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A functional probe with bowtie aperture and
bull’s eye structure for nanolithograph*
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The bowtie aperture surrounded by concentric gratings (the bull’s eye structure) integrated on the near-field

scanning optical microscopy (NSOM) probe (aluminum coated fiber tip) for nanolithography has been investigated

using the finite-difference time domain (FDTD) method. By modifying the parameters of the bowtie aperture and the

concentric gratings, a maximal field enhancement factor of 391.69 has been achieved, which is 18 times larger than that

obtained from the single bowtie aperture. Additionally, the light spot depends on the gap size of the bowtie aperture

and can be confined to sub-wavelength. The superiority of the combination of the bowtie aperture and the bull’s eye

structure is confirmed, and the mechanism for the electric field enhancement in this derived structure is analyzed.
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1. Introduction

The near-field scanning optical microscopy
(NSOM)! is an efficient method for squeezing light
into a nanometer scale region. It has been applied
in many applications, including optical storage,?

[3:4] and single molecule detection.[®!

nanolithography,
However, according to the classical theory, the trans-
mission efficient scales as (d/\)%,1% so a serious attenu-
ation occurs when the light transmits through the sub-
wavelength aperture. Several approaches have been
prompted to enhance the transmission, such as using
C-shaped,[”8] H-shaped,®) L-shaped,') and bowtie-
shaped apertures,'"'2 among which the bowtie aper-
ture is the most popular structure due to its larger
transmission and higher energy concentration.!'3l On
the other hand,

have attracted much attention for the enhancement

the sub-wavelength hole arrays

of transmission,'*~19 which is mainly due to the
unique properties of the surface plasmon polariton
(SPP).1'7=19 Meanwhile, a single aperture surrounded
by a periodic structure (bull’s eye structure) has been
proposed to achieve a higher transmission,?! which
also utilizes the propagation of the SPP waves on the
metal/dielectric interface. To study the well focusing
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effect of the bull’s eye structure, many experiments
and simulations have been carried out.?!=23 As both
the bowtie aperture and the bull’s eye structure are ef-
ficient for enhancing the optical throughput, combin-
ing the two structures would be a good choice.[242%]
However, the planar structures limit the application of
the scheme on the NSOM due to the poor feedback of
the crew-cut probe with given dimensions on control-
ling the distance between the probe and the sample,
so optimizing the scheme on a taper structure is worth
studying.

In this paper, we integrate the bowtie aperture
with concentric gratings on the aluminum coated fiber
probe of NSOM for nanolithography and analyze the
enhancement effect of this structure using the finite-
difference time domain (FDTD) method. Some pa-
rameters of the bowtie and the concentric gratings are
modified to optimize the transmission of the light at
the wavelength of 365 nm, which is the common work-
ing wavelength of photolithography. The best trans-
mission enhancement is 18 times higher than that from
the single bowtie aperture without concentric gratings
with the same dimension. The mechanism for the elec-
tric field enhancement in this derived structure is also
studied.
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2. Method and model

The schematic diagram of a cone structure with
a sub-wavelength bowtie aperture surrounded by con-
centric rings is shown in Fig. 1. The taper fiber tip is
covered with an aluminum film containing four con-
centric rings, and the bowtie aperture is fabricated
on the apex of the cone structure. In our calcula-
tion, the cone angle ¢ and the bowtie flare angle o
are set to be 75° and 90°, respectively, and the thick-
ness of the Al film is set to be 100 nm. To optimize
the enhancement factor of electric field intensity, we
modify the structural parameters, including grating
period p, ring width w, gap size g, and outline length

a. The frequency-dependent dielectric constant of the

(k) bowtie aperture

aluminum can be characterized by the Drude model

2 2.2
w . wpy

b
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w? + 2 ww? ++2)

ew)=¢e1+ieg=1— (1)
where £(w) and w represent the complex permittiv-
ity and the incident light frequency, respectively, the
plasma frequency is w, = 1.9038 x 10*¢ rad/s, and the
damping rate of the metal is v = 8.2881 x 104 rad/s
in the visible and ultraviolet region.l?8l The FDTD
method is employed to calculate the three-dimensional
(3D) structure. A 5 nmx5 nmx5 nm mesh is used in
the computational domain. The cone structure is il-
luminated by a plane wave propagating along the +z
direction with the polarization along the x direction.
Perfect matched layers (PML) are applied for electro-
magnetic wave absorption.

