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ABSTRACT

Rare-earth nickelates (RNiOz3) are an interesting oxide family because of their remarkable and
reversible properties related to their structural changes. However, until recently, nickelates were
difficult to synthesize without severe or sophisticated conditions. Consequently, a deep
understanding of the nucleation and growth process for these versatile perovskites still lacks to
date. Here, by correlation of the theory and the experimental data, is presented a clarification
of the crystallization mechanism involved for SmNiO3.5 thin films synthesized by a simple route
that combines reactive magnetron sputtering and air-annealing. A thermo-kinetic approach to
the amorphous-to-crystalline phase transformation is developed after following the evolution
over time at 475, 500, and 525 °C through in situ high-temperature X-ray diffraction. Then, the
kinetic parameters, the optimal temperature, and the necessary activation energy of
transformation are determined from the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model.
Notably, the emergence of contrasting grains created on the free surfaces compared to the
nanocrystallites formed from the bulk is revealed from the detailed study at 500 °C by
Transmission electron microscopy. As classical nucleation theory outlines, such a growth

difference is associated with heterogeneous and homogeneous processes. Furthermore, the
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progression with the annealing time of the crucial stabilization of the Ni®* and the electronic
structure is analyzed by Electron energy-loss spectroscopy and X-ray photoelectron
spectroscopy. Finally, the optical properties measurements demonstrate a metal-insulator
transition (MIT) at 125 °C, a thermochromic performance of 32%, and mainly, the
crystallization significance to achieve functional nickelates thin films, which pave the way as

promising candidates for solar thermal applications.

Keywords: Perovskite thin film; Crystallization mechanism; JIMAK model; Classical nucleation

theory; Thermochromic material

1. INTRODUCTION

Rare-earth nickelates (RNiOz3) are a fascinating perovskite family that exhibits an extensive
landscape of applications in optoelectronic [1-7], resistance switching [8-14], magnetism [15—
20], supercapacitor [21-23], and sensing [24,25], to cite a few. Furthermore, one of their most
appealing phenomena is the metal-insulator transition (MIT), which allows a reversible change
in the physical properties at a critical temperature (Twmi) [26-28]. Therefore, nickelates are
categorized among the negative charge-transfer insulators, in which an electron-lattice coupling
has an essential role [29-31]. Indeed, by varying the rare-earth (R) ionic radius, the distortion
of the oxygen octahedra is modified, and consequently, the Ni-O bond and the Twmi. Then, it
allows the MIT adjustability in a wide temperature range with values around -140, -70, 127,

and 324 °C, for R = Pr, Nd, Sm, and Lu, respectively [20,26,31-33].

Despite their promising functionalities, their use and study are still limited due to the
complexity of their elaboration. Even if the RNiOs oxides have been synthesized since 1971
[34], conventional procedures cannot be employed given their high metastability (for R # La)

and the difficulty of stabilizing the Ni** ion and the corresponding orthorhombic structure [14].



Hence, in bulk or thin films, several works reported the need to crystallize these perovskites
under extreme annealing conditions at high oxygen pressures and temperatures [26,35-39].
Additionally, epitaxial films constitute the predominant alternative for producing high-quality
samples [40-47]. However, it requires specific and expensive substrates and is limited to small
surfaces. Besides that, it is only feasible through techniques such as molecular beam epitaxy
(MBE) or pulsed laser deposition (PLD), which demand careful handling for an outstanding

result [33].

Much research effort has been spent on achieving nickelates without these peculiar
requirements, which unlike other perovskite systems (e.g., RFeOs, RCoO3, RMnO:s), present a
positive free energy of formation AG [35,39]. This latter, together with the problematic
oxidation of Ni®* since Ni?* is the most stable oxidation state, represents the greatest challenge
in stabilizing this material family. Nevertheless, our previous work demonstrated the feasibility
of obtaining thermochromic SmNiOs.s thin films by a soft-synthesis route combining reactive
magnetron sputtering and air-annealing [48]. Even if it constitutes a significant step forward for
producing nickelates in sizeable samples and contemplates their use on an industrial scale, it is
intriguing to explore in depth the achievement of this functional oxide in such a simple way.
Mainly, a higher distortion of the SmNiOs structure adds a degree of difficulty due to the rare-

earth size, which disfavors its crystallization [33,49-51].

A deep understanding of the nucleation and growth mechanisms involved in the crystallization
process for nickelates is lacking in the literature due to the adversity of synthesizing them
without severe and sophisticated conditions. Therefore, the present work provides for the first
time a thermo-kinetic approach to the amorphous-to-crystalline phase transformation of
SmNIOz thin films. For that purpose, a kinetic study of the crystallization evolution over time
at three different temperatures is conducted through in situ high-temperature X-ray diffraction
(HTXRD) measurements in air. It enables us to determine the kinetic parameters and the
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activation energy for the crystallization of this compound from the model of Johnson-Mehl-
Avrami-Kolmogorov (JMAK). Furthermore, a detailed structural analysis of the progression at
various annealing times is performed by transmission electron microscopy (TEM). The latter
revealed a combination of heterogeneous and homogeneous processes due to the grain’s
emergence, which is correlated with the classical nucleation theory [52]. Moreover, the
electronic configuration was followed through EELS and XPS analyses, evidencing the gradual
stabilization of the Ni®* ion with the annealing time and the crystallization increase. Finally, the
optical properties were measured by FTIR spectroscopy to corroborate the metal-insulator
transition (MIT) and the thermochromic performance of the SmNiOs thin film. The
crystallization mechanisms and their corresponding evolution are crucial aspects for the
synthesis and properties of nickelates. Therefore, using an easier methodology, this work serves

as a platform for future investigations and developments of RNiO3 perovskite thin films.

