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ABSTRACT: The development of clean light-harvesting plat-
forms and technologies is crucial in view of the urgent energy and
environmental global challenges. Plasmonic nanoparticles show
great promise in light-harvesting applications, but their fabrication
is typically constrained to small-area laboratory-scale methods or
to highly polluting wet chemistry approaches that are not suitable
for environmental applications such as waste water recycling. In
this work, we propose a self-organized method to fabricate large-
area (cm’, industrially scalable up to m?®) plasmonic templates.
Ordered Au nanostripe arrays supported on cheap, nontoxic soda-
lime glass substrates are prepared, showing a tunable plasmonic
response. We demonstrate enhanced photochemical reactivity and
photobleaching of highly polluting methylene blue molecules promoted by this self-organized plasmonic platform. We investigate
this effect by tailoring the spectral overlap between the molecule absorption band and the plasmon resonance and by tuning the
monochromatized excitation wavelength. This kind of study is completely lacking in the literature for big molecules with optical
absorption bands in the visible range. We demonstrate the dominant role of plasmon-enhanced near-field optical effects over hot-
carrier injection in amplifying photodissociation of colored dye molecules, thus paving the way to the engineering and optimization
of light-harvesting platforms for waste water treatment, dye molecule sensing devices, and a broad range of other light-harvesting
applications.
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B INTRODUCTION Fermi distribution very quickly relax back in a cascade of
electron—electron, electron—phonon, and phonon—phonon
processes, ultimately leading to the heating of the metal lattice,
but they can also be extracted outside of the metal itself.'®'” In
particular, one of the fields where the light-energy harvesting
properties and hot-carrier extraction of plasmonic nano-
particles are rising the higher interest is surface-enhanced
photocatalysis. The latter represents a crucial area of research
in view of a reduction of the massive environmental toll of the
chemical industry as the sector is the world’s largest industrial
energy consumer.”’”>* Critical environmental hazards such as
water pollution must be faced by developing more energy-
efficient processes driven by photons rather than heat, with
possibly new and unique selectivity, by harvesting free and
clean sunlight with large-area nontoxic solid-state plasmonic
platforms. In this context, we highlight that traditional high-

Subwavelength confinement and manipulation of light at the
nanoscale have witnessed an impressive development over the
last decades.'™* In particular, plasmonic resonances sustained
by noble metal nanostructures in the visible and near infrared
spectral ranges, a well-known phenomenon extensively
investigated by classical electromagnetic theory, started to
gain an ever increasing deal of attention because of the
development of new and more powerful technological means
of nanofabrication and characterization of nanomaterials.™®
Resonant plasmonic nanostructures enable the strong confine-
ment of optical fields in subwavelength volumes along with
enhanced light scattering and absorption cross sections, all
crucial features exploited in a huge range of nanophotonics and
optoelectronics technological applications and research
fields.””"> Another interesting possibility has more recently

been addressed for exploiting electronic losses in metal —
nanoparticles, which were traditionally perceived as crucial Received: November 29, 2021
liability of this class of nanomaterials compared to their Accepted:  March 1, 2022
dielectric counterparts.'®'” Indeed, plasmonic quasi-particles Published: March 9, 2022
excited in a metal due to resonant light absorption can also

decay nonradiatively promoting resonant electronic excitation

to a higher, athermal energy state. These hot electrons in a non-
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band-gap semiconductor photocatalysts such as TiO, and
polluting wet chemistry nanoparticle solutions do not
represent a suitable alternative.”

A whole range of different approaches have been explored
and studied in surface-enhanced plasmonic photocatalysis.
Enhanced photocatalysis by metallic nanoparticles has been
observed in a huge range of photochemical reactions going
from the oxidation of several chemical species such as for
HCHO, CO, NH; to ethylene epoxidation,22 CO, reduction,”
localized growth of molecular or metallic structures,”*™** H,
dissociation,” water splitting,30 Suzuki coupling reactions,”’
decomposition of organic dyes,”” solar desalination,” and
many more. Various mechanisms have been proposed and
discussed which differ considerably between each other and
from a particular reaction to the other. An important effect is
played by near-field amplification in the proximity of resonant
plasmonic nanoparticles,u’12 which can play an important role
in the photocatalysis of a crucial class of environmentally
hazardous analytes such as highly polluting colored dye
molecules, but the former so far has been poorly studied in
sight of this application.”” This effect can boost light—matter
interaction in molecules absorbed or immersed in the near-
field region surrounding the nanoantennas when a spectral
overlap is obtained between the plasmonic resonance of the
photocatalyst, the wavelength of the pump light source, and
the optoelectronic properties of the analytes. This phenomen-
on is essentially analogous to the well-known electromagnetic
field enhancement responsible for surface-enhanced Raman
spectroscopy (SERS).”** In the case of plasmonic hot carriers,
their injection from the resonant metal nanoparticle surface
into the typically small and transparent absorbed molecule
highest occupied molecular orbital/lowest unoccupied molec-
ular orbital (LUMO) has been identified as mainly responsible
for the observed enhanced photochemical activity in many
reported literature studies.”” Also promotion of the formation
of very reactive radical species such as OH® and oxygen singlet
by hot-electron injection from metallic nanoparticles into
aqueous media has been identified as a relevant effect.”> ™’ In
addition, more complex strategies have been explored
involving the use of heterostructures rather than bare
monometallic nanostructures,22’35’36’38_40 such as bimetallic
nanoparticles,”*' hybrid optical modes in near-field coupled
structures,”>* and metal/semiconductor heterojunctions
exploiting the Schottky junction at the interface between the
two materials for hot-carrier injection.'®**~*

