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ABSTRACT: Nanocomposite films consisting of gold nano-
particles embedded in zinc oxide (ZnO-Au) have been synthesized
with different gold loadings by reactive magnetron sputtering at
near-room temperature followed by ex situ annealing in air up to
300 °C. Using X-ray diffraction and high resolution transmission
microscopy it is shown that during deposition gold substitutes zinc
in ZnO as isolated atoms and in nanoparticles still exhibiting the
structure of ZnO. Both situations degrade the crystalline quality of
the ZnO matrix, but thermal annealing cures it from isolated gold
atoms and triggers the formation of gold nanoparticles of size
higher than 3 nm, sufficient to observe a strong activation of
localized surface plasmon resonance (LSPR). The amplitude of
LSPR absorption observed after annealing increases with the gold
loading and annealing temperature. Moreover, UV and visible
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photoluminescence from the ZnO matrix is strongly enhanced upon activation of LSPR showing strong coupling with the gold
nanoparticles. Finally, modeling of spectroscopic ellipsometry measurements unambiguously reveals how curing the defects
increases the optical bandgap of the ZnO matrix and modifies the optical dielectric functions of the nanocomposite and ZnO

matrix.

1. INTRODUCTION

Since the early 1990s, the optical properties of gold
nanoparticles (NPs) have attracted renewed interest due to
the rapid development of plasmonics as an independent
extremely active field of research and applications." Effectively,
gold NPs exhibit localized surface plasmon resonance (LSPR).
LSPR consists in resonant coupling between photons and the
collective oscillation of metal conduction electrons of the same
frequency (the plasmon frequency, ®,) at the surface of metal
nanoparticles. The nanoparticles act as nanoantennas. They
induce several effects such as optical absorption, the
concentration of electric field, electric near field enhancement
in the direct surrounding of the nanoparticles, and heating of
the nanoparticles upon excitation by photons of w,. To date,
most of the efforts have been focused on producing colloidal
NPs by chemical routes. However, colloidal NPs tend to grow
by Ostwald ripening, even at moderate temperature, and to
agglomerate. Since the amplitude and energy of the LSPR
absorption is highly sensitive to the size of NPs, excessive
growth and agglomeration often leads to loss or weakening of
the LSPR absorption and related properties. These problems
can be solved by stabilizing the size and shape of the NPs,
thanks to chemical interaction with another material. This is
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referred as “nanocomposite” architectures. Different possible
configurations of metal—semiconductor plasmonic nanocom-
posites can be found: core—shell nanostructures,” metal
supported on semiconducting surface’ (outside structure) or
metal embedded in a semiconducting matrix’® (inside
structure). There is a growing interest in using semiconducting
oxides in contact to plasmonic NPs in order to benefit from
LSPR-enhanced optoelectronic properties. Zinc oxide is a
particularly interesting multifunctional n-type wide bandgap
semiconductor showing electronic conductivity close to 107* S-
cm™" when heterovalent ions substitute the Zn site.” Moreover,
due to its large exciton binding energy, ZnO can emit
ultraviolet light following exciton recombination (near band
edge emission, NBE) at room temperature. It also exhibits
emission in the visible range related to the presence of point
defects,® as well as tunable optical absorption in the ultraviolet
and near-infrared regions.7 Therefore, coupling gold NPs to
ZnO within nanocomposite architectures represents an
interesting approach to design multifunctional surfaces
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combining the properties of the constituents as well as new
properties arising from Au-ZnO interactions. ZnO-Au nano-
composites have been studied for enhanced UV photo-
detection,” gas sensing,g_10 and plasmon catalysis,”’12 and
are foreseen as efficient absorbers for photovoltaic solar cells."
Recent studies indicate the possibility to inject “hot electrons”
in semiconductors or molecules in contact with plasmonic
nanoparticles' "> based on photoelectron emission by non-
radiative electromagnetic decay after LPSR excitation. Interest-
ingly, ZnO has suitably positioned valence and conduction
bands to optimize “hot electrons” injection from plasmonic
nanoparticles. New concepts of photodiodes'* and solar cells'®
based on this phenomenon have been proposed. To date the
efficiencies of such devices are very low but these technologies
are in their infancy and strategies to improve it have already
emerged. For instance, it has been calculated that engineering
of the Schottky barrier established at the metal—semiconductor
interface and modification of the charge carrier density at the
plasmonic particles could enhance the efficiency of this new
type of solar cells well in excess of 22%, that is, rendering it
competitive with conventional solar cells but with much higher
light trapping efficiency."® Knight et al. showed that electron
transfer is enhanced at embedded junctions.'” Therefore,
plasmonic ZnO-Au nanocomposites, enabling charge transfer
at the AulZnO interface are highly sought, but there is little
knowledge on the influence of the synthesis and treatment
conditions on the local properties of such nanocomposites.
Several methods have been employed for the synthesis of
ZnO-Au nanocomposites films such as electrodeposition,
magnetron sputtering, and pulsed laser deposition.'* > In
this work, we use reactive magnetron sputtering for three main
reasons. First, it enables a precise control of the film chemical
composition; which can be of primary importance to
understand the origin of property modifications. Second, the
microstructure and optical properties of ZnO thin films can be
controlled through the experimental parameters such as the
Ar:0, reactive atmosphere composition or using substrates to
stimulate epitaxial growth.’ Finally, the scalability of the
method is demonstrated and transfer of results gained at the
laboratory scale to the industry is straightforward in most cases.
In this report, we describe the synthesis and characterization of
ZnO-Au nanocomposite films grown by reactive DC magnet-
ron cosputtering. More particularly, it is shown how the gold
content and thermal treatment influence the film micro-
structure and, thereby, the optical properties of the films,
including LSPR absorption by gold NPs and enhanced
photoluminescence in UV and visible ranges.

