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Two-dimensional periodic arrays of regions containing metallic nanoislands with random sizes and shapes,
known as templated nanoisland arrays, can exhibit plasmonic phase-correlated dipole domains. These domains
emerge at specific wavelengths where the lattice-induced plasmon dipoles of the nanoislands are coherently
coupled together, forming collective plasmonic states that extend spatially over each region with scales of up to
one micron S. M. Sadeghi and R. R. Gutha, Phys. Rev. Appl. 15, 034018 (2021). In this paper, we demonstrate
that the far-field in-plane scattering of these arrays can be utilized to access the coherent signatures of the
plasmonic phase-correlated dipole domains. Our results reveal that this process is particularly pronounced when
the coherent coupling of these domains, facilitated by their hybridization with the Rayleigh Anomaly, gives rise to
surface lattice resonances. These resonances effectively enhance the far-field in-plane scattering of templated
nanoisland arrays, providing a platform to investigate the influence of plasmonic structures on the lattice-induced
plasmon dipoles responsible for the emergence of such domains. They also allow us to explore the coherent
networks formed through the coupling of these domains and with their neighboring domains. The findings of this
study offer an opportunity to examine the effects of micron-scale coherently extended plasmon states and their
potential applications in the long-range coherent transport of energy and information.
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I. INTRODUCTION

Recent investigations have focused on the application
of surface lattice resonances (SLRs) in arrays of metallic
nanoantennas for optical energy transport [1], long-range
dipole-dipole interactions [2], and enhanced energy trans-
fer through the Purcell effect [3]. Such resonances, which
arise from the hybridization of localized surface plasmon
resonances (LSPRs) with diffractive modes of lattices, of-
fer other applications, including biological and chemical
sensing [4–12], excitonic laser systems [13–15], optical fil-
ters [16], control of quantum emitter emission [13,15], perfect
absorbers [17], and quantum information processing [18].
One unique application of SLRs lies in their ability to coher-
ently excite lattice-induced dipole modes in one-dimensional
arrays of Au nanoislands or Si nanocrystals and to facilitate
the coupling of these dipoles to form networks of in-phase
dipoles over long distances [19,20]. Such networks provide
the opportunity to spread coherent information over ultra-
long-range distances.

The formation of SLRs in periodic arrays of regions
containing metallic nanoparticles provides a unique plat-
form for studying plasmonics and coherent-plasmonic pro-
cesses [21–24]. Various techniques have been employed to
fabricate such structures, including templated self-assembly
of colloidal nanoparticles and nanorods [25], printing trans-
fer [26], and soft lithography and template-assisted colloidal
self-assembly [27]. Recently, we experimentally investigated
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the optical properties of periodic arrays of regions composed
of densely packed Au nanoislands, where the sizes, shapes,
and positions of the nanoislands exhibit random distribu-
tions [21,24]. We demonstrated that under specific conditions,
these arrays, referred to as templated nanoisland arrays, can
support a different type of SLR. This SLR arises from the
coherent hybridization between the lattice-induced plasmon
modes of the nanoislands and the diffraction modes of the
arrays [21,24]. The presence of such resonances enables the
coherent excitation and coupling of the plasmonic dipoles of
the nanoislands, giving rise to plasmon modes that are
coherently extended throughout the entire volume of each re-
gion, forming what we called phase-correlated dipole domains
(PCDDs). Such domains, which can have footprints reaching
up to one micron, can coherently couple with each other,
giving rise to coherent networks of PCDDs spanning ultralong
distances [21].

The main objective of this paper is to investigate the
scattering processes driven by SLRs in templated nanoisland
arrays and demonstrate how the coherent effects, represented
by the formation of PCDDs and their networks, can be ob-
served in the spectral and intensity features of the far-field
scattering. To achieve this, we consider that the incident light
reaches such arrays at a normal angle, but detect their scat-
tering along their planes, i.e., perpendicular to the incident
light (in-plane scattering). We show that such a scattering
process carries the imprint of the coherent information as-
sociated with SLRs in the propagation directions, spectral
features, and intensities of the in-plane scattering. This allows
us to investigate how the sizes and shapes of the nanoislands
influence the coherent signatures in the far-field scattering via
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FIG. 1. (a)–(d) Close-up views of the SEM images of the Au plasmonic architecture of regions of samples A–D, respectively. (e) Schematic
of the optical setup used to measure the in-plane scattering of the arrays. The templated nanoisland arrays are formed when the periodic open
regions seen in (e) are replaced by the architectures shown in (a)–(d). “P” in (e) refers to a polarization analyzer.