Unfortunately, most of the described approaches rely on
laboratory-scale, small-area, lithographic top-down fabrication
techniques or highly polluting wet-chemistry-based methods
that are not suitable for a crucial class of real-world
applications such as wastewater purification. There is the
crucial need for the development of cost-effective, bottom-up
approaches enabling the fabrication of large-area, nontoxic,
efficient plasmonic photocatalytic platforms. Regrettably, to
our knowledge, all studies involving the plasmon-enhanced
photobleaching of organic dyes rely on broadband illumina-
tion, thus lacking a more detailed investigation of the interplay
between the optical properties of the plasmonic nanostructures
and the analytes. Indeed, all the sparse existing wavelength-
dependent plasmon-assisted photocatalysis studies employing
monochromatic light sources involve small transparent
molecules, for which the near-field enhancement effect is not
expected to be dominant, because of the spectral mismatch
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between the optical absorption band of the catalyst and the
analytes.

In this work, we demonstrate the enhanced photobleaching
of methylene blue (MB), one of the most polluting organic
molecules commonly used in the textile industry, by large-area
arrays of anisotropic gold nanostripes (NSs) endowed with a
tunable plasmonic response. These nanoantennas are firmly
confined on top of cheap, nontoxic soda-lime glass nanorippled
templates fabricated by an innovative, scalable technique based
on ion beam sputtering (IBS)."” Employing a wavelength-
selected excitation, we show the possibility to strongly enhance
the efficiency of the photobleaching process via resonant
plasmonic near-field confinement. In analogy with the signal
amplification induced in SERS,”***®** here we highlight the
crucial role of plasmonic near-field in boosting the resonant
electronic transitions of the dye molecules. We believe that this
self-organized nanostructured surface based on engineered
nanoantennas promoting resonant plasmon-enhanced photo-
bleaching of highly polluting colored dye molecules could have
an important impact in various applications ranging from waste
water remediation to energy harvesting and storage.

B RESULTS AND DISCUSSION

Large-area nanopatterns at surfaces can be obtained in a
scalable and cost-effective way recurring to self-organization
phenomena which create regular geometric and/or temporal
patterns and decrease the entropy locally, in contrast to
random processes. Observations of self-organized pattern
formation are reported both for growth (deposition) at
surfaces or for the complementary process during ion erosion,
and the time evolution of the surface profile can be
theoretically described recurring to continuum models based
on stochastic nonlinear equations.’”™>* The essential physics
behind the pattern formation process can be highlighted
already in the linear approximation of the stochastic equations,
such as the Bradley—Harper model: competition between the
stochastic arrival of ions (which destabilize the surface profile
inducing roughening) and mass redistribution via thermally
and ion-activated diffusion (which reduce the height profile)
leads to the formation of regular ripple patterns.>

