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Density of nanoparticle (NP) arrays affects the hot spots distribution and strength in NP-metal film
(NP-MF) geometry. In-depth understanding of the variation of electromagnetic (EM) field enhancement
with NPs density is essential for wide applications of the NP-MF geometry such as surface-enhanced
spectroscopies and enhanced efficiency of optoelectronic devices. Here, we show that the field distri-
bution in the NP array on the metal film is greatly enhanced and confined at the NP-NP junctions for very
small horizontal gap (g) between neighboring NPs, whereas the fields at the NP-MF junction are extre-
mely small. When gradually increasing g, the field enhancement at the NP-NP junction decreases, along
with the gradually enhanced fields at the NP-MF junction. We show that there is an optimal value of hori-
zontal gap (~75 nm for 80 nm Au NP array on Ag film with 532 nm normal incidence), indicating that the
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average field enhancement in NP-MF geometry can be optimized by adjusting the horizontal gap. More
importantly, it is found that the EM field enhancement is greatly decreased when g fulfills the requirement
to couple the 532 nm incident light into SPPs, because of the interference between the LSPR and the

Www.rsc.org/nanoscale SPPs, which leads to a Fano dip at the incident wavelength of 532 nm.
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Introduction

Noble metal nanoparticles (NPs) have attracted considerable
interest in the fields of surface-enhanced spectroscopies,
refractive index sensing, photo-thermal therapy and imaging,
photocatalysis, and water splitting because of their ability to
generate huge electromagnetic (EM) field enhancement
arising from the localized surface plasmon resonances
(LSPRs)."® LSPR is the coherent oscillation of free electrons at
the NP surface.' Previous studies have shown that the LSPRs of
NPs strongly depend on the NPs’ composition, shape, and
size.””® In the past, the LSPRs of NPs with various geometries
have been extensively explored such as nanospheres, nanorods,
spiky structures, NP dimers, and NP-metal film (NP-MF)."***
Among the abovementioned nanostructures, the metal NP
on the metal film system has received increasing attention, for
not only its convenient fabrication but also its ability to
confine EM fields in the gap between the NP and the film."*°
The NP-MF geometry can be fabricated over large areas using
low-cost and simple methods by directly depositing the NPs
onto a metal-coated substrate."®'®*' Compared with NP
assembly, the nanogaps in NP-MF geometry are more controll-
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able, particularly for the sub-nanometer gap sizes.'®'**'2¢ In

addition, the NP-MF provides intensely enhanced EM fields at
the junction between the NP and the film, resulting from the
coupling between the NP and its mirror image in the metal
film."®>*?” Moreover, the EM fields in NP-MF geometry are
confined at the surface of the metal film, making it much
easier to insert the analytes or targets into regions with a huge
EM field enhancement, particularly when the targets are 2D
materials (for example, graphene and MoS,).”***? Ascribing
to the abovementioned advantages, NP-MF systems have been
widely explored for applications in surface-enhanced spectro-
scopies (SES), photovoltaic devices, and light trapping.®*¢
Wide applications of the NP-MF geometries depend on the
comprehensive understanding of the EM field enhancement
in them. In previous studies, huge efforts have been devoted to
optimizing the hot spots in NP-MF configurations. It was
shown that 80-100 nm Au NPs give the largest relative Raman
signal per NP for the NP-MF system under study, when using a
632.8 nm He-Ne laser with 58° incidence angle.’” Compared
with the nanosphere-film, the nanostar-film could generate
much higher EM field enhancement at the junction between
the nanostar and the film, resulting in a much larger surface-
enhanced Raman scattering enhancement factor.*® The separ-
ation distance between the NP and the film also plays an
important role on the EM field enhancement in NP-MF,
wherein the average field enhancement over the NP surface
gradually decreases with increasing gap sizes.'® Researchers
also found that NP dimers on the metal film can generate
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higher EM field enhancement in the dimer-film gap than the
single NP on the film.?*?%%° The effects of surface roughness
and metal film thickness on the plasmonic properties of Au
NPs on an Au film were also investigated.*>*"

