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We study coherently-stimulated plasmonic dipoles and their phase-correlated coupling, offering ultra-
long coherent networks of metallic nanoantennas. This is done by considering Au nanoislands with ran-
dom sizes and shapes placed in close vicinity of each other in a strip with long length and nanoscale
width. The positions of the nanoislands in such a strip fluctuate, forming a one-dimensional disordered
array. We demonstrate that once such a structure is periodically repeated such that the Rayleigh anomaly
condition is satisfied, the photonic lattice modes can drive the plasmon modes of the nanoislands at fre-
quencies dictated by such modes. This allows the nanoislands to act as nano-scale antennas that are
excited in phase and are coupled to the neighboring nanoantennas coherently over distances far larger
than the sizes of the individual nanoislands. Under these conditions the disordered array acts as a net-
work wherein coherent specifications are distributed in scales far longer than those of the individual

nanoislands.

© 2021 Elsevier Ltd. All rights reserved.

Transport of energy and information along certain paths in
nanostructure systems in the length scale that is relevant to the
device applications are fascinating concepts with many applica-
tions. In such systems instead of electrons or photons one deals
with the transport of electromagnetic or excitation energy[1-3]
In recent years, in particular, intense efforts have been devoted
to study transport of energy across metallic nanoparticle (MNP)
waveguides. The key feature here is to convert light into plasmonic
modes of the MNPs in the presence of their near field coupling
[2,4-8]. The common practice is application of chains of MNPs
close to each other (Fig. 1a), or formation of arrays of metallic
nanoantennas formed via e-beam lithography [9]. Recently impact
of retardation in the dispersion and propagation of plasmons of
such MNP chains have been investigated [10]. Integration of these
chains with dielectric waveguides and optical nano-micro systems
have also received significant attentions [11-15]. These investiga-
tions also include near infrared waveguides composed of a semi-
disordered array of MNPs that can present less loss than micro
strip channel waveguides [16].

The current research of plasmonic MNP waveguide structures
are mostly based on intrinsic localized surface plasmonic reso-
nances (LSPRs) of MNPs (Fig. 1a) [2,4-7]. In this paper we ex-
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plore lattice-mode stimulated dipoles in such MNP structures and
demonstrate how their coherent coupling offers phase-correlated
chains of nanoantennas along distances far longer than the sizes of
individual MNPs. For this, instead of one disordered array of MNPs
as shown in Fig. 1a, we consider the primary array (P) is sup-
ported by several auxiliary structures (A) containing similar struc-
tural features (Fig. 1b). The spacings between P and A arrays (ay)
are adjusted such that they support photonic lattice modes (PLMs)
at frequencies different than those of the LSPRs of the MNPs. We
demonstrate that hybridization of such modes with the disordered
MNP arrays can drive plasmons dipoles at frequencies similar to
those of PLMs. These dipoles are coherently excited and are in-
phase with the incident light. Our results show such plasmonic
dipoles can couple to each other coherently across the length of
the P waveguide, forming a coherent network consisting of many
nanoantennas.

In this paper we study collective resonances in long arrays of
Au nanoislands (NISs), exploring the possibility of formation of co-
herent one-dimensional plasmonic networks (Fig. 1b). To provide
a deeper understanding of the impact of PLMs and their relation
with the type of metallic nanoantennas (mANTs), we investigate
three unique cases. These include (i) long nanorods (NRs) in close
proximity of each other from their ends (Fig. 2a), (ii) periodic ar-
rays of mANTSs supporting distinct LSPRs with large polarization in
the visible range (Fig. 2b), and (iii) periodic disordered arrays of
NISs (Fig. 2c¢). Our results show that in structure (c) each NIS can
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Fig. 1. Disordered arrays of MNPs along one dimension. (a) refers to the case of a
disordered array interacting with a light with frequency close to the LSPRs of the
MNPs and polarized along x-axis. (b) represents the case wherein such a disordered
array (P) is accompanied by several similar arrays (A) with a period of ay.

act a coherent plasmonic relay post that is coupled to their neigh-
boring posts coherently via optical diffractive modes (Fig. 1b). Be-
cause of their relatively small sizes, such NISs do not have large
plasmonic polarization, individually.

