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• Ga-oxide nanophases in films are di-
rectly obtained from glass target by
sputtering.

• Ga-oxide in silicate films unveils a hier-
archical architecture of
nanoaggregation.

• Nano-segregation of Ga-oxide in silicate
films occurs even in films few nm thick.

• Ga-oxide nanosize in oxide films can be
controlled by treatments and thickness.

• Sputtering and treatments enable the
use of Ga-oxide nanophases in planar
geometry.
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Gallium incorporation in silicate glasses gives rise to compounds inwhich the nucleation and growth of Ga-oxide
nanostructures can be designer controlled so as to obtain a number of functional properties for photonic applica-
tions. However, despite planar geometry pertains to a large part of modern technology, no information is avail-
able yet on the scalability of Ga-oxide segregationmechanisms in oxide thin films. In fact, incorporated Ga-oxide
nanostructures have only been obtained in bulk materials. Here we show that deposition of Ga-alkali-
germanosilicate thin films by radiofrequency-plasma sputtering gives rise to Ga-oxide nanostructures incorpo-
rated in an amorphous matrix. X-ray diffraction, X-ray reflectivity, small-angle X-ray scattering, and atomic
force microscopy data unveil the formation of lenticular nanoaggregates, only a few nm thick, even in as-
deposited materials as a result of two-dimensional aggregation of spinel-like Ga2O3 nanoparticles. Importantly,
the aggregate size distribution is controlled not only by the temperature but also by the film thickness when it
is reduced from 102 nm to only a few nm. The results open the way to the design of oxide-in-oxide thin films
with incorporated networks of nanostructures which can act as percolation paths for unconventional electric re-
sponses in neuromorphic functional systems.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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Fig. 1. Rationale of the investigation. In-plane and out-of-plane nanostructured features
emerge on the different structural scales from an articulated complex of experimental
techniques: X-ray reflectivity (XRR), atomic force microscopy (AFM), small angle X-ray
scattering (SAXS), and grazing incidence X-ray diffraction (GI-XRD). The analysis finally
gives a view of the lenticular nano-aggregation and the nearly isotropic nanophase
crystallization.
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1. Introduction

Composition and nano-inhomogeneity are the main factors which
determine the propensity of an amorphous mixed oxide to undergo
phase separation [1]. Such a propensity is crucial to obtain nanostruc-
tured glass-based materials in which nanophases can be induced and
controlled so as to be the source of specific functional features [2]. Im-
portant cases regard the design of nanostructured oxide systems with
wide-band-gap nano-particles [3]. In these systems, the nanophase
can provide the resultingmaterial with technologically important prop-
erties in the fields of optics and photonics, preserving chemical stability
andworkability of the starting amorphousmatrix [4–7]. For this reason,
during the last years, different groups have analysed how nanostruc-
tured functional glasses can be obtained in bulk material by phase sep-
aration of oxide-in-oxide phases [3,6,8,9]. In this field, a number of
studies have recently concerned Ga-containing mixed oxides. These
works have demonstrated that Ga2O3 nanoparticles with controlled
size, from 100 to about 101 nm [10,11], can represent a breakthrough
in various applications [12,13]. In fact, Ga2O3 containing glasses can
take advantage of either intrinsic nanophase features, or light-
emission properties of ions hosted by the nanophase [12–19].

However, despite the technological potential of nanostructured ox-
ides in 2D-planar geometry – especially in optoelectronics and light-
emitting devices – the amount of data on the scalability of glass
nanostructuring propensity of wide-band-gap oxide-in-oxide systems
in planar geometry is not large and is mainly focused on quantum
dots containing films [20,21]. There are only a few works on oxide
films with incorporated oxide nanophases [6,9,22], and a recent study
on charge transport properties of Ga-oxide containing films [23]. In
this regard, it is worth noting that dielectric oxide thin films can poten-
tially give rise to unconventional electric transport properties with re-
sponsive features. For instance, electric field switchable conductive
paths can occur in oxide layers by defect-mediated or charge trapping
processes [24–29], or by conductive bridging through nanostructure
forming/dissolving or inhibiting mechanisms [30–32]. This kind of sys-
tems can potentially open new perspectives in the design of integrated
units for neuromorphic networks of information processing and stor-
age, mainly for Big Data applications [33]. The design of nanostructured
features suitable for charge transport are also relevant for the exploita-
tion of electrically driven photonic properties for light-emitting-devices,
where wide-band-gap materials have a role as blue-UV emitters. How-
ever, in the case of Ga-containing oxides, detailed information on Ga-
oxide nanophases in oxide films is apparently lacking. Specifically, no
data are available on the need and role of thermal activation in the for-
mation of Ga-oxide phases in amorphous oxide layers and, importantly,
on the possible effects of spatial constraints from reduced-thickness on
the phase separation process.

