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Plasmonic nanomaterials have garnered considerable attention in the scientific community due to their
applicability in light-mediated technologies, owing to tunability, large optical cross-sections and scalability.
Plasmonic nanoparticles with uniform morphology exhibit substantial optical cross-sections but limited energy
absorption windows, reducing effectiveness for applications using polychromatic illumination like sunlight.
Integrating plasmonics electrodes with a Fabry—Pérot nanocavity is a promising approach to broaden the
absorption energy range of single morphology particles. Traditionally, the fabrication of these nanocavities
involves clean room processes, posing scalability challenges and limiting the materials’ scope. This study pre-

Received 30th April 2024, sents a successful approach for enhancing light absorption in a plasmonic photoelectrode system through a

Accepted 1st May 2024 Fabry—Pérot nanocavity created using bottom-up solution methods. This approach technique overcomes
some of the existing scalability issues while enabling the fabrication of a photocathode that can be rendered

semitransparent or opaque. Such versatility opens up many application possibilities for these photosystems,
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Plasmonic materials have received considerable attention as a novel
light-driven system for optoelectronics,"® photovoltaics,”®” photo-
catalysis®** and others."® Plasmonic nanoparticles absorb light
through a unique photophysical process called localised surface
plasmon resonance (LSPR). LSPR is associated with the collective
oscillation of electrons in noble metal nanoparticles (such as gold
and silver) when illuminated. The interaction between light and
metal nanoparticles leads to the excitation of surface plasmons,
which oscillate electrons at the metal surface, resulting in enhanced
electromagnetic fields in those areas. The localised electromagnetic
fields can be used for sensing, imaging and optoelectronics. The
decoherence of the electron oscillations forms a non-Fermi-Dirac
population of excited carriers (ie. hot carriers), which can be
leveraged for photocatalysis and photovoltaics. At the same time,
the heat resultant from their recombination can be used for thermal
catalysis and phototherapy.

LSPR occurs at the nanoscale and is highly sensitive to the
nanoparticles’ size, shape and surrounding environment.
Despite their large optical cross-sections, a 2D electrode con-
sisting of sub-monolayers of plasmonic nanoparticles with
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from photocatalysis to optical devices.

uniform morphology cannot efficiently harvest polychro-
matic light, such as sunlight."*"® Photoelectrodes with three-
dimensional architectures were developed and applied to
improve light utilisation efficiency,"”° but they are complex
and challenging to scale. It is, therefore, paramount to develop
approaches to increase 2D electrodes/devices’ energy absorp-
tion range.

Shi et al.*' demonstrated a highly efficient broadband light-
harvesting photoanode with a single plasmonic particle size.
Their system consisted of an Au-film/TiO,/Au NPs (nano-
particles) structure. The device showed a strong coupling
between the Fabry-Pérot nanocavity modes and LSPR, which
they exploited to broaden their system absorption spectrum
and increase the water-splitting quantum yield.

A Fabry-Pérot cavity”® is a fundamental optical structure
named after the French physicists Charles Fabry and Alfred
Pérot, who developed it in the late 19th century. Fabry-Pérot
cavities are optical resonators or interferometers with two
parallel and highly reflective surfaces (e.g. mirrors or other
reflective structures). The basic Fabry-Pérot cavity configu-
ration consists of an entrance mirror, a partially transmitting
internal mirror, and an exit mirror. Light enters the cavity
through the entrance mirror, reflects between the two mirrors
multiple times, and then exits through the partially transmit-
ting internal mirror. The interference of the reflected beams
creates constructive and destructive interference patterns,
forming a series of resonant optical modes within the cavity.
The design and characteristics of Fabry-Pérot cavities make
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them versatile tools in optical systems and devices. Fabry-Pérot
cavities are widely used in optics and photonics for various
applications, including interferometry, laser cavities, etc.

The electrodes/devices are commonly produced via a top-
down methodology requiring sophisticated equipment, often
located in a clean room environment. Consequently, they are
challenging to scale and adapt. Additionally, despite the
advancements,* top-down approaches limit the materials’
scope. Therefore, it is highly desirable to develop complemen-
tary bottom-up manufacturing of such systems that can be
processed from solution. Bottom-up approaches can leverage a
wider breadth of plasmonic nanoparticle morphologies and
dielectric materials, consequently expanding the range of appli-
cations. Furthermore, bottom-up approaches are less costly and
more versatile.