PCDDs and their networks. To achieve this, by controlling the
fabrication processes, we explore the impact of periodic tem-
plated arrays of regions with different plasmonic architectures
[depicted in Figs. 1(a)–1(d)] on the far-field scattering. The
obtained results provide a different platform for studying the
physics of micron-scale coherently extended plasmon states
and their long-range networks, with potential applications in
energy and information transport, and quantum sensors. They
can also be useful for the investigation of systems involving
random phase metasurfaces [28] and strain-induced plasmon
confinement via polycrystalline graphene [29].

II. EXPERIMENTAL AND SIMULATION
METHODOLOGIES

In this study, we fabricated four types of templated samples
using a specific process. The fabrication process began by
creating masks with periodic open regions on glass substrates
[see Fig. 1(e)]. These masks were formed by spin coating a
resist material (ZEP520A) onto the glass substrates. Subse-
quently, electron-beam lithography was employed to expose
designated regions of the resist in a periodic manner. After-
ward, the exposed regions were chemically removed, resulting
in periodic open areas with lateral dimensions of 800 ×  200
nm. The separation between these areas, i.e., the lattice con-
stants, along the x axis (ax) and y axis (ay), were 0.5 and 1 µm,
respectively.

The next step involved depositing varying thicknesses of
gold (5 to 20 nm) onto these masks using an evaporator. Sub-
sequently, a chemical lift-off process was performed. Some
of the samples were subjected to thermal annealing at 530 ◦C
for 5 minutes. The combination of annealed and unannealed
samples resulted in different nanoscale Au architectures,
which are referred to here as plasmonic unit regions (URs).

Figures 1(a)–1(d) illustrate the metallic structures of these
URs, with decreasing deposited gold thicknesses from 20 to
5 nm, respectively. Sample A [Fig. 1(a)] corresponds to the
case with a 20 nm deposited gold thickness with ther-mal
annealing. In this case, the URs remain as solid gold
nanoantennas. Samples B [Fig. 1(b)] and C [Fig. 1(c)] have a
deposited gold thickness of 10 nm. The former case was not
annealed, while the latter was annealed under the same
conditions as sample A. These cases exhibit intermediate
characteristics, with connected nanoislands [Fig. 1(b)] and
nearly separated nanoislands [Fig. 1(c)], respectively. Sample
D [Fig. 1(d)] represents the case with a 5 nm gold deposition
with annealing similar to samples A and C. In this case, the
nearly isolated gold nanoislands within the URs are relatively
small. In addition to these, samples with similar metallic
structures as samples B–D, but without templating, were also
fabricated. The scanning electron microscope (SEM) images
of these samples, referred to as samples b2, c2, and d2, are
shown in Figs. 2(a)–2(c), respectively. Note that Figs. 1(a)–
1(d) are three-dimensional renders of SEM images of samples
A–D, primarily intended for comparing the profile shapes of
these samples.

Figure 1(e) illustrates the optical setup that was utilized
to measure the extinction spectra and in-plane scattering of
the samples. The experimental configuration involved the use
of two microscope objectives: objective 1 with NA =  0.5 and
objective 2 with NA =  0.85. Objective 1, with a nominal spot
size of approximately 2 µm at 800 nm, was responsible for
focusing the incident light into the arrays. On the other hand,
objective 2 was employed to collect the scattered light along
the edges of the glass substrates supporting the arrays with
high resolution. To capture the in-plane scattering, objective 2
scanned across the entire length of the substrate side (20 mm)
along both the x axis and y axis. For extinction measurements,

023512-2



IMPACT OF COHERENT COUPLING OF PLASMONIC … PHYSICAL REVIEW A 108, 023512 (2023)

FIG. 2. Extinction spectra of samples A–D when the incident light is polarized along the (a)–(d) y axis and (a0)–(d0) x axis, respectively. The
solid lines represent the case when the superstrate is air, while the dashed lines represent the case when the superstrate is methanol. Insets show
the SEM images of the corresponding samples.

the transmitted light passing through the samples was utilized.
The incident light was polarized along two orthogonal direc-
tions: the x axis (x-pol) and the y axis (y-pol). The light source
used for these experiments was a halogen bulb with a peak
intensity at approximately 750 nm. It is important to note that
the regions containing the arrays had sizes of 200 ×  200 µm,
located near the center of the square glass substrate measuring
20 ×  20 mm on each side.