Aim of the present work is to provide an experimental basis about
the 2D-scalability of the process of Ga-oxide nanostructure formation
in glass matrixes, so as to enable the implementation of this class of
nanostructures in thin oxide films. Along this line, the present work in-
tends to give first experimental evidence and structural interpretation
of the process of nanostructuring in thin layers of Ga-containing amor-
phous matrixes of alkali-germanosilicate, at thickness comparable with
the nanoparticle size. The collected results are also aimed at obtaining
information on the real role of thickness and thermal post-synthesis
treatments on size and amount of segregated Ga-oxide, in the perspec-
tive of a future design and control of fabrication processes of Ga-oxide
containing glass-based devices in planar geometry, specifically for opto-
electronics and for responsive devices for neuromorphic computing
networks.

2. Experimental approach and methods

The experimental results of the present study are articulated into
four kinds of outcomes which concur together to give a picture of the
2

nanostructured oxide-in-oxide system and the involved mechanisms
of its formation on the different length scales (Fig. 1). X-ray reflectivity
(XRR) data and profilometry give information on mean film density,
thickness, and electronic density profile with respect to the bulk glass;
atomic force microscopy (AFM) give images of the in-plane
sub-micrometre morphology of the oxide thin films; small angle X-ray
scattering (SAXS) data – collected both in-plane and out-of-plane – is
used to evaluate the mean nanostructure anisotropy; finally, X-ray dif-
fraction (XRD) patterns identify the crystal phase of the nanostructures
and, importantly, the in-plane and out-of-plane domain of crystallinity
to be compared with the nanoparticle morphology.

The structural analysis just outlined is applied to amatrix of samples
comprising as-deposited films with different thickness, films at fixed
thickness after post-synthesis treatments at different temperatures in
the rangewhere nucleation is observed in bulk, and filmswith different
thickness after treatment at a fixed temperature close to the crystalliza-
tion temperature of bulk material. Finally the information is elaborated
so as to give a picture of themechanisms driving the native formation of
nanostructures and their thermally activated growth.

2.1. Materials and sample preparation

The investigated films were produced by radiofrequency-plasma
(RF) sputtering from a glass target 6 cm in diameter and 5 mm thick.
The glass target with nominal composition of 7.5Li2O-2.5Na2O-
20Ga2O3-45GeO2-25SiO2 mol% was prepared using amorphous SiO2

(special purity grade), GeO2 (special grade), Li2CO3 (reagent grade),
Na2CO3 (reagent grade), and Ga2O3 (reagent grade). The amounts of
startingmaterials – from a few g to tens of g, depending on the stoichio-
metric coefficients – were weighed using an analytical balance with an
accuracy of 0.001 g and carefully mixed in an agate mortar. The batch
wasmelted in an uncovered Pt crucible in an electrically heated furnace
at 1500 °C for 60 min. The melt was cast into an unheated steel mould.

The film deposition on oxidized silicon substrates by RF sputtering
was performed by means of a homemade instrument comprising a ra-
diofrequency generator, working at 13.56MHz and 250W, a deposition
chamber made of steel, and a substrate holder consisting of a copper
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plate. The distance between target and substrate was about 15 cm. In-
ternal pressure and gas flow were obtained and controlled by rotary
and turbo-molecular pumps. During the sputtering, a dynamic equilib-
rium was maintained in which Ar gas carrier was fluxed into the
sputtering chamber at about 1.6 standard cubic cm per min and
pumped out by turbo-molecular pump. The flow conditions resulted
in a working pressure of 6.0 × 10−3 mbar. To avoid contaminations
from the air (especially fromnitrogen and carbon dioxide), the chamber
was previously vacuumed down to a pressure of 3–5 × 10−5 mbar sev-
eral times and purging with Ar. Machine testing with an Al reference
target did not show detectable contamination. The experimental proce-
dure and the specific sputtering conditions were optimized designing
the process so as to obtain films with thickness spanning two orders
of magnitude – from few nm to more than 100 nm – in a single deposi-
tion run. Carrier gas pressure and voltage were adjusted so as to limit
the deposition time within 1 h keeping the voltage fixed at about the
maximum value of 1.1 kV.Within these constraints, the process optimi-
zation demonstrated to assure a constant deposition rate in the whole
range of deposition duration, from 1 h down to a fraction of min. The
sputtering conditions so optimized were kept fixed in the entire set of
deposition runs, so as to extract reliable data on the possible effects of
the investigated parameters – thickness and treatment– on thematerial
features. Changes of the sputtering conditions could in fact determine
relevant modifications of the material features and of the underlying
evolution resulting from thermal treatments, as reported since the
early works on RF sputtering technique [34,35] and in recent works
on nanostructured materials [36,37].

