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Abstract: Advance of photonics media is restrained by the lack of structuring techniques for the
three-dimensional fabrication of active materials with long-range periodicity. We report a
methodology for the engineering of tunable resonant photonic media with thickness exceeding the
plasmonic near-field enhancement region by more than two orders of magnitude. Our media
architecture consists of a stochastically ordered distribution of plasmonic nanocrystals in a fractal
scaffold of high-index semiconductors. This plasmonic-semiconductor fractal media supports the
propagation of surface plasmons with drastically enhanced intensity over multiple length scales,
overcoming two-dimensional limitations of established metasurface technologies. We use our
fractal media for the fabrication of plasmonic optical gas sensors, achieving a limit of detection of
0.01 vol% at room temperature and sensitivity up to 1.9 nm/vol%, demonstrating almost a fivefold
increase with respect to an optimized planar geometry. Beneficially to their implementation, the
self-assembly mechanism of this fractal architecture allows fabrication of micrometer-thick media
over surfaces of several square centimeters in a few seconds. The designable optical features and
intrinsic scalability of these photonic fractal metamaterials provide ample opportunities for

applications, bridging across transformation optics, sensing and light harvesting.
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Introduction

Progress in the understanding of nanoscale light-matter interaction has led to the realization of
photonics metamaterials, displaying uncommon characteristics such as negative refraction,
cloaking, optical chirality, hyperbolicity and epsilon-near-zero propertiesttl. Materials with sub-
diffraction resonant behaviors, such as localized surface plasmon resonance (LSPR), can now be
designed across the entire visible and near infrared region of the electromagnetic spectrum by
engineering the collective oscillation of free electrons in nanostructurest?. This unprecedented
control over the spatial and temporal propagation of electromagnetic waves is paving the way to a
plethora of applications. The latter include structural color displayst!, electromagnetic energy
harvesting®! and transport!, photocatalysis(®l, quantum plasmonics!” as well as miniaturized bio-
and chemical molecule sensingf® °l.

Structuring of three-dimensional photonic media is required to overcome some intrinsic limitations
of current technologies that are largely based on two dimensional metasurfaces™*®. The short skin
depth and the inherent ohmic losses of metals, for instance, limit the achievable plasmonic sensing
volume and LSPR-based detection of small molecules™™. Similar bottlenecks are encountered for
the harvesting of light in photo-catalysis, where injection of plasmon-generated hot electrons is
insufficient to effectively drive important chemical pathways such as the oxygen evolution
reaction!*?l, Extending the use of the optical resonance of nanostructured metals in the visible
regime to macro-scale volumes, while overcoming the opacity of bulk metals is focus of ongoing
research efforts*> 41,

Combining the attractive features of nanosized metals and semiconductors in multi-scale
architectures with defined long- and short-term periodicities is a promising route for the design of
three-dimensional photonic media. While being limited by lower near-field enhancement and
weaker intrinsic properties than metallic nanomaterials™*®, high-index semiconductors provide
means to couple light into the nanoscalel*®l. Achieving a three-dimensional arrangement of
metallic and semiconductor nanomaterials over multiple length scales, however, has been elusive,
and often resulted in poor control of the resulting media optical properties™”).

Recent progresses in the manufacturing of hybrid metal media have been achieved via e-beam
lithography!®: 2 and wet-phase routes?®l. Despite the superior control over few layers permitted
by e-beam lithography, extending its benefits to out of line-of-sight and multi-layered architectures
is challenging!*®l. Sol-gel colloidal methods and controlled DNA-mediated self-assembly of gold
nanoparticles into three-dimensional superlattices have shown promising steps toward the
fabrication of organic-metallic optical medial®®l. Despite these promising breakthroughs in
fabrication of organic-metallic optical medial** 2!, these structures require relatively laborious
synthesis methods, lack of long-term stability outside a physiological environment, and their
thickness is limited to the sub-micrometer scale. Extending these achievements to a larger selection
of feasible materials and geometries bears much potential. The development of lithography-free
techniques for manufacturing of three-dimensional metal-semiconductor media is subject of
significant international efforts.