Compared with an isolated NP on the metal film, the peri-
odic NP arrays on the metal film exhibit more fascinating pro-
perties, since the periodic array can provide additional
momentum G = (2n/p)\/ +j2 to couple the incident light
into surface plasmon polaritons (SPPs) on the metal film.***?
Here, p is the periodicity of the NP array, and i and j are inte-
gers representing the Fourier harmonics of a periodic structure
along x and y, respectively. Researchers have found that huge
EM field enhancement can be obtained when the resonance
peak of the SPP coincides with that of the LSPR.**** In
addition, the periodicity of the NP array determines hot spots
density, since each NP-MF junction can serve as a hot spot. It
has been shown that the hot spots density plays a significant
role in SERS." Therefore, it is important to know how the NP
density affects the hot spot distribution and density in the
metal NP array on the metal film configuration. In previous
studies about the interference between the LSPR and the SPP,
the periodicity of the NP array has been tuned to adjust the
SPP resonance position.**™** Nevertheless, in these studies, the
periodicity of the NP array was gradually increased by several
hundred nanometers. The NP array with small periodicity has
not been investigated wherein the coupling between adjacent
NPs is strong.

In this article, taking the Au square NP array on the Ag film
as an example, the effects of the NP density on the distribution
and intensity of EM fields in the metallic NP array on the
metal film are carefully examined by gradually increasing the
horizontal gap (g) between neighboring NPs from 2 nm to
1100 nm. We show that the EM fields are greatly enhanced
and confined at the NP-NP junctions for very small g, whereas
the EM field enhancement at the NP-MF junction is rather
small. With increasing g, the EM field enhancement at the
NP-NP junction decreases, along with the gradually increased
field enhancement at the NP-MF junction, until g is larger
than one certain value, wherein the EM field enhancement
only slightly varied with further increase in g. In addition, we
find that the EM field enhancement will be drastically
decreased when g fulfills the requirement to couple the
532 nm incident light into SPPs, because of the interference
between the LSPR and the SPPs.

Numerical method

The optical properties of the square Au NP array on the Ag film
are investigated using the 3D finite-difference time-domain
(FDTD) method.*® Fig. 1 shows the schematic of the square Au
NP array on top of a thin Ag film. Since the thickness of a
monolayer molecules is 1-2 nm, the separation between the
Au NP and the Ag film is set at 2 nm. A 2 nm gap gives a large
electric field enhancement, wherein quantum tunneling
effects are negligible.">?" The diameter of the Au NP is set at
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Fig. 1 Schematic of the square Au NP array on top of the Ag film. The
polarization direction and wave vector of the incident light are denoted
by E and k, respectively.

X

80 nm, which has been shown to yield a larger SERS enhance-
ment factor.’” The thickness of the Ag film is 47 nm. g rep-
resents the horizontal gap between two adjacent Au NPs. In all
simulations, a plane wave source polarized along x direction
with 532 nm wavelength is incident normally from the top. In
order to simulate the infinite Ag film and the Au NP array, per-
iodic boundary conditions are used in all calculations. The
dielectric constants of Au and Ag are obtained from Johnson
and Christy,"” and from Palik,*® respectively. The refractive
index of the substrate is set to 1.7948, which is the refractive
index of SF-11 glass. Surrounding medium is vacuum. To
obtain accurate results, override mesh region with 1 nm mesh
size is used to cover the Au sphere and Ag film. Before all the
simulations, convergence testing was carefully done to verify
the accuracy and stability of the calculations. In this study, all
the calculations are performed using the FDTD simulation
program (FDTD solutions 8.6, Lumerical solutions, Inc.,
Vancouver, Canada).

