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ABSTRACT: Understanding the interaction between plasmonic
nanoparticles and transparent conductive oxides is instrumental to
the development of next-generation photovoltaic, optoelectronic,
and energy-efficient solid-state lighting devices. We investigated
the optical response of hybrid media composed of gold
nanoparticles deposited on aluminum-doped zinc oxide thin
films with varying doping concentration by spectroscopic
ellipsometry. The dielectric functions of bare AZO were addressed
first, revealing doping-induced effects such as the band gap shift
and the appearance of free carriers. In the hybrid media, a blue-
shift of the localized surface plasmon resonance of Au NPs as a
function of increasing Al doping of the substrate was observed,
ascribed to the occurrence of a charge transfer between the two
materials and the doping-dependent variation of the polarizability of the substrate.

1. INTRODUCTION
Transparent conductive oxides (TCOs) have been extensively
used in optoelectronics due to their visible-light optical
transparency combined with low electrical resistivity1−3 and
for the possibility to realize so-called epsilon-near-zero (ENZ)
materials.4−6 Aluminum-doped ZnO (AZO) is one of such
materials, based on an n-type semiconductor with direct wide-
energy band gap, and cheaper than the commonly used
indium−tin oxide. Aluminum doping enhances the conductiv-
ity of ZnO, making AZO suitable for applications in
optoelectronic devices as a transparent conductive component
and ENZ material.7,8 AZO is cheap and easy to fabricate with
various techniques, such as dc magnetron sputtering,9 atomic
layer deposition,10 pulsed-laser deposition,11,12 and so on. The
optical properties of AZO can be tailored, to some extent,
acting on the deposition parameters, like the doping level,13,14

thickness,15,16 or substrate temperature.9,17

The combination of TCOs with plasmonic nanoparticles
(NPs) allows the realization of new kinds of hybrid
systems3,18−24 and metasurfaces.25 Among the various
phenomena associated with the localized surface plasmon
resonance (LSPR), there is growing interest in the excitation of
so-called hot electrons, i.e., energetic carriers that play a role in
a variety of plasmon-induced phenomena, such as photo-
catalysis, photosynthesis, and more.26,27 When NPs are in
contact with TCOs, hot electrons can be injected from the
NPs into the TCO by quantum tunneling through the
Schottky barrier.26,28,29 The injection of hot electrons causes
a redistribution of charge carriers due to the Seebeck
effect.8,18,26,28,30 Within a NP−TCO hybrid system, not only

the plasmonic NPs can modify the electro-optical properties of
the TCO but also the TCO can tune the plasmon resonance of
the NPs, for example, by modifying the TCO dielectric
function via doping. These types of hybrid plasmonic−TCO
systems in which the optical and electrical response can be
controlled are extremely promising for the realization of
innovative plasmo- and optoelectronics devices for ultrafast
and steady-state applications.18,25,26,28,31−46

We based our investigations of these hybrid systems upon a
very precise assessment of their dielectric characteristics
(stand-alone TCO and hybrid NP/TCO), providing solid
foundations for assessing the overall optical response. We
addressed the optical properties of Au NPs deposited on bare
and Al-doped ZnO films by means of spectroscopic
ellipsometry (SE), taking the optical response of the bare
TCO films as a starting point for the discussion. We covered a
photon energy range broad enough to encompass both the
ultraviolet interband transitions and the free-carrier range in
the IR (including the ENZ region), thereby evaluating the full
materials response.
Increasing the Al doping in ZnO film from 0% to 4%, we

observe mainly two classes of effects, respectively, related to
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the stand-alone TCO and to the hybrid system. Among the
former, we mention the blue-shift of the ZnO optical band
gap47 and the appearance of a plasma frequency in the near-IR
due to the free carriers, whereas for the latter we observed a
steady blue-shift of the plasmon resonance of Au NPs for
increasing doping concentration (see Figure 1). Whereas to

the first order this blue-shift can be rationalized in terms of a
variation of the effective dielectric environment of the NPs, the
experimental evidence suggests that charge-transfer effects
between the two materials have to come into play. In this work,
we provide indications that there is a charge transfer from the
TCO to the metallic nanoparticles as a function of the doping
concentration of the TCO by combining SE and atomic force
microscopy (AFM) techniques.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. Previous studies report 4 at. %

