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Abstract: In this paper, we focus on the optical properties of disordered hole arrays etched in
a gold thin film. The disorder is induced and controlled using hole displacements following
a Gaussian distribution and starting from a periodic array. The nanostructures present a
transition from ordered arrays to short-range ordered arrays and random arrays by increasing
the disorder amount. The associated optical properties are characterized in far and near fields
by complementary approaches (absorption spectroscopy, classical scanning near field optical
microscopy (SNOM) and Finite Difference Time Domain (FDTD) simulations). By increasing
the disorder, a broadened absorption up to 30% in the far-field is achieved. Experiments in
agreement with FDTD simulations point out the energy localization induced by the disorder
and the dependence on the amount of disorder and on the excitation wavelength. By using a
controlled disorder, we also show that the effect of these two parameters is also closely linked.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical nanostructures raise a great interest in the wide field of nanosciences [1-3]. The design
of such devices covers a wide range of applications such as quantum information processing,
solar cells for photovoltaic or efficient analytical sensing in chemistry and molecular biology
[4,5]. As another example, the enhancement of the coupling between light and matter becomes
an essential research domain of nanophotonics. Many applications are based on the localization
of the electromagnetic energy in small volumes inside the nanostructure leading to strong electric
field enhancements. The control of the electromagnetic environment can be performed through
periodic dielectric or metallic devices.

A complementary approach relies on random structures. In his pioneer work, P. W. Anderson
observed the unusual transport properties of disordered materials leading to the so-called Anderson
localization phenomenon [6]. It results from wave interferences generated by multiple-scattering
paths induced by defects in the solid [7-10]. In optics, low-dimensional disordered structures
(one-dimension, 1D, or two-dimension, 2D) are investigated by many groups to achieve strong
localization of light [11-16]. Two kinds of disorder can be generated, one using completely
random patterns [17-19] and a second one starting from a periodic nanostructure [13,20,21]. In
this case, the disorder can be controlled by modifying the periodic arrangement with different
distribution functions, for example a radial function [22] or a gaussian one [23-28].

In this paper, starting from a periodic arrangement of nanoholes in a thin gold film, we apply
the second approach in order to continuously vary the amount of disorder. Nanohole arrays in
thin metallic films are very interesting nanostructures as localized surface plasmons (LSPs) and
surface propagating plasmons (SPPs) can interact through the metallic layer [29-31]. The disorder
can then induce multiple scattering and interferences of SPPs leading to energy localization
[32-34]. The effect of disorder (following a gaussian distribution) on the optical properties is
investigated through absorption spectroscopy and classical scanning near field optical microscopy
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(SNOM) and compared to FDTD simulations. We observe that energy localization appears
even for a weak disorder and, more importantly, investigate on how the level of disorder and
the excitation wavelength modify in a correlated way the energy confinement. We show that
localization effects appear as soon as a slight disorder is introduced but that for a particular
wavelength, the localization effects tend to saturate above a particular level of disorder.

2. Fabrication and characterization of the array disorder

To quantify the disorder, we use a periodic array as a reference and move each hole from its initial
position by a distance following a Gaussian distribution. The amount of disorder is controlled
through the standard deviation of the Gaussian distribution. The disorder level ¢ is defined as the
ratio between the standard deviation o of the Gaussian distribution of the hole displacement and
the periodicity p of the original ordered hole array:

§=— (1)

We choose to start from a periodicity p equal to 425 nm and a hole diameter of 150 nm in a thin
gold film with a thickness around 40 nm (around the skin depth of gold in the visible range).
These parameters have been chosen due to the plasmon resonance appearing around 620 nm that
has been used to study the ordered arrays by the coupling with nanoemitters in a previous work
[35]. The size of the holes has been fixed due to limitations induced by the near field optics
resolution which is around 150 nm. To avoid overlaps between holes, ¢ ranges from 0 % to 19 %.
The fabrication of the 1515 hole array on a gold film with a thickness of 38 nm is described
in [35]. Fig. 1(a) presents how the disorder is generated starting from the ordered structure.
The yellow circles represent an example of displacement of the holes from their initial position.
The Fig. 1(b) plots the gaussian distributions of this displacement when increasing the standard
deviation.
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Fig. 1. (a) FIB-SEM topographic image of the 15x15 ordered hole array, periodicity p=425
nm and hole diameter d=150 nm. The yellow circles show an example of displacement for
each hole. (b) Gaussian distributions with increasing standard deviation and corresponding
degree of disorder 6.

