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Abstract

An H-shaped nano-aperture used as a high efficient near-field radiator is demonstrated. The transfer
efficiency higher than unity and nanoscale radiation spot can be achieved simultaneously in the near field
compared with regular apertures. The radiation enhancement is ascribed to the fundamental
electric-magnetic field propagating in the TE;, mode concentrated in the gap between the ridges, which
provides the electric dipole-liked behavior. The optimal performance of nano-apertures could be fulfilled by
proper design of the geometry of the aperture, choosing good conducting metals as the film materials and
low refractive substrate. As a demonstration, a super small spot about 20 nm x 18 nm is achieved through
the radiation of a nano-aperture with a narrow gap of 12nm x 8 nm.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

An aperture or opening in a cavity resonator or a conducting plate allows radiation leakage or
desired radiation in the required direction in a positive manner. In this kind of aperture radiation
systems, the field distribution over the aperture acts as the source of radiation according to
Huygens principle. If the aperture is large in size in comparison with wavelength, significant
radiation could be produced and propagates in a long distance, for example, electromagnetic horn
which transfers radiation from a guiding system. For a sub-wavelength aperture, the radiated
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fields from the source fields over the aperture nearly cancel at large distance, so the radiation is
only located in the near field of the aperture, a distance much less than wavelength. Using sub-
wavelength apertures as near-field radiation sources has applications in near-field optical
microscopy (NSOM) [1-5] to achieve nanoscale optical resolution, and potentially for near-field
nanolithography to fabricate nano-structures, optical data storage to reach ultra-high storage
density, heat assisted magnetic recording to provide ultra small heat source, and many other areas
where a super resolution radiation source is needed. However, the near-field radiation transfer
through regular apertures is typically very low [6-9]. For a circular aperture, the transfer efficiency
is proportional to the fourth power of ratio of the aperture size to wavelength, thus large input
powers are necessary for significant radiation energy when dealing with regular subwavelength
apertures, and low performance/cost ratio will be expected.

In order to obtain both nanoscale resolution and high radiation efficiency, a number of shaped
apertures have been proposed, including C-shaped, H-shaped, and bowtie-shaped [10-13]. They
can be named as ridge nano-apertures in which the small gap region between the two ridges
determines the near-field nanoscale resolution. In the following, the analytical procedure of
radiation through a circularly shaped, sub-wavelength hole is first outlined, since the results of this
calculation are useful to illustrate the mechanisms of radiation transfer enhancement in ridge
nano-apertures, as well as to verify the followed numerical calculations. An H-shaped nano-
aperture in a thin metal plate is numerically studied using the finite-difference time-domain
(FDTD) method [14,15], and compared with comparable conventional apertures. The full wave 3-
D electromagnetic fields inside and in the near-field region of the apertures are obtained through
FDTD calculations, which helps to understand the process of light propagation and radiation
transfer through these nano-apertures. The electric dipole-liked radiation behavior will be
discussed. At last, an ultimate super resolution through a nano-aperture with a narrow gap will be
demonstrated.

2. Numerical approach

According to Huygens principle, under the illumination from the top surface of an aperture in a
thin conducting plate as shown in Fig. 1, the radiation through the aperture can be computed by
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Fig. 1. Schematic view of radiation through a circular hole.
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treating the electromagnetic field in the aperture area as the re-radiation source [6,7]. The plate is
considered to be perfectly conducting, so that it has no fields or currents on the bottom surface
excect in the aperture. Although the field over the aperture arises from the illumination on the top,
it may be considered to be produced by equivalent sources located on the aperture top surface, so
that an equivalent surface magnetic source M can be introduced,

M,=E xn. (1)
The original fields E| and Hat the top region of the plane are
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where the vector potential F' is computed from the equivalent magnetic current Mj.
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To ensure the continuity of tangential electrical field through the hole, an equivalent magnetic
source of —M is placed on the bottom surface of the hole. The fields E, and H, at the bottom
region of the plane is equivalent to the fields induced by the magnetic source — M and its image,

— . —_ .W _
H, :JWF+Jk—2 V(V - F), (4a)
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Applying the continuity of the tangential component of the magnetic fields across the hole, the
magnetic source My is solved using Rayleigh series expansion:

M= M, k" (5)

In our case, it is assumed that the normally incident laser beam is a TEM plane wave, as the
transverse dimension of the beam is much larger than the diameter of the small hole. The time-
harmonic electric and magnetic field (with time dependence e"’) of the incident beam are
expressed as

Eo = Ee ¥ X, (6a)

Hy= Hoe_jkz y. (6b)

As such, the low-frequency expansion of Eq. (5) up to the k> term is found as

gi
M, = i Eysin 0(a*> — p2)1/2k + o(k3), (7a)
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Fig. 2. (a and b) Schematic view of an H-shaped nano-aperture channel in a free-standing metal film.
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where a is the radius of the hole. With the magnetic source term determined, the radiated field
below the hole can be completely solved, as well as the time-averaged radiation transfer through
the hole.