The photonic lattice modes discussed in this paper are re-
lated to surface lattice resonances (SLRs), happening in periodic
arrays of mANTs [17-20]. Such resonances occur when Rayleigh
Anomaly (RA) condition is satisfied, allowing coherent coupling of
LSPRs with the diffraction modes of the lattice. The unique fea-
tures of SLRs, including their narrow optical features, have made
them unique hosts for investigation of excitonic laser systems [21-
23], optical filters [24], control of emission of quantum emitters
[21,23], perfect absorbers [25], Rabi splitting [26,27], and biological
and chemical sensors [28-34]. In a recent report, we showed that
SLRs can also happen in the presence of grains or NISs of Au when
the are packed together in regions that are periodically repeated in
form of two-dimensional lattices[35].

The nanostructure samples studied in this paper were fabri-
cated using electron-beam lithography using Zeiss LEO 1550 SEM
(scanning electron microscope). This technique was used to form
templates (masks) consisting of periodic arrays of open areas with
lattice constants of ay and ay, along the x- and y-axes, respectively,
on glass substrates. The lengths (L) and widths (W) of the open
areas were adjusted based on the type of nanostructure samples.
In the case of sample 1 (NRs) we considered ay=2.3 and ay=0.5
pm, and the values for L and W were set to 2 m and 170 nm, re-
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spectively (Fig. 2a). For the case of sample 2, ay = ay = 0.5um and
their L and W, were, respectively, ~220 and ~130 nm (Fig. 2b). For
samples 3 and 4, the e-beam masks included long strips of open
areas with nominal widths of 200 nm along the x-axis. The sepa-
rations between the strips (ay) for these samples were considered
to be 500 nm. For the case of samples 1 and 2, we added 2 nm of
Cr before placing the e-beam masks. After these steps, layers of Au
were evaporated on the top of the masks (CVC Vacuum Evapora-
tion System). For the cases of samples 1 and 2 the thicknesses of
the Au layers were 50 nm. In the case of the sample 3 (disordered
array of NISs) the mass thickness of the Au layer was 10 nm, and
for the case of sample 4, it was slightly higher. As discussed in de-
tail in Ref. [36], the sizes and shapes of the NISs strongly depend
on the mass thicknesses of the Au layer. Larger mass thicknesses
make the NISs larger and irregular, while smaller mass thicknesses
make them more uniform in terms shapes and sizes. After lift-up,
samples 1 and 2 were annealed for 5 min at 500 C° and for sam-
ples 3 and 4 the annealing temperature and time were 530 C° and
5 min, respectively. We used a transmission setup consisting of a
halogen lamp, polarizer, microscope objective, collective lens, and a
spectrometer (Ocean Optics TE-cooled QE-pro) to measure extinc-
tion spectra of these samples. These spectra were measured when
the superstrate medium was either air or methanol. The incident
light was considered to either polarized along the x-axis (x-pol) or
y-axis (y-pol).

As seen in Fig. 3a, when the polarization of the light is along
the x-axis (x-pol) the extinction spectra of sample 1 include sev-
eral small peaks (solid line). When the refractive index of the su-
perstrate is increased to about 1.33 by adding methanol, these
peaks are red shifted, indicating their plasmonic nature (dashed
line). When polarization of the incident light is along the y-axis
(y-pol), however, the results include a distinct asymmetric peak at
595 nm (Fig. 3a’). This peak is shifted to 655 nm when methanol is
added (dashed line). This happens as a secondary peak emerges at
about 720 nm (arrow). The main peak here can be associated with
the transverse plasmonic modes of the NRs, while the secondary
peak (arrow) may be due to the residue of a parallel SLR.

The results of the measurements of the extinction of sample 2
are shown in Figs. 3b and 3b’. For x-pol the results show a dom-
inant peak at 921 nm (Fig. 3b). This peak is associated with the
longitudinal plasmon modes of the mANTs. Such a peak shifts to
969 nm and its amplitude decreases as the refractive index of the
superstrate increases (dashed line). For y-pol, however, in addition
to a small hump around 625 nm, a peak at about 768 nm is gen-
erated (Fig. 3b/, solid line). In the presence of methanol, the spec-
trum changes significantly, resolving a peak at 645 nm and a sharp
peak at about 789 nm (dashed line). The sharp peak is an indica-
tion of SLR, as will be discussed further in the following.