2. EXPERIMENTAL DETAILS

Thin films synthesis: Amorphous Sm-Ni-O thin films (160 nm thick) were deposited on
undoped (100)-silicon substrates by reactive magnetron sputtering. In an Ar:O, atmosphere
(51:17 sccm) at 0.5 Pa, the Ni and Sm metallic targets (99.9% of purity, 50.8 mm in diameter
and thicknesses of 1.5 mm (Ni) and 3 mm (Sm)) were sputtered by a DC generator (0.08 A)
and a pulsed-DC power supply (0.48 A, 50 kHz, 4 ps), respectively. The target-substrate
distance was 10 cm, while the substrate holder rotated at 6 rpm to guarantee the samples
homogeneity. No intentional heating was applied during deposition, as described in [48]. Then,
to crystallize the films, the samples were annealed in air at 500 °C for 5 and 120 min in a rapid
thermal annealing (RTA) furnace (AS-One 100). A heating ramp of 25 °C/s was applied to

reach the desired temperature.



Thin films characterization: X-ray diffractograms (XRD) (between 20° <26 <65°) were
recorded on a Bruker D8 Advance diffractometer operating in Bragg Brentano configuration
with CuKoy radiation (A = 1.5406 A). For the in situ high-temperature X-ray diffraction
measurements (HTXRD, between 22° <260 < 36°), the samples were annealed in air at 475, 500
and 525 °C in an oven-chamber Anton Paar HTK 1200, which is installed inside an Xpert Pro
MPD diffractometer with the same configuration. The lattice parameters were determined by
the DIFFRAC.EVA Bruker’s suite. Transmission electron microscopy (TEM) was carried out
with a JEOL ARM 200-Cold FEG. Cross-sectional TEM samples of films were elaborated
employing a focused ion beam (FIB)-SEM dual beam system (FEI Helios Nanolab 600i).
Electron energy loss spectroscopy (EELS) measurements were conducted in scanning electron
transmission microscopy mode (STEM). The spectrometer (a GATAN GIF Quantum ER) was
set to an energy dispersion of 0.05 eV/channel and a zero-loss peak with a FWHM lower than
0.6 eV. Digital Micrograph® was used for TEM and EELS image processing and data analysis.
X-ray photoelectron spectroscopy (XPS) analysis was performed on a Thermo Escalab 250Xi
spectrometer, working with Al Ka (1486.68 eV), with a spot size of 250x250 um. The core
level spectra of O 1s, Ni 2p, and Sm 3d and valence band spectra were acquired with a pass
energy of 20 eV, with scan numbers between 20 to 64. Prior to analysis, the surface was cleaned
by Argon cluster (Arsoo+, 120 s) to prevent contamination. A flood gun has been used for the
study, and no further energy shift has been applied to the spectra. Considering a Shirley

background, the spectra were fitted with Thermo Avantage™ software.

Optical measurements: A Jasco FT/IR-6600 spectrometer measured the transmittance
evolution in a wavelength range of 2.5-25 pum. With a Linkam FTIR600, the samples were
heated from 30 to 270 °C each 30 °C. The background corresponded to the signal from the

silicon substrate fixed on the Linkam FTIR600, which was located in the IR beam trajectory.



3. RESULTS AND DISCUSSIONS

3.1. In situ study of phase transformation kinetics

The amorphous-to-crystalline phase transformation of samarium nickelate (SmNiOs.5) thin
films can be first followed through in situ high-temperature X-ray diffraction (HTXRD)
measurements. The crystallization evolution with time at 500 °C in the range of 22°< 26 <36°
is depicted in Figure 1(a). The as-deposited sample is amorphous, while at 10 min, the first
diffraction peak of the perovskite phase appears at the 26 angle value of 33.6°. Then, the latter's
evolution continues at 20 min, as well as the appearance of a second peak at 23.7°, related to
the (002) plane. Thus successively, the crystallization of the material progresses until a third

peak can be observed at 26.4° corresponding to the (111) diffraction plane.

This type of measurement allows to determine the parameters involved in the crystallization
kinetics of the material through the classic theory of Johnson-Mehl-Avrami-Kolmogorov
(JMAK) [53-57]. Due to its simplicity and effectiveness, this model can be used to study phase
transformation kinetics in bulk and thin films. The JIMAK model is based on the geometrical
evolution of an extended volume of transformations that occurs via nucleation and growth

mechanisms [58]. The most widely used format of the JMAK equation is:

fv =1 —exp(=kt") 1)

where, f, is the transformed volume fraction, k is the reaction rate constant, ¢ is time, and n is
the Avrami exponent. Moreover, rearranging Eq. (1), it is found the expression commonly used
to construct the Avrami plot, which is pretty informative and easily elucidates the kinetic

parameters' comparison:

In(—In(1 — f,)) = In(k) + nln(t) 2



Hence, to put the JMAK model into practice, the amorphous-to-crystalline phase transformation
of samarium nickelate thin films was recorded every 10 min for 6 h at 425, 500, and 525 °C.
The selection of temperatures was given by the crystallization temperature already reported in
our previous work (500 °C) [48]. Regarding that in Figure 1(a), there is no evolution of the
peaks between 120 min and 360 min; then, it can be considered that the maximum
crystallization has been reached for the temperature of 500 °C after 6 h of annealing (f,, = 1).