For apertures with other geometry, such as shown in Fig. 2, an H-shaped ridge nano-aperture,
it is difficult to analytically determine the equivalent magnetic current sources, and therefore
numerical computations are necessary. The Maxwell’s differential equations for the light
propagation and radiation transfer are solved numerically with 3D-FDTD method. The radiation
fields are calculated by solving the discretized Maxwell curl equations in both space and time for
each time step until the steady state is reached. In the case of a sinusoidal illumination as used in
this work, the sinusoidal variation of all radiated fields in time indicates the achievement of steady
state. At optical frequencies the modified Drude model [15] is used to describe the frequency
dependence of the complex relative permittivity of real metals.

3. Results and discussion

Radiation through a small hole of 50 nm in diameter under the illumination of a plane wave of
500 nm in wavelength is computed based on the analysis described above. Figs. 3(a) and (b) give
the variation of electric and magnetic fields on the central axis of the hole with the distance (z/d)
away from the hole. The normalized electric field E/E, and magnetic field H/H, in the near field
are about 102, which is in agreement with Bethe’s result [6] of the order of (¢/L)*. The radiation is
mainly concentrated in the near-field region of the hole, i.e., the diameter of the hole rather than



E. X Jin, X. Xu / Journal of Quantitative Spectroscopy & Radiative Transfer 93 (2005) 163-173 167

0.08 — . . . . 0.07

o o
2007 1 £ 006 1
O 5 1 ==
5 EGJ: | 2L o005 T
35 g
5 ﬁ . g 0.04 s

< B
£5 1 23
8 cwo 0.02 -
© T gQ
2 E 001 1 1 1 1 1

1 2 3 4 5 6 1 2 3 4 5 6

@ Distance away from the hole (z/d) (b) Distance away from the hole (z/d)

Fig. 3. Variation of electric (a) and magnetic field (b) with the distance from the circular aperture.

the wavelength. In our case, the transfer efficiency is about the order of 107°~10~*, which also
agrees with the Bethe’s result of (a/A)*. FDTD numerical procedures are verified by computing the
same case illustrated in Fig. 3, and the same results are obtained in terms of radiation fields and
transfer efficiency.

To demonstrate the field enhancement in the H-shaped aperture, numerical calculations are
carried out to compare the ridge aperture with two regular apertures, a 300nm x 200 nm
rectangular aperture and a 100 nm x 100 nm square aperture. Fig. 4 shows distributions of electric
field intensity |E|* for the three apertures on the xz plane at y = 0 and xy plane 50 nm below the
apertures after reaching steady states in the case of y-polarized 488 nm uniform illumination from
the top region. A 100 nm thick ideal conductor plate is considered in these calculations since the
optical absorption depth for most real metals are only a few nanometers. Due to the finite
thickness of the aperture, it could be treated as a short aperture waveguide without considering
the end effect. The current induced on the far side surface is negligible therefore the aperture is the
only re-radiating source. As the cutoff wavelength of the square aperture is far below the incident
wavelength, it is basically a cutoff waveguide and no propagating waveguide mode can exist inside
the aperture, so there is much less radiation energy through the aperture. In contrary, the cutoff
wavelengths of TEo propagation mode in the rectangular and H-shaped apertures are 600 and
805 nm, respectively, therefore significant near-field radiations are expected as shown in Fig. 4(b)
and (a). The cutoff of the H-shaped aperture is calculated by using the transverse resonance
method in microwave engineering and the geometry considered in this work (¢=300nm,
b=200nm, s=100nm, d=100nm as shown in Fig. 2). Due to the cutoff effect, the radiation
transfer of the evanescent wave through the square aperture channel is as low as 0.0038, while the
radiation efficiency through the H-shaped aperture is 2.14, which means the H-shaped aperture
can provide about three orders improvement in radiation transfer compared to the square
aperture. Furthermore, the H-shaped aperture shows a much smaller near-field radiation spot
with respect to the rectangular aperture while maintaining the comparable peak radiation
intensity as shown in Fig. 4(d) and (e).