The results for sample 3 offer a different picture. In this case
of x-pol and in the absence of methanol, i.e., when the superstrate
is air, we mostly observe a highly asymmetric peak with a ma-

Fig. 2. Oblique SEM images of arrays of Au metallic nanorods (a), mANTs with LSPRs in the visible and near infrared range (b), and long strips containing NISs with random

locations, sizes, and shapes (c).
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Fig. 3. Extinction spectra of samples 1-3 (structures shown in Figs. 2a-2c) for x-
pol (a-c) and y-pol (a’-c’) when the superstrate is air (solid lines) and methanol
(dashed lines).

jor peak at about 722 nm (Fig. 3c, solid line) and a hump at about
575 nm (arrow). As the refractive index of the superstrate increases
(adding methanol), this peak shifts to 793 while its amplitude in-
creases (dashed line). This process resolves another peak at 584
nm. For y-pol, however, the results for sample 3 show a single peak
at about 577 nm (Fig. 3¢/, solid line). Addition of methanol shifts
this peak to 616 nm, while its amplitude increases (dashed line).

To further explore these results, we consider sample 4, which is
similar to sample 3 but with larger and more packed NISs (Fig. 4a).
We also consider the optical responses of a reference sample con-
taining NISs similar to those in Fig. 4a, but without any period-
icity (Fig. 4c). The extinction spectra of the structure in Fig. 4a
are shown in Fig. 4b. The results are similar to those presented in
Fig. 3a for sample 3, but with better resolved peaks. In this figure
lines 1 and 2 refer to the extinction spectra for x-pol when the
superstrate is air and methanol, respectively. Lines 1’ and 2’ are
the corresponding spectra when the incident light was polarized
along y-axis (y-pol). The results for the structure shown in Fig. 4c,
however, closely follow those presented for y-pol in the cases of
samples 3 and 4 (Fig. 4d). These results further highlight the fact
that in samples 3 and 4 for y-pol there is no optical interaction
between PLMs and NISs. In fact in these cases the responses of the
arrays are mostly associated with single NISs, as indicated by the
results presented in Fig. 4d.

To understand these results we used finite difference time do-
main (FDTD) to numerically analyze the mode properties of the
structures considered in this paper . For this we used MultiPhysics
simulation suite of Lumerical software (2020a). We start with the
case of sample 2, wherein the results suggested formation of SLR
and, therefore, hybridization of LSPRs with RA. Fig. 5a shows the
structure file considered for simulation. For this structure we con-
sidered the substrate refractive index is 1.45, as of glass, and the
refractive index of the superstrate was either 1 (air) or 1.33. Simi-
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lar to experimental set up, the incident light reached this structure
normal to its plan along the z axis and was polarized along the x-
or y-axes. We probed the transmittance (T) of this structure and
then calculated extinction as 1-T. The meshing size was considered
to be 2 nm.

The simulation results for the extinction are shown in Fig. 5b.
These results suggest a fairly good match with the experimental
results presented in Fig. 3b and 3b’. As seen in Fig. 5b, this in-
cludes formation of a dominant peak for x-pol which with increase
of refractive index it is red shifted (lines 1’ and 2’). The mode field
enhancement profiles, defined as the ratio of field intensity in the
presence of mANTs arrays to that in their absence, of these peaks
are shown in the Supporting Information (Fig. S1). These results
show that for x-pol the mode profiles mostly follow the LSPR re-
sponses of individual mANTSs.

For the case of y-pol, the results of simulation for extinction are
presented in Fig. 5b (lines 1 and 2). When the superstarte is air, we
see an asymmetric peak (line 1), similar to the results presented in
Fig. 3b’ (solid line). Increase of the refractive index to 1.33 leads to
formation of a sharp peak at 755 nm and a shorter wavelength
peak at about 650 nm (Fig. 5b, line 2). The modal field enhance-
ment profiles associated with the peak at ~650 nm suggests ex-
citation of LSPRs (Fig. 5c-5e). In the case of the sharp peak at
755 nm, however, the situation is rather different. Fig. 5¢’-5¢’ show
the mode field enhancement profiles associated this peak in the x-
y, X-z, and y-z planes, respectively. The x-y plane passes through
the middle of mANTs, parallel to the plane of the array. The x-
z and y-z planes, other the hand, are perpendicular to this plane
but they are along the x- and y-axes, respectively. The results in
Fig. 5¢’-5e’ suggest that in addition to fields associated with LSPRs,
there are signatures of photonic lattice modes (PLMs) in both sub-
strate and superstrate. Coupling of such modes with LSPRs leads to
formation of SLR.

