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Abstract

The light-harvesting properties ofsmetal.oxide thin films can be remarkably increased by the introduction of
39 plasmonic nanostructures, leading to higher efficiencies in photovoltaic or photoelectrochemical devices. In the
41 prototypical material combination, Au-TiO,, nano- and mesoscale porosity of TiO; is desirable to improve not
43 only the light-harvesting, but also the available surface area for chemical reactions. Moreover, great attention
has been given to/the control of size and shape of Au nanoparticles (NPs) to increase the overall optical properties
48 of the film. An"this werk, we investigate the optical properties of the composite Au-TiO; films exhibiting
50 remarkable light scattering properties. TiO; is characterized by a tree-like hierarchical morphology produced by
52 pulsed laser deposition, and two different configurations for Au integration, namely Au on top and at the bottom
of TiO; are explored by varying the size of Au NPs. The hierarchical oxide morphology allow to achieve superior

57 scattering properties after the combination with Au NPs with respect to films obtained from a commercial paste
58 1
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deposition. Both the Au-top and Au-bottom configurations enable to tune the plasmonic propertiesiof Au NPs.
Specifically, outstanding scattering properties are exhibited by the composite TiO; film grown on top.of large
(~100 nm) Au NPs. These results show the potential interest of employing such integrated.films as photoanodes
in dye-sensitized or perovskite-based solar cells, or in photoelectrochemical cells for water splitting. An
analogous approach can be employed for alternative materials, both considering the plasmonic structures as

well as the semiconductor layer.

1. Introduction

Plasmonic metal nanoparticles (NPs) are known for.their unique ability to strongly enhance nanoscale
light-matter interactions via free electron excitations triggered by specific light wavelengths, resulting in a
characteristic localized surface plasmon resonance (LSPR))[1,2]. Beyond known decorative aspects [2,3], the use
of plasmonic resonances has tremendously developed [4,5], enabling the manipulation of light in wide research
directions that crosscut many applications including sensors [6] and biosensors [7], medical therapy [8],
photodetectors [9], photochemistry [20], as'well as surface enhanced Raman spectroscopy (SERS) [11]. The
precise tailoring of the LSPR wavelength = necessary for the aforementioned applications — can be achieved by
controlling the average size and shape of NPs, as well as the interparticle spacing [2,12]. In particular, the
integration of plasmonic NPs in'semiconductors is considered a particularly promising approach for extending

and/or improving their light absorption for solar energy harvesting technologies, including photocatalysis [13],

photovoltaics [14,15], and photoelectrochemical (PEC) hydrogen production [16].

In the' aforementioned applications, wide-bandgap semiconductor oxides (such as TiO, and ZnO) have a
key role’and theirintegration with plasmonic NPs can give rise to several effects, leading to the overall device
improvement. In PEC cells, photoanodes (n-type semiconductors) or photocathodes (p-type) play the active role

of photocurrent generation upon light absorption. Plasmonic NPs can induce, for instance, hot carrier injection
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to allow a visible-light sensitization [17—19] or scattering effects, promoted by relatively large NPs (>:50 nm), to
allow a more efficient UV absorption [20,21]. In thin-film solar cells, Al-doped ZnO (AZO) thin films integrated
with plasmonic NPs can be employed as plasmonic back-reflectors (PBRs) to enhance theilight absorption in the
active layer of the device [22,23]. In dye-sensitized or perovskite solar cells, mesoporous TiOz photoanodes
provide light-harvesting and electron transport from the active layer to the back-contact; the former property
can be significantly enhanced by the introduction of plasmonic NPs, increasing the solar cell efficiency [24-27].
In this regard, several works report the use of chemical methods to integrate the mesoporous photoanode with
NPs exhibiting a core-shell [24,25,28] or complex [26] morphology;.or with different loadings of NPs [27].
Subsequently, the photoanode is deposited by doctor-blade [24], screen-printing [25], or spin-coating techniques
[26-28], which do not generally allow its fine morphological tuning. Co.nversely, physical vapor deposition (PVD)
methods, such as sputtering or evaporation, allow. the integration of plasmonic NPs at the bottom, on top, or
within the oxide film [19,20,23,29]. A heat treatment can be further employed to tune the NP plasmonic
resonance; however, these approaches present limitations in the micro- and nanoscale morphology of the

semiconductor, which is generally compact [19,23,29]:

