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ABSTRACT: The imperative need for highly performant and stable p-
type transparent electrodes based on abundant metals is stimulating the
research on perovskite oxide thin films. Moreover, exploring the
preparation of these materials with the use of cost-efficient and scalable
solution-based techniques is a promising approach to extract their full
potential. Herein, we present the design of a chemical route, based on
metal nitrate precursors, for the preparation of pure phase
Lay 75Sr9,5CrO; (LSCO) thin films to be used as a p-type transparent
conductive electrode. Different solution chemistries have been evaluated :
to ultimately obtain dense, epitaxial, and almost relaxed LSCO films. CrL,,

Optical characterization of the optimized LSCO films reveals promising 530 540 550 580 590

high transparency with ~67% transmittance while room temperature Energy loss (eV)

resistivity values are 1.4 Q-cm. It is suggested that the presence of

structural defects, i.e., antiphase boundaries and misfit dislocations, affects the electrical behavior of LSCO films. Monochromated
electron energy loss spectroscopy allowed changes in the electronic structure in LSCO films to be determined, revealing the creation
of Cr*" and unoccupied states at the O 2p upon Sr-doping. This work offers a new venue to prepare and further investigate cost-
effective functional perovskite oxides with potential to be used as p-type transparent conducting electrodes and be easily integrated in
many oxide heterostructures.
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Bl INTRODUCTION metal oxides hinders the introduction of shallow acceptors and
large hole effective masses.'™"® Chemical modulation of the
valence band, which consists of introducing covalency in the
metal—oxygen bond, can overcome this issue.'” Consequently,
closed and quasi-closed shell electronic configurations of
cation species (d', d°, d°) are the best candidates to reduce
localization of holes in oxygen ions and minimize colorization
from the metal d—d excitation. In this line, some new p-type
TCOs based on Cr** oxides (d* in octahedral configuration)
have been already identified*”>* among which Sr-doped
LaCrOj; appears as a strong candidate with reasonably high
transparency and p-type conductivity.”~*® Importantly, the
ability to grow these materials as epitaxial films can be used as
a lever to tune the physical properties.”’ >’ In fact, it has been
recently demonstrated that electric conductivity of Sr-doped
LaCrO; films grown by molecular beam epitaxy (MBE) can be
finely tuned through epitaxial strain.”® Nevertheless, when

Transparent conducting oxides (TCOs) constitute a special
class of materials that combine properties of high electrical
conductivity (¢ > 10* S-cm™") and high optical transparency in
the visible spectrum (T > 80%) with use in touch screens, solar
cells, and smart windows.'~” From the last 50 years, n-type
Sn:In,0; (ITO) thin films have been the most utilized TCO
because of their excellent balance between transparency and
electrical conductivity, but their high and fluctuating price as a
consequence of indium scarcity demands for the study of
alternative candidates. Among the enormous variety of oxides,
the interest in the family of perovskite oxides for TCOs arises
from the wide range of available compositions and from their
structural compatibility with many functional complex oxides,
making them wuseful to prepare innovative and stable
heteroepitaxial devices for electronic and energy applica-
tions.®™'? Indeed, CaVO;, SrVO;, and StNbO; are promising
n-type TCOs that have been demonstrated to show excellent
performances when compared with ITO."*~"° To broaden the Received: December 30, 2022 i

applications of TCOs and continue advancing functional Revised: ~ March 24, 2023
Published: April 13, 2023

s

perovskite-based heterostructures, there is a strong need to
find high performance p-type TCO counterparts, although
their development is intrinsically challenging. The localized
nature of O 2p orbitals at the top of the valence band of most
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Table 1. Description of the Four LSCO Precursor Solutions’ Compositions (Solvent and Additive) and Viscosities

Solution Solvents Additives Viscosity
(Pa-s)
MOE
2-methoxyethanol
. and acetic acid ) 0.0043
DMF-AA
2-methoxyethanol ~ N,N-dimethylformamide
A 0.0045
and acetic acid and acetylacetone
DEA
2—meth0}.(yeth.anol Diethanolamine 0.0085
and acetic acid
CA
. Water Citric Acid 0.0017

=

evaluating the suitability of an oxide material to be used as a
TCO, along with high electrical conductivity and optical
transmittance, it is important to consider cost-effective and
sustainable processing techniques. Over the past decade,
significant progress has been made to enable the production
of high quality metal oxide thin films using chemical solution
deposition (CSD), a well-established, inexpensive, and
potentially scalable route that offers the possibility to prepare
epitaxial perovskite oxides and perform simple compositional
tuning by identifying compatible precursor salts and
solvents.”*™** In fact, successful growth of solution-processed
n-type TCO perovskite films based on M-doped BaSnO; (M =
La, Pr, Nd, Sb)33_36 and La-doped SrTiO337’38 has been
previously reported. However, the study of CSD p-type TCO
perovskite films is at its infancy. Thus, despite the promising
perspectives of this approach, the syntheses of many new and
attractive complex oxides films, including Sr-doped LaCrOs;,
remain unexplored.

Motivated by the design of an nonexistent cheap chemical
route to fabricate p-type Sr-doped LaCrOj epitaxial films, in
this work we explore the use of CSD through a systematic
study of the influence of solution chemistry on gel thermal
decomposition and film morphology by means of thermogravi-
metric analysis, viscosity, and scanning electron microscopy.
Detailed structural analysis has been performed by X-ray
diffraction and scanning transmission electron microscopy.
Film optical transparency and electrical resistivity have been
evaluated on the optimized 45 nm films of Lag,sSry,sCrO;
(LSCO) by spectroscopic ellipsometry and temperature
dependent resistivity measurements, respectively. Monochro-
mated electron energy loss spectroscopy allowed the electronic
properties of these solution processed oxides to be unraveled.

B EXPERIMENTAL SECTION

Preparation of LSCO Thin Films. Solution Preparation.
Stoichiometric amounts of anhydrous strontium nitrate, Sr(NO;),,
hydrated lanthanum nitrate, La(NO;);-6H,0 (99.999%), and
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chromium nitrate, Cr(NO,;);9H,0 (99.9%), from Sigma-Aldrich,
were weighted and mixed to prepare four 0.25 M solutions by
modifying the solvent (2-methoxyethanol, MOE, acetic acid, AcA, and
water) and additive composition (N,N-dimethylformamide, DMF,
acetylacetone, AA, diethanolamine, DEA, and citric acid, CA); see
Table 1. According to their chemical formulations, the four solutions
investigated are named MOE, DMF-AA, DEA, and CA. For the
preparation of the solutions denoted MOE, DMF-AA, and DEA, the
metal nitrate precursors were mixed in an organic solvent blend of 2-
methoxyethanol and acetic acid (3:1). DMF-AA solution was
obtained from the addition of N,N-dimethylformamide and
acetylacetone as stabilizers in a molar ratio to total metal cations of
1:2, whereas DEA solution was prepared from the addition of the
chelating agent diethanolamine in a molar ratio to Cr of 1:4. On the
other hand, CA solution was obtained from mixing the nitrate
precursors in water and using citric acid in a molar ratio of total metal
cations of 2:1 to minimize the hydrolysis and condensation reactions.
The viscosities of all 025 M LSCO precursor solutions were
measured at 22 °C at a fixed speed of 2880 s™" for 30 s using a Haake
RheoStress RS600 rheometer from Thermo Electron Corporation.