Herein, a methodology for preparing an electrode via
bottom-up solution methods, which can be adapted and scaled,
is presented. The electrode consisted of FTO/metal film/
CuSCN/Au NPs. The electrodes significantly enhanced the
energy absorption window while acting as a potential photo-
cathode. The design can be made semitransparent or opaque,
offering solutions to various applications. Since single plasmo-
nic nanoparticle morphologies have characteristically narrow
band absorption,** our device was constructed as a Fabry-Pérot
nanocavity resonator to broaden their absorption without
changing their morphology. A significant aspect of the
approach is that it can be adapted to any plasmonic nano-
particles since the dielectric layer contains selective anchoring
groups to attach the plasmonic particles.

The experimental details associated with synthesising Au NPs
can be found in the ESL.f We synthesised them via a method
reported elsewhere.”® Fig. S1a (ESIt) shows the dynamic light
scattering (DLS) spectrum of the Au NPs. The average particle size
was estimated to be 8 £ 2 nm. The Au NPs monodispersity was
confirmed by the single peak in the DLS spectrum and the low
polydispersity index (PDI) of about 0.26. The average particle size
and shape uniformity were further confirmed by SEM analysis,
shown in Fig. 1 and Fig. S2 (ESIt). The images show a good
distribution of particles in FTO with similar size (5-10 nm) and
shape (spherical). The samples displayed a characteristic Au NPs
LSPR peak centred at 515 nm with an intraband absorption tail
below 500 nm (Fig. S1b, ESI}).

The findings show that the starting plasmonic nanoparticles
are homogeneous in morphology and size. Consequently, the
devices manufactured from them are expected to have a narrow
band absorption unless fabricated with a Fabry-Pérot nanocavity
structure.® This is noticeable by analysis of the UV-vis spectra in
the absence of Fabry-Pérot nanocavity (Fig. S4, ESIT). Adding
CuSCN to the FTO glass improved the transmission of the
conductive glass by effectively reducing its reflectivity. Adding
Au NPs increases the device absorption around the plasmonic
resonance and intraband, consistent with the amount of Au NPs
attached. Still, there was no significant optical enhancement in
broadening the absorption energy range.

The Fabry-Pérot nanocavity fabrication steps are illustrated in
Scheme 1. First, the FTO TEC 15 glass substrates (~12-15 Qsq )
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Fig. 1 Scanning electron microscopy (SEM) of the Au NPs deposited on
high-resolution FTO glass to determine average particle size.

were cleaned by ultrasonication in a solution containing sur-
factant, double-deionized water, acetone and isopropanol.
Then, the FTO substrates were treated with UV-ozone for
15 min. Three different categories of samples were fabricated:
(i) samples with a reflective film on the backside of the FTO
substrate (reference samples), (ii) samples with a semitranspar-
ent reflective film on top of the FTO substrate, and (iii) samples
with a reflective film on top of the FTO substrate. The general
structure of the nanocavity samples used was FTO/metallic film/
CuSCN/Au NPs. The semitransparent metallic film consisted of

Substrate preparation:

FTO glass +  Cleaning
= * Ozone treatment
Ag/Au film ' | Metallic film evaporation:
: * Opaque =100 nm Ag
FTO glass +  Semi-transparent — 25 nm Au
I Spacer/CuSCN Spacer evaporation:
Ag/Au film *  p-semiconductor (CuSCN)
¢  Spin — coating (3000 rpm for 30s)
FTO glass ¢ Annealing for 10 min @ 100°C
Au
Spacer/CuSCN Plasmonic NPs qeposmon: .
Ag/Au film * Immersion in Au NPs solution for
25 min @ 60°C
FTO glass *  Overnight drying

Scheme 1 Schematic representation of the steps involved in the Fabry—
Pérot nanocavity fabrication.
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25 nm Au film, whereas the reflective film was a 100 nm Ag
film. The metallic films were prepared by evaporation employ-
ing the LEICA EM MED202 (Leica Camera AG, Wetzlar,
Germany).