Pulsed Laser Deposition (PLD) can be considered as a highly flexible synthetic method that could
potentially address the aforementione&ssues [30-32]. Indeed, hierarchically-organized films of different oxides
with tunable optical and electrical properties can be obtained by playing with the process parameters, and their
superior functional propertiesthave already allowed their application as photoanodes in dye-sensitized [33—35]
or perovskite-based [36] solar cells and in PEC water splitting [37]. This technique also allows the preparation of
plasmonic Au NPs with a precise tuning of their average size and coverage, thus leading to a control on their
optical properties [38,39]. Furthermore, a PLD co-deposition process can be exploited to realize porous TiO;
layers integrated with Au NPs homogeneously dispersed through the film volume [40,41]. As a consequence, the
advantages. of this approach could pave the road towards novel photoanodes by combining plasmonic NPs and

hierarchical.oxide films with enhanced light harvesting properties [42,43].
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In this work, we propose a combined vapor phase approach for the integration of Au NPs withinTiO; films,
based on the tuned synthesis of TiO, nanostructured porous films by PLD and the integration with.Au NPs
produced by thermal evaporation or PLD. Specifically, we focus on two different integration strategies involving
the deposition of Au NPs of different size on top and at the bottom of nanostructured TiO; films, representing
two alternative approaches for the optical management in photoanodes. Specifically, in the first configuration
Au can penetrate down to about 100 nm below the TiO, surface and subsegquent thermal annealing promotes
Au diffusion, while also managing to tune the LSPR wavelength by favoring Au NPs growth and separation; light
scattering is promoted for larger NPs. In the second configuration, the growth and morphology of TiO;
nanostructures are influenced by the size of the underlying Au NPs, with:size in the range ~25-100 nm, leading
to enhanced light scattering properties dictated by the synergetic eff(ict of the plasmonic properties of Au NPs
and the organization/spacing of the TiO, nanostructures. In both cases, we show that the optical response of the
composite Au/TiO; films can be controlled to a superior extent with respect analogous ones obtained from a

commercial TiO; paste, especially in terms ‘of light scattering.

2. Experimental methods
N

The PLD conditions to deposit hanostructured TiO; film are extensively described elsewhere [40]. Here, a
TiO; (99.9% pure) target was ablated with a ns-pulsed laser (Nd:YAG, 2nd harmonic, A = 532 nm, pulse duration
5-7 ns, 10 Hz repetition rate, fluence on the target 3.5 J/cm?). Films were deposited on Si (100) and soda-lime
glass substrates mountéd ona sample holder at a fixed target-to-substrate distance of 50 mm. Depositions were
performed at'room température with a pure O, background gas at a fixed 8 Pa pressure. Au NPs were obtained
by depositing a.Au layer by thermal evaporation, followed by thermal dewetting to induce formation of NPs
having an average size directly related to the layer thickness. Au grains (99.9% purity) were evaporated in an
Edwards E306 thermal evaporator (starting from a base vacuum level of ~2-:10° mbar) controlling the Au

equivalent thickness by means of a quartz microbalance. The equivalent thickness information for the specific
4
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samples is provided in the Results and Discussion Section. Post-deposition annealing treatments©f TiO, and Au
were performed in air in a Lenton muffle furnace with 4 °C/min heating ramp and 2 hours dwell at 500 °C. These
conditions enable both the crystallization of TiO, in anatase form and the formation,of Au NPs exploiting
dewetting phenomena of the Au films. Specifically, for the TiO,/bottom Au NP layers the following synthesis
sequence was employed: Au deposition - Au NP formation by thermal dewetting - TiO, deposition over the NP -
thermal annealing of the whole system; for the top Au NP/TiO; layers: TiO,deposition="Au deposition over the

TiO; layer - thermal annealing of the whole system.