To numerically investigate the concept of PCDDs and co-
herent inter-PCDD coupling, we utilized the finite-difference
time-domain (FDTD) method provided by LUMERICAL. In this
study, the unit cells (or URs) were represented by regions with a
length of L, width of W, and height of H. Each region con-
tained gold (Au) nanospheres with random sizes ranging from 5
to 20 nm, replicating the configuration of sample D. We
applied periodic boundary conditions in the x-y plane of a UR.
To prevent reflection along the z axis, we included a perfectly
matched layer (PML) to suppress reflection from the bound-
ary of the simulation domain. By analyzing the transmitted
light intensity (T) through the sample, the extinction spectra
were calculated as 1 −  T . The simulations corresponding to
samples A–C have been reported elsewhere [21].

III. SURFACE LATTICE RESONANCES IN TEMPLATED
NANOISLAND ARRAYS

In this paper, our primary focus is to investigate the co-
herent signatures, associated with the in-phase interaction of
nanoparticles, in the far-field scattering of templated nanois-
land arrays. In this section, we specifically aim to discuss
experimental signatures of PCDDs and their networks. To
begin, we present our results for the extinction spectra of
samples A–D, which are also partially reported in Ref. [21].
Figures 2(a) and 2(a0) depict the extinction spectra of sample A
when the incident light is polarized along the y axis (y-pol)

and x axis (x-pol), respectively. When the polarization is along
the x axis, the spectra exhibit slight remnants of plasmonic
multipolar features associated with the longitudinal modes of
the nanoantennas [Fig. 2(a0), solid line]. However, for y-pol, a
sharp peak is observed at approximately 806 nm [Fig. 2(a),
solid line]. This peak indicates the presence of SLRs [12,30–
32], as discussed further in the following.

For sample B, the observed peak in the y-pol case
[Fig. 2(b), solid line] is significantly broader compared to
that in sample A. This broadening can be attributed to the
fact that in sample B, the nanoantennas are fractured rather
than solid [Fig. 1(b)]. Additionally, the broadening can be
linked to the detuning of the LSPRs of this sample from the
Rayleigh Anomaly (RA) wavelength. On the other hand,
inspection of the extinction spectrum of sample B for x-pol
[Fig. 2(b0)] shows a distinct difference. Such a spectrum (solid
line) does not have the characteristic features of multipolar
LSPRs, but rather the LSPRs associated with the fractured
nanoantennas. This indicates that the incident light with x-pol
does not see the periodic nature of the array. In fact, the
solid line in Fig. 2(b0) resembles the response of untemplated
nanoislands (Fig. 3). In particular, in the case of sample b2
[Fig. 3(a)], the response exhibits a monotonic rise with wave-
length [Fig. 3(a0)], similar to the solid line in Fig. 2(b0). The
slight kink at around 600 nm in Fig. 2(b0) is associated with
the impact of the lift-off process.

Note that the dashed lines in Fig. 2 represent the effect of
increasing the refractive index of the superstrate by adding
droplets of methanol on top of the arrays. Both Figs. 2(a)
and 2(b) exhibit a clear redshift, which can be attributed to
the redshift of both the LSPRs and RA wavelengths.

The results for samples C and D exhibit distinct char-
acteristics that are different from samples A and B. In the
case of sample C, the extinction spectrum for the y-pol
polarization shows a single peak at approximately 594 nm
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FIG. 3. (a)–(c) SEM images, (a0)–(c0) extinction spectra, and (a00)–(c00) in-plane scattering, of samples b2, c2, and d2, respectively. In (a00),
(b00), and (c00), the color-coded bars, representing the in-plane scattering counts, range from 0 to 100, 0 to 800, and 0 to 800, respectively. The
scale bar in (a) is 200 nm, and the scale bars in (b) and (c) are 1000 nm. Samples b2 and c2 both have 10 nm Au; sample d2 Au thickness is 5 nm.
Samples c2 and d2 were thermally annealed.

[Fig. 2(c), solid line]. Such a spectral response is very similar
to that of the untemplated sample c2 [Fig. 3(b)]. As shown in
Fig. 3(b0), such a sample also exhibits a broad LSPR peak,
indicating that the optical response of sample C for the y-pol
is not sensitive to the periodicity of the structures. In other
words, such a response is influenced by the individual
nanoislands rather than the collective response of the arrays
as observed in samples A and B, where the y-pol response is
associated with SLRs. The dashed line in Fig. 2(c) rep-
resents the impact of increasing the refractive index, which
results in a simple redshift, a standard response observed in
nanoislands.