AZO as the optimum Al concentration for obtaining the
highest electrical conductivity of AZO.48,49 Above this doping
level, defects have been observed in the oxide related to the
depopulation of its conduction band that reduce the number of
free carriers and their mobility. Based on this, AZO films with
nominal content of Al = 2 and 4 at. % and bare ZnO films were
deposited by magnetron sputtering on MgO (001) substrates.
Before loading the substrates into the chamber, the substrates
were stirred in acetone for 5 min, then ultrasonically cleaned in
acetone and isopropanol in sequence for 5 min, and finally
dried with nitrogen (N2, 99.999% purity). AZO films were
obtained by codeposition from a 3 in. RF magnetron source
(ZnO) and a 3 in. DC magnetron source (Al) operating in
confocal geometry ∼15 cm far from the substrate. A constant
0.7 Å/s ZnO deposition rate was reached at a RF power of 120
W. The DC power was varied to obtain the desired doping
level, in the 0−4 at. % range, defined as Al/(Al + Zn). During
deposition the substrate temperature was set at 300 °C with a
base pressure of 1 × 10−6 mbar in a 5 × 10−3 mbar Ar gas
atmosphere. A rotating sample holder was used to obtain
uniform deposition. The doping level has been checked by
energy-dispersive X-ray spectroscopy and hard X-ray photo-
emission spectroscopy (HAXPES).48 The control of the
dopant concentration in the sputtering method with RF on
ZnO target and DC on Al target was rather difficult below 1%.
Furthermore, the postgrowth determination of the dopant
concentration by quantitative analysis (like EDX) is limited at
these low values because of the reduced amount of Al and of
the vicinity of Zn and Al signals, which can hardly be
deconvolved when the amount of Al is too low. For these
reasons we decided to investigate and compare films with a
clear dopant concentration that could be determined by EDX
with a good precision. The morphology of the surface of the
AZO films was examined by AFM. The AFM images of bare
ZnO and AZO films of different doping levels (2% and 4%),

obtained in the same deposition conditions, are shown in
Figure S1 of the Supporting Information. The deposition
parameters were set after a parametric study for the
optimization of the surface roughness of bare ZnO films on
MgO substrates. Indicative microscopy images of this study are
presented in Figure S2. The root-mean-square surface
roughness of the bare ZnO film was around 1.5 nm, and it
increased up to 2.2 nm for 2 at. % AZO and up to 2.7 nm for 4
at. % AZO film.
Au NPs were deposited on AZO by molecular beam epitaxy:

3 nm of Au deposited at normal incidence angle by molecular
beam epitaxy at p ≈ 10−9 mbar on the AZO/MgO substrate in
a dedicated chamber. The Au/AZO/MgO system was
annealed at 400 °C in the deposition chamber, resulting in
the formation of isolated NPs, according to AFM. The AFM
image in Figure 2 shows the surface morphology of Au NPs

deposited on top of 2 at. % AZO film. No significant
differences are observed on the Au NPs grown on the different
substrates (see Figure S1, bottom). The mean size of the NPs
was around 20−25 nm.

2.2. Spectroscopic Ellipsometry (SE). SE is a very
sensitive and nondestructive technique for investigating the
optical response of materials, successfully applied to various
TCOs and other systems of complex nanoscale morphol-
ogy.9,13−15,17,50−52 It was performed by means of a J.A.
Woollam V-VASE ellipsometer (0.49−5.05 eV range,
incidence angles of 60° and 65°), under ambient conditions.
SE is based on the measurement of the variation of the
polarization state of light reflected at non-normal incidence off
the sample surface; it yields the so-called ellipsometry angles
Ψ(λ) and Δ(λ), defined by the equation rp/rs = tan ΨeiΔ,
where rp(s) are the Fresnel reflection coefficients for p(s)-
polarized radiation.53−55

From the optical point of view, the system was modeled as a
stack of dielectric layers, each characterized by its thickness
and complex dielectric function, representing the various
physical layers of the samples. The optical response of the
system was calculated assuming Fresnel boundary conditions
at the interface between the layers. The thickness of the films
was independently measured by using profilometry to provide
a first-order estimation for SE modeling. In addition, the
transmission spectrum of 2 at. % AZO films, deposited on a
two-side polished MgO substrate, was measured in the 1.00−

Figure 1. Schematic of the evolution of the optical properties of NPs
on top of TCO films as a function of the TCO’s doping level.

