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Localized surface plasmon resonances (LSPRs) are fascinating optical phenomena occurring in metal nanos-
tructures, like gold nanoparticles (NPs). Plasmonic excitation can be tailored efficiently in the visible range
by acting on size, shape, and NP surroundings, whereas carrier density is fixed, thus restricting the LSPR
modulation. Transparent conductive oxides (TCOs), on the other hand, are gaining increasing interest for their
transparency, charge carrier tunability, and plasmonic features in the infrared. The combination of these two
materials into a metal-TCO nanocomposite can give access to unique electrical and optical characteristics, to be
tailored in view of the desired optoelectronic application. In this paper, Au NPs and Ta-doped TiO, TCO films
have been merged with the aim to master the Au plasmon resonance by acting on the dielectric properties of the
surrounding TCO. Morphology, structure, and electrical properties have been investigated as well to understand
the optical response of the nanosystems. The role of the embedding geometry has been explored, revealing that
the largest LSPR shift (550-760 nm) occurs when the NPs are sandwiched in the middle of the film and not
at the bottom of the film (substrate-film interface). Ta doping in the TCO has been varied (5-10% at. and bare
TiO,) to induce a permittivity change of the matrix. As a result, Au LSPR is clearly blueshifted when decreasing
the dielectric permittivity at higher Ta content in the sandwich configuration. Despite the nonoptimal electrical
performance caused by defectivity of the films, Au-Ta:TiO, multifunctional nanocomposites are promising
candidates for their optical behavior as highly tunable plasmonic conductive metamaterials for advanced light

Tunable optical and plasmonic response of Au nanoparticles embedded in Ta-doped TiO,
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I. INTRODUCTION

Noble metal (Au, Ag) nanoparticles (NPs) have been the
subject of intensive research efforts deriving from the possibil-
ity to sustain localized surface plasmon resonances (LSPRs)
[1,2], known as light-driven collective oscillations of elec-
trons at metal-dielectric interfaces or when confined down
to nanometric sizes [3]. LSPR effects have been extensively
designed to maximize light-matter interaction in specific spec-
tral ranges by acting on nanostructure parameters. Some of
them are NP size, shape [4,5], or interparticle distance [6,7], as
well as the metal composition [8,9]. Gold is fairly appointed
as the most employed plasmonic material for its outstanding
chemical inertness, biocompatibility, and high-quality LSPR
excitation in the visible range [10]. The plasmon resonance is
highly sensitive to the dielectric properties of the surroundings
[11,12], a capability that makes noble metal NPs eligible
for several plasmon-enhanced technologies spanning photo-
voltaics [13,14], photocatalysis [15,16], and sensing [17,18].
However, their applicability in efficient and tunable plasmonic
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systems was found to be challenging. Indeed, playing with
NP geometry is not sufficient for a fine tailoring of the LSPR
nature in a wider frequency region, as the major constraint for
metals is imposed by the nonmodifiable charge carrier density
(~10%* cm3) [19], i.e., the fixed plasma frequency [20].
Recently, attention has been directed toward metal-
semiconductor nanocomposites. Indeed, by exploiting the
dependence of the plasmon resonance from the surrounding
material, the introduction of metal NPs in oxide semicon-
ductors could open the opportunity to indirectly control their
plasmonic response. This approach paves the way toward
complex systems with an inherent multifunctional nature, en-
abling unique properties to be reached, strongly influenced
by the metal-host pair as demonstrated by plenty of ex-
amples in many research fields. Indeed, architectures based
on plasmonic-functionalized semiconductors (Au-ZnO, Ag-
Ce0,, Au-TiO,) have been studied in detail for the tunable
charge carrier dynamics at the metal-semiconductor interface
in photocatalysis [21-24]. Other combined systems, such as
Au-ZnO, take advantage of the antimicrobial properties of
ZnO and plasmonic excitations typical of Au NPs for the
development of optical sensing devices for fast molecule
detection [25]. Regarding bioscience, the broadband LSPR
absorption driven by coalesced NPs is exploited in Au-Al,O3
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and Au/Ag-TiO; substrates for surface enhanced Raman spec-
troscopy [25-27]. Most of the previous studies have examined
the influence of the quantity of metal and annealing tempera-
ture on NP morphology and structure.

