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ABSTRACT

Surface plasmon polaritons (SPPs) propagating on a metal-dielectric interface suffer from inevitable energy losses originating from metals,
especially in a visible regime, which degrades the quality of SPP-based devices. However, if the size of the devices is sufficiently miniaturized,
we can thereby limit the propagation length of the signals and effectively circumvent the problems of large propagation losses. Anderson
localization is a possible approach to squeeze SPPs. In this Letter, we experimentally demonstrate the Anderson localization of SPPs at optical
frequencies in two-dimensional (2D) nanostructures. By increasing the positional disorder of the silver nanohole arrays on a glass substrate,
strong 2D localization of SPPs appears with an exponentially decreased electric field, reduced propagation length, and the rapid
disappearance of the autocorrelation coefficient. Moreover, we manage to realize the localized SPP-exciton interactions in the 2D disordered
silver nanoarrays combined with fluorescent dye molecules. Due to the disorder in the nanoarray, the collected photoluminescence from
fluorescent dye molecules is enhanced by over three orders of magnitude compared to that on the silver film without nanostructures. Our
study extends Anderson localization of SPPs at the visible regime to 2D disordered systems and provides a unique way to enhance light-mat-
ter interaction in SPP-based nanodevices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0001451

Surface plasmon polaritons (SPPs) are transverse magnetic
(TM)-polarized optical surface waves that propagate along a metal-
dielectric interface,' which provide a possible solution for confined
light at a sub-wavelength scale and stimulate strong light-matter
interactions.” * These properties of SPPs are useful for fields such as
photodetectors,s“’ spectroscopies,7 lasers,” '* photoca‘[alysis,ll nonlin-
ear optics,”” and solar cells."” To improve practical performances, tai-
loring the in-plane propagation of SPPs is essential. Such
manipulations can be realized by integrating SPPs with sub-
wavelength elements such as nanoparticles,l/1 nanowires,"” and meta-
surfaces,'® or by altering the properties of the material through phase
transitions,’” or electrostatic gating,'®'” However, when SPP waves
propagate along the interface between metal and dielectric materials,
they undergo high energy losses, especially at visible wavelengths. This
constrains the functionality of SPP-based devices. However, the draw-
back of large propagation losses can be circumvented by shortening
the propagation length of SPP waves. A possible approach to squeeze
SPPs is Anderson localization.

Anderson localization of light waves has become the forefront of
research over the past decade.”” > Direct observations of Anderson
localization have been successfully made in disordered photonic
lattices”® * or coupled waveguide arrays,””" stimulating applications
in imaging,”* random lasing,””* absorbers,”” and so on. To effectively
utilize SPPs, the realization of Anderson localization of SPPs can scale
down the size of devices, which inherently reduce energy losses caused
by metals. More importantly, it can associate spatial-disorder-induced
light localization with SPP-induced light confinement. Therefore,
significantly strong light-matter interactions can be achieved. Very
recently, Anderson localization of SPPs with one-dimensional (1D)
engineered disorder has been experimentally observed in the visible
range.” However, 1D Anderson localization of SPPs provides light
confinement only in one direction, which lacks the modulated level of
functionality for most SPP-based nanodevices.