This system was used to deposit up to 4 films at a time with an area
of about 2 × 2 cm2 and without relevant inhomogeneity within a single
film. After deposition, some of the filmswere thermally treated in a fur-
nace for 30 min at 700 °C with hot insertion and removal. Other films
were thermally treated for different duration (from 1 min to 2 h) or at
lower temperature (down to 600 °C). Finally, a matrix of film samples
was obtained with thickness ranging between about 1 to 130 nm, com-
prising as-deposited and thermally treated films at different treatment
temperature and durations.

2.2. Experimental techniques

The film thickness was measured by means of a stylus profilometer
(Veeco Dektak 8) with a sensitivity of 0.8 nm. Thickness measurements
were obtained by collecting height profiles across a step between the
surface of the deposited film and the substrate surface preserved during
the sputtering process by a polyimide film then removed. Mean thick-
ness value and uncertainty were estimated on 6 profile measurements
on each sample along different directions. A final standard deviation
of about 20 nm was obtained, enough for estimating the deposition
rate with a final uncertainty of about 1 nm/min through a set of mea-
surements at sputtering time ranging more than two orders of
magnitude.

X-ray reflectivity and specular X-ray diffraction experiments were
performed with an PANalytical Empyrean equipment using a copper
anode and a multilayer mirror as monochromator (λ = 1.542 Å) and
a PIXcel3D detector operating in 1D mode (diffraction measurements)
or in 0D mode (for reflectivity measurements). XRD measurements
were collected from 8° to 80° (2θ) for an acquisition time of about
15 h, while XRR from 0° to 6° (ω) with a total acquisition time of 2 h.
Electron density profiles were calculated from the reflectivity curves
by using the software StochFit [38].

GI-XRD experiments at grazing incidence were carried out using
synchrotron light at the beamline XRD1 at Elettra (Trieste, Italy). The
experiments were carried out with monochromatic radiation at λ =
1.4 Å and a Dectris Pilatus 2 M detector placed from 150 to 200 mm
from the sample centre. Data were collected at various grazing inci-
dence angles, obtaining the best definition at ω = 0.5°. Transfer of the
data into reciprocal space and subsequent data evaluation was
3

performed by the software GIDVis [39]. The width of the peaks was
used to determine the size of the crystals by using the Scherrer formula
D = l/[D(2 θ)cos(θ)] where D(2 θ) is the peak full width at half maxi-
mum. The XRD intensity of the crystalline phasewas analysed as a func-
tion of material parameters evaluating the net area of the main
reflection of the crystalline phase after normalization for the
acquisition time.

SAXS investigations were performed at the SAXS beamline at the
synchrotron Elettra using a wavelength of 1.55 Å with a Dectris Pilatus
1 M detector at 2 m from the sample centre.

AFM images were collected using a Bruker MultiMode Nanoscope V
in intermittent-contact mode in air with Si tips (frequency 340 kHz,
spring constant 40 N/m, tip radius 8 nm).

3. Results and discussion

3.1. Film thickness and density profile at the nanoscale

Film thickness is an important parameter of the present study,
representing a potential constraint to the nanostructuring process.
Thickness reduction, down to values of only a few nm, could indeed af-
fect size and number of the nanostructures. For this reason, the inspec-
tion of our oxide-in-oxide systemon the different length scales starts by
exposing thickness data from profilometry measurements and XRR
patterns.

Fig. 2a reports the profilometric values of film thickness vs. deposi-
tion time, which follow a linear relationship corresponding to a deposi-
tion rate of about 2 nm/min. Fig. 2b shows the results of a comparison
between thickness data collected before (circles) and after (squares)
thermal treatments, at temperature ranging between 600 and 700 °C,
within a set of samples with thickness of 140 ± 20 nm. Importantly,
the data do not show any relevant change after treatment. This out-
come, despite its simplicity, gives a first indication about the density
of as-deposited material. In fact, since the thickness does not change –
even if the treatment temperature is higher than the glass transition
in bulk material and close to its nano-crystallization temperature [40]
– the data suggest a density value probably similar to the density of
the glass target.