The integration of Au with commercial TiO; paste was carried out.as a,comparison with nanostructured
TiO; films by PLD. A TiO, commercial paste (Dyesol 18NR-T) composed ofranatase nanoparticles with average
diameter of 20 nm was diluted in ethanol and deposited by doctar blade technique, followed by thermal

annealing at 500°C in air to allow solvent evaporation.and sintering among nanoparticles.

A field emission scanning electron.,.microscope (FEG-SEM, Zeiss Supra 40) was used to perform
morphological characterization analyzing films deposited on Si (100) substrate and to determine the Au NP size
distribution by image analysis with Image Jisoftware. Optical transmittance spectra were evaluated with a UV-
vis-NIR PerkinElmer Lambda 1050 spectrophotometer with a 150 mm-diameter integrating sphere in the range
250-2000 nm, illuminating the sample from the glass substrate side. All the acquired spectra were normalized

with respect to glass substrate.contribution.

3. Results and discussion

3.1 Au nanoparticles at the bottom of TiO, layer

The first'investigated composite film configuration consists of a layer of Au NPs deposited on the
transparent substrate (glass in this case), over which a nanoporous TiO; layer is then deposited. This represents

thedsituation in which plasmonic nanoparticles are deposited at the bottom of the photoanode, i.e. at the

5
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interface with the underlying electrode substrate, enhancing light trapping via scatterin cts. This

configuration offers a potential interest for an increased light utilization in dye-sensitized [24,2
based [26,27] solar cells, as well as in PEC water splitting cells [20,21]. *
Plasmonic NPs favor scattering effects especially when their size is in the ran %ns nm [15]. In

order to achieve and tune the desired NP dimensions, we evaporated Au layers wit ifferent nominal

thickness, namely 2.5, 5 and 10 nm. An annealing treatment in air at 500 °C rmed to promote the

layer dewetting and formation of irregular nanoparticles (NPs) [38]. Th u NPs were characterized

by an average size of ~23 7 nm, ~50 £ 22 nm and ~100 + 45 nm, r tively .1), and by a very large aspect

e 1 - SEM images of Au NPs obtained after dewetting of evaporated Au layers. Different average sizes, i.e. 23, 50, and

are reported in (a), (b), and (c), respectively.
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42 Figure 2 — SEM images of TiO2 paste (a);PLD TiO: (b) and PLD TiO2 grown on 100 nm size Au NPs on bottom (c).

47 A nanoporous TiO; layer was then deposited over the Au NPs; Fig. 2 shows cross-sectional SEM images for
49 the case of 100 nm Au NPs. We compare the morphological properties of a conventional nanoparticle-assembled
51 film (Fig. 2a), obtained by depositing a commercial anatase paste (TiO, NPs average size 20 nm) by doctor blade
(used here asreference), to those of a hierarchically-nanostructured film (Fig. 2b), deposited by PLD. While the
56 former exhibits a nanoporous morphology with a random assembly of TiO, nanocrystals, the latter shows a

58 7
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multiscale porosity and hierarchical organization in the form of ‘nanotrees’ (see Fig. 2b, showinga PLD TiO; film
grown on a bare Si substrate. This is a well-known feature of PLD-deposited hierarchical films, which favors light
diffusion and a large specific surface area, as thoroughly discussed previously [33,35,42,43]. This morphology
occurs when the background pressure is large enough to favor gas-phase cluster nucleation, but without
promoting significant scattering and diffusion of clusters before reaching the substrate. These'conditions lead to
a ballistic deposition of a highly direction flux of clusters with relativelydow kingtic:€nergy, promoting the
nanotree growth [44]. In Fig. 2c, notably, we observe that Au NPs work4@s,nucleation centers for the growth of
nanotrees (Fig. 2b), with a basis width determined by the NP size. This results in'wider, well-defined and more
separated TiO, trees compared to those that grow on a bare/substrate (i.e. without Au NPs, Fig. 2b), while
suggesting a viable strategy to control the trees shape and organizati02 by properly tuning the NP size. A second
annealing step in air at 500 °C was then exploited to induce crystallization of the TiO; layer to the anatase phase,
as discussed in previous works [33,35] and confirmed by Raman spectroscopy (not shown).