The next step in next-generation plasmonic nanocompos-
ites involves the replacement of the oxide matrix with a
transparent conductive oxide (TCO). Being a subclass of
doped semiconductors, TCOs have wide bandgaps (>3 eV)
and degenerate carrier densities (> 102 cm™), thus combin-
ing high visible transparency (>80%) and low resistivity
(1073 Qcm or less) [28,29]. Additionally, charge carrier con-
centration can be easily manipulated by means of n- or p-type
doping [28] inducing changes on the optical constants of the
material [30,31]. This characteristic is crucial when dealing
with nanocomposite design since plasmonic control can be
reached directly by tuning the carrier density of the matrix.
The most studied TCOs are Sn-doped In, O3 (ITO), Al-doped
Zn0O (AZO), and F-doped SnO, (FTO) [19], whose features
are widely employed in electrodes in solar cells [32-34]
and many other applications [35-37]. More recently, doped
TiO, has been developed as an n-type TCO, such as Nb- or
Ta-doped TiO, [38—41]. Ta:TiO, can outperform the more
studied Nb:TiO, for its enhanced dopant solubility, lower
effective mass, and higher mobility [42]. Furthermore, carrier
density can be additionally varied by playing with oxygen
stoichiometry, which is known to affect defect chemistry and
carrier density [43].

Despite the great potential given by joining metal and
TCO properties, few works deal with the subject, focusing
mainly on high-quality TCOs for light-driven applications
[44—49] and biosensors [50]. Huang et al. [51,52] reported the
possibility to increase carrier concentration, without affecting
mobility, exploiting Ag NPs added in AZO films, with the aim
to improve electrical conductivity by engineering an ohmic
contact at the interfaces where electrons can freely flow. Other
studies demonstrated the improvement of electrical perfor-
mance in TCOs by providing a continuous metal mesh for
enhanced conduction [48]. Notably, Ag-AZO and Au-ITO
systems have been developed to exploit the amplified light
scattering of plasmonic NPs for enhancement of solar cell ef-
ficiency [53]. However, the employment of the doping content
of a TCO matrix to further tailor the LSPR of embedded NPs
is scarcely reported in literature. The carrier-concentration
control easily obtainable in doped semiconductors is a pow-
erful tool to engineer the dielectric function without changing
the material. TiO,-based TCOs, particularly Ta:TiO,, can ex-
hibit variable optical and electrical features, by controlling the
Ta amount and oxygen stoichiometry during the deposition
[43] or annealing process [38,43]. An additional degree of
tuning is attributed to the configuration of the NPs, sensitive
to different electrical permittivity according to the position in
the film [50].

In this paper, multifunctional metal-TCO nanocomposites
were fabricated by embedding Au NPs (approximately with
diameter of 25 nm) in Ta-doped TiO, films obtained through
thermal evaporation of Au, pulsed laser deposition (PLD) of
Ta:TiO,, and multiple ad hoc thermal treatments. PLD was
selected for the well-known capability of mastering the TCO
morphology and composition by operating directly on synthe-
sis parameters [43]; at the same time, thermal evaporation was

used as a method for Au NPs being quick, low cost, and easy
to handle.

In this paper, we aim at tailoring experimentally the LSPR
of Au NPs by appropriately changing the dielectric matrix
using two approaches. First, the role of the NP integration
geometry has been analyzed by incorporating Au NPs at dif-
ferent locations. Two systems have been considered: Au NPs
fully embedded in TCO film in a sandwichlike configuration
and Au NPs at the interface between TCO and glass substrate,
denoted as bottom configuration. The second approach con-
sists of varying the Ta doping level in the TCO (5-10% at.
and bare TiO;) to exploit a permittivity change of the matrix.
In view of a possible application in optoelectronics, extensive
optical analyses were performed in parallel with a full mate-
rial characterization in terms of morphology, electrical, and
structural properties.

II. EXPERIMENTAL METHODS

A. Sample preparation

PLD was performed in a vacuum chamber, equipped with
a primary and turbomolecular pumping system, gas inlets,
and mass flow controllers to monitor the partial pressure
of gaseous species during the deposition process. The laser
source was a nanosecond-pulsed Nd:YAG laser (second har-
monic, A = 532nm green, repetition rate 10 Hz, and pulse
duration 5-7 ns). The pulsed laser beam was focused on the
target material with an angle of 45 © with respect to the normal
direction of the target surface, subjected to rototranslation to
ensure a uniform ablation. All Au-TCO composites were de-
posited over Si (100) and soda-lime glass substrates, mounted
on a rotating sample holder with fixed target-to-substrate dis-
tance (50 mm). Glass substrates were cleaned in an ultrasonic
bath with isopropanol before deposition.