The results of sample C for x-pol are even more distinct. As
shown in Fig. 2(c0), under this condition, the spectrum of this
exhibits two partially overlapped peaks: one at 612 nm and the
other at 740 nm (solid line). The addition of methanol to the
superstrate makes these two peaks more distinct (dashed line).
Under this condition, the shorter-wavelength peak undergoes
minimal shifting, while the longer-wavelength peak (indicated
by the arrow) experiences a significant shift. As discussed in

the following, the longer peak is associated with a different
form of SLR, originating from the coherent excitation of the
nanoislands [21,24]. In this scenario, the nanoislands in each
unit region (UR) are coherently coupled together, forming
PCDDs. The addition of methanol creates a more uniform
environment for the nanoislands, thereby enhancing their co-
herent excitation [7]. Note that for the case of the untemplated
nanoisland arrays, the optical responses are found indepen-
dent of the incident light polarization.

A similar situation is observed for sample D [Figs. 2(d)
and 2(d0)]. However, in this case, the plasmonic polarizabil-
ities of the nanoislands in sample D are smaller compared to
those in sample C, resulting in a less pronounced SLR when
the superstrate is air [Fig. 2(d0), solid line]. The addition of
methanol clearly enhances the peak associated with this
process (indicated by the arrow). For the y-pol polarization,
similar to sample C, the response of sample D is predomi-
nantly influenced by the individual nanoislands [Fig. 2(d)].
This can be observed by considering the optical response of
sample d2 [Fig. 3(c)]. In this case, the extinction spectrum
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FIG. 4. (a)–(d) The extinction spectra of samples A–D with rotation about the x axis, respectively. In (a) and (b), the incident polarization was
along the y axis (y-pol), while in (c) and (d), the incident light was polarized along the x axis (x-pol). The black squares and blue circles serve
as guides for identifying the optical features associated with the (−1, 0) and (+1, 0) RA modes. The solid arrows in (d) are eye guides of
variation of the peaks with angle of rotation. The legends show the angles of rotation in degrees.

becomes sharper due to the specific shapes and sizes of the
nanoislands, leading to distinct optical features.

To discuss the nature of SLRs in samples A–D, the samples
were rotated along the x and y axes, and variations in their
extinction spectra were observed. Because of the hybridiza-
tion of plasmon resonances with RA, under this condition
the removal of the degeneracy of the RA modes splits these
spectra [33]. Sample A provides a straightforward situation,
as rotating the sample along the x axis for the y-pol resulted in
the clear formation of peaks on both sides of the original peak
[Fig. 4(a)]. This indicates a parallel coupling of RA with the
LSPRs of the nanoantennas in this sample. Here, black
squares and blue circles are used as visual aids to highlight
the wavelengths associated with peaks corresponding to the
(−1, 0) and (+1, 0) RA modes, respectively [24]. Sample B,
however, exhibits a similar situation, although the presence
of fractured nanoantennas in this sample has suppressed this
process [Fig. 4(b)]. The addition of a thin layer of Si (10 nm),
as shown in the Appendix (Fig. 11), further enhances these
modes.

In the case of samples C and D, when the superstrate is
air, the RA modes are more disguised [Figs. 4(c) and 4(d)].
However, for sample C, we can still observe traces of the re-
moval of RA mode degeneracy (represented by black squares
and blue circles). For sample D, with x-pol and rotation along

the x axis, the spectral variations exhibit an initial relatively
significant blueshift followed by the suppression of the peak,
accompanied by a smaller amount of blueshift. If the polar-
ization of the incident light changes to y-pol while keeping
the rotation axis unchanged, the extinction spectrum mostly
undergoes a suppression of amplitude (Appendix, Fig. 12).
This further indicates that in this case, the incident light does
not interact with the periodicity of the sample, and rotation
has minimal spectral impact. In the subsequent section, we
explore the SLRs associated with the peak designated with an
arrow in Fig. 2(d0) (sample D) numerically.

IV. PCDD AND INTER-PCDD VIA SURFACE LATTICE
RESONANCES

To demonstrate the formation of PCDDs and the coher-
ent inter-PCDD coupling associated with SLRs in templated
nanoislands, we conducted numerical simulations using
LUMERICAL 2020A software for sample D. The cases related
to samples A–C have been discussed in Ref. [21]. We con-
sidered a random distribution of Au nanospheres with radii
ranging from 5 to 20 nm [Fig. 5(a)]. These nanospheres were
positioned within regions with dimensions of 800 nm in length
and 200 nm in width, corresponding to the templated region
(UR) regions in Fig. 1(d). The height of each region (H) was
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FIG. 5. (a) Top view and (b) oblique view of the periodic regions containing Au nanospheres with radii ranging from 5 to 20 nm. (c)
Extinction spectra of such a structure for x-pol with N =  200 (solid line) and N =  600 (dashed line). (d) and (e) show the field enhancement factor
in the x-y plane at 555 and 752 nm, respectively. The color-coded bar shows the range of the field enhancement factor (FE).

set to 100 nm. Our simulations considered two different values
for the number of nanospheres (N) within each region, namely
200 and 600.

