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ABSTRACT: In this work, we experimentally demonstrate for the first time strong
localization of surface plasmon polaritons (SPPs) at visible regime in metallic
nanogratings with short-range correlated disorder. By increasing the degree of
disorder, the confinement of SPPs is significantly enhanced, and the eftective SPP
propagation length dramatically shrinks. Strong localization of SPPs eventually
emerges at visible regime, which is verified by the exponentially decayed fields and
the vanishing autocorrelation function of the SPPs. Physically, the short-range
correlated disorder induces strong interference among multiple scattered SPPs and
provides an adequate fluctuation to effective permittivity, which leads to the
localization effect. Our study demonstrates a unique opportunity for disorder
engineering to manipulate light on nanoscale and may achieve various applications

in random nanolasing, solar energy, and strong light-matter interactions.
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Random nanolasing

he localization of waves in disordered systems is an
important effect in condensed matter physics, which was
initially investigated by Anderson in 1958." The absence of
electron propagation was predicted because of Anderson
localization in disordered systems, eventually causing con-
ductive materials to be insulating.z’3 Since it originates from the
interference of coherent waves,” Anderson localization can be
extended from an electron to other waves, such as electro-
magnetic waves,sf11 acoustic waves,lzﬂ4 and matter waves.' >
So far, the localization of light has drawn significant attention.
Strong localization of light can be realized in periodic'’~"* or
quasiperiodic™*~** dielectric structures, and it is represented by
photonic band gaps. On a contrary condition, ie, in a
completely random medium, strong localization of light can be
formed due to fully random scattering of light.”* >
Furthermore, a relatively weak disorder, such as a disorder
with short-range correlations, can also lead to a strong
localization of light.”’~>* Although experimental demonstration
of Anderson localization of electrons remains a challenge of the
possibility of bound states in a disordered potential, direct
observation of Anderson localization of light has been
successfully performed,***~* stimulatin§ applications in
imaging, solar energy,31 random lasing,‘9_42 and optical
transition.*
On the other hand, surface plasmon polaritons (SPPs) are
electromagnetic excitations propagating on the interface be-
tween a dielectric and a conductor. Due to the strong field
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confinement and enhancement effects, SPPs have attracted
significant attention.** Yet so far, only very limited examples
have been shown with near-field approaches in fully random
systems.*** Bozhevolnyi et al.*® have proposed to use channels
in strongly scattering nonabsorbing random media for guiding
electromagnetic waves, and have successfully demonstrated
such a concept with near-field microscopy. The ab initio
analyses have theoretically shown that a structural disorder can
induce localization of light in 1D and 2D random arrays of
coupled metallic nanowires.*” Very recently, Anderson local-
ization of “spoof” surface plasmons has been successfully
observed in terahertz devices.”® However, due to the intrinsic
field damping on metal surfaces at optical frequencies, it is
difficult to observe strong localization of SPPs in the visible
regime. Yet, on the other hand, since Anderson localization of
SPPs associates spatial-disorder-induced light localization with
SPP-induced light confinement, it can be applied to achieve
stronger field confinement for various applications, such as
strong light-matter interactions, surface-enhanced Raman
scattering,@_Sl and random lasing on nanoscale.

Here we experimentally demonstrate the realization of strong
localization of SPPs at visible regime by controlling the degree
of disorder in metal nanogratings. In our experiments, the
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short-range correlated disorder of the nanograting induces
sufficiently strong interference between multiple scattered SPPs
and provides adequate fluctuation distribution of the effective
permittivity in the plasmonic system. Consequently, the SPP
confinement is enhanced and the SPP propagation is
suppressed by increasing the disorder degree in nanogratings.
As a result, Anderson localization of SPPs appears at visible
regime, which is represented by the exponentially decaying
electric fields, the dramatically reduced propagation length of
the SPPs, and correspondingly the vanishing autocorrelation
function. In this way, we eventually achieve strong localization
of SPPs at optical frequencies with an engineered disorder.
The experimental samples are a series of 1D silver (Ag)
nanogratings fabricated on SiO, substrates, for which we first
deposit a silver film of thickness d = 60 nm by magnetron
sputtering, followed by etching the gratings with focus-ion
beam milling. Two types of silver gratings are fabricated: one is
a periodic grating, and the other type consists of aperiodic
gratings with different degrees of disorder. The periodic Ag
grating (Sample I) has a period p = 250 nm and slit width w =
50 nm, and the total number of slits is N = 50. For the
aperiodic gratings, the disorder” is introduced by changing the
separation of the slits while preserving the slit width w = 50 nm.
The disorder degree of the grating can be defined as 7 = Ax/p,
where p is the grating period and Ax is a random deviation of
the slit from the position of a periodic grating. In this work, we
examine aperiodic silver gratings with disorder degrees from 7
= 10—60%. This range is divided into 12 disorder degrees. For
each disorder degree, more than 15 samples with different slit
arrangements have been fabricated. Thus, nearly 200 samples
have been investigated. As two typical examples, Figure lab
shows the scanning electron microscope (SEM) images of the