Ta:TiO, thin films with 5 and 10% at. of Ta [also re-
ferred as TCO Ta 5% and TCO Ta 10% or Ta(5%):TiO,
and Ta(10%):TiO,] were fabricated by ablating Ta;Os5:TiO,
targets (99.99% purity) with molar ratio 0.025:0.975 and
0.05:0.95, respectively, all provided by Testbourne Ltd. To
synthetize TiO, thin films, a TiO, target was employed
(99.99% purity, provider Kurt J. Lesker). The laser fluence on
the targets was set to 2.27 Jcm™ for TiO, and Ta(5%):TiO,,
and 2.73J cm™2 for Ta(10%):TiO,. The fluence was increased
by keeping the pulse energy fixed at 150 mJ while varying
the spot area onto the target from 6.6 to 5.5 mm?. Ta:TiO,
films with 10% at. of Ta required a higher fluence to avoid
delamination and maximize compactness and crystallinity. All
samples were deposited at room temperature and in a back-
ground O, pressure of 1 Pa. As-deposited TiO,-based thin
films are amorphous; thus, annealing treatments are neces-
sary to achieve crystallization in single-phase polycrystalline
anatase. Pure TiO, composites were treated in air at 500 °C,
2 h dwell, 4 °C/min ramp to get a fully dielectric matrix. On
the other hand, Ta:TiO, systems require annealing in a reduc-
ing atmosphere (e.g., vacuum) to maintain the oxygen-poor
condition contributing to conduction [43]. The latter was per-
formed in a homemade furnace (base pressure 5 x 107 Pa) at
550°C, 1 h dwell at 10 °C/min ramp. Au NPs were produced
by thermally evaporating Au grains (99.99% purity) in a gold
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layer using an Edwards E360 thermal evaporator, followed
by ad hoc thermal treatments to induce thermal solid-state
dewetting into NPs with an average horizontal diameter of
20-25 nm, unchanged for all the configurations. Such dimen-
sions were obtained by depositing a gold layer with equivalent
thickness of 3 nm, measured by means of a quartz crystal
microbalance.

All Au NPs in Au-bottom configurations were formed on
Si (100) and soda-lime glass, after annealing in air at 500 °C,
2 h dwell (4 °C/min ramp) in a Lenton muffle furnace; Au-
bottom samples were then fabricated by capping Au NPs
with TiO;, or Ta:TiO, films, followed by a final annealing
step to crystallize the film with thickness of 70 nm. In the
case of Au-sandwich samples, the method of preparation
required multiple steps of film deposition and annealing to
both crystallize the matrix and favor gold dewetting. The first
step involved the deposition of 35-nm-thick TiO,-based film,
followed by Au evaporation in the second step; in the third
step, TCO/Au was subjected to annealing to get TCOs/Au
NPs and crystallize the TCO film. Finally, another TCO layer
was deposited with a subsequent annealing to allow its crys-
tallization (fourth step). All the nanocomposites have a total
thickness of 70 nm. Figure S1 in the Supplemental Material
[54] summarizes with a schematic representation the synthesis
steps required for producing Au-TCO nanocomposites.

B. Sample characterization

The morphology of Au-TCO systems was characterized
by field emission scanning electron microscopy (FEG-SEM,
Zeiss SUPRA 40) for samples deposited on silicon. All
geometrical parameters of Au NPs (average diameter, cov-
erage) were extracted with statistical analyses using IMAGEJ
software. Additional surface characteristics, particularly NP
height, were investigated on selected samples (see Supple-
mental Material [54]) with atomic force microscopy (AFM,
Thermomicroscope Autoprobe CP Research) imaging in tap-
ping mode using VEECO-RTESPA tips with 8§ nm curvature
radius.

The structure of TiO,-based films was characterized via
Raman spectroscopy (Renishaw InVia micro-Raman spec-
trometer); the Raman spectra were collected with excitation
by an argon ion laser (A = 514nm, green) with the laser
power reaching the sample fixed at 0.13 mW to minimize the
probability of sample damage by the laser.

Electrical properties and Hall effect measurements were
carried out in the four-point probe configuration with a Keith-
ley K2400 Source/Measure Unit as a current generator (from
100 nA to 10 mA), an Agilent 34970A voltage meter, and a
0.57 T Ecopia permanent magnet.

Optical transmittance (7)) and reflectance (R) spectra
(range 250 — 2000 nm) were evaluated with a UV-vis-NIR
PerkinElmer Lambda 1050 spectrophotometer with a 150 mm
diameter integrating sphere. This setup enables the mea-
surement of total 7 and R, meaning that light transmitted
or reflected by the film is collected at all angles. Then
logarithmic absorbance of thin film nanocomposites (refer
to Supplemental Material [54]) was obtained by perform-
ing —In[T /(100—R)]. Direct transmittance measurements (7
component collected with the same direction as the incident

one) were recorded in the visible range (190-1100 nm) on
selected samples by means of a UV-1800 UV-VIS Shimadzu
spectrophotometer. All acquired spectra were normalized with
respect to the glass substrate contribution.

