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Abstract
Lanthanum nickelate (LNO) is a perovskite oxide material with metallic conductivity in a wide temperature 
range which makes it suitable for application as electrode material for thin films. In this paper LNO thin films 
were prepared by polymerizable complex method from the diluted citrate solutions. Precursor solutions were 
spin coated onto Si-substrates with amorphous layer of SiO2. Deposited layers were thermally treated from the 
substrate side with low heating rate (1 °/min) up to 700 °C and finally annealed for 10 hours. Results of AFM 
and FESEM showed that films are very smooth (Ra = 4 nm), dense, crack-free and with large square-shaped 
grains (170 nm). According to FESEM and TEM results the obtained four-layered film was only 65 nm thin. 
EBSD and XRD analyses confirmed polycrystalline microstructure of the films without preferential orientation. 
It was concluded that the presence of SiO2 layer on Si substrate prevents epitaxial or oriented growth of LNO.
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I. Introduction
Because of their simple ABO3-type structure and 

possibility of various cations occupying A and B sites, 
perovskite oxides show great diversity about their 
chemical and physical properties which is very impor-
tant for their technological applications. They can re-
veal piezoelectric (Pb(Zr,Ti)O3), relaxor ferroelec-
tric ((Pb(Nb,Mg)O3), dielectric (BaTiO3), electro-optic 
((Pb,La)(Zr,Ti)O3), magneto-resistive (LaMnO3) or cat-
alytic properties (LaCrO3) [1]. When conductivity of 
perovskite oxides is considered, they can be supercon-
ductors ((K,Ba)BiO3), insulators, ionic (BaInO2.5) or 
metallic conductors (CaRuO3, LaNiO3, La0.5Sr0.5CoO3, 
(La,Pr)0.7(Sr,Ca)0.3MnO3). 

Lanthanum nickelate (LaNiO3, LNO) can be used as 
an oxygen sensor or catalyst for the combustion of low-
er hydrocarbons but its major application derives from 
its metallic conductivity in wide temperature range [2]. 
This feature makes LNO a candidate for the bottom 

electrode material for ferroelectric thin films. For this 
purpose LNO films have to be very thin, dense, with 
homogenous surface without cracks or pores. These re-
quirements can be fulfilled by means of physical meth-
ods for the preparation of thin films, but also by chem-
ical methods under appropriate processing conditions. 

Chemical solution deposition (CSD) methods are 
very attractive as a low-cost alternative for the expen-
sive physical methods. CSD methods are very flexible 
concerning precursors and solvents used in the prepara-
tion route, coating techniques and thermal treatment of 
the deposited layers [3]. Polymerizable complex meth-
od, one of the CSD methods, derives from the Pechini 
patent [4] and it uses multifunctional organic acids as 
chelating agents for cations present in the solution. In 
this method, diols are also used, firstly as solvents and 
later in the polyesterification reactions with free carbox-
ylic groups of organic acid. During this reaction poly-
ester network is formed with metal ions distributed on 
atomic level inside. 

In our previous investigation we showed that it is 
possible to prepare highly oriented LNO thin films on Si 
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monocrystal using CSD and appropriate thermal treat-
ment [5]. Gradient thermal annealing was applied, in 
which the deposited layer is heated from the substrate 
side at a very low heating rate. Slow heating reduces the 
defect formation by providing enough time for pyroly-
sis of the organic material and diffusion of species ex-
isting in the film. Also, during this kind of treatment, a 
temperature gradient is formed inside the film with the 
lowest temperature on the film’s surface and the high-
est on the substrate/film interface where the nucleation 
takes place. A long annealing time is used to obtain a 
larger grain size of the films.

In this work the similar method was applied, but on 
amorphous SiO2 substrate. The crystallinity, orienta-
tion and microstructure of the obtained films were in-
vestigated.