Another piece of evidence is the disappearance of the characteristic amorphous hump between
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Figure 1. Crystallization evolution by in situ high temperature X-ray diffraction (HTXRD)
measurements at 475, 500 and 525 °C. (a) XRD patterns at 500 °C for different times in the range of
22° < 26 < 36°. (b) The transformed volume fraction progress with time. (c) The Avrami plot of the
kinetic model fitting described by Eq. (2). (d) Determination of the activation energy of the reaction by

the fitting described by Eq. (4).



Then, taking this case as a reference, the evolution of the transformed volume fraction (f;,) with
time was determined by calculating the area under the most intense diffraction peak (112) at
33.6°. The crystallization progression of each isothermal reaction is displayed in Figure 1(b).
As can be observed, the increase in temperature accelerates the crystallization process. Indeed,
at 475 °C, the amorphous-to-crystalline transformation starts from 50 min (incubation time).
On the contrary, for the other two temperatures, even though both progressions have already
begun at 10 min, the transformed fraction is around 0.2 and 0.8 at 500 °C and 525 °C,

respectively, without any visible incubation time.

The effect of temperature can be more easily seen on the Avrami plot in Figure 1(c). The fitted
lines by Eq. (2) reveal the increase in crystallization kinetics at higher temperatures and give
access to the parameters n and k summarized in Table 1. A rise of two orders of magnitude in
the reaction rate constant (k) is generated with every 25 °C change in temperature, going from

1.13x10° to 3.37x10! s at 475 °C and 525 °C, respectively.

Table 1. Parameters involved in the crystallization of SmNiOs.s thin films: the Avrami exponent (n),

the reaction rate constant (k), the activation energy (E).

T (°C) n Ink k(s E
_ -5
475 1.4 114 1.13x10 1020 +50
- -3
500 1.0 6.5 1.47x10 KImol-
525 0.3 -1.1 3.37x101

It is important to note that some authors have emphasized that in thin films, the assumptions of
the JIMAK equations are not upheld. As growing particles impinge upon free surfaces, the
infinite size assumption is not entirely accurate. In addition, heterogeneous nucleation from an
interface is favored in many systems, partially infringing the random homogeneous nucleation
(bulk). It may be the cause of certain anomalous Avrami exponents (n) and nonlinear Avrami
plots [58,59]. However, a consensus or a more efficient way than through experimental data
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has not been found. Here, to avoid irregularities in the values of n, the Avrami plot (Figure
1(c)) was constructed over the course of the transformation (i.e., with the points obtained from
the nucleation beginning until the first value reached f,, = 0.98). Also, samples of the same

thickness were used since the latter's effect on the Avrami exponent has been highlighted [59].

In this sense, a necessary remark is about the Avrami exponent (n) of 0.3 for the isothermal
reaction at 525 °C. This parameter is independent of temperature and contains information
about dimensional growth. Nevertheless, phase transitions with low values of n are related to
crystal defects such as dislocations and vacancies [60,61]. Indeed, the comparison in Figure 2
of the last X-ray diffractograms (after 6 h for each temperature) shows that although the
crystallization at 525 °C is the fastest, it does not mean it is the best. Besides that, the
transformation at 475 °C is unfinished. The diffraction peak (112) is less intense at this
temperature than at 500 °C. Nevertheless, unlike the case at 525 °C, at least it follows the same
behavior as the reaction at 500 °C. Most of the peaks are present and the slope in Figure 1(c)

is also similar.

Then, some assumptions can be made from this result. For the first one, it is crucial to keep in
mind that the crystallization of amorphous materials occurs when thermal energy, greater than
the activation energy, is supplied for a sufficient time. Therefore, for transformation kinetics
that are too fast, it is possible that the time necessary to obtain an acceptable nucleation rate
allowing the subsequent grain growth stage may not be reached, favoring the presence of
defects or oxygen vacancies instead. Second, 525 °C is perhaps the beginning of the
crystallization of another oxide. Actually, in our previous work [48], it was shown that at 600 °C
the favored phase was the Sm»O3 oxide and not the SmNiOz perovskite. Whether due to a loss
of oxygen, the creation of defects, or an oxide phase change, 525 °C is not the ideal

crystallization temperature for this nickelate. From Figure 2, it is clear that the crystallization



after 6 h at 475 °C and 525 °C only represents a partial percentage of the crystallization

evidenced at 500°C.
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Figure 2. Comparison of the X-ray diffractograms after the in situ analysis for 6 h at 475 °C,
500 °C and 525 °C. The (hKl) labels correspond to the SmNiO3 diffraction pattern (PDF n° 80-
1948)

Finally, another meaningful information that can be extracted from these results is the
calculation of the activation energy of the amorphous-to-crystalline transformation of this type
of perovskites. From the Arrhenius equation, the reaction rate constant and temperature show

the following relationships:

k =A-exp(—E/RT) 3)

Ink=InA—-E/RT 4)

where, A is the pre-exponential factor, E is the activation energy for the reaction, R is the
universal gas constant, and T is the isothermal temperature. In Figure 1(d), the linear regression
fitting represents the slope in Eqg. (4) and yields the calculation of the activation energy of

SmNIiOz.5 phase transformation, equal to 1020 £+ 50 kJ/mol.
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To the best of our knowledge, no activation energy (E) for nucleation value has been reported
for SmNiOgz thin films, due to the difficulty of synthesize it without high oxygen pressures.
Here, air-annealing allowed to obtain an estimate value of E for the nucleation of this material,
corroborating the challenge of crystallizing this nickelate. In fact, the comparison with other
perovskites confirms that this energy value is quite high. For PZT thin films, the initial
nucleation from the pure amorphous phase generally has much higher activation energy (441
kJ/mol) than the crystal growth from nucleates (112 kJ/mol) [62]. Another case is the reported
values for orthoferrite perovskites (RFeOs) which are influenced by the ionic radius of the rare-
earth (R). The energy needed for LaFeOz crystallization (302 kJ/mol) was less than half that for
SmFeOs (669 kJ/mol) [63]. The last one is a clear example since the crystallization conditions

of orthoferrites are less severe than for nickelates.