As an alternative route, the integration of metallic nanoparticles in a transparent fractal matrix is
an unexplored route for the design of metal-semiconductor media with scale-invariant structural
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features over large volumes. Indeed, aggregates of metallic nanoparticles exhibiting fractal
properties are amongst the most efficient scattering enhancers?? and have shown promising results
in several research areas including giant local optical field?®!, multi-functionality® and stabilised
broadband optical chirality!?l. Depending on the nature of their recursive features, fractals can be
roughly classified into two main categories: deterministic (mathematical) and stochastic (random)
fractals?®]. The former class includes all the geometric fractals (such as the Mandelbrot set or the
Sierpinski carpet), whose patterns rely on precise recursive mathematical formulations and can be
more easily identified by their visual appearance. Oppositely, random fractals are patterns that, on
their ensemble, have the remarkable property of having statistical self-similarity properties. Those
patterns are very common in nature, as many natural laws follow a fractal scaling rule?l. An
archetype example of the stochastic category of fractals is provided by the diffusion-limited
aggregation (DLA) processes!?®l, which includes physical phenomenon like dielectric breakdown,
chemical dissolution, electrodeposition, dendritic solidification and some crystallization
processes.

In our work, we fabricated self-similar networks of nanoparticles by self-assembly of hot aerosols.
The resulting structures have previously determined as belonging to the random/stochastic fractal
structures(?® 2°1. In addition, nanoparticle fractals can be prepared by the aerosol self-assembly in
the cluster-cluster agglomeration regime, providing a scalable mechanism for the fabrication of
morphologies of semiconductors with sub-millimeter thicknesst®"l,

Here, we introduce a methodology for the design and fabrication of inorganic photonic
metamaterials with three-dimensionally controlled composition and periodicity over multiple
length-scales. Our media architecture consists of resonant metallic nanoparticles dispersed with
long-range uniformity, in transparent scaffolds of semiconductor nanoparticle fractals. This hybrid
photonic media combines the advantages of a low-scattering, scale-invariant fractal scaffold with
self-similar properties and periodic arrangement of resonant metal crystals. Titanium oxide
nanoparticles were chosen as support of the plasmonic clusters in light of two key benefits of TiO>:
(i) high transparency at the plasmonic resonance frequency of the Au clusters; and (ii) a high
surface energy that favours the adsorption of the VOC molecules, effectively increasing their local
concentration in proximity of the Au nanoresonators.

Additionally, the ultra-porous nature of the TiO fractal matrix facilitates the rapid diffusion and
penetration of gaseous analytes throughout the whole layer, which is essential for efficient
chemical sensing. Simulations of the propagation of electromagnetic waves through these fractal
media reveal a net plasmonic near-field enhancement increase with media thickness increasing up
to the microscale. It is important to note that this is the first report on an aerosol-made pure
inorganic three-dimensional active media of plasmonic scatters. Most of current LSPR studies
reported in the literature adopt a planar distribution of plasmonic particles, which imposes some
limitations in terms of material layout and composition. Amongst other benefit, our approach
enables to distribute plasmonic scatterers in three dimensions, achieving sub-100 nm separation of
the Au particles and hence formation of three dimensional hot-spots with strong field localization.
It also enables to extend the LSPR subwavelength phenomenon to the micron scale, still
maintaining the advantageous evanescent and strongly localized features of the LSPR. As a
representative first application, we demonstrate the use of this large plasmonic interaction volume
to significantly enhance the sensitivity of localized surface plasmon resonance sensors with respect
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to a bilayer system comprising of the same nanostructured materials. Our optimal metal-
semiconductor architectures promptly reacts to volatile organic compounds at room temperature
achieving detection limits of 0.01 vol%. We believe that these findings provide a general
framework for the design of a new class of photonic metamaterials based on metal-semiconductor
fractal media with applications ranging from light harvesting, photocatalysis, transformation optics
and slow-light.

Results and Discussion

Figure 1a shows a schematic rendering of our photonic fractal media architecture. The latter
consists of stochastically ordered gold nanocrystals, with uniform long-range periodicity, in a
porous and transparent fractal scaffold of semiconductor nanoparticles. Fabrication of this three-
dimensional architecture was conducted within a few seconds by on-the-flight mixing of twin
nanoparticle aerosols, generated with a two nozzle flame reactor (see Supplementary Materials
and Figure S1). The self-organization of the plasmonic and semiconductor nanoparticles via
cluster-cluster agglomeration in the aerosol leads to a fractal material with self-repeating structural
features from the nano- to the macro-scalef®X. Arbitrarily thick media arFige obtained by
controlling the aerosol self-assembly time over a transparent substrate, with constant film growth
rates in the range 32 nm s (see Figure. S2).