Thermal Decomposition Characterization. Simultaneous ther-
mogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) were carried out with a thermal analyzer TGA/STA 449 FS
Jupiter from NETZSCH at University of Alicante, Spain, with a range
of temperatures from 30 to 900 °C and a heating rate of 30 °C-min~"
under an O,-rich atmosphere, i.e,, N,:0, (1:9), for MOE, DMF-AA,
DEA, and CA solutions, and air atmosphere, ie., N,:O, (4:1), for
DEA solution. Both atmospheres used a continuous flow of 10 mL-
min~". In order to perform this study, the precursor solutions were
previously dried to a gel by an R-210/215 rotary evaporator from
Biichi.

Thin Film Preparation. LSCO thin films were prepared by means
of CSD on two different monocrystalline substrates: (001)-SrTiO4
(STO) and (001)-LaAlO5 (LAO). For film growth optimization and
optical transmittance measurements, films were prepared on STO,
whereas for electrical conductivity and advanced structural and
electronic analysis, films were grown on LAO. For specific
comparisons, the LaCrO; (LCO) parent compound thin films have
also been prepared. A total of 18 uL of L(S)CO precursor solution
was spin-coated on STO and LAO at 6000 rpm for 36 s in a N, box
with relative humidity < 20%. The spin coated samples were exposed

https://doi.org/10.1021/acs.chemmater.2c03831
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to a low-temperature treatment at 100—400 °C for 4—30 min.
Subsequently, samples were introduced in a preheated tubular furnace
at 850 °C in air or under continuous O, flow of 0.6 L-min™" for 45
min and quenched to room temperature. This procedure leads to film
thicknesses of 40—70 nm for the different solution chemistries.

Thin Film Characterization. Surface Morphology. Surface
morphology images were acquired by scanning electron microscopy
(SEM) using a QUANTA FEI 200 FEG-ESEM scanning electron
microscope equipped with energy dispersive X-ray spectroscopy
(EDX). EDX analysis was performed at 10 kV for 70 s. Surface
morphology and root-mean-square (rms) roughness were studied
from the topography images acquired with an atomic force
microscopy (AFM) Keysight 5100 instrument in dynamic mode
and analyzed by MountainsMap Premium 9 software from Digital
Surf.

Optical Characterization. Optical transmittance (%T) of L(S)CO
thin films on STO was studied in the wavelength range of 300—1000
nm with a spectroscopic ellipsometer SOPRALAB GESSE in
photometry mode, which uses a Xe lamp as a light source. The
light source was incident in the film side with an angle of 90°, and
data was collected with an integration time of 2 s to avoid saturation
of the detector. A microspot with diameter of 50 ym was used. The %
T values are obtained averaging values at wavelengths of 400 nm, 500
nm, 600 nm, 700 nm, 800 nm, and 900 nm and without subtracting
the contribution of the substrate.

Electrical Characterization. Electrical resistivity of the LSCO thin
film on LAO was determined using the Van der Pauw method over
the 150—350 K temperature range with a Quantum Design Physical
Property Measurement System (PPMS). For that purpose, Au
electrodes of 1 mm X 1 mm were placed at the vertices of the
films by means of the DC-sputtering system from TSST. Due to
limitation of the PPMS instrument, the resistivity was measured only
in the temperature range that provided resistances below ~10” Q. The
resistivity was obtained from sheet resistance and considering the film
thickness.

Structural Characterization. The crystalline structure and phase
purity of LSCO films were studied by X-ray diffraction (XRD) using a
Bruker-AXS A25 D8 Discover instrument equipped with a Cu anode
(Cu Ka, 4 1.5418 A). XRD 6-20 scan measurements were
performed in the range of 20—80°. The reciprocal space map (RSM)
was acquired along the (103)-LSCO reflection. The in-plane and out-
of-plane crystalline texture analysis was performed through phi and
rocking curve scans along the (103) and (003) reflections of LSCO,
respectively.

Aberration corrected scanning transmission electron microscopy
(STEM) images and monochromated electron energy loss spectros-
copy (BELS) spectra were acquired using a Nion HERMES-100
operated at 60 kV, at the University of Chinese Academy of Sciences,
Beijing, China. Cross-sectional STEM specimens were prepared using
the standard focused ion beam (FIB) lift-out process in a Thermo
Fisher Scientific FIB system. The high-angle annular dark-field
(HAADF) images were acquired using an annular detector with
collection of semiangles of 75—210 mrad. The probe-forming
semiangle was 32 mrad, and the collection semiangle for the EELS
spectrometer was 75 mrad. After monochromation, the beam current
was ~20 pA and the best energy resolution obtained was ~0.1 eV
with the beam placed on the sample. To record the spectra, a
dispersion of 0.05 eV per channel was used, and a set of 40 spectra
with 500 ms time per acquisition were collected while scanning on the
film to prevent radiation damage and subsequently aligned and
integrated. The integrated spectra were slightly smoothed using a 3
channel low pass filter to reduce noise.

Surface Chemical Composition. X-ray photoelectron spectroscopy
(XPS) measurements were performed with a SPECS PHOIBOS 150
hemispherical analyzer (SPECS GmbH, Berlin, Germany) using a
monochromatic Al Ka radiation (1486.74 €V) source at 300 W at the
Institut Catala de Nanociencia i Nanotecnologia, Barcelona, Spain.
The samples were analyzed with a spot size of 3.5 mm X 0.5 mm at a
base pressure of 4 X 10'" mbar. Pass energies of 20 and 50 eV and
step sizes of 0.05 and 1 eV were used for the high-resolution and
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survey spectra, respectively. The acquired spectra were processed with
CasaXPS software using Shirley background subtraction. Binding
energies were calibrated using C 1s at 284.9 eV.

B RESULTS AND DISCUSSION

Among the wide variety of metal precursors available for
solution processing, metal nitrates have proved superior to
metalorganics in terms of requiring lower processing temper-
atures, and they generally produce denser films with fewer
impurities.”” Indeed, preliminary studies conducted in our
group using metalorganic precursors led to nonhomogeneous
and unstable precursor solutions resulting in dramatically
porous films; see Figure S1. Therefore, this study is focused on
La, Sr, and Cr nitrates combined with different solvents (2-
methoxyethanol, MOE, acetic acid, AcA, and water) and
additives (N,N-dimethylformamide, DMF, acetylacetone, AA,
diethanolamine, DEA, and citric acid, CA). According to their
chemical formulations, the four solutions investigated are
named MOE, DMF-AA, DEA, and CA; see Experimental
Section and Table 1. The solutions prepared are homogeneous
and free of precipitates, and the oxidation state of chromium
gives rise to blueish/greenish coloration. The solution viscosity
measured at room temperature increases from 0.0017 Pa-s for
CA, 0.0043 Pa's for MOE, and 0.0045 Pa-s for DMF-AA to
0.0085 Pa-s for DEA, in accordance with the corresponding
molecular weight of the solvents and additives. Importantly,
these values of viscosity ensure good wettability of the working
single crystal perovskite substrates.*’

To guarantee a controlled transformation process from the
precursor solution to the formation of pure phase LSCO,
simultaneous TGA-DSC analysis has been carried out from the
dried gel of the four solutions described above. Details of the
TGA-DSC conditions can be found in the experimental
section. Note that the O,-rich atmosphere has been used to
study the decomposition of all the solutions. Additionally, the
decomposition of DEA solution has been also studied in air
atmosphere because of the well-known violent and exothermic
decomposition of diethanolamine in O,.""