Spectroscopic ellipsometry was performed by means of a
J.A. Woollam V-VASE ellipsometer (0.5-5.05 eV range, inci-
dence angle of 60 °) on selected samples on silicon substrates:
(i) TiO, annealed in air at 500 °C for 2 h, 195 nm thick, (ii)
Ta(5%):TiO, annealed in vacuum at 550 °C for 1 h, 92 nm
thick, and (iii) Ta(10%):TiO, annealed in vacuum at 550 °C
for 1 h, 184 nm thick. For the effective modeling of the op-
tical properties of the Au-NP layer parametric semiconductor
(PSEMI) oscillators were applied [55,56], known to be widely
employed for modeling the optical response of crystalline
materials.

II1. RESULTS AND DISCUSSION
A. Morphology and structure

Thermally evaporated Au NPs have been integrated in bare
TiO, and Ta-doped TiO, (5,10% at.) films (70 nm thick), de-
posited through PLD. Optimization studies, based on previous
works [43,57], led to the selection of 1 Pa of O, pressure
during TCO synthesis, along with postdeposition thermal
treatments in a reducing environment (vacuum). These con-
ditions are required to obtain high conducting and crystalline
TiO,-based TCOs (in anatase phase) [57], as discussed in the
Experimental Methods.

Before embedding, Au NPs were created from evaporated
Au films (3 nm thick) on Si/SiO, [Fig. 1(a)] and TiO;-based
surfaces by solid-state dewetting under thermal treatments
> 500°C (for details see the Experimental Methods). They
are characterized by quite irregular shape and size, as well
as variable interparticle spacings, due to the general tendency
to reshape asymmetrically when increasing the size. Gold is-
lands deviate from the ideal spherical geometries toward disks
and rodlike ellipsoids with multiple facets, whose formation
mechanism is fully described elsewhere [58—60]. Despite the
irregularity in geometrical shapes, the average diameter for
spherical particles spans within 15-40 nm (Fig. S2, Supple-
mental Material [54]), in accordance with data in the literature
for similar evaporated Au layer thicknesses [61].

Topography of Au NPs in sandwiches was analyzed by
AFM to determine the average NP height before complete
embedding (Fig. S3, Supplemental Material [54]). AFM scans
reveal rounded NPs with a mean height within 18-22 nm,
exhibiting no consistent variations among different substrates,
with maximum peaks up to 50 nm. These values are in accor-
dance with average heights measured from cross-section SEM
images (13—17 nm). A slight trend can be seen in lateral av-
erage dimension of Au particles grown on different surfaces,
weakly increasing from bare silicon, to TiO, and doped TiO5,
associated with a reduction of the coverage from 28 to 23%
[Fig. 1(b)]. This slight discrepancy in geometry is attributed
to the different surface process during dewetting, as adhe-
sion and mobility of species change for each metal-substrate
couple [62,63]. The particle size distribution is broad (~7
nm), but the average diameter remains ~25 nm for all sub-
strates. This result is fundamental to minimize any possible
contribution from geometrical variability on the LSPR band
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FIG. 1. (a) Scanning electron microscopy (SEM) image (top view) of Au nanoparticles (NPs) deposited on Si. (b) Mean diameter and
coverage for different underlayer substrates (with associated SEM images) extracted from statistical distributions. Cross-section SEM images
(and schematical representations) of final (c) Au-bottom and (d) Au-sandwich configurations where Au NPs are embedded in Ta(5%):TiO,.

The inset in (c) displays Ta(5%):TiO, compact film for reference.

that can build up with the effect of the dielectric surroundings
complicating the interpretation of the optical spectra.

The addition of Au NPs by means of a multiple-step pro-
cedure affects the morphology and the structure of the TCOs,
both in the case of Au NPs at the substrate (Au-bottom)
and within the films (Au-sandwich). As clearly visible from
the cross-section SEM images of annealed Au-TCO (Ta 5%)
composites [Figs. 1(c) and 1(d)], Au NPs act as nucleation
sites for the subsequent deposited layer, inducing a direc-
tionality in crystallite growth both during deposition and
after thermal annealing [63—65]. Compactness is partially lost
with respect to Au-free samples [inset in Fig. 1(c)], and the
presence of several crystalline domains may degrade the crys-
tallinity, introducing structural defects. As a first qualitative
evaluation, the vertical grain size of crystallites is probably
limited by the thickness of films, whereas lateral grain size,
identified with the width of crystalline domains visible in
SEM images, can be approximatively estimated as a few
tens of nanometers. No noticeable differences are present in
morphology among Au-TiO; and Au-TCO nanocomposites;
hence, the SEM images are not reported.