Figure 1b shows a representative image of a fractal media, composed of gold and titanium oxide
nanoparticles, with a thickness of 4.4 um and a base of 75 mm by 25 mm. This Au-TiO2 media
was fabricated in a single step by exposure of the aerosol to a glass slide, used as a substrate, for
135 s. The presence of a uniform distribution of plasmonic gold nanoparticles is suggested by the
uniform pink coloration of the media. A long range uniformity is also confirmed by the
homogeneity of the media UV-Vis spectra, in various locations over its surface (see Figure S3).
This is an advantageous feature, providing distinct benefits for the realization of commercial
optical sensorst®?,

An average media porosity of 95% was estimated from the optical and morphological
measurements (see Supplementary Materials). This media porosity is below previous theoretical
and experimental studies on diffusion-limited aerosol self-assembly of nanoparticle filmst3l. The
denser media morphology, observed here, is attributed to an enhanced particle sintering during
deposition on the substrate, due to the higher surface substrate temperature generated by the twin
aerosols. According to the Maxwell-Garnett effective medium theory, a media composition of 5%
TiO2 and 95% air voids is expected to decrease the effective refractive index (nefr) at a wavelength
of 560 nm from the TiO> bulk value of 2.6 to 1.1. This almost-unitary refractive index provides a
quasi-transparent medium for the distribution of resonant plasmonic nanocrystals in a three-
dimensional space.

The inner structure and composition of the media was investigated through a series of bulk and
microscopic characterizations. X-ray diffraction indicates the exclusive presence of gold and TiO>
with a cubic and anatase crystalline phase, respectively (Figure S4). The average Au and TiO>
crystal sizes can be tuned via the aerosol conditions, and were optimized to 19.4 + 2 nm and 11.7
+ 1 nm, respectively, for subsequent application in optical sensing (see Figure S9). Notably,
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varying the media thickness did not affect the average Au and TiO: crystal sizes, affording the
individual tuning of near- and far-field features.

High resolution transmission electron microscopy provides further insights on the nanoscale
arrangement of the Au and TiO> crystals (Figure 1c-d and Figure S5). Finely dispersed Au
nanocrystals on an interconnected fractal backbone of TiO2 nanoparticles were observed with high
uniformity over areas of several square centimeters. Both the TiO2 and Au nanoparticles have a
spherical morphology with an average visible diameter of 13.5 nm and 11.2, respectively. At
higher magnification, the (111) crystallographic plane lattice fringes of the Au ffc unit cell are
visible (Figure 1d, inset). Their d-spacing of 0.24 nm further confirms the location of the Au
nanocrystalst®¥ in the fractal structure.

The size and spatial density of the plasmonic nanocrystals can be tuned, adjusting the aerosols
synthesis conditions (Figures S5 - S6). For instance, increasing the Au aerosol mass concentration
or its flow rate with respect to that of the TiO> aerosol increases the Au spatial density in the media
from ca 320 NPs/um? to 700 NPs/um?®. Tuning of the media properties such as porosity can be
achieved by controlling the extent of sintering during deposition, while preserving a fractal
material. Small-angle X-ray spectroscopy (SAXS) measurements were performed to confirm the
fractality of our architectures (Figure 1e). Indeed, SAXS experiments allow the direct
measurement of the mass-fractal dimension of aggregates, which, corresponds to the slope of the
spectra between the Guiner (low-q) and the Porod (high-q) regions(?® 1. SAXS analysis shows
that decreasing the media porosity from 95% to 93% results in relatively close fractal dimensions
(Df) of 1.85 and 1.83, respectively, in line with other reports that were measuring Ds of
semiconductor oxides in the diffusion limited aggregation regimel?* 281, These fractal dimensions
were additionally confirmed by analysis of SEM images with a box-counting algorithm (see
Supplementary Materials and Figure S7). The distinct morphological arrangement of these fractals
is, however, indicated by their different lacunarity®®!, which represents the texture heterogeneity
of a fractal. We observed that the lacunarity increases, shifting toward longer length-scales, as the
media porosity decreases. This is in line with the sintering of the TiO2 nanoparticles, and formation
of larger self-repeating units.