Confirmation that thefilmdensity is congruentwith that of bulkma-
terial can be found by analysing the XRR patterns of the investigated
films. Fig. 2c and d – which reports, respectively, XRR data collected
on as-deposited and thermally treated films – display typical XRR fea-
tures consisting in a periodically modulated angular dependence of
the reflected intensity, superimposed to an overall signal attenuation
[41]. These features, analogously to the optical intensity modulation
from interference effects of reflected light from thin transparent layers,
contain information on thickness and electronic density of the analysed
film [42,43]. The spacing of the modulation mainly depends on thick-
ness, while the electronic density determines the critical angle of total
reflection above which the modulated signal decreases. The decreasing
behaviour at increasing angle is instead mainly influenced by the film
surface roughness.

Starting from XRR data (and using the electron density of the oxi-
dized Si substrate as a reference), the electronic density can be calcu-
lated and compared with the value expected from the nominal
composition. Fig. 2e and f report the electronic density profiles and
the film thickness calculated by fitting the XRR patterns according to
Parratt-derived models [38].

It is worth noting that the calculated thickness agrees with the
values independently obtained by profilometry (Fig. 2a), at least within
the uncertainty of the model and the experimental reproducibility of
film thickness. Anyway, the analysis confirms that the XRR patterns
and the calculated density profiles appear scarcelymodified by the ther-
mal treatment. Furthermore, the average value in the density profiles
matches quite well the expected electronic density of the nominal com-
position calculated from themass density values of the parent oxides, as



Fig. 2. Profilometry and X-Ray Reflectivity data. (a) Thickness of as-deposited film vs.
deposition time collected by profilometry technique. The straight line is the linear fit of
the data with a slope of 2.15 ± 0.03 nm/min. (b) Comparison between thickness values
measured on a set of films with comparable thickness, as-deposited (circles) and after
(squares) thermal treatment at the indicated temperature for 30 min. (c) and (d) XRR
patterns of films before and, respectively, after thermal treatment at 700 °C for 30 min;
film deposition time are indicated. (e) and (f) Electron density profiles along the Z-axis
normal to the film surface, as calculated from XRR patterns of thicker films in (c) and
(d), according to Parratt-derived models and using the SiO2 substrate electron density
(0.67 eÅ−3) as an internal reference; grey lines are drawn as a reference of the bulk
value calculated from the nominal composition.
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reported for comparison in Fig. 2e and f. In other words, as-deposited
and thermally treated films possess a density congruent with a fully
densified composition which reproduce the mean structure of the par-
ent bulk glass.

Secondary structures in the calculated density profiles (appearing as
density peaks in Fig. 2e and f at the top layer of the filmmainly, but also
at the interphase with the substrate) suggest some structural inhomo-
geneity. This data, despite the large uncertainty of the quite indirect cal-
culation, points to some kind of phase separation and constitutes a
preliminary evidence of nanostructures across the film thickness.

3.2. In-plane nanostructure morphology and size

In the present system, as already reported in analogous phase-
separatedmaterials [23], the analysis of themorphology of the film sur-
face can distinctly signal the occurrence of nanostructures and confirm
4

the preliminary XRR indication of nano-inhomogeneity. The AFM im-
ages in Fig. 3 indeed register clear-cut nanostructures, with a depen-
dence on thermal treatment (Fig. 3a–c; Fig. 3d reports the resulting
nanostructure number density in the indicated size ranges) and on
thickness (Fig. 3e–g; Fig. 3h reports the resulting nanostructure number
density in the same size ranges indicated in Fig. 3d). Importantly, nearly
circular nanostructures are distributed on the film surface not only in
thermal treated but in as-deposited material too. The main effect of
thermal treatments is the enhanced mean size of the nanostructures.

Actually, the images show three quite distinct nanoparticle popula-
tions with clearly different size. A few large nanostructures (just
below 1 μm in lateral size) are found together with a relatively larger
abundance of just smaller nanostructures (about 102 nm in lateral
size), all dispersed among a relatively larger number of significantly
smaller nanostructures (with a quite narrow size distribution at around
values of the order of 101 nm). Comparing AFM images before and after
treatment at two temperatures (Fig. 3a–c), clear changes are registered
in the number of nanostructures belonging to the three populations.

The quantitative analysis of the size distribution in Fig. 3d shows that
the number of small nanoparticles per unit area grows from as-
deposited sample to sample treated at 640 °C, and decreases when the
treatment temperature is increased up to 700 °C. The population of
nanoparticles with intermediate size – which is approximately equal
in number to the small nanoparticles before treatment – instead de-
creases after treatment. Few greater nanostructures are also observed,
whose number is enhanced by the thermal treatment and increases
with the treatment temperature. These features are expected in amech-
anism of thermally activated nucleation of nanoparticles from phase
separation and nanoparticle aggregation [10,14]. In fact, the decrease
of the number of small nanoparticles per unit area when the treatment
temperature is enhanced up to 700 °C is just the expected behaviour if
the nucleation process ceases to be so efficient to dominate the pro-
cesses of formation and growth of large nanostructures by aggregation
between small nanoparticles and by ripening mechanisms. In this re-
gard, the investigated films display features qualitatively similar to
what observed in bulk material – despite the different propensity to
form native nanostructures – in which the nucleation efficiency has a
maximum at temperatures close to the glass transition.