The TGA curves of the dried gel of MOE, DMF-AA, CA,
and DEA solutions in O,-rich atmosphere, Figure la—d, show
the main mass losses at temperatures below 320 °C (>50%),
which are related with two exothermic DSC peaks in MOE,
DME-AA, and CA and one exothermic peak in DEA. At these
temperatures, according to the reported thermal decomposi-
tion of the individual metal nitrates,” simultaneous phenom-
ena occur including dehydration of metal nitrates to form
concentrated salt solutions, the condensation of Cr(NO;)s,
and the elimination of NO, and CO, as reaction product
gases.””** The decomposition of the solvent 2-methoxyethanol
into CO, and CO™ is expected to occur in the same
temperature range. Note that the use of additives in DMF-AA,
DEA, and CA entails the formation of intermediates such as
aconitic acid in CA*”** and modifies the covalency of the
metal—ligand bonds, changing the decomposition temper-
atures of the different thermal events when compared to pure
nitrate decomposition.’”*”*>*>*® In addition, in the case of
DEA, the strong exothermic DSC peak at 310 °C is related to
the violent oxidative decomposition of diethanolamine to NH;
and acetic and formic acid."""*" At temperatures above 320 °C,
the decomposition of acetic acid into CH, and CO,* and the
condensation of La(NO;); and Sr(NO;),, which release gases
such as H,0, NO,, and CO,, take place.”” These events are
related to the presence of endothermic peaks at temperatures
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Figure 1. TGA-DSC curves obtained at 30 °C-min™" from 30 to 900
°C in an O, atmosphere for (a) MOE, (b) DMF-AA, (c) CA, and (d)
DEA and (e) in air atmosphere for DEA. The positive and negative
values of heat flow in the DSC curves are set to represent exothermic
and endothermic phenomena, respectively.

of ~400 °C and ~600 °C, respectively. Moreover, the
downward trend of the DSC curve observed at high
temperatures could indicate the presence of an endothermic
peak above 900 °C (not shown here) that could be related to
the crystallization of LSCO.**°

The effect of the atmosphere on the thermal decomposition
of the derived gel of DEA has been also evaluated. In air
atmosphere, Figure le, the mass loss is more gradual than in
oxygen, Figure 1d, and it has three exothermic peaks of less

intensity compared to the one observed in oxygen, suggesting a
milder decomposition.

Based on this study, fine-tuning of the thermal profile
parameters (temperature, interim steps, annealing time, and
heating ramps), Figure S2, has been performed to achieve a
complete conversion of the precursor gel to pure-phase,
epitaxial, and dense LSCO films. For the purpose of film
processing optimization (details in Figure S3) and trans-
mittance measurements, precursor solutions have been
deposited on (00[)-STO single crystal substrates. It is
anticipated that in order to be able to perform the electrical
characterization of such films, LSCO has been also prepared
on (000)-LAO single crystal substrates, as described below.

The effect of the solution chemistry on the surface
morphology of LSCO thin films has been evaluated by SEM;
see Figure 2. LSCO films obtained from MOE, DMF-AA, and
CA solutions and processed in O, atmosphere exhibit similar
homogeneous and precipitate-free surface morphology, Figure
2a—c. However, they present rather unconnected LSCO grains
that could impair the transport properties of the film, as it has
been already reported for analogous (La,Sr)MnO; films.”"
LSCO films from DEA processed in O, atmosphere present an
enhanced grain connectivity that is probably attained by the
chelating effect of diethanolamine, Figure 2d, but this solution
chemistry favors the formation of large Cr-rich, star-shaped
precipitates (inset) as confirmed by SEM-EDX in Figure S4. In
contrast, when LSCO films from DEA solution are processed
in air, Figure 2e, the formation of such precipitates is
successfully avoided obtaining highly homogeneous films
with dense surface morphology, suggesting that the Cr-rich
precipitates present in Figure 2d could be formed during the
strong exothermic decomposition reaction identified in the
oxidizing atmosphere in the TGA-DSC analysis of Figure 1d.
Note that c-axis growth has been obtained for all solution
chemistries, Figure SS, whereas a wider 8—26 scan confirmed
phase pure and (001) oriented growth of the films, Figure S6.

On the basis of these results, we have been able to establish
an optimized process to prepare dense and epitaxial LSCO thin
films on STO from DEA solution processed in air atmosphere,

< DNIF-AA-O,

Figure 2. Scanning electron microscopy images of LSCO thin films on the STO substrate prepared from the (a) MOE—O, atmosphere, (b) DME-
AA-O, atmosphere, (c) CA—O, atmosphere, (d) DEA—O, atmosphere, (¢) DEA—air atmosphere, and (f) LSCO on LAO substrate from DEA—

air.
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demonstrating the strong influence of solution chemistry and
processing conditions on thin film surface morphology quality.

The optical transmittance of ~45 nm - LSCO films has been
obtained with an spectroscopic ellipsometer in photometry
mode from 300 to 1000 nm and compared to that of the
transparent, although insulating, LCO parent compound film,
Figure 3. As expected, the transmittance of LCO is very similar
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Figure 3. Optical transmittance spectra of STO substrate and 45 nm -
LCO and 45 nm - LSCO thin films on STO from 300 to 1000 nm
energy range. Inset shows photographs of the substrate and the
samples.

to that of the STO substrate, whereas the LSCO film presents
absorption near 450 nm because of the slight brown coloration,
as it can be observed in the pictures below the transmittance
curve. The LSCO film presents an average optical trans-
mittance of ~67%, which is comparable to that of 67 nm -
Lag gsSrg1,CrO; on STO (%T = 63.4%) and to the n-type
TCO counterparts 50 nm - StVO; and 40 nm - CaVO;, which
reported %T values of ~60%.">"*

The electrical resistivity of vacuum deposited epitaxial
LSCO films is reported to be higher on STO substrates than
on LAO due to strain effects.”* >° Indeed, no measurable
electrical conductivity was found for our CSD-LSCO films on
STO (not shown). Therefore, for the purpose of this study, the
electrical properties of ~45 nm - LSCO films have been
measured on LAO substrates. Note that these films present
homogeneous, dense, and slightly rougher surface morphology
than LSCO on STO probably due to the large lattice
mismatch, see Figure 2f and Figure S8b. Figure 4 shows the
temperature dependence of LSCO, p(T), measured in the
range of 150—350 K. The resistivity at room temperature, 300
K, is 1.4 Q-cm, one order of magnitude higher than that
expected from LSCO films with the same Sr doping
concentration on LAO substrates.”* This is also reflected on
the residual resistivity ratio (RRR) calculated from p(300 K)/
p(150 K) resulting in smaller values (0.024) than MBE films.**
The same trend has been reported for other CSD-processed n-
type TCO perovskite thin films when compared to their
vacuum-processed counterparts.33’35’36’38’52’53