Therefore, it can be considered that the value obtained in this work is congruent to the order of
magnitude as other perovskites. Activation energies of 1443 kJ/mol have been reported for other
complex oxides in thin layers [64], which would place our result in the same range. In especial,
it must be noted that here, it began from an absolutely amorphous layer, which is also tricky to

crystallize due to the significant distortion in SmNiO3z perovskites.

3.2. Microscopic analysis of the crystalline structural evolution

As the XRD patterns showed more intense diffraction peaks for SmNiOs.s thin films annealed
at 500 °C, it was decided to explore in-depth the actual state of the amorphous-to-crystalline
phase transformation with time. Hence, it was chosen to study the progression from an as-
deposited sample to another annealed for 120 min to ensure that f,, = 1 at 500 °C (see Figure
1(b)). As an intermediate point, it was intriguing to analyze a new duration and especially what

happens at 5 min.

11



First, to verify the evolution of all diffraction peaks with time in the entire range of
20° < 26 < 65°, the structural characterization by XRD was performed and is displayed in
Figure 3. As shown, the as-deposited sample is fully amorphous, and after 5 minutes of
annealing, some peaks appear around 33.6°, 48.2°, and 59.9°. Nevertheless, as expected for the
120 min case, all the peaks of the perovskite phase are identified (PDF 80-1948). Then, the
orthorhombic unit cell parameters calculated from the annealed sample for 120 min are

compared with the values obtained in [27] (Table 2).
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Figure 3. X-ray diffractograms of the as-deposited and amorphous Sm-Ni-O layer and the resulting
crystallized SmNiOs.s thin films after air-annealing at 500 °C for 5 min and 120 min, respectively. The

(hkl) labels correspond to the SmNiO; diffraction pattern (PDF n° 80-1948).

Table 2. Lattice parameters of the orthorhombic SmNiOs calculated in this work as compared with the
data of previous works on samarium nickelates.

a(A) b (A) c(A) V(A%

Reference [27] 5.33 5.43 7.56 218.8
This work 5.30 5.37 7.52 214.0
Deviation (%) -0.6 -1.1 -0.5 -2.2

A very low deviation is observed, corresponding to a smaller unit cell that favors the

stabilization of the Ni®* oxidation state. Indeed, it has been demonstrated that for larger lattice
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parameters there is a strain relaxation, which leads to the transformation from Ni®* into Ni?*
(with a bigger ionic radius) and gives rise to the formation of oxygen vacancies [33,39,65]. This
is a fruitful result since it may explain the crystallization of SmNiOs thin films on silicon
substrates by the synthesis process described in this work. Meaning that air-annealing not only
reaches the activation energy necessary for phase transformation but also guarantees the

minimum strain relaxation to crystallize this challenging material.

A detailed cross-sectional study of the crystallization evolution by transmission electron
microscopy (TEM) for the different annealing duration was carried out. The perovskite phase
transformation is exposed in Figure 4, elucidating the possible mechanisms involved. Indeed,
a clear change between the amorphous state (Figures 4(a-b)) and the air-annealed samples can
be observed. The early stage of crystallization at 5 min displays the film formation in Figure
4(c) where it can be identified the preferential sites to nucleate and growth: the substrate-film
interface, the bulk film, and the top-film surface. As can be seen, three-grain growth started
from the film's top and the substrate's interface. But also, spherical nanocrystallites produced
within the bulk of the amorphous phase can also be discerned. The SmNiO3z phase was
confirmed in both cases through selected area electron diffraction (SAED). Figures 4(d) and
4(e) depict the SAED pattern, which resulted in polycrystalline and single-crystalline structures,

respectively.
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Figure 4. Cross-sectional study by transmission electron microscopy (TEM) of the crystallization
evolution from the amorphous Sm-Ni-O layer to the crystallized air-annealed SmNiOs.s films. First
column: Bright-field images of the as-deposited and the air-annealed films. The contrast difference is
the result of oriented grains in a diffraction position. Second and third column: SAED patterns

corresponding to the circles inside the first column images revealing the amorphous, polycrystalline and
monocrystalline states. SAED scale bar: 5 nm™.

On the other hand, the air-annealed layer for 120 min is presented in Figure 4(f). The bright-
field image, in which the difference in contrast exposes the diverse crystallographic
orientations, uncovers the enormous grains throughout the thickness of the SmNiOz.5 film.
Also, the SAED patterns in Figures 4(g) and 4(h) of the two highlighted grains confirm that

they are monocrystalline. Besides that, in the nearby areas, the grain boundaries reveal other
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large grains. These results agree with the in situ HTXRD measurements and confirm the
polycrystalline film's complete phase transformation. By extension, we can assume that this
stage is the result of the formation of crystallites that grew at the expense of the amorphous

matrix and the eventual coalescence process until reaching the grain impingement.