II. Experimental
In this paper LNO thin films were prepared by po-

lymerizable complex method from the citrate precur-
sors. Lanthanum oxide (La2O3, Alfa Aeser, 99.99 %, 
USA), nickel acetate (Ni(CH3COO)2×4H2O, Fluka, 
98 %, USA) and citric acid (CA, C6H8O7, Lach-Ner, 
99.8 %, Czech Republic) were used as starting materi-
als for the preparation of LNO precursor solution. The 
water suspension of La2O3 and CA, with molar ratio 
La3+ : CA = 1 : 4, was refluxed for 2 hours at 120 °C. 
White precipitate of lanthanum citrate was obtained and 
further dissolved with aqueous ammonia (Hemos, Ser-
bia). The pH value of the final solution was 7. Nickel ci-
trate was prepared by heating the water solution of nick-
el acetate and citric acid. The molar ratio of Ni2+ and 
citric acid in this solution was 1 : 4. In both citrates so-
lutions ethylene glycol (EG, C2H2(OH)2, Lach-Ner, 99 
%, Czech Republic) was added in excess with molar ra-
tio CA : EG = 1 : 15. Final precursor solution was pre-
pared by mixing lanthanum and nickel citrate solutions 
in an equimolar ratio. The viscosity of the precursor so-
lution was adjusted to 30 mPa×s using a Haake Rotovi-
sco RV 20 viscometer (Haake, Germany).

Precursor solution was spin-coated onto amorphous 
SiO2/Si (111) substrate (3000 rpm, 30 s) to obtain sin-
gle layer of LNO film. The spin-coater used was SCS 
G3P-8 Spinocoat Specialty Coating Systems (Cookson 
Electronics Equipment, USA). The as-deposited layer 
was thermally treated in the following manner: the coat-
ed substrate was slowly heated on a hot alumina plate 
only from the substrate side. The heating rate was very 
low: 1 °/min, from room temperature up to 700 °C where 
deposited film was annealed for 10 hours. A new layer of 
precursor solution was spin-coated only after the whole 
thermal treatment of previous layer was completed. Sam-
ples with two and four layers of LNO were prepared.

The microstructure of thin films was analyzed by 
the following methods: atomic force microscopy, AFM 
(AutoProbe CP Research, TM microscopes, USA), field 
emission scaning electron microscopy, FESEM (JEOL 
6500S, Japan) equipped with EBSD system (Oxford 
Instruments Inca Crystal 400, UK) and high-resolu-
tion transmission electron microscopy, HRTEM (JEM-
2100, JEOL, Japan). In order to study the interface and 
crystallinity of the LNO layers, the samples were pre-
pared by a cross-section technique. The TEM speci-
mens were ion-milled until perforation using Ar+ ions at 
energy of 4 kV (RES 010, Bal-Tec AG, Balzers, Liech-
tenstein). X-ray diffraction (XRD) analysis was per-
formed on four layered film using a Rigaku RINT 2000 
diffractometer (Japan), with Ni filtered CuKα radiation 
(λ = 1.54178 Å).

III. Results and discussion
The surface microstructure of the four layered LNO 

thin film deposited on SiO2/Si (111) is shown on Fig. 1. 
From these micrographs it can be seen that the surface 
of the prepared film is very dense, smooth and uniform 
without any cracks or pores. AFM micrograph show 
that LNO thin films deposited on SiO2/Si (111) sub-
strates had homogenous surface with tetragonal grains 
and uniformly distributed grain size. The mean size of 
these grains was 180 nm.

a) b)

Figure 1. FESEM and AFM micrographs of LNO thin films: a) 4-layered, b) 2-layered
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RMS roughness values of these samples were 
around 4.5 nm, which is lower value than reported one 
obtained by metalorganic decomposition method [6]. 
The thin films with RMS roughness values below 5 nm 
are considered to be smooth enough to be used as bot-
tom electrode [7] in ferroelectric devices. Low rough-
ness values were expected since we used CA : EG ratio 
which is close to the one proposed in the literature data 
for the preparation of smooth thin films [8]. 

Ethylene glycol in precursor solution serves not only 
as the polymerization agent but also as the solvent. Its 
large quantity in the precursor solution can significant-
ly reduce solution’s concentration. Having in mind that 
decreasing the concentration of the precursor solution 
leads to the formation of the films with lower thickness 
values [9] we expected the obtained LNO thin films 
to be very thin. This assumption was proved by mea-
suring the thickness of the obtained films by SEM and  
HRTEM (Figs. 2 and 3). The thickness of the four lay-
ered LNO thin film determined from the cross section 
of the films was 65 nm and the thickness of amorphous 
layer of SiO2 formed on Si (111) substrate is around 28 

nm. Also, the mean crystallite size of LNO thin films is 
less than 10 nm. 

