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bstract

he aim of this work was to prepare lanthanum nickel oxide (LaNiO3, LNO) thin films of different morphology and orientation. The precursor
olutions were prepared by a chemical method from citric salts of lanthanum and nickel. Films were deposited using spin-on technique on Si (1 0 0)
ubstrates. Tailoring of the films orientation and morphology has been attained through two thermal treatment processes with different heating
evices: tubular furnace (process 1) and hot plate (process 2). Films were annealed at 600 and 700 ◦C, with heating rates: 20 ◦C/min (process 1) and
◦C/min (process 2). Annealing times were from 30 min to 20 h. LNO films were characterized by AFM and X-ray diffraction analysis. Depending
n the heating process applied, the obtained films showed very different structures, from completely amorphous to well crystallized and highly

riented. Films treated by process 1 were polycrystalline, had smaller oval grains and lower roughness parameters than films heated on a hot plate.
ue to the low heating rate and heating from the substrate side, films obtained through process 2 were highly (1 1 0) oriented with elongated grains

ligned along one direction.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Among perovskite oxides with one lanthanide and one tran-
ition metal atom, LaNiO3 stands out, because of its electric,1

agnetic2 and catalytic3 properties. This oxide has very high
onductivity which makes it suitable replacement for platinum
lectrodes in ferroelectric devices. Similarity of cell parameters
f LNO and the ferroelectric layer enables better adhesion of
erroelectric layer on LNO.

Different methods are used for preparation of LNO thin
lms. Physical methods, such as PLD4 or RF sputtering,4 are
ore suitable for growing epitaxial films, but these methods

equire very expensive and sophisticated experimental condi-
ions. On the other hand, chemical methods are simpler but they
equire further improvement for obtaining thin films with sat-

sfactory properties. Methods for deposition of thin films from
he solutions are especially interesting because they enable good
ontrol over the stoichiometry of prepared oxide films and do not
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equire high working temperature. Also, they are reproducible
nd make easier the deposition of thin films over the larger sur-
ace. Optimization of precursor solutions’ parameters (such as
oncentration, viscosity, pH, etc.), type of substrates,5 as well
s optimization of thermal treatment conditions6 enables better
ontrol over the microstructure and therefore, over the electric
roperties of the deposited film.

The aim of this work is to investigate the dependence of
rystallinity and microstructural properties of LNO thin films
grain size, roughness and homogeneity) on thermal treatment
onditions, such as heating rate and construction of the heating
evices. The main idea was to prepare LNO films of different
rientation and morphology on Si substrates.

. Experimental procedure

LNO precursor solution was prepared by modified Pechini
ethod.7 Citric acid was added into a water suspension of
anthanum-oxide (La2O3); the molar ratio of La3+ and citric
cid was 1:4. After refluxing for 2 h at 120 ◦C, an amorphous
anthanum citrate was obtained, and then dissolved in aqueous
mmonia, until pH of the solution was around 7. Nickel citrate

mailto:milicaka@ibiss.bg.ac.yu
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.052
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as prepared by heating the water solution of nickel acetate
Ni(CH3COO)2·4H2O] and citric acid. Molar ratio of Ni2+ and
itric acid in this solution was 1:4. In both citrate solutions ethy-
ene glycol was added in molar ratio 60:1 with respect to metal
ons. These two solutions were mixed, with La:Ni molar ratio
qual to 1, to make the final precursor solution. The viscosity of
nal precursor solution was adjusted to 30 cP.

Precursor solution was deposited on Si (1 0 0) substrates
y spin-on technique (3000 rpm, 30 s) and thermally treated
nder different conditions. In a tubular furnace, the films were
lowly heated up to 300 ◦C (heating rate was 1 ◦C/min) and
hen they were heated up to 600 and 700 ◦C (heating rate was
0 ◦C/min) where they were annealed for 30 min (process 1).
n a hot plate, films were constantly heated with the heating

ate of 1 ◦C/min, up to 700 ◦C, where they were annealed for 1,
0 and 20 h (process 2).

Microstructure of thin films was analyzed by AFM
AutoProbe CP Research, TM microscopes). Characteristic
arameters: Ra (average roughness), Rms (Root Mean Square),
1 (longest diameter of the grain) and D2 (diameter normal to
1) were determined from the micrographs. Elongation factors

f) of the grains were calculated from the equation: f = D1/D2. X-
ay diffraction measurements (θ–2θ) were performed on Bruker
8-Advance diffractometer using Cu K� radiation.

. Results and discussion

The microstructure of the thin film thermally treated by pro-
ess 1 and annealed at 600 ◦C is shown on Fig. 1. From the
RD pattern shown on Fig. 2a it can be seen that the sur-

ace of the film is amorphous, and that annealing temperature
s too low for complete crystallization. That is the reason for
ncreasing the final annealing temperature in both processes to
00 ◦C.
All the films, obtained by both processes, and annealed at
00 ◦C, are smooth, uniform, without cracks or pores, which is
he result of well optimized synthesis conditions (composition
f precursor solution, method of deposition, annealing temper-

ig. 1. AFM micrograph of amorphous LNO thin film obtained by process 1
nd annealed at 600 ◦C.
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ig. 2. XRD pattern of LNO thin film (a) amorphous, (b) polycrystalline and
c) (1 1 0) oriented.

ture). Anyway, microstructure, i.e. shape and size of the grains
trongly depend on the thermal treatment.