In order to better understand the origin of this behavior, a
detailed structural and strain analysis has been performed on
LSCO films grown on LAO. In-plane texture of LSCO on LAO
has been investigated from a phi-scan, A¢(03)15c0 = 1.4° and
A 103140 = 0.2° and the out-of-plane texture from the
rocking curve, Awgo3)rsco = 0.4°, which confirm that films are
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Figure 4. Temperature dependence of the electrical resistivity of 45
nm - LSCO on LAO from 150 to 350 K.

biaxially textured; see Figures Sa,b. From the XRD-RSM,
Figure Sc, the in-plane, a4, and out-of-plane, ¢, lattice
parameters of LSCO have been extracted considering a
pseudocubic symmetry, resulting a = 3.867 + 0.023 A and ¢
= 3.896 + 0.005 A (a;5copur = 3.876 A).>*7*° The films show
subtle in-plane compressive strain of —0.232% and an out-of-
plane tensile strain of 0.516%. These results were further
confirmed from strain maps by STEM images using geo-
metrical phase analysis (GPA), Figure S7. This behavior differs
from the results reported from MBE-LSCO films on LAO,
which displayed —2.1% compressive strain.”**® This difference
could be attributed to the different nucleation and growth
thermodynamics of CSD films,”* which tend to produce
relaxed and epitaxial films with the formation of structural
defects.”> ™"

Deeper exploration of the crystalline structure of LSCO
through high-resolution STEM HAADF images indeed reveals
the formation of a significant amount of two types of structural
defects in the film, namely, antiphase boundaries and misfit
dislocations. Figure 6a,b shows two types of antiphase
boundaries running along the (010) and (011) perovskite
crystallographic planes, respectively. In these defects, one BO,
plane (from ABO; structure) is suppressed, and the two
crystals are relatively shifted along a glide plane with a
'/,{111} shift vector, forming a rock-salt structure at the fault.
The glide plane will overlap the A and B sites of the perovskite
structure when viewed perpendicular to the fault plane, as in
the right area in Figure 6a; thus, the relative Z-contrast of the A
and B site are equated. Figure 6b shows an edge-on image of
the antiphase boundaries with a relative shift of '/,{101} of the
crystal structure at both sides of the antiphase boundary plane.
Additionally, the formation of misfit dislocations is also
observed near the substrate interface, Figure 6¢c. The misfit
dislocations may form an array along the interface as observed
in the GPA analysis in Figure S7. These extended defects are
spontaneously formed to relax the misfit strain imposed by the
substrate. Therefore, it is suggested that structural defects
influence the resistivity behavior in our LSCO films on LAO
substrates. Notoriously, the detrimental effect of structural
defects such as antiphase boundaries on the electrical resistivity
has already been reported in Fe,O; films.>” Additionally,
preliminary studies of the influence of LSCO film roughness
and thickness on the p(T) behavior indicate that film resistivity
increases in films with rougher surface morphology and poorly
connected grains (Figure S8). Indeed, it has been widely
studied that surface imperfections in transition metal complex
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oxides can produce significant changes on the electrical
properties, as previously reported for other perovskite oxides
(ie, La,_,Sr,Mn0;).°>®" Further analysis of p(T) indicates
that the data can be fitted to both band conduction and
polaron hopping transport models, suggesting a competition
between these two mechanisms,”* and details on the fitting and
activation energies can be found in Figure S9.

To gain further understanding on the role of Sr doping on
the crystallinity and Cr 3d - O 2p orbital hybridization in the
CSD-LSCO films on LAO, cross-sectional STEM-EELS have
been acquired and compared to LCO. Figure 7a,c shows
continuous ~45 nm - LCO and LSCO films, with clearly
improved homogeneity and smoothness upon Sr-doping.
Moreover, higher magnification STEM images, Figure 7b,d,
confirm the epitaxial growth of LCO and LSCO films on the
LAO substrate with atomically sharp interfaces. The higher
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resolution inset images show atomic resolution images of both
LCO and LSCO structures viewed along the [100] direction.

Due to the low concentration of Sr-doping in the LSCO
films, no obvious Z-contrast difference or structural changes
are observed when compared to the undoped LCO. In order to
investigate possible electronic structure changes as a
consequence of Sr-doping, the O K-edge and Cr L,;-edge
spectra of CSD-LCO and LSCO have been acquired by means
of monochromated-beam EELS; see Figure 7e. The spectral Cr
L,;-edge of LCO shows three main peaks between 573 and
583 eV, which correspond to the L; line, and two peaks
between 583 and 591 eV from the L, line. The energies and
line shapes of these peaks are characteristic of Cr’*, as it has
been reported for Cr,0; and LCO.***” On substituting La by
Sr, it is observed that the Cr L;, line shape pattern changes,
and the Cr L; line-width broadens; the peaks indicated by blue
arrows increase in intensity, turning toward spectral signatures
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(e) O K-edge and Cr L, ;-edge monochromated-EELS spectrum of LCO and LSCO on LAO. The blue arrows point to the characteristic spectral

changes induced by the Sr doping.

representative of Cr*". These features would be consistent with
the localization of holes doped in a lattice of Cr ions.”**

Moreover, the spectral O K-edge provides further details
related with the unoccupied density of states of transition
metal character. For LCO, a set of three peaks is observed
between 525 and 539 eV, in good agreement with earlier
reports of LCO films.”* Upon Sr-doping, two new features at
528.5 and 531 eV and the decrease in intensity of the peak at
532.5 eV are observed, indicated by the blue arrows in Figure
7e, characteristic of Sr-doped LCO and related to the
appearance of new unoccupied states and partial hybridization
between O 2p and Cr 3d orbitals from the bottom of the
conduction band.”*** These features are in line with the
observed shift to lower binding energies of the XPS core-level
spectra of Cr 2p, La 3d, and O 1s of LSCO films compared to
LCO; see Figures S10 and S11, which can be associated with
the modification of the chemical potential toward the valence
band. This behavior appears to be a common phenomenon of
hole-doped perovskite oxides””**®* and could explain the
introduction of holes in our Sr-substituted LCO films and,
therefore, the enhanced electrical conductivity compared to the
highly resistive LCO.

B CONCLUSIONS

In this study we have developed a cost-efficient chemical route
to prepare LSCO thin films. We demonstrate that the solution
chemistry strongly influences the film morphology in which the
combination of nitrate precursors, 2-methoxyethanol, acetic
acid, and diethanolamine processed in air results in dense,
epitaxial, and slightly strained films. These LSCO films display
~67% optical transparency in the visible spectrum being as
good as those reported for some of the most promising state-
of-the-art TCOs. The values of the electrical resistivity are
roughly higher than those expected based on the film chemical
doping and strain state, and it is attributed to the presence of
structural defects. It is also revealed that Sr doping in LaCrO;
changes the electronic structure; unoccupied states are formed

in O 2p together with the formation of Cr*" which determine
its physical properties. We envisage several approaches to
further improve the CSD-LSCO film performance including
the growth on lattice matched substrates to modulate the
strain, to reduce the presence of antiphase boundaries, and
refine the La/Sr ratio to further boost the conductivity without
diminishing the optical transmittance. It is expected that this
work will stimulate further investigations on the use and
improvement of LSCO as a p-type transparent conducting
perovskite oxide and will motivate additional experimental
efforts on solution processing as a cost-effective and feasible
route to develop functional complex oxides that can be of use
in many energy and electronic applications.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03831.