We then compare the optical properties ofithe different TiO, layers (paste and nanotrees) with and
without Au NPs at the bottom (Fig. 3)&Transmittance curves (Fig. 3a) show that above the anatase bandgap (3.2
eV, i.e. ¥380 nm) the bare TiO; layers'have a quite large transparency, but slightly smaller for the hierarchical
layer, which is characterized by defined'interference fringes related to multiple reflections in the film. When TiO,
is deposited on top of the, Au.NPs, the transmittance decreases, which can be ascribed to increased absorption
and/or reflectance. A wide-absorption feature is now visible, extending from ~500 nm up to above 1500 nm,
which is due to the localized surface plasmon resonance (LSPR) of the Au NPs (see comments to Fig. 5 below).

Fig. 3b shows the haze factor of the investigated TiO,/Au layers, defined as the diffuse-to-total
transmittance ratio (diffuse meaning not along the incident direction) [45], which can be considered as an
indicationsof the light scattering capability of the system. It can be observed that the plasmonic behavior of Au
NPs enhances haze in the case of TiO, paste, while the interplay between Au NPs and hierarchical TiO, provides

anoverall superior scattering ability.
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47 For this reason, in the following we focus our study on the integration of Au NPs with tuned size and thus
optical properties in PLD hierarchical TiO> films only. We thus varied the average size of NPs at the bottom of the
57 TiO; film, by changing the nominal thickness of the evaporated Au layer before the dewetting process. This
54 enables to obtain smaller Au NPs, although characterized by a similar shape and aspect ratio (see Fig. 1b,c). Fig.

56 4 shows SEM images of PLD hierarchical TiO; films deposited on top of 23 nm and 50 nm Au NPs (average size);

58 9
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comparison with Fig. 2c confirms that the NPs act as nucleation centers affecting the tree growth and

shape/separation.

Figure 4 — SEM images of nanostructured TiO2 films with Au NPs of 23 nm (a) and 50 nm (b) at the bottom.

More interestingly, the-optical properties show a dependence on the underlying size distribution of Au
NPs (Fig. 5). Transmittance/curves in Fig. 5a show that the bare glass/Au NP systems (i.e. before TiO, deposition)
are characterized by a plasmonic absorption peak that blueshifts upon reducing the NP size, i.e. centered at ~540
nm for the 23 nm-size NP and at ~600 nm for the 50 nm-size NP. On the other hand, large NPs (100 nm) exhibit
a broad absorption extending in the near IR up to 2000 nm [46,47]. The Au NP plasmonic features consequently

affect the transmittance spectra of the TiO2/Au NP layers, overlapping to the oxide film absorption edge and

10
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interference fringes. Accordingly, the haze factor can be modulated by adjusting the NP size, as shown.in Fig. 5b,
where the largest NP provide the highest haze factor. Specifically, the TiO,/Au film with 100 nm-NPs exhibits an
outstanding haze factor, i.e. >50% in the whole visible range (380-780 nm). Such enhancement was not achieved
by the corresponding TiO,/Au system obtained from a commercial TiO, paste (Fig. 3b). This effect may be
ascribed to a strong light-trapping mechanism mediated by the growth of tree-liké nanostructures on top of large
Au NPs. o

Previous investigations reported a similarly high haze factor (> 30%.in the visible range) by SiO,@Ag NPs
at the bottom of a TiO, photoanode, which led to an enhancement 6f38% of the short-circuit current for 7 um-
thick dye-sensitized solar cells [25]. Indeed, the LSPR in relatively large'NRs decays mainly radiatively, leading to
scattering effects with low parasitic absorption, i.e. light absorption i2 the NPs instead of in the active layer or
photoanode layer of the solar cell. Accordingly, effective plasmonic back-reflectors for thin-film solar cells can
be obtained by employing large and well-separated NPs, similarly as those in Fig. 1c, leading to high scattering
and low parasitic absorption [23]. Thus, the high fraction of scattered light by the TiO,/Au films (especially the
one with 100 nm NPs), employed as photoanodes, could be effectively absorbed by a dye/perovskite material as
active component in a solar cell. On the other hand, in light of applying the TiO>/Au composite layers as
photoanodes in PEC water splitting. éxperiments (with back-illumination), a modification by
doping/hydrogenation of TiO, would be required to make use of the scattered photons in the visible wavelengths
[48,49]. Alternatively, an.additional semiconductor with lower bandgap, such as hematite (a-Fe,0s), could be