Since all these kinds of processes are mediated by diffusion
mechanisms, dimensional constraints can in principle influence the
nanostructures – analogously to aggregates and clusters arising from
two-dimensionally constrained multicomponent systems [44–46] – as
a result of the reduction of thickness below the scale of the nanostruc-
ture size. Data on this point can be extracted from the AFM images in
Fig. 3e–g on as-deposited films of different thickness. The size distribu-
tion analysis in Fig. 3h – obtained by filtering the nanostructure count
according to the same three size populations in the analysis of thermal
treatment effects – shows an initial increase of small and medium size
nanoparticles by increasing the film thickness from 1 to a few nm.
When the thickness becomes larger than 102 nm, there is a further in-
crease of medium nanoparticles accompanied by the formation of big
aggregates and a reduction of the number of small nanoparticles.
These data suggest that the process of coalescence of nanoparticles in
larger aggregates is favoured in thicker films and eventually prevails
on nanoparticle nucleation. This fact can partially be ascribed to the de-
position time, which promotes larger phase separation and aggregation
in thicker than in thin films during the deposition process. Nevertheless,
the planar geometry can contribute to this effect by hindering the pro-
cess of nanoparticle aggregation into larger nanostructures. In fact, the
AFM survey of in-plane nanostructuremorphology indirectly highlights
an evident effect of planar geometry on themechanismof phase separa-
tion. The in-plane size of the observed nanostructures – in all the
analysed films, no matter how much the size distribution is modified
by treatments – turns out to be much larger, in average, than the film
thickness: from several tens of nm in films a few nm thick (Fig. 3f), up
to about 1 μm in all other films (as in Fig. 3c, g), whose thickness does



Fig. 3. Atomic Force Microscopy analysis. (a), (b) and (c) AFM images of films with equal thickness (about 130 nm) as-deposited (AD) and after thermal treatment at the indicated time
and temperature conditions. (d) Bar plot of the number of nanoparticles (NPs) counted in the AFM images (a)-(c) and grouped in three populations according to the lateral size. (e), (f) and
(g) AFM images of as-deposited films with different thickness, as indicated (image in (g) is collected in the central region of the area analysed in (a)). (h) Bar plot of the number of NPs
counted in the AFM images (e)-(g) and grouped in three populations according to the lateral size.
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not exceed 130 nm. Therefore, this outcome points to lenticular nano-
structures. Such a morphology is indeed unprecedented in this kind of
material in bulk, which previously shows to form basically spherical
nanostructures [3,8,9,11–13,15–17].

3.3. Nanostructure surface and shape anisotropy

Further information on the nanostructure morphology can be ob-
tained from the analysis of SAXS patterns collected in the full angular
field of scattering at grazing incident angle both on an as-deposited
film and on a bulk nanostructured sample (Fig. 4a, b, respectively).
The full analysis of this kind of data bymeans of a single scattering func-
tion requires complex simulationmodels [47], which can hardly be effi-
ciently applied in the investigated films, where homogeneity and
isotropy of nanostructure distribution and aggregation cannot be as-
sumed. Nevertheless, from the data in Fig. 4a, simpler SAXS patterns
can be extracted so as to perform a semi-quantitative analysis of the
scattering data in terms of structural levels of the system [47,48], espe-
cially with the help of AFM results and the comparison with the nano-
structured bulk as a reference (Fig. 4b). In fact, SAXS data give
information on the angular dependence of the diffused intensity of X-
ray radiation of specific wavelength by the system. The scattered X-
ray intensity in a specific direction is in turn dependent on size, shape,
and density of the inhomogeneities responsible for the scattering pro-
cess [49], analogously to optical diffusion of light by submicroscopic
scatterers in transparent media.

The first step of the analysis transforms the experimental patterns in
Fig. 4a, b in patterns reported in reciprocal scale (Fig. 4c, d) so as to ex-
tract sections of the scattering image as a function of the in-plane qxy
scattering vector and the out-of-plane qz scattering vector at, respec-
tively, qz ≈ 0 or qxy ≈ 0. Whilst the condition qxy ≈ 0 is determined
by the orientation of the incidence plane (which divides the pattern in
two symmetric fields in Fig. 4a), the origin of the qz axis has been fixed
at the bright streak corresponding to the Yoneda scattering peak – at
the critical angle of total reflection – as an internal reference within the
set of samples. In this way the SAXS patterns in Fig. 4e, f are obtained.