Figure 1. SEM images of (a) the periodic nanograting (Sample I) and
(b) a disordered nanograting with disorder degree 7 = 40% (Sample
II). Insets show the magnified details. Each scale bar is 1 ym. The slit
width is always w = 50 nm, and the grating period of part a is p = 250
nm. Both gratings consist of 50 slits. Thickness of the silver films is d =
60 nm. (c) Schematic of the experimental setup. The incident laser is
coupled into the surface with a single slit, and the SPPs then propagate
into the grating. The leaky mode can be captured to trace the
propagation of the SPPs.
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periodic silver grating (Sample I) and a disordered silver grating
with disorder degree 7 = 40% (Sample II), respectively.

With the fabricated sample, we measure the in-plane SPP
propagation in the nanogratings. When the SPPs transport
along the silver nanograting, some of the SPPs can tunnel
through the slits, while the others are localized around the slits,
as schematically shown in Figure lc. Thus, we can trace the
SPP propagation either by observing the propagating SPPs or
recording the localized SPPs. In our experiments, we place the
SiO, substrate face up and the silver film containing the slits
face down (Figure lc). A supercontinuum laser placed under
the sample acts as an excitation source; the wavelength is set at
A = 680 nm, and transverse magnetic (TM) polarization is used.
A parallel groove is fabricated in the silver film to couple the
free-space incident light to launch the SPPs. The SPPs then
propagate on the surface of the silver film. First, we directly
trace the propagating SPPs by collecting the signal from the
out-coupling slit located at the end of the grating (Figure 1c).
As shown in Figure 2, a very bright spot can be observed from
the out-coupling slit in the periodic case. However, when the
disorder degree increases in the nanogratings, the out-coupled
light dramatically decays and eventually disappears. The
observations imply that the SPPs can indeed be localized in
the disordered grating.

Meanwhile, the localized SPPs can be used to trace the SPP
propagation through the nanograting with a leaky mode. When
the SPPs reach the silts, leaky modes are excited. It is known
that for a leaky mode, the relationship between two propagating
constants k, (along propagation direction) and k, (perpendic-
ular to propagation direction) can be described™ as k2 + k? =
képp. Here kpp is the wave vector of the SPPs at the Ag/air

interface, i.e., kspp = kyir\/€6ng/ (€4 + €rg) , Where £, and e,

are the permittivity of air and silver, respectively. The SPPs can
be often reflected in the nanogratings, and the corresponding
Bragg wavelength follows 1 & 2n4p, where n. is the effective
refractive index of nanograting®*>> and p is the grating
periodicity. In our case, the leaky modes transmit through the
silver and SiO, layers. Finally, these leaky modes of SPPs are
collected by a lens (schematically shown in Figure lc). A
charge-coupled device (CCD) camera is applied to image the
leaky modes, from which we can directly record the in-plane
SPP propagation. Figure 3b shows the recorded images of the
leaky modes (4 = 680 nm) of seven typical grating samples
together with the SEM micrographs (Figure 3a). Here the first
sample is a periodic grating, and the other six samples are
disordered gratings with 7 = 10—60%, respectively. Remarkably,
in the periodic grating, SPPs can transmit through the structure
over a long distance (>10 um); however, in the disordered
gratings, the propagation lengths dramatically decrease, and the
electric fields become localized. As the degree of disorder
increases, the propagation length clearly decreases, and the
SPPs are more strongly localized.

