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ABSTRACT With regard to thin Ag and Al films of the same
thickness, the phase velocity of surface plasmon polaritons
(SPPs) on the Ag surface is smaller than that on the Al sur-
face. We have designed a ridged metal heterostructure (RMH)
for nanofocusing of light energy. Finite difference time domain
simulations reveal that the RMHs constructed with both the Ag
and Al films can result in giant local field enhancement, instead
of around the sharp corners, as the triangular metal nanocrys-
tals constructed with a homogeneous metal material do, in the
middle part of the structures. Further assembly of the RMHs
can construct interesting nanoantennas and array probes, imply-
ing potential applications of the RMHs in nanophotonics and
biophotonics.

PACS 42.82.Et; 82.79.Pw; 85.60.Gz

1 Introduction

Efficient energy interconversion between propa-
gation light and the localized field of light is important
for highly-sensitive biological and chemical detectors. Sur-
face enhanced Raman scattering (SERS) for probing single
molecules is one of many typical examples [1–3]. So far,
several nanostructures such as sharp metallic tips [4, 6] and
“bowtie” antennas [7–10] etc. have been proposed for these
purposes. It was demonstrated that the local optical inten-
sity close to a sharp Au tip can be enhanced to 1000 times
higher than that of the incident light [5], while the intensity en-
hancement produced by the “bowtie” antennas at the so-called
“hot spot” is in excess of 1500 [9]. By using two different
metal materials, the authors have proposed and demonstrated
a series of metal heterowaveguides for nanofocusing, nanogu-
iding, and the directional beaming of light, as well as for use
as Bragg reflectors [11–15].

In this paper, we will demonstrate ridged metal het-
erostructures (RMHs) for giant nanofocusing of light energy
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and local field enhancement. The RMHs are constructed by
sandwiching a triangular Ag ridge into two Al ones. Although
some triangular metal nanocrystals constructed with a ho-
mogeneous metal material have recently been synthesized
for the purpose of local enhancement [16–18], the lack of
controllable fabrication and the localization of strong local
field intensity around the corners of these structures [18], are
not convenient in some cases for realistic applications. In
contrast, finite difference time domain (FDTD) simulations
demonstrate that the proposed RMHs in this article can not
only produce giant local field intensity in the nanoscale do-
main, but can also confine light energy in the centric part of
the structures.

2 Principle of RMHs for nanofocusing

Considering a two-dimensional (2D) air-metal-air
system as shown in the inset of Fig. 1a, where d is the thick-
ness of metal film, ε1 and εm represent the relative permittiv-
ities of air and metal material, respectively, we can write the
amplitude distribution of electric field Ez of surface plasmon
polariton (SPP) modes in the interfaces of metal and air as:

Ez =

⎧
⎪⎨

⎪⎩

Ae−px , 0 ≤ x < ∞
Be−kx +Cekx , −d ≤ x ≤ 0
Depx , −∞ < x ≤ −d

, (1)

where k = (β2 −k2
0ε1)

1/2 and p = (β2 −k2
0εm)1/2 are the trans-

verse propagation constants (along the x-axis) of SPPs in di-
electric (ε1) and metal (εm), respectively, β is the propagation
constant of SPPs along the z direction, k0 is the wavenum-
ber of incident light in vacuum, and A, B, C, and D are the
mode amplitudes of SPPs in the metal and dielectric, respec-
tively. A similar magnetic field distribution Hy can be ob-
tained by applying Maxwell’s equations to (1). By employing
the boundary condition that Ez and Hy must be continuous in
the interfaces and solving the Ez and Hy equations, we can get
the dispersion relation of SPPs in the system as [19]:
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For a certain thickness d of metal film, one can get the
propagation constant β of SPPs from (2) [19]. Then we can
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FIGURE 1 (a) Dependence of the
real part of effective refraction index
n′

eff of SPPs on the thicknesses d of
metals Ag and Al films, respectively.
Inset, scheme of the 2D air-metal-air
system. (b) Scheme of the designed
RMHs constructed by sandwiching
a triangular Ag ridge into two Al
ones. h1, h3, h2, and θ denote the
lengths of Al and Ag ridges and the
vertex angle of the RMHs, respec-
tively. The whole height of the RMHs
in the z direction is 375 nm

define the effective refraction index neff (neff = n′
eff + jn′′

eff) of
SPPs on the interface between the air and metal as:

neff = n′
eff + jn′′

eff = β

k0
, (3)

where n′
eff and n′′

eff represent the real and imaginary parts of the
effective refraction index, respectively. The phase velocity υp

of SPPs is determined by υp = c/n′
eff , where c is the velocity

of light in vacuum.
Figure 1a shows the dependence of n′

eff on the thickness
d of the Ag and Al films, respectively. In the calculations,
the wavelength of the exciting light λ = 539.1 nm and the di-
electric constants εm1 = −10.55+ j0.84and εm2 = −42.13+
j11.96 of Ag and Al at this wavelength [20] are used, re-
spectively. From the figure, one can see that, with the same
thickness d, n′