In this paper, Raman analysis has been performed with
the aim to understand the effect of gold addition on the
crystalline quality of TiO;-based TCO samples. Vibrational
properties of Ta-doped TiO, have been widely investigated
in the past and described elsewhere [42,43,57,66]; effec-
tive substitutional doping by Ta leads to a blueshift of
the E,(1) peak of TiO, anatase. The Raman spectra of
Au-TCO annealed composites compared with their Au-free
references are presented in Figs. S4 and S5 in the Supple-
mental Material [54]. The presence of gold does not prevent
an efficient anatase crystallization of the matrix, although
incorporation of Au NPs seems to partially degrade the crys-
tallinity of Ta:TiO,, both in Au-sandwich and Au-bottom

composites. For further details, refer to the Supplemental
Material [54].

B. Electrical properties

The investigation of electrical performances is important
in view of designing a multifunctional system combining
transparency, conductivity, and tunable plasmonic properties.
However, a complete understanding of electrical behavior in
Au-TCO systems is not trivial because a mixture of metals and
doped semiconductors involves different conduction mecha-
nisms at once. For this reason, effective properties should be
discussed, where different phenomena can take place at the
same time, making the identification of the gold contribution
to conduction not an elementary task.

Resistivity p, as obtained by resistivity measurements, are
reported in Fig. 2 as a function of the Au configuration (Au-
free samples are shown for reference) in the case of TCO
composites of different Ta content (5% and 10% at.). Con-
ducting properties arise because Ta addition activates n-type
doping. The values corresponding to TiO, and Au-TiO, films
are not reported, as the resistivity was too high to be detected
by our experimental setup [43].

The resistivity increases with Au addition in all config-
urations, as expected from the lower degree of crystallinity
previously discussed, along with additional scattering of car-
riers at the Au-TCO interface. Moreover, the lack of a
continuous metal path, the high size dispersion of NPs, as
well as the several interfaces and lattice distortions can favor
scattering of carriers at the metal-matrix interface, leading to
a general degradation of Au-TCO electrical properties [52].
However, resistivity remains low between 1 x 1073 and 3.6 x
1073 Qcm, the same order of magnitude of Au-free films,
proving that transparent TCO films can incorporate Au NPs
and still maintain good conducting properties.
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FIG. 2. Resistivity p of Au-bottom and Au-sandwich configura-
tions with Ta 5% (orange) and Ta 10% (blue) transparent conductive
oxide (TCO) matrix compared with the reference Ta:TiO, film of
same thickness without gold.

Some minor fluctuations detected in resistivity among dif-
ferent configurations and with different Ta contents are related
to the tradeoff between carrier density and mobility, as further
analyzed in Figs. S6(a) and S6(b) in the Supplemental Mate-
rial [54].

C. Optical properties

1. Experimental transmittance spectra of Au-bottom
and Au-sandwich nanocomposites

The optical evolution of direct transmittance measured at
each synthesis step of the Au-TCO sandwiches (with Ta 5%)
is shown in Fig. 3. The spectrum of Au NPs deposited on
glass is shown as a reference for the Au NP plasmonic prop-
erties. Pure Ta(5%):TiO, film (as deposited, 35 nm thick) is
transmitting > 70% in the visible region, before UV interband
absorption occurring at 320 nm. In the next step, Au NPs are
formed on top of the TCO, by combining Au evaporation and
vacuum annealing. A dip in the transmittance at 610 nm arises
due to the excitation of the LSPR of Au NPs. After encapsulat-
ing the particles by another 35 nm layer, the LSPR minimum
is significantly broadened and redshifted up to 690 nm. The
difference before and after embedding is a clear fingerprint of
the variation of the effective dielectric environment between
the two cases. The additional thermal treatment required to
crystallize the second TCO layer does not alter the trans-
mittance curve. This behavior indicates that Au NPs are not
subjected to considerable size or shape changes upon anneal-
ing, and the LSPR position and width remain unmodified.
Hence, thermal-activated diffusion of Au atoms into the solid
matrix can be considered marginal [67], and the LSPR band
variation is mostly attributed to a change in the surrounding
environment, i.e., the degree of integration.

For a better understanding of the optical spectra and thus
properly correlating Au plasmon shift and permittivity of the
matrix, we anticipate that, for TiO,-based TCOs, an increase
in doping content is associated with a reduction of the real

100 T T T T T T
TCO Ta 5%
__80-
S
8
S 60
©
=
3 40-
®
—
= — —AuNPs
20 - ——TCO as dep _
f TCO + Au NPs
/ ——TCO + Au NPs + TCO as dep
0 TCO + Au NPs + TCO annealed (Au-sandwich)
T

300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

FIG. 3. Direct transmittance spectra measured on each synthesis
procedure step for an Au transparent conductive oxide (TCO) Ta
5% sandwich: as deposited (as dep) 35-nm-thick TCO layer (red);
35-nm-thick TCO with Au nanoparticles (NPs) on top after vacuum
annealing (green); addition on top of the second 35-nm-thick TCO
layer as deposited (blue); final vacuum annealed sandwich (light
blue). Transmittance of Au NPs on glass (after air annealing) is
shown as reference (black, dashed line).

part of the refractive index in the VIS-NIR range [31,68,69],
as also proved by spectroscopic ellipsometry analyzed below.
As it will be fully described later in the text, in the range
where Au LSPR is localized, the main difference in the real
component of the electrical permittivity of the matrix (ey,
extracted at 700 nm) occurs between doped and undoped TiO,
(6.2), with only slight modifications between TCO Ta 5%
(5.46) and TCO Ta 10% (5.33).