Results and discussion

First, we try to find the NP array that can couple the 532 nm
incident light into SPPs. The wave vector of SPPs excited on
the metal-dielectric interface is

Eméd
ksp = ko | ——— 1
i 0 Em + & (1)

where k, = w/c = 2n/A is the free-space wave vector; w is the fre-
quency of the incident light, ¢ is the velocity of light in
vacuum, 4 is the incident wavelength; &, and &q are the
complex dielectric constants of the metal and the dielectric
medium, respectively. Due to the momentum mismatch, SPPs
on a smooth thin metallic film cannot be directly excited by
free space incidence.” When a NP array is deposited on a
metal film, the periodic array can provide additional momen-
tum G = (2n/p)\/i®> +j>. To couple the incident light into
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SPPs, the periodicity of the NP array should fulfill the follow-
ing condition:

(2n/p)V/E+ ]2 = koy /ﬁ = (2n/2)

According to eqn (2), the periodicities required to couple
the 532 nm incident light into SPPs are 505 nm, 714.5 nm,
931 nm, and 1130 nm, respectively, for (i, j) equals to (1, 0),
(1, 1), (2, 0), and (2, 1). Therefore, in the following simulations,
g is gradually changed from 2 nm to 1100 nm (equals p-d with
d being the NP diameter), with four specific values being
425 nm, 634.5 nm, 931 nm, and 1050 nm (corresponding to
the periodicity p of 505 nm, 714.5 nm, 1011 nm, and 1130 nm,
respectively).

It (g

Em + &d

Effects of the horizontal gap on the EM field enhancement
between the NPs and MF

For analytes or targets deposited on top of the Ag film, the
field enhancement at the top surface of the Ag film plays a
dominant role on their optical processes. Fig. 2 shows the
effects of g on the maximum and the average field enhance-
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Fig. 2 Effects of the horizontal gap (g) between neighboring Au NPs on
(a) the maximum, and (b) the average EM field enhancement at the top
surface of the Ag film. The dashed black line in (a) shows the maximum
EM field enhancement of an isolated Au NP on Ag film. The red color in
the inset of (b) shows the region where the average field enhancement
is calculated.
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ment at the top surface of the Ag film. Here, the average field
enhancement at the top surface of Ag film is obtained by aver-
aging over the region within a layer of 2 nm thickness above
the top surface of the Ag film (the spacer thickness, ie., the
deposited analytes thickness). As shown in Fig. 2(a), the
maximum EM field enhancement is extremely small when g is
2 nm. With gradually increasing g, the maximum enhance-
ment increases and reaches its maximum value of 808 when g
equals to 400 nm. In addition, the maximum field enhance-
ment in Au NP array on the Ag film begins to exceed that in an
isolated Au NP on the Ag film when g is larger than 200 nm.
The maximum field enhancement in an isolated Au NP on the
Ag film is shown by the dashed line in Fig. 2(a). With further
increase of g from 400 nm to 1100 nm, the maximum field
enhancement tends to be constant, except for the surprising
sharp drops at g equals to 425 nm, 634.5 nm, 931 nm, and
1050 nm. At these values, the periodicity of the NP array is
505 nm, 714.5 nm, 1011 nm, and 1130 nm. According to eqn
(2), these periodicities are exactly the ones that can provide
additional momentum to couple the 532 nm incident light to
SPPs. Fig. 2(b) shows the effects of g on the average field
enhancement at the Ag film surface. The results show that the
average EM field enhancement is very small when g is 2 nm.
With increasing g from 2 nm to 75 nm, a rapid increase of the
average field enhancement from 0.63 to 11 is observed. With
further increasing g, the average EM enhancement shows a
gradual decrease. The results indicate that the optimal g for
the average field enhancement for 80 nm Au NPs on the Ag
film at 532 nm normal incidence is ~75 nm. The origin of this
optimum will be further discussed below.

Effects of the horizontal gap on the EM field enhancement
between the NPs

EM field enhancement at the surface of the NP is also very
important, particularly when the analytes are decorated on the
NPs. Hence, the effects of the horizontal gap g on the field
enhancement at the surface of the Au NP are further investi-
gated (Fig. 3). Here, the maximum field enhancement at the
interparticle junction between neighboring Au NPs is moni-
tored. The average field enhancement is calculated using the
equation [|E[*ds/ [ ds, which averages the field enhancement
over the spherical surface 1 nm away from the Au NP surface.
In order to show the change of the maximum field enhance-
ment more clearly, the EM field enhancement is plotted in the
logarithmic scale. As shown in Fig. 3(a), the field enhancement
at the junction between two Au NPs is as large as 1040 when g
is 2 nm. With increasing g, the enhancement at the interparti-
cle junction decreases rapidly. When g is larger than 10 nm,
the maximum enhancement at the NP-NP junction becomes
even smaller than the value for an isolated Au NP on the Ag
film. When g is larger than 200 nm, the maximum enhance-
ment in the Au NP array on the Ag film geometry is compar-
able with that in the single Au NP on the Ag film. In addition,
four small down jumps of the maximum enhancement are
observed at g equals to 425 nm, 634.5 nm, 931 nm, and
1050 nm as shown in Fig. 3(a). The change of the average field