Figure 2. AFM image of Au NPs deposited on top of 2 at. % AZO
film grown on MgO substrate.
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5.05 eV photon energy range to provide a straightforward
evidence for the LSPR response of Au NPs.
For the SE modeling, we used WVASE software (J.A.

Woollam, Co.), allowing a thorough characterization of the
optical constants, film thickness, and roughness of the materials
involved. Bottom to top, the model included (i) a semi-infinite
polished MgO(001) substrate, (ii) the AZO film, (iii) a
roughness layer, and (iv) an effective layer representative of the
Au NPs deposited on the AZO surface. For modeling the
optical properties of AZO we resorted to a superposition of
Lorentz, Lorentz−Gaussian, and so-called PSEMI oscilla-
tors56,57 along with a Drude-type contribution for representing
the doping-induced free carriers. PSEMI oscillators are
parametrized functions widely employed for modeling the
optical response of crystalline semiconductors. The oscillator
parameters of the undoped ZnO and the AZO layer as well as
the thickness of all the optical layers were carefully fitted to
achieve the best agreement between the experimental data and
the simulated SE spectra. PSEMI oscillators were also
employed for the effective modeling of the optical properties
of the Au−NP layer on top of the TCO films. All the layers in
the model were isotropic. The existence of any in-plane
anisotropy was ruled out by azimuthal-angle-dependent
measurements, while the good fitting of the isotropic model
applied to measurements collected at different angles of
incidence suggests that out-of-plane anisotropy is weak or
negligible.

3. RESULTS AND DISCUSSION
3.1. Optical Properties of AZO Films. In Figure 3, the

ellipsometry spectra Ψ and Δ of bare and Al-doped (2 and 4
at. %) ZnO films, acquired with incidence angle of 65°, are
presented in the same graph for comparison. Fits with a mean-
squared error (MSE) of 2.39, 4.65, and 4.74 were obtained for
bare, 2 at. % doped, and 4 at. % doped film and Al-doped ZnO
films, respectively. Additional spectra at different incidence
angles are shown in Figure S3 along with the best fits obtained
in correspondence of the dielectric functions reported in
Figure 4 and of the morphological parameters (film thickness
and roughness) reported below. The Ψ and Δ spectra of
undoped ZnO show prominent features close to the band gap
region, in the near-UV, and are relatively featureless in the
visible−IR regions. Doped films exhibit a clear evolution of the
spectral features in the near-UV region and appearance of
characteristic features in the near-IR region around 0.7 eV,
which are attributed to the bulk-plasmon resonance of the
AZO films. The origin and evolution of all these features can
be understood by looking at the complex dielectric function ε
of the AZO films extracted from these data and presented in
Figure 4 (the corresponding complex refractive index (n, k) are
reported in Figure S4). The dielectric function of the AZO
films is the physical quantity that carries all the information
about the materials’ response (band gap, polarizability, bulk
plasmon resonance, and Drude contribution), eliminating the
thickness dependence.
In Figures 4a and 4b we report the real (ε1) and the

imaginary (ε2) part of the dielectric functions of the AZO films
as extracted from ellipsometry data. A few things stand out
from these data. Starting from the UV range, the optical band
gap was 3.27 eV for pure ZnO films, increasing as a function of
doping due to the Burstein−Moss effect, upon which the
absorption edge is pushed to higher energies because of the
occupation of the bottom of the conduction band.47 In Figure

4c we report the calculation of the band gap values by means of
a Tauc plot. Upon 2% Al doping the band gap of ZnO
increases up to 3.79 eV, while the further increase of the
doping pushes the band gap to only slightly higher values (3.84
eV). This blue-shift agrees well with the corresponding blue-
shift of the UV features in the SE spectra as a function of
doping in Figure 3 (top). The marked excitonic peak at the
band gap edge of ZnO is gradually damped as doping
increases.
In the visible region (approximately from 2 to 3 eV) the

optical absorption approaches zero as expected for TCO
systems. The spectral fingerprint of some defect state in the
band gap is observable as a deviation from perfect transparency
in the visible range.
In the near-IR the free-carrier contribution is apparent, with

the appearance of a screened plasma frequency at 0.73 eV
(0.74 eV) for 2 at. % AZO (4 at. % AZO). At the plasma
frequency, ε2 values below 0.5 are observed, indicative of high-
quality ENZ behavior. The crossing of the plasma frequency is
actually responsible for the sharp features observed in the SE
spectra of Figure 3, where the dip in the Δ and the sharp rise in
Ψ are the fingerprints of the crossover from dielectric to
metallic behavior.58 We point out that the appearance of a
plasma frequency and its doping dependence are already

