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Abstract: In this study, the nanosphere lithography (NSL) method was used to fabricate
hybrid Au-Ag triangular periodic nanoparticle arrays. The Au-Ag triangular periodic arrays
were grown on different substrates, and the effect of the refractive index of substrates on
fabrication and optical properties was systematically investigated. At first, the optical
spectrum was simulated by the discrete dipole approximation (DDA) numerical method as
a function of refractive indexes of substrates and mediums. Simulation results showed that
as the substrates had the refractive indexes of 1.43 (quartz) and 1.68 (SF5 glass),
the nanoparticle arrays would have better refractive index sensitivity (RIS) and figure of
merit (FOM). Simulation results also showed that the peak wavelength of the extinction
spectra had a red shift when the medium’s refractive index » increased. The experimental
results also demonstrated that when refractive indexes of substrates were 1.43 and 1.68,
the nanoparticle arrays and substrate had better adhesive ability. Meanwhile, we found the
nanoparticles formed a large-scale monolayer array with the hexagonally close-packed
structure. Finally, the hybrid Au-Ag triangular nanoparticle arrays were fabricated on
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quartz and SF5 glass substrates and their experiment extinction spectra were compared
with the simulated results.

Keywords: discrete dipole approximation (DDA); nanosphere lithography (NSL);
hybrid Au-Ag nanoparticles; substrate refractive index

1. Introduction

Surface plasmon resonances (SPRs) are surface electromagnetic waves that propagate in a direction
parallel to the metal/dielectric (or metal/vacuum) interface. SPRs are used as the basis of many
standard tools for measuring adsorption of material onto planar metal (typically gold and silver)
surfaces or onto the surface of metal nanoparticles. However, in their simplest form, SPRs’ reflectivity
measurements can be used to detect molecular adsorption, such as polymers, DNA, proteins, efc. [1].
In a simple situation, such as that of nearly monodisperse spherical gold nanoparticle arrays in solution,
the extinction spectrum exhibits a single peak known as the localized SPRs (LSPRs) [2]. LSPRs are
collective electron charge oscillations in metallic plane or nanoparticle arrays that are excited by light
and LSPRs exhibit enhanced near-field amplitude at the resonance wavelength. For that, LSPRs’
spectroscopy of metallic nanoparticle arrays is a powerful technique for chemical and biological
applications and different lab-on-a-chip sensors [3,4].

The discrete dipole approximation (DDA) is a method being used to compute scattering of radiation
for particles having arbitrary shapes and having periodic structures [5]. The basic idea of the DDA
algorithm was introduced in 1964 by DeVoe [6] who applied it to study the optical properties of
molecular aggregation. Given a target of arbitrary geometry, one can calculate its scattering and
absorption properties with the DDA method. Exact solutions to Maxwell’s equations of LSPRs are
known only for special geometries such as spheres, spheroids, or cylinders, so approximate methods
are generally required. However, the DDA method employs no physical approximations and can
produce accurately enough results, which can give sufficient computer power to simulate the LSPRs
optical properties of nanoparticle arrays.

In 1909, Lorentz [7] showed that the dielectric and refractive properties of a substance could be
directly related to the polarizabilities of the individual atoms of which it was composed. With a
particularly simple and exact relationship, the Lorentz—Lorenz equation, also known as the
Clausius—Mossotti relation and Maxwell’s formula, the refractive index of a substance is related to its
polarizability. Typical metals that support surface plasmons in the nanoparticle arrays’ structure are
silver (Ag) [8], gold (Au) [9], and chromium (Cr) nanoparticle arrays [10] in single-layer structure and
hybrid Ag-Au [5] and hybrid Ni-Au [11] nanoparticle arrays in bi-layer structure. In addition, Cr can
be used as the interlayer [5,12] to improve the adhesive effect of nanoparticle arrays.