Finally, the crystallization grade of the sample is shown in Figure 5(a) through a high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) image. The
latter brings out the atomic arrangement in a highly ordered structure of the SmNiOz phase of
the grain highlighted with the purple circle in Figure 4(f). It is noteworthy that such a level of
crystallization and order in SmNiOz thin films has only been evidenced in epitaxial superlattice
(of no more than 50 nm) grown on LaAlOgz substrates [41,43]. Only Napierala et al. [38] have
shown a similar atomic organization on a silicon substrate for Ndo.3Smo.7NiOs films, but in their

case, the layers were annealed under high oxygen pressures.

Here, the [110] orientation of the diffracted grain reveals the small zig-zag displacement of the
samarium atoms (pink line in Figures 5(a-b)). This atomic organization is also visible and
analogous both to the simulated HAADF image and to the unit cell for the same zone axis in
Figures 5(b) and 5(c), respectively. It is essential to point out that the intensity in a HAADF
image is atomic number (Z) dependent due to the high collection angle. The contrast is
approximately proportional to the square of the atomic number. Then, only the Sm (Z = 62)

atoms are observable because of the difference in Z with O (8) and Ni (28).
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Figure 5. The atomic arrangement of the SmNiQOgs.s thin film along the [110] zone axis. (a) Experimental
HAADF-HRSTEM image of the grain highlighted with the purple circle in Figure 4(f). (b) Simulated
HAADF image using the JEMS software [66]. (c) Samarium nickelate (SmNiQOgz) unit cell. Note the zig-

zag displacement (indicated by the pink line) of the samarium atoms for a same row in both the
experimental and theoretical images.

3.3. Crystallization mechanisms: correlation between theory and experimental results

Based on the obtained results, some hypotheses can be made even if the dividing line between
the end of nucleation and the beginning of growth is not sharply defined. Mainly because both
processes frequently happen simultaneously in different parts of the same system [67]. The
remarkable difference at 5 min, between the size of the grains created on the free surfaces
compared to the nanocrystallites formed from the bulk, leads us to the first assumption: the

presence of a combination of heterogeneous and homogeneous processes.

For the large grains, because of the effective reduction in surface energy, cap nuclei appear first
(Figure 6(a)), and the formation rate is greater relative to that obtained by homogeneous
nucleation (Figure 6(b)). Indeed, less energy is expended in creating the cap heterogeneously
than in creating spherical nuclei homogeneously. Thus, since there are zones that crystallize
from the bulk in a homogeneous way, even if large grains are seen, the annealing time of 5

minutes is not enough to obtain a complete crystallization, as illustrated in Figure 6(c).
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Figure 6. Schematic of the nucleation and growth process over time at 500 °C in SmNiOs.5 thin films

via air-annealing in the RTA furnace.

This crystallization process can be explained by classical nucleation theory. If it is considered
that this kind of perovskite nucleates as spheroidal nuclei inside the amorphous phase, then their
formation is governed by homogeneous nucleation. In this context, the stability of a perovskite
nucleus (p) (with a radius r) from the surrounding amorphous phase (a) is described by the
variation of the characteristic function AG. It gives the total free energy change between these

two different states and decreases when the transformation is spontaneous:

4 APG

AG = ——mrd [ =5 — AL Ggs | + 4mr?y ®)
3 VP

A6, = G — G4 (6)

and, V? is the perovskite molar volume, and y and 4G, are the surface tension and the molar
Gibbs free energy between the perovskite (p) and the amorphous (a) phases, respectively. More
precisely, AP G,, is described by Eq. (6) and corresponds to the crystallization driving force [68],
which is a negative value as soon as the amorphous phase is reached during deposition. Also,

the term A? G represents the Gibbs free energy linked to the elastic strain change per unit

17



volume of the formed crystalline phase. According to V. Raghavan and Morris Cohen [69], it

can be evaluated through:

2 (AVV>2 (7

AqGgs = gll
where, u is the shear modulus of the amorphous phase (taken to be elastically isotropic), and
AV /V is the fractional volume change accompanying the transformation. The A% G¢ factor is
always positive, opposing the crystallization driving force in Eq. (5), and therefore hindering
the nucleation of the perovskite phase. Schematic diagrams in Figures 7(a) and 7(b) illustrate
the component’s contribution in Eq. (5), and the elastic strain influence (4% Ggg) in the

characteristic function evolution (in terms of critical radius r* and barrier to overcome AG"),

respectively.

(a) = (b)

r—»

Free energy —»

Figure 7. Schematic diagrams of (a) the component’s contribution in the characteristic function AG (EqQ.
(5)), which gives the total free energy change between the amorphous and crystalline states, and (b) the

elastic strain influence (4% Ggs) in AG (in terms of critical radius r* and barrier to overcome AG*).

It is essential to highlight the effect of temperature on the crystallization driving force during
the annealing step. Figure 8 illustrated that APG,, is increasingly negative when the
temperature drops to the annealing temperature, inducing a smaller critical radius r* and a

barrier AG*, and thus allowing the crystallization of the amorphous layer.
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Amorphous SmNiO, film

86 Gm(T)

Free Energy —

Crystalline SmNiO, film

Temperature
Figure 8. Schematic diagrams of the effect of temperature on the crystallization driving force (4% G,,)
during the annealing step. T is a theoretical temperature at which there is a thermodynamic

equilibrium between the two phases.