The experimental conditions employed in this experiment
are chosen so to exploit a further thermodynamic driving force
(ion-induced wrinkling instability) to speed up the kinetics of
pattern formation.”” A soda-lime glass (2 X 2 X 0.2 cm?) is
irradiated with a defocused low energy (800 eV) argon ion
beam at an incidence angle 8 = —30° with respect to the glass
surface normal, while the temperature of the copper sample
holder is kept at a fixed temperature of about 680 K (see
Methods for details). The defocused IBS process chisels a
remarkably ordered self-organized quasi-one-dimensional (1D)
morphology all over the macroscopic glass surface, with the
nanoripples long axis orthogonal to the ion beam direction
(Figure 1a). The ripples are endowed with a prominent vertical
dynamic of about 60 nm (Figure 1b), a periodicity of about
200 nm evaluated from the autocorrelation of atomic force
microscopy (AFM) measurements (see Figure S1), and length
exceeding several micrometers. The nanoripples show an
asymmetric saw-tooth profile (Figure 1c) with the facets
opposing the ion beam direction distinguished by long hillsides
and a sharply defined slope distribution peaked at about +35°
(Figure 1c).”* The facets directly facing the ion beam develop
shorter and steeper hillsides instead, with a shallow slope
distribution peak at about —45° (Figure 1c). These results are
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Figure 1. (a) AFM topography of the nanorippled glass template. The
blue scale bar corresponds to 800 nm. (b) Extracted AFM line profile
corresponding to the red bar in panel (a). (c) Histogram of the ripple
ridge slope distribution. The inset shows a sketch of the ripple
geometry with respect to the incident Ar + beam direction. (d)
Rendered top-view scanning electron microscopy (SEM) image
acquired in the backscattered electrons channel of the Au NSs
confined on the nanorippled glass template. The red scale bar is 3 um
long. The insets provide a sketch of the sample cross section and
thermal Au deposition geometry. (e) Rendered SEM image acquired
in the backscattered electron channel of the cross section of the Au
NSs supported on the nanorippled glass template. The red scale bar is
600 nm long. (f) Macroscopic picture of a sample before the cut to fit
in the 1 X 1 cm? cuvette.

in striking contrast with IBS experiments performed at room
temperature on the same glass substrates and in general on
amorphous, insulating substrates, which typically yield shallow,
low-aspect ratio (AR), disordered ripples which are unsuitable
for subsequent technologically relevant surface functionaliza-
tion.””*® The observed enhancement of the ripples’ vertical
dynamic and morphology is attributed to a nanoscale wrinkling
instability, activated when the sample temperature approaches
the glass transition threshold (~550 °C), and the enhancement
of mass transport contributes to nanopattern formation via
relaxation of the ion-induced surface stress."” Very recently,
some of the authors also demonstrated how the shape and
slopes of the nanoripples asymmetric profile can be tailored by
tuning the ion beam incident angle, configuring high-AR, well-
ordered, quasi-1D nanoripple arrays. This degree of freedom
enables the engineering of asymmetric nanofacets character-
ized by a controlled width and local tilt.*”** These
nanostructures are supported on cheap and transparent
substrates and are homogeneous over a large area (cm?
scale) (see Figure 1f), acting as ideal templates for the
confinement of nanoantenna arrays and nanorippled plasmonic
thin films, with peculiar optoelectronic and biosensing
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functionalities.*”>**”~>” Provided the controlled morphology
of the glass template, easy tailoring of the shape of the
nanoantennas can be achieved by controlling the metal
incidence angle and/or the metal thickness during the thermal
growth.

In this work, we exploit the nanorippled glass templates for
the self-organized confinement of quasi-1D arrays based on
tilted Au NSs. Their shape has been engineered to explore
their role in the photocatalysis of MB molecules. Au NSs are
confined selectively on either the long or short facets of the
nanorippled profile by exploiting shadowing effects during
deposition of metal atoms at grazing angles (Figure 1d,e). The
thickness h of the stripes is precisely controlled by the
sublimated Au dose, while the width w and the tilt of the
stripes are a function of the local Au beam angle of incidence
with respect to the ripple ridges, showing a size distribution
which directly depends on the underlying self-organized
nanorippled template (see the Methods section for details).
In particular, we fabricated three different samples charac-
terized by different NS tilts and aspect ratios, the latter defined
as AR = h/w. In Figure 2d—f, we show cross-section schemes
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Figure 2. (a—c) Extinction spectra of samples A, B, and C,
respectively (solid red traces), normalized to the ones of bare glasses
in MB solution. Dashed blue traces are MB solutions’ extinction
spectra for all three panels. Colored vertical bars underline the Au NSs
LSPR peak wavelength. (d—f) Fabrication and morphological feature
cross-section sketch of the Au NSs of samples A, B, and C respectively
along with the orientation of the electric field polarization employed
in the extinction measurements (red arrow in panel d).