In this Letter, we experimentally demonstrate the Anderson
localization of SPPs in the visible regime in 2D nanostructures
with the engineered disorder and show the enhancement of their
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interactions with excitons when the disordered nanostructure com-
bines with fluorescent dye molecules. It is shown that with increasing
the positional disorder of the silver nanohole arrays on a glass sub-
strate, strong 2D localization of SPPs appears with the exponentially
decreased electric field, reduced propagation length, and rapid
disappearance of the autocorrelation coefficient. Furthermore, by com-
bining the disordered nanoarrays with fluorescent dye molecules (i.e.,
IR-140 dye molecules), we realize the enhanced SPP-exciton interac-
tions. It is found that the collected photoluminescence (PL) intensity
from dye molecules is increased by over three orders of magnitude com-
pared to that on the silver film without nanostructures. Our results
extend the Anderson localization of SPPs in the visible regime to 2D dis-
ordered systems and may foreshadow other opportunities in extremely
enhanced light-matter interactions by relying on SPP-based devices.
The nanostructures we studied are composed of a 2D array of
etched nanoholes in the 100-nm-thick silver surface on a glass substrate,
as illustrated in Fig. 1(a). To observe the effect of Anderson localization,
we gradually perturb the position of each component in the square
nanoarray while preserving the radius of each hole. The disorder degree
of the nanoarray can be defined as n = Ar/p, where p is the array
period and Ar = Ax + Ay is the random position deviation of each
hole from the periodic array. In Fig. 1(a), the nanoarrays of 1 = 0%,
20%, 40%, and 60% are visualized with p = 1.5 um and nanohole radius
r=300nm. We first apply the full-wave finite-difference time-domain
(FDTD) method to simulate the propagation of SPPs in different
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FIG. 1. (a) lllustration of nanohole array patterns on the silver surface. Disorder
degree 17 =0%, 20%, 40%, and 60%, from top to bottom. SPPs are launched at
the location marked by the red arrow. (b) Calculated electric-field distributions at the
Ag-glass interface of the nanohole arrays with different disorder degrees, corre-
sponding to (a). (c) and (d) Calculated electric-field intensity along the white dashed
lines in (b) with increasing disorder degree. Each subplot is plotted at the same
scaling.
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nanostructures. In the simulations, we employ a Gaussian beam (waist
radius of 1 um and x-span of 6 um) with the wavelength 2 = 655 nm
to illuminate an in-coupling slit, which has a length of 15 um and a
width of 0.2 um. Then, the SPPs are excited in the slit and propagate
along the y-direction. Eventually, the SPP beams with the x-span of
around 6.5 um reach the nanohole array (15um X 15um), and the
central position of these launched beams is indicated by the red arrow
in Fig. 1(a). The corresponding electric-field distribution at the
Ag-glass interface of the nanostructure has been calculated and is
shown in Fig. 1(b), with an increased disorder degree. From the simula-
tion results, we find that the spatial spreading of the field distribution
shrinks when increasing disorder degree, and there is a monotonic
decrease in the SPP propagation length. The simulated electric-field
distributions in the nanoarrays are plotted along the x- and y-directions
in Figs. 1(c) and 1(d), which are taken along the white dashed lines in
Fig. 1(b). In the periodic nanoarray (1 = 0%), the electric-field distri-
bution shows a symmetric extended pattern along the x-direction and
an evident propagation feature along the y-direction. However, when
the disorder degree increases, the field exponentially decreases, followed
by an enhancement of the local field intensity. The main intensity peak
of the simulated electric-field is enhanced approximately twice in the
disordered structure (1 = 60%) compared to the periodic structure
(n = 0%). The above results reveal that the localization of SPPs occurs
in 2D plasmonic nanostructures, with the increased positional disorder.

We then identify the strong localization of the SPPs with quantities
such as an effective propagation length and autocorrelation coefficient
based on the simulation results. First, the standard quantity used to
describe the phenomenon of Anderson localization is the inverse partic-
ipation ratio P = [I?(x)dx/{[I (x)dx}2,57 where I(x) is the inte-
grated field intensity in the y-direction. The effective propagation length
is defined as Ly = P~". The calculated P and Ly values were averaged
over 15 structures with different nanohole arrangements and are shown
in Figs. 2(a) and 2(b) with varying disorder degrees. The inverse
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FIG. 2. (a) Calculated inverse participation ratio P and (b) effective propagation
length L. as a function of disorder degree. Both values were averaged over 15
structures with different nanohole arrangements. (c) 2D color maps (inset) and 3D
color maps of the autocorrelation function of the calculated electric-field distribu-
tions, for samples with the disorder degree = 0% and i = 60%, respectively.
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participation ratio increases, while the effective propagation length
decreases, with increasing disorder degree. Both tend to converge at
higher disorder degrees. This result demonstrates that the confinement
of SPP propagation is due to disorder. Second, we apply the autocorrela-
tion function on the calculated electric field distributions of the designed
nanostructures in Fig. 1(a) with different disorder degrees as™*"’

Clxy) = Jf(w) F(E x4 y)deds, M

where f(x, y) is the electric-field intensity. Figure 2(c) shows the 2D
color maps (inset) and 3D color maps of the calculated autocorrelation
functions with disorder degrees of 7 = 0% and # = 60%. For the peri-
odic nanoarray (7 = 0%), the value of C(x, y) oscillates and gradually
decreases from its initial value C(0,0) = 1. However, when increasing
the level of disorder degree 1 = 60%, C(x,y) dramatically drops to
zero along both the x- and y-directions. The autocorrelation results
further demonstrate that the short-range disorder gives rise to the dis-
appearance of autocorrelation and, hence, causes the Anderson locali-
zation of the SPPs.

