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Tuning the focusing spot of plasmonic nanolens by aspect
ratio under linear polarization
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A new plasmonic nanolens that can be tuned by varying the circular structure into an elliptical annulus and
the aspect ratio from 1 to 0.1 and 1 to 2, respectively, is proposed. Using the rigorous finite-difference and
time-domain algorithm, we find that when the aspect ratio ranges from 1 to 0.1, a good linear relationship
exists between the aspect ratio and focusing spot size at the full-width at half-maximum in the z- and
y-directions, respectively. The corresponding calculated FWHM ranges from 96 x 126 (nm) to 15 X 52

(nm) (Full Width at Half Maximum).
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Surface plasmon polaritons (SPPs) have elicited consider-
able research attention for several decades, with applica-
tions ranging from high-density optical data storage!*?,
probes via scanning near-field optical microscopy!®, light
focusing!®, sensorsl®!, and plasmonic devices that can
be used for immunoassays'®7. Researchers have fo-
cused on SPPs-based optical devices because they can
achieve sub-wavelength resolutions for applications in
nanolithography!®).  Numerous approaches to obtain
super-resolution are based on plasmonic optical devices.
For instance, Wood et al.l® suggested a layered metal-
dielectric system to obtain subwavelength resolutions,
and Tsai et al.'9 studied the super-resolution near-field
structure of AgO, type. Additionally, several different
types of nanolenses have been proposed for achiev-
ing super-solutions such as depth-tuned structurel''],
width-tuned structure'? | circular grating-based metallic
structure'3=161 and elliptical nanopinhole structurel!7],
In this letter, we present a new structure on based on a
metallic periodic structure. The influence on superfocus-
ing on this structure has been systematically studied, and
positive results regarding an elliptical focusing spot in the
propagation distance from the exit plane of the nanolens
in free space (Z = 20 nm) have been derived!3.

Here, we tuned the circular structure of the nanolens
into an elliptical structure. The finite-difference and
time-domain (FDTD) (Lumerical Inc.) algorithm was
used in the computational numerical calculation!*8l. Our
results demonstrate that a good linear relationship exists
during the varying of the aspect ratio between the length
of the z- and y-axes of the elliptical nanolens. In detail,
the aspect ratio is found to be linearly proportional to
the size of the central focusing spot, which lies in the
near-field region approximately 20 nm within working
distance. We believe that these results can greatly im-
prove nanolithography because we can control the shape
of the focusing spot by adjusting the aspect ratio of the
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elliptical structure.

The designed Ag elliptical ring nanolens with d = 75
nm in thickness is shown in Fig. 1. The dielectric con-
stant of Ag is —9.28+0.79i. An elliptical hole with 100-nm
constant diameter in the z-direction is etched at center of
this lens. Five concentric elliptical rings were constructed
with the period of A = 490 nm and constant ring width
of w = 50 nm in the z-direction. This chosen period was
equal to the wavelength of SPP (Aspp) to meet the con-
dition of SPP resonance for the periodic structure. The
wavelength of the SPPs was calculated based on the fol-

’
eate,

e (Mo represents the

lowing equation: Agpp = Ao

incident wavelength, 4 and e}, represent the dielectric
constant of dielectric and metal constant respectively).
Here, the incident wavelength of 514 nm was used, and
Aspp was thus equal to 490 nm. The incident light was
a linearly z-polarized plane wave with an amplitude of 1
and propagated along the positive z-direction. To meet
the condition of plasmonic resonance, we kept constant
the period and ring width, as well as the elliptical hole
length in the x-direction. By turning the aspect ratio
between z- (short) axis and y- (long) axes of the ellipti-
cal ring as well as the elliptical hole, we constructed the
structure as shown in Figs. 1(a) and 1(b). These figures
(Figs. 1(a) and 1(b)) represent structures with aspect ra-
tios varying from 1 to 0.1 and 1 to 2, respectively. Figure
1(c) shows the side view of our designed structures.

Simulation time and mesh size were set as 200 fs and
Ax = Ay = Az = 5 (nm) respectively in our three-
dimensional (3D) calculation. To reduce spurious re-
flections from the computational window edges, the use
of the perfectly matched layer (PML) boundary condi-
tion is indispensable. Accordingly, symmetry and anti-
symmetry boundary conditions were set to accelerate
simulation speed because of the symmetry of the struc-
ture.