The three-dimensional arrangement of the plasmonic and semiconductor components within the
media was mapped by scanning electron microscope (SEM) analysis (Figure 1f-g and Figure S2).
The media consist of Au-TiO> fractals self-organized in a porous scaffold with a hierarchical
distribution of meso- and macro-pores. Compositional contrasted images of the media were
obtained using an angle-sensitive backscattered detector. The Au atoms are identified by the
stronger deflection of incident electrons by heavier elements (Figures 1f and 1g). Bright back-
scattering Au nanocrystals are observed with a uniform spatial distribution throughout the media
cross-section and top surface. Analysis the Au nanocrystal particle size distribution in the
horizontal and vertical planes reveal two quasi-identical lognormal distributions with a geometric
mean and a geometric standard deviation (GSD) converging toward 14 - 15 nm and 1.5,
respectively (Figure S5). This GSD is fairly close to the self-preserving value for Brownian’s
coagulation, indicating coalescence in the aerosol as the main growth mechanism of the Au
nanocrystals.
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The feasible media compositions are not limited to Au and TiO2 matrixes and can be extended to
a variety of semiconductors and dielectric metal oxides, as well as other metals. We have
synthesized a set of resonant media with Au nanocrystals distributed in CuO, Fe203, and WO3
fractal scaffolds (Figure S9). This provides a flexible route for the engineering of a large family of
three-dimensional media of inorganic materials, with applications ranging from optical sensing
and photocatalysis to optoelectronic and renewable energy harvesting.

Fractal
Metamaterial
_ Porosity
—95%
— 93%

i DfF=1.85+0.05
1 Df=1.83%0.03

0.01q A" 01

resentative
photonic fractal metamaterial. (b) Optical image of an Au-TiO, media on a glass slide. (c-d) Transmission electron
micrograph of the collected nanoparticles and d, magnification of a single Au nanocrystal with the corresponding
lattice d-spacing (inset). (e) Small angle X-ray scattering curve from fractal Au-TiO, media having different porosities
of 95% and 93%, black and red lines, respectively, and respective fractal dimension (Ds). (f-g) Top-view and cross-
sectional SEM images of a fractal Au-TiO, media on a silicon wafer. These images are taken with an angle-sensitive
backscatter detector to provide a higher contrast for higher atomic number elements.

The possibility to self-assemble metallic nanoparticles in the three-dimensional space opens up a
wide range of opportunities to obtain “hot spots” regions where the electromagnetic field is greatly
enhanced. To demonstrate this, we have performed a set of finite-difference time-domain (FDTD)
simulations using a planar (2D) and a 3D model systems comprising of hexagonal closed packed
gold spheres (Figure S11) with an inter-particle separation of 1 nm. The results of these
simulations, not surprisingly, show the presence of a higher number of hot spots in the cases of 3D
distributed metallic centers, which in turn provides higher potential energy in the same analyzed
volume.

To gain insight into the electromagnetic behavior of our fractal media, we have performed a set of
FDTD simulations at optical frequencies. The fractal media were modelled by a fractal scaffold of
TiO, nanoparticles with the same porosity, fractal dimension and equivalent distribution of gold
nanocrystals as those experimentally observed. As a comparative model, a metasurface consisting
of a two dimensional layer of Au nanocrystals was also simulated (Figure 2a). Figure 2b show the
electric field enhancement (|E/Eol?) for the metasurface, evaluated at its localized surface plasmon
resonance (LSPR) wavelength. A dipolar enhancement of the electric field, mostly confined,
within the first 30 nm from the two dimensional Au layer is observed (Figure 2c-d). This is
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conformal to the evanescent nature of LSPR field, and the limited interaction volume provided by
plasmonic metasurfaces. In the space above these first 30 nm, the electric field enhancement
exponentially decreases with the increasing distance from the metallic scattering centers, in line
with the predicted behavior of plasmonic nanoparticles®.