TGA-DSC, optical microscope image, and SEM of
LSCO on STO from metalorganic route; detailed
description of thermal profiles and fine-tuning crystal-
lization processing conditions for LSCO on STO;
structural and morphological analysis of the LSCO
series on STO and LAO [XRD, AFM, SEM-EDX];
further analysis of p(T) of LSCO on LAO as a function
of film thickness and roughness; STEM and GPA strain
analysis of LSCO on LAO; and XPS study of LCO and
LSCO on LAO. (PDF)

B AUTHOR INFORMATION

Corresponding Author
Mariona Coll — Institut de Ciencia de Materials de Barcelona
ICMAB-CSIC, Bellaterra 08193, Spain; © orcid.org/0000-
0001-5157-7764; Email: mcoll@icmab.es

https://doi.org/10.1021/acs.chemmater.2c03831
Chem. Mater. 2023, 35, 3513-3521


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03831/suppl_file/cm2c03831_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03831?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03831/suppl_file/cm2c03831_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mariona+Coll"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5157-7764
https://orcid.org/0000-0001-5157-7764
mailto:mcoll@icmab.es
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03831?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03831?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03831?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03831?fig=fig7&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Authors
Pamela Machado — Institut de Ciencia de Materials de
Barcelona ICMAB-CSIC, Bellaterra 08193, Spain;
orcid.org/0000-0002-4235-0370
Roger Guzman — School of Physical Sciences, University of
Chinese Academy of Sciences, Beijing 100049, China;
orcid.org/0000-0002-5580-0043
Ramon J. Morera — Institut de Ciencia de Materials de
Barcelona ICMAB-CSIC, Bellaterra 08193, Spain
Jordi Alcala — Institut de Ciencia de Materials de Barcelona
ICMAB-CSIC, Bellaterra 08193, Spain
Anna Palau — Institut de Ciencia de Materials de Barcelona
ICMAB-CSIC, Bellaterra 08193, Spain; ® orcid.org/0000-
0002-2217-164X
Wu Zhou — School of Physical Sciences, University of Chinese
Academy of Sciences, Beijing 100049, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.2c03831

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was funded by MICIN/AEI/10.13039/
501100011033/FEDER through the projects Severo Ochoa
FUNFUTURE CEX2019-00917-S, FREEOXIDES PID2020-
114224RB-100, MAGNETOLIGHT TED2021-130402B-100,
and HTSUPERFUN PID2021-1246800B-100. We also
acknowledge the financial support from the 2020 Leonardo
Grant for Researchers and Cultural Creators BBVA Founda-
tion, the i-link A20346-CSIC project, the National Key R&D
Program of China (2018YFA0305800), and the Beijing
Outstanding Young Scientist Program
(BJJWZYJH01201914430039). P.M. is grateful for financial
support from the FPI fellowship (PRE2018-084618). The
work of P.M. and J.A. has been done in the framework of the
doctorate in Materials Science of the Autonomous University
of Barcelona.

B REFERENCES

(1) Ellmer, K. Past achievements and future challenges in the
development of optically transparent electrodes. Nat. Photonics 2012,
6, 809—817.

(2) Lewis, B. G.; Paine, D. C. Applications and Processing of
Transparent Conducting Oxides. MRS Bull. 2000, 25, 22—27.

(3) Ginley, D. S.; Bright, C. Transparent Conducting Oxides. MRS
Bull. 2000, 25, 15—18.

(4) Liu, H; Avrutin, V; Izyumskaya, N.; ézgiir; Morkog, H.
Transparent conducting oxides for electrode applications in light
emitting and absorbing devices. Superlattices Microstruct. 2010, 48,
458—484.

(5) Fortunato, E.; Ginley, D.; Hosono, H.; Paine, D. C. Transparent
Conducting Oxides for Photovoltaics. MRS Bull. 2007, 32, 242—247.

(6) Klein, A.; Koérber, C.; Wachau, A.; Siuberlich, F.; Gassenbauer,
Y.; Harvey, S. P.; Proffit, D. E.; Mason, T. O. Transparent Conducting
Oxides for Photovoltaics: Manipulation of Fermi Level, Work
Function and Energy Band Alignment. Materials 2010, 3, 4892—4914.

(7) Barquinha, P.; Martins, R.; Pereira, L; Fortunato, E. In
Transparent Oxide Electronics: From Materials to Devices; Barquinha,
P., Fortunato, E., Eds.; Wiley: 2012; pp 1-327.

(8) Ramesh, R.; Spaldin, N. A. Multiferroics: progress and prospects
in thin films. Nat. Mater. 2007, 6, 21—29.

(9) Reiner, J. W.; Walker, F. J.; Ahn, C. H. Atomically Engineered
Oxide Interfaces. Science 2009, 323, 1018—1019.

3520

(10) Vaz, C. A. F.; Hoffman, J; Ahn, C. H; Ramesh, R.
Magnetoelectric Coupling Effects in Multiferroic Complex Oxide
Composite Structures. Adv. Mater. 2010, 22, 2900—2918.

(11) Olivier, A.; Avilés-Félix, L.; Chavent, A.; Alvaro-Goémez, L;
Rubio-Roy, M.; Auffret, S,; Vila, L; Dieny, B,; Sousa, R. C,;
Prejbeanu, I L. Indium Tin Oxide optical access for magnetic tunnel
junctions in hybrid spintronic—photonic circuits. Nanotechnology
2020, 31, 425302.

(12) Coll, M,; et al. Towards Oxide Electronics: a Roadmap. Appl.
Surf. Sci. 2019, 482, 1-93.

(13) Zhang, L.; Zhou, Y.; Guo, L.; Zhao, W.; Barnes, A.; Zhang, H.-
T.; Eaton, C.; Zheng, Y.; Brahlek, M.; Haneef, H. F.; Podraza, N. J;
Chan, M. W,; Gopalan, V.; Rabe, K. M.; Engel-Herbert, R. Correlated
metals as transparent conductors. Nat. Mater. 2016, 15, 204—210.

(14) Mirjolet, M.; Sénchez, F.; Fontcuberta, J. High Carrier
Mobility, Electrical Conductivity, and Optical Transmittance in
Epitaxial SrVO; Thin Films. Adv. Funct. Mater. 2019, 29, 1808432.

(15) He, H,; Yang, Z; Xu, Y.; Smith, A. T.; Yang, G.; Sun, L.
Perovskite oxides as transparent semiconductors: a review. Nano
Convergence 2020, 7, 32—42.

(16) Fraga, S.; Karwowski, J.; Saxena, K. Handbook of atomic data;
Elsevier Scientific Publishing Company: 1976; Vol. 10, p 558.

(17) Kawazoe, H,; Yanagi, H.; Ueda, K;; Hosono, H. Transparent p-
Type Conducting Oxides: Design and Fabrication of p-n Hetero-
junctions. MRS Bull. 2000, 25, 28—36.

(18) Zhang, K. H. L,; Xi, K; Blamire, M. G.; Egdell, R. G. P-type
transparent conducting oxides. J. Phys.: Condens. Matter 2016, 28,
383002.