of the fabrication processes evidencing the morphological
features of the NSs arrays. In Figure 2a—c (dashed blue traces),
we report normal-incidence unpolarized extinction spectra of
bare MB solutions overlapped with analogous measurements
performed for the three samples (solid red traces) immersed in
MB solutions for TM polarization (spectra are normalized to
isolate the Au NSs contribution, see Figure S2), that is, with
the electric field oscillating along the subwavelength cross
section of the Au NSs and orthogonally to their elongation
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direction (see the sketch in Figure 2d and Methods for
details). For this polarization configuration, localized surface
plasmon resonance (LSPR) is excited over the Au NSs. A
detailed quantitative modeling of the LSP resonant wavelength
requires numerical FEM calculations (see, e.g, ref 59 for
similar Au NSs). It is well known from seminal analytical
calculations that, as a rule of thumb, decreasing the
nanostructure AR compared to a symmetrical nanostructure
one obtains a redshift of the LSPR and vice versa.”*" The
versatility of our large-area nanofabrication approach allows us
to engineer the geometrical features and thus to spectrally tune
the LSPR of the different samples by controlling simple
experimental parameters such as the metal thermal deposition
angle and dose, as the LSPR peak wavelength is a function of
the nanoparticle shape and size.”” This tunability enables
investigating the effects of varying degrees of spectral overlap
between the different LSPR of the three Au NSs samples and
the MB molecule absorption peak; in the plasmon-enhanced
photobleaching experiments this will be described further
ahead in the discussion.

In particular, for sample A we confined Au NSs on the +35°
tilted long facets of the nanorippled template (Figure 2d), the
thickness & of the stripes reads 22 nm while their average width
w is 100 nm; thus the stripe aspect ratio equals AR = 0.22. The
clear extinction peak at 690 nm (Figure 2a, evidenced by the
blue bar) is associated with the excitation of a LSPR over the
Au NSs section. For sample B (Figure 2e), the same deposition
geometry is maintained but thinner, & = 12 nm, stripes are
confined and thus the AR of the Au NSs decreases with respect
to sample A to AR = 0.12. The LSPR peak of sample B is
associated with the extinction peak at 820 nm (Figure 2b,
evidenced by the red bar), showing a remarkable 130 nm
redshift compared to the LSPR of sample A, in accordance
with theoretical arguments expecting a nonlinear LSPR redshift
for elliptical particles of decreasing AR in this incident electric
field polarization configuration.’” The LSPR extinction
intensity drops because of the decreased Au thickness with
respect to sample A. For sample C, we grow the Au NSs on the
—45° tilted short facets (Figure 2f). The structures are 45 nm
thick and show an average width of 80 nm; they thus possess a
higher AR = 0.56, which translates in a blueshifted resonance
peaked at 560 nm (Figure 2c, evidenced by the blue bar). For
sample C, because the effective area of the glass surface
covered by Au NSs is smaller than that for samples A and B we
do not observe an increase in LSPR extinction. Additionally,
because of the relevant tilt of the NSs axis with respect to the
horizontal plane, the electrical field vector can also couple
efficiently with the LSP resonance along the short axis of the
Au NSs cross section, which is blueshifted and contributes to
the overall broadening of the extinction spectrum compared
with the samples of Figure 2a,b.°”% As expected, the
measurements performed in MB show a broadening and a
redshift of the LSPR compared to measurements performed in
air, because of the increase of the surrounding medium
dielectric constant (see Figure S2 for measurements in air).

Sample A is cut to fit in a 1 X 1 cm? square section cuvette
filled with a 1.3 X 107> M MB solution and illuminated by a
linearly polarized monochromatized Xenon lamp source, after
a complete MB absorption—desorption equilibrium is reached
by the sample and cuvette surfaces (see Figure S3 and
Methods for details). The sample glass flat side adheres to the
cuvette internal wall opposing the light beam, while the sample
nanopatterned side functionalized with the Au NSs directly
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faces the source, which is polarized in TM configuration to
excite LSPR on the plasmonic nanostructures (Figures 3a and

Sample in MB
Linear polarizer/monochromator filled cuvette
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Figure 3. (a) In the top part of the panel, we show a cross-section
sketch of the experimental setup. The bottom part of the panel shows
a SEM image of the Au NSs to clarify the polarization of the incoming
light beam (TM polarization) with respect to the Au NSs orientation
in both top (upper image) and cross-sectional views (lower image).
(b) Normalized concentration of the bare MB solution (blue dots)
and sample containing solution (red triangles) as a function of photon
dose (pump source wavelength 4 = 680 nm). (c) Kinetic constants of
bare MB solution K egence (blue squares) and sample containing
solution K gyl (red squares) as a function of the pump source
wavelength A. The red circle highlights the experimental point
corresponding to A = 680 nm. (d) x sample Values at the constant pump
wavelength 4 = 680 nm changing the power density illuminating the
MB-filled cuvette containing the sample.

