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Substrate Effect on the Structural and Electrical 
Properties of LaNiO3 Thin Films
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Abstract: Epitaxial LaNiO3 (LNO) thin films prepared from the sols modified with polyethyleneimine 
(PEI) were grown on single-crystal LaAlO3, (LaAlO3)0.3(SrAlTaO6)0.7, and SrTiO3 substrates, respectively, using 
a simple polymer assisted deposition (PAD). The epitaxial structure, surface morphologies and transport of 
the LNO films were studied by X-ray diffraction (θ/2θ symmetric scan, ω-scan, and in-plane φ-scan), the field 
emission scanning electron microscopy, and a standard dc four-probe method. It is found that, compared with 
that of LNO bulk, the c-axis parameter of the LNO film increases under compressive strain and decreases under 
tensile strain. All the LNO films exhibit metal properties in the temperature-dependent resistivity. The resistivity 
of the LNO films shows an increasing trend with the lattice mismatch strain changing from compressive to 
tensile. It is suggested that the oxygen vacancy compensated by more Ni2+ changed from Ni3+ in the film 
increases with the strain changing from compressive to tensile, which results in the increase of the resistivity.
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1	 Introduction

Epitaxial thin-film technology has the potential 
to change the functionality of conventional crystals in 
a way to achieve better performance and novel prop-
erties. Thin films of perovskite oxides with low elec-
trical resistivity, such as La0.5Sr0.5CoO3

[1], SrRuO3
[2], 

and LaNiO3 (LNO)[3], have been receiving consider-
able attention because of the fact that such a physical 
property makes them suitable electrodes for perovskite 
ferroelectric layers in thin film capacitors. Among 
them, LNO due to its high stability and conductivity 
has been widely investigated, which is rhombohedral 
with the room temperature lattice constant of c=0.546 
nm, a=0.384 nm[4]. It has a good match with most of 
perovskite-type ferroelectric materials including PZT 
and BST. Moreover, LNO displays low resistivity and 
good metallic conductivity in a wide range of tempera-
ture, roughly from 1 to 1 000 K[5]. Therefore, the LNO 
film is a promising candidate of an electrode for per-
ovskite-type ferroelectric materials.

Generally, the synthesis of bulk LaNiO3 materials 
needs extreme conditions of high temperature and high 
oxygen pressure to stabilize Ni3+ oxidation state since 
the Ni3+ state is thermodynamically unstable. Research-
ers turn to the preparation of the LNO films to facil-
itate the experimental study and application because 
the synthesis of bulk LNO compound is very difficult. 
Over the past few years, many efforts have been paid 
to prepare the LNO thin films by different methods 
including pulsed laser deposition (PLD), molecular 
beam epitaxy[6], chemical solution deposition (CSD)[7],
radio-frequency magnetron sputtering (RF)[8], metal 
organic decomposition (MOD)[9], and so on. Most of 
all these vacuum techniques require high-cost equip-
ment and strict deposition condition and those derived 
films can not be fabricated on a large scale. Although 
chemical methods are more cost-effective, they are not 
considered competitive in producing high quality films 
required for fundamental studies and highly demand-
ing applications since the deposited films crack easily 
during heat treatment. 

Recently polymer assisted deposition (PAD) has 
been demonstrated as a novel technique to grow both 
simple and complex metal oxide thin films[10,11]. In this 
process, the mixture of metal precursor and soluble 
polymer is used to form a solution with desired vis-
cosity without gelling. The polymer not only actively 
binds the metal ions but also encapsulates the metal 
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ions to prevent premature precipitation and formation 
of metal oxide oligomers. The PAD method has been 
successfully applied in the growth of simple and com-
plex metal oxide films. In this paper, we successfully 
fabricate the LNO thin films using PAD, and investi-
gate the substrate effects on the structure and properties 
of the resulting LNO films. The results demonstrated 
that oxygen deficiency was spontaneously generated in 
strained LNO thin films, and has finely influenced on 
the electrical properties of them. The results also pro-
vide insights into the effect of oxygen deficiency on the 
correlated phase in rare-earth nickelates.