As we know, the refractive index sensitivity (RIS) and figure of merit (FOM value, defined as the
ratio of RIS/FWHM (full width at half maximum)) of the LSPR sensors [13,14] are sensitive to the
used substrates. In the past, the electron-beam lithography (EBL) [15] and photolithography [16]
methods can be used to fabricate the nanoparticle arrays for LSPRs’ structures. Nanosphere lithography
(NSL) [17,18] is one of the most low-cost and high-efficiency methods for producing periodically and



Materials 2015, 8 2690

geometrically tunable nanostructure arrays. In this paper, at first, the DDA method was used to
simulate and find the RIS and FOM values of the hybrid nanostructure arrays on glasses with different
refractive indexes. After finding glass refractive indexes had the better RIS and FOM values,
the periodically hybrid Au-Ag triangular nanoparticle arrays were systematically grown on the glasses.
The NSL method was also used to grow the hybrid Au-Ag triangular nanoparticle arrays.
One important reason for using hybrid Au-Ag nanoparticle is that the Au can avoid Ag being oxidized
or sulfurized. Glasses with different refractive indexes were used as the substrates, which were used to
investigate the effect of different refractive indexes of the substrates on the optical properties of the
hybrid Au-Ag triangular nanoparticle arrays.

2. Model Construction and Simulation

An implementation of electrodynamic theory called the discrete dipole approximation (DDA) can
be used to model the experimentally measured extinction spectra. The DDA provides a convenient
method for describing light scattering from nanoparticles or nanoparticle arrays of arbitrary shapes.
Using the DDA algorithm, we could design and calculate the extinction spectra, RIS value, and FOM
value of the hybrid Au-Ag triangular nanostructure arrays on different substrates. In the past, we had
found that that the RIS value of the hybrid Au-Ag triangular nanoparticle arrays increased with the
thickness of Cr interlayer from 4 to 12 nm and then decreased with further increase of Cr interlayer
thickness to 20 nm [5]. Even the FOM value generally decreased with the increasing thickness of Cr
thickness, we chose a suitable Cr interlayer thickness of 8 nm to improve the adhesion between Ag
film and the substrates [5]. The corresponding schematic illustration of the hybrid nanoprism is shown
in Figure 1: the structure was equilateral triangle with a side length of 180 nm. The thicknesses of Cr,
Ag, and Au thin films were fixed on Acr = 8 nm, hag = 35 nm, and sauw = 5 nm, where hau, hag, and hcr
were defined in Figure 1b. The used substrates were quartz (with refractive index of 1.43), BAK1 glass
(1.57), SF5 glass (1.68), SF10 glass (1.74), and SF6 glass (1.80), respectively.

(b)

Figure 1. Schematic view of a single hybrid Au-Ag nanoparticle (a) In 3D view (b) Side
cross-section view.

Extinction efficiency is a parameter used in physics to describe the absorption and scattering of
electromagnetic radiation. Any changes in the parameters of metal nanoparticles or nanoparticle arrays
could lead to the optical drift in extinction spectrum and thus influence the optical applications in
practice. As Figure 2 shows, the peak value of the LSPR wavelengths had no apparent change but the
peak intensity had large variation as the substrates’ refractive index was changed. However,
the extinction intensity did not gradually change with gradual change in refractive index of the
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substrate and the higher extinction intensities were revealed in using quartz and SF5 glass as the
substrates. SPR is the resonant oscillation of conduction electrons at the interface between a negative
and positive permittivity material stimulated by incident light. Surface plasmon polaritons are
surface electromagnetic waves that propagate in a direction parallel to the metal/dielectric and/or
metal/vacuum interfaces. The resonance condition is established when the frequency of incident
photons matches the natural frequency of surface electrons oscillating against the restoring force of
positive nuclei. Since the wave is on the boundary of the metal and the external medium (air in this paper),
these oscillations are very sensitive to any change in this boundary, such as the adsorption of
molecules to the metal surface. The peak value of LSPR wavelengths had no apparent change because
the peak value is mainly caused by the Ag film, which will be proven later. When quartz and SF5 glass
are used as substrates, their maximum extinction efficiencies are higher than the values using other
glasses as substrates. We believe that as the refractive indexes of 1.43 (quartz) and 1.68 (SF5 glass) are
used as the substrates, the frequency of incident photons will match the natural frequency of surface
electrons on the two substrates. For that, when the quartz and SF5 glass are used as the substrates,
the extinction intensities will be higher.

In addition, as the quartz and SF5 glass were used as the substrates, their FWHM value of the
extinction efficiency spectra were smaller than the FWHM values of the extinction efficiency spectra
using other glasses as substrates. In this study, the main extinction peak of the hybrid Au-Ag triangular
nanoparticle arrays was observed at around 700 nm. In our previous work [19], we had found that as
only silver film was deposited as the nanoparticle arrays, the resonance peak of the extinction spectrum
was around 700 nm. If the gold film was deposited on the surface of silver film to form the hybrid
Au-Ag films, as the thickness of gold film in the hybrid Au-Ag nanoparticle arrays increased,
the corresponding resonance extinction peak of the extinction spectrum had a blue shift. However,
the hybrid nanoparticle arrays are composed of gold and silver films and the thickness of gold film is
only 5 nm, which is very thin. For that, the silver film is the mainly sensitive medium and this result
suggests that the main extinction peak around 700 nm is mainly caused by Ag plasmon.