During the thermal treatment of each deposited layer, differ-
nt processes take place on particular temperatures: evaporation
f water and ethylene glycol, structural rearrangements inside
he layer, pyrolysis of organic material, etc.8 All these processes
ead to densification of the film, formation of crystallization cites
nd the grain growth. First phase of the heating treatment (up to
00 ◦C) for both processes is the same: that is the temperature
ange in which solvents evaporate, and structure of polyester
atrix changes through rearrangements of the ions inside of it.
t the temperatures above 300 ◦C the process of formation and

rystallization of the oxide film begins.
The microstructure of the polycrystalline LNO thin film

btained by process 1 and annealed on 700 ◦C is shown in
ig. 3. Grains are oval (f = 1.6), densely packed and homoge-
ously distributed on the film’s surface. Its roughness is very
ow: Ra = 2.9 nm and Rms = 3.5 nm. Average grain size is around
9 nm (D1 = 82 nm, D2 = 50 nm). However, the grains are not all
f the same size, which can be result of several factors. Large
umber of the smaller grains is a result of formation of more
ucleation cites, which means that the process of nucleation
s more favorable than the grain growth process. The number
f formed crystallization centers depends on the heating rate,9

emperature on the substrate/film interface, temperature of the
lm layer but also on the temperature of the film’s surface. With

ncrease of heating rate from 1 to 20 ◦C/min temperature of crys-
allization is reached faster, which leads to the multiplication of
ucleation cites and therefore of the number of the grains. Above
00 ◦C, the pyrolysis of organic material begins. Gasses released
hrough this process can be left “trapped” during the faster den-
ification of the film and form pores which can act as additional
ucleation cites.10 The XRD analysis (Fig. 2b) showed that films
nnealed in tubular furnace, i.e. films uniformly heated in all
irections, are polycrystalline with randomly oriented grains.
The construction of heating device can also influence the
icrostructure of the film.6 The films treated by process 2 were

eated only from the bottom, i.e. from the substrate side, so
he temperature on the film’s surface was considerably lower.
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Fig. 3. AFM micrograph of polycrystalline LNO film obtained by process 1 and annealed at 700 ◦C.
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which is present in both methods.

Low heating rate during thermal treatment of the film enables
slower realization for all processes. It leaves enough time for
complete pyrolysis and better rearrangement of metal ions

Table 1
Grain size and roughness of LNO thin films thermally treated by the process 2,
annealed for different times at 700 ◦C
Fig. 4. AFM micrograph of oriented LNO thin film

egardless its low thickness, the temperature difference existed
hrough the film, leading to formation of majority of nucleation
ites on the substrate/film interface, while less cites are formed
n the surface11 of the film.

Surface microstructure of the films obtained by process 2 is
hown in Fig. 4. Their morphology is completely different to
hose obtained by process 1: grains are oval, flat, very elongated
nd aligned along certain direction. Based on literature data,9 it
ould be expected for process 2 to result in even broader grain

ize distribution than process 1. Still, grain size distribution is
omogenous for all annealing periods and grain size increased
ith increasing annealing time, while the roughness of these
lms is very low (Table 1.).
Fig. 2c shows the XRD pattern of the LNO thin film obtained
y process 2. The existence of only one peak on 2θ = 33.02◦ indi-
ates that the film is highly (1 1 0) oriented. Some authors1,12

eported on obtaining films with highly (1 0 0)-orientation by

A

1
2

ined by process 2 and annealed at 700 ◦C for 10 h.

hemical methods. LNO thin films with (1 1 0) preferred orien-
ation were already obtained by pulsed laser deposition4 on Si
1 0 0) substrates. The key similarity between our process 2 and
LD could be the heating of the films from the substrate side
nnealing time (h) Grain size (nm) Ra (nm) Rms (nm) f

1 115 2.7 3.6 2.6
0 134 4.3 5.5 2.3
0 148 2.17 2.8 2.4
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ig. 5. AFM micrograph of columnar growth of two-layered LNO thin film
btained by process 2.

ithin the formed gel. Consequently it leads to formation of
maller number of crystallization centers at lower temperatures.
he energy released through pyrolysis of the organic material
ay not be enough for forming other crystallization cites, but

t could be sufficient for growth of the grains over the existing
nes. Also, the process of densification is slowing down, leaving
nough time for all gasses to leave the film without making any
racks or pores.11

Increase in the number of layers on the films treated by pro-
ess 2, led to “columnar growth” of LNO films,8 i.e. grains grew
ntensively in the z-direction, where z-direction refers to z axis
f AFM micrograph, not crystallographic z axis (Fig. 5). This
s in accordance with the idea of influence of the temperature
radient through the film on the grain growth from the substrate
irection, considering the fact that grains formed in the first layer
ct as nucleation cites for the second layer.