Figure 3. Ψ (top) and Δ (bottom) spectra of ZnO (triangles), 2 at. %
AZO (squares), and 4 at. % AZO (circles) films, grown on MgO
substrates, acquired with an incidence angle of 65°. The Ψ spectra
above 2.6 eV have been multiplied by a factor of 3 for the sake of
clarity. The solid lines in both spectra indicate the plasma frequency
for 2 at. % AZO (green) and 4 at. % AZO (blue line). The inset on
the top image is a representative scheme of the samples under study
(AZO film/MgO substrate, one side polished). The inset on the
bottom image is a representative scheme of the model used for the fit
of the experimental ellipsometry data.
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qualitatively observable from the raw SE spectra. The thickness
of the films corresponding to the best fit was 110 ± 10, 145 ±
15, and 145 ± 15 nm for Al-doped ZnO films (2 and 4 at. %,
respectively), while the effective optical roughness was found
to be approximately 4.0 ± 0.1 nm for ZnO, 6.0 ± 0.1 nm for
the 2 at. % AZO film, and 4.6 ± 0.2 nm for the 4 at. % AZO
film. We notice that whereas the mathematical uncertainty in
thickness from the fit was very small (±0.1 nm), there are
other sources of uncertainty (e.g., slight thickness inhomoge-
neities) that concur in defining a “physical” uncertainty that is
larger than the “mathematical” uncertainty of the fit. The
slightly different roughness values deduced by SE and AFM are
typical of the different lateral scale over which the two
techniques assess the sample and of the “effective” nature of
roughness modeling in SE.
From the so-called Drude dielectric function (eq 1) and the

definition of plasma frequency (eq 2), it is possible to calculate
the density of the free carriers, Ne.

i
iDrude 1 2

p
2

2ε ε ε ε
ω

ω γω
= + = −

+∞
(1)

N q
mp

e
2

0
ω

ε
=

* (2)

In eq 1, ε∞ is the background permittivity and ω is the photon
frequency, while ωp is the plasma frequency and γ the damping
parameter. In eq 2, ε0 is the vacuum permittivity, q is the
elementary charge, and m* is the effective mass of the charge
carriers (for AZO m* = 0.27me

59). The calculated values of the
carrier density of the corresponding films (2 and 4 at. % AZO)

were 2.98 × 1020 and 3.91 × 1020 cm−3 (see Figure S5),
respectively, which point out the higher conductivity of the 4
at. % AZO film, as expected,48,49 and they are in good
agreement with literature values.60,61

3.2. Optical Properties of Au Nanoparticles on AZO
Films. The SE spectra of the Au−NP/AZO system are
reported in Figure 5. In the same graph, we report the bare-
substrate spectra for the sake of comparison. The SE spectra of
the Au NPs/TCOs in different angles of incidence along with
the fit curves are shown in Figure S6. The SE spectra of the
hybrid system are different with respect to their bare
counterpart due to the introduction of an additional dispersive
layer on top of the system. A common feature of the SE spectra
of Figure 5 seems to be the appearance of a peak around 2.1 eV
in Ψ, intuitively related to the LSPR of Au NPs on top of the
TCO surface (see also the transmission spectra of bare and
NP-decorated AZO films reported in Figure S7, where a clear
fingerprint of the LSPR is seen at that energy). By comparing
the ellipsometry spectra of Au NPs on bare and Al-doped (2%
and 4%) ZnO (Figure 5), we observe a slight blue-shift of such
a structure as a function of increasing doping. We observe a
slight decrease of the peak width as the doping of the TCO
films is increased from 2% to 4% (Figure 5g). To shed more
light on these observations, a dielectric modeling of the Au−
NP/AZO system is required.
To fit the new spectra and extract the optical response of the

Au−NP layer, the SE model was accordingly modified to
include a new dielectric layer, representative of the effective
dielectric function of an Au−NP assembly,62,63 which was
approximated as dielectrically isotropic.64 Fits with MSE of
10.25, 6.82, and 25.55 for hybrid systems of Au NPs on top of
bare and Al-doped (2 and 4 at. %) ZnO films were achieved,