To verify experimental data, we apply a full-wave finite-
difference time-domain (FDTD) method to calculate the
propagation of SPPs in different structures including periodic
and disordered gratings. The calculated electric-field distribu-
tions of the current seven gratings are shown in Figure 3c. We
can see that the simulations seem to show a threshold of ~40%
for reaching the localization, while the experimental results in
Figure 3b show a monotonic decrease of the propagation length
for SPP. The deviation between experiments and simulations
comes mainly for two reasons. One is that the experimental

DOI: 10.1021/acs.nanolett.7b05191
Nano Lett. 2018, 18, 1896—1902


http://dx.doi.org/10.1021/acs.nanolett.7b05191

Nano Letters

(a)

In-coupling slit Out-coupling slit (b)

Figure 2. (a) Samples with an out-coupling slit at the end of the grating. Each scale bar is S ym. Note that the gratings should be shallow enough in
order to observe the signal from the out-coupling slit. (b) CCD recorded images of the samples. In the experiments, we place the SiO, substrate face
up and the silver film containing the slits face down. The in-coupling slit is fabricated to couple the laser for launching the SPPs. The out-coupling slit
is placed at the end of the grating to couple the in-plane SPPs and radiate light to free space.
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Figure 3. (a) SEM images of a periodic nanograting (7 = 0) and six typical disordered nanogratings with disorder degrees from 7 = 10—60% with
increments of 10%. The scale bar is 1 ym. (b) CCD recorded leaky mode images of the corresponding samples at A = 680 nm, showing that SPPs
can be localized in these nanogratings with a correlated disorder. (c) Calculated electric-field intensity distributions, which are consistent with the
experimental results in part b.
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Figure 4. Calculated (a) and measured (d) spatial distributions of the electric-field intensity at A = 680 nm in the periodic nanograting (Sample I).
The dashed line in part d shows the outline of the experimental data. Calculated (b and c) and measured (e and f) distributions of the electric-field
intensity in the disordered nanogratings with a different disorder degree (Sample II with 77 = 40% and Sample III with 7 = 60%), showing localization
of the SPPs in the disordered structure. The consistency between the calculations and measurements also demonstrates the reliability of using the
leaky mode to observe the SPPs in experiments.
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data are collected at far field based on leaky modes, which
definitely disperse in the space, whereas the simulated electric
distributions are collected at near field. The other reason is that
the surface roughness of the samples also affects the
experimental results; while in the simulation, the sample
surface is supposed to be smooth. However, the calculated
distributions are mainly consistent with the experimental results
for both periodic and disordered gratings, which confirm that
indeed the electric fields can propagate through the periodic
grating, but localize in systems with an increasing degree of
disorder.

Next, we try to quantitatively study the localization of the
SPPs in the silver gratings with different degrees of disorder. To
show the localization of SPPs along the propagation direction
(w-direction), we integrate the field intensity in the y-direction
(perpendicular to the x-direction) so as to obtain the electric-
field distribution as a function of x. Figure 4a—f shows the
calculated and experimental distributions in the periodic
(Sample 1), the 40%-disordered (Sample II), and the 60%-
disordered (Sample III) structures. In the periodic sample, we
can observe the frequent oscillations of the localized SPPs
around the slits, and the envelope oscillations from the effective
cavity modes in the periodic grating. Clearly, with increasing
disorder, the propagation modes previously observed in
periodic structures have vanished in the disordered structure,
and the SPPs become localized in the disordered structure.
Here, we show only two typical disordered examples; yet, in
our experiments, we have recorded the propagation of SPPs in
200 samples with different disorder degrees from # = 10—60%.

The samples are divided into 12 disorder degrees, and for
each degree, more than 15 samples with different slit
arrangements have been examined. At each disorder degree,
the confinement of the SPPs is quantified by the inverse