These data, in log-log scale, give a qualitative insight into the nano-
morphological features on the different structural levels, both in-plane
and out-of-plane. In the in-plane data in Fig. 4e (qxy data), at least two
distinct power law Porod's regions can be found with a negative expo-
nent close to 4, as expected from smooth surfaces [49], or slightly less,
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pointing to the formation of interphases with a more complex morphol-
ogy. The first region (1xy in Fig. 4e) at large-q values (on the shortest
structural scale) lies between 0.3 and 0.4 nm−1, in semi-quantitative
agreement with the AFM evidence of a dispersion of small nucleated
nanoparticles with size in the 101 nm range. The deviation from the
−4 slope is consistent with the formation of a corrugated boundary of
the single nanoparticle. The aggregation of small nanoparticles in larger
aggregates – as highlighted by the observed thermally activated changes
of nanostructure size dispersion in Fig. 3 – is in turn confirmed by the oc-
currence of a second region (2xy in Fig. 4e) at small-q values, between 0.1
and 0.2 nm−1. In this region, the slope is close to−4, suggesting that on
this structural level the nanoaggregation of nanoparticles gives rise to a
quite stepwise and smooth boundary, as in fact observed in AFM. The de-
viation from Porod's law at q values smaller than 0.1 nm−1 suggests cor-
relation effects at the length scale of 102 nm, consistently with the
occurrence of nanoaggregates a few 102 nm in size. By contrast, the
out-of-plane data show one Porod's region (1z in Fig. 4e) which falls at
larger q values, between0.8 and 1.0 nm−1,with a slope slightly deviating
from −4. Large deviations from Porod's behaviour towards an interme-
diary correlation region instead occur at qz values of 0.6–0.8 nm−1, ac-
cording to correlation effects in the length range of few nm. This
outcome points to the occurrence of very thin nanostructures, which is
consistent with the observation of nanostructures even in films only a
few nm thick, as observed in AFM images (Fig. 3e, f). The nano-
morphology on this smaller structural level in out-of-plane data turns
out quite similar to the result we find in bulkmaterial (Fig. 4f). However,
in the latter case, very similar behaviours are registered in plane and out-
of-plane. In bulk, in fact, the data point to basically spheroidal nanostruc-
tures few nm in size, as assessed by previous studies [11], with a quite
corrugate interphase signalled by clear deviation from the−4 slope.

In summary, SAXS data on thin films indeed account for the nano-
structures observed in AFM images, with sizes ranging from 101 to
102 nm and quite sharp outlines. Importantly, the articulated SAXS re-
sults clarify that such nanostructures are almost two-dimensional ag-
gregates with lenticular shape, made of smaller nanoparticles few nm
in size, moderately larger in the xy plane than along the z-axis.

3.4. Nanostructure phase and crystalline domain

The data discussed so far highlight several morphological details on
different length scales. However, from such data, no detailed



Fig. 4. Small Angle X-ray Scattering data. (a) and (b) Full angular field pattern of SAXS experiment on a 130 nm thick as-deposited film and, respectively, a bulk sample with the same
composition and nanocrystallized by thermal treatment at 690 °C for 15 min. (c) and (d) SAXS patterns in scattering vector q-scale from the scattering regions indicated by squares in
the experimental patterns (a) and (b), respectively; vertical and horizontal yellow stripes indicate the pattern regions used for the analysis of out-of-plane (vertical region along qz)
and in-plane scattered intensity (horizontal stripe along qxy). (e) and (f) log-log representation of the intensity pattern sections indicated in (c) and (d) by the yellow regions as a
function of qxy and qz scattering vectors. Triangles are drawn as a slope reference of the expected power dependence (with exponent− 4) in case of Porod's behaviour. Different structural
levels in the SAXS response are highlighted by differently coloured regions. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version of
this article.)
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information can be extracted about the phase of the observed nano-
structures. The nanophase, in fact, could be ascribed either to composi-
tional nano-inhomogeneity – caused for instance to phase separation
between Ga-rich and Ga-poor amorphous oxides – or to Ga2O3

nanocrystals, as observed in bulk material, or to other unexpected
compositions.