From these figures it can be seen that deposited film 
consisted of columnar grains and each grain was grown 
through the whole width of the film. This microstruc-
ture is expected in CSD derived perovskite films where 
heterogeneous nucleation occurs at the substrate/film 
interface [3]. In our investigation thin films were heat-
ed from the substrate side, at a very low heating rate, to 
avoid the situation of typical heat scenarios where the 
probability for bulk and interface nucleation is equal, 
and to promote nucleation at the substrate/film interface 
by providing a thermal gradient inside the film. Grain 
growth from nuclei proceeds from the substrate towards 
the surface of the film resulting in coarse crystallinity 
in the resulting film. As already mentioned, the appar-
ent mean grain size derived from the surface analyses of 
the films is 180 nm, which is almost 3 times of the film’s 
thickness. Nevertheless, from the 3D AFM micrograph 
it can be recognized that each of these grains is com-
posed of four smaller, round shaped grains, as the result 
of the long annealing period during which coalescence 
of smaller grains occurs. Also, from the molar ratio be-
tween citric acid and metal ions (Rc value) employed in 
this experiment larger grain size is expected. It is known 
that grain size increases with the increasing Rc value, 
and that higher citrate and lower metal ion concentra-
tions in the precursor solutions is more favorable for 
crystallization and grain growth [8]. 

The existence of columnar grains suggests some 
kind of oriented structure of the investigated thin films 
which could be expected since the growth of orient-
ed LNO thin films on amorphous substrates was previ-
ously reported in literature [10,11]. In our case a large 
amount of ethylene glycol present in the solution could 
reduce tensile stress on the substrate/film interface and 
combined with very low heating rate leaves enough 

Figure 3. Cross-section HRTEM micrographs of 4-layered LNO thin film 

Figure 2. Cross-section of LNO thin film on amorphous 
SiO2 layer
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time for the volume reduction and rearrangement pro-
cesses in the film [3]. The films consist of single colum-
nar grains, which are crystallographically oriented but 
not necessarily show an in-plane orientation or a rela-
tion to the lattice of the underlying substrate [12].

In order to further investigate orientation and crys-
tallinity of the obtained LNO thin films EBSD analyses 
on more than 20 different points on the film’s surface 
and XRD were performed. The results of these analyses 
show that the films are polycrystalline without preferred 
in-plane orientation (Figs. 4 and 5).

Thin film microstructure and orientation depend on 
several different parameters: solution properties, thermal 
treatment conditions and the substrate used. It is known 
from the literature data that combination of the low solu-
tion’s concentration and the thermal treatment conditions 
where each layer is annealed before the next layer is coat-
ed, heterogeneous nucleation is promoted and the chanc-Figure 5. XRD pattern of the four layered LNO thin film

Figure 4. a) SEM micrograph with points in which diffraction analysis was done and corresponding Inverse pole figure; 
b) Kikuchi pattern at point 13; c) Kikuchi pattern at point 7
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es for the preparation of epitaxial thin films significant-
ly increase [3]. Although low concentration of solution 
and special thermal treatment conditions enabled colum-
nar grain growth, the preparation of highly oriented films 
requires an appropriate substrate, for example Si (100) or 
Si (111), as reported in our previous investigation [5].. It 
is clear that in our experiment the choice of the substrate 
used is the crucial parameter for the observed orientation 
and structural properties of LNO thin films.

IV. Conclusions
LNO thin films were prepared by chemical solu-

tion deposition method on amorphous silica substrates. 
Even though our previous results showed the possibili-
ty of preparation of highly-oriented thin films on mono-
crystal substrates using the same thermal treatment 
method, in this investigation the LNO films deposited 
on amorphous substrate were polycrystalline. Obvious-
ly the presence of SiO2 layer on Si substrate prevents 
epitaxial or oriented growth of LNO. Nevertheless, the 
films are of very good quality: four layered LNO film 
has thickness of 60–65 nm, they are very smooth (Ra = 
4 nm), homogeneous, dense, crack-free and with large 
square-shaped grains (170 nm). 
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