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The effects of the diameter of SiO, nanopillars, the diameter of Ag nanospheres, the arrays’ period, and the
medium environment on the plasmonic lattice resonance (PLR) formed by Ag nanospheres on SiO, nanopillar
arrays are systematically investigated. Larger diameters of SiO, nanopillars with other parameters kept constant
will widen the PLR peak, redshift the PLR wavelength, and weaken the PLR intensity. Larger diameters of
Ag nanospheres with other parameters kept constant will widen the PLR peak, redshift the PLR wavelength,
and strengthen the PLR intensity. Larger array periods or larger refractive index of medium environment

corresponds to larger PLR wavelengths.
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Periodic metallic nanoparticle arrays can form plasmonic
lattice resonance (PLR) with narrower spectral linewidths
and higher field enhancement than those of localized sur-
face plasmonic resonance of single isolated metallic nano-
particlest?. The unique nature can be explained by the
coupling between the diffraction of light and the localized
surface plasmon resonances of the metallic nanoparticles2.
Some researchers have shown that the remarkable proper-
ties of PLR offer new opportunities for many applications,
such as optical instruments™ spectral signals22
and sensors 2, However, in practical applications, met-
allic nanoparticle arrays often need a substrate to support
them. This suppresses the formation of PLR due to the
mismatch of the refractive index between the superstrate
and the substrate.

In order to promote the application of PLR, many
methods have been proposed. Some of them covered the
metallic nanoparticles with solid22! or liquid2? materials
with similar refractive index to the substrate material.
But this method may not be suitable for the potential
applications of some special devices (e.g., some special sen-
sors need gas as a superstrate). Others have reported that,
when the metallic nanoparticles are big enough to show a
significant scattering cross section or polarizability, PLR
can be formed even if the metallic nanoparticle arrays
are in inhomogeneous surroundingsZ2), But the require-
ment of the large metallic nanoparticle makes it impos-
sible to fabricate the arrays with a small period and
form PLR in shorter wavelength ranges. This may limit
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the application of PLR in some luminescence materials
(because PLR has been shown to enhance the light emis-
sion from plastic scintillators at short wavelengths)2.

Recently, we found that the structure of the metallic
nanoparticles on the dielectric nanopillar arrays can form
PLRZ2, This is due to the fact that the dielectric nanopil-
lar arrays provide a more uniform dielectric environment to
the metallic nanoparticle arrays. However, the structural
parameters and the medium environment on the PLR
formed by the metallic nanoparticles on the dielectric nano-
pillar arrays have been unclear so far, and the specific
mechanism of the PLR needs to be clarified further.

In this work, the effects of different structural parame-
ters (including the diameter of SiO, nanopillars, the diam-
eter of Ag nanospheres, and the period of the arrays) and
the medium environment on the PLR formed by Ag nano-
spheres on SiO, nanopillar arrays that sit on a quartz sub-
strate are systematically investigated. The origin of the
PLR is clarified further. This work provides a theoretical
basis for the design of excellent PLR structures.

Figure 1 shows the simulated structure. SiO, nanopil-
lars have the height of 300 nm. The diameter (Dg;os) of
SiO, nanopillars varies from 60 nm to 360 nm. The diam-
eter (Dy,) of Ag nanospheres varies from 80 nm to 160 nm.
The periods (P) of the arrays in the z and y directions
remain the same and vary from 400 nm to 600 nm. The
refractive index (n) of the medium environment varies
from 1 to 1.5 with the step of 0.1. An incident light prop-
agates along the z direction. The refractive indexes of Ag
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Fig. 1. Schematic of the periodic arrays with Ag nanospheres on
SiO, nanopillars that sit on a quartz substrate.

are obtained from Palik?). The refractive index of the
quartz and SiO, is set as a constant value of 1.52). The
simulation is carried out by using the finite element
method. In the simulation, perfectly matched layers are
introduced at the top and bottom surfaces of the modeling
unit, and the side surfaces in the z and y directions are set
as periodic boundary conditions. The transmittance is
defined as the ratio of the power of light entering the sub-
strate to the incident light power2!,