placed on top of the device [20]; this may further increase the performance due to heterostructure formation

[50].

11
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3.2 Au nanoparticles on top of TiO, surface

Page 12 of 21

Theopposite approach consists in the deposition of Au NPs on top of the surface of the TiO; layer. In this

case, the:aimed functionality of the metal NP layer can be twofold. First, it can act as a scattering layer in order

12
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to promote light trapping in the film. This configuration represents an alternative or complementary.approach
with respect to the case of the NPs at the bottom of TiO,, depending on the specific application and the foreseen
illumination geometry (from the top/bottom). Second, evaporation of Au from the mese- or nanoporous TiO,
top surface can be considered as a means to infiltrate Au NP in the top oxide layer,and thus decorate not only
the top surface, but possibly also part of the internal TiO; surface, consequently leading to the integration of
plasmonic nanostructures within the oxide film. This intimate contact between_the‘two materials can be
interesting to exploit plasmonic effects able to realize oxide-based phot@anodes with extended photo-response
and quantum efficiency to the visible range (such as hot electron'injection from the metal NP to the oxide
conduction band [17-19]). This infiltration is usually difficult in TiO, pastes where porosity is limited to the
nanoscale, but can be more feasible in a multiscale-porous systeT such as the PLD nanotrees [35]. This

represents an alternative to other approaches to the synthesis of Au-TiO; systems involving e.g. co-deposition

strategies, as discussed in our previous work [40].

We therefore evaporated different amounts of Au (i.e. corresponding to a different nominal thickness as
measured by quartz microbalance, namely 3, 6, and 15 nm) on top of the PLD hierarchical films and then
performed annealing (500°C in air) inlorder to induce at the same time TiO; crystallization to anatase phase and

N
Au dewetting, with the NP size being ruled by the amount of evaporated Au [51,52].

Fig. 6 shows SEM cross-sectionalimages of TiO; films with Au evaporated on top, as deposited (left column,
Figs. 6a, 6¢, and 6e) and after thermal dewetting (right column, Figs. 6b, 6d, and 6f). The penetration of NPs
appears to be limjted (of therorder of about 100 nm), while the average size of the obtained Au NPs increases
with the amount of‘evaporated Au. A statistical analysis based on top-view SEM images allows to obtain the
average Au nanoislands size after thermal dewetting for the different samples, i.e. 12+ 5 nm (b), 23+ 12 nm (d),

and 115 + 89 nm\(f).

13
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s deposited
(a) | ‘2 pos

»

Figure 6 — Nanostructured TiO: films with an evaporated Au top-layer of 15 nm (a), 6 nm (c), and 3 nm (e). The effect of

the annealing treatmentis reported.in (b), (d), and (f), highlighting the formation of NPs.

Fig. 7a reports the transmittance spectra of the investigated Au/TiO, systems for the different NP
dimensions, both for the as-deposited and the annealed samples. Upon annealing (and thus NP coalescence) it
is possibleto observe the narrowing and the blueshift of the broad absorption feature, which is related to NP

14
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growth. For annealed samples, the peak position redshifts as a function of increasing NP size, starting from less

than 600 nm for the smallest NP, while for the largest NPs the absorption band is broad and extends up to ~1000

oNOYTULT D WN =

nm, while the total transmittance of the layer decreases with NP size. Finally, the haze factor is strongly enhanced
10 by the deposition of 115 nm-size Au NPs, consistent with the strong scattering crossisection oflarge plasmonic