S4). The absorbance of the MB solution is monitored at
regular time intervals with a simple optical transmission setup,
along with the one of a reference solution which is exposed to
light excitation without a sample inside it. Experiments are
performed for different light wavelengths at a constant power
flux of 2 mW cm™>, as measured on the cuvette surface (see
Methods for experimental details), which compared to the
AM1.5 g reference solar irradiance approximately corresponds
to a 10% fraction. In Figure 3b, we show the evolution of the
normalized concentration of the MB solution containing
sample A (red triangles), compared to the reference MB
solution (blue dots) with increasing photon dose. Both the
solutions were exposed to a monochromatic light source tuned
at the wavelength 4 = 680 nm, which is resonant with both the
LSPR of sample A and MB absorption band (Figure 2a). The
plot of Figure 3b clearly highlights that the presence of Au NSs
strongly speeds up the MB photobleaching process compared
to the case of the bare solution. Experiments were carried out
for different excitation wavelengths, enabling the calculation of
the kinetic constant Kgmple and Kieerence €mploying the first-
order reaction kinetic law [C] = [C,]e ™" where C is the MB
concentration as a function of time, C, is the initial MB
concentration, and t is the exposure time, for both the sample
and the reference solution, plotted in Figure 3¢ as a function of
the excitation wavelength (see Methods). In the case of bare
reference MB solutions, a clear direct proportionality between
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the kinetic constant value Kprence (Figure 3c, blue squares)
and the molecule absorption band strength at a particular 4 is
observed, in good agreement with previous literature.”” The
reader can refer to Figure S5 for a more extended set of
experiments performed on MB solutions which explores this
correlation in more detail. Because of the low photon exposure
doses employed in the experiments, the exponential decrease
in MB concentration with time (first-order chemical kinetics)
can be analytically approximated by a linear decay [C]
[Col(1 — kt). The MB solution containing the sample is
characterized by a faster MB photobleaching reaction for all
the employed excitation wavelengths, as highlighted by the
larger kinetic constants Ky, (Figure 3c, red squares). We
observe a sample-related enhancement of the reaction kinetic
constant Kgmpe compared t0 Kieference DOth at a source
wavelength of 400 and 800 nm, where the MB solution is
completely transparent and no direct photoreaction takes place
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in the bare MB solution. The latter observation clearly points
to the role of hot electrons injected from the Au NSs, possibly
causing the production of highly oxidizing radical species in
aqueous solution or MB reduction because of the injection of
hot electrons into the molecule LUMO levels .*>**** On the
other side, the stronger kinetic enhancements are observed
when the pump wavelength is tuned with both the particle
LSPR and MB absorption band, which suggests the dominant
role of plasmon-enhanced optical effects that will be high-
lighted in detail in the following discussion. In Figure 3d, we
report Ko values obtained in experiments performed by
changing the power of the light source tuned at 4 = 680 nm. A
clear linear trend is observed thus excluding thermal effects on
the MB photobleaching enhancement because of Au NSs
heating, leading to the conclusion that we are observing purely
optical and hot-carrier-related effects.”” This is in agreement
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with the fact that the sample is excited at low surface power
density, in the range of few mW/cm™

To investigate more in depth the role of the plasmonic
nanoantennas, we measured the MB photobleaching rates on
the three different Au NSs samples at varying excitation
wavelength A. In Figure 4a, we plot the extinction spectra of
both sample A (solid red curve) and reference MB solution
(blue dashed curve), along with the underlying colored boxes
which represent the light excitation bandwidth in the different
experiments. In Figure 4b, we plot a quantity that we define as
Knet = Kgample — Kreference that is the net differential increase in the
Kk value for the solution containing the Au NSs sample versus
the reference (a cuvette filled with MB solution but without
sample) as a function of pump source wavelength A. To obtain
a quantitative comparison of the wavelength-dependent
photobleaching efficiency of the Au NSs, the k,,, values are
weighted by a coeflicient proportional to the light power
density which is effectively reaching the Au NSs on the sample
surface, according to the geometry of the experimental cell
sketched in Figure 3a assuming a reference incident power
density of 1 mW/cm?. For example, a K, value computed for
an illumination A where the solution in completely transparent
(e.g., 4 = 400 nm) will be multiplied by a weighting coefficient
equal to 1. Instead, a k., value computed for a pump source A
where the solution absorbs 50% of light before reaching the Au
NSs will be multiplied by a weighting coefficient of 2, as a
halved light intensity will reach the sample compared to the
previous case. To further evaluate the interaction between the
plasmonic resonance and the molecular absorption in Figure
3b, we also plot a relevant quantity, that we call convolution
integral parameter (blue triangles), calculated as the product of
the integral averages of extinction in the Au NSs (E,,) and in
the MB solution (E,p), both evaluated in the excitation
bandwidth centered on a particular A. Thus the convolution