To further discuss the process of SLR formation, note that the
Rayleigh anomaly (RA) wavelength is given by Agq = i-a. Here n
is the refractive index of the substrate (ng,;,) or superstrate (nsp),
m is the diffraction order, and a is the lattice constant (ax or ay).
When the refractive index of the superstrate is 1.33, the RA wave-
length for optical diffraction in superstarte is 665 nm. On the other
hand, the RA wavelength for such a process in the substrate is
about 725 nm. The results in Fig. 5¢’ suggest that optical coupling
of LSPRs can occur mostly inside the substrate. This supports a SLR
which is consistent with the results presented in Fig. 5b (line 2),
and with the fact that this resonance is more efficient in homoge-
nous media [37]. When the superstrate is air the SLR is not mature
(Fig. 5e, line 1) [18]. Note that for x-pol (Fig. 3b), we did not see
any signature of SLR, since the longitudinal LSPRs of the mANTs in
sample 2 were far in the longer side of the RA wavelength.

To discuss the results presented in Fig. 3c and 3c/, we car-
ried out simulation considering the structures as shown in Fig. 6a-
6¢. These structures include strips containing random distributions
of Au nanospheres with minimum and maximum radii of 10 and
50 nm in regions with different width (W) separated from each
other by ay=500 nm. The size distribution of the nanospheres is
more or less similar to that of the NIS in sample 3, although it
does not include shape variations as seen in this sample. Consider-
ing the sizes of NISs are small, however, we do not expect this has
significant impact on the results. Fig. 5a and 5b depict structures
where W=50 and 200 nm, respectively. We also consider the case
of W=100 nm. Fig. 5c shows a close-view of the nanosphere dis-
tribution for the case with W=200 nm. The heights of the regions
(strips) containing the nanospheres are considered to be 100 nm.
This value is imposed by the fact that we consider the maximum
radius of the Au nanospheres to be 50 nm. Such spheres have pro-
jected sizes of 100 nm for the incident light, which fairly match
with the experimental values for the upper range sizes of the
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X-axis.

NISs (Fig. 2c). Here we also consider the substrate to have refrac-
tive index of 1.45 (as Silica) and the superstrate refractive index
is either 1 (air) or 1.5. The incident light is considered to planar
wave with polarization along either the x (x-pol) or the y-axis
(y-pol).

Fig. 6d shows the results for the case of W=200 nm (Fig. 6b)
when ng,p=1 (solid line), 1.5 (dashed line) and 1.79 (dashed-dotted
line) and the incident light is polarized along x-axis (x-pol). For the
case of ngp=1 we mostly see a peak at 540 nm and another peak
at 727 nm. For the case of ns;p=1.5, the shorter wavelength peak is
red shifted to 585 nm and the peak at 727 significantly reduces in

). Here H=100, r,in=10, rmax=50 nm, and the incident light was polarized along the

amplitude. The main feature here, however, is formation of a dom-
inant peak at 818 nm, which does not exist when ngp=1. As ngp
increases to 1.79, we can see a significant shift in such a peak to-
wards longer wavelengths, reaching about 970 nm. Under this con-
dition, the shorter wavelength peak is also shifted to 656 nm. Un-
der these conditions, the feature seen at 727 nm becomes hardly
visible. These results indicate that the longer wavelength peak is
prominent when the refractive indices of the superstrate and sub-
strate are similar, i.e, the medium is nearly homogeneous. This is
clearly consistent with the experimental observations for samples
3 and 4 (Figs. 3¢ and 4b).
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Fig. 7. Modal field enhancement profiles corresponding to the spectrum shown in Fig.7d (dashed line) at 585 (a-c) and 797 nm (a’-c’) in the x-y, x-z, and y-z planes. Here

W=200 nm and ngp=15.