The extinction efficiency spectra in Figure 2 show that the substrates with refractive indexes of
1.43 and 1.68 had the larger peak values. Two reasons will cause those results. Following the pure
dephasing processes, an electron lattice equilibrium state is reached by transferring the electronic
energy to the lattice through electron-phonon interaction on a subpico-second to several pico-second
time scale. The energy is finally transferred to the environment by phonon-phonon interaction, which is
dependent on the thermal conductivity and heat capacity of the medium and the coupling between the
nanoparticle arrays and the surrounding mediums [20]. At first, when the quartz (refractive index 1.43)
and SF5 (1.68) are used as substrates, high density grain boundaries with dense, high-frequency
molecular type vibrations are present, which are effective in removing the energy of the excited
electrons in the nanoparticle arrays and in transforming the energy of incident light into the phonon
and thermal energy. Then, the ionic plasmas can absorb more resonance energy. Second, when the
quartz and SF5 are used as substrates, the coupling effect between substrates and metal nanoparticle
arrays will be enhanced, and the enhancement between photo fields will also enhance the local filed.
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Figure 2. The extinction spectra results of compound nanostructure arrays as a function of
substrate with different refractive indexes.

Because the substrates with refractive index of 1.43 (quartz) and 1.68 (SF5 glass) had the higher
extinction efficiency, as Figure 2 shows, they were used to investigate the effect of the substrates’
refractive indexes on the sensitivity of the hybrid Au-Ag nanostructure arrays. For that, the extinction
efficiency spectra of the effective refractive index of the medium surrounding the nanostructure arrays
were calculated. The refractive index sensitivity (RIS) is defined as m = AMAn [5], where AL denotes
the change in peak value of the wavelength of the extinction efficiency spectra and An denotes the
change in refractive index, respectively. As Figure 3a shows, as the substrate’s refractive index was
1.43 and the medium’s refractive index was increased from 1.0 to 1.15, the FWHM value and peak
value of the extinction spectra had no apparent changes, the wavelength to reveal the peak value of the
extinction spectra was shifted from 733 to 806 nm; however, as the substrate’s refractive index was
1.68 and the medium refractive index was increased from 1.0 to 1.15, the FWHM value and peak value
of the extinction spectra also had no apparent changes, the wavelength to reveal the peak value of the
extinction spectra was shifted from 711 to 796 nm, respectively.

The results shown in Figure 3a—¢ suggest that the peak wavelength of the extinction spectra had
a red shift when the medium’s refractive index n increased. Figure 3f shows the relationships
between the peak wavelengths of the extinction efficiency spectra and the medium’s refractive indexes,
which could be used to investigate the RIS values. As results in Figure 3a—e are compared,
the extinction efficiencies of using quartz (1.43) and SF5 glass (1.68) as substrates are higher than
those of using other glasses as substrates. In addition, the FWHM values of using quartz and SF5 glass
as substrates are smaller than those using other glasses as substrates. As the substrates’ refractive indexes
are 1.43, 1.57, 1.68, 1.74 and 1.8, the RIS values of the hybrid Au-Ag triangular nanoparticle arrays are
560, 398, 486, 408, and 380 nm/RIU (refractive index unit), respectively. Because of having large
extinction efficiencies and small FWHM values, only the FOM values of substrate’s refractive indexes
of 1.43 and 1.68 were calculated, respectively, and the calculated values were 3.06 and 2.63, which are
compared in Table 1.