2	 Experimental

LNO thin films were prepared by a polymer assisted 
deposition method. La(NO3)3·5H2O,Ni(NO3)3·6H2O 
were converted into metal nitrates by dissolving in 
distilled water to get the transparent precursor solution 
with the cationic stoichiometry ratio La:Ni=1:1. Ap-
propriate amount of ethylenediaminetetra acetic acid 
(EDTA) and polyethyleneimine (PEI) were added into 
the solution, and then the above solution was subjected 
to continuous stirring for several hours at 60 ℃ to get 
proper viscosity. The solution was deposited on 0.5 
cm×0.5 cm (001) LaAlO3 (LAO), (001) (LaAlO3)0.3(S-
rAlTaO6)0.7(LSAT), and (001)SrTiO3 (STO) single crys-
tal substrates by spin coatingwith the rotation speed 
of 5000 r/min for 30 s. Finally, all deposited thin films 
were annealed in a tube furnace at 750 ℃ for 2 h under 
air atmosphere. X-ray diffraction (XRD) patterns were 
recorded on a Panalytical X’pert, X-ray diffractom-
eter with Cu Ka (λ=1.540 6 Å) at room temperature. 
The Field emission scanning electron microscopy 
(FE-SEM, JSM-6700F) was employed to observe the 
surface morphology and the thickness. X-ray photo-
electron spectroscopy (XPS) analyses were performed 
using an ESCALAB 250 system (Thermal Scientific). 
The temperature dependence of resistivity was carried 
by the standard four-probe standard dc four-probe 
method using silver coatings between 80 K and 300 K. 

3	 Results and discussion

3.1	 Thickness and morphological character-
ization of the LNO films
Fig.1(a) shows cross-sectional scanning electron 

microscopy images of LNO films grown by PAD meth-
od on these substrates. As shown in the picture, the 
thicknesses of the LNO films on different substrates are 

similar and about 70 nm. From Figs.1(d)-1(f), it can be 
found that the surface of films show some noticeable 
microcracks and a few voids distribution, which are 
common characteristics of films by chemical solution 
deposition and could be attributed to the gradual re-
moving of EDTA and PEI by calcinations in the pro-
cess of sample preparation.

Fig.2 shows the standard θ-2θ XRD patterns for 
LNO thin films grown on (001) LAO, LSAT, and STO 
substrates, respectively. Only LNO reflection peaks 
(pseudocubic notation) close to the reflection of sub-
strates were found, suggesting that all the LNO films 
are single phase with a similar orientation to the sub-
strates. Insets of Fig.2 show the rocking curves (ω-scan) 
of LNO peaks and the values of full-width-half-maxi-
mum (FWHM) are listed in the Table 1, the relatively 
small values indicate good crystalline quality of these 
films. The in-plane crystal plane alignment between the 
film and the substrate was determined by the typical 
φ-scan. As shown in Fig.3, in-plane φ-scans of (110) 
LNO and (110) substrates are nearly identical with four 
peaks separated by 90°, indicating filmswere in-plane 
aligned as well. The heteroepitaxial relationship be-
tween the LNO film and the (001)-oriented substrates 
can be described as (001) LNO// (001) LAO, (001) 
LSAT, and (001) STO, consistent with films deposited 
by other techniques. The above descriptions demon-
strate that high-purity and good epitaxial growths of 
LNO films have been successfully obtained on these 
substrates by using this convenient PAD method. It is 
widely known that the bulk LNO has a rhombohedral 
perovskite structure with a lattice parameter of 3.838 

Fig.1	 SEM images of the corresponding cross-sectional areas 
and surface of LNO films on LAO (Figs.1a, 1d)；LSAT 
(Figs.1b, 1e); STO (Figs.1c, 1f) substrates, respectively
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Å, corresponding to a compressive strain of −1.3% on 
LAO (aLAO = 3.79 Å), and tensile strains of 0.6% on 
LSAT (aLSAT = 3.86 Å) and 1.7% on STO (aSTO = 3.905 
Å). Therefore, the strain result an elongation along the 
out-of-plane axis on LAO, while a reduction in the out-
of-plane axis on LSAT and STO, which was indeed ob-
served in the high-resolution XRD θ-2θ scans and the 
out-of-plane lattice parameters (Table 1) were calcu-
lated from the positions of film reflections using Bragg 
formula. 