Figure 2(a) shows the transmission curves of Ag
nanospheres on SiO, nanopillar arrays with different
diameters. It can be seen that, in each curve, the transmit-
tance changes from the maximum (e.g., at 450 nm for
Dgigp = 120 nm) to the minimum (e.g., at 478 nm for
Dgins = 120 nm) in a narrow wavelength band2. The
minimum transmittance originates from the PLR, which
corresponds to the maximum extinction cross section [as
shown in Fig. 2(b)] and the maximum electric field inten-
sity [as shown in Fig. 2(c)] of Ag nanosphere arrays.
However, when the diameter of SiOy nanopillars increases
(with other parameters kept constant), the transmittance
at dip’s position increases, the dips in the transmittance
curve become broader, and the wavelength position of
the dips shifts to the red. When the diameter of SiO, nano-
pillars reaches 360 nm, the dip in the transmittance curve
is very weak and almost disappears. These results indicate
that the larger diameter of SiO, nanopillars (with other
parameters kept constant) will widen the PLR peak, red-
shift the PLR wavelength, and reduce the PLR intensity.

The differences in the transmittance of Ag nanospheres
on SiOy nanopillar arrays with different diameters can be
explained by the coupling between the diffraction of the
periodic arrays and the localized surface plasmonic reso-
nance of Ag nanospheres.

For the structure of Ag nanospheres on SiO, nanopillar
arrays with the diameter of 120 nm, the coverage of SiO,
nanopillar arrays is only 5.6% and the equivalent refrac-
tive index of SiO, nanopillar arrays is close to that of air,
and so, SiOy nanopillar arrays can provide Ag nano-
spheres with an approximately homogeneous surrounding.
When the incident wavelength is equal to the period
(450 nm) of the arrays, the first-order diffracted wave
in the air is the strongest (because it propagates in the di-
rection that parallels with the substrate’s surface)2222J,
They dissipate the largest energy from Ag nanospheres
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Fig. 2. (a) Simulated transmittance and (b) extinction cross sec-
tion of Ag nanospheres on SiO, nanopillar arrays with different
diameters of 60, 120, 180, 240, and 360 nm, respectively. (c) The
electric field intensity on the z—y plane through the center of Ag
nanospheres on SiO, nanopillar arrays with different diameters
with the same color bar. (P = 450 nm, Dy, = 120 nm, n = 1.)

and weaken their resonance22, As a result, at the wave-
length of 450 nm, the extinction cross section of Ag nano-
spheres reaches the minimum [as shown in Fig. 2(b)] and
the transmittance reaches the maximum, as shown in
Fig. 2(a).

However, when the wavelength is beyond 450 nm, the
first-order diffracted waves in the air disappear rapidly
and the dissipated energy also decreases quickly. This
strengthens Ag nanospheres’ resonance and increases
the extinction cross section of Ag nanospheres quickly.
On the other hand, the resonance of Ag nanospheres
in the arrays is weakened [because the incident wavelength
moves away from the localized surface plasmonic
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resonance wavelength (440 nm) of single isolated Ag nano-
spheres, as shown in Fig. 4], and so Ag nanospheres’ ex-
tinction cross section decreases. The competition between
these two mechanisms results in the maximum extinction
cross section of Ag nanospheres and the minimum trans-
mittance of the structure around 478 nm.

When the diameter of SiO, nanopillars increases (with
other parameters kept constant), the coverage of SiO,
nanopillar arrays increases and the equivalent refractive
index of SiO, nanopillar arrays also increases. This in-
creases the asymmetry of the diffraction in the air and
in the substrate. At the PLR wavelengths, the first-order
diffracted waves in the air disappear, but the diffracted
waves in the substrate do not vanish and become stronger
as the diameter of SiOy nanopillars increases, and so more
energy is dissipated from Ag nanospheres and their extinc-
tion cross section decreases. Thus, the transmittance at
the dip’s position increases as the diameter of SiO, nano-
pillars increases. Correspondingly, when the diameter of
Si0, nanopillars reaches 360 nm, the dip in the transmit-
tance curve is very weak and almost disappears, and the
PLR intensity is weakened greatly.

Figure 2(b) shows the extinction cross section curve
of Ag nanospheres on SiOy nanopillar arrays with differ-
ent diameters. It is clear that, the maximum extinction
cross section in each curve corresponds to the minimum
transmittance in corresponding curve [in Fig. 2(a)]. Mean-
while, the extinction cross section peak becomes broader
and gradually shifts to the red as the diameter of SiO,
nanopillars increases (when the other parameters kept
constant).