2. EXPERIMENTAL SECTION

2.1. Synthesis. ZnO and ZnO-Au nanocomposite thin films
have been grown on silica and [0001]-oriented sapphire by
reactive DC magnetron cosputtering of Au and Zn targets (50
mm diameter, 3 mm thickness, and purities over 99.9%). The
target-substrate distance was set to 50 and 55 mm for the Zn
and Au targets, respectively, and the targets were placed off-axis
relatively to the rotating substrate-holder axis in order to ensure
a good homogeneity in thickness and composition.”’ The
samples were positioned on the circumference of the substrate-
holder facing the magnetron axis. The argon flow rate was fixed
to SO standard cubic centimeters per minute (sccm) and the
oxygen flow rate (OFR) was kept constant at 8 sccm O,,
corresponding to an injected composition of the gas mixture of
14 vol % O, and a total pressure close to 0.5 Pa. We showed in

a recent report that an OFR of 8 sccm using the same
experimental procedure leads to ZnO films grown in the zinc-
rich region.” The surface of the samples was activated in situ
using radiofrequency polarization (60 W, 2 min) in the reactive
ambiance just before deposition. The discharge current for the
Zn target was fixed to 0.07 A. This low discharge current was
used to prevent substantial self-heating of the film during
bombardment by fast particles impinging the substrates after
their production at, or reflection by, the target surface. For the
ZnO-Au nanocomposite films, the atomic gold content is
defined as (Au)/(Au + Zn) X 100. To vary the Au composition
between the different experiments, the Au target density
current was varied from 0.015 to 0.006 A (the lowest reachable
current for the Au target) using an MDX 500 advanced energy
supply. The substrate temperature was evaluated using thermal
level stripes (Thermax) positioned on the same circumference
as the substrates on the substrate-holder and was below 40 °C
(the lower detection limit of the thermal level stripes) for all
conditions. The deposition time was set such that the
nanocomposite grown films have a thickness of 150 + 40
nm, whatever the chemical composition, as measured using
tactile profilometry. The influence of annealing in air at 230 and
300 °C = 5 °C for 1 h on the microstructure and properties of
ZnO-Au films was studied.

2.2. Characterizations. Optical transmittance measure-
ments were performed with a Cary 5000 UV-—vis-NIR
spectrophotometer. The film structure and microstructure
were characterized by 6—20 X-ray diffraction (XRD) measure-
ments with a AXS Bruker D8 Advance diffractometer using a
Cu anode (Cu Ka = 1.54 A). Further details on the
microstructure were obtained with scanning transmission
electron microscopy (STEM) investigations performed using
a Philips CM200 Microscope and a JEOL ARM 200-Cold FEG
microscope. The working voltage of the microscopes is close of
200 kV. For this purpose, TEM foils were prepared in a focused
ion beam (FIB)/scanning electron microscope (SEM) dual
beam system (FEI Helios 600) by using the “in situ” lift-out
technique. Thinning of the foil was done using acceleration
voltage of 30 kV at the first steps and finishing with 5 kV and a
current of 16 pA in order to reduce possible artifacts and
amorphization. The chemical composition was determined by
energy dispersive X-ray spectroscopy (EDS) in the SEM.