In addition to broadening the device absorption energy
range, we wanted to demonstrate that the system could act as
a photo-cathode. Therefore, the dielectric layer should be a
p-type semiconductor to extract hot holes from the plasmonic
particles, which, in our case, was CuSCN. The CuSCN films
were fabricated via spin coating using a precursor solution of
0.08 M of CuSCN powder diluted in diethyl sulfide (9.7 mg in
5 mL) to which we added 10 pL of 4-methoxy thiophenol that
acts as a plasmonic attaching group via its S-H groups.>® The
CuSCN layer was spin-coated onto the FTO substrates with a
speed of 3000 rpm for 30 s and heated at 100 °C on a hotplate
for 10 min, yielding CuSCN films about 30 nm thick.”” SEM
analysis of the cross-section (Fig. S3, ESIt) revealed that the
CuSCN layer has a thickness similar to the FTO layer on TEC15
glass, which is between 320-340 nm.>® A CuSCN layer between
250-300 nm fulfils the requirement that the dielectric layer
thickness must be close to the light wavelength. The nanopar-
ticle loading was then achieved by submerging the samples into
an Au NPs solution (~5 mM) for 25 min at 60 °C. After the
Au NPs deposition, the samples were allowed to dry in air
overnight.

Fig. 2 shows the optical absorption of the films. The reflec-
tance spectra of the samples are shown in Fig. S5 (ESIT). The
attachment of Au NPs to the CuSCN promoted by the 4-methoxy
thiophenol molecules is observed by the appearance of an
absorption peak centred at 609 nm. The shift in the LSPR peak
is explained by the heterogenisation of the Au NPs and inho-
mogeneity in the dielectric layer thickness, consistent with
previously published electrodes.>® Note that without the semi-
transparent 25 nm Au metal film, the absorption across the
visible range never exceeded 0.4.

1,0
FTO/CuSCN ® FTO/CuSCN/AuNPS
¢ Au film/FTO/CuSCN/Au NPs ¢ FTO/Au film/CuSCN/Au NPs
0,8
0,6
« 0
i
T 04
s \—\/\
0,0
400 450 500 550 600 650 700 750 800

Wavelength (nm)

Fig. 2 Electrodes optical absorption comparison. The trace shade repre-
sents the error originating from variability in sample fabrication. UV-vis
spectra of the semitransparent samples: FTO/CuSCN (grey line), FTO/
CuSCN/Au NPs (black line), Au film/FTO/CuSCN/Au NPs (red line) and
FTO/Au film/CuSCN/Au NPs (blue line). The arrows indicate the gain in
optical absorption due to the Fabry—Pérot nanocavity.
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The addition of the semitransparent 25 nm Au metal film
significantly affected the electrode absorption, increasing the
electrode absorption by about 0.3-0.5. However, when the Au
film is on top of FTO and thus in an arrangement where the
Fabry-Pérot nanocavity can occur, there is a further enhance-
ment in the absorption between 550-800 nm, as highlighted by
the arrows in Fig. 2, suggesting coupling of the Au NPs LSPR
absorption with the Au film. This increase in absorption cannot
be justified by changes in film morphology because, according
to atomic force microscopy (AFM) analysis (Fig. S6, ESIt), this
was not significantly affected. According to the AFM, the films’
roughness decreased as additional layers were added, but not
to the point that this could significantly affect the overall
scattering.*® All films with CuSCN were very smooth with a
roughness root mean square (RMS) of 4.98 nm, considering
they were fabricated on FTO that has an RMS of 30.5 nm, which
is a notably rough substrate, corroborating CuSCN properties to
make thin and smooth films.>

Enhancements of plasmonic optical absorption in the
presence of metallic films have been observed in gap mode
plasmonic coupling with metal film*'™* and in Fabry-Pérot
nanocavity structures.> Gap mode devices enhance the optical
absorption of the metallic film and the nanoparticles by
inserting an ultrathin gap between the two structures, generally
<10 nm. The gap can be a thin dielectric layer*>** or simply a
physical separation.*’ Independently on how they are fabri-
cated, the gap mode devices’ optical spectra have a character-
istic enhancement in the absorption peaks of the metal film
and nanoparticles intensity but do not significantly broaden
the peaks absorption. This is the most significant difference
between the spectra compared to Fabry-Pérot nanocavity,
which enhances the absorption of the individual components
and broadens the absorption spectrum via shifting of the
central absorption peak to the red and inducing a new absorp-
tion band to the blue of the LSPR peak.***> Therefore, the
observed enhancement is consistent with forming a Fabry-
Pérot nanocavity, which broadens light absorption in some
parts by as much as 20%. The observation is also consistent
with Shi et al findings,” where they observed the most
significant optical absorption when the nanocavity modes over-
lap with the Au NPs LSPR absorption.