Figure 4 provides total transmittance spectra of all
Au-bottom and Au-sandwich samples. In Au-bottom config-
urations [Fig. 4(a)] the Au plasmon excitation is subjected to
a consistent redshift with respect to Au NPs exposed to air
or glass, whose LSPR is positioned roughly at 550 nm, in
agreement with the literature [70]. This behavior is attributed
mainly to the sensitivity of the plasmon peak to the dielectric
surrounding [1,2,5,11]. However, the transmittance minimum
associated with Au LSPR (7;spr) at the resonant wavelength
(ALspr) does not significantly shift for a differently doped ox-
ide host [3]. The LSPR minimum moves from 670 nm in TiO,
to 652 nm in Ta(5%):TiO, and 700 nm in Ta(10%):TiO,.

On the contrary, an evident trend is observed in Au-
sandwich composites [Fig. 4(b)], where the resonance Apspr
blueshifts from 772 nm in TiO; to 670 nm in Ta(10%):TiO.
Notably, the entity of the blueshift is more pronounced in
sandwiches than bottoms, along with a broader and more
intense plasmonic response (deeper transmittance minimum
Tispr), revealing the role of the embedding geometry. Indeed,
a stronger effect of the dielectric function is expected in
the sandwich because Au NPs are completely embedded in
the TCO host and experience the largest variation in dielec-
tric environment. It should be noted that, although NP size,
shape, or interparticle distance can affect the plasmon reso-
nance [5], such contributions are secondary compared with the
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FIG. 4. Total transmittance spectra of (a) Au-bottom and (b) Au-sandwich configurations as a function of different Ta doping (5%, 10%,
and bare TiO,). Transmittance of Au NPs on glass substrate are shown for reference (black, dashed line).

dielectric function of the matrix because geometrical fluc-
tuations detected among samples are weak [Fig. 1(b)].
Furthermore, additional effects can contribute, inherent in
reflections or scattering; thus, transmission analyses are not
sufficient to discard other possible phenomena. Interference
fringes arising from multiple reflection at ambient-film and
film-substrate interfaces [71] can overlap Tispr, hindering a
correct estimation of the LSPR position and width. These
issues are partially addressed in the next paragraph, where the
modeling of effective dielectric functions allows the disentan-
glement of the contribution of Au plasmon LSPR.

2. Effective modeling of Au-NP layer in bottom
and sandwich configuration

In this subsection, we try to verify the correlation between
LSPR shift and dielectric function of the matrix by modeling
total transmittance spectra in Figs. 4(a) and 4(b) to obtain the
real and imaginary part of the effective dielectric functions &,
and &; of the Au-NP layer. This approach enables the direct
investigation of the plasmonic behavior of embedded Au NPs.

For the modeling of the experimental data of Figs. 4(a)
and 4(b), the system was considered as a stack of dielectric
layers, each characterized by its thickness and complex di-
electric function, representing the various physical layers of
the samples, with Fresnel boundary conditions. The calculated
transmittance spectra were compared with the experimental
ones, and the dielectric or morphological characteristics of the
layers were adjusted to achieve the best fit. Bottom to top, the
model for the Au-bottom samples [Fig. 4(a)] included (i) a
transparent glass substrate, (ii) an effective layer representa-
tive of the Au NPs deposited on the glass substrate, and (iii)
the 70-nm-thick (Ta-doped) TiO, film. For the Au-sandwich
samples [Fig. 4(b)], the model was (i) a transparent glass
substrate, (ii) the 35-nm-thick (Ta-doped) TiO; film, (iii) an
effective layer representative of the Au NPs deposited on
the Ta:TiO, surface, and (iv) one more 35-nm-thick layer of
(Ta-doped) TiO, film of the same doping.