O =k

<> z(F)

Fig. 1. Schematic diagrams of sub-wavelength bowtie aperture surrounded by concentric rings. (a) Profile view in the

z—z plane cut through the middle of the cone structure. (b) Top view of the bowtie aperture.

3. Results and discussion

Due to the momentum mismatch between the
SPP waves and the incident light, the SPPs cannot
be excited directly by the incident light on the alu-
minum/fiber interface. The problem can be overcome
by fabricating a grating structure on the interface for
momentum match, then the condition

B =ksin0tm-2r/p (2)

is fulfilled, where k is the wave vector of the incident
light in the fiber, 8 is the incident angle, m is a posi-
tive integer (1, 2, 3, ...), p is the period of the grating,
and f is the wave vector of the surface plasmon along
the propagating direction. The dispersion of the SPP
propagating at the metal/dielectric interface is

EmEd
= koy | —mMm ——
ﬂ 0 Em T Ed ’ (3)

where kg is the wave vector of the incident light in a
vacuum, &,, and g4 are the dielectric constants of the

aluminum and the fiber, respectively. Period p can be
determined from Egs. (2) and (3) with different inci-
dent wavelengths. As the wavelength of the incident
light is set to be 365 nm, the dielectric constant of the
aluminum can be fixed (g, = —19.424 + 3.6031).1"]
Inserting into Eqs. (1) and (2) k = ko -n and g4 = n?,
where n is the index of the fiber (n = 1.52), 6 =
90° — 1, we obtain the grating period p ~ 300 nm.
It is well known that the optical property of a
nanostructure strongly depends on the geometry pa-
rameters. In order to increase the enhancement fac-
tor at the exit of the aperture, the structural param-
eters should be optimized. The electric field inten-
sity of the x component at the exit of the aperture
as a function of the illumination wavelength is shown
in Fig. 2 for different ring width w, and the bowtie
aperture gap size g and outline length a are set to
50 nm and 150 nm, respectively. It can be found
that the main resonant wavelengths almost all appear
at 370 nm, which confirms that the grating structure
with period p ~ 300 nm can concentrate the illumi-
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nation (A = 365 nm) at the apex of the taper fiber;
the result is in good agreement with Wang’s work.[?®!
In the result, the resonant peak increases gradually
when the ring width decreases from 70 nm to 30 nm,
and the maximum enhancement factor of the electric
intensity is about 68 at the ring width of 30 nm. As
the aluminum film is completely cut off by the air
rings, the SPP waves excited by the illumination light
have to transmit through the separated aluminum film
to the apex of the fiber. As the SPP waves cross a
ring, opposite charges will be introduced on the edges
of the ring, providing a quasi-electrostatic coupling
across the ring. Therefore, the phase change will be
sensitive to the ring width. It can be found that as
the main peak decreases, pits start to appear at the
main peak (Fig. 2, w = 60 nm, w = 70 nm), which
suggests that further increasing the ring width leads
to the momentum mismatch between the SPP waves
and the incident light. However, as the ring width is
much smaller than the SPP wavelength, the concen-
tric rings will have little effect on the excitation of the
SPP wave, and the phase change will be very small.[?!
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Fig. 2. (colour online) Electric field intensities of the  com-
ponent (Fz) as a function of incident wavelength for different
ring widths.

As the bowtie structure influences the transmis-
sion of light, the bowtie apertures with different gap
sizes are studied, and the results are shown in Fig. 3.
The bowtie aperture outline length is kept the same
(a = 150 nm), and the ring width is set to the op-
timized value 30 nm. Clearly, with the gap size de-
creased from 70 nm to 30 nm, the enhancement factor
increases dramatically, and the maximum electric field
intensity is about 178 times higher than the intensity
of the incident light (achieved at ¢ = 30 nm). As
the charge tends to accumulate at the two tips of the
bowtie aperture, the electric field intensity will be en-
hanced in the gap area. As the gap size decreases, the
electric field coupling between the two tips will become

stronger, which further increases the charge density in
the two tips. Therefore, the dipole-like radiation will
be enhanced when the gap size is reduced. Addition-
ally, the resonant wavelength is still at 370 nm, and no
obvious change is found with the different gap sizes.
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Fig. 3. (colour online) Electric field intensities of the z
component (E;) as a function of incident wavelength for
different gap sizes.

