field reaches its maximum, its phase is
opposed to that of the incident field, and the interference results
in a decreased intensity at the substrate surface. This result is
very similar to those of previous theoretical studies.[34] However,
if the p-polarized laser illumination is changed to s-polarized
illumination, our simulation shows that a very small enhancement
in the gap is produced, independently of the incidence angle. This
is easy to understand since the incident light cannot meet the
phase-matching condition for excitation of the surface plasmon
polaritons at plane substrate surface.

Substrate Dependence Of TERS

It is well known that the material of the irradiated tip is
another aspect of great importance to provide effective TERS
enhancement. Gold and silver are the two metals commonly used
for TERS tips because of their ability to create a large enhanced EM
field at the tip apex due to the excitation of the localized surface
plasmon polariton in visible frequencies. Experimental results
and theoretical simulations have demonstrated that metallic
and dielectric substrates show very different coupling strengths
and therefore enhancement capabilities, for example, in infrared
microscopy based on the scattering of a tip–substrate system.[35]

Here, we investigate the influence of the substrate material
on TERS enhancement in the cases of a noble metal (Au), a
transition metal (Pt), and a dielectric material (SiO2) acting as the
substrates in our simulation. In all calculations, the gold tip is
held at distance d = 1 nm from the substrate surface, and the
p-polarized 632.8 nm plane wave is incident at the tip–substrate
gap at an angle of 60◦. The results in Fig. 6 show a direct effect
of the substrate material on the degree of TERS enhancement. A
Au substrate gives the highest field enhancement factor of 353
since it behaves as a good metal producing a large EM coupling

with the tip. A Pt substrate gives an enhancement of 232. The
dielectric substrate SiO2 gives the smallest enhancement factor
of 68. This result is similar to SERS properties in hosts made of
different materials, and depends on the degree of coupling that the
substrate can provide to the tip. Metallic gaps can provide strong
surface plasmon resonances in the visible, whereas dielectric
materials cannot couple so effectively, producing the effect of an
isolated tip.

Field Enhancement in Double-Tip TERS

Recently, a method for achieving a larger Raman enhancement
by using a double-tip TERS configuration has been reported.[13] In
this novel TERS configuration, one of the pieces is a scanning gold
tip and the other one is a gold nanoparticle absorbed on a flat gold
surface acting as a fixed tip. The resulting Raman enhancement is
several times higher than that of normal TERS. Zhang et al.[14]

studied the influence of nanosteps on the enhancement in
gap mode TERS and found that nanoscale roughness on the
metal surface can increase the TERS enhancement by an order
of magnitude. In order to quantitatively evaluate the EM field
enhancement in a double-TERS system, we have performed a
full 3D-FDTD calculation for such a system. In the simulation, we
modeled the fixed tip as a 50-nm diameter gold nanoparticle,
with the second tip, substrate, and excitation parameters being
the same as in Fig. 2(b). The distance between the tip and the
nanoparticle is 2 nm. The result of the simulation (Fig. 7) shows
that the field enhancement at the tip–particle gap in double-tip
TERS is about 251, in comparison with 189 of a normal single
tip–substrate TERS configuration. This mechanism provides a
further 30% electric field enhancement. This 251 times field
enhancement results in a 4 × 109 TERS enhancement, which
is in good agreement with the experimental data reported in
Ref. [13].

The additional field enhancement in a double-tip TERS is
mainly due to the lightning rod effect provided by the gold
nanoparticle, since a larger surface charge density is produced
at the sharp curvature of the small gold particle, bringing more
intense coupling effect in the double-tip TERS.

J. Raman Spectrosc. 2009, 40, 1343–1348 Copyright c© 2009 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/jrs
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Figure 7. FDTD simulation of the electric field distribution in a double-
tip TERS geometry. A 50-nm-diameter gold nanosphere was placed on
the smooth gold surface. The tip parameters are as in Fig. 2(b). M is the
maximum field enhancement.

Conclusions

In summary, we use a 3D-FDTD method to perform theoretical
simulations of the field enhancement and spatial resolution of
a gold conical tip, with and without a substrate, under side
illumination. The TERS enhancement properties are found to be
dependent on the tip size and shape, the substrate material, the
tip–substrate distance, and the incidence angle and polarization
of the excitation light. The dominating effect is the nano-gap
effect between the metal tip and the metal substrate, where the
strong plasmon coupling offers a tremendous TERS enhancement
allowing even single-molecule detection. This TERS enhancement
drops dramatically as the distance between the tip and the
substrate increases. The spatial resolution of TERS is found to
be mainly dependent on the radius of the curvature of the tip end
and the distance between the tip and the substrate. A decrease
of the tip radius can improve dramatically the spatial Raman
resolution of TERS. Therefore, tips with sharp ends (small radius of
curvature) should be preferable in TERS if high spatial resolution
is required. Increasing the tip–substrate distance or changing the
metallic substrate into a dielectric substrate will usually lower the
spatial resolution.
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