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Effects of the horizontal gap (g) between two adjacent Au NPs
on (a) the maximum EM field enhancement at the interparticle junction
between two adjacent Au NPs, and (b) the average EM field enhance-
ment at the surface of the Au NP. The dashed black line in (a) and (b)
shows the maximum and the average field enhancements for an isolated
Au NP on the Ag film, respectively. The dashed red line in the inset of (b)
shows the spherical surface 1 nm away from the NP surface where the
average field enhancement is calculated.

enhancement at the Au NP surface with g is shown in Fig. 3(b).
At the very beginning, a decrease of the average field enhance-
ment from 10 to 7 is observed when g is increased from 2 nm
to 5 nm. With further increasing g, the average enhancement
gradually increases and reaches the maximum value of 42.17
at g = 400 nm. When g = 300 nm, the average field enhance-
ment over the NP surface becomes larger than that in the case
of a single NP on the Ag film. When g is larger than 400 nm,
continuous increase of g shows negligible effects on the
average enhancement, except for g equals to 425 nm,
634.5 nm, 931 nm, and 1050 nm, wherein unusual sharp
drops of the average field enhancement are again observed.
When the analytes are decorated on the Au NP surface, the
entire signals from these analytes are determined by both the
average electric field enhancement over a single NP surface
and the number of the NPs within the spot size of the incident
light. For NP arrays, the number of the NPs within the spot
size of the incident light is determined by the periodicity of
the array. If the spot size of the incident light is A4, and the
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Fig. 4 Modified average EM field enhancement at the surface of the Au
NP for various horizontal gaps (g) between two adjacent Au NPs by
taking the NP density into account.

periodicity of the NP array is p, then the number of the NPs
within the spot size is A/(p x p). The geometrical factor f is
then defined as A/(p x p). By multiplying the data in Fig. 3(b)
by f, the modified average electric field enhancement is
obtained, which considers the effects of the number of NPs.
Based on the modified average electric field enhancement, the
optimal g for the overall signal enhancement can be obtained.
Even though the value of the modified average field enhance-
ment varies with different A, the optimal g for the average field
enhancement does not change with A. Therefore, we can set A
to one specific value to quantify the modified average field
enhancement, and hence obtain the optimal g. The modified
average field enhancement on the NP surface by assuming A of
1 pm? is shown in Fig. 4. The results indicate that when the
NP density is considered, the optimal g for the average field
enhancement over the NP surface is at ~75 nm.

Origin of the observed horizontal gap effects on the
distribution and intensity of EM fields

In order to understand the change of the EM field enhance-
ment with increasing g, the field distributions in the array
NP-MF case with various g values are calculated (Fig. 5). The
results indicate that when g is 2 nm, extremely enhanced EM
fields are generated and confined at the junction between two
Au NPs, which can be ascribed to the strong interparticle coup-
ling between two Au NPs. However, when g is 2 nm, the field
enhancement at the NP-MF junction is extremely small, which
may be caused by the strong scattering and absorption of the
incident light by the dense NPs.***° With increasing g, the
field enhancement at the horizontal gap between two Au NPs
rapidly decreases because of the decreased interparticle coup-
ling strength. At the same time, more regions over the NP
surface become lightened up, which can be ascribed to the
LSPR of a single Au NP. The increase of g also leads to the
decreased scattering and absorption of the incident light by
NPs. Therefore, the field enhancement at the NP-MF junction
gradually increases with increasing g. Fig. 3(a) indicates that