The topographies of 3 typical arrays are displayed on the top of Fig. 2. In order to quantify the
evolution of the disorder with the parameter ¢, we plotted the 2D autocorrelation function (ACF)
C(AX, AY) of the SEM images intensity I(x, y). It writes:

C(AX’ AY) = <6In0rm(-x’ Y)(Slnorm(x +AX,y+ AY)) 2

with 6L, (x, y) = [1(x,y) — (I(x,y))] /{I(x,y)). For time series, the ACF provides a mathematical
image of the level of similarity between a variable value and its future or past value. C is equal to
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1 for a perfect correlation and to O in the absence of correlations. The 2D ACF is its counterpart
for two dimension spatial structures. In our case, it gives the correlation between the positions of
the holes and illustrates how the order decreases when considering holes that are more and more
distant from each other. Numerically, the 2D ACF is calculated by using the Wiener—Khintchine
theorem and 2D fast Fourier transform and inverse fast Fourier transform functions [36].
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Fig. 2. Top line: topography of three arrays with § = 0, 9 and 16 % (from left to right).
Bottom line: corresponding deviation to 1 of 2D-ACF .

For the periodic structure (6 = 0%), the 2D-ACF exhibits the periodicity of the array. This
periodicity vanishes as the disorder increases. For a disorder level of 6 = 9%, a short-range order
still exists in the structure as the oscillations of the function are weaker but still remain. This
order is no more visible when the disorder reaches ¢ = 16% as the oscillations of the 2D-ACF
have disappeared.

3. Evolution of the optical properties with disorder

The absorption of the arrays was measured with a confocal microscope (IX 71, Olympus) illumi-
nated with a white laser (superK EXTREME-White EXW-12) and coupled to a spectrophotometer
(Princeton Instruments SP2750). The wavelength of the white laser ranges from 530 nm to 760
nm with a narrow linewidth (FWHM of 1 nm). The absorption is deduced from the reflection
and transmission measurements. The absorption of different arrays (6 = 0%, 6 = 9%, 6 = 13%
and 6 = 16%) is displayed and compared to the absorption of a flat gold film with the same
thickness (Fig. 3(a)). The enhancement of the absorption of the ordered hole array with two
absorption peaks reaching 40% has already been observed and originates from the coexistence of
Surface Plasmons Polaritons (SPPs) and Localized Surface Plasmons (LSPs) [31]. On this kind
of nanostructures, LSPs generated by the holes can couple together through SPPs propagating on
the gold film [31,32]. Their optical properties are then very sensitive to the periodicity of the
array and it has been shown that the absorption maximum is redshifted when the periodicity is
increased. In a previous work [35], we used this property and FDTD simulations to tune the
array geometry so the first peak resonance wavelength matches the one of the fluorescence of
nanocrystals. This optical sensitivity to interhole separation explains that the absorption peaks
decreases when the disorder increases as it is observed on Fig. 3, and as reported for disordered
metallic photonic crystal slabs showing, as in our case, an uncorrelated disorder [37]. This
behavior can be connected to the order in the array observed on the ACF of the topography. For
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an intermediate disorder, the short-range order is still present as observed on the ACF of the
topography whereas it is completely suppressed for the highest disorder (6 = 16%). The first
absorption peak centered around 610 nm seems to follow the short range-order. It decreases as
the short range order reduces and completely vanishes when the short-range order disappears. It
is clearly influenced by the periodicity of the array and can be attributed to diffraction of SPPs
by the array. The second peak centered around 740 nm seems more robust to disorder as it is
still visible for the maximum disorder where short-range order has completely disappeared and
might be attributed to LSPs of the nanoholes. The optical behavior shows that, as the disorder
increases, the absorption observed for the ordered array spreads over the entire wavelength range
with a mean value around 25%.
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Fig. 3. Absorption spectra between 530 nm and 760 nm of the arrays corresponding to
4 values of § = 0 % (a), 9 % (b), 13 % (c), and 19 % (d). In (a), the red line shows the
absorption spectrum for a flat gold film of the same thickness.