Information can be obtained on this final structural level from the
analysis of XRD data. Fig. 5a reports XRD patterns collected on films
treated at different temperature, while Fig. 5b and c show the effects
of the different thickness and, respectively, of the duration of the ther-
mal treatment. In all the patterns, just on the tail of the broad halo aris-
ing from the amorphous silicate-basedmatrix [50], three reflections are
registered at about 31°, 36° and 44°. This set of reflections is ascribable
to a crystalline Ga-oxide spinel phase, such as γ-Ga2O3 or LiGa5O8,
6

according to the PDF files of the two compounds (γ-Ga2O3, ICDD PDF2
#00–020-0426, and Ga5LiO8, ICDD PDF2 #01–076-0199) [40,51].

Importantly, this result confirms the propensity of Ga-Si-Ge oxide
system to undergo phase separation in thin planar geometry too,
forming γ-Ga2O3 nanophases incorporated in germanosilicate amor-
phous films. Indeed, the data show an even greater propensity to nano-
phase separation than in bulk, with evidence of Ga-oxide spinel phase
in films not necessarily thermally treated at or above 600 °C as instead
required in bulk material. It is worth noting that the linewidth of these
reflections, ranging between 2θ equal to 2° and 3°, is quite large and
comparable to what has been observed in XRD patterns of Ga-oxide
nanopowders [51–53]. The results of the linewidth analysis through
Scherrer's law are reported in Fig. 5d, e and f in term of size of the crys-
talline domain, togetherwith the normalized intensity. It is worth noting



Fig. 5.XRD analysis. (a) XRD patterns of films (about 130 nm thick) treated at the indicated temperature for 30min, comparedwith as-deposited film and a bulk sample nano-crystallized
by thermal treatment at 690 °C for 15 min. Vertical lines indicate the positions of the main reflections of LiGa5O8 (blue) and γ-Ga2O3 (red). (b) XRD patterns of films with different
thickness (from 2 nm to about 130 nm) treated at 700 °C for 30 min. (c) XRD patterns of films (about 130 nm thick) treated at 700 °C for different duration time from 1 min to
60 min. Patterns in (a), (b) and (c) are raw data after equal scaling in the reported range and vertically shifted for clarity. (d), (e) and (f) Dependence of the main reflection at about
36° on treatment temperature, film thickness, and treatment duration: (left axis, circles) XRD net peak area (corrected for acquisition time) normalized to the 130 nm thick sample
treated at 700 °C for 30 min; (right axis, squares) crystalline domain size from Scherrer analysis (horizontal lines are drawn as a reference of the crystalline domain size in bulk, while
the other straight line in (e) is a guide for the eye). (g) GI-XRD two-dimensional pattern of a representative sample (130 nm thick, treated at 700 °C for 30 min) in the real space.
(h) GI-XRD data in (g) after transformation in q-representation. (i) GI-XRD data from (h) in the polar-space, with Ψ the out-of-plane polar angle. (j) One-dimensional XRD patterns
obtained from sections of (i), after a minor correction for the background, at different negative (continuous black line) and positive (dashed green line) Ψ values, from 20° to 80° out-
of-plane. Inset: crystalline size from Scherrer analysis vs.Ψ. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that the crystalline domain does not significantly change by modifying
the conditions of the thermal treatments, with a mean value quite stable
at around 3 nm. Only as-deposited films actually show broader patterns,
which suggest smaller crystalline domains – although not reliably quan-
tifiable –possibly affected by large structural disorder, as inGa-oxide col-
loidal nanophases [54]. Interestingly, themean value of crystalline size in
all the films is consistent, within the experimental uncertainty, with the
7

minimumvalue offilm thickness, and does not increase by increasing the
thickness by up to about two order of magnitude. Therefore, the results
do not show detectable evidence of spatial constraints to the crystal
growth in planar geometry, but a self-limitation of crystal size at the
used condition of film preparation.

Despite the lack of any appreciable change of crystalline domain size
after thermal treatments and for different thickness values, the intensity
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of the Ga-oxide pattern increases by increasing treatment temperature
and duration time. This fact points to a thermally activated mechanism
that enhances the amount of the separated phase through the continu-
ous nucleation of Ga-oxide nanocrystals, but without a relevant process
of nanocrystal growth. Therefore, the changes of nanoparticle size dis-
tribution we observe in AFM images after thermal treatments must be
ascribed to a process of nanocrystals aggregation – accompanied by
nanocrystal nucleation – with a negligible contribution of crystal
growth.

Further details on a shorter structural level can be given through the
analysis of two-dimensional GIXRD results. The starting experimental
data in the real space, as in Fig. 5g, is converted in reciprocal coordinates
(intensity in the qxy - qz plane, as in Fig. 5h) and then reported as a col-
lection of diffraction patterns, in q scattering vector, as a function of the
out-of-plane polar angleΨ, as reported in Fig. 5i. In Fig. 5j, XRD spectra
are extracted from Fig. 5i at different values ofΨ. Interestingly, the data
do not register any relevant dependence onΨ (inset in Fig. 5j), pointing
to a substantial isotropy of the extent of the crystalline domain, quite in-
dependently of the shape anisotropy of the nanostructures at the higher
structural levels.