Figure 4. Real (a) and imaginary (b) part of the dielectric function of AZO films of different doping levels (2 and 4 at. %) as extracted by
ellipsometry measurements. Measurements on a ZnO film (orange lines) are reported for reference. The dashed lines in ε1 indicate the plasma
frequency for 2 at. % AZO (green) and 4 at. % AZO (blue line). (c) Squared optical absorption coefficient versus photon energy for AZO films of
different doping levels (2 and 4 at. %) as well as a ZnO film. The inset table shows the band gap values determined by a linear extrapolation along
the absorption edge to the background.
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respectively. Figure 6 reports the refractive index n (a) and

extinction coefficient k (b) of the effective Au−NP layer on

bare ZnO and AZO films (2 and 4 at. %), grown on MgO

substrates, as extracted from the real (ε1) and imaginary (ε2)

part of the dielectric function, corresponding to the best fit

(Figure S8).
The extinction coefficient, k, of the Au−NP layer, extracted

via the best fitting of the SE spectra, shows a resonance at 2.06

Figure 5. Ψ (left) and Δ (right) spectra of ZnO (a, b), Au NPs/2 at. % AZO (c, d), and Au NPs/4 at. % AZO (e, f) films, with and without Au
NPs on top, acquired with incidence angle of 65°. In all spectra, the red markers represent the data of the Au NPs−TCO system. Three lines were
placed on the Ψ spectra to point out the peak, related to LSPR of Au NPs. The solid line was set at the peak of ZnO spectrum while the dashed
lines indicate the peaks of Au NPs/2 at. % AZO (black dashed line) and Au NPs/4 at. % AZO (purple dashed line) spectra. (g) Ψ spectra of Au
NPs/2 at. % AZO (squares) and Au NPs/4 at. % AZO (circles) films, acquired with incidence angle of 65°. Inset in (c): a representative scheme of
the samples under study (Au NPs/AZO film/MgO substrate one side polished). (h) A representative scheme of the model used for the fit of the
experimental ellipsometry data.
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eV for Au on ZnO, 2.11 eV for Au on 2 at. % AZO, and 2.16
eV for Au on 4 at. % AZO. This resonance, the spectral
fingerprint of the LSPR of Au NPs, exhibits a clear blue-shift as
a function of increased doping of the TCO film, as actually
observed in the raw SE data. We point out that the effective
dielectric function of the Au−NP layer extracted from SE also
allows to reproduce, with very minor changes, the transmission
data (see e.g. the case of Au NPs/2 at. % AZO reported in
Figure S9), thereby supporting the analysis results.
At this point, it is worth mentioning that there is rather

conclusive evidence that the NPs formed on top of the TCOs
are separated into islands. If the Au atoms still formed a
continuous film, we would not witness the presence of a LSPR
in the optical data (both transmission and ellipsometry). The
optical properties would be completely different with respect
to our observations, whereas for the electronic properties a
conductive layer would be formed on top of the AZO,
contributing to the overall conductivity of the system.
In Figure 6b, a decrease of Au plasmon line width is

confirmed going from 2% to 4% samples. We ascribe this
phenomenon to the lower dissipation in the substrate in
correspondence of the LSPR of 4%-doped AZO.
The evolution of the LSPR on the differently doped

substrates can originate from a variety of effects. The size
and shape of the particles are one such effect, but because
AFM images provide no clear-cut evidence of a systematic
variation of these parameters, we are inclined to rule them out.
As a matter of fact, the mean radius of Au NPs on top of bare
and Al-doped (2% and 4%) ZnO films as extracted from AFM
images analysis was found to be 10.9 ± 0.2, 11.1 ± 0.2, and
10.6 ± 0.2 nm, respectively. Because of this analysis, no size
trend is observed, so the LSPR shift cannot directly stem from
these variations in size. Moreover, the mean radius of the NPs
lies in a size range where the size dependence of the LSPR is
extremely weak,65 meaning that the shift in LSPR cannot be
attributed to the small variations in the NPs size. Next, we
consider the effect of particle environment, i.e., the interactions
with the substrate, dividing them in two categories, namely the
purely “dielectric” interactions (shift of the LSPR due to the
different polarizability of the surrounding material) and
electronic interactions, i.e., that imply a transfer of charge
between the materials.
In a simple approximation, for a given metal NP with fixed

size and shape, there is a linear relation connecting the
dielectric constant of the environment at the resonance
frequency and the LSPR frequency.66 In our case, this is