Materials 2015, 8 2693
- = 733nm — H——n=1.0 762nm b
2 10— =10 756nm — @ . .[—™ 745nm (b)
< S 6h n=1.05 723n%—|\. .
oy > N
c 8 25
2 o |
h‘__’ O 4l
£ ot £
o ®
c c 3
24 I
(&) = 2L
£ el
% 2 "1t
L w |

0 1 " 1 " 1 " 1 " 1 " 1 1 0 " 1 " 1 " 1 " 1 " 1 " 1 " 1
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 10
Wavelength (um) Wavelength (um)
< ——n= 711nm - —
10l n=1.0 1] °
10— —n=105 770mm- S 6r
> 796nm >
(8] T
c 8 c
2 @
2 © 4|
& 6 &
o o
[ c 3r
2 4r O
Q - oot
£ g
%21 % 1f
w i
0 " 1 " 1 " 1 " 1 " 1 0 " 1 " 1 " " 1 " " 1 " 1 "
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 1.0
Wavelength (um) Wavelength (um)
. [[—n=10 777nm (e) - -=-n_,=1.43, Y=560X+154 R=0.99733
2 6| ---n=1.05 739nm =157 Y= -
S 737nm— £ - n_,=1.57, Y=398X+304 R=0.99627 (f)
~ Ll n=1.1 721n . c 830 _ _ _
> _[|-.—. n=115 AN, - -4 n_,=1.68, Y=486X+246 R=0.99733
’é Sr ) £ -v—n_, =1.74, Y=408X+298 R=0.99774 N
Qo D 800| _,_p_,=1.80, Y=380X+340 R=0.99779
4t
2 o
= | ()
b= 720 ] P e
O3 §
c |
2 uw 740}
15 2+ o '
c x L 25
=1l A )
X o [ e
m L
0 1 n 1 n 1 1 " 1 1 1 680 1 1 1 1
02 03 04 05 06 07 08 09 1.0 1.00 1.05 1.10 1.15

Wavelength (um)

refractive index

Figure 3. Effect of the substrates’ refractive indexes on the sensitivity of the hybrid

nanostructure arrays. Extinction spectra in different media for substrate with refractive
index of (a) 1.43; (b) 1.57; (¢) 1.68; (d) 1.74; and (e) 1.80; and (f) for refractive index
sensitivity curves.

Table 1. Comparisons of refractive index sensitivity (RIS), width at half maximum (FWHM),
and figure of merit (FOM) using two different substrates.

Feature/Characteristic

Hsubstrate = 1.43

Hsubstrate = 1.68

RIS (nm/RIU)
FWHM (nm)
FOM

560 486
183 185
3.06 2.63
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3. Fabrication of Hybrid Au-Ag Triangular Nanoparticle Arrays

In this study, the quartz and glass with different refractive indexes were used as substrates to study
the effect of refractive index on the change of the LSPRs’ peak value and optical property of the
hybrid Au-Ag nanoparticle arrays. Figure 4 illustrates the schematic view for the fabrication process of
nanosphere lithography (NSL) method. In order to fabricate the hybrid nanoparticle arrays with the
NSL method the polystyrene (PS) nanospheres were used as a deposition mask. The PS nanospheres
with a mean diameter of 360 + 10 nm and a concentration of 10 wt% in solution were purchased from
Suzhou Nano-Micro Bio-Tech Co. Ltd. (Suzhou, China). The details for the preparation of the PS
nanospheres were revealed in reference [5]. The depositions of Cr, Ag, and Au metals (all with 3N
purity) were performed in a self-built thermal evaporator at a pressure of 5.0 x 10~* Pa. The quartz and
glass substrates were rotated at a speed of 16.5 rpm during the deposition process. The power for
heating-up of the source materials was carefully increased in order to achieve homogeneous
deposition. The deposition rate was about 4.0 nm/s for Cr thin film and the deposition rates were about
2.5 nm/s for both Au and Ag thin films, respectively. The thicknesses of the deposition thin films were
monitored using a Dektak 3 Series surface profiler (Bruker, Billerica, MA, USA) to achieve an
identical depth with a low reflectance. The deposition thicknesses of Cr, Ag, and Au thin films on PS
nanospheres were about /e = 8 nm, hag = 35 nm, and hau = 5 nm, respectively, by controlling the
deposition time. After depositions of Cr, Ag, and Au thin films, the PS spheres were lifted off by
immersing in absolute ethanol for about 5 s. The PS spheres were also removed by sonication
(B3500S-MT, 140 W, 42 kHz, Branson, Danbury, CT, USA) in absolute ethanol to examine the
adhesive ability of the hybrid Au-Ag nanoparticles on different substrates. The achieved PS mask and
the structures of the achieved hybrid Au-Ag nanoparticle arrays on different substrates were
characterized by scanning electron microscope (LEO-1530, Zeiss, Oberkochen, Germany). Ultraviolet
visible (UV-Vis) spectra are obtained on a Cary 5000UV-Vis-NIR (175-3300 nm, Varian, New York,
NY, USA) spectrophotometer.