eff of SPPs on the Ag surface is always greater
than that on the Al surface, and the difference of n′

eff be-
comes greater as d reduces in a certain range. Furthermore,
n′

eff decreases and asymptotically tends to be infinite as d is ap-
proaching zero for each case. From conventional waveguide
optics, we know that electromagnetic waves tend to propagate
in the medium with higher refractive index than its adjacent
ones, or in other words, electromagnetic waves prefer to travel
with lower phase velocity [21]. With this in mind, we de-
signed a type of RMHs, as is schematically shown in Fig. 1b,
for focusing light energy into the nanoscale domain, where
a triangular Ag ridge is sandwiched by two Al ridges. The
cross section of the ridges is an isosceles triangle. Geometric
parameters of the structure such as the height (along z direc-
tion, 375 nm, fixed), the vertex angle θ , and the lengths h1, h3,
and h2 of metals Al and Ag are shown in the figure. In our
FDTD simulations, the spatial and temporal steps are set at
∆x = ∆y = ∆z = 5 nm and ∆t = x/2c, respectively, and the
first-order Mur absorbing boundary conditions are used at the
boundaries of the computational window [22].

In order to get a symmetrical electric field distribution, we
assume two plane waves (in the y–z plane) with unity am-
plitude to symmetrically illuminate the structures from both
sides of the RMHs (Fig. 1b). The wave vector k and electric
field vector E are set in the x and z directions, respectively. To
quantitatively estimate the enhancement effect of the RMHs

on the local electric field, we define the normalized electric
field intensity |E|2 = |E2|2/|E1|2 to represent the field distri-
butions in all the situations, where |E1|2 and |E2|2 represent
the steady-state electric field intensities of both without and
with RMHs, respectively.

3 Nanofocusing properties of RMHs

Figure 2a and b shows the calculated gray distri-
butions of |E|2 at the middle part of the RMH in x–z plane
and along the y axis as the RMH is with h1 = h3 = 250 nm,
h2 = 65 nm, and vertex angle θ = 30◦, respectively. From the
figure, we can see that not only the electric field is tightly con-
fined around the ridge of the RMH (Fig. 2a), but is mainly
localized in the part of Ag ridge (Fig. 2b). Figure 2c shows the
corresponding profile of the |E|2 distribution along the y di-
rection (parallel to the ridge of the RMH). It can be seen that
the normalized electric field intensity reaches about 1200 at
the middle part of the RMH, while in the side parts (Al ridges),
a much weaker electric field intensity appears.

When the Al parts in the above RMH are removed, the
structure consists of Ag only and is similar to the conventional
triangular metal nanocrystals [16–18]. Figure 2d–f shows the
calculated electric field intensity |E|2 at the middle part of
the Ag ridge in x–z plane, along the y axis, and the corres-
ponding profile of |E|2 along the y direction of the structure,
respectively, where the geometric parameters of the Ag ridge
(375 nm high and 65 nm long) and illuminating conditions are
the same as that of Fig. 2a–c. As it is expected that, though as
strong as about 1240 normalized electric field intensity can be
reached, the giant local electric field is localized around both
tips of the Ag ridge, while at its middle part, only about a 90
normalized electric field intensity is observed (Fig. 2e and f),
which is similar to the cases of homogeneous metal nanocrys-
tals produced [18].

Making the electric field vector E of illuminating light
perpendicular to the z direction but keeping other geometric
parameters fixed, the calculated result reveals that the nor-
malized electric field intensity shows no enhancement effect.
This suggests that it is crucial to make the polarization di-
rection of the illuminating light perpendicular to the ridge of
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FIGURE 2 Calculated gray distributions of |E|2 at the middle part in x–z plane [(a), (d), (g)], along the y axis [(b), (e), (h)], and |E|2 profiles along the y
direction [(c), (f), (i)] for the RMHs with [(a)–(c), (g)–(i)] and without Al ridges [(d)–(f)], respectively. In the calculations, h1 = h3 = 250 nm, h2 = 65 nm,
and θ = 30◦ are used. In (a)–(f), the structures are with a sharp tip while in (g)–(i) the RMH is with a round tip with a 15 nm radius

RMHs (along the z axis) for obtaining an enhanced local elec-
tric field [4, 5].

The physics behind the giant enhancement effect of the
RMHs can be attributed to following reasons: firstly, when the
polarization direction of the incident light is perpendicular to
the ridge direction (z axis), there is a large surface charge ac-
cumulation on the ridge, which will induce a giant local field
intensity in the vicinity of the ridge [4, 5]. Secondly, as is well
known, electromagnetic waves tend to propagate with lower
phase velocity [21]. From Fig. 1a we see that the phase vel-
ocity of SPPs on the Ag surface is always smaller than that
on the Al surface. Therefore, SPPs will concentrate into the
Ag region of the RMHs. Furthermore, because n′

eff reduces
and asymptotically tends to be infinite as the thickness d of
the Ag film is approaching zero, the phase velocity of SPPs

on the surface of the Ag film tends to zero, which leads to the
slowdown and asymptotically stop of SPPs at the vertex of the
ridge. As a result, the accumulation of SPPs on the ridge of the
Ag region occurs.