A mechanical strain analysis was conducted by coupling the
curvature method™” and interpretation of XRD data.

The optical properties of ZnO and ZnO-Au films were
deduced from ellipsometric measurements by using a phase
modulation ellipsometer (UVISEL, Horiba Jobin Yvon). The
ellipsometric parameters I, and I, which depend on the
ellipsometric angles ¥ and A, are given by

I, =sin 2y sin A (1a)

I =sin 2y cos A (2a)

Both parameters were measured and fitted in the 260—82S5 nm
spectral range at several angles of incidences from 50° to 70°
(see Supporting Information). Ellipsometric measurements
recorded on pure ZnO films were analyzed by modeling
samples as a two-layer structure on a silicon substrate. The
bottom layer and top layer corresponds to the ZnO film and
the film roughness, respectively. The Tanguy dispersion was
used to determine the dielectric function of ZnO (g5,0):>
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where R is the exciton binding energy, A the amplitude factor,
@, the energy bandgap, and I' the damping factor. A first
Sellmeier term has also added to account for higher energy
transitions.

The dielectric function of the film roughness (g,g) is
described by the Bruggeman effective model by considering a
mixture of 50% of voids and 50% of ZnO:

- grough €700 — erough

0=
1+ 26‘rough €700 + 2€rough (2)

Ellipsometric measurements performed at four angles of
incidences were simultaneously fitted by adjusting the
parameters of the ZnO dispersion law (e, A, E,R 1T, a b),
the thicknesses of ZnO film, and the thickness of the roughness
layer. The root-mean-square error between the measurements
and the fit was equal to 0.1. Experimental and best fit to the
data are presented in the Supporting Information. ZnO-Au
nanocomposites have also been characterized by spectroscopic
ellipsometry. The ellipsometric data were analyzed by
considering the same two-layer structure as for pure ZnO but
it was necessary to consider that the optical response is the
contribution of all components. We used the Maxwell-Garnett
(MG) effective medium model to obtain the effective dielectric
function of ZnO-Au films (&;,0.,)- The MG considers the
presence of inclusions in a host matrix. This model is most used
when the volume fraction (f) of the inclusions is low enough to
consider the particles are well separated. The ZnO-Au
nanocomposite films prepared for this study exhibit such
behavior. The Maxwell-Garnett effective medium model relates
the dielectric constants by

Eau ~ €710
£y T 28250 (3)

€700-Au ~ €710

€7n0-au T 26200

where €,,0, €4y and €7,0.4, are the dielectric constants of the
ZnO matrix, gold NPs, and the effective dielectric function of
the film, respectively. The dielectric function of ZnO was
calculated from the Tanguy dispersion law (eq 1). The gold
dielectric function is the sum of two contributions due to the
interband (e,,,,) and intraband (g,,,,) transitions:

inter + Eintra (4)

The contribution of intraband transitions is described by the
Drude relations.

Epy = €

2
[6)

P
= £

ein ra 0 +——
¢ o(w + il) (5)

where w,, I', and €, are the plasma frequency, damping factor
and the dielectric constant at high energy, respectively. The
contribution of interband contribution was modeled by using a
Tauc-Lorentz dispersion law with three oscillators.

3 2
1 Ao, Cllo — o
2— k kkgz t;‘)z for > wy,
. L= - Clw
8mter,1 k=1 w (w wk) + k
0 for o < wy, (6)
and
2 e Qe
Einter,r = - f ﬁdg
7 do, Q —w (7)
where €;,,, and &,,,; are the real part and imaginary part of

Einter; Wy, 1 the threshold energy of the interband transitions,
while @y, ¢, and Ay are the energy, the broadening, and the
strength of the transition k, respectively. Each parameter in &,
are set to the ones estimated by fitting the tabulated dielectric
function of bulk Au.** For nanoparticle radius smaller than $
nm, the confinement effect has a strong impact on the Drude
part of Au dielectric function.”