When the polarization of the incident light is along the y-axis
(y-pol), the situation changes dramatically. As seen in the Support-
ing Information (Fig. S2), under this condition we mostly see a
prominent peak at the shorter wavelength range and a feature at
727 nm. For the case of nsp=1 the shorter wavelength peak oc-
curs at 515 nm. For ngp=1.5 this peak shifts to 550 nm. These
results indicate that for such a polarization the dominant longer
wavelength peak, which happens for x-pol (Fig. 6d), does not ex-
ist. Therefore, Fig. S2 more or less supports the experimental re-
sults for y-pol (Fig. 3¢’), wherein we mostly see optical responses
of individual NISs as if the periodicity does not exist. Note that the
optical feature seen at 727 nm in Fig. S2 can be associated with
the residue of a SLR in the substrate. This feature was not resolved
experimentally. Fig. S3 shows the mode field enhancement profiles
associated with y-pol at 550 and 727 nm.

Fig. 6e compares the results for the cases of W=50 nm (solid
line), 100 nm (dashed line) and 200 nm (dashed-dotted line) for
x-pol and ns,p=1.5. These results show three main features. The
first is related to the wavelengths of the shorter wavelength peaks.
In the case of W=50 nm this peak occurs at 611 nm. For W=100
and 200 nm this peak is blue shifted to 585 and 580 nm, respec-
tively. This can be associated with the fact that the number of the
nanospheres per unit length (1 pwm) of the strips in the case of
W=50, 100, and 200 nm are, respectively, 108, 154, 200. Therefore,
the wavelength shifts can be an indication of the impact of inter-
nanosphere plasmonic coupling. The second feature is related to
the small peaks seen at about 727 nm. In the case of W=50 nm,
this peak nearly does not exist. As W increases, however, this peak
appears and becomes more visible. For this note that since the RA
wavelength for optical diffraction in the substrate is 725 nm, this

peak can be associated with a SLR caused by orthogonal coupling
of the diffraction modes with the LSPRs associated with the shorter
wavelength peaks, i.e., at 585 and 580 nm. The third feature seen
in Fig. 6e refers to the peaks at about 810 nm and the fact they do
not change significantly with W.

To further analyze the results we consider the modal field
enhancement factor associated with W=200 nm and ngp =15
(Fig. 6d, dashed line). Fig. 7 shows the results at 585 nm (the
shorter peak wavelength) in the x-y (a), x-z (b), and y-z (c) planes.
At this wavelength the incident field which is polarized along the
x-axis excites the intrinsic LSPRs of the individual nanospheres.
Since such nanoparticles are close to each other, we can also see
some degree of their plasmonic coupling.

Fig. 7 a’-7¢’ show the results for the mode profiles for the same
structure but at 797 nm, i.e., the longer wavelength peak seen in
Fig. 6d (dashed line). Compared to the results shown in Figs. 7a-
6¢, here we can see much larger field enhancement. Additionally,
the coupling between the nanoparticles also becomes stronger. The
results also show the presence of PLMs parallel to the disordered
nanoparticle array along the x-axis. These modes can be seem
clearly in Fig. 7¢/, indicating that at this wavelength the nanoparti-
cles have good amount of overlap with the lattice mode, suggesting
hybridization. Part of this mode is resided in the substrate, as can
also be seen in Fig. 7b’. In addition to these, Fig. 7a’ and 7¢’ sug-
gest the presence of two optical modes in the superstrate parallel
to nanoparticle array but without any overlap.

Fig. 6e shows that as W becomes smaller the amount of the
extinction decreases to some extent. For the shorter wavelength
peak happening at ~ 611 nm, the amount of reduction seems to
be more prominent. For the dominant longer wavelength peak,
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Fig. 8. (a) and (b) the field enhancement factor profiles in the x-y plane at 611 and 828 nm, respectively. (c) shows the topview of the simulation structure with ry;,=10
and rmax=50 nm with allowed overlap between the Au nanospheres. The width of region is considered to be 100 nm and its height is 100 nm. (d) shows the simulation
results for the extinction spectra of the structure shown in (c) for x-pol (solid line) and y-pol (dashed line) when ng,,=1.5.

which is a sign of collective coupling of nanoparticles, the re-
sult suggest a resilient feature. To clarify this further, in Fig. 8a
and 8b we show the mode field enhancement profiles at 611 and
828 nm, respectively. Fig. 8b shows how PLM enhances the cou-
pling between narrow disordered array of nanoparticles along the
X-axis.