Further numerical calculations are conducted to illustrate the mechanism of light propagation
and radiation transfer through ridge aperture. The geometry of the H-shaped aperture is same as
mentioned before, but the film thickness considered here is 500nm in order to show the
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Fig. 4. (a—f) Electric field intensity |E|?/| Ey|* distribution of H-shaped, rectangular and square nano-apertures. The first
and second rows show the xz plane at y=0 and xy plane 50 nm below the aperture, respectively.
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Fig. 5. (a—f) Electric field intensity |E|*/|E,|* distribution of an H-shaped aperture in a 500 nm perfect conducting film
on xz plane at y=0 and xy plane 50 nm below the aperture in the first and the second row, respectively. Y-polarized
incident plane wave of different wavelengths is considered. From the first to third column, the wavelength is 1000, 500,
and 150 nm, respectively.
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propagation modes inside the aperture channel. FElectric field intensity are calculated and
displayed in Fig. 5 with y-polarized illumination of three different wavelengths, 1000, 500 and
150 nm.In the case of 1000 nm incident illumination, only the evanescent mode whose intensity
decays rapidly along the aperture due to the cutoff effect is clearly shown in Fig. 5(a), and low
radiation through the aperture is expected. At 500 nm incident wavelength, which is shorter than
the cutoff wavelength, the TE,, waveguide mode is observed in the aperture channel (Fig. 5(b)). It
is found that this mode is completely confined in the gap region between the two ridges and it
maintains the confinement even beyond the aperture as shown in Fig. 5(e). Since TE;, is a
propagating waveguide mode, high radiation intensity through the aperture is achieved opposite
to the exponential decay of radiation intensity in the evanescent case. However, the fundamental
TE,( mode is not the only propagation mode that can be excited. When illuminated with 150 nm
incidence, a TE,y mode is also excited in the aperture (Fig. 5(c)), which propagates through the
side open regions of the aperture and dominates the field even at 50 nm below the aperture (Fig.
5(f)), therefore optical confinement is not achieved.

The calculation results also show that the H-shaped aperture functions as an electric dipole
radiator. The profile of radiation power densities on the plane right below the H-shaped aperture
in Fig. 6 shows that the radiation is dominated by the electric field in the near field of the aperture.
This is in contrast to the sub-wavelength circular hole, in which the electric field decays much
faster than the magnetic field does in the near-field region as shown in Fig. 3. In order to illustrate
this point further, radiation transfer through a square aperture is also calculated numerically. It is
seen that the radiation power density is dominated by the magnetic field as shown in Fig. 7, which
shows the radiation function of a magnetic dipole. It should be noted that in terms of optical
applications, e.g., nanolithography, the electric dipole-liked radiation behavior of the ridge
apertures offers advantage over the regular apertures since the interaction of visible light with
media, for example, photo resist, is dominated by the electric field.

At optical frequencies, real metals have finite skin depth, which cannot be neglected in a thin
film. Furthermore, the negative value of the real part of complex dielectric constant for most

5 T T T T T T T 5 T T T T T T T
& &
= 4 - - g 4 +
s =
$ 3T 1 8° i
= 2
G 2L 4 221 =
c
g 3
5 9]
21t - 1t 4
g a
0 e ¢ 0 14 =4 N
-400 -200 0 200 400 -400 -200 0 200 400
(a) Displacement in x direction (nm) (b) Displacement in y direction (nm)

Fig. 6. (a and b) Radiation power density profiles of an H-shaped aperture. The magnitude of incident electric field is
1V/m.
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Fig. 7. (a and b) Radiation power density profiles of a 100 nm x 100 nm square aperture. The magnitude of incident
electric field is 1 V/m.