We further clarify the underlying mechanism of the Anderson
localization of SPPs based on the simulations. The Fourier transforma-
tion (FT) method is applied to the calculated electric-field distribu-
tions. The information in Fourier space gives direct access to the
different SPP wave vectors that constitute the field."” The FT of the
calculated electric-field distributions in our 2D nanohole arrays, with
the disorder degree, increased from 1 = 0% to /7 = 60% are shown in
Fig. 3. The wave vectors have been normalized by the SPP wave vector
at a flat Ag layer on the glass substrate. From Fig. 3, we found that the
FT retains periodic peaks in the k,~k, plane for the periodic nano-
structure, while only zero- and first-order peaks remain for 7 = 60%.
These features indicate that more SPP wave vectors are generated in
the disordered nanoarrays. This phenomenon originates from the
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FIG. 3. Fourier transformation of the calculated electric-field distributions in the
nanohole arrays with different disorder degrees.
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stronger multiple scattering among the nanoholes, and their collective
effect eventually leads to SPP localization.

Experimentally, we fabricated the samples using the designed lay-
outs according to Fig. 1(a). A 100-nm-thick silver layer was deposited
by magnetron sputtering on a glass substrate. Then, the nanohole arrays
were etched using the focused ion beam (Helios Nanolab 600i) tech-
nique. As shown in Fig. 4(a), in-coupling and out-coupling slits with
width w =200 nm were subsequently fabricated. They are located to the
left (right) of the square nanoarrays, 10 um (2 um) away. A semicon-
ductor laser (A = 655 nm) was placed on top of the samples and the
SPP waves were launched by the in-coupling slit. The optical images
and scanning electron microscopy (SEM) images of the samples with
different disorder degrees are shown in Figs. 4(b) and 4(c), respectively.
When SPPs travel along with the silver layer, some of the SPP waves are
localized around the nanohole units, after which the leaky modes are
excited. In the experiments, we capture the leaky modes via an oil lens
beneath the samples [see Fig. 4(a)]; thus, the collected leaky modes are
mainly from the SPPs at the Ag—glass interface. Figure 4(d) shows the
captured images from the charge-coupled-device (CCD) camera for
1 = 0%-60%, where the power of the laser is maintained for all condi-
tions. The field distribution gradually shrinks and is localized near the
SPP launch spot, with an increasing disorder degree. To show quantita-
tively the distinctions among the field distributions in different nano-
structures, we plot the experimental field intensity profiles across the
brightest spot of leaky modes along both the x-direction [to see Fig.
4(e)] and the y-direction [to see Fig. 4(f)] in the samples with the disor-
der degrees from 0% to 60%. The main intensity peak of the collected
signal in the disordered structure (7 = 60%) is more than twice larger
than that in periodic structure (7 = 0%). This agrees with the simula-
tions. The experimentally derived inverse participation ratio P and effec-
tive propagation length L,y of SPPs are shown in Fig. 4(g), exhibiting
similar tendencies to the calculation results discussed above. Besides, the
out-coupling slit, located at the end of the square nanoarrays, can couple
to the in-plane SPPs and radiate light to free space. As shown in Fig.
4(d), the signal from the out-coupling slit is remarkably reduced as the
disorder degree increases. The integrated intensity as a function of the
disorder degree is plotted in Fig. 4(h). It exponentially decreases with
the disorder degree. These experimental observations imply that the
SPPs are indeed trapped in the disordered nanoarrays.