Figure 3a shows the dependence of the normalized elec-
tric field intensity |E|2 at the middle part of the RMHs on the
length h2 of Ag ridge, while h1 = h3 = 250 nm and θ = 30◦
are fixed. It can be seen that, as h2 < 95 nm, the field inten-
sity shows a rapid increase with h2. While as h2 is larger than
95 nm, it falls gradually as h2 is increased. When h2 = 95 nm,
a maximum electric field intensity of about 1400 appears. This
means that, to achieve strongest electric field intensity, an op-
timal h2 is required. Figure 3b presents the dependence of |E|2
on the vertex angle θ of RMHs with h1 = h3 = 250 nm and
h2 = 65 nm, respectively. From the figure, one sees that the
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FIGURE 3 Dependence of the normalized electric field intensity on (a) the length h2 of Ag ridge (h1 = h3 = 250 nm and θ = 30◦) and (b) the vertex angle
θ(h1 = h3 = 250 nm and h2 = 65 nm)

electric field intensity increases monotonously with the de-
crease of the vertex angle θ . For instance, as the vertex angle
θ equals 24◦ , as high as 1480 normalized electric field inten-
sity in the middle part of the RMH can be obtained (Fig. 3b).
This is due to the enhancement of charge density and slow-
down of SPPs propagation on the ridge of RMHs as the vertex
angle θ is decreased. From above discussions, we can see that
by combining the optimization of both the length of Ag ridge
and vertex angle θ of RMHs simultaneously, much stronger
local electric field can be realized.

However, realization of the sharp features is limited in ac-
tual situation, which in turn may reduce the field enhancement
of RMHs. Figure 2g–i shown are the calculated electric field
intensity |E|2 at the middle part in x–z plane, along y axis, and
the corresponding profile of |E|2 along y direction of a RMH,
respectively, as the RMH is with a round tip with 15 nm radius
while all the other condition are the same as that of Fig. 2a–
c. It can be seen that the normalized electric field decreases
from 1200 (Fig. 2c) to about 315 (Fig. 2i). As the tip radius is

FIGURE 4 (a) Normalized light distribution at the middle part of a nanoscale antenna consisting of two RMHs with a 20 nm gap. Inset, scheme of the
antenna. (b) Scheme of a pair of RMHs for multiple nanofocusing. (c) Normalized electric field intensity distribution on a plane (x–y plane) 5 nm away
from the top of the pairs of RMHs as h1 = 200 nm, h2 = 65 nm and h3 = 250 nm. In the calculations, if without notation, other geometrical parameters and
illumination condition are the same as that of Fig. 2a–c

set at 10 nm, 20 nm, and 25 nm, respectively, the normalized
electric intensity changes to 380, 280, and 250, respectively,
meaning that the electric intensity is decreased with enlarged
tip radius. This can be attributed to the reduction of charge
density and less accumulation of SPPs at the tip as the tip ra-
dius is increased.

4 RMHs for nanoantennas and array probes

Figure 4a illustrates the normalized light distribu-
tion at the middle of h2 (x–z plane) of a nanoscale antenna
consisting of two RMHs with 20 nm gap (see the inset of the
figure), of which all the parameters are the same as that of
Fig. 2a–c. The highest normalized field intensity is as high as
1605 and the light spot is confined in a spot of size 5 nm×
20 nm in the x–z plane. Figure 4b schematically shows a pair
of RMHs for multiple nanofocusing, where h1, h2, and h3

are set at 200 nm, 65 nm, and 250 nm, respectively. Figure 4c
presents the normalized light field distribution on a plane (x–y
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plane) 5 nm away from the top of the RMHs. In the calcu-
lation, other parameters and illumination conditions are the
same as that of Fig. 2a–c. One can see that two enhanced op-
tical spots (with the same normalized light intensity as that of
Fig. 2b) are localized at Ag regions of the RMHs. By extend-
ing the RMHs in the z direction and the x–y plane, we can
construct one- and two-dimensional RMH arrays for multiple
nanofocusing, which is beneficial for array sensing.

It should be noted that the welding of two nanosized mate-
rials may result in the formation of a blur boundary due to the
inter-diffusion or boundary stress, which may limit the final
geometry of the structures. By carefully controlling and op-
timizing the fabrication techniques of the metal heterostruc-
tures, it is possible to get a sharper boundary between two
different metals [23].

5 Conclusions

In conclusion, we have designed and demonstrated
a type of RMH for focusing light energy into the nanoscale
domain. Instead of localizing the strong electric field around
the sharp corners of the nanostructures as metal tips and ho-
mogeneous metal nanocrystals do, the RMHs can enhance the
local electric field in the middle part of the structures. Further
enhancement by RMHs constructed nanoantennas and array
nanofocusing by multiple RMHs, imply various convenient
applications of the RMHs in nanophotonics and biophotonics,
such as high-density optical data storage, near-field optical
microscopy, optical nanolithography, and bio- and chemo-
sensing etc.
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