Nanoscale, 2016, 8, 15658-15664 | 15661
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Fig. 5 EM field distributions (logso(|E|?/|Eo|?) at xz plane of the Au NP
array on Ag film with various g under normal incidence at 532 nm. The
scale bar in each figure is 100 nm.

the maximum enhancement at the NP-NP junction is even
smaller than that in a single Au NP on the Ag film geometry
for g varying from 10 nm to 150 nm. This can be explained by
both the decreased coupling strength between neighboring
NPs and the difference between the LSPR wavelength and the
incident wavelength caused by interparticle coupling. When g
is large enough (>200 nm), the coupling between two Au NPs
is negligible. In this case, further increasing g has negligible
effects on the field distributions. As shown in Fig. 5, the field
distributions for the NP-MF case is almost the same for the g
values at 400 nm, 452 nm, 600 nm, 650 nm, 900 nm, 950 nm,
1030 nm, and 1070 nm. Therefore, when g is large enough, the
maximum enhancements at both the top surface of the Ag
film and the interparticle junction between two Au NPs show
only slight variations with further increase in g.

Fig. 2 and 3 show that an unusual decrease of the EM field
enhancement is generated at the g values of 425 nm,
634.5 nm, 931 nm, and 1050 nm. This can also be intuitively
seen from the calculated EM field distributions in Fig. 5.
Based on our calculations, Au NP arrays with these gaps are
exactly the ones that can couple the 532 nm incident light into
SPPs. The abrupt decrease of the field enhancement at these g
values could be explained by the Fano resonance between the
SPPs mode and the LSPR mode.>" As shown in Fig. 6(a), two
resonance peaks can be observed for the Au NP array on the Ag
film with g at 425 nm, 634.5 nm, 931 nm, and 1050 nm. The
resonance peak at the shorter wavelength can be ascribed to
the SPPs mode, which is close to the wavelength of the SPPs
calculated from eqn (1) (at ~505 nm with incident wavelength
of 532 nm). Moreover, the resonance peak at the longer wave-
length can be ascribed to the LSPR mode of the Au NP. It can
also be noted that a small peak at ~590 nm is observed for g =
1050 nm, which corresponds to the (i, j) = (2, 0) SPP mode
coupled with the free-space wavelength of 590 nm. Fig. 6(a)
shows that there are some shifts of the resonance peaks for
different g values. Nevertheless, the resonance dips for g at
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425 nm, 634.5 nm, 931 nm, and 1050 nm are at ~532 nm.
Therefore, the EM field enhancement is greatly decreased at
532 nm incident wavelength. The EM field distributions are
also calculated for the Au NP array on the Ag film for various g
values at their corresponding longer resonant wavelengths
rather than at 532 nm. As shown in Fig. 6(b), greatly enhanced
electric fields are generated in the Au NP array on the Ag film
at their corresponding resonant wavelength.

Conclusions

In summary, it is shown that the horizontal gap (g) between
neighboring NPs has a significant effect on the EM field
enhancement in a square Au NP array on the Ag film. When g
is very small (2 nm), the EM fields are greatly enhanced and
confined at the NP-NP junctions because of the strong inter-
particle coupling between two NPs, whereas the field enhance-
ment at the NP-MF junction is rather small because of the
large scattering and absorption of the incident light by the
dense NPs. With gradually increasing g, the enhancement at
the NP-MF junction increases and the enhancement at the
NP-NP junction decreases until they reach a relatively constant
value. In addition, the results indicate that the average field
enhancement in the array of NP-MF geometry can be opti-
mized by changing g values. In this manuscript, for 80 nm

This journal is © The Royal Society of Chemistry 2016
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Au NP on the Ag film at incident wavelength of 532 nm, g at
~75 nm gives the largest average EM field enhancement at
the Ag film surface and the Au NP surface. More importantly,
the results indicate that the EM field enhancement is
greatly decreased when g fulfills the requirement to couple
the 532 nm incident light into SPPs. We show that the
drastically decreased field enhancement is due to the Fano
interference between the LSPR and the SPPs, which leads to a
Fano dip at the incident wavelength of 532 nm. These results
are very important for designing enhanced spectroscopy
experiments and other applications of the NPs on metal film
geometry.
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