2
participation ratio P = / 1*(x)dx / ( / I(x)dx) , which has the
unit of inverse length. The effective propagation length is
L = (P)”', where (-) stands for averaging over multiple

realizations of disorder. Experimentally, I is obtained from the
CCD images, while in the calculation, the intensity is

represented by IE. In Figure S5, the averaged inverse
participation ratio and the effective propagation length are
presented as a function of the disorder degree in the samples. It
follows that, as the disorder degree increases, the inverse
participation ratio increases, and the effective propagation
length decreases. Both of them converge at larger disorder
degrees. In the calculation, we determine the electric-field
intensity on the silver surface (near fields), in the experiment;
however, we measure the light intensity of the leaky mode,
where the distribution of the leaky modes is more extended
than the near-field distributions, as illustrated in Figure 3b,c.
Consequently, the value of L obtained by the calculations are
smaller than that from the experiments. Nevertheless, similar
tendencies demonstrate that measuring the leaky mode is a
reliable way to investigate the surface wave. Thus, both the
calculated and experimental results reveal that the localization
of the SPPs originates from the disorder in the gratings. Once
the degree of disorder reaches approximately 40%, direct
observations on the leaky modes show that the electric fields of
the SPPs exponentially decay along the propagation direction,
and the effective propagation length decreases below 2 um.
Therefore, plasmonic Anderson localization indeed emerges in
metallic nanogratings with a correlated disorder.
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Figure S. (a) The averaged inverse participation ratio P and (b) the
effective propagation length L. as a function of the disorder degree in
disordered nanogratings. Experimental (left black axis) and calculated
(right red axis) data are shown. Both P and L g vary with the disorder
degree 7 and tend to converge at a higher 7.

It is worth discussing the origin and mechanisms of the SPP
localization in metallic nanogratings with a correlated disorder.
Because the gratings we studied are 1D structures, we consider
only 1D propagation of SPPs described by

d’E »*
b e E=0
dx® 2 o (1)

where @ is the circular frequency, ¢ is the speed of light in
vacuum, and 7 is the refractive index in vacuum. Here €4 = € +
Ae is the effective permittivity of the entire disordered
structure, where € the effective permittivity of the period is
structure and Ae is the permittivity change due to the short-
range correlated disorder. From eq 1, we obtain the electric

field as

E(x) = E, exp(i%\/@w) 2)

Ve =
©)

If we write the in-plane wave vector of the SPPs in the
periodic structure as k, = %\/E = ki+ik,, the electric field in

the 1D correlated-disorder structure can be described as

2
E(x) = E, exp(iklx)~exp(ik1£x)~exp[—ikll(£) x]
2e 8\ ¢

2
X exp(—kzx)~exp(—k2£x)-exp|:kzl(£) x:|
2e 8\ ¢

4)
Since Ae depends on the disorder, the electric-field
distribution is also affected by the disorder. In fact, the
localization effect of the SPPs is influenced by the short-range
correlated disorder in two ways. First, it is affected by the
inherent attenuation part of the SPPs. As the propagation
length of the SPPs increases, the intensity of the electric field
decreases. The permittivity fluctuation due to the short-range

DOI: 10.1021/acs.nanolett.7b05191
Nano Lett. 2018, 18, 1896—1902


http://dx.doi.org/10.1021/acs.nanolett.7b05191

Nano Letters

(a)1 (b) (c) |
_ — _409 — 609
5 L Expp| 5 Exp-d40% | = Exp-60%
8o 8o T
~ 1 o1 o1
w JMCal-p Cl m Cl Cal-60%
0 0 0
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
(d)1 k /K, (6)1 k/Kk, (f) 1 k /K,
Exp-p M Exp-40% M Exp-60%
) ) =)
0 0 0
S L1 &
3 MMMMMMMM Calp | O Cal-40% | O Cal-60%
0 i 0 , 0
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
X (um) X (um) X (um)

Figure 6. Fourier transform of the experimental and calculated electric-field intensity distributions at 4 = 680 nm in (a) the periodic nanograting (1 =
0, Sample I) and the disordered nanogratings with (b) 7 = 40% (Sample II) and (c) 7 = 60% (Sample III), respectively. The autocorrelation
functions of the experimental and calculated data for (d) the periodic nanograting, and the disorder nanograting with (e) # = 40% (Sample II) and
(f) n = 60% (Sample III), respectively. Here the autocorrelation disappears in disordered structures because of the coupling between multiple

scattered modes.

disorder supplies additional attenuation, indicating that the
electric-field intensity will decrease more quickly in disordered
structures than in periodic structures. Second, the permittivity
fluctuation from the disorder leads to changes in the wave
vector in eq 4, and the change can be positive or negative.
Therefore, the short-range disorder leads to various SPPs with
different wave vectors. The superposition of these multiple SPP
waves destroys the propagation modes in otherwise periodic
structures. Thus, as the degree of the disorder increases, SPPs
are localized, indicating that plasmonic Anderson localization
emerges in the grating with correlated disorder. This conclusion
has been confirmed by Figures 4 and 5.