Up to now we considered the cases wherein the MNPs were not
touching each other. In the presence of physical contact one ex-
pects some changes in the plasmonic properties of the MNPs|7]. To
explore the impact of the inter-nanoparticle touching, we consid-
ered the case wherein r,;;=10 and rmax=50 nm, as the case con-
sidered in Fig. 6b, but allowed the software to include overlap be-
tween the MNPs. Under this condition, as shown in Fig. 8c, the Au
nanospheres are not necessarily isolated. The results of simulation
for extinction of such a structure when ng,=15 and W=200 nm
are shown in Fig. 8d. For x-pol, in contrast to the result shown
in Fig. 6d (dashed line) where we saw a dominant peak at about
800 nm, here the results only show a rise in the extinction at this
wavelength without forming a distinct peak (solid line). The results
for y-pol (dashed line), however, seem to be fairly similar to those
for the structure shown in Fig. 6b (Fig. S2). The field enhancement
profiles associated with the x-pol and y-pol cases shown in Fig. 8d
are presented in Fig. S4.

The results presented in Fig. 7a’-7¢’ suggest formation of a co-
herent network of Au nanoparticles at the wavelength wherein
PLMs overlap with the nanoparticle disordered array (Fig. 7c’). This
is quite prominent when W=200 nm, although it also happens
when W=50 and 100 nm. These results suggest that the longer
wavelength peaks seen in Fig. 3¢ (and Fig. 4b, line 2) are indica-
tions of a coherent network associated with the enhanced coupling
between NISs. Such a network becomes efficient when the refrac-
tive index of the superstrate is close to that of the substrate, i.e.,
in homogeneous media. Under these conditions, each isolated NISs
in samples 3 and 4 act as a coherent plasmonic relay that is ex-
cited by PLMs. Under these conditions, each NIS is driven by PLMs
at a frequency that is different than the intrinsic frequencies of the
LSPRs of the NISs. When the sizes of NISs are increased, as shown
in Fig. 4a, the larger NISs perform more efficiently as coherent
nanoantennas in the disordered NIS array. This leads to a more dis-
tinct peak at about 800 nm (Fig. 4b, line 2), indicating a stronger
collective excitation. The results in Figs. 7 and 8 show that cou-
pling between the stimulated dipoles can extend over ultra-long
spatial distances, far larger than the sizes of the individual NISs.

Note that when the disordered NISs arrays were replaced by
NRs (Fig. 2a), the outcomes changed dramatically (Fig. 3a and 3a’).
The response for x-pol in this case is mostly related to the plas-
monic standing waves across the lengths of the NRs. In the case of

Fig. 2b, wherein we had an array of mANTs, for y-pol we observed
optical features associated with SLR, similar to those seen for the
disordered NIS array structure for x-pol. For x-pol in the case of
the mANT array (Fig. 2a) we mostly observed excitation of single
mANTSs. This happened in the case of sample 3 when the light was
polarized along y-axis. This can be related to the fact that in the
case of structure Fig. 2b, for y-pol the SLR is associated with the
orthogonal hybridization of LSPRs with RA [18,38].

In conclusion, we investigated formation of coherent networks
of NISs by photonic lattice modes. We demonstrated that at certain
wavelengths wherein such modes overlap with the disordered ar-
rays of NISs, they can induce plasmon modes that can efficiently
be coupled with the plasmonic modes of other NISs. Since this
process was induced by coherent light diffraction, the phase prop-
erties of the induced dipoles were the same. Various forms of
periodic nanoantennas were investigated and the impact of their
shapes and sizes on the coherent coupling of the disordered NISs
arrays were explored. The results suggest NISs can offer networks
based on coherent excitation and coupling of the induced dipoles.
These results may office new avenues for investigation of transport
of energy and information.
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