4. Localization of the electromagnetic modes with disorder

To get insight into the mechanisms of the absorption modification in the disordered arrays, it
is crucial to determine how the electromagnetic energy is distributed in the nanostructure. For
this purpose, optical near field experiments have been carried out and compared to numerical
simulations. A classical aperture scanning near field optical microscope (SNOM) was used to
map the near electric field of these plasmonic nanostructures (see Fig. 4). The classical SNOM
is based on an inverted microscope (IX 71, Olympus) and adapted to a commercial SNOM head
(NTMDT). A tuning fork supporting a metal-coated dielectric tip having an aperture diameter
of 100 nm is attached to a piezoelectric scanner in order to perform nanometric displacements
in the three space directions (x, y, z). In addition, the sample holder is connected to a second
piezoelectric scanner with two translation axes (x, y) in order to displace the sample in the
horizontal plane. The excitation which comes from the super-continuum laser is focused on the
sample by an air objective (Olympus-LMPLFLM 50x) with a numerical aperture = 0.5. The
near field transmission signal of the plasmonic nano-structures is collected through the SNOM
fiber and detected by an TTi QL355 avalanche photodiode. The near field distribution has been
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studied for arrays with disorder ¢ ranging from 0 % to 16 % and by varying the wavelength from

590 nm to 730 nm.
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Fig. 4. Schematic representation of the SNOM experimental setup.

4.1. Influence of the disorder level

The effect of disorder is first presented on Fig. 5. It shows the evolution of the near field
distribution for a wavelength excitation of 660 nm and for 4 levels of disorder. When there is
no disorder (6 = 0 %), the near field distribution looks like the topography and the array can be
retrieved on the optical near field image. When disorder increases, some areas with a higher
intensity randomly appear and dominate the near field distribution for 6=16 %. The array is no
more visible on the optical image which is more and more dominated by the localization of the
electromagnetic field in small areas. To characterize this evolution, the probability distribution
function (PDF) of the intensity is plotted on Fig. 6 (top left), where the experimental SNOM
images have been normalized in order to get a minimum value of 1 for the intensity (we checked
that the minimum intensity detected is far from the null signal in order to avoid any unphysical
result). As the disorder increases, the distribution becomes more and more asymmetrical and
a large tail on the side of the highest intensities appears. The peak of the distribution is also
slightly shifted to higher values of the intensities. The tail of the distribution corresponds to
the electromagnetic energy localization induced by disorder. This energy localization appears
as soon as a slight disorder is introduced in the array. As the disorder grows the near-field
localization becomes stronger. The evolution of the tail of the distribution reflects that few areas
with higher intensities show up. Nevertheless, the energy localization rise seems to slow down
when the disorder increases. This localization comes from the interferences of the SPPs scattered
by nanoholes. The randomness gives rise to complex scattering leading to plasmon localization.

For comparison, we did the same analysis for a wavelength of 730 nm (for the two wavelengths,
660 nm and 730 nm, the localization effects are typical but different enough to show the
wavelength-dependent behavior of the localization). The PDF deduced from optical near field
images after normalization are presented on Fig. 6 (top right). The same behavior as for 660
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Fig. 5. SNOM images for 4 amounts of disorder & (0 %, 9 %, 13 %, and 16 %). For 6 = 0%,
the image shows the part where the holes were the best visible.
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Fig. 6. Experimental PDF of the intensity for =660 nm (top left) and 730 nm (top right)
and ¢ increasing from ¢ = 4.5%, 6§ = 6.5%, 6 = 7%, 6 = 9%, 6§ = 10.5%, 6 = 13%, and
6 = 16%. For 6 = 4.5% for A=730 nm, the image shows the part where the holes were the
best visible. Simulated PDF (bottom) of the intensity for the same parameters. For each

plot, the color of the curves is lighter the larger ¢.
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nm is observed but the energy localization reaches higher values than for 660 nm since higher
normalized intensities appear in the PDF.

These experimental results have been compared to FDTD simulations performed with the
Lumerical software (for details on these numerical simulations see Ref. [38]). The incident
plane wave and the intensity distributions have been deduced from the near field distributions
calculated 30 nm above the surface. The results obtained for 4 = 660 nm and 730 nm are
presented on Fig. 6 (bottom left) and Fig. 6 (bottom right). The simulation predictions first
show the same tendencies as the experimental results. The appearance and the increase of a
tail toward higher values of the intensities when disorder increases is evidenced. It is however
more pronounced than experimentally. Moreover, the peak also remains at the same position
and does not shift as experimentally. This discrepancy between experiments and simulations
is explained by the limit of the SNOM resolution that is not better than 100 nm due to the size
of the tip (the meshing parameter of FDTD maps is 10 nm). Experimentally, the intensity is
averaged over areas far larger than the localization observed numerically. Interestingly, in the
simulations, we also observe that the effect of disorder is stronger for a higher wavelength. High
values of the intensity corresponding to energy localization appear when disorder increases but
are more pronounced for the highest wavelengths. In both cases, the localization tends to saturate
and increasing the disorder no more boosts the localization. The localization coming from the
propagation of SPPs, interferences are stronger when the disorder increases but they are limited
by the decay length of SPPs at long distances. For a fixed wavelength there is a maximum level
of disorder beyond which the localization no longer increases.