The ellipsometric data were fitted by using a two steps
procedure. In the first step, the dielectric function of the ZnO
matrix was set to the measured one on pure ZnO film. The
Drude part of the dielectric function of Au NPs (&), their
volume fraction and the thicknesses of the roughness and ZnO-
Au layers were simultaneously fitted. Then, these parameters
were set to obtained values. In the second step, we only fit the
dielectric function of the ZnO matrix. Both steps were repeated
until a convergence was achieved. The root-mean-square error
between the measurements and the fit was equal to 0.1.
Experimental data and best fit to the data are presented in the
Supporting Information.

Photoluminescence (PL) measurements have been per-
formed on selected films using laser excitation at 325 nm.

3. RESULTS AND DISCUSSION

3.1. Film Structure and Microstructure. In order to
evaluate the influence of the gold loading on the microstructure
of the films, the gold content, defined as (Au)/(Au + Zn) X
100, has been varied between 10 and 29%. As shown in Figure
1, in as-deposited samples, the (0002) ZnO diffraction peak is

_ Zn0 (0002)

2 10%
c

]

9

E

Zson0 Aty
S 2.0x10° pu o A
£ 1 ox102 Mo, i

31 33 35 37 39 4
20 diffraction angle (Degree)

—Troom 235°C ——300°C

Figure 1. X-ray diffractograms of ZnO-Au nanocomposite thin films
synthesized with different Au contents (10, 20, and 29%) as-deposited
(Troom) and after annealing in air at 230 and 300 °C + S °C.

detected up to 20% Au. However, the diffracted intensity is
weak compared to pure ZnO, about 2 orders of magnitude
lower (see Supporting Information), and no diffraction signal of
crystalline ZnO is detected at the highest gold loading of 29%.

Hence, the incorporation of gold has a marked influence on
the film microstructure. Several processes can be at the origin of
this observation. First, Au atoms may be present in the ZnO
matrix, as suggested by recent investigations on RF sputter-
deposited ZnO-Au films,”® which can induce local strain and,
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thereby, degrade the crystallinity of ZnO. Second, impurities
can interfere with crystal growth.27 Such impurities could be
present in the form of isolated or clustered gold atoms. The
broad signal in the region 37—39.5° in the diffractogramms of
samples containing 20 and 29% Au annealed in air corresponds
to the diffraction by (111) planes of crystalline Au. The large
width indicates the nanocrystalline character of gold. This
signal is neither observed in as-deposited samples nor after
annealing for the lowest gold content, suggesting that before
annealing gold atoms are distributed in the ZnO matrix. This
hypothesis will be tested in the following. Further analysis of
the microstructure was conducted using high resolution
transmission microscopy in scanning transmission electron
microscope (STEM) mode. Bright field (BF) and high angle
annular dark field (HAADF: Z contrast) micrographs of as-
deposited film with 10% Au are shown on Figure 2a,b. Heavy

Number of particles

01234567 8
Particle size (nm)

Figure 2. Bright field (a) and high angle annular dark field (b) STEM
micrographs of a ZnO-Au nanocomposite film with 10% gold.
Distributions of nanoparticle size (c) for two gold contents in the as-
deposited state (up) and for 29% gold in the as-deposited state and
after annealing at 300 °C in air (bottom).

atoms appear in dark and clear in the BF and HAADF images,
respectively. Precipitates involving heavy atoms, obviously gold,
are clearly visible in a matrix constituted by lighter atoms.
Nevertheless, the interplanar distances of fcc gold were not
detected in the images and in the selected area electron
diffraction dominated by the signal of crystalline ZnO (see
Supporting Information). Moreover, a close look at the images
indicates the continuity between the crystal lattice of
precipitates and that of the ZnO matrix. A distance close to
0.27 nm is measured between nearest neighbors in dark
particles showing coherence with the basal plane of the
hexagonal ZnO matrix. This does not correspond to a
characteristic distance of the fcc gold crystal structure. This is
consistent with the XRD measurements supporting our
hypothesis that all gold atoms are distributed in the ZnO
matrix before annealing. In contrast, annealing the samples in
air induces the precipitation of crystalline fcc gold NPs as
detected in the X-ray diffractograms for the two highest
loadings and in the selected area electron diffraction pattern
(see Supporting Information). The particle size distribution was
extracted for various gold contents before and after annealing
from BF and HAADF images. The main results are summarized
in Figure 2c. It is found that the gold loading increases the
average size of NPs, similarly with previous observations on the

yttria stabilized zirconia-gold system;”® so does the thermal
annealing in air. Our experience with Au-YSZ led us to limit the
gold loading to 29% in order to prevent substantial migration of
gold to the film—air interface during annealing due to eased
diffusion within a percolating network of gold NP.*® The
annealing treatment was therefore sufficient to trigger the
reorganization of gold atoms in crystalline gold NPs. The
average size of nanoparticles ranges from ~1.5 nm for the
lowest gold loading before annealing to ~4.5 nm for the sample
with highest gold loading after annealing in air.