Figures 2e-h shows the electrodynamic response of the three-dimensional fractal media. In contrast
to the metasurface, here, a significant and uniform net near-field |E/Eo[?> enhancement is measured
throughout the media volume with a characteristic dipolar behavior localized around each metallic
scattering center. The theoretical upper limit for the field enhancement of these metamaterials is
given by the optical extinction thickness of the wave in the media. Furthermore, the stochastically
ordered nature of the Au distribution in the fractal TiO. space may result in some Au nanocrystals
having close proximity. This induces LSPR coupling via near-field interaction, enabling additional
high order resonance modes 2.
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Figure. 2. Electrodynamic simulations. (a) Schematic of a comparative Au metasurface, consisting of a stochastic
planar distribution of Au nanoparticles onto a quartz substrate. (b) volumetric |E/Eo|? field distribution on-resonance
obtained by FDTD simulations. (c-d) Cross-section slices at different positions of the |E/Eo|> enhancement for the Au
metasurface structure. () Schematic of the fractal Au-TiO, metamaterial, consisting of Au crystals stochastically
distributed in a three-dimensional TiO, fractal scaffold. (f) volumetric distribution of the |E/Eo|? field at LSPR
resonance. (g-h) Cross-section slices at different positions of the |E/Eo|? enhancement for the 3D Au-TiO- structure.
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(i-j) Cumulative distribution of field enhancement |E/Eo|?: integration over an increasing volume (sampled every 50
nm) as a function of the wavelength for the metasurface and the 3D structure, respectively. (k) Near-field enhancement
(integral of the potential energy over the wavelengths) for the studied structures.

The quantitative field enhancement in the metamaterial and metasurface were computed by the
cumulative volume integration of the |E/Eo|? in the media (See Supplementary Information). For
the metasurface, the integration over the volume provides maximum potential energy in the band
of 500-650 nm (Figure 2i), arising from strong interacting plasmonic modes. The evanescent
nature of the plasmonic resonance confines the near-field within the first 30-50 nm from the Au
layer. The additional media volume above this first 50 nm has a negligible contribution to the total
potential energy (Figure 2i). In contrast, in the fractal metamaterial, a constantly increasing
potential energy is measured with increasing media volume (Figure 2j). Some small shoulders are
observed in the 600-700 nm wavelength regions and attributed to higher resonant modes arising
from the LSPR coupling between closely spaced Au particles in the fractal TiO> scaffold. Overall,
in the metamaterial, the three-dimensional distribution of the Au nanocrystals enhances the peak
potential energy of the media by more than 190% with respect to the metasurface.

Further integration over the wavelengths provides the overall plasmonic enhancement due to the
volumetric distribution of the Au nanoparticles. Figure 2k shows the cumulative near-field
enhancement integrated over the entire visible range as a function of the media thickness (see
Supplementary Information). For the metasurface, above 50 nm from the Au layer, the near-field
enhancement with increasing media thickness is quasi negligible. In contrast, in the metamaterial
the field enhancement increases linearly (goodness of fit R?=0.97115) with increasing film
thickness. An enhancement of 278% over that of the metasurface is computed for a metamaterial
thickness of 450 nm. It should be noted that while the simulations were limited to a thickness of
450 nm, the metamaterials fabricated here, have a thickness of up to ~17 um (see Figure S2). The
latter are expected to lead to higher field enhancements. Further discussion of the FDTD analysis
is provided in the Supplementary Methods. These simulations indicate that the evanescent
nanoscale plasmonic field enhancement effect can be extended into the micro-scale, while
maintaining the advantageous subwavelength and strongly localized features of LSPR.