In the model, we used the dielectric functions of
TiO,, Ta(5%):TiO,, and Ta(10%):TiO, already reported in
Ref. [66] and here only slightly adapted to fulfill the opti-
mal fitting of transmittance curves [Figs. 4(a) and 4(b)]. The

Au-NP layer was modeled using Kramers-Kronig-consistent
PSEMI oscillators, i.e., parameterized functions widely em-
ployed for modeling the optical response of crystalline
semiconductors [55,56]. The thickness of the effective Au
layer is an effective parameter, whose only constraint is to
be of the same order of magnitude of the mean Au-NP
dimension. Here, we are not interested in discussing the
thickness of this effective layer nor the numerical magnitude
of the effective dielectric constant, while we focus on the
wavelength of the resonance. A thickness of 9 nm for each
system was found to provide a good fit to the experimental
transmittance.

Figure S7, shown in the Supplemental Material [54], com-
pares experimental transmission data to the fitted values. The
good matching proves the reliability of the resulting opti-
cal outputs presented in Fig. 5. The dielectric constants of
the TiO;-based films [Fig. 5(a)] are in good agreement with
trends reported in the literature for TiO, anatase, with 3.2
eV bandgap [30,68,69,72—74]. The magnification at 250-350
nm in the inset of Fig. 5(a) clearly shows that higher Ta
concentration causes a blueshift of the absorption band, as-
sociated with an increase in the optical bandgap according
to Moss-Burstein relation [68,69,75]. When comparing doped
and undoped TiOy, ¢, is lower for films with higher Ta doping
content (A > 500nm), hence revealing the influence of free
charge carriers arising from Ta substitutional dopants on the
dielectric function [30,76,77]. In the visible region, all TiO,-
based films are highly transparent materials; hence, absorption
is very low. At longer wavelength, &, rises with higher doping
content because Drude-like free carrier absorption increases
with larger carrier densities [42,43,57,78].

The effective dielectric functions &; and &, of the Au
layer, yielding the best agreement with the experimental trans-
mittance, are displayed in Figs. 5(b) and 5(c) (bottom and
sandwich configurations, respectively). Effective optical con-
stants of Au NPs on glass (black, dashed lines) are shown for
reference. In the visible region, the effective ¢ of Au NPs on
glass exhibit a strong resonance, which is identified as the Au
LSPR. Hence, the real component (&) is characterized by a
wiggled line shape centered ~550 nm, corresponding to the
LSPR, while in &;, an absorption peak at 550 nm is observed.
The resonance position agrees with previous estimations from
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FIG. 5. (a) Real (left, ¢;) and imaginary (right, &,) components
of the dielectric functions of Au-free TiO,, transparent conductive
oxide (TCO; 5%, 10% Ta) thin films extracted from ellipsometry.
The insets show the expanded view of curves within 250-350 nm
(¢1 and &;). (b) Real (left, &) and imaginary (right, &;) components
of the effective dielectric functions of Au-NP layer modeled in a
bottom configuration with TiO,, TCOs (5%, 10% Ta) obtained by
total transmittance fitting. (c) Real (left, ¢;) and imaginary (right,
&,) components of the effective dielectric functions of Au NP layer
modeled in a sandwich configuration with TiO,, TCOs (5%, 10%
Ta) obtained by transmittance fitting. Effective optical constants of
Au NPs deposited on glass are shown for reference (black, dashed
line).

transmittance spectra (550 nm) (Fig. (4)) and with data avail-
able in the literature [79,80].

In the Au-bottom configuration, Fig. 5(b), the correspond-
ing effective dielectric function of the Au NP layer is strongly
modified with respect to the glass reference. The LSPR red-
shifts more than 150 nm in all films compared with Au NPs on
glass and increases in magnitude [25,81]. However, no clear
trend of the LSPR characteristics was observed as a function
of doping, highlighting the weak effect of the TiO, matrix
when inserted in the systems only as an overlayer.

In the Au-sandwich configuration, Fig. 5(c), the effec-
tive permittivity shows a marked change with respect to the
reference Au-glass case. Here, the blueshift of the Au NP
resonance is now noticeable when increasing matrix doping.
The absorption peak at Apspr blueshifts clearly from 760 nm

780 — T . : . . . r . :
® TCOTa10%
O TCO Ta5%
7409 A TiO, -
Au-sandwich
E 700 -
g
A Au-bottom
~ 660 1
620 - ./:r/muchA §

54 56 58 6.0 6.2
€4

FIG. 6. Plasmon resonance of Au nanoparticles (NPs; Apspr)
taken from &, in Figs. 5(b) and 5(c) as a function of the &; of
the surrounding medium [transparent conductive oxide (TCO) Ta
10%, TCO Ta 5%, TiO,, extracted at the localized surface plasmon
resonance (LSPR) wavelength] embedded in two configurations (Au-
bottom, black curve, and Au-sandwich, red curve) compared with the
expected dependence based on the Frolich condition (blue curve).