. b b
integral is defined as — X / E,,(A)d\ x / Eyp(2)dA,

where b — a is the bandwidth of the source, + 25 nm with
respect to monochromator selected A (see Methods for
details). In practice, what we call convolution integral it is
the product of the mean extinction of sample and solution,
integrated within the bandwidth of excitation. The higher the
value of the convolution integral is, the higher the spectral
overlap is between the sample LSPR extinction and molecule
absorption. It quantifies the optical coupling between the two
in the chosen illumination bandwidth. In Figure 4b, we can
thus notice how the photocatalytic efficiency k. of the Au NSs
is higher as the spectral overlap of the structure LSPR with the
MB absorption is stronger. This indicates that the main
mechanism responsible for the observed increase of the
photobleaching rates in the presence of the Au NSs is the
plasmonic near-field enhancement of molecular excitation in
proximity to the resonant nanoantennas rather than a
plasmonic hot-electron charge transfer process.

To further confirm the correlation between photobleaching
activity and the convolution integral, we perform analogous
experiments on sample B and sample C (Figure Sc,d) which
possess differently tuned LSPR with respect to MB absorption
spectra. For sample C (Figure Sa,b), we observe a very similar
behavior compared to sample A. Again we observe a direct
correlation between the photobleaching efficiency k. and the
convolution integral value. It is worth noting that the
maximum value of k. is now reduced to about one fourth

net
compared to the one found for sample A, because of the partial
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detuning of the LSP resonance from the MB transition.
Considering sample B (Figure Sc,d), the LSPR peak of the Au
NSs is found at about 820 nm, well outside the spectral range
of MB absorption. We again observe a direct correlation
between k. and the overlap integral but, significantly, now k.,
is smaller when the excitation source is well tuned to the Au
NSs LSPR at 800 nm compared to the maximum k., found at
A = 690 nm in correspondence to the MB extinction peak.
These observations again suggest resonant field enhancement
coupling between plasmonic structures and MB molecules as
the dominant effect responsible for photocatalytic enhance-
ment. Nonetheless a measurable «,,, value is observed for 4 =
800 (Figure 5d, red square) even for a null corresponding
overlap integral; as already discussed, this suggests that
plasmonic hot-electron-related effects are playing a role in
MB photobleaching.B'9 It is also worth noting that average K,
values fall to even lower figures compared to sample A and
sample C. This suggests, as previously reported by other
literature studies, that an accurate engineering of the size and
morphology and the plasmonic nanostructures affecting the
interplay between properties such as scattering, absorption,
field enhancement intensity, and spatial distribution plays a
crucial role in sight of efficient plasmon-enhanced photo-
reactiv‘cy.é‘q”64

To further prove the dominant role played by field
enhancement effects, we performed a set of MB photo-
bleaching experiments with a sample analogous to sample A,
adding a dielectric spacer with variable thickness on top of the
Au NSs to control the degree of coupling between the MB
molecules in solution and the plasmonic near field localized on
the NSs. The experiments have been performed at a fixed
excitation wavelength of 660 nm (maximum overlap between
the sample LSPR and MB solution extinction) adding
amorphous TiO, overlayers with increasing thickness on top
of the Au NSs (see Figure 6a Methods for details of fabrication

!

a) b) o020

0.016
TiO,
Spacer Layer

0.012 \

Knet (1/h

e
3
S
&

0.004

0 10 20
Thickness of TiO, layer (nm)

30

Figure 6. (a) Sketch of the TiO, deposition experiment and (b) MB
photobleaching rate normalized with respect to uncoated Au NSs, K.,
plotted as a function of TiO, layer thickness, at a source wavelength of
660 nm and 2 mW/cm? power density.

via RF magnetron sputtering). In Figure 6b, we plot the Ax
measured as a function of the thickness of the TiO, spacer
layer, finding that the reactivity follows an exponentially
decaying trend as the MB molecules are separated from the Au
NSs surface by the thicker spacer. We can exclude the role of
hot electrons injected through the Au/TiO, Schottky barrier
because their diffusion length in amorphous TiO, is limited
below 3 nm, i.e, way smaller than the minimum TiO, coating
thickness here employed.”> Because of the geometry of our
system, hot electrons injected from the Au structures
recombine inside the dielectric capping layer well before
reaching its surface and interacting with the MB molecules
and/or aqueous solution. The relatively slow decreasing trend
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of the MB photobleaching rate, in the range of few tens of
nanometers, is instead compatible with the exponential decay
of the plasmonic electromagnetic near-field confined at the Au
NSs.”