The far-field optical properties of these fractal metamaterials were investigated by UV-Vis angular
resolved specular transmittance and reflectance spectroscopy (Figure 3a-e). Increasing the
thickness of the fractal media from ca 1.5 to 6.1 um shifts their wavelength-dependent extinction
spectra (e) from a transparent (< 30% emax) t0 an opaque state (> 80% emax), While preserving the
plasmonic resonance frequency in the range of 500-600 nm. The plasmonic region of the
extinction spectra shows a continuous increase with a quasi-negligible broadening up to a media’s
thickness of 4.4 um. At a media thickness of 6.1 um, a broadening and red-shift of the plasmonic
extinction region are observed. Further UV-Vis analysis is provided in Figure S10. Recent studies
have indicated a correlation between agglomerate size and shape and far-field optical propertiest®
401, It has been proposed that weakly coupled plasmonic superlattices optically behave similarly to
a single metallic nanoparticle, allowing studying the systems in terms of effective bulk
properties®® 411, As such, here, the spectral broadening in the plasmonic extinction region of the
media at a thickness above 4.4 um is attributed to the predominance of photonic modes arising
from the micro-scale size of the fractal scaffold. Furthermore, since the bandgap of TiO> falls in
the UV region, the latter results highly transparent in the visible and doesn’t majorly influence the
spectral position of the LSPR.
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The optical behavior of these fractal metamaterials was further investigated by polarization
dependent angular resolved specular transmittance and reflectance spectroscopy. A 4.4 um thick
fractal metamaterial and a comparative metasurface with a two-dimensional distribution of the Au
nanocrystals are shown as representative materials (Figure 3b-e and Figure S16). In the fractal
metamaterial, the resonant plasmonic band is angle-independent while in the metasurface a slight
LSPR shift is observed with increasing incident angle. Furthermore, whereas the latter metasurface
possess transmittance intensities always below 15% at the Arspr, the fractal metamaterial
transmittance is strongly dependent from the incident angle. At high incidents angles, the light
transmittance at the plasmonic resonance frequency is ca 10% and progressively increases with
decreasing incident angle, reaching 50% for an orthogonal irradiation angle to the substrate
surface. This is attributed to the spatial distributions of the resonant Au nanocrystals in the
metasurface and in our fractal metamaterial. While in the metasurface the plasmonic material is
confined within a thin layer of few hundred nanometers from the substrate surface, in fractal
metamaterial the Au is distributed throughout thousands of nanometers above the substrate. As a
result, for the metamaterial increasing the light incident angle significantly increases the optical
path length, while it has a quasi-negligible impact for the metasurface.

As a representative application, we demonstrate the use of these fractal metamaterials as optical
sensors for volatile molecules. Localized surface plasmon resonance has been broadly used for
bio- and chemical-sensing in liquid environments as they provide sufficiently high refractive index
contrast in the range of 102 2. Application of plasmonic sensing to the measurement of molecules
in gases has been proven very challenging, as the induced variation in refractive index at room
temperature is usually less than 10™. A range of nanoscale architectures relying on optimized
planar structures, nano-antennas and integration of other sensing materials (porous matrix, metal-
organic frameworks, two-dimensional materials) have been proposed to overcome this challengel®
32,431 Additionally, parts per million (ppm) detection of gaseous analytes has been achieved by
increasing the operative temperature of the systems to favor the charge transfer between plasmonic
elements and gases*!! or by employing similar optical platforms with resonances in the near-
infrared region of the electromagnetic spectrum*l. Table 1 shows an exemplary collection of these
works.
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Figure 3. Optical properties and sensing. (a) UV-Vis extinction of fractal metamaterials as a function of their
thickness. (b-e) Angular dependent transmittance and specular reflectance of the 4.4 um fractal Au-TiO, media and a
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(top) and computed electric field enhancement at resonance (bottom) of a model system comprising of equidistant Au
spheres in air. To be noted that the amplification is greater in presence of the TiO, nanoparticles, where the most of
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the condensation occurs. (i) Summary of the plasmonic shift of the 4.4 um fractal metamaterial to different gaseous
analytes and concentration. (j) Comparison between the limit of detection of the fractal metamaterial and the Au
metasurface, as a function of analyte concentration.

Here, we demonstrate the use of the large plasmonic sensing volume of these fractal metamaterials
to achieve room-temperature detection of gas molecules with a limit of detection of 0.01 vol%.
Figure 3f shows the extinction spectrum of a 4.4 um-thick fractal media in pure air and with 4
vol% toluene at room temperature. The introduction of the toluene gas molecules results in a
visible shift of the extinction spectrum through the media, corresponding to a red-shift of the
plasmonic resonance wavelength of 8.4 nm. This huge shift due to gas phase analytes is in a
comparable range to that observed for sensing of biomolecules in liquid environmentst“el.

Figure 3g shows real-time tracking of the plasmonic resonance shift during on/off injection of
various concentrations of toluene in the air at room temperature. A rapid room-temperature
response dynamics to the toluene gas molecule presence is observed down to 0.01 vol%. Both
response and recovery times are in the order of 5 s, and thus very fast for room-temperature
plasmonic sensing.

Table 1. LSPR gas and chemical sensing platforms with operative parameters and limits of detection.