The (0002) ZnO diffraction peak of Figure 1 shifts toward
lower angles with increasing the Au content and the annealing
temperature, indicating a variation of the c-axis parameter. We
can follow the evolution of the ZnO c-axis parameter with the
Au content and the annealing temperature in the contour map
of Figure 3a.

C-axis
30! (a) (Angstrom) 2 + (b)
!5.300
5279 F.0.8
Q
s2s8 o
©-0.4

5237 & +
.5.215 0.0

Curvature method

Temperature (°C)

12 18 24 30
Au content (at. %) Au content (at. %)
Figure 3. 2D contour plot of the c-axis parameter determined using
the (0002) ZnO diffraction peak of ZnO and ZnO-Au nanocomposite
films as a function of the temperature and the gold content (a). Stress
measurements using the curvature method for ZnO-Au nano-
composite films as a function of the Au content (b).

It is found that increasing the gold content and the annealing
temperature have opposite effects as it increases and decreases
the c-axis parameter, respectively. Indeed, the annealing
treatment enables reaching a c-axis parameter close to that of
a pure bulk ZnO (5.2042 A) for all gold contents but requires a
different holding temperature depending on the gold content.
There are several possible explanations to these observations.
Within the ZnO biaxial in-plane strain model,”’ the elongation
(contraction) of the c-axis parameter can be interpreted as in-
plane compressive (tensile) stress state. In order to verify the
validity of this model in the present situation, stress
measurements have also been performed using the curvature
method”® (Figure 3b). All as-deposited films exhibit a
compressive stress state but, in contradiction with the biaxial
in-plane strain interpretation of the data of Figure 3a, the
amplitude of the compressive stress decreases as the gold
content is increased. Compressive stresses almost disappear at
29% Au. To solve this apparent contradiction it is necessary to
consider that the curvature method gives global information
about the film in-plane stress state, while the position of the
(0002) diffraction peak gives information on the strain in the
matrix only. It is well-known that Au exhibits a ductile behavior.
Hence, due to the contribution of “soft” particles containing
Au, the Young modulus of ZnO-Au nanocomposite films is
expected to be lower than that of the ZnO matrix alone (111
GPa),” as observed with the YSZ-Au system.”’ As mentioned
earlier, a possible origin for the degradation of the crystallinity
of the ZnO matrix is the presence of gold atoms in the crystal
lattice of ZnO, as reported recently for RF sputter-deposited
ZnO-Au films and suggested by the high resolution STEM
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results on our as-deposited films. More precisely, the gold
atoms were found to substitute zinc atoms.”® These “trapped”
atoms expand the ZnO lattice due to their larger radius than Zn
atoms. Based on that hypothesis, the deformation of the c-axis
parameter brings information about the probability to find
“trapped” Au atoms in the ZnO matrix. The thermal evolution
can thereby be explained by the release of Au atoms from the
ZnO structure and their diffusion to form Au NPs. Hence, the
evolutions of the c-axis and stress state, as measured by the
curvature method, are not contradictory, but give different
information on the influence of distributed gold atoms on the
microstructure and mechanical properties of the films,
respectively.

Figure 4 is a magnification of the STEM bright field image of
Figure 2 collected before annealing. The contrast was modified

Figure 4. Magnified view of the STEM bright field image of Figure 2
and corresponding interpretation of the positioning of gold atoms in
the ZnO crystal lattice and at NPs before annealing.

in order to better highlight the presence of heavy atoms,
obviously gold ones. These atoms are located in nanoparticles
and as isolated atoms in the ZnO matrix. They introduce visible
distortion. Moreover, the structure at nanoparticles appears to
be derived from that of ZnO in which a large density of gold
atoms has been introduced. At some locations both in the
matrix and at gold NPs, it is possible to retrieve the basal plane
of the ZnO hexagonal lattice containing a projected position of
gold atom at coordinates corresponding to 1/3 and 2/3 the a
lattice parameter or slightly off position. This strongly suggests
that gold substitutes zinc in both situations. This explains why
no signal of crystalline gold is detected by XRD before the
annealing step and why the crystallinity of ZnO is lowered
upon gold incorporation.