The experiment of Figure 6b also allows excluding the role
of reflectivity effects in determining the observed decreasing
trend of MB photobleaching when the thickness of the TiO,
spacer layer is increased. Indeed, as shown in Figure S7, the
addition of a thin TiO, layer, which has a higher refractive
index compared to the glass substrate, results in a slight
increase of reflectivity in the order of 10% which in turn should
induce a comparably weak increase of MB photobleaching
during the return path of light inside the cuvette. Also, if we
consider polarization-resolved reflection spectra of the Au NSs
array recorded with an integrating sphere (see Figure S8), the
reflectivity of the sample fluctuates about 10—20% in the
spectral range explored in our experiments (from about 400 to
900 nm). This cannot explain the observed 80% variations in
photobleaching efficiency with the different employed
excitation wavelengths, further dismissing the relevance of
far-field backreflector-like effects. To better prove this point, in
Figure S9 we compare the photobleaching activity of the Au
NSs sample with a flat Au reference film which acts as a
backreflector at pump wavelength 4 = 680 nm. We found that
the kinetic constant for the Au NSs is about 1.5 times higher
than the one of the back reflector. We stress that the increase
in photobleaching activity of the NSs samples is observed even
if thick flat Au reflectivity is 3 times higher than that of the Au
NSs (see Figure S8) thus confirming and highlighting the role
of plasmonic enhancement. Another important feature to be
underlined is the mechanical robustness of the Au NSs arrays.
The Au NSs presents no morphological variations and any
kind or detachments from the glass substrate after several
hours of immersion in the MB solution (see Figure S6). We
attribute this improvement of film adhesion, compared to the
typical weak adhesion of Au nanostructures to glass surfaces, to
the sputtering treatment of the glass substrate prior to Au
deposition via thermal evaporation. In perspective a further
improvement of the mechanical stability of the antennas could
be achieved by deposition of a thin Ti/Cr adhesion layer, at
the expense of the broadening and redshift of the LSPR, as well
known in the literature, because of the increased effective
damping factor of the plasmonic nanostructures.®®

B CONCLUSIONS

We demonstrated the confinement of tunable plasmonic Au
NSs supported over large-area, nanorippled glass templates
which are nanopatterned via an innovative, cost-effective, and
industrially scalable bottom-up fabrication technique based on
IBS. We showed how these nontoxic, planar, solid-state tunable
plasmonic platforms can be employed in the plasmon-
enhanced photobleaching of MB molecules without suffering
any mechanical damage in solution. We demonstrated that the
efficiency of the photocatalytic process is maximized by
increasing the spectral overlap between the analytes optical
absorption band and the Au NSs plasmonic resonance, using a
monochromatized light source and performing experiments as
a function of the excitation wavelength. These experiments
allowed highlighting the crucial role of the plasmonic near-field
enhancement in the photocatalytic process. To further confirm
this effect, we grew thick dielectric spacer layers covering the
Au NSs, thus inhibiting direct injection of hot carriers from the
latter into the solution, and we observed an exponential decay

3476

of the plasmon-enhanced photobleaching process with decay
lengths in the range of few tens of nanometers. This result
confirms the dominant effect on photobleaching of the optical
plasmonic near-field tuned in resonance to the colored dye
molecule absorption band. These findings pave the way to the
optimization of the platform for applications such as waste
water treatment where the plasmonic resonance can be easily
tuned in resonance to the target molecule absorption band by
tailoring the Au NSs geometry, metal composition, or
architecture (e.g., magnetic modes in plasmonic dimers )%’
and a broad range of other light-harvesting and sensor
applications.

B METHODS

Sample Fabrication. A soda-lime glass (2 X 2 X 0.2 cm®) is
rinsed for 10 min in both acetone and isopropylic alcohol and put in a
custom-made vacuum chamber pumped down to a pressure in the
order of 107 mbar. The sample surface is then irradiated by means of
a Tectra Gmbh ion gun with an 800 eV Ar + beam (gas purity NS.0)
at a pressure of 4.0 X 107 mbar. The ion beam direction forms a
—30° angle with respect to the glass surface normal, and the ion
fluence corresponds to 1.4 X 10" ions/cm’ The sample holder is
heated to a fixed temperature of about 680 K during the sputtering
process by a fire rod heater.