© 2014 Chinese Optics Letters
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Fig. 1. Schematic of designed plasmonic nanolens. (a) Aspect
ratios from 1 to 0.1; (b) aspect ratios from 1 to 2; (c) side view
of the structure.
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Fig. 2. Linear relationship between aspect ratio and FWHM
in the z-axis; (b) linear relationship between aspect ratio and
FWHM in the y-axis; (c) linear relationship between aspect
ratio and ratio of FWHM in the z- and y-axes.

Our numerical calculations reveal a good linear rela-
tionship when the aspect ratio changes from 1 to 0.1
(Fig. 2). Figure 2(a) indicates that the aspect ratio
is linearly proportional to Full Width at Half Maximum
(FWHM) of focusing spot in the z-direction. Figure 2(b)
shows that when the aspect ratio is 0.1, the FWHM in
the y-direction is 52 nm, which does not lie near the lin-
ear line. A linear relationship was also observed in other
aspect ratios between the aspect ratio and FWHM in
the y-direction. Additionally, Fig. 2(c) also indicates

a good linear relationship between the aspect ratio of
the structure and the ratio of FWHM between the z-
and y-directions. The correlation coefficients calculated
in Figs. 2(a)-2(c) are 0.99, 0.95, and 0.99, respectively,
which are all almost near 1. Evidently, the linear rela-
tionship has a strong correlation.

Figure 3 shows the F,-field distribution at Z = 20 nm
for different aspect ratios along the z-axis (Fig. 3(a))
and y-axis (Fig. 3(b)), respectively. When the aspect
ratio gradually decreases, the coupling effect improves.
This phenomenon is most apparent when the aspect ra-
tio is 0.1; it manifests extremely strong amplitude in the
FE,-field, becoming greater than 50 with a focusing size
of 15 x 52 (nm). We also plot the E,-field distribution
along the x- and y-axis when the ratio is 0.1 under the
mesh size of Az = Ay = Az = 2 (nm), as shown in Fig.
4. The focusing size shown in Fig. 4 is 18 x 56 (nm).
When this result is compared with the focusing size of
15 x 52 (nm), it increases in the a-direction; to reduce
simulation time, the mesh size of Ax = Ay = Az =5
(nm) was used here.

When the aspect ratio changes from 1 to 0.1, a good
linear relationship is observed. As regards aspect ratios
larger than 1, the values range from 1 to 2, which means
that our structure can change shape into the pattern
shown in Fig. 1(b). Figure 5 shows that the variation
rule is irregular compared with the good linear relation-
ship that occurred in the aspect ratio changing from 1
to 0.1, as mentioned above. This finding indicates that
FWHM fluctuates and is unstable, especially in the y-
direction.

Figures 6(a) and (b) show the E,-field distribution
along x- and y-directions for different aspect ratios.
As the aspect ratio increases, the intensity of focusing
spot decreases and focusing effect degrades accordingly.
When the aspect ratio is 2, the central intensity of F, in
the z-direction is almost zero.
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Fig. 3. (Color online) E,-field distributions for different as-
pect ratios: (a) in the z-direction of the focusing spot, and
(b) in the y-direction of the focusing spot.
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Fig. 4. (a) E;-field distribution in the z-axis when the aspect
ratio is 0.1 under the mesh size of Az = Ay = Az =2 (nm).
(b) E-field distribution in the y-axis when the aspect ratio
is 0.1 under the mesh size of Az = Ay = Az =2 (nm).
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Fig. 5. FWHM distribution in the z- and y-axes for different
aspect ratios.
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Fig. 6. (Color online) E, distributions for different aspect
ratios: (a) in the z-axis, and (b) in the y-axis.
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Fig. 7. (Color online) Relationship between aspect ratio
and FWHM of focusing spot (a) in the z-direction under y-
polarization incident light and (b) in the y-direction under
y-polarization incident light. FE,-field distribution for differ-
ent ratios (c) along the x-direction under y-polarization inci-
dent light and (d) along the y-direction under y-polarization
incident light.

