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Perovskite-type lanthanum chromium-based oxide
films prepared by ultrasonic spray pyrolysis

A. FURUSAKI, H. KONNO, R. FURUICHI
Analytical Laboratory, Faculty of Engineering, Hokkaido University, Kita-Ku,
Sapporo-Shi, 060 Japan

Ultrasonic spray pyrolysis was used to form 2-8 um thick LaCrQO; films on different
substrates from La(CrO,)(NO;) -nH,0 precursor films. There was an optimum substrate
temperature for the formation of uniform precursor films by the spray pyrolysis. When the
substrate temperature was lower than 250 °C, dry precursor films were not formed, while
above 250 °C the deposition rate decreased with substrate temperature. The precursor films
were converted to perovskite-type oxide films by heat treatment at 800 °C in a nitrogen
atmosphere. Both A-site substituted (Lag.s Cao.2} CrO; and B-site substituted La{CrqsMng5)0;
oxide films were formed in a similar manner. Electronic conductivity of the oxide films was

improved by repetitions of the spray pyrolysis and heat treatment in nitrogen.

1. Introduction

Ultrasonic spray pyrolysis is a simple method to pre-
pare submicrometre particles of metals and oxides
[1,2], as well as homogeneous thin films of many
oxides and sulphides [3]. The advantages of the
method are that the apparatus is uncomplicated and
inexpensive (no vacuum system is necessary), and de-
position conditions and film composition are easily
controlled. Formerly, products made with this method
were mostly simple compounds, but recently more
complex compounds such as Y-Ba—Cu-O supercon-
ducting thin films [4-7], yttrium iron garnet (YIG)
thin films [8], calcia-stabilized zirconia (CSZ) thin
films [9], and La;_,Sr,MnQO3; films [10] have been
formed.

Perovskite-type LaCrO; has electronic conducti-
vity and is chemically stable at elevated temperatures
in oxidizing atmospheres. It is a candidate for separ-
ators in solid-oxide fuel cells and also a promising
material for high-temperature electrodes. Many
methods have been reported to synthesize this com-
pound. In most cases La(III) and Cr(III) compounds
were used as starting materials, but Staut and Morgan
[11] reported that active precursor powders, which
resulted in enhancing the sinterability of
(La; - .Sr,)CrOs,, were formed by thermal decomposi-
tion of complex lanthanum and strontium chromate
hydrate intermediates. We reported a method to form
LaCrO; [12] and A-site substituted (La; . M,)CrO,
[13,14] films by clectro-deposition from Cr (VI)-
based solutions, and also proposed a detailed forma-
tion mechanism of LaCrO, from the precursors for-
med with La(Ill) and Cr(VI) compounds [15].

In the present work, ultrasonic spray pyrolysis of
Cr(VI)-based solutions was applied to the formation
of perovskite-type lanthanum chromium-based oxide
films.
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2. Experimental procedure
2.1. Formation of precursor films
Quartz glass, alumina, yttria-stabilized zirconia (YSZ),
or silicon nitride plates (10 x 20 x 1 or 25 x 25 x 1 mm?)
were used as substrates after degreasing in toluene and
acetone. The substrate was set on a stainless steel plate
(60 mm diameter x 2 mm) and heated at 200-700 °C.
Stoichiometric solutions of 0.025-0.25 mol dm ™ * were
prepared by dissolving appropriate amounts of lan-
thanum nitrate, calcium nitrate, manganese (II) ni-
trate, and chromium trioxide in distilled water. The
solutions were nebulized at about 100 cm®*h ™' with
an ultrasonic atomizer which was operated at
1.7MHz. The average diameter of the generated
microscopic droplets was calculated to be about
20 um. The mist was transported by air to the heated
substrate for 30—120 min to form precursor films.
The structure and morphology of the precursor
films were examined by X-ray diffraction (XRD) with
CukK,, radiation and a scanning electron microscope
(SEM). The precursor films were dissolved in a dilute
nitric acid solution and the amounts of metal ions
were analysed by inductively coupled plasma atomic
emission spectrometry (ICP-AES). Powder scraped
from the substrate was examined by thermog-
ravimetry (TG; at 10 Kmin ™! in a nitrogen flow of
30 cm®min 1), differential thermal analysis (DTA),
infrared spectroscopy (IR; by the KBr method), and
elemental analysis.