3.5. Overall picture and role of planar geometry

All the pieces of information that has been collected so far on the dif-
ferent length scales within the full matrix of samples at different thick-
ness and thermal treatment can nowbe joined together. The description
of thematerial features can be sketched as they emerge from the differ-
ent types of data concerning the overall morphology and the underlying
substructurewithin thenanoparticles formed by segregation and aggre-
gation mechanisms in the various processes of deposition and thermal
treatment.

The deposition process gives rise to a fully densified non-porousma-
terial with density and composition close to the parent glass (XRR data)
and equal to about 3.7 × 103 kgm−3. At the same time –probably for the
relevant kinetic energy of the matter impinging on the substrate – the
deposition process brings the native segregation of a nanophase aggre-
gated in form of nanoparticles in a matrix (AFM images). The nanopar-
ticles have different size, the smallest ones being few nm in size in the
film plane (AFM data), and 98% with lateral size below 100 nm. These
nanoparticles are almost symmetric spheroids, slightly flattened in the
direction normal to the film surface, with vertical size of the same
order of magnitude of the minimum film thickness investigated (GI-
XRD data), about 8–10 nm in film 130 nm thick. The size of the smallest
nanoparticles is consistent with the crystalline domain of the nano-
phase, which grows by thermal activation up to a maximum mean
value of about 3 nm as spinel Ga-oxide phase (XRD). Both in as-
deposited and in thermally treatedfilms, the crystalline domain appears
isotropic, in contrast with the variety of in-plane sizes of the nanostruc-
tures within the same sample and as a function of treatment and film
thickness. In fact, a second structural level occurs (SAXS data) as
nanoaggregates of small nanoparticles, with in-plane size ranging
from few 101 nm to almost 1 μm (SAXS and AFM data). This structural
level points to a process of formation and thermally activated growth
of these aggregates which proceeds laterally along the film plane
(AFM data). The aggregation process modifies the size distribution con-
sistently with the occurrence of ripening or coalescence of small nano-
particles. This effect is relevant in thermal treated films, in which
lateral aggregation gives rise to the increase of the fraction of nanostruc-
tures larger than 500 nm, changing from 0.4% to 0.6% by treating 30min
at 640 °C and then at 4.5% by treating at 700 °C. However, the results
show that thermal treatments also promote the small nanoparticle nu-
cleation, which increases with the temperature with a maximum yield
at temperature comprised between the glass transition temperature
and the crystallization temperature of the compound (AFM statistical
data analysis). The strong anisotropy of the nanostructures –growing
laterally much faster than normally to the film – points to a relevant
8

role of planar geometry as an effective constraint to the diffusionmech-
anism driving the aggregation of the nucleating phase, while an isotro-
pic crystallization proceeds on the scale of only a few nm.

4. Conclusions

The present results – obtained from analyses on different structural
scales, from XRR patterns to AFM images, from SAXS to GIXRD patterns
– draw an articulated picture of how the sub-micrometre features of
thin layers of Ga2O3-containing alkali germanosilicate turn out to be
shaped and nanostructured as a result of the film deposition process
and the thermal treatments. Importantly, the results show that
sputtering techniques permit a prompt fabrication of thin filmswith na-
tive nanostructured features, without the need of post-synthesis treat-
ments instead required for nano-crystallization of bulk material. The
comparison with the results on bulk material points to further interest-
ing peculiarities of the material produced in planar geometry. Specifi-
cally, thermal treatments of the deposited films mainly increase the
mean lateral size of the nanostructures, keeping the vertical size smaller
than or comparablewith thefilm thickness. As a result, the data demon-
strates that – in the investigated treatment temperature range between
600 and 700 °C – nanoparticle aggregation mechanisms successfully
preserve a nanostructured topology comprising nano-systems fully
surrounded by an amorphous dielectric matrix. This structural feature
and the possibility of changing the mean distance between nanostruc-
tures by changing the nanostructure size distribution by thermal treat-
ment give a tool for tailor the material according to desired charge
transport mechanisms mediated by the nanostructures themselves. In
summary, the outcome is a description that fills the gap of knowledge
on the scalability of this compound to the planar geometry, giving also
a valuable indication of the effective role of planar geometry and treat-
ments on the nanostructuring process. Such achievements give the re-
quired basis for the exploitation of Ga-containing mixed oxides in
planar technology.
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