The positions of the nanospheres and their sizes were de-
termined by the software. As shown in Figs. 5(a) and 5(b),
the regions containing the nanospheres were periodically ar-
ranged with lattice constants ax =  1000 nm and ay =  500 nm,
as in sample D. The substrate was assumed to be glass. The
superstrate was also assigned a similar refractive index, imi-
tating the conditions of sample D in the presence of methanol
[Fig. 2(d0), dashed line].

Figure 5(c) presents the results of the numerical simu-
lations for the extinction spectra of such a structure [21]. It
shows the formation of a broad peak at approximately 555
nm and a sharp peak at 755 nm for N =  200 (solid line). When
N is increased to 600, corresponding to a threefold increase
in the concentration of nanospheres, the shorter peak shifts to
583 nm, while the longer peak becomes broader and redshifted
to 781 nm (dashed line). This broadening can be attributed to
the packing and potential touching effects of the
nanospheres. This trend helps explaining the experimental
results observed in Figs. 2(c0) and 2(d0) (dashed lines).

Figures 5(d) and 5(e) provide close-up views (500 ×  200
nm) of the field enhancement factors in one of the regions
shown in Fig. 4(a). These factors are defined as the ratio of
the field intensity in the presence of the nanoparticles to that
in their absence. The close-up views are presented in the x-y
plane for N =  200 at 555 nm [Fig. 4(d)] and 755 nm [Fig.
4(e)]. It is important to note that the x-y plane is located
approximately 50 nm above the substrate, corresponding to
half of the region’s height (H/2).

Figure 5(d) clearly illustrates the near fields associated
with the LSPRs of the nanospheres. The results also indicate
some degree of field inside the nanospheres. However, except
for cases where nanospheres are very close to each other,
the near fields mostly represent plasmonic fields associated
with individual nanoparticles with minimal internanoparticle
coupling. In contrast to this, the case corresponding to the
peak at 755 nm in Fig. 5(c) reveals a different scenario. In this

case, significant field enhancement occurs, enabling efficient
coupling among most of the nanospheres within a given region
[Fig. 5(e)].

In Fig. 6, we examine the overall modal field enhancement
factors associated with the 555 and 755 nm peaks observed in
Fig. 5(c). The wider views of the field enhancement factors
are shown in the x-y plane [Figs. 6(a) and 6(a0)], the x-z
plane [Figs. 6(b) and 6(b0)], and the y-z plane [Figs. 6(c)
and 6(c0)]. At 555 nm, there is minimal interaction between
the unit regions (URs), indicating individual excitation of
the nanospheres [Figs. 6(a)–6(c)]. However, at 755 nm, the
optical lattice modes between the URs become significant, as
depicted in Figs. 6(a0) and 6(b0). These figures demonstrate
how such modes efficiently form within the URs, highlighting
the coherent coupling among them, leading to the formation
of PCDDs. The interdomain coupling extends the coherent
excitation across the entire regions of the URs along the x axis,
forming a networks of PCDDs.

V. IN-PLANE SCATTERING VIA UNTEMPLATED
NANOISLANDS

This paper explores the encoding of coherent information
related to PCDDs and their networks into far-field scattering.
To do this, we begin by analyzing the in-plane scattering
characteristics of samples b2, c2, and d2, which represent
untemplated nanoislands, lacking periodic features. The SEM
images of these samples show that sample b2 primarily con-
sists of a fractured Au (gold) thin film [Fig. 3(a)], as the
case of sample B. In the case of sample c2, the nanoislands
seem to be separated, but possess highly irregular shapes and
sizes, as shown in Fig. 3(b). On the other hand, sample d2 ex-
hibits more isolated nanoislands [Fig. 3(c)], similar to the case
of sample D. Figures 3(a0)–3(c0) display the corresponding
transition of extinction spectra for these samples, with more
localized plasmons leading to a sharper blueshifted peak.