Furthermore, we explore the influence of 2D Anderson localiza-
tion on SPP-exciton interactions. Here, excitons are introduced by
combining dye molecules with our 2D disordered nanohole arrays.
We chose an infrared fluorescent dye molecule (IR-140, Sigma-
Aldrich) with a PL resonance at approximately 850 nm, to avoid over-
lapping with the laser wavelength. The IR-140 dye was dissolved in the
anisole and then spin-coated on top of the fabricated samples.
The optical images of the samples, with and without the spin-coated
IR-140 dye, are displayed in Fig. 5(a). We can see the color contrast
after the sample is coated with the IR-140 dye. Owing to the SPP-
exciton energy transfer, the dye molecules can interact with the near-
field plasmonic waves along the silver surface and consequently form
dye PL emitters. The PL images are directly captured using an
electron-multiplying CCD (EMCCD) camera with light filters. Figures
5(b) and 5(c) show the PL images of periodic (7 = 0%) and disordered
(7 = 60%) nanohole arrays coated with IR-140 dye, under excitation
with laser wavelength 4 = 655 nm. The PL signal from the periodic
nanohole array with dye molecules is distributed weakly across the
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FIG. 4. (a) Schematic of the experimental setup. The incident laser is coupled to the silver surface through the in-coupling slit. The leaky modes are collected by an oil object
lens placed beneath the fabricated samples. (b) and (c) Optical and SEM images of the samples with increasing disorder degree from 1 = 0% to i = 60%, respectively. Each
scale bar is 5 um. (d) CCD-captured leaky mode images of the samples with different disorder degree corresponding to (a) and (b). Each subplot is at the same scaling. At
each subplot, the white dashed square denotes the patterned area with nanoholes, which has 15 um in the vertical x-direction and 15 um in the horizontal y-direction. (e) and
(f) The CCD-captured field intensity profile across the brightest spot of leaky mode along the x-direction () and along the y-direction (f) in the samples with the disorder degree
from 0% to 60%, respectively. Each subplot is plotted at the same scaling. (g) Experimental inverse participation ratio and effective propagation length as a function of disorder
degree. (h) Experimental integrated field intensities of the out-coupling slit as a function of disorder degree.

entire structure. However, in the disordered nanostructure (1 = 60%)
with dye molecules, the PL signal is spatially localized to the left-
center of the square array. As shown in the experimental PL intensity
profiles across the strongest spot along the x-direction [to see
Fig. 5(d)] and along the y-direction [to see Fig. 5(¢)] in two samples,
we can find that the PL signal from the IR-140 dye on the disordered
nanohole array is highly enhanced. Compared to the IR-140 dye on
the periodic nanohole array, the maximum of the PL intensity has
been increased by approximately one order of magnitude. Compared
to the IR-140 dye on the flat silver film without nanostructures [i.e.,
the unpatterned area in Figs. 5(b) and 5(c)], however, the PL signal
can be enhanced by over three orders of magnitude. These PL signal
enhancements originate from the SPP-exciton coupling between the
nanostructures and IR-140 dye. Here, the SPPs are excited not only at
the Ag-glass interface but also at the Ag-dye interface, both of which
may contribute together to the interaction with the excitons.
Physically, in the periodic nanostructure, there exists SPP-induced
light confinement; however, in the disordered nanostructure,
Anderson localization of SPPs associates spatial-disorder-induced

light localization with SPP-induced light confinement, and thus
makes stronger field confinement and enhances the light-matter
interaction.

In conclusion, we have demonstrated the Anderson localization of
SPPs in 2D disordered systems in the visible regime. By introducing
short-range positional disorder in the 2D nanohole arrays, Anderson
localization of SPPs occurs and is quantitatively verified by the exponen-
tially decreased electric fields, the reduced effective propagation length,
and the rapid disappearance of the autocorrelation coefficient. Fourier
transformation of the calculated electric-field distributions shows that the
strong localization originates from multiple scattering among the disor-
dered local units within the nanostructures. Furthermore, we realize the
localized SPP-exciton interactions in the 2D disordered nanoarrays com-
bined with fluorescent dye molecules, and the photoluminescence signal
from fluorescent dye molecules has been enhanced by over three orders
of magnitude compared to that on the silver film without nanostructures.
Our results constitute a significant step toward 2D Anderson localization
of SPPs in a visible regime and offer a unique platform to effectively con-
trol the light-matter interactions.
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FIG. 5. (a) Optical images of the 2D nanohole arrays with disorder degrees of 0%
and 60%. The top (bottom) set of images are of the samples without (with) the
spin-coated IR-140 dye. Each scale bar is 5 um. The chemical formula of IR-140 is
included. EMCCD-captured PL images of the spin-coated samples with disorder
degree (b) 0% and (c) 60%, respectively. In each sample, the IR-140 dye layer is
covered on both the patterned area with nanoholes (within the white dashed
square) and the unpatterned flat area without any nanoholes (outsides of the white
dashed square). (d) and (e) Experimental PL intensity profile across the strongest
spot along the x-direction (d) and along the y-direction (e) in two samples, where
blue and red curves are the PL signals from the spin-coated samples with disorder
degrees of 0% and 60%, respectively. Besides, black curves in (d) and (e) show
tenfold of the PL signals from the IR-140 on the flat silver film without nanoholes.
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