4

Figure 4. Schematic illustration for the fabrication process of the hybrid Au-Ag
nanoparticle arrays.
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4. Results and Discussion

Figure 5 shows the top morphologies of the hybrid Au-Ag triangular nanoparticle arrays with the
different substrates. Top morphologies of the deposited hybrid Au-Ag nanoparticle arrays, as Figure Sa,c
show, exhibited a hexagonally arranged disc structure with triangular structures at the six corners.
The hybrid Au-Ag nanoparticle arrays were regular and well-defined independent in the substrates,
and no tiny cracks were observed in the structure. Those results suggest that the cohesive force
between the PS nanospheres and the quartz and SF5 glass substrates seems to be strong enough.
However, the results shown in Figure 5 revealed different results as the substrates were different.
As SF5 glass substrates were used and the results in Figure 5a,b were compared, the as-deposited
hybrid Au-Ag periodically nanoparticle arrays had a sharp angle in the triangular structure.
The annealed Au-Ag periodically nanoparticle arrays were changed to quasi-half-ball structure and
were shrunk together, the Cr interlayer was also observed.

Figure 5. SEM (scanning electron microscope) images of the hybrid Au-Ag nanoparticle
arrays deposited on two different substrates: (a) and (b): SF5, (¢) and (d): quartz.

The reason is caused by the deposition processes of Cr, Ag, and Au thin films, which are carried out
at a higher temperature. Because of this, more defects will exist in the Cr thin film and interaction or
collision mean free path between Cr and hybrid Au-Ag increases, and more Ag, Au atoms will be
diffused into the Cr thin films. When the deposition processes of Ag and Au thin films are stopped,
then the substrates will persist a quasi-quench process. According to thermodynamic theory,
this process will cause the instability in the atoms’ stacking state. Therefore, from the dynamics
theorem the Ag and Au have a lower separation speed, the quasi-quench process will keep the metal in
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the high-temperature state. For that, the Ag and Au can be uniformly deposited onto the Cr thin films.
As the annealing duration persists for a period, the deposition multi-layer thin films will attain a
condition of thermodynamic stability, which is changing from the non-equilibrium state to the
equilibrium state. At this time, the separation condition will happen between Cr thin film and hybrid
Au-Ag thin films. Then, the structure of Ag, Au thin films changes from triangle to quasi-half-ball
because of the decrease of surface tension.

When the quartz was used substrates, the as-deposited hybrid Au-Ag periodically nanoparticle
arrays had a sharp angle in the triangular structure, and the annealed nanoparticle arrays had no
apparent change even the annealing process was used to treat on them, as Figure 5c,d were compared.
As for the characteristics of the metal nanoparticles, the different morphologies after annealing can be
attributed to that the Cr will diffuse into the SF5 glass substrate during the annealing process. As a
result, the hybrid Au-Ag originally closed to the Cr will become adjacent to glass substrate. This
phenomenon will lead to that the melting temperature of the Au-Ag nanoparticle arrays going lower
than that of the Au-Ag-Cr nanoparticle arrays. However, the quartz substrate is a compact material,
which can keep in stable even a higher temperature annealing process is treated, for that the Cr will not
diffuse into the quartz substrate and the surfaces of the nanoparticle arrays are almost unchanged.

Figures 6 and 7 compare the extinction spectra of the experimental results for #medium = 1.0 with
those of the simulated results extrapolated from the data in Figure 3a,b. For the results of the DDA
calculation, the wavelength with the maximum extinction efficiency was 711 nm for substrate with
refractive index of 1.68 and was 733 nm for substrate with refractive index of 1.43. Thus, for the
measured results, the wavelength with the maximum extinction efficiency was 675 nm for substrate
with refractive index of 1.68 and was 688 nm for substrate with refractive index of 1.43, respectively.
Figures 6 and 7 prove that the experimental results are generally in agreement with the calculated
results. The major difference between with the calculation values and experiment values was that the
wavelength with the maximum extinction efficiency had the blue shifts of 36 and 45 nm for using
quartz and SF5 glass as substrates, respectively.