(19) Kawazoe, H.; Yasukawa, M.; Hyodo, H.; Kurita, M.; Yanagi, H.;
Hosono, H. P-type electrical conduction in transparent thin films of
CuAlO,. Nature 1997, 389, 939—942.

(20) Uekawa, N.; Kaneko, K. Dopant Reduction in p-Type Oxide
Films upon Oxygen Absorption. J. Phys. Chem. 1996, 100, 4193—
4198.

(21) Arca, E.; Fleischer, K; Shvets, I. V. Magnesium, nitrogen
codoped Cr,0;: A p-type transparent conducting oxide. Appl. Phys.
Lett. 2011, 99, 111910.

(22) Farrell, L.; Fleischer, K.; Caffrey, D.; Mullarkey, D.; Norton, E.;
Shvets, I. V. Conducting mechanism in the epitaxial p-type
transparent conducting oxide Cr,O;:Mg. Phys. Rev. B 2015, 91,
125202.

(23) Sarma, D. D.; Maiti, K.; Vescovo, E.; Carbone, C.; Eberhardt,
W.,; Rader, O.; Gudat, W. Investigation of hole-doped insulating
La,_,Sr,CrO; by soft-x-ray absorption spectroscopy. Phys. Rev. B
1996, 53, 13369—13373.

(24) Zhang, K. H. L; Du, Y,; Sushko, P. V,; Bowden, M. E;
Shutthanandan, V.; Sallis, S.; Piper, L. F. J.; Chambers, S. A. Hole-
induced insulator-to-metal transition in La;_,Sr,CrO; epitaxial films.
Phys. Rev. B 2015, 91, 155129.

(25) Zhang, K. H. L; Du, Y.; Papadogianni, A.; Bierwagen, O.; Sallis,
S.; Piper, L. F. J.; Bowden, M. E.; Shutthanandan, V.; Sushko, P. V,;
Chambers, S. A. Perovskite Sr-Doped LaCrO; as a New p-Type
Transparent Conducting Oxide. Adv. Mater. 2015, 27, 5191-5195.

(26) Han, D.; Moalla, R.; Fina, L; Giordano, V. M.; d’Esperonnat,
M.; Botella, C.; Grenet, G.; Debord, R.; Pailhes, S.; Saint-Girons, G.;
Bachelet, R. Giant Tuning of Electronic and Thermoelectric
Properties by Epitaxial Strain in p-Type Sr-Doped LaCrO; Trans-
parent Thin Films. ACS Applied Electronic Materials 2021, 3, 3461—
3471.

(27) Dhole, S.; Chen, A; Nie, W,; Park, B; Jia, Q. Strain
Engineering: A Pathway for Tunable Functionalities of Perovskite
Metal Oxide Films. Nanomaterials 2022, 12, 83S.

(28) Rondinelli, J. M.; Spaldin, N. A. Structure and Properties of
Functional Oxide Thin Films: Insights From Electronic-Structure
Calculations. Adv. Mater. 2011, 23, 3363—3381.

(29) Catalano, S.; Gibert, M.; Fowlie, J.; iﬁiguez, J.; Triscone, J.-M.;
Kreisel, J. Rare-earth nickelates RNiOj: thin films and hetero-
structures. Rep. Prog. Phys. 2018, 81, 046501.

https://doi.org/10.1021/acs.chemmater.2c03831
Chem. Mater. 2023, 35, 35133521


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pamela+Machado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4235-0370
https://orcid.org/0000-0002-4235-0370
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roger+Guzma%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5580-0043
https://orcid.org/0000-0002-5580-0043
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramon+J.+Morera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordi+Alcala%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Palau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2217-164X
https://orcid.org/0000-0002-2217-164X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wu+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03831?ref=pdf
https://doi.org/10.1038/nphoton.2012.282
https://doi.org/10.1038/nphoton.2012.282
https://doi.org/10.1557/mrs2000.147
https://doi.org/10.1557/mrs2000.147
https://doi.org/10.1557/mrs2000.256
https://doi.org/10.1016/j.spmi.2010.08.011
https://doi.org/10.1016/j.spmi.2010.08.011
https://doi.org/10.1557/mrs2007.29
https://doi.org/10.1557/mrs2007.29
https://doi.org/10.3390/ma3114892
https://doi.org/10.3390/ma3114892
https://doi.org/10.3390/ma3114892
https://doi.org/10.1038/nmat1805
https://doi.org/10.1038/nmat1805
https://doi.org/10.1126/science.1169058
https://doi.org/10.1126/science.1169058
https://doi.org/10.1002/adma.200904326
https://doi.org/10.1002/adma.200904326
https://doi.org/10.1088/1361-6528/ab9c56
https://doi.org/10.1088/1361-6528/ab9c56
https://doi.org/10.1016/j.apsusc.2019.03.312
https://doi.org/10.1038/nmat4493
https://doi.org/10.1038/nmat4493
https://doi.org/10.1002/adfm.201808432
https://doi.org/10.1002/adfm.201808432
https://doi.org/10.1002/adfm.201808432
https://doi.org/10.1186/s40580-020-00242-7
https://doi.org/10.1557/mrs2000.148
https://doi.org/10.1557/mrs2000.148
https://doi.org/10.1557/mrs2000.148
https://doi.org/10.1088/0953-8984/28/38/383002
https://doi.org/10.1088/0953-8984/28/38/383002
https://doi.org/10.1038/40087
https://doi.org/10.1038/40087
https://doi.org/10.1021/jp952784m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp952784m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3638461
https://doi.org/10.1063/1.3638461
https://doi.org/10.1103/PhysRevB.91.125202
https://doi.org/10.1103/PhysRevB.91.125202
https://doi.org/10.1103/PhysRevB.53.13369
https://doi.org/10.1103/PhysRevB.53.13369
https://doi.org/10.1103/PhysRevB.91.155129
https://doi.org/10.1103/PhysRevB.91.155129
https://doi.org/10.1002/adma.201501959
https://doi.org/10.1002/adma.201501959
https://doi.org/10.1021/acsaelm.1c00425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.1c00425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.1c00425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/nano12050835
https://doi.org/10.3390/nano12050835
https://doi.org/10.3390/nano12050835
https://doi.org/10.1002/adma.201101152
https://doi.org/10.1002/adma.201101152
https://doi.org/10.1002/adma.201101152
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(30) ten Elshof, J. E. In Epitaxial Growth of Complex Metal Oxides;
Koster, G., Huijben, M., Rijnders, G., Eds.; Woodhead Publishing
Series in Electronic and Optical Materials; Woodhead Publishing:
201S; pp 69-93.

(31) Schwartz, R. W. Chemical Solution Deposition of Perovskite
Thin Films. Chem. Mater. 1997, 9, 2325—2340.

(32) Machado, P.; Cafio, L; Menéndez, C.; Cazorla, C,; Tan, H,;
Fina, I; Campoy-Quiles, M.; Escudero, C.; Tallarida, M.; Coll, M.
Enhancement of phase stability and optoelectronic performance of
BiFeQ; thin films via cation co-substitution. J. Mater. Chem. C 2021,
9, 330—339.