Figures 3(a00)–3(c00) depict the in-plane scattering observed
on one side of the glass substrates supporting the nanoislands.
The results indicate that sample c2 exhibits the most intense
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FIG. 6. Mode field enhancement profiles of four adjacent URs of the periodic structure shown in Fig. 4(a) at (a)–(c) 555 nm and (a0)–(c0) 755
nm. (a) and (a0) show the field enhancement factor in the x-y plane, (b) and (b0) in the x-z plane, and (c) and (c0) in the y-z plane. Here the incident
field is considered to be polarized along the x axis (x-pol). The color-coded bars show the ranges of the field enhancement factor (FE).

in-plane scattering, spanning over a spectral range starting
from approximately 500 nm [Fig. 3(b00)]. On the other hand,
sample d2 displays significantly lower scattering compared to
sample c2 [Fig. 3(c00)]. Sample b2 exhibits the least amount of
in-plane scattering [Fig. 3(a00)]. It should be noted that the
scale bar representing the scattering count ranges from 0 to
100 for Fig. 3(a00), while for Figs. 3(b00) and 3(c00), the range is
between 0 and 800. Despite the significant variations in
intensity, all three samples exhibit similar scattering spectral
patterns.

The underlying reasons behind the observed in-plane scat-
tering in Fig. 3 can be attributed to the inhomogeneity of
the medium of the systems, which include Au nanoislands
placed on the glass substrates with air as a superstrate. In such a
configuration, as shown in Refs. [34] and [35], a certain
level of coupling is expected between the scattering of the
nanoislands and the substrate. In fact, based on the results
shown in Figs. 3(a00)–3(c00), this scattering occurs over a wide
range of the spectrum, resembling the spectrum of the incident
light. The scattering of the systems studied in this section have
some similarities to those of random phase metasurfaces [28]
and strained polycrystalline graphene structures [29].

VI. COHERENT AMPLIFICATION FAR-FIELD
SCATTERING VIA SLR

To investigate PCDDs and their long-range coherent cou-
pling using far-field in-plane scattering, we first examine the
influence of SLRs on the scattering process in arrays with reg-
ular nanoantennas, focusing specifically on sample A. When

incident light is polarized along the y axis (y-pol), the diffrac-
tion coupling along the same axis gives rise to the formation of
SLRs. This happens since the transverse LSPRs of these
nanoantennas are closely located to the RA wavelength, al-
lowing them to become hybridized [Fig. 2(a)]. However, for
incident light polarized along the x axis (x-pol), the scattering
process primarily involves the longitudinal LSPRs of individ-
ual nanoantennas [Fig. 2(a0)].

Figure 7(a) displays the in-plane scattering detected along
the x axis (thick one-sided arrow) for x-pol (two-sided arrow).
The results exhibit a distinct spectral profile that differs sig-
nificantly from the scattering detected along the y axis for the
same incident light polarization [Fig. 7(b)]. Specifically, the
x-pol scattering predominantly shows a single peak at approx-
imately 955 nm. In contrast, the y-pol scattering reveals two
peaks, one at 780 nm and the other at 910 nm. It is important to
note that for x-pol, although the scattering spectrum primarily
reflects the behavior of individual nanoantennas’ LSPRs, their
in-plane scattering behavior is influenced by the presence of
neighboring nanoantennas within the array [36].

Figures 7(c) and 7(d) depict the in-plane scattering along
the x axis and y axis, respectively, when the incident light is
polarized along the y axis (y-pol). These results demonstrate
significantly enhanced scattering compared to the x-pol cases
[Figs. 7(a) and 7(b)]. In the case of detection along the x
axis, the scattering peak occurs at 882 nm, while for detection
along the y axis, it occurs at 866 nm. The latter presents the
maximum amount of scattering.

The high counts observed in Figs. 7(c) and 7(d) (indicated
by the numbers on top of each peak) indicate the influence
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FIG. 7. In-plane scattering of sample A along the (a) x axis and (b) y axis for x-pol. (c) and (d) are similar to (a) and (b), respectively, but for y-
pol. The images to the right or to the left show a small portion of the SEM image of this sample, wherein the two-sided arrows represent the
polarization directions of the incident light and the one-side wide arrows refer to the propagation directions of the in-plane scattering. The
numbers on the top of each peak represent the maximum counts of the scattering associated with the peaks.

of SLR on the in-plane scattering process. Indeed, the results
in Figs. 7(b) and 7(d) demonstrate that switching the incident
light polarization from x-pol to y-pol leads to approximately a
4.5-fold increase in the in-plane scattering intensity. This
scattering enhancement process is an indication of coherent
processes associated with the formation of SLR. It is im-
portant to note that SLR involves the coherent excitation of
the LSPRs of individual nanoantennas, which establishes a
direct phase relationship between diffracted optical fields in
the arrays and plasmon resonances of the nanoantennas [30].