There are many reasons for the differences between the calculation values and experimental values,
including the effects of different substrate [21] and the fabrication error caused by the uniformities of
both size and shape of the hybrid Au-Ag nanoparticle arrays. In the DDA calculated model, the edge of
the triangular nanoparticle arrays are straight while in real experimental results it will have a little
warping and curving. Thus, effective medium theories can be proposed to explain the spectra of
partially embedded objects [22], because the relative volumes of the two media have not been defined,
except for the simple case of a half-embedded object. The exposed area and effective medium ideas are
deficient because they fail to account for the change in LSPRs’ wavelength that arises from the
asymmetric environment and distorting nanoparticle arrays. However, the comparisons of the
calculated and simulated results of the 2D hexagonally arranged hybrid Au-Ag triangular nanoparticle
arrays show that the DDA calculated model is suitable method for our experimental fabrication.
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S. Conclusions

From the simulated results of the DDA numerical method, when the substrates’ refractive indexes
were 1.43 (quartz) and 1.68 (SF5 glass), as the medium’s refractive index was increased from 1.0 to
1.15, the full width at half maximum of the LSPRs’ spectra and the wavelength to reveal the maximum
extinction efficiency of the LSPRs’ spectra had no apparent changes. The wavelength to reveal the
peak value of the LSPRs’ spectra was shifted from 733 to 806 nm for the substrate’s refractive index
of 1.43 and was shifted from 711 to 796 nm for the substrate’s refractive index of 1.68, respectively.
As the substrates’ refractive indexes were 1.68 and 1.43, the refractive index sensitivities of 486 and
560 nm/RIU were obtained in the hybrid Au-Ag triangular nanoparticle arrays. When the annealed
process was used, the as-deposited hybrid Au-Ag periodically nanoparticle arrays on SF5 glass
substrates were changed from a sharp angle in the triangular structure to quasi-half-ball structure and
were shrunk together, and the Cr interlayer was also observed. The as-deposited hybrid Au-Ag
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periodically nanoparticle arrays on the quartz substrates had a sharp angle in the triangular structure
and no apparent change even the annealing process was used to treat on them. For the results of the
DDA calculation and substrates with refractive index of 1.68 and 1.43, the wavelengths to reveal the
peak values of the LSPRs’ spectra were 711 and 733 nm. For the measured results and substrates with
refractive index of 1.68 and 1.43, the wavelengths to reveal the peak values of the LSPRs’ spectra
were 675 and 688 nm, respectively. However, the comparisons of the calculated and simulated results
of the 2D hexagonally arranged hybrid Au-Ag triangular nanoparticle arrays show that the DDA
calculated model is suitable to investigate the hybrid Au-Ag triangular nanoparticle arrays.

Acknowledgments

This work was supported by Fujian Provincial Natural Science Foundation under Grant
No. 2015J01265, 2015J01266, 2015R0063, and 2015J0102, Science and Technology Plan Projects of
Xiamen City under Grant No. 3502Z20143020. The plan of college youth outstanding research talents
in Fujian Province (2015). Thanks are due to Xianfang Zhu for assistance with the experiments.

Author Contributions

Jing Liu organized the experimental procedure and results and paper writing. Yushan Chen,
Haoyuan Cai, Xiaoyi Chen and Changwei Li helped the experimental procedure and analyzed the
measured results. Cheng-Fu Yang analyzed the measured results helped in the paper writing.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Ha, M.H.; Endo, T.; Kerman, K.; Chikae, M.; Kim, D.K.; Yamamura, S.; Takamura, Y.;
Tamiya, E. A localized surface plasmon resonance based immunosensor for the detection of
casein in milk. Sci. Technol. Adv. Mater. 2007, 8, 331-338.

2. Malinsky, M.D.; Kelly, K.L.; Schatz, G.C.; Duyne, R.P.V. Nanosphere lithography: Effect of
substrate on the localized surface plasmon resonance spectrum of silver nnanoparticles. J. Phys.
Chem. B 2001, 105, 2343-2350.

3. Sekhon, J.S.; Malik, H.K.; Verma, S.S. DDA simulations of noble metal and alloy nanocubes for
tunable optical properties in biological imaging and sensing. RSC Adv. 2013, 3, 15427—-154343.

4. Yonzon, C.; Duyne, R.P.V. Localized and propagating surface plasmon resonance sensors:
A study using carbohydrate binding protein. Mater. Res. Soc. Symp. Proc. 2005, 876,
doi:10.1557/PROC-876-R7.3.