TOpera“"e Lo | Sensitivity
Materials emperature Analyte | LSPR shift |m|t'o (nm/vol%) Ref
and Detection *
Wavelength
Au-TiO, RT, Different | 0.3 nm @ <0.01 05-1.9 This
fractals ALspr=550 nm VOCs 0.01 vol% vol% nm/vol% work
Ag NPs RT Ar/Hein | ~0.058 nm | NA 0.00058 nm/vol% | 7]
ALspr=~702 nm N> for 100
vol% He/N;
switch
Modified Ag | RT, Different | ~0.3nm @ | 0.02-0.05 | 1.24 nm/vol% (48]
NPs ALspr=400 nm VOCs 0.066 vol% | vol%
of m-xylene
Ag-MOF RT, COzand |1.88nmat | 33vol% 0.03 nm/vol%* [49]
(HKUST-1) | ALspr=661 nm SFg 100 vol% of Computed in the
CO» linear region
Au-YSZ film | 500 °C, NO; ~0.07nm @ | 0.0005 18-130 nm/vol% | 59
ALser~600 nm 0.0005 vol% | vol%
Au-CeO, 300 °C, H> 15nm @ 20 | 0.38 vol% | -0.31 nm/vol% (51]
ALsPr=6075 nm vol%
Layered Au- | RT, H, 19nm @4 | 0.5vol% 4.2 nm/vol% (521
MgF.-Pd ALsPR=650 nm vol%
wires
Au-dot and RT, Different | ~20 nm @ Extrapolat | 4.5 nm/vol% (53]
porous SiO- Aser=1250 nm | VOCs 2.6 vol% ed 0.0004
vol%
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Indium RT, Ethanol ~2nm @ 0.05vol% | 0.3 nm/vol% @ [54]
nanograins ALSPR~300 nm | and 0.05 vol% high

acetone concentration
20 nm/vol% low
concentration

Functionalize | RT, Glycerin | ~6nm @ 10 | 12.46 nM | 0.845 nm/vol% [55]
d Au NPs ALSPR~300 nm vol%

*The sensitivity expressed in nm/vol% were computed from the experimental results of the respective
research works.

A fundamental advantage of our fractal metamaterial is caused by the ultra-porous nature of the
semiconductor matrix. This platform indeed offers multifold reasons to enhance the performance
of these LSPR sensors. Such a substantial increased surface area given by the porous texture of
the metamaterial facilitate the gas penetration and adsorption throughout the scaffold, thus
ensuring quick and reversible response and recovery times. Moreover, it significantly increases
the amount of analyte that can be incorporated into the matrix, maximizing the “biological'
sensitivity of the system[® %61, Importantly, the micro- and meso- porosity and the large surface-
to-volume ratio of our fractal media favors the accumulation of the VOCs on the surface resulting
in a capillary condensation, which in turn leads to an increased local refractive index[®® 57,
Furthermore, the stochastic nature of the aerosol self-assembly process leads to a distribution of
Au nanoparticles with interparticle distances in the order of ~20-100 nm (Figure 1c and Figure
S5). The close proximity of metal nanoparticles results in a three dimensional distribution of hot-
spots where the electric field is significantly enhanced®! (see Figure S11), which is ideal for
sensing applications. This field enhancement further increases the amplification of the plasmonic
response toward the VOCs analytes. Additionally, as represented in Figure 3h, the larger refractive
index of TiO2, with respect to the background, acts as an electric field sink and pulls the plasmonic
field toward the high surface-energy semiconductor, where the most of condensation happens,
contributing in enhancing the gas sensing performance.

The condensation mechanism is further confirmed by performing sensing experiments with CO3,
an inert and non-condensing gas at room temperature and standard pressure (See Figure S13).
Despite the higher concentration of CO> used (10 vol %), there is no significant red-shift of the
LSPR wavelength, which endorses the formation of a thin condensate layer in the presence of
VOCs that leads to an increased local refractive index which, in turn, contributes to improve the
sensitivity and lower the limit of detection. Furthermore, electron transfer from the VOCs to
semiconductor surfaces such as TiO2 and ZnO has been broadly reported for chemo-resistive gas
sensing and UV photodetectors®. Here, electron exchange from the VOCs to the accessible TiO
surface may further contribute to the enhancement of the plasmonic responsel®%,