Figure 2(c) shows the electric field intensity around
Ag nanospheres on SiO, nanopillar arrays with different
diameters. It can be seen that, at PLR wavelengths, the
electric field intensity is weakened with the increasing
diameter of SiO, nanopillars (when the other parameters
kept constant). This agrees with the explanation about
the transmittance and the extinction cross section.

Figures 3(a) and 3(b) show the spectra of transmittance
of Ag nanospheres with different diameters on SiOy nano-
pillar arrays. It can be seen that, with the increasing diam-
eter of Ag nanospheres (when the other parameters kept
constant), the transmittance spectrum of the structure
gradually shifts to the red, the transmittance dip becomes
broader, and the transmittance at the dip’s position lowers
further. Figure 3(c) shows the minimum transmittance
(corresponding to PLR) wavelength plotted versus Ag
nanospheres’ diameter. It can be seen that, when Ag nano-
spheres’ diameter increases from 80 nm to 160 nm, the
minimum transmittance wavelength shifts from 454 nm
to 505 nm. These results indicate that larger diameters
of Ag nanospheres (with other parameters kept constant)
will cause the redshift of the PLR wavelength, widen the
PLR peak, and enhance the PLR intensity.

The phenomena can be explained by the localized sur-
face plasmonic resonance of Ag nanospheres. When the
diameter of Ag nanospheres increases (with other param-
eters kept constant), the localized surface plasmonic
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Fig. 3. (a) The simulated transmittance of Ag nanospheres on
Si0, nanopillar arrays with different Ag nanospheres’ diameters
of 80, 100, 120, 140, and 160 nm, respectively. (b) The transmit-
tance of Ag nanospheres on SiO, nanopillar arrays as a function
of Ag nanospheres’ diameter (D,,) and the wavelength, which is
plotted in 3D format. (¢) The PLR (corresponding to the min-
imal transmittance) wavelength plotted versus Ag nanospheres’
diameter. (P = 450 nm, Dgg, = 120 nm, n = 1.)

resonance of single isolated Ag nanospheres becomes
stronger, the resonance peak becomes broader, and the
resonance wavelength shifts to the red. Figure 4 shows
the simulated extinction cross sections of a single Ag nano-
sphere with different diameters. Because the PLR origi-
nates from the coupling between the diffraction of the
periodic arrays and the localized surface plasmonic reso-
nance of Ag nanospheres, with the increasing diameter
of Ag nanospheres (with other parameters kept constant),
the stronger localized surface plasmonic resonance, the
wider resonance peak, and the redshift of the localized
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Fig. 4. Simulated extinction cross section of a single Ag nano-
sphere with different diameters of 80, 100, 120, 140, and 160 nm
on a SiO, nanopillar that sits on a quartz substrate, respectively.
(Dgio2 = 120 nm, n = 1.)
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surface plasmonic resonance wavelength result in stronger
PLR intensity, broader PLR peak, and the redshift of the
PLR wavelength, respectively.

Figures 5(a) and 5(b) show the spectra of transmission
of Ag nanospheres on SiO, nanopillar arrays at different
periods. It can be seen that, with the increasing period of
the arrays (with other parameters kept constant), the
transmittance curve (including the PLR wavelength)
gradually shifts to the red and the transmittance at the
PLR wavelength increases. Figure 5(c) shows the PLR
wavelength plotted versus the period of the array. It
can be seen that, when the arrays’ period increases from
400 nm to 600 nm, the PLR wavelength shifts from 453 nm
to 600 nm.

The phenomena in Fig. 5 can be explained by the dif-
fraction theory. When the period of the arrays increases,
the wavelength position of the surface diffraction waves
(which propagate in the direction that parallels with the
substrate’s surface) shifts to the red (because the wave-
length position of the surface diffraction waves is propor-
tional to the period of the arrays and the refractive index
of the medium environment®2)), and so the wavelength
position of the PLR (corresponding to the transmittance
dip) also shifts to the red.