5. Liu, J; Cai, H.; Kong, L.; Zhu, X. Effect of chromium interlayer thickness on optical properties of
Au-Ag nanoparticle array. J. Nanomater. 2014, 2014, doi:10.1155/2014/650359.

6. DeVoe, H. Optical properties of molecular aggregates. 1. Classical model of electronic absorption
and refraction. J. Chem. Phys. 1964, 41, 393—400.

7. Lorentz, H.A. Theory of Electrons; Teubner: Leipzig, Germany, 1909.



Materials 2015, 8 2699

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Huang, S.; Yang, Q.; Zhang, C.; Kong, L.; Li, S.; Kang, J. Structural anomalies induced by the
metal deposition methods in 2D silver nanoparticle arrays prepared by nanosphere lithography.
Thin Solid Films 2013, 536, 136—-141.

Jenkins, J.A.; Zhou, Y.; Thota, S.; Tian, X.; Zhao, X.; Zou, S.; Zhao, J. Blue-shifted narrow
localized surface plasmon resonance from dipole coupling in gold nanoparticle random arrays.
J. Phys. Chem. C 2014, 118, 26276-26283.

Shyu, J.H.; Lin, Y.C.; Lee, H.M.; Hsieh, C.T.; Huang, C.Y.; Wu, J.C. Tunable surface plasmon
resonances based on chromium disk array containing liquid crystals. Jpn. J. Appl. Phys. 2011, 50,
doi:10.1143/JJAP.50.09MGO3.

Fu, Q.; Wong, K.M.; Zhou, Y.; Wu, M.; Lei, Y. Ni/Au hybrid nanoparticle arrays as a highly
efficient, cost-effective and stable SERS substrate. RSC Adv. 2015, 5, 6172-6180.

Huang, S.; Kong, L.; Zhang, C.; Wu, Y.; Zhu, X. Effect of chromium interlayer deposition on
periodic silver nanoparticle array structure fabricated by nanosphere lithography. Phys. Lett. A
2011, 375, 3012-3016.

Spackova, S.; Homola, J. Sensing properties of lattice resonances of 2D metal nanoparticle arrays:
An analytical model. Opt. Express 2013, 21, 27490-27502.

Martinsson, E.; Shahjamali, M.M.; Enander, K.; Boey, F.; Xue, C.; Aili, D.; Liedberg, B.
Local refractive index sensing based on edge gold-coated silver nanoprisms. J. Phys. Chem. C
2013, /17,23148-23154.

Kim, S.; Marelli, B.; Brenckle, M.A.; Mitropoulos, A.N.; Gil, E.S.; Tsioris, K.; Tao, H.;
Kaplan, D.L.; Omenetto, F.G. All-water-based electron-beam lithography using silk as a resist.
Nat. Nanotechnol. 2014, 9, 306-310.

Barbillon, G. Plasmonic nanostructures prepared by soft UV nanoimprint lithography and their
application in biological sensing. Micromachines 2012, 3, 21-27.

Haynes, C.L.; Haes, A.J.; Duyne, R.P.V. Nanosphere lithography: Synthesis and application of
nanoparticles with inherently anisotropic structures and surface chemistry. MRS Proc. 2001, 635,
doi:10.1557/PROC-635-C6.3.

Hong, Y.; Huh, Y.M.; Yoon, D.S.; Yang, J. Nanobiosensors based on localized surface plasmon
resonance for biomarker detection. J. Nanomater. 2012, 2012, doi1:10.1155/2012/759830.

Liu, J.; Cai, H.; Kong, L. Effect of gold layer thickness on optical properties and sensing
performance of triangular silver nanostructure array. Optoelectron. Adv. Mater. Rapid Commun.
2014, 8, 1085-1090.

Huang, W.; Qian, W.; El-Sayed, M.A.; Ding, Y.; Wang, Z.L. Effect of the lattice crystallinity on the
electron-phonon relaxation rates in gold nanoparticles. J. Phys. Chem. C 2007, 111,26276-26283.
Chaumet, P.C.; Rahmani, A.; Bryant, G.W. Generalization of the coupled dipole method to periodic
structures. Phys. Rev. B 2003, 67, doi:10.1103/PhysRevB.67.165404.

Kreibig, U.; Vollmer, M. Optical Properties of Metal Clusters; Springer-Verlag: Heidelberg,
Germany, 1995.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