only qualitatively verified: indeed, the blue-shift of the LSPR
when going from ZnO to 2%-doped AZO can be rationalized
based on the corresponding decrease of ε1 of the substrate in
the spectral region of the LSPR. However, when going from
the 2%-doped AZO to the 4%-doped AZO, we observe a
further blue-shift not motivated by a corresponding variation of
the dielectric function.
An appealing hypothesis for this is related to the occurrence

of a charge transfer between the two materials. Hot electrons
play a role in several hybrid systems that include plasmonic
materials. On this basis, we cannot rule out their influence on
our observations, even though we do not have the possibility to
single them out. In general, however, we understand our
observations in terms of a net transfer of electrons toward the
Au NPs. Indeed, the increase of chemical potential in the AZO
due to the doping may promote a charge accumulation in the
Au NPs, which would lead to a blue-shift of the LSPR even in
the absence of concomitant effects (shape, size, and dielectric
environment). Taking into account the work function of bare
and Al-doped (2 and 4 at. %) ZnO as extracted from ultraviolet
photoelectron spectroscopy measurements (3.96, 4.17, and
4.51 eV, respectively) and knowing that the work function of
gold is 5.3 eV, because ZnO is an n-type semiconductor we
could assume that the contact between Au NPs and ZnO is a
Schottky contact.67 However, the difference between the work
functions of gold and doped ZnO films is relatively small.
Furthermore, the presence of occupied states at the Fermi level
and the ability in screening charges in the conductive AZO
have shown several times an Ohmic contact.68 Therefore,
distinguishing the type of metal/semiconductor junction
cannot be accomplished just by knowing the work function
of the materials involved because the role of the interface as
well as the presence of defects can affect the type of
contact.69,70 Assuming that charge injection from the AZO
substrate to the Au NPs is responsible for the blue-shift of the
plasmon resonance, according to our calculations the relative
variations of the carrier density of gold corresponding to a
plasmon resonance shift from 2.06 eV to 2.11 and 2.16 eV
should be 3.3 × 1021 and 6.7 × 1021 cm−3, respectively.
Considering that the Au coverage corresponds to a nominal 3
nm thickness, this leads to an average transferred charge to the
NPs of about 0.05 and 0.11 e/atom for 2 and 4 at. % AZO
films, respectively. These values are consistent, in absolute
value, to what happens in other metal NPs/ZnO71,72 and
similar Au NPs/oxide systems73,74 and can be sustained by the
substrate due to the small volume of Au NPs with respect to

Figure 6. Refractive index, n (a). and extinction coefficient, k (b), of the effective Au-NP layer on bare ZnO and AZO films (2% and 4%), as
extracted by spectroscopic ellipsometry. Markers on the k peak were placed for the sake of clarity of the LSPR blue-shift.
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the film volume. Increasing further the dopant concentration
above the optimal doping condition (4 at. %) introduces Al in
interstitial sites, depopulation of the conduction band, and new
defect states in the band gap.48,49 The larger degree of
complexity would in turn make it more difficult to understand
and model charge transfer phenomena at the interface. This
clearly represents an upper limit, assuming the doping-
dependent variation of the polarizability of the substrate
plays no role in the blue-shift. It is possible that both effects
play a concomitant role in determining the actual value of
LSPR shift. In this respect, we speculate that in analogous
systems with a higher ratio between Au NP volume and TCO
volume some of these effects could reflect on a variation of the
optical response of the substrate following the deposition of
plasmonic particles, promoting an intertwinned TCO/NPs
relationship, which can potentially be exploited to tailor the
ENZ regime as well.

4. CONCLUSIONS

In conclusion, we reported a spectroscopic ellipsometry
investigation of the dependence of the LSPR of metallic NPs
on the doping of a TCO film (here, Al-doped ZnO films). We
investigated first the evolution of the dielectric properties of
the substrate as a function of Al doping, recording an increase
of the TCO band gap as a function of increasing doping due to
the Moss−Burstein effect, and the appearance of Drude tail
distribution due to the presence of free carriers. In addition, we
showed that the LSPR of Au NPs deposited on the TCO blue-
shifted as a function of increasing doping. Such a blue-shift
cannot be simply understood in terms of a variation of the
dielectric environment of the plasmonic nanoparticles; hence,
we suggested that a doping-dependent charge transfer between
the substrate and the NPs is responsible for the effect. This
could have interesting implications in terms of either passively
or actively tuning the optical response of hybrid plasmonic/
TCO systems, exploitable for a broad range of energy/
environmental applications, such as in light harvesting and
photocatalytic devices.
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