As a summary of this section, it is observed that the
incorporation of gold into ZnO and thermal annealing lead to
strong changes in the microstructure of sputtered ZnO films.
During deposition of ZnO-Au films, gold is incorporated as
individual or clustered atoms, most likely substituting zinc ones
in the ZnO matrix. This decreases the crystallinity and
introduces strong local strain in ZnO. During annealing, gold
atoms “trapped” in the ZnO matrix diffuse to form crystalline
Au NPs with the fcc structure of gold dispersed in the
nanocrystalline matrix and softening occurs. This is associated
with a decrease in the overall in-plane compressive stress state
and contraction of the c-axis parameter of ZnO to its bulk value.

3.2. Optical Properties. As shown previously, the
incorporation of Au and the annealing treatment have a strong
impact on the microstructure of the ZnO-Au nanocomposite
films. These factors are expected to affect the optical properties
of the films. Localized surface plasmon resonance (LSPR) of
isolated gold NPs can be detected in the visible range®” for
different dielectric surrounding media. Its presence can be
revealed by extracting the absorption coefficient from

spectrophotometry measurements. The main purpose of this
section is to study the influence of the microstructure of ZnO-
Au nanocomposite thin films on their LSPR behavior. It also
provides information on the influence of the annealing step on
the dielectric functions of components of the nanocomposite
films, photoluminescence and bandgap behavior of the ZnO
matrix.

Figure 5 plots the optical absorption for films with three
different Au contents before and after annealing at 230 and 300
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Figure 5. Absorption coefficient dispersion curves of ZnO-Au
nanocomposite thin films grown with different (a) 10%, (b) 20%,
and (c) 29% Au contents in the as-deposited state and after annealing
at 230 and 300 °C.

+ S °C. For the as-deposited films (blue line), although some
particles exhibit a mean diameter sufficient to stimulate
observable LSPR absorption, there is no clear absorption
band detected in the visible range, which is consistent with
above conclusion that gold atoms substitute zinc as isolated
atoms in the ZnO matrix or as precipitates in coherence with
ZnO in as-deposited films. In such situation the electron
density is probably too low to observe LSPR. The increase in
absorption in the near UV corresponds to electronic transitions
from the valence to conduction band of ZnO. However, the
characteristic near band edge absorption peak related to the
generation of free excitons is not visible, likely due to a low
crystallinity of the ZnO matrix. It is possible to observe a
continuous absorption in the visible range referred in the
following as background absorption. The absorption spectrum
of pure gold films is dominated by valence electrons and the
5d" — 6sp” interband transition located around ~1.8 eV,*>*
but is not related to a sharp signal. It is typically associated with
optical absorption below 600 nm, contributing to the
background absorption in the spectra of Figure S. Other
possible contributions correspond to absorption by defects in
the matrix and a large plasmon band due to very small gold
NPs.

Furthermore, Figure 5 informs us that the annealing process
has two main consequences on the absorption properties of the
coatings: (i) it promotes the development of the LSPR band,
whose amplitude roughly depends on the gold content, and (i)
steepens the bandgap transition of the ZnO matrix. The
development of LSPR is ascribed to the reorganization of gold
atoms distributed in the ZnO matrix into Au NPs during
annealing. Once developed, the LSPR band is centered near
590 nm and has a fwhm ~170 nm for the highest gold loading.
There is a difference with the LSPR band of isolated Au NP in
air, centered around 539 nm.** The redshift observed with our
films arises from a different dielectric function of the
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embedding medium compared to air,”***

by the Mie scattering theory.