We have also analyzed the electric-field distributions as
functions of wave vectors in the periodic, the 40%-disordered,
and the 60%-disordered structures based on the Fourier
transform (FT) method. In Figure 6a—c, the wave vectors
have been normalized by kgpp, which is the wave vector of the
SPPs at a flat Ag surface without any nanostructures.
Comparing with the periodic structure, more wave vectors
arise randomly in the disordered structure (Figure 6b,c), in
agreement with eq 4. Those multiple modes with various wave
vectors are strongly coherent, and their collective effect
eventually leads to SPP localization. Moreover, it is known
that the autocorrelation function®® can be utilized to analyze
the correlation feature of various disordered structures. In
general, there is no autocorrelation in disordered structures.
Here, we adopt the autocorrelation function to analyze the
electric-field distributions of SPPs in the nanogratings:

) = [Ff* (& + wig .
where f(x) is the electric-field intensity. Figure 6d shows that, in
the periodic structure, the value of the autocorrelation function
remains nonzero over the entire grating. However, in the
disordered structures (Figure 6e,f), the autocorrelation function
quickly vanishes as x increases. The autocorrelation results
together with the FT analyses thus prove that the short-range
correlated disorder induces multiple SPPs with various wave
vectors, and those SPP waves are strongly scattered, which lead
to the disappearance of the autocorrelation and consequently
give rise to Anderson localization of the SPPs. In principle,
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these highly localized SPP modes in such correlated-disorder
structures may have many applications. For example, they can
be used as resonators to add functionality to the components of
the SPPs, to provide the basis for random nanolasing.’

In summary, we have demonstrated a controllable realization
of strong localization of SPPs at visible regime in disordered
metal nanogratings by tuning the short-range correlated
disorder. When strong localization of the SPPs occurs at
optical frequencies, the electric fields of the SPPs exponentially
decay, and the effective SPP propagation length dramatically
shrinks. These effects can also be quantitatively described by
the autocorrelation among the scattered SPPs that vanishes in
sufficiently strong disordered gratings. Although our experi-
ments are carried out on 1D structures, it is anticipated that
strong localization of the SPPs can also be realized in 2D and
3D correlated-disorder systems. The underlying mechanism is
that the short-range correlated disorder triggers strong
interference among scattered SPPs and stimulates field
confinement via the permittivity fluctuation, leading to strong
localization of the SPPs that can be efficiently tuned by
engineering the disorder. Thus, our study enriches the family of
Anderson localization and sheds new light on developing
disorder engineering in plasmonic systems. We expect that
these effects can achieve promising applications in random
nanolasing, solar energy, and strong light-matter interactions.

Methods. Fabrication of Samples. The experimental
samples are a series of 1D silver (Ag) nanogratings fabricated
on SiO, substrates, for which we first deposit a silver film of
thickness d = 60 nm by magnetron sputtering, followed by
etching the gratings with focus-ion beam milling (FIB, Helios
Nanolab 600i).

Measurement of the SPPs’ in-Plane Propagation. In the
experiments, we place the SiO, substrate face up and the silver
film containing the slits face down (Figure lc). A super-
continuum laser (Fianum, SC400) placed under the sample acts
as an excitation source, where the wavelength is set at 680 nm
(4 = 680 nm) and transverse magnetic (TM) polarization is
used. A parallel groove is fabricated in the silver film to couple
the free-space incident light to launch the SPPs. The SPPs then
propagate on the surface of the silver film. When the SPPs
reach the silts, the leaky modes are excited, and then they
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transmit through the silver and SiO, layers. Finally, these leaky
modes of the SPPs are collected by an oil lens. A charge-
coupled device (CCD) camera is applied to image the leaky
modes.

Numerical Simulation of the SPPs’ in-Plane Propagation.
Based on the full-wave finite-difference time-domain (FDTD)
method, we carry out the numerical simulation on the
transportation of the SPPs on the silver nanogratings by
using a commercial software package (Lumerical, FDTD_So-
lutions version 8.0.1). The geometry is modeled as that of the
measured samples. Focused Gaussian sources are used in the
simulation.
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