12 NP (Fig.7b) [12].
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Figure 7 — (a) Optical transmittance spectra of TiO: films coated with different Au nominal thicknesses, before and after
annealing. (b) Haze factor for Au on top of TiO2 films after annealing. The legend is unique for panel (a) and (b). The arrows

indicate the trend in optical properties as a function of Au amount.
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Compared to the configuration with Au NPs at the bottom (Fig. 5b), we clearly observe lowervalues of the
haze factor (Fig. 7b). This may be ascribed to the different morphological properties of NPs obtained'inithe two
cases (Figs. 1, 2, and 4 vs. Fig. 6) and to the different optical path length for the transmittance measurements.
Considering a back-side illumination (i.e. from the glass substrate), in the TiO,/Au configuration(Fig. 5) light first
travels through Au NPs and then TiO,, while in the Au/TiO, case (Fig. 7) the oppasite occurs. For large plasmonic
NPs at the interface between two media, preferential scattering occurs towards the;medium with the higher
refractive index [53]; as a consequence, a higher fraction of scattered light would travel from the Au NPs to the
top surface of the composite film in the TiO,/Au configuration (Figé5b) than inthe Au/TiO, configuration (Fig.
7b). Thus, the TiO,/Au film with large NPs may be more suitable as highly-scattering photoanode for solar cell

application than the Au/TiO; one.
L 4

On the other hand, the Au/TiO; configuration,with smaller/NPs (i.e. 12 and 23 nm) may allow to exploit
other plasmonic phenomena to increase the quantum efficiency of the final devices. For instance, ‘popcorn-
shaped’ Au NPs dispersed in a mesoporous TiQxfilm [26] and spherical Au NPs combined with TiO, nanofibers
[54] allowed hot electron injection effects.in the so-obtained composite photoanodes. The overall performance
of the corresponding perovskite-based solar cellsconsiderably increased. On the other hand, the same effect has
been widely exploited in Au-TiO3 photcgnodes in PEC water splitting experiments [17-19], in which Au NPs are

conveniently located closé to the semiconductor-liquid junction, i.e. at the active surface of the device.

Conclusions

In this work we have shown and discussed how the integration of Au NPs with controlled size and
distribution on‘top:or at the bottom of hierarchically organized nanoporous TiO; layers can lead to the realization
of composite films whose optical properties can be tuned in terms of plasmonic and light scattering behavior.

Specifically, the following conclusions can be drawn:

16
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e For nanoporous TiO; layers grown on top of a substrate covered with Au NPs, we observe that the

average TiO; ‘nanotree’ width and film organization are determined by the size of the Au NPs.

oNOYTULT D WN =

Furthermore, we show that the LSPR can be tuned by increasing the size of Au NP.size from about 25 up
10 to 100 nm. The resulting light scattering properties are dictated by the combination of the size of the
12 NPs and the organization/spacing of the TiO, nanostructures.

e For Au NPs grown on top of the nanoporous TiO; layers obtained by PLD, we show that the penetration
17 depth is of the order of about 100 nm below the TiO; surface; while thermal annealing promotes Au
19 diffusion and tuning of the LSPR wavelength by favoring Au'NPs growth. Specifically, we show that the
21 LSPR can be tuned depending on the size of Au NPs. Furthermore;we show that large NPs lead to strong

light scattering and haze factor.
24 'S

Both strategies demonstrate superior optical properties with respect to Au NPs deposited on top/bottom
29 of TiO, commercial pastes, indicating the potential for the investigated TiO, nanotree + Au configuration for
31 applications in dye-sensitized, perovskite-based;, and photoelectrochemical cells. The same materials may be
33 further employed in additional fields ofiresearch, such as photocatalysis or sensors, in which highly tunable
optical properties are of interest. The two presented approaches (NPs on top/bottom of TiO,) can be in principle
combined together in a single Au/TiO2/Au system to further extend the range of achievable optical behavior,
40 with other Earth-abundant’ photoactive semiconductors, i.e. a-Fe;0s;, or exploited for the realization of

42 alternative plasmonic materials,(i.e. transition metal nitrides/semiconductor combinations).
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