On the other hand, when the perovskite phase nucleates heterogeneously at the interfaces
(substrate/film and film/air surface), the characteristic function AG is modulated by a shape

factor S(6), allowing to define AG.: by:

AGhet = AG - S(0) (8)
where,

[2 + cos 8][1 — cos 0] ©)

AN

S =

and, @ is the contact angle between the nucleus and the interface [70]. It is important to note
that the factor S(6) has a numerical value < 1, which made easier to nucleate at the interfaces
because the barrier height is smaller than the homogeneous nucleation one. Figure 9(a) displays
the effect of heterogeneous nucleation on the barrier height compared to the homogeneous case.
Also, for the same AG™ value, it has been demonstrated that a higher AT (difference between
annealing and room temperature) is required for the spherical nuclei to be detectable, while for

the same condition, the caps are already in the growth stage (Figure 9(b)).
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Figure 9. Comparison between homogeneous and heterogeneous nucleation. (a) Evolution of the
characteristic function AG according to the critical radius r* of the perovskite nuclei for homogeneous
nucleation (green curve with & = ) and heterogeneous nucleation (grey curve with 8 < ). (b)
Variation of AG* with annealing (AT). (Note that for the same AG* value, a higher AT is required for

detectable spherical nuclei, while the caps are already in the growth stage).

Moreover, the contact angle measurement was obtained from the 5 min air-annealed sample,
revealing an estimated value of 6 ranging from 115° to 155° (Figure 10). The latter are less

than 180° (x), confirming the heterogeneous nucleation in the studied SmNiOs3.5 thin films.

Eventually, if the AG* barrier is overcome, thermodynamics indicates that perovskite nuclei can
spontaneously grow since the characteristic function AG decreases. Nevertheless, the
corresponding transformation kinetic is very small at low temperatures. Therefore, in solid
phases, it is necessary to maintain the annealing temperature to ensure the growth of the nuclei,

as evidenced in the preceding experimental results.
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Figure 10. Contact angle (6) measurement in two different zones for various grains of the 5 min air-
annealed SmNiOss thin film at 500 °C.

3.4. EELS analysis of the electronic structure and valence ions progression

Another significant impact on the physical properties of nickelates is the Ni oxidation state
reached by soft-annealing. Hence, the electronic structure progression with the annealing time
has been investigated throughout the sample's entire thickness. To avoid the contribution of
oxides at the interfaces, the analysis was performed 5 nm from them. Figure 11(a) assemblies
the broad spectra recorded by Electron Energy Loss Spectroscopy (EELS). The corresponding

core excitation edge of Sm, Ni and O were identified for all the films.

Looking at each in more detail, the O K-edge in Figure 11(b) provides information about the
electronic excitations from the O 1s core level to the empty O 2p electronic states. For rare-
earth nickelates (RNiOs3), these O 2p states are hybridized with the Ni 3d, rare-earth 5d, and Ni
4sp electronic states [71]. The pre-edge peak before the threshold of oxygen K-edge ionization
has frequently been observed in other oxides, having different interpretations [72]. However,
for these perovskites, the pre-peak at 529 eV is the most analyzed because it corresponds to the

Ni 3d-O 2p hybridization and is pretty sensitive to slight changes [73]. It has been demonstrated
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how defects, faults, oxygen vacancies, and oxygen stoichiometry affected the Ni-O bond

[28,74,75].
Sm M-edge (a) 2p stntes hytndeed (b)
------ 11X { d |
: Orb‘w $ Sd 41 states  Oscillabons in the
0 K-edge 1 hybridization R
i ? Ni L-edge i O 2p0-Ni 3d ) absorption to
: ' P f ] continuum stites
MLI\A\—\'L,‘; ; J Lo s ‘
3 5 : i 3 3 120 min
o ‘ d 1 GO
@ £ . f @ :
c ¥ Y ' 1 [ '
gl iR gl - DML el 3 :
© e ! ! © :
N U Meiosind As-deposned
' : :l A l' :l ' ' 'S : L A 'S '
450 600 750 900 1050 1200 1350 520 540 560 580 600
Energy Loss (eV) Energy Loss (eV)
(c) (d)
~NiLy Sm M;
/ 3 /’
v oNiL, r Sm M,
4 120 min v :
- <y 120 min
3 3
8 &
8 8]
[ — 2 =
5 min
3 3 5 min
(&) (&)
As-deposited As-deposited
s A A A A A A A 1 " 1 1 1 A 1
840 850 860 870 880 890 900 1060 1080 1100 1120 1140
Energy Loss (eV) Energy Loss (eV)
(e) NIL, —— A deposited sma| | NiL, —120min
s N2 (854 5 6V) - : Ni# (isu V) | . N> (8559 9V)
g’ Ni** (855 8 aV) ;; y - Ni™ (855.8 eV) : (B54 5 0V)
> = <
3 3 \\ g
N
......... D

B2 B % @8 660 a2 85t @56 B8 860 B2 654 &% 858 800
Energy Loss (8V) Energy Loss (eV) Energy Loss (eV)
Figure 11. Electron energy loss spectroscopy (EELS) analysis of the as-deposited and air-annealed
samples at 500 °C for 5 min and 120 min, respectively. (a) Broad spectrum of the core excitation edge
of Sm, Ni and O elements for all the films. (b), (c) and (d) O K-edge, Ni L-edge and Sm M-edge EELS
spectra. (e) Deconvolution of the Ni Lz peak highlighted in (c) for every sample. The peaks associated

with Ni?* and Ni®*" are indicated.
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Then, the pre-peak is already present for the as-deposited sample because being synthesized in
a reactive atmosphere saturated with oxygen allows both Ni and Sm oxidation. However, a
slight decrease in peak intensity is evident at 5 min. As a hypothesis, it can be associated with
a slight loss of oxygen, defects formation, or poor crystallization with the presence of many
nanocrystallites, generating measurement instabilities. Indeed, for the well-crystallized air-
annealed layer for 120 min, a sharp peak is displayed, confirming the electronic structure
signature in nickelates in its trivalent state. In addition, a prominent peak corresponding to the
Sm 5d-O 2p hybridization emerges with annealing time. Although the latter does not generate

much discussion, a discernible change due to crystallization is noticeable.