Because of the fabrication methods and FTO substrate
roughness, it is reasonable to expect some inhomogeneity in
the dielectric layer thickness. Inhomogeneity in the dielectric
thickness can induce some broadening but is not the main
culprit for the findings because the broadening in the nano-
cavity is much more considerable than what was observed when
the Au NPs were deposited on the CuSCN with the semitran-
sparent film, where inhomogeneity in the dielectric thickness is
also expected.

The finding demonstrates that Fabry-Pérot nanocavities can
be created from bottom-up solution-based methods, even on
semitransparent electrodes. Semitransparent electrodes enable
optical spectroscopic measurements in transmission mode,*®
energy transfer processes, and photochemical reactions with
back-side illumination (the most common, at least in academic

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 3 Power-dependent light absorbance for the FTO/Au NPs sample
(red trace) and FTO/Au film/CuSCN/Au NPs (blue trace). (a) Using the
532 nm CW laser (resonant excitation); and (b) employing the 635 nm CW
laser (non-resonant excitation).

settings).>” To validate the proposed strategy’s relevance, it is
essential to establish that (i) the presence of the nanocavity
increases light absorption at different wavelengths and (ii) that
more charge can be extracted from devices, in this case, hot holes.

Power-dependent light absorbance measurements were per-
formed to substantiate the nanocavity optical absorption prop-
erties. Fig. 3 shows the absorbance of the FTO/Au NPs sample
and FTO/Au film/CuSCN/Au NPs under different CW laser
power at resonant (excitation at 532 nm) and non-resonant
excitation (excitation at 630 nm). Note that the FTO/Au NPs
(reference sample) have significantly higher Au NPs loading
because the loading is not limited by the Au NPs attachment to
the CuSCN; therefore, one is to expect a high signal when
exciting Au NPs resonantly.

Under resonant excitation (Fig. 3a), the presence of the cavity
led to an increase of about 20% in light absorption, which is
significant if one considers that the FTO/Au NPs device has a
higher loading of Au NPs for the abovementioned reasons. When
the experiments were performed using non-resonant excitation
(Fig. 3b), the enhancement was about 40%. Noticeably, the light
uptake for the sample with the nanocavity did not change
significantly between the two excitation modes, corroborating
that the nanocavity expands the optical absorption range.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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To establish that the Fabry-Pérot nanocavity electrode can
act as a photocathode over a broad energy range, we performed
transient absorption spectroscopy (TAS). Optical excitation of
the plasmon resonance widens its optical absorption peak,
forming a bleach signal around the excitation wavelength and
two positive winglets on either side of the bleach signal.*®*™*
Kinetic traces extracted at the maximum of the winglets or
minimum of the bleach provide information on plasmon
excitation efficiency (delta absorption (AA4) at time zero) and
hot carriers’ lifetime. The latter includes information about
charge extraction from the plasmonic material in the presence
of a suitable acceptor,*>** in the present case, CuSCN.

Experiments were performed resonantly (excitation at
550 nm) and non-resonantly (excitation at 650 nm) with the
Au NP LSPR peak. Three samples were measured, more speci-
fically, FTO/Au NPs (reference sample), Au film/FTO/CuSCN/Au
NPs (all components but no nanocavity) and FTO/Au film/
CuSCN/Au NPs (with nanocavity). Once again, the FTO/Au
NPs (reference sample) have significantly more Au NPs because
it is not limited by the Au NPs’ attachment to the CuSCN;
therefore, one is to expect a high signal when exciting Au NPs
resonantly. The outcome of the experiments is shown in Fig. 4.
Before discussing the TAS data, it should be emphasised that
the TAS experiments were performed using the same condi-
tions for all devices regarding excitation fluency and illumi-
nated area, enabling us to compare lifetime and signal intensity
directly.

Despite having considerably fewer Au NPs on the film, the
AA of the nanocavity sample (blue trace) at time zero is still
slightly higher than the FTO/Au NPs. The enhancement is
clearly due to the presence of the nanocavity because its A4 is
double what was measured with the Au film/FTO/CuSCN/Au
NPs sample. This demonstrates that even under resonant
excitation, the presence of the nanocavity significantly enhances
the plasmonic effect, permitting similar optical absorptions with
much less Au NPs density. The nanocavity effect becomes even
more pronounced when performing non-resonant excitation
(Fig. 4b). It is evident that under non-resonant excitation, the AA
at time zero for the FTO/Au NPs drops significantly, while the signal
for the sample with the nanocavity remains almost the same. This
corroborates the optical measurements, demonstrating that the
nanocavity expands the absorption range without changing nano-
particle morphology.