While UV—vis spectrophotometry enables to measure the
overall optical absorption of the nanocomposite films, the real
and imaginary parts of the dielectric functions of the ZnO-Au
nanocomposite (€z,0.aur aNd €z,0.40;) and of the matrix
(Ematrix(zn0)r ANd  Emarix(zno)i) have been extracted from
spectroscopic ellipsometry measurements of as-deposited and
annealed films with a gold loading of 29% using a Maxwell-
Garnett effective medium. This is reported in Figure 6 together
with the dielectric functions of pure ZnO films (&,0, and
€7n04 grown and annealed under the same reactive conditions
for comparison.

as clearly established
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Figure 6. Real (a,b) and imaginary (c,d) dielectric functions of a ZnO-
Au nanocomposite film of 20% Au, its ZnO matrix, and pure ZnO
films for the as-deposited state (a, ) and after annealing in air at 300

°C (b, d).

The incorporation of gold modifies both real and imaginary
dielectric functions of as-deposited coatings since higher
absorption in the visible and less peaked excitonic transition
are observed compared to pure ZnO. This is also confirmed by
looking at the dielectric functions of the zinc oxide matrix in the
nanocomposite film. This can be explained by the poor
crystallinity of the matrix and the presence of a large density of
point defects in the as-deposited state. Without surprise, the
near band edge region of €;,0.4,, and €7,0.4,4 is dominated by
the contribution of the zinc oxide matrix, while the visible range
is dominated by the interband transitions of gold. Nevertheless,
the visible range of €;,0.4,; exhibits a bump we ascribe to a
weak contribution of LSPR by gold NP. As seen in the previous
section, all gold atoms are not in the form of metallic gold
particles in the as-deposited state. Some metallic particles of
very small size may be present though. In such case, intrinsic
confinement effect induced by the scattering of free electrons
on the NP surface has a strong impact on the LSPR band,
explaining the large width and the small amplitude of the LSPR
band. Annealing has a pronounced influence on the dielectric
functions of pure ZnO, the nanocomposite film and the zinc
oxide matrix. Effectively, the matrix dielectric functions
approach those of pure ZnO with a more peaked excitonic
transition and steeper band edge. The optical quality of the
matrix is unambiguously improved by annealing, which is

consistent with its curing from gold atoms. The near band edge
region of the effective dielectric functions also clearly manifests
this improvement. Moreover, the visible region becomes
dominated by LSPR. The volume fraction of gold inclusion
in as-deposited and annealed films is estimated to 18.11 =+
0.06% and 25.6 & 0.1%. This is again consistent with the idea
that a large number of gold atoms are not assembled into NPs
in as-deposited films and diffuse toward pre-existing NPs upon
thermal annealing. Moreover, NPs certainly change their
structure and composition during annealing to reach those of
pure gold as strongly supported by high resolution STEM
analyzes. The bandgap was estimated from ellipsometry
measurements. In the case of ZnO-Au film, the band gap of
the ZnO matrix was estimated from the Tauc plot. This method
can be applied because, for ZnO-Au film, the dielectric function
of the matrix is not dominated by excitonic feature. The
absorption coefficient of ZnO was calculated by using the
dielectric function of the matrix determined by ellipsometry.
The Tauc plot represented in Figure 7 was obtained by
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Figure 7. Tauc plot for extraction of the optical bandgap of as-
deposited (a) and annealed at 300 °C (b) ZnO-Au thin film
containing 29% Au.

assuming the matrix as a direct semiconductor. The band gap
energy of the ZnO matrix of as deposited and annealed ZnO-
Au films is estimated at 2.99 and 3.28 eV, respectively. The size
of ZnO crystallites is little affected by annealing at such low
temperature. Hence, exciton confinement can certainly not
explain the observed difference in bandgap energies. In
contrast, the presence of gold atoms in the nanocrystalline
ZnO matrix could affect the measured bandgap energy through
different effects. First, as suggested by Sahu et al,, it could lead
to broadening of the valence band resulting in bandgap
narrowing.36 Second, it is evident from Figure 7 that strong
band tailing occurs in the as-deposited state in line with the
local distortion induced by the presence of isolated gold atoms
in the ZnO matrix (see Figure 4). Positive hydrostatic strain is
known to strongly reduce the bandgap E, of ZnO by 11.75
€., with e, = 1.14 €, €, and €, corresponding to strain
along the g-axis and c-axis, respectively. Taking into account the
stress state is nearly relaxed for 29% Au (Figure 3b), we assume
the zinc oxide lattice freely deforms upon incorporation of
isolated Au atoms in as-deposited state. From data of Figure 3a,
we calculate that €,, and ¢, are close to 4.8 X 107> and 4.2 X
1073%Au™", respectively. This corresponds to a theoretical
reduction in bandgap energy of 27.5 meV. Since annealing was
shown to cure the matrix from isolated Au atoms, the strain-
induced reduction in bandgap energy can be compared to the
difference in bandgap energy of 28.1 meV between annealed
and as-deposited states. The values are very close, in favor to
the interpretation that the change in bandgap energy during
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annealing results from relaxed distortions as the ZnO matrix is
cured from gold atoms.