Besides that, Figure 11(c) depicts the Ni L-edge spectra whereby the Ni L, and Ni Lz peaks
depend on the Ni valence of ions. Concerning the Ni Lo, given its shape and position, it can be
assigned to the valence of Ni®*. A marked difference with Ni?* ion in NiO compounds (with
two distinct and distant peaks) has been reported [76,77]. On the other hand, for the Ni L3z peak
it is not that immediate, even if a tiny hump is visible. Indeed, the Ni?* and Ni®* are normally

positioned around 854.5 eV and 855.5 eV, respectively [76,78-80].

Therefore, a deconvolution of the Ni Lz peak was carried out for the three study cases (Figure
11(e)). As it can be seen, the two peaks can be identified, and a continuous evolution with
annealing time can be evidenced. Furthermore, with the continuous crystallization of the thin
film, there is an apparent stabilization of the Ni* ion over the Ni?* oxidation degree. However,
the latter's contribution persists and may be associated with the presence of oxygen vacancies
[75,81,82]. Lastly, for the Sm M-edge (Figure 11(d)), no change is evidenced, coinciding with

the trivalent state of this rare-earth, which is more stable and easier to oxidize [28,83,84].
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3.5. Verification of the electronic structure by XPS

Complementary to EELS, XPS analysis has been performed on as-deposited film and after
annealing during 5 and 120 min. Figure 12 presents the Sm 3d, Ni 2p, O 1s core level spectra
and XPS valence band spectra of the film. It is important to note that (i) reliable literature
devoted to XPS analysis on SmNiOz compound is limited, and (ii) no shift has been applied to
the spectra to work directly on unaltered data. In addition, the shift induced by the measurement

has been limited thanks to the use of a flood gun.
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Figure 12. XPS analysis of SmNiOs.s thin films after different annealing time. (a) Sm 3d, (b) Ni 2p (c)
O 1s core level spectra and (d) XPS valence band spectra. The inset corresponds to XPS valence band,

after shift of 1 eV of data after annealing for 120 min.
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The Sm 3d signal (Figure 12(a)) presents a major contribution centered around 1082.7 eV (for
the annealed film for 120 min), attributed to Sm*" (Sm 3d 5/2 contribution) and the
corresponding Sm 3d 3/2 contribution at 1109.7 eV. A second contribution is present as the
peak shows asymmetry. A similar peak shape and position is reported for Sm** in SmNiOs in
[85]. Such asymmetry has also been seen even for Sm3*, as in SmO3 nanoparticles [86]. It is
worth mentioning that Sm** is generally observed around 1083 eV [87]. As reported in [85], no
significant change in the peak shape and position is noticed with annealing. Note that the shift
of =1 eV for annealing of 120 min is present on all spectra (including valence band spectra),

namely, it is not an intrinsic shift due to a change in the chemical environment.

The Ni 2p core level is more affected by the annealing step (Figure 12(b)). It is known that the
fitting of nickel oxide signal is complex due to the multiple contributions, including plasmons
and inter-band transitions, charge transfer mechanisms, and the high sensitivity to change in a
chemical environment [11,88]. A single contribution per chemical state does not represent the
real physical mechanism but serves as tendency determination. In this view, the Ni 2p 3/2 signal
is fitted with Ni?* and Ni®* contributions, centered at 854.7 eV and 856.1 eV, respectively (for
the annealed film for 120 min). An energy difference of 1.4 eV is noticed, close to the energy
difference obtained from EELS measurements (=1.4eV) and the works from Ramanathan et al.
(=1.5eV), with a position at 854 and 855.5 eV for Ni?* and Ni®*, respectively [8,79]. The
contribution at higher binding energy correspond to Ni 2p 3/2 satellites peaks (858-868 eV), Ni
2p 1/2 peaks (870-875 eV) and Ni 2p 1/2 satellites (875-884 eV). After the annealing step, a
clear change of the Ni?*/Ni®* ratio is observed, with stabilization of Ni**, confirming the EELS

results.

Interestingly, the O 1s signal is also largely affected by annealing (Figure 12(c)). Two
contributions are observed at 529 and 530.4 eV. The contribution at 529 eV is attributed to

metal-oxygen bound. Concerning the contribution at 530.4 eV, Kotiuga et al. [85] attributed it
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to hydroxide contamination (and should not be included in the discussion). In contrast, other
authors attributed it to oxygen vacancies [89] or also to metal oxide contribution [7]. Both
explanations are acceptable, although hydroxide contamination would probably be removed
after annealing. Namely, the formation of oxygen vacancies with annealing, which goes hand
in hand with the decrease of the metal-oxygen bond and the change of the Ni?*/Ni®* ratio, is

more probable.