metals will give rise to the excitation of surface plasmon since the surface plasmon dispersion
relation can be satisfied at the interface of metal film and free space [16]. To investigate the effect
of surface plasmon, an H-shaped aperture (¢ =300nm, »=120nm, s=100nm and d=50nm) in
50nm films made of aluminum and silver are studied. The incident wavelength is chosen to be
488 nm. Fig. 8 shows radiation intensity distributions in the vicinity of the apertures. The field
intensity is strongly localized on the edges of the aperture in the silver film (Fig. 8(b)), and it
indicates the excitation of coherent oscillation of accumulated electron charges at these locations,
or localized surface plasmon (LSP). The LSP will propagate along the silver/air interface but
decay exponentially in the direction perpendicular to the aperture. Due to the fact that the
absolute value of the ratio of the real part of the dielectric constant to the imaginary part for silver
is larger than that for aluminum [16], surface plasmon excitation is much stronger for silver than
for aluminum. It has been shown the surface plasmon enhances the transmission through a hole
array in silver film [17,18], but the localized surface plasmon excitation here has a negative effect
on the field confinement as evident in Fig. 8(d). In contrary, the fact that the radiation spot in the
aluminum keeps focused suggests that aluminum can be treated as an ideal conduct under 488 nm
illumination, which does not allow for the excitation of free electrons on the bottom surface.

Another issue needs to be considered in practical applications is the effect of substrate on which
the metal film is deposited. Fig. 9 shows radiation field intensity at distance 50 nm behind the H-
shaped aperture on a free-standing aluminum film or the same film sitting on a substrate
(dielectric constant € =4.2). The aperture has the same geometry as discussed in Fig. 8. The peak
electric field intensity is reduced and the full width half magnitude (FWHM) of field intensity
increases both in the x and y directions in the case of substrate e =4.2 as shown in Fig. 9. Due to
the existence of substrate, the relative incident wavelength is reduced from A to A/n (n is the
refractive index of the substrate), which is closer to the cutoff wavelength of T,q mode in the
cutoff spectrum. As shown in Fig. 5 before, light will transport through the side regions of the
aperture channel when T,y mode is excited, and the H-shaped aperture will lose its ability to
concentrate radiation.



E. X Jin, X. Xu / Journal of Quantitative Spectroscopy & Radiative Transfer 93 (2005) 163-173 171
100%

80%

60%

40%

[EP100% = 26.21 |EF 1005 = 285.6

20%

200 nm

|E|2100% =0.821 (d) |E|2100% =0.835

Al Ag

Fig. 8. (a—d) Normalized radiation field intensity of an H-shaped aperture in a 50 nm thick aluminum and silver film.
The first row is the xy plane right below the film and the second row is 50 nm below the film.
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Fig. 9. Profiles of normalized radiation field intensity at distance 50 nm below an H-shaped aperture on a free-standing
aluminum film or the same film sitting on a substrate in x (a) and y (b) directions.

Based on the above calculations, it can be said that in order to obtain the optimal radiation
performance, i.c., high-radiation efficiency and excellent radiation confinement of an H-shaped
nano-aperture, first, good conducting and plasmon-free metals such as aluminum need to be
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Fig. 10. Normalized radiation field intensity 4 nm below an H-shaped aperture with a narrow gap in a 50 nm thick
aluminum film under 488 nm polarized illumination. An ultra small spot 20 x 18 nm is confined in the center.

chosen as the film material to reduce the negative LSP effect. Second, transparent material with
low refractive index should be considered as the substrate to maintain the radiation confinement.
Finally, the geometry of the aperture must be well designed to fit the excitation frequency between
the cutoff frequencies of TE (o mode and TE,y, mode so that only the TE;, propagation mode can
be excited in the aperture. The small gap formed by the ridges confines the light and determines
the size of the nanoscale radiation spot. As a demonstration, an ultra small (20 nm x 18 nm) and
high intensity radiation spot is illustrated in Fig. 10. This ultra small spot is obtained at a distance
4nm below an H-shaped aperture in a 50nm thick aluminum film, with a narrow gap of
12nm x 8§ nm and irradiated by 488 nm polarized light.

4. Conclusions

H-shaped nano-apertures can be used as a near-field radiation source to achieve nanoscale
resolution with high transmission efficiency and high contrast compared with regular shaped
nano-apertures. The propagation of fundamental TE;, mode formed between the ridges
contributes to the field enhancement and concentration. With careful selections of the materials
for metal film and substrate, and optimal design of the geometry of ridge nano-aperture, a small
radiation source with high intensity could be obtained, which will be very attractive in the
applications such as ultra high optical data storage. In the next stage, NSOM experiments will be
conducted to characterize radiation through nano-apertures.
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