2.2. Heat treatment of the precursor films
and characterization of oxide films
Perovskite-type oxide films were formed by heat treat-
ment of the precursor films at 800 °C for 30 min (non-
substituted and B-site manganese-substituted types)
and at 1000 °C for 30 min (A-site calcium-substituted
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Figure 1 The TG-DTA curves of the La(III)-Cr(VI) precursor film
deposited at 400 °C for 60 min on quartz glass.
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Figure 2 Infrared spectrum of the La(IIl)-Cr(VI) precursor film
deposited at 400 °C for 60 min on quartz glass. (O) Water of crystal-
lization, (@) nitrate ions, (A) chromate ions.

type) in a nitrogen atmosphere. In addition to the
one-cycle formation by spray pyrolysis and heat treat-
ment, three-cycle formation was also carried out to
examine how repeated formation affects the electronic
conductivity of the films. The structure and morpho-
logy of the oxide films were examined by XRD and
SEM, and the thickness was estimated by SEM on
film cross-sections. Conductivity was measured in air
at different temperatures by the d.c. four-probe
method, using platinum paste as current and voltage
terminals. Constant voltage (E = 40 V) was used in
the low-conductivity region and constant current
(I =1 WA-50mA) in the high-conductivity region.

3. Results and discussion

3.1. Formation of precursor films

There was a limiting substrate temperature for the
deposition of dry precursor films, between 250 and
350°C depending on the precursor species. The
atomic ratios of La(:Ca):Cr(:Mn) in the precursor
films agreed well with those in the starting solutions,
and they were independent of the formation condi-
tions such as substrate temperature, spraying time,
and solution concentration. This suggests that the film
composition is easily controlled in this method.
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Iig. 1 shows TG-DTA curves of the La(ITT)-Cr(VI)
precursor powder obtained by scraping the film from
a quartz plate. The precursor has a formula weight of
340 + 5, and is considered to be La(CrO,)
(NO3)-nH,0 (n ~ 1.5) from the results of IR measure-
ments and the elemental analysis described below.
A plateau at about 600°C on the TG curve corres-
ponds to the formation of LaCrO, as an intermediate
[15, 16]. The DTA curve shows four major endother-
mic peaks at 55, 434, 500 and 710 °C, and one exother-
mic peak at 250°C. The first endothermic peak at
55°C is due to dehydration, the second and the third
correspond to decomposition of nitrate ions, and the
fourth arises from deoxidizing and phase transition
from LaCrO,4 to LaCrO;. It was not possible to assign
an explanation for the exothermic peak at 250°C. As
shown in Fig. 2, the IR spectrum of the same sample
indicates the presence of water of crystallization
(1660 cm ~ 1), nitrate ions (1490 and 1370 cm™?) and
chromate ions (780980 cm~!). The nitrogen content
of this precursor was 3.06% and almost consistent
with the above composition.

The amount of metal ions in the precursor films
increased proportionally with spraying time and solu-
tion concentration, and decreased with substrate tem-
perature. With prolonged spraying time, over 120 min,
the surface became powder-like. The effects of subs-
trate temperatures and spraying time on the structure
of precursor films formed on quartz glass are shown in
Fig. 3a and b. Below 300°C the precursor films are
amorphous, and above 400°C they are crystallized.
The patterns indicate a slight expansion of the crystal
lattice above 550°C and the perovskite oxide phase
(20 = 32.6°) is also formed. The diffraction peaks in
Fig. 3a were not observed in the case of powder pre-
cursors, and the peak intensities decreased drastically
with YSZ and alumina substrates. These peaks could
not be assigned to known compounds, but it is con-
sidered that the observed structures are characteristic
of thin films and that the patterns are influenced by
substrate species. The intensity of diffraction peaks
decreases with spraying time (Fig. 3b) showing that
the precursor films do not grow epitaxially.

3.2, Heat treatment of perovskite-type
oxide films

The precursor films formed on quartz glass were
heated under the conditions described in Section 2.2
and the XRD patterns of the formed oxide films are
shown in Fig. 4. With all samples, only the diffraction
peaks for the perovskite-type oxides are observed, and
the patterns were similar to those of powder diffrac-
tion [17]. As shown in Table I, differences in lattice
constants between film and powder [18, 19] are not
significant, and there are few effects of substitutions on
the lattice sizes.