We attribute the different phenomena occurring in the
cases of aspect ratios both greater than and less than 1
to the z-polarization incident wavelength. Figures 7(a)
and 7(b) show the variation in FWHM of the focusing
spot in the z- and y-directions when the ratio is changed
from 0.9 to 0.1 under the y-polarization incident light.
As the ratio decreases, FWHM in the x and y-directions
also decrease in general. Similar to the results shown in
Figs. 2 and 5, the structure of Fig. 1(a) can minimize the
size of the focusing spot when its aspect ratios decrease,
as opposed to the structure of Fig. 1(b). Moreover, Figs.
7(a) and 7(b) do not present a good linear relationship,

as shown in Fig. 2. Thus, z-polarization is important
for a good linear relationship.

Additionally, E,-field distribution for different ratios
along the z and y-direction under the y-polarization in-
cident light were also presented in Figs. 7(c) and (d).
We can see that although the FWHM of focusing spot
is similar to the result in Fig. 2, E,-field distribution is
different because the E, intensity in Figs. 7(c) and 7(d)
is relatively low.

Figure 8 shows the variation of the shape of focusing
spot when the aspect ratio gradually changes. Figure
6 indicates that when the aspect ratio is larger than
1.6, the intensity is relatively small. Thus, the as-
pect ratio varies from 1.4, 1.2, 1, 0.8, 0.6, 0.4, 0.2, and
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Fig. 8. E-field intensity distributions of the focusing spot with
various aspect ratios: (a) 1.4, (b) 1.2, (¢) 1, (d) 0.8, (e) 0.6,
(f) 0.4, (g) 0.2, and (h) 0.1.
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0.1, and corresponding results are shown in Figs. 8(a) to
(h), respectively. The size of the focusing spot is 96 x 126
(nm) when the aspect ratio is 1; this is not symmetrical,
which has been indicated elsewhere!*®!. Additionally, the
size gradually changes as the aspect ratio varies. The
elliptical spot becomes long and thin when the aspect
ratio becomes 0.1. This is practically a line with a size
of 15 x 52 (nm), as shown in Fig. 8(h). In this case,
strong F-field intensity occurs. Additionally, the E-field
distribution at the X — Z planes for different aspect
ratios of 1, 0.7, 0.5, and 0.1, respectively, are shown in
Fig. 9. As the aspect ratios increase, the focusing effect
on the X — Z plane improves. The distribution of the
E field in the z-axis becomes narrower, especially when
the ratio is 0.1; this is practically a line distribution,
and corresponds to Fig. 8(h). Moreover, Fig. 9 also
indicates that this is characteristic of near field focusing
phenomenon, because the focusing far field cannot be ob-
served. This may be attributed to the small size effect,
in which z-polarization-induced SPPs propagating along
r-axis are important for enhanced transmission. Subse-
quently, a “hot spot” is generated by the transmission
under diffractive wavelet interferencel'9.

As regards the significance of our results, values beyond
diffraction limits are usually defined by the dimensions
of the spot of the coupling beam at less than half of
the wavelength. However, in our case, when the aspect
ratio is 0.1, the size of the spot is 15 x 52 (nm), which is
less than A/10. Compared with a previous study, which
indicates that resolutions can reach A\/6, our results are
advantageous?). Additionally, our results may be useful
for nanolithography because previous studies have shown
that via radially polarized light, circular focusing spots
may be obtained?":22. Our results demonstrate that lin-
ear relationships occur when the aspect ratio varies from
1 to 0.1. We can obtain any size of the elliptical focusing

(b)

2 (um)

@ (um)

2 (um)

0.04

0.02

0.00
0.5 1.0 -1.0  -05

-1.0  -05

0.5 1.0

0.0
2 (um)

0.0
2 (m)

Fig. 9. E-field distribution at the X — Z plane for different
aspect ratios: (a) 1, (b) 0.7, (¢) 0.5, and (d) 0.1.

spot in the range of 96 x 126 (nm) to 15 x 52 (nm) if
required.

In conclusion, we used rigorous FDTD to systemati-
cally study the focusing effect when adjusting the circu-
lar plasmonic nanolens into elliptical plasmonic nanolens.
When the aspect ratio varies from 1 to 0.1, a good linear
relationship is observed in terms of the ratio and FWHM
of focusing spot at Z = 20 nm from exit plane in the
z- and y-directions, respectively. The size of the ellipti-
cal focusing spot changes from 96 x 126 (nm) to 15 x 52
(nm). However, this linear phenomenon does not exist in
the situation when the aspect ratio is ranging from 1 to 2.
We believe that our findings have practical applications
in the fields of nano-photolithography, data storage, and
sensing.
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