To perform polarization analysis of the scattering light,
a polarization analyzer (P) was positioned at the back of
objective 2, with its axis oriented at an angle φ relative to
the z axis, as illustrated in Fig. 1(e). The light passing this
analyzer was then guided to the spectrometer. When φ is 0◦ ,
the axis of the polarization analyzer is vertical, aligned along
the z axis. Conversely, when φ is 90◦ , the axis of the polar-
ization analyzer is horizontal, perpendicular to the z axis. By
varying the angle φ, the polarization analyzer can assess the
polarization-dependent properties of the in-plane scattering
from the samples.

The results obtained from the polarization analysis of the
in-plane scattering for x-pol and y-pol of sample A reveal
interesting findings. For x-pol, when the scattering is detected
along the x axis, the polarization of the scattered light appears
to be mixed, as shown in Fig. 8(a). This is evident from the fact
that the scattered light exhibits components for both φ =  0◦

(solid line) and φ =  90◦ (dashed black line). In other words,
the scattered light consists of a combination of polarization
states along both the vertical and horizontal directions. How-
ever, when the incident light polarization remains unchanged
and the scattering is detected along the y axis, the scattered
light demonstrates nearly complete linear polarization along
the z axis, as illustrated in Fig. 8(b) (solid orange line). This

means that the scattered light becomes predominantly polar-
ized in the vertical direction, parallel to the z axis.

A similar situation occurs for y-pol, with the exception that
the scattered light becomes nearly purely polarized horizon-
tally, corresponding to φ =  0◦  [Fig. 8(d)]. In this case, the
scattered light is predominantly polarized in the horizontal
direction, perpendicular to the z axis. For the same incident

FIG. 8. Polarization analysis of the in-plane scattering of sample
A when the incident light is polarized along the (a),(b) x axis and
(c),(d) y axis. Here, φ =  0◦  and 90◦ refer to the case when the axis of
the polarization analyzer is parallel and perpendicular to the z axis,
respectively.
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FIG. 9. In-plane scattering of sample D for x-pol when scattering is detected along the (a) x axis and (b) y axis. (c) and (d) are similar
to (a) and (b), respectively, but for y-pol. The images to the right and left show small portions of the SEM image of the sample, wherein the
two-sided arrows represent the polarization directions of the incident light, and the wide one-sided arrows represent the propagation direction
of the in-plane scattering.

polarization but detection along the x axis, the situation re-
sembles that depicted in Fig. 8(a), where the scattered light
exhibits mixed polarization states along both the vertical and
horizontal directions.

The results obtained for sample B exhibit a similar trend,
although the fractured nature of the nanoantennas in this
sample [Fig. 1(b)] compromises the sharpness of its features.
This leads to a reduction in the scattering intensities and

FIG. 10. The polarization analysis of the in-plane scattering of sample D with the incident light polarized along (a),(b) the x axis or along
(c),(d) the y axis. In (a) and (c), the scattering is detected along the x axis, while in (b) and (d), it is detected along the y axis. (e) and (f)
represent the polarization of in-plane scattering for sample d2 with x-pol and y-pol. Here, φ =  0◦  and 90◦ indicate the cases when the axis of the
polarization analyzer was parallel and perpendicular to the z axis, respectively.
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polarization characteristics of the sample, as shown in Ap-
pendix (Fig. 13). Due to the plasmonic structure of this
sample, the coherent processes associated with SLRs are sup-
pressed. This suppression significantly affects the polarization
properties of the scattered light. In fact, as shown in Appendix
(Fig. 14), the scattered light of this sample exhibits strong
polarization mixing. This is particularly notable for the case
of x-pol with detection along the x axis, wherein sample B
demonstrates nearly unpolarized scattering.

VII. SIGNATURES OF PCDDs AND THEIR COHERENT
COUPLING IN THE IN-PLANE SCATTERING

The results shown in Fig. 7 demonstrate the coherent am-
plification of in-plane scattering through SLRs in an array
supporting the LSPRs associated with solid nanoantennas.
However, the cases of samples C and D present different situa-
tions, as they involve periodic regions containing nanoislands
with much smaller dimensions compared to the nanoantennas
in sample A. In this section, we further investigate the appli-
cation of SLRs to gain insights into the formation of PCDDs
and their long-range coupling. While sample D is specifically
examined, it is important to note that sample C exhibits similar
characteristics with some spectral and intensity variations.

Figure 9 presents the results of in-plane scattering for sam-
ple D under x-pol [Figs. 9(a) and 9(b)] and y-pol [Figs. 9(c)
and 9(d)]. These results exhibit contrasting features com-
pared to the case of sample A (Fig. 7). One prominent effect
observed in sample D is the significantly larger amount of
scattering detected along the y axis for x-pol, as shown in
Fig. 9(b). In contrast, for y-pol, the scattering is minimal, as
depicted in Fig. 9(d).