Similarities of cell parameters of Si13 and LNO5 make easier
dhesion between the substrate and the film which leads to the
ormation of highly oriented and even epitaxial thin films. Obvi-
usly, the heating of the films from the substrate side (process 2)
nd the existence of thermal gradient through the film, enables
he formation of LNO films on Si substrates with (1 1 0) preferred
rientation by chemical method. Several authors who used simi-
ar heating conditions reported on obtaining epitaxial LNO films
f different orientation even on amorphous substrates.10

. Conclusion
In this paper, smooth, crack-free LNO thin films were
uccessfully prepared from polymeric citrate precursors on Si
ubstrates. Using a conventional heating treatment polycrys-

1

eramic Society 27 (2007) 3819–3822

alline films were obtained. Highly (1 1 0) oriented thin films,
ith very elongated grains, were obtained by decreasing the
eating rate of the treatment from 20 to 1 ◦C/min and by heating
rom the bottom of the substrate. Nucleation and crystallization
echanisms were discussed. Given results proved that the
orphology of LNO thin films strongly depends on heating

onditions and that orientation and crystallinity of the films
eposited by chemical solution deposition can be controlled
nd tailored by changing of thermal treatment conditions.

cknowledgment

This work was financially supported by the Ministry of Sci-
nce and Environmental Protection of Republic of Serbia.

eferences

1. Lu, W., Zheng, P., Du, W. and Meng, Z., Effect of heat-treatement on LaNiO3

film electrode of PZT thin films derived by a sol–gel method. J. Mater. Sci.
Mater. Electron., 2004, 15, 739–742.

2. Cruz, M. M., Carvalho, M. D., Wattiaux, A., Bassat, J. M., Casaca, A.,
Bonfait, G. et al., Magnetic properties of lanthanum nickelates. Physica B,
2000, 284–288, 1477–1478.

3. Fernandes, J. D. G., Melo, D. M. A., Pedrosa, A. M. G., Souza, M. J. B.,
Gomes, D. K. S. and Araujo, A. S., Synthesis and catalytic properties of
lanthanum nickelate perovskite materials. React. Kinet. Catal. Lett., 2005,
84, 3–9.

4. Tseng, T. F., Liu, K. S., Wu, T. B. and Lin, I. N., Effect of LaNiO3/Pt double
layers on the characteristics of (PbxLa1−x)(ZryTi1−y)O3 thin films. Appl.
Phys. Lett., 1996, 68, 2505–2507.

5. Hwang, K. S., Kang, B. A., Jeon, Y. S., An, J. H., Kim, B. H., Nishio, K.
et al., AFM study of LaNiO3 thin films on various single crystal substrates
prepared by using a metal naphtenate precursor. Surf. Coat. Technol., 2005,
190, 331–335.

6. Li, A., Wu, D., Liu, Z., Ge, C., Liu, X., Chen, G. et al., TEM and AFM
study of perovskite conductive LaNiO3 films prepared by metalorganic
decomposition. Thin Solid Films, 1998, 336, 386–390.

7. Pechini, M. P., US Patent 3,330,697, July 11, 1967.
8. Schwartz, R. W., Chemical solution deposition of perovskite thin films.

Chem. Mater., 1997, 9, 2325–2340.
9. Pascual, R., Sayer, M., Lo, A., Herbert, S., Rolim, L. C. and Townley, N.,

Simulation of the crystallization of thin films by rapid thermal processing.
J. Appl. Phys., 1996, 79, 493–499.

0. Miyake, S., Yamamoto, K., Fujihara, S. and Kimura, T., (1 0 0)-Orientation
of pseudocubic perovskite-type LaNiO3 thin films on glass substrates via
the sol–gel process. J. Am. Ceram. Soc., 2002, 85, 992–994.

1. Sporn, D., Merklein, S., Grond, W., Seifert, S., Wahl, S. and Berger, A.,
Sol–gel processing of perovskite thin films. Microelectron. Eng., 1995, 29,
161–168.

2. Miyake, S., Fujihara, S. and Kimura, T., Characteristics of oriented LaNiO3
thin films fabricated by the sol–gel method. J. Eur. Ceram. Soc., 2001, 21,
1525–1528.

3. Hwang, K. S., Manabe, T., Nagahama, T., Yamaguchi, I., Kumagai, T. and
Mizuta, S., Effect of substrate material on the crystallinity and epitaxy of
Pb(Zr,Ti)O3 thin films. Thin Solid Films, 1999, 347, 106–111.


	Tailoring of morphology and orientation of LaNiO3 films from polymeric precursors
	Introduction
	Experimental procedure
	Results and discussion
	Conclusion
	Acknowledgment
	References