(TiO;) to 667 and 650 nm in Ta-doped TiO, (5%, 10% at.
Ta). This behavior results from the lower permittivity of the
surrounding matrix properly modulated through doping (i.e.,
higher carrier density). It should be noted that all Au LSPR
peaks in &, are in excellent agreement with absorbance spec-
tra of the films, in which the contribution of experimental
reflectance has been also considered (Fig. S8, Supplemental
Material [54]), hence further confirming the physical reliabil-
ity of the optical model.

The local-environment dependence of the LSPR is an
established effect [82]. However, if we compare the ex-
pected dependence (based on the Frolich condition) of the
LSPR wavelength versus the dielectric permittivity of the
matrix (Fig. 6, blue symbols) with the experimental data
(Fig. 6, black and red symbols for the bottom and sandwich
configuration, respectively), we notice that significant dif-
ferences arise. Leaving the bottom configuration aside (the
environment is inhomogeneous in this case), we observe that
the LSPR in the sandwich case is strongly redshifted with re-
spect to the simple theoretical expectations and that the LSPR
dependence on the permittivity is much stronger. The general
redshift is easily interpreted as a result of the mutual NP
electromagnetic interaction [7], whereas we suggest that the
strong variation of the LSPR wavelength in the 5.5 < &; < 6
range is related to the peculiar characteristics of the embed-
ding medium that, while preserving the LSPR, is nonetheless
an electrical conductor [83].

We therefore suggest that the Au LSPR could include the
contribution of some charge transfer mechanisms activated
at the gold-matrix interfaces [21-23,51,52,84—-86]. Previous
works demonstrated that charging of the particle surface can
lead to small shifts in LSPR positions, depending on several
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factors (e.g., surface-to-volume ratio, size of NPs) [84,87]. For
the systems investigated here, we do not attempt to disentan-
gle the possible entity of the shift related to charge transfer,
although the remarkable difference observed between the ex-
perimental trends and the simple Frolich-condition calculation
may be exploited to this end.

IV. CONCLUSIONS

In summary, nanocomposites made of Au NPs and Ta:TiO,
TCO films were synthetized through a multistep method of
preparation, combining PLD, Au evaporation, and ad hoc
thermal treatments. The localized plasmon resonance and thus
the optical response of Au NPs was successfully controlled
by operating directly on the dielectric properties of the sur-
roundings through the configuration of NP integration. The
configuration was demonstrated to play an important role on
resonance position and intensity; fully embedded Au NPs
in a sandwich setup experienced the largest modulation of
LSPR, with a considerable redshift (550-760 nm) and broad-
ening compared with air-exposed NPs. In the case of Au NPs
positioned between the substrate and the TCO (i.e., bottom
configuration), the effect is less intense (550-700 nm), but
the same trend (redshift) is reproduced. Another approach
consisted of varying the doping level of the TCO to induce
a change in the electrical permittivity of the matrix by means
of the Ta content in the TCO. An increasing degree of doping
in the TiO;-based hosts (Ta 0, 5, 10% at.) proved to blueshift
efficiently Au plasmon position, for sandwich configuration,
in a wide wavelength range between 650 and 760 nm, going
beyond the tunability predicted by simple theoretical models
(e.g., Frolich resonance condition).

Despite the large LSPR modulation, structural and electri-
cal characteristics of Au-TCO nanocomposites were degraded
upon the addition of Au NPs with irregular geometries. We

showed that Au NPs behave as nucleation centers for the
growth of TCO crystallites, acting as scattering centers and
introducing structural disorder. However, the lowest resistivity
reached is ~1.5 x 10 Qcm in Au-Ta(10%):TiO, architec-
tures, proving that Au NPs can be incorporated in TCO
films while maintaining good electrical conduction, compa-
rable with Au-free TCO films. At the same time, a different
fabrication procedure, i.e., multistep depositions of Au NPs
and matrix in the same PLD process, may improve the struc-
tural quality and electrical properties. More investigations
are required to get a full comprehension of these complex
nanosystems, by identifying the contribution of size or shape
of NPs or charge transfer mechanisms on the LSPR redshift,
mainly dictated by the dielectric function of the TCO.

Concluding, metal-TCO conductive nanocomposite films
have been subjected to a full material characterization that can
potentially offer a platform for designing original and mul-
tifunctional optoelectronic devices. The plasmonic character
owned by TCOs can possibly widen the wavelength of opera-
tion of such nanostructures from the visible up to the infrared.
Additionally, these devices are eligible candidates for active
plasmonic modulation, in which carriers can be injected by
applying an electric bias (field effect). Moreover, the tunabil-
ity of plasmon resonance achieved in Au-TCO architectures
paves the way toward the development of optical-plasmonic
metamaterials, such as multilayers of sandwiches, able to
engineer plasmonic features in multifunctional transparent
electrodes (e.g., for photovoltaics).
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