Surface and cross-section scanning electron micro-
graphs of the above oxide films are shown in Fig. 5.
The oxide films consist of 0.1-0.2 um ellipsoidal oxide
particles and the heat treatment at 800 °C causes sin-
tering of the particles of the La(Cry s Mng 5)O5 film.
On the quartz glass substrate, some microcracks were
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Figure 3 (a) Effect of substrate temperature (spraying time 30 min},
and (b) spraying time (substrate temperature 400 °C) on the struc-
ture of La(III)-Cr(VI) precursor films formed on quartz.glass with
0.15 mol dm ~3 solutions.

observed due to differences in the thermal expansion
coefficients, B, of the oxide films (B = 9.48 x 107K ~*
at 350—1000 °C for LaCrO; [20], B =9.5x 107K !
at 800°C for LaMnQ,; [21]) and quartz glass
(B=56x10""K™1). No cracks were observed on
YSZ plate (B=1030x10"°K ™' at 350-1000°C
[207). The thickness is nearly the same for films for-
med under the same conditions. The effect of spraying
time on the thickness of LaCrOj; film is shown in
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Figure 4 The X-ray diffraction patterns of oxide films formed on
quartz glass. The precursor films were formed at 350 °C for 60 min
with 0.10 mol dm ™3 solutions.

Fig. 6. It is proportional to spraying time, and the
formation rate is about 3 pmh ™! at 350 °C. The rate,
however, decreased with increasing substrate temper-
ature and was about 1.2 umh ™! at 400°C.

3.3. Electronic conductivity of the
oxide films

Temperature dependence of conductivity is shown
in Fig.7 for LaCrO;, (LaygCag.,)CrO;, and
La(Cry.sMng 5)O; films, for three-cycle and one-cycle
formation films. In one-cycle films, LaCrO; and
La(Cro.s Mny_ )O3 have very similar conductivity and
it increases rapidly with temperatures above 1000 °C.
{(Lag sCag ,)CrO; has much higher conductivity at
Jow temperatures. The conductivity was independent
of the thickness and measured values were smaller
than the reported ones by two or three orders of
magnitude [22-24]. This may be caused by cracks or
be due to the low density of the formed oxide films.

The three-cycle films, however, showed better con-
ductivities than the one-cycle ones especially at low
temperatures {Fig. 7). The number of cracks was
lower, however, an increase in the densities by the
three-cycle formation was not confirmed with the
cross-sectional observations by SEM.

4. Conclusion
Precursor films to lanthanum chromium oxide films
were obtained on different substrates by ultrasonic
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TABLE I Lattice constants of the formed oxide films

Oxide Lattice constants (nm)
a b [4
LaCrO;
Film? 0.5476 (2) 0.5515 (2) 0.7749 (2)
Powder [18]° 0.5480 0.5515 0.7758
Powder [19]* 0.548 61 (4) 0.55206 (4) 0.77742 (8)
(La, ;Ca, ,)CrO;y
Film 0.5472 (3) 0.5511 (4) 0.7731 (8)
Powder [18] 0.5473 0.5506 0.7752
La(Cr, ;Mn, ,)O,
Film 0.5481 (1) 0.5518 (1) 0.776 5 (3)
Powder [19] 0.54806 (2) 0.55229 (2) 0.776 57 (3)
*Standard deviations are in parentheses and refer to the last digit.
* Accuracy + 0.0001 nm.
Lal(Cry gMn, 5104

Figure 5 Scanning electron micrographs of the oxide films in Fig. 4; (a,c) on quartz glass and (b) on YSZ plate.

spray pyrolysis of chromate solutions containing
lanthanum nitrate, calcium nitrate, and manganese
(I1) nitrate. There was an optimum substrate tem-
perature for the formation of precursor films, at
which uniform dry films were formed with the
maximum deposition rate. The composition of
the precursor to LaCrO; was considered to be
La(CrO,) (NO3)'nH,O from ICP-AES, TG-DTA,
IR measurements, and elemental analysis. The
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precursor films were converted to thin films of perov-
skite-type LaCrOs, (Lay.gCaq.,)CrOs, and
La(Crg.5sMng 5)O5 by heat treatment at 800—1000 °C
in a nitrogen atmosphere. The composition of
the formed oxide films was proportional to that
of the solution used for spraying. Repetition of the
spray pyrolysis and the heat treatment in nitrogen
improved the electronic conductivity of the oxide
films.
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Figure 6 Effect of spraying time on the thickness of LaCrOj films formed on YSZ plates. The precursor films were formed at 350 °C with

0.10 moldm ~ 3 solutions.

Temperature ( °C )
1200800 400 200 100 50 25

1§TTI T T T T T T

ol sl

sl

sl 3 ovie

Logc [log (Sem™)]

05 10 15 20 25 30 35 4.0
103177 (K™)

Figure 7 Electronic conductivity of oxide films measured in
12 cm®* min~* air flow for ( } three-cycle formation, and (---)
one-cycle formation: (O, @) LaCrO;, (], W) (Lag ¢Cag ,)CrOg, (A,
A) La(Cro s Mng 5)O3. The precursor films were formed on SigN,
plates at 350 °C for 60 min with 0.10 moldm ™3 solutions.
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