Based on the above results, the outline length
a is modified to achieve a higher enhancement, the
calculation result is shown in Fig. 4, where the ring
width and the gap size are all set to be 30 nm. It can
be found that the resonant wavelength shows a red
shift with the outline length increasing, which is well

consistent with the other works.[30:31]

Especially, the
maximal electric field intensity, which is about 391.69
times higher than the intensity of the incident light, is
obtained at the exit of the aperture with the outline
length of @ = 90 nm. Moreover, the resonant wave-

length is 365 nm, which is the working wavelength of

photolithography.
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Fig. 4. (colour online) Electric field intensities of the z
component (E;) as a function of incident wavelength for
different outline lengths.
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Fig. 5. Electric field intensities of the  component (E)
as a function of incident wavelength. The solid line shows
the bowtie aperture with concentric rings (ring width
w = 30 nm), and the dash line shows the bowtie aperture
without concentric rings. The parameters of the bowtie
apertures are the same, g = 30 nm and a = 90 nm.

It should be noticed that as the wavelength of
the incident light is 365 nm, the bowtie aperture with
the dimension outline length ¢ = 90 nm and gap size
g = 30 nm does have an obvious enhancement ef-
fect on the light in the fiber directly illuminating the
aperture. However, as more light propagates through
the aluminum/fiber interface with concentric rings to
the apex in the form of SPP waves, the total elec-
tric field intensity is greatly increased at the apex.
For comparison, the bowtie aperture (¢ = 90 nm
and g = 30 nm) without concentric rings is studied
(Fig. 5). It shows that the resonant wavelength of the
single bowtie structure is 392 nm and the enhancement
factor is about 147. When the wavelength of the inci-
dent light is selected to be 365 nm, the enhancement
factor is just 21.72, which is 18 times smaller than
that obtained from the bowtie with grating structure.
The distributions of electric field intensity (wavelength
A = 365 nm) in the z—y plane at the exit of the bowtie
aperture with and without the grating structure are
illustrated in Fig. 6. The light transmitting to the
apex through the bull’s eye structure is further en-
hanced by the bowtie aperture. Moreover, it is clear
that the energy is concentrated to the gap and the spot
size is mainly determined by the gap scale. A higher
intensity sub-wavelength light spot can be obtained
from this scheme. However, owing to the limit of the
cone structure dimension and the specified working
wavelength (365 nm), the enhancement effect of the
bowtie aperture is not fully demonstrated. Chang-
ing the period of the concentric rings and choosing
the wavelength of light source at the resonant wave-
length of the bowtie aperture can further increase the

enhancement effect of the bowtie aperture.

200 —400
100 300
g
=
<
=)
5
= 0 200
0
o
a,
>
—100 100
_ 0
200 —100 0 100 200
z position/nm
200 —400
100
g 300
g
<
=)
RS
b= 0 200
wn
o
2
>
—100 100
—200 0

—100 0 100 200

z position/nm

Fig. 6. Distributions of electric field intensity (wavelength
A = 365 nm) in the z—y plane at the exits of the bowtie
apertures (a) with (ring width w = 30 nm) and (b) with-
out grating structure, where g = 30 nm and a = 90 nm.

4. Conclusion

In summary, the bowtie aperture and the bull’s
eye structure have been efficiently combined for trans-
mission enhancement of the NSOM probe. By mod-
ifying the structure parameters, a maximal field en-
hancement factor of 391.69 is achieved at 365 nm (the
common working wavelength of photolithography) in
our calculation. In our model, the main mechanism
for the electric field enhancement is that the incident
light is concentrated to the apex of the fiber cone by
the bull’s eye structure and further enhanced by the
bowtie aperture. The single bowtie aperture without
the concentric grating structure has also been calcu-
lated for comparison; its enhancement factor is only
21.72, which further confirms the advantage of our de-
rived structure. Moreover, the light spot can be con-
fined to sub-wavelength and is mainly determined by
the gap size of the bowtie aperture. Such a combina-
tion with a much higher enhancement factor provides
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an efficient and promising method for nanolithogra-

phy.
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