It is important to notice that Kotiuga et al. reported a shift in Ni 2p signal with more Ni?* after
low-pressure annealing of SmNiOz, while an opposite behavior is observed here, with
stabilization of Ni**. However, in this case, the conditions are different with a potential over-
stoichiometry of oxygen thanks to metastable deposition conditions and then the radiative air-

annealed, which allows crystallizing SmNiO3z.s compounds without high oxygen pressures.

Furthermore, Figure 12(d) displays the XPS valence band of the film after different annealing
times. All films present contribution at 0-10 eV. At 20 eV, it is attributed to Sm 5p and O 2s
orbitals, while the contribution around 42 eV is attributed to Sm 5s orbitals. With annealing,
there is a slight change of level distribution, close to the Fermi level, while other contributions

are not affected (see inset in Figure 12(d)).

3.6. Thermochromic performance through optical measurements

As Nikulin et al. [90] mentioned, electrical properties are affected by oxygen deficits. Therefore,
to measure its impact and crystallization degree influence, FTIR measurements were conducted.
Infrared optical measurement is an appealing characterization to perform since the
thermochromic effect is controlled by the presence of the metal-insulator transition (MIT)

phenomenon in nickelates.
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The transmittance evolution of the air-annealed samples at 500 °C for 120 min and 5 min are
displayed in Figures 13(a) and 13(b), respectively. As can be seen, two different behaviors
under the heating ramp from 30 to 270 °C are displayed. A significant change between the first
and last spectra is visible for the highly crystallized sample, while no substantial difference is

observed for the 5 min sample.
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Figure 13. Optical properties of the SmNiOs.s thin film air-annealed for 5 min and 120 min at 500 °C.
(@) and (b) Infrared (IR) transmittance evolution of the film in the heating ramp from 30 to 270 °C with

a step of 30 °C. (c¢) and (d) IR transmittance performance at 8 um versus temperature.

Evaluating the progression to a fixed wavelength value is practical to compare both
performances. Here, it was chosen the value of 8 um for different reasons. First, this wavelength
is not influenced by the silica absorption band (around 9 pm). Also, it is situated in the
atmospheric transparency band 111 (8-14 um), and lastly, it is representative of thermal solar
collector’s infrared emissivity. Indeed, VO2 oxides and LaCoOz perovskites, considered for
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such application [91,92], present optical variations with the temperature at this spectrum range

as a result of the thermochromic effect.

Therefore, a contrasting comparison is shown in Figures 13(c) and 13(d). For the air-annealed
layer for 120 min, the transmittance decreases from 58% to 26%, and its stabilization is evident
around 125 °C. It means that the SmNiOss thin film is thermochromic, having an optical
switching of 32%, going from a more transparent state to a lesser one from low to high

temperatures.

On the other hand, no optical properties can be attributed to the sample annealed for 5 min.
Although a difference in transmittance of 8% was measured for the same heating range between
30 and 270 °C, it cannot be considered as a thermochromic material. A change in its behavior
is expected, and probably if the temperature continues to increase, the transmittance would
progressively drop without implying an optical switch at the metal-insulator transition

temperature (Twmi). Especially in SmNiOs perovskites, whose Twy is around 127 °C [26,93].

Hence, these results highlight the importance of obtaining a complete crystallization of SmNiO3
thin films. With most of the layer nanocrystalline, even with some large grains, the
thermochromic behavior is absent at 5 min. Likewise, even though the air-annealed sample for
120 min had a higher oxygen deficit since it was a minimal value, it did not suppress the MIT
phenomenon. Conversely, such an optical switch envisages this material family as a promising

candidate for solar thermal regulation.

4. CONCLUSIONS

Two significant features of samarium nickelates thin films have been explored in this work,
providing a full understanding of the mechanisms involved in air-annealing. The first one is the

study of crystallization kinetics through in situ HTXRD measurements. The amorphous-to-
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crystalline phase transformation progression was monitored, giving access to the Kinetic
parameters of its evolution at different temperatures. Notably, the activation energy necessary
for the SmNiOs;s nucleation was determined, whose comparison with other perovskites
confirms how challenging it is to synthesize this smart material. Also, it was shown that air-
annealing at very high temperatures does not favor the crystallization of these thin layers, being

500 °C, the temperature with the best compromise of time and crystallization percentage.

The second aspect concerns a thermo-kinetic approach to the crystallization mechanisms
involved during air-annealing. A TEM analysis exposed the evolution of the phase
transformations at different annealing times. Therefore, the correlation of the experimental
results with the classical nucleation theory evidenced the combination of homogeneous and

heterogeneous nucleation in the SmNiOz-5 thin films throughout our synthesis process.

Furthermore, the electronic structure and the optical properties were investigated by EELS and
XPS, and FTIR measurements, respectively. The stabilization progression of the Ni®* oxidation
degree was observed with the annealing time, in which the contribution of Ni?* persisted. The
latter may be associated with defects or oxygen deficits. The optical properties measurements
confirmed the presence of the thermochromic effect with a transmittance change of 32%, and
the metal-insulator transition temperature at 125 °C in the SmNiOs.; thin films air-annealed for
120 min. By contrast, despite having large grains, the 5 min-annealed sample did not show an
optical switch because a longer annealing time is necessary to obtain excellent structural,

electronic and optical properties.

In light of these outcomes, we provided the fundamental knowledge behind the soft-synthesis
route described in our previous work [8]. Namely, the presented approaches allow us to
understand the physical phenomena involved during SmNiOs.s thin film crystallization. From
here, we overcome what has been a challenge for years in the scientific community, conferring

a starting point to improve the production of nickelates and extend their uses even further.
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