4.2. Influence of the excitation wavelength

To get more insights into the interconnection between the disorder level and the excitation
wavelength, the near field distribution has also been studied for a fixed disorder at different
wavelengths. In Fig. 7 (left), we present the PDF for a disorder level 6 = d16% with wavelengths
ranging from 590 nm to 730 nm. For comparison, the PDF obtained by FDTD are presented
on Fig. 7 (right). For this disorder, the tail corresponding to energy localization is present in
the distribution for all wavelengths. It reaches higher values for longer wavelengths and tends
to saturate. We observe that, for a given disorder level, the energy localization increases with
the wavelength but more and more slowly. Simultaneously, the spatial hot spot structure may
vary with the wavelength. Larger localization lengths could be observed as large wavelength
excitations are used, leading to hot spots with a larger size. It could be interesting to study the
spatial structure of the hot spots (using for example the 2D ACF of the intensity). However, the
spatial resolution of our SNOM setup (~ 150 nm) is too low to allow us to investigate these
modifications. This behavior has recently been observed in short-range order nanoholes arrays
[33] by cathodoluminescence experiments. Stronger field enhancements have been attributed to
higher wavelengths generated by longer hole-to-hole distances. As the wavelength increases,
longer distances can be probed due to the increase of the SPP decay length. These experiments
where the level of disorder is increased for a fixed wavelength or where the wavelength is
increased for a fixed disorder, confirm that the energy localization that is induced by interfering
SPPs waves strongly depends on both parameters and show the limitations for both of them. It
shows that the disorder induces plasmon localization that increases with the level of disorder and
the wavelength but is limited by the decay length of SPPs.

4.3. Statistical analysis using the 2D autocorrelation function of the near field intensity

Previous papers have shown that calculating the 2D-ACF of the intensity is a very efficient
approach to analyze the coupling between light and a structured metallic surface and especially
the degree of plasmon localization [20,39]. In Fig. 8 (top line), we plotted the maps we obtained
at a wavelength of 660 nm for 4 disorder levels. A section line corresponding to AY = 0 is
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Fig. 7. Experimental PDF of the intensity for §=16% and A ranging between 590 nm and
730 nm (left). Simulated PDF of the intensity for the same values (right). For each subfigure,
the color of the curves is more dark red as the wavelength is large.

also shown (bottom line). For § = 0%, the 2D-ACF shows a periodic order with a periodicity
corresponding to the array period (the 2D-ACF was performed on a croped image of 5 X 5 um
of the array where the holes were best visible on the optical image). As for the topography,
when ¢ increases, the pattern as well as the symmetry along the x and y axis gradually disappear.
The ACF is normalized by the variance o2 of the intensity which is given inside each bottom
subfigure. We then observe that the variance of the intensity distribution grows with disorder.
This dependency shows the transition from short-range order to random array dominated by
localization and reflects the influence of the high field intensities induced by plasmon localization.
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Fig. 8. Experimental deviation to 1 of the 2D-ACF of the intensity for § = 0 %, 4.5 %, 9 %,
and 16 %.

5. Conclusion

In conclusion, our results based on complementary experimental and numerical approaches detail
the impact of a controlled disorder generated from an ordered array. The disorder creates a large
broadening of the absorption and localization of the electromagnetic field on the surface due to
multiple scattering and interferences of SPPs. This localization effect appears as soon as slight
disorder is introduced and increases with the disorder level and with the wavelength. For longer
wavelengths, plasmons can propagate over larger distances and generate stronger localization
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effects. Interestingly, the approach based on an adjusted disorder at last enables to demonstrate
that there is a close interconnection between the wavelength and the amount of disorder on the
localization properties. This study shows that for a particular wavelength, increasing the disorder
does not increase the localization of the electromagnetic field.

Disclosures. The authors declare that there are no conflicts of interest related to this article.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.
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