(33) Wei, R; Tang, X; Hui, Z.; Luo, X,; Dai, J.; Yang, J.; Song, W.;
Chen, L.; Zhu, X.; Zhu, X,; Sun, Y. Solution processing of transparent
conducting epitaxial La:BaSnOj; films with improved electrical
mobility. Appl. Phys. Lett. 2015, 106 (1-5), 101906.

(34) Wei, R;; Tang, X.; Hu, L.; Luo, X;; Yang, J.; Song, W,; Dai, J.;
Zhu, X; Sun, Y. Growth, Microstructures, and Optoelectronic
Properties of Epitaxial BaSn; ,Sb,O;_; Thin Films by Chemical
Solution Deposition. ACS Applied Energy Materials 2018, 1, 1585—
1593.

(35) Wei, R;; Hu, L.; Shao, C.; Tang, X.; Luo, X,; Dai, J,; Yang, J;
Song, W.; Zhu, X,; Sun, Y. Improved optoelectronic properties in
solution-processed epitaxial rare-earth-doped BaSnOj thin films via
grain size engineering. Appl. Phys. Lett. 2019, 115 (1-5), 162105.

(36) He, Y.; Wei, R;; Zhou, C.; Cheng, W.; Ding, X.; Shao, C.; Hu,
L; Song, W,; Zhu, X; Sun, Y. Microstructural Engineering of
Solution-Processed Epitaxial La-Doped BaSnO; Transparent Con-
ducting Films. Cryst. Growth Des. 2021, 21, 5800—5806.

(37) Zhu, X.; Zhang, S.; Lei, H,; Zhu, X.; Li, G.; Wang, B.; Song, W.;
Yang, Z.; Dai, J; Sun, Y,; Shi, D.; Dou, S. Chemical Solution
Deposition of Transparent and Metallic La, sSro sTiO3,,/, Films Using
Topotactic Reduction. J. Am. Ceram. Soc. 2009, 92, 800—804.

(38) Yun, J.; Guo, D.; Chen, Y.; Zhang, Z. The effect of La doping
concentration on optical and electrical properties of La,Sr;_,TiO;
thin film fabricated by sol—gel process. Thin Solid Films 2016, 600,
1-S.

(39) Cochran, E. A; Woods, K. N.; Johnson, D. W.; Page, C. J;
Boettcher, S. W. Unique chemistries of metal-nitrate precursors to
form metal-oxide thin films from solution: materials for electronic and
energy applications. . Mater. Chem. A 2019, 7, 24124—24149.

(40) Salles, P.; Cafio, I; Guzman, R.; Dore, C.; Mihi, A.; Zhou, W.;
Coll, M. Facile Chemical Route to Prepare Water Soluble Epitaxial
Sr3AlL Oy Sacrificial Layers for Free-Standing Oxides. Advanced
Materials Interfaces 2021, 8 (1—7), 2001643.

(41) Jung, H. S.; Lee, J.-K; Young Kim, J.; Hong, K. S. Synthesis of
nano-sized MgO particle and thin film from diethanolamine-stabilized
magnesium-methoxide. J. Solid State Chem. 2003, 175, 278—283.

(42) Nair, S.; James, C. Evaluation of kinetic parameters for the
thermal decomposition of gamma-irradiated strontium nitrate by
dynamic thermogravimetry. Thermochim. Acta 1984, 78, 357—370.

(43) Hwan-Hwang, Y.; Seo, J. S.; Moon-Yun, J.; Park, H.; Ko-Park,
S. H; Bae, B. S.; Yang, S. An ‘aqueous route’ for the fabrication of
low-temperature-processable oxide flexible transparent thin-film
transistors on plastic substrates. NPG Asia Materials 2013, S, No. e4S.

(44) Wyrzykowski, D.; Hebanowska, E.; Nowak-Wiczk, G.;
Makowski, M.; Chmurzynski, L. Thermal behaviour of citric acid
and isomeric aconitic acids. Journal of Thermal Analysis and
Calorimetry J. Therm Anal Calorim 2011, 104, 731-735.

(45) Datta, A; Agrawal, D. C. Effect of Acetylacetone on the Phase
Formation of BST. Ferroelectrics 2005, 323, 57—63.

(46) Athanasiou, A.; Mitsionis, A.; Skouras, G.; Todorova, N.;
Trapalis, C.; Vaimakis, T. Thermogravimetric study of the surfactant—
diethanolamine—titanium isopropoxide system behavior. J. Therm.
Anal. Calorim. 2014, 116, 15-2S.

(47) De Avila, S. G.; Logli, M. A.; Matos, J. R. Kinetic study of the
thermal decomposition of monoethanolamine (MEA), diethanol-
amine (DEA), triethanolamine (TEA) and methyldiethanolamine
(MDEA). International Journal of Greenhouse Gas Control 20185, 42,
666—671.

3521

(48) Blake, P. G.; Jackson, G. E. The thermal decomposition of
acetic acid. J. Chem. Soc. B 1968, 1153—1155.

(49) Ding, X; Liu, Y,; Gao, L; Guo, L. Synthesis and character-
ization of doped LaCrO; perovskite prepared by EDTA—citrate
complexing method. J. Alloys Compd. 2008, 458, 346—350.

(50) Liu, D.; Shi, P; Liu, Y; Zhang, Y, Tian, B; Ren, W.
Optimizing the Properties of Lag ¢Sry,CrO; Thin Films through Post-
Annealing for High-Temperature Sensing. Nanomaterials 2021, 11,
1802.

(51) Wang, K; Tang, M. H,; Xiong, Y.; Li, G; Xiao, Y. G.; Zhang,
W.; Wang, Z. P; Li, Z; He, ]. Epitaxial growth and magnetic/
transport properties of Lagy,Sry3;MnOj; thin films grown on SrTiO;
with optimized growth conditions. RSC Adv. 2017, 7, 31327—31332.

(52) Alaan, U. S;; Wong, F. J; Ditto, J. J.; Robertson, A. W,;
Lindgren, E.; Prakash, A.,; Haugstad, G.; Shafer, P.; N'Diaye, A. T;
Johnson, D.; Arenholz, E; Jalan, B,; Browning, N. D.; Suzuki, Y.
Magnetism and transport in transparent high-mobility BaSnOj; films
doped with La, Pr, Nd, and Gd. Phys. Rev. Mater. 2019, 3 (1-12),
124402.

(53) Biswas, A; Li, N; Jung, M. H; Lee, Y. W,; Kim, ]J. S.; Jeong, Y.
H. La doped SrTiO; thin films on SrLaAlO, (001) as transparent
conductor. J. Appl. Phys. 2013, 113 (1-5), 183711.

(54) Obradors, X.; Martinez-Julidn, F.; Zalamova, K; Vlad, V.;
Pomar, A,; Palau, A.; Llordés, A,; Chen, H.; Coll, M.; Ricart, S,;
Mestres, N.; Granados, X.; Puig, T.; Rikel, M. Nucleation and
mesostrain influence on percolating critical currents of solution
derived YBa,Cu;0, superconducting thin films. Physica C: Super-
conductivity and its Applications 2012, 482, 58—67. 2011 Centennial
superconductivity conference — EUCAS—ISEC—ICMC

(55) Mundet, B;; Guzmén, R; Bartolomé, E; Lupini, A. R;
Hartman, S.; Mishra, R; Gézquez, J. In Superconductivity: From
Materials Science to Practical Applications; Mele, P., Prassides, K,
Tarantini, C., Palau, A., Badica, P., Jha, A. K, Endo, T., Eds.; Springer
International Publishing: Cham, 2020; pp 189—212.