Our fractal metamaterials were tested against various other VOCs, including ethanol and acetone.
Exposure to volatile compounds always led to a red-shift of the plasmonic resonance wavelength,
in line with the induced increase in the local refractive index. The magnitude of the red-shift was
dependent from the gas molecule and their concentration (Figure 3i), showing a stronger response
for less volatile compounds. Coherently with the condensation mechanism, acetone —which has
the lowest evaporation temperature among the tested VOCs (Tev=56 °C)— shows the lowest
sensitivity and limit of detection of 0.5 vol%.
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It is also important to note that while there is an initial monotonous increase in sensitivity with
increasing fractal media thickness, this reaches a maximum for a fractal thickness of ca 4.4 pym
and thereafter decreases again (Figure S12). This attributed to other factors such as the introduction
of photonic modes arising from the micro-scale size of our fractal scaffold™® that are indicated by
the broadening of the plasmonic absorption spectrum (Figure 3a).

The performance of these metamaterials was benchmarked to that of an optimized metasurface
with a two dimensional gold nanocrystal distributions with a layer of TiO- integrated (Figure S16).
Figure 3j shows the shift in the plasmonic resonance wavelength as a function of different analytes
concentrations, for the metamaterials and the metasurface. Notably, while the metasurface has a
limit of detection of 1 vol% with a shift of the ALspr = 0.3 nm, the metamaterial has the capability
to lower the detection limit by two orders of magnitude, producing a shift of 0.3 nm with 0.01
vol% for toluene at room temperature (see Figure S13).

Here, we have computed the sensitivity in terms LSPR wavelength shift (hnm) per volume
percentage of the gaseous analytes (S = AMA/vol%). This definition is useful to describe the
sensitivity of systems where an accumulation of the gaseous analyte occurs. This definition no
longer requires an estimation of the environmental refractive indices. Thus one can evaluate the
system sensitivity in terms of the actual volume of gaseous analytes injected in the sensing
chamber. Figure 3j shows the results of this analysis for a 4.4 um thick Au-TiO; fractal media.
Not surprisingly, the planar metasurface has the lowest sensitivity (~0.4 nm/vol%), followed by
the 3D architecture against acetone (~0.54 nm/vol%) which is the VOC that condensate the least
at room temperature. Interesting, an enhancement in sensitivity by a factor of ca. ~3-5, with respect
to the planar structure, is shown by the 3D metamaterial for ethanol and toluene. Furthermore, as
shown in Table 1, our results are on the higher side of the sensitivity spectrum, with respect to,
other LSPR gas sensing platforms: an important advantage that, when normalized to the flexibility
of our synthesis approach and the wide tuneability, could give access to a novel sensitive platform
for biochemical sensing and photocatalysis.

However, despite the high sensitivity measured in the gas-phase, the fractal media are not yet
suitable for measuring refractive index changes in a liquid environment. We have tested our
metamaterial in two different liquid, namely water and ethanol (Figure S14). The change of
environment is promptly reflected in a red-shift of the LSPR wavelength of about 20 nm when
going from air to water, and an additional ~10 nm of shift is measured when the environment is
changed to ethanol (Nwater=1.33, Nethanoi=1.36). However, due to the low mechanical stability —
intrinsically correlated to the high porosity— the fractal matrix collapses after the exposure to the
liquids, resulting in a damped and broadened optical spectra. To improve the mechanical stability
for plasmonic measurement of liquid environment, further optimization of the media porosity is
required as previously reported©2l,

Conclusion

We have developed a class of photonic fractal metamaterials consisting of resonant metallic
nanoparticles stochastically ordered in three-dimensional fractal semiconductors having quasi-
unitary effective refractive indexes. Exploiting the uniformity and long-range periodicity of the
fractal space, we designed a range of resonant plasmonic media with accurately controlled
thickness, density and loading of the nanoresonators. Our simulations indicate that the volumetric
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distribution of the gold nanocrystals results in continuous enhancement of the plasmonic
interaction volume throughout the media thickness, overcoming the optical limitations of two-
dimensional metasurfaces. We demonstrate a potential use of these fractal metamaterials for
optical sensing, achieving the fully optical detection of 0.01 vol% of gaseous analyte at room
temperature, obtaining a limit of detection two orders of magnitude superior to that of high-
performing gold metasurfaces. This new class of fractal metamaterials provide tunable and
scalable optical features with fascinating potential for the development of high-end sensing,
catalysis and optoelectronic applications.
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