These findings are consistent with the numerical simulation
results presented in Figs. 5 and 6. Specifically, Figs. 6(a0)–
6(c0) demonstrate that for sample D and x-pol, both PCDDs
and effective inter-PCDD coupling (coherent networks) are
strongly supported. Thus, Fig. 9(b) represents an enhancement
of SLRs in far-field scattering induced by PCDDs. On the
other hand, when the incident light is polarized along the y
axis, the scattering process is expected to be associated with
individual nanoislands, as shown in Fig. 9(d). It should be
noted that similar to the case of solid nanoantennas, the
scattering of such nanoislands is influenced by the presence
of other neighboring nanoisland regions [36].

The results depicted in Figs. 9(a) and 9(c) indicate that
when the scattering is detected along the x axis, regardless of
the polarization of the incident light, the amount of scattering
remains low. This observation suggests that the scattering as-
sociated with PCDDs and their networks is most efficient for
directions perpendicular to the axis of these networks. In other
words, the scattering processes related to such networks (and
PCDDs) exhibit a preferred orientation perpendicular to their
axes. This alignment enhances the interaction of the incident
light with the PCDDs and facilitates efficient scattering along
the y axis.

The results of the polarization analysis for the in-plane
scattering of sample D are presented in Figs. 10(a)–10(d).
These findings exhibit different features compared to sample
A. When the scattering is detected along the x axis with x-
polarized incident light, the polarization appears to be mixed,

FIG. 11. Variations of extinction spectra of sample B under rota-
tion along the x axis for y-pol when a layer of Si with 10 nm thickness is
deposited on the top of the array. The numbers in the legends refer to
the angles of rotation in degrees.

with peaks around 690 nm [Fig. 10(a)]. Conversely, when
maintaining the incident light polarization as x-pol and de-
tecting scattering along the y axis, a high degree of linear
polarization is observed with significantly higher intensity
[Fig. 10(b)]. It is noteworthy that minimal scattering is ob-
served at φ =  90◦ (dashed black line), while a strong peak
at 730 nm is observed at φ =  0◦ (solid orange line). This
suggests that PCDDs and their networks actually maintain
polarization, similar to the case of solid Au nanoantennas. On
the other hand, for the y-pol, the in-plane scattering appears
to become partially linearly polarized [Figs. 10(c) and 10(d)].

Considering the fact that the results presented in Fig. 10(b)
occur for a structure consisting of templated nanoislands em-
phasizes the degree of coherent correlation established by

FIG. 12. Variations of the extinction spectra of sample D for
y-pol and rotation along the x axis. The inset shows the angles of
rotation in degrees. The solid arrow is the eye guide for the decrease
of peaks of spectra as a function of this angle.
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FIG. 13. In-plane scattering of sample B for x-pol when scattering is detected along the (a) x axis and (b) y axis. (c) and (d) are similar to (a)
and (b), respectively, but for y-pol. The images on the top of each panel show small portions of the SEM image of the sample, wherein the two-
sided arrows represent the polarization directions of the incident light and the wide one-sided arrows represent the propagation direction of the
in-plane scattering. The color-coded bars refer to the counts of scattering.

FIG. 14. Polarization analysis of the in-plane scattering of sample B when the incident light is polarized along the (a),(b) x axis and (c),(d) y
axis. Here, φ =  0◦  and 90◦ refer to the case when the axis of the polarization analyzer is parallel and perpendicular to the z axis, respectively.
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PCDDs and their networks. To assess the significance of this,
we present the results for sample d2 in Figs. 10(e) and 10(f),
which correspond to the scattering from the untemplated
regions of nanoislands [Fig. 3(c)] for x-pol and y-pol config-
urations, respectively. In these figures, the spectral features
for different φ angles are relatively similar for both x-pol and
y-pol cases. The observed differences may be attributed to
the influence of incident light polarization on the coupling of
scattered light into the glass substrate.

Considering these findings, Figs. 10(e) and 10(f) indicate
nearly unpolarized scattering. This polarization conversion
process stands in stark contrast to the results shown in
Fig. 10(b). These results highlight the fact that when nanois-
lands are templated, as in sample D, the coherent coupling via
SLRs can profoundly alter the in-plane scattering properties.
In other words, we are dealing with scattering associated
with PCDD modes and inter-PCDD coupling, which result in
nearly linearly polarized scattering.

VIII. CONCLUSIONS

We studied the utilization of far-field in-plane scattering
from periodic arrays of regions containing nanoislands to
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