After the IBS experiment, Au stripes are confined either on the long
or short facets of the glass nanorippled asymmetric saw-tooth profile
by grazing angle thermal deposition. Au is deposited on the long
rippled facets (tilted at O, = 35°) by selecting a O, peam = S5° Au
beam angle with respect to the flat sample surface normal. The long
facets are thus illuminated by the Au beam at 20° local angle while the
short facets on the other side of the ridge are completely shadowed.
Similarly, Au stripes are confined on the short ripple facets (tilted at
Opacers = —45°) by selecting a Oy pear = —65° Au beam direction which
again forms a 20° local angle with respect to the local facet surface
normal. The thickness of the Au stripes h is controlled by means of a
calibrated quartz microbalance considering the Au thickness
deposited on a flat substrate (h,) by basic trigonometric arguments
by the relation i = hy X cos(10,, peam — Orcerl)- The Au deposition rate
corresponds to about 1 A/s for all experiments. The width w of the Au
stripes is fixed by the facet choice and corresponds to about 120 nm
for the long facets and 80 for the short ones.

TiO, layers have been grown with a custom-made RF sputtering
system using a 2" titanium target. The reactive RF sputtering
experiment is run in a mixed argon and oxygen atmosphere at a power
P = 10 W and sample—target distance d = 8.5 cm. The TiO, layer
thickness was monitored with a calibrated quartz microbalance. The
TiO, thin film has been characterized by both optical transmission
and Raman measurements.

Morphological Characterization. AFM topographies of the
nanorippled glass surface have been acquired by means of a Nanosurf
S Mobile microscope operating in noncontact mode. The analysis of
AFM images has been performed with WsXM software.”® Top-view
SEM images have been acquired with a thermionic Hitachi VP-SEM
SU3500.

Optical Characterization. Normal-incidence extinction spectra
of nanorippled glass—Au stripes and MB solutions are acquired by
employing a fiber coupled compensated halogen-deuterium lamp
(DH-2000-BAL, Mikropak) and a Vis—NIR spectrometer (HR4000,
Oceans Optics) operating in the 300—1100 nm spectral range. The
macroscopic spot size diameter is about 1 mm. For linearly polarized
measurements, a Thorlabs Glen—Thompson polarizer has been used.
A flat, bare glass is used as reference in the case of nanorippled Au
stripe measurements performed in air. An empty cuvette is used as
reference in the case of MB solution measurements. A MB-filled
cuvette with a flat, bare glass inside is used as reference in the case of
nanorippled Au NSs measurements in MB.

Photocatalysis Experiments. MB solutions are prepared at a
fixed concentration of C, = 1.3 X 10™° mol L™ by diluting MB
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powder in mQ water. MB concentration is estimated optically by
measuring the adimensional solution absorbance A = —log(T), where
T is the solution transmittance, and using the Beer Lambert law
resolved for the concentration C = Ad™'e™!, where d is the optical
path expressed in cm and € is the molar absorption coefficient, for
which we used the literature value of 7.5 X 10° L mol™ em™. Two
quartz cuvettes with a 1 cm side square internal section are filled with
2 mL of MB solution and a little magnetic stirrer. The cuvettes are
covered with parafilm to avoid solvent evaporation and left stirring at
room temperature for 1 h. A nanorippled glass—Au stripe sample is
then put inside one of the cuvettes. The sample is cut to perfectly fit
the width of the cuvette and level of the MB solution inside it. Both
solutions are left stirring for another hour to reach a complete surface
absorption/desorption equilibrium before exposure (see Figure S3).

After this initial procedure, both cuvettes are illuminated with a
Newport TLS130B-300X tunable light source, equipped with a 300 W
Xenon arc lamp, a CS130B monochromator, and a 1 in. output flange.
The monochromatized beam (+25 nm of bandwidth) passes through
a Thorlabs WP2SM-UB ultra broad band wire grid polarizer before
reaching the cuvettes, so that the electric field oscillates orthogonally
to the Au NSs facing the beam (see the scheme in Figure 3a). The
cuvettes are put one beside the other at about 40 cm of distance from
the lamp output flange so that the beam uniformly illuminates both of
them. The average beam power density at the cuvette location is
measured with a Newport 818-UV optical power detector connected
to a Newport 1919-R optical power meter. The source power is tuned
so that the power density is equal to 2 W cm™ for all the experiments
performed at different monochromatization wavelengths. Every 30
min, the position of the cuvettes is swapped for better exposure
uniformity. At regular intervals of photon dose, the absorbance of
both solutions is measured using the extinction setup described in the
previous subchapter and a custom-made cuvette holder. The
absorbance evolution of the MB solution containing the sample is
discussed and compared to the reference one (solution with no
sample) for different exposure wavelengths in the Results and
Discussion section.
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