In addition, with the increasing period of the arrays,
because the wavelength position of the first-order diffrac-
tion waves in the air moves away from the localized
surface plasmonic resonance wavelength (440 nm) of Ag
nanospheres, the coupling between the diffraction of

1.0
(a)
o 0.8
3] —P=400nm
% 0.6 -
k=] : —P=450nm
g
% 0.4+ —P=500nm
S e
o2l —P=550nm
—P=600nm
0-0 1 L 1 1
400 500 600 700 800 900

Wavelength (nm)

900 1 -
- £ 650
E 500 08 £
£ < 600}
£ 700 I8 =
c —04 @ 550f
: 500}
§5oo o S
L e ——
400 % “%300 450 500 550 600
400 450 500 550 600 a

P (nm)

P (nm)

Fig. 5. (a) The simulated transmittance of Ag nanospheres on
SiO, nanopillar arrays at different periods of 400, 450, 500,
550, and 600 nm. (b) The transmittance of Ag nanospheres
on SiO, nanopillar arrays as a function of the arrays’ period
(P) and the wavelength, which is plotted in 3D format.
(¢) The PLR wavelength plotted versus the arrays’ period.
(Dsg = Dgipr = 120 nm, n = 1.)

the periodic arrays and the localized surface plasmonic
resonance of Ag nanospheres becomes weak. As a result,
with the increasing period of the arrays (when other
parameters are kept constant), the PLR intensity is
weakened and the transmittance at the dip’s position is
increased [as shown in Figs. 5(a) and 5(b)].

From the above discussions, it can be known that PLR,
is very sensitive to the changes of different structural
parameters. The intensity, peak, and wavelength position
of the PLR can be controlled and optimized by adjusting
the diameter of SiO, nanopillars, the diameter of Ag nano-
spheres, and the period of the arrays.

Figures 6(a) and 6(b) show the spectra of transmittance
of Ag nanospheres on SiO, nanopillar arrays in different
media environments. It can be seen that the dip (corre-
sponding to the PLR peak) in each transmission curve
can be observed. When the refractive index of the medium
environment increases (with the structural parameters
kept constant), because the wavelength position of the
surface diffraction waves gradually shifts to the red due
to the diffraction theory®2J, this makes the PLR wave-
length also gradually shift to the red.

Additionally, it can be observed from Fig. 6(a) that the
minimum half-width of the dip (for n = 1.5) in the trans-
mittance curve is about 15 nm, and the half-width is not
sensitive to the refractive index of the medium environ-
ment. The consequence of this observation is important
because it indicates that this structure can provide good
stability and universal applicability.
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Fig. 6. (a) The simulated transmittance of Ag nanospheres on
Si0, nanopillar arrays in different media environments. (b) The
transmittance of Ag nanospheres on SiO, nanopillar arrays as a
function of the refractive index (n) of the media environment and
the wavelength, which is plotted in 3D format. (¢) The PLR
wavelength plotted versus the refractive index of the media envi-
ronment. (Dy, = Dgioo = 120 nm, P = 450 nm.)
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Since the wavelength position of the PLR depends on
the refractive index of the surrounding medium environ-
ment, the change of the refractive index of the medium
environment can be detected by monitoring the transmit-
tance near the PLR wavelength. The PLR wavelength
versus the refractive index (n) of the medium environment
is plotted in Fig. 6(c). It can be seen that, when the refrac-
tive index of the medium environment increases from 1
to 1.5, the PLR wavelength almost shifts linearly from
478 nm to 708 nm. The calculated sensitivity [which is de-
fined as the PLR wavelength shift per refractive index unit
(RIU)] of the structure is 460 nm/RIU, which is higher
than that (365 nm/RIU) of the previously reported hex-
agonal arrays®?. The high sensitivity together with a small
half-width of this structure may provide potential advan-
tages in the application of sensors.

In conclusion, the effects of different structural param-
eters (including the diameter of SiO, nanopillars, the
diameter of Ag nanospheres, and the period of the arrays)
and the medium environment on the plasmonic lattice
resonance formed by Ag nanospheres on SiO, nanopillar
arrays are systematically investigated. The simulated re-
sults show that larger diameters of SiO, nanopillars (with
other parameters kept constant) will widen the PLR peak,
cause the redshift of the PLR wavelength, and reduce the
PLR intensity. Increasing the diameter of Ag nanospheres
(with other parameters kept constant) will enhance the
PLR intensity, shift the PLR wavelength to the red,
and widen the PLR peak. Furthermore, it is found in
the simulation that, with the increasing period of the
arrays or with the increasing refractive index of the
medium environment, the PLR wavelength is redshifted.
This is because the PLR wavelength is proportional to
both the period of the arrays and the refractive index
of the medium environment. These results are relatively
instructive and meaningful for the design of excellent
PLR structures.
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