(56) Gazquez, J; Coll, M;; Roma, N.; Sandiumenge, F.; Puig, T.;
Obradors, X. Structural defects in trifluoroacetate derived YBa,Cu;0,
thin films. Supercond. Sci. Technol. 2012, 25, 065009.

(57) MacManus-Driscoll, J. L.; Wells, M. P.; Yun, C.; Lee, J-W.;
Eom, C.-B,; Schlom, D. G. New approaches for achieving more
perfect transition metal oxide thin films. APL Materials 2020, 8,
040904.

(58) Schlom, D. G. Perspective Oxide molecular-beam epitaxy rocks.
APL Materials 2015, 3, 062403.

(59) Eerenstein, W.; Palstra, T. T. M.; Hibma, T.; Celotto, S. Origin
of the increased resistivity in epitaxial Fe;O, films. Phys. Rev. B 2002,
66, 201101.

(60) Moreno, C. New features in solution derived Lay,Sro;MnO; thin
films: spontaneous outcropping and nanoscale reversible resistive switch-
ing. Ph.D. thesis, Universitat Autonoma de Barcelona, 2010.

(61) Liao, Z.; Zhang, J. Metal-to-Insulator Transition in Ultrathin
Manganite Heterostructures. Applied Sciences 2019, 9, 144.

(62) Mitterbauer, C.; Kothleitner, G.; Grogger, W.; Zandbergen, H.;
Freitag, B.; Tiemeijer, P.; Hofer, F. Electron energy-loss near-edge
structures of 3d transition metal oxides recorded at high-energy
resolution. Ultramicroscopy 2003, 96, 469—480.

(63) Daulton, T. L.; Little, B. J. Determination of chromium valence
over the range Cr(0)—Cr(VI) by electron energy loss spectroscopy.
Ultramicroscopy 2006, 106, 561—573.

(64) Horiba, K; Chikamatsu, A.; Kumigashira, H.; Oshima, M,;
Nakagawa, N.; Lippmaa, M.; Ono, K.; Kawasaki, M.; Koinuma, H. In
vacuo photoemission study of atomically controlled La; ,Sr,MnO;
thin films: Composition dependence of the electronic structure. Phys.
Rev. B 2008, 71, 155420.

(65) Fujimori, A; Ino, A,; Matsuno, J.; Yoshida, T.; Tanaka, K;
Mizokawa, T. Core-level photoemission measurements of the
chemical potential shift as a probe of correlated electron systems. J.
Electron Spectrosc. Relat. Phenom. 2002, 124, 127—138.

https://doi.org/10.1021/acs.chemmater.2c03831
Chem. Mater. 2023, 35, 35133521


https://doi.org/10.1021/cm970286f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm970286f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0TC04304D
https://doi.org/10.1039/D0TC04304D
https://doi.org/10.1063/1.4914972
https://doi.org/10.1063/1.4914972
https://doi.org/10.1063/1.4914972
https://doi.org/10.1021/acsaem.8b00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.8b00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.8b00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5115526
https://doi.org/10.1063/1.5115526
https://doi.org/10.1063/1.5115526
https://doi.org/10.1021/acs.cgd.1c00698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c00698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c00698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/j.1551-2916.2009.02960.x
https://doi.org/10.1111/j.1551-2916.2009.02960.x
https://doi.org/10.1111/j.1551-2916.2009.02960.x
https://doi.org/10.1016/j.tsf.2016.01.008
https://doi.org/10.1016/j.tsf.2016.01.008
https://doi.org/10.1016/j.tsf.2016.01.008
https://doi.org/10.1039/C9TA07727H
https://doi.org/10.1039/C9TA07727H
https://doi.org/10.1039/C9TA07727H
https://doi.org/10.1002/admi.202001643
https://doi.org/10.1002/admi.202001643
https://doi.org/10.1016/S0022-4596(03)00280-9
https://doi.org/10.1016/S0022-4596(03)00280-9
https://doi.org/10.1016/S0022-4596(03)00280-9
https://doi.org/10.1016/0040-6031(84)87162-2
https://doi.org/10.1016/0040-6031(84)87162-2
https://doi.org/10.1016/0040-6031(84)87162-2
https://doi.org/10.1038/am.2013.11
https://doi.org/10.1038/am.2013.11
https://doi.org/10.1038/am.2013.11
https://doi.org/10.1007/s10973-010-1015-2
https://doi.org/10.1007/s10973-010-1015-2
https://doi.org/10.1080/00150190500308611
https://doi.org/10.1080/00150190500308611
https://doi.org/10.1007/s10973-013-3407-6
https://doi.org/10.1007/s10973-013-3407-6
https://doi.org/10.1016/j.ijggc.2015.10.001
https://doi.org/10.1016/j.ijggc.2015.10.001
https://doi.org/10.1016/j.ijggc.2015.10.001
https://doi.org/10.1016/j.ijggc.2015.10.001
https://doi.org/10.1039/j29680001153
https://doi.org/10.1039/j29680001153
https://doi.org/10.1016/j.jallcom.2007.03.110
https://doi.org/10.1016/j.jallcom.2007.03.110
https://doi.org/10.1016/j.jallcom.2007.03.110
https://doi.org/10.3390/nano11071802
https://doi.org/10.3390/nano11071802
https://doi.org/10.1039/C7RA04356B
https://doi.org/10.1039/C7RA04356B
https://doi.org/10.1039/C7RA04356B
https://doi.org/10.1103/PhysRevMaterials.3.124402
https://doi.org/10.1103/PhysRevMaterials.3.124402
https://doi.org/10.1063/1.4804664
https://doi.org/10.1063/1.4804664
https://doi.org/10.1016/j.physc.2012.04.020
https://doi.org/10.1016/j.physc.2012.04.020
https://doi.org/10.1016/j.physc.2012.04.020
https://doi.org/10.1088/0953-2048/25/6/065009
https://doi.org/10.1088/0953-2048/25/6/065009
https://doi.org/10.1063/5.0003268
https://doi.org/10.1063/5.0003268
https://doi.org/10.1063/1.4919763
https://doi.org/10.1103/PhysRevB.66.201101
https://doi.org/10.1103/PhysRevB.66.201101
https://doi.org/10.3390/app9010144
https://doi.org/10.3390/app9010144
https://doi.org/10.1016/S0304-3991(03)00109-8
https://doi.org/10.1016/S0304-3991(03)00109-8
https://doi.org/10.1016/S0304-3991(03)00109-8
https://doi.org/10.1016/j.ultramic.2006.02.005
https://doi.org/10.1016/j.ultramic.2006.02.005
https://doi.org/10.1103/PhysRevB.71.155420
https://doi.org/10.1103/PhysRevB.71.155420
https://doi.org/10.1103/PhysRevB.71.155420
https://doi.org/10.1016/S0368-2048(02)00049-X
https://doi.org/10.1016/S0368-2048(02)00049-X
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