The Tauc plot method fails to determine the Band gap of
pure ZnO. Indeed, in this case strong excitonic effect is
observed. The band gap energy and the exciton energy were
directly estimated by using the Tanguy dispersion law. Both
values are 3.37 and 0.05 eV, respectively. The blue-shift of the
excitonic peak of the nanocomposite films compared to pure
ZnO is explained by the confinement of excitons due to the
nanocrystalline character of the ZnO matrix. Effectively, the
confinement effect at the nanometer scale’® is known to
increase the energy of the absorption edge.

PL measurements using 325 nm laser excitation have been
performed on as-deposited films and the film containing 29%
Au annealed at 300 °C in air, Figure 7. Before annealing the
near band edge (NBE) peak at the boundary between the UV
and visible regions is extremely weak and the PL signal is
dominated by a broad band in the visible range associated with
electronic transitions involving point defect states.” The signal
increases upon gold incorporation, in line with recent reports
on the optical properties of gold-doped ZnO nanorods.*’
Annealing induces a strong rise of the overall PL signal. The
NBE peak attributed to the recombination of free excitons
develops which is in part explained by the curing of the matrix.
Moreover, there is experimental evidence for the injection of
“hot electrons” originated from plasmonic gold clusters in the
conduction band of ZnO," leading to an increase of the NBE
emission.”” We also observe strong enhancement of the visible
emission after annealing suggesting the possibility to excite the
visible PL using LSPR as shown using plasmonic silver clusters
on ZnO and silver or gold clusters separated from ZnO by a
MgO buffer layer.*>* The latter suggests that visible emission
is stimulated by the local field associated with LSPR by gold
NPs. Careful observation of the shape of absorption and
emission curves of Figure 8 strongly supports this hypothesis.

Energy (eV)

33 29 25 2.1 17

—_ o L8x10°
£ 1.5x10" 1 %H\/N\
c 20
3 2
S =
- ﬁa'c‘sa'.fejlcengiﬁ'mm} F6x10°
%‘1.0x1o‘ 1 ~
g 8
= =
- F4x10°
& 5.0x10° {/ "

0.0 [2x10°

400 500 600

Wavelength (nm)

700

Figure 8. Photoluminescence of as-deposited films and film containing
29% Au annealed at 300 °C. The inset shows the ratio of PL intensity
of the film containing 29% Au after annealing to the PL intensity
before annealing for the same sample.

Effectively, emission and absorption curve shapes follow the
very same evolution above 640 nm for the sample containing
29% Au after annealing. Moreover, the ratio of PL intensity
after annealing to the intensity before annealing for the same
sample (inset of Figure 8) exhibits a step at 640 nm. The PL
signal in this wavelength region is usually referred as orange-red

29411

contribution. It has not been clearly ascribed so far but could
correspond to electronic transition to an oxygen interstitial
acceptor state in Zn0.°

4. CONCLUSIONS

We have shown using X-ray diffraction and high resolution
scanning transmission electron microscopy that ZnO-Au
nanocomposite films consisting in gold nanoparticles embed-
ded by a zinc oxide matrix can be easily synthesized using
reactive magnetron sputtering of gold and zinc sources followed
by annealing in air. In the as-deposited state gold substitutes
zinc in ZnO as isolated or grouped atoms forming precipates in
coherence with the crystal lattice of ZnO. Moreover, strong
localized surface plasmon resonance absorption triggered by the
formation of gold nanoparticles and curing of the matrix can be
achieved by a thermal annealing step at moderate temperature
in air. In parallel, photoluminescence is strongly enhanced both
at the near band edge and in the visible regions we interpreted
by the emission of “hot electrons” and coupling of emission by
point defects to the local field associated with LSPR. This
simple synthesis route could lead to the application of ZnO-Au
nanocomposite in new generations of photodiodes, solar cells,
and metamaterials.
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