Analysis of the kinetic traces permits extraction of electron—
phonon (e-ph) lifetime, which is sensitive to the amount of
charge in the resonance, ie., a decrease in e-ph lifetime
signifies charge transfer to a suitable acceptor.***The motiva-
tion to use CuSCN was first to enable the fabrication of a Fabry-
Pérot cavity using bottom-up solution methods. However,
CuSCN is a known p-type semiconductor able to accept hot
holes and thus create a photo-cathode device,** which, to our
knowledge, has not been demonstrated so far.

A summary of the e-ph lifetimes extracted from the fitting
of the kinetic traces following the methodology proposed
elsewhere** is presented in Table S1 (ESIf). The fittings show
a significant decrease in the e-ph lifetime in the nanocavity

New J. Chem., 2024, 48, 9390-9395 | 9393
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Fig. 4 TAS kinetic traces were extracted at the maximum of the winglet
signal to the blue of the plasmonic transient bleach. (a) After excitation at

550 nm (resonant with Au NPs LSPR peak); and (b) after excitation at
650 nm (non-resonant with the Au NPs LSPR peak).

when compared with Au on FTO glass. A reduction of e-ph
lifetime is consistent with charge transfer from the plasmon to
the semiconductor, which in the present case suggests hot
hole transfer. A similar e-ph lifetime was observed when the
sample was measured off-resonance from the Au NPs LSPR.
Unfortunately, due to the low signal, the e-ph of the reference
sample could not be determined. However, the e-ph lifetime
is an intrinsic nanoparticle property; it is reasonable to
assume that a similar level of hole extraction is attained when
the sample is excited non-resonantly if fabricated into a
nanocavity. The findings confirm that nanocavities can also
be used to manufacture photo-cathodes, expanding the excit-
ing portfolio.

Shi et al.®* optimised a nanocavity structure consisting of
SiO, glass/Au film {100 nm}/TiO, {28 nm}/Au NPs {12 + 5.5 nm}
14 nm inlaid into the TiO,. These opaque electrodes displayed a
broad absorption across the visible range, with a dual absorp-
tion band. To demonstrate this could be achieved with the
strategy proposed herein, nanocavities with the following archi-
tecture: FTO/Ag film {100 nm}/CuSCN {250 nm}/Au NPs
{8 £+ 2 nm} not inlaid were fabricated. By not inlaying the Au
NPs in the semiconductor, one could reduce the workflow
complexity while being conscious that that might affect the

9394 | New J. Chem., 2024, 48, 9390-9395
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nanocavity efficacy in capturing the visible light.>" Similar
electrodes were fabricated for comparison purposes but with
Ag film on the backside of the FTO. These electrodes provide
information about electrode layers’ combined absorption and
the impact of dual absorption due to back-reflectance without
the nanocavity effect. The outcome of the experiments is shown
in Fig. S5 (ESIY).

Adding the 100 nm Ag film to the electrode (backside of
FTO) slightly improved the electrode’s overall absorption. This
is understandable since the Ag film back-reflects the light,
enabling additional absorption by the Au NPs. When the Ag
film was deposited on top of the FTO, a significant increase in
absorption across the entire visible range was detected, which
is noticeable in the optical photographs. The light uptake increased
by as much as 30% and displayed dual absorption bands, in
agreement with Shi et al®>' observations. They assigned the low
energy absorption band to the cavity mode overlapping with the
LSPR of the Au NPs, while the one at higher energy to the cavity
mode attributed to the Au intraband transition. The findings
corroborate that the methodology can be adapted to opaque films,
where the optical absorption gains are even more substantial in
light uptake and absorption energy range.

In conclusion, a simple bottom-up method for manufactur-
ing plasmonic Fabry-Pérot nanocavities is reported. Fabry-
Pérot nanocavities are promising devices to broaden the
absorption energy range of the plasmonic photosystems,
enabling efficient capture of polychromatic light, such as sun-
light. The fabrication method is solution-based, making it
adaptable and able to leverage the breadth of plasmonic
morphologies and materials available. The designs could be
made semitransparent or opaque, expanding the potential
range of applications. TAS studies revealed that when the
nanocavity is present, a larger fraction of hot holes can be
extracted when excited at the LSPR resonance and non-
resonantly, indicating that the devices produced could be used
as photo-cathodes.
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