3.2	 Electrical properties of the films

Fig.4 shows the resistivity versus temperature 
characteristics of LNO films on LAO, LSAT, and STO 
substrates, respectively, measured by a standard four- 
probe technique with silver contacts. It is observed that 
resistivity of the films decreases monotonically with the 
decrease of temperature, characteristic of a metallic be-
havior. Furthermore, a careful inspection of ρ(T) curves 
of all films indicates that there are at least two different 
behaviors of in the temperature range investigated: (a) 
at temperatures above 150 K, where ρ(T) is linear; and 
(b) at temperatures below 150 K, where ρ(T) is larger 
than expected for a linear behavior (in Fig.4). These 
behaviors are quite similar to reported those of bulk 
samples and films prepared in other methods[12,13,14]. 
The resistivity of the LNO films on LAO, LSAT, and 
STO are 222, 383, and 787 µΩ·cm at room tempera-

Table 1	 Lattice mismatch, FWHM of the rocking curves for 
(002) peaks, c-axis lattice parameter, Ni3+/Ni2+ ratio 
and value of δ (oxygen vacancy) of LNO films on LAO, 
LSAT, and STO substrates, respectively

Substrate FWHM/(°) Lattice mismatch c/(Å) Ni3+/Ni2+ δ

LAO 0.569 -1.3% 3.834 3.545 0.11

LSAT 0.423  0.6% 3.818 2.571 0.14

STO 0.155 1.7% 3.813 2.195 0.16

Fig.2	 XRD patterns of θ-2θ scans for the LaNiO3 films grown on LAO, LSAT, and STO substrates. Insets are the plots of (002) ω-scan 
(rocking-curve) for each film

Fig.3	 XRD patterns of φ scans for (110) plane reflection of LNO 
film on LAO, LSAT, and STO substrates

Fig.4	 Resistivity versus temperature plots of LNO thin films on 
LAO, LSAT, and STO substrates, 80 K<T< 300 K. The 
dotted lines are guides to the eye
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ture, respectively. This is consistent with the reported 
values derived from PLD method (340 µΩ·cm) [8] and 
much smaller than that of polycrystalline thin film on 
Si (111) substrate. The temperature coefficient [1/ρdρ/
dT] of LNO// (001) LAO resistivity was calculated to 
be about 2.48×10-3 K-1 in the region with temperatures 
greater than 200 K, which was also the same as the val-
ue 2.48×10-3 K-1 reported in the Refs.[12,14]. These 
results are further evidence that polymer assisted depo-
sition is a successful method to grow epitaxial LNO 
films 

To obtain further insight into the electronic 
structures of LNO films on different substrates, XPS 
measurements were carried out, as shown in Fig.5. 
Due to the coupling of spin-orbit splitting and multiple 
splitting, it is challenging to obtain the best fit of the 
as-measured XPS signals at the Ni 2p edge due to the 
strong La 3d core-level background[14,15]. XPS spectra 
at the Ni 3p edge were used to extract the binding ener-
gies of divalent Ni2+ and trivalent Ni3+ states. To ensure 
the quality of the peak fitting, a Shirley background and 
a combined Lorentzian-Gaussian method is applied. 
The fitting results for all films are presented in Fig.5. 
The peak at 66.9 eV (A) and 68.9 eV can be assigned 
to Ni2+ 3p3/2 and Ni3+ 3p3/2 which is consistent with the 
reported results[16]. By calculating the area of the fitted 
curves, we extracted the portions of Ni3+ and Ni2+ oxi-
dation states in the three films. Based on these results, 
the Ni3+/ Ni2+ ratios can thus be calculated, which are 
shown in Table 1. As a result, the exact chemical for-
mula for LaNiO3−δ// (001) LAO, (001) LSAT, and (001) 
STO should be LaNiO2.89(δ=0.11), LaNiO2.86(δ=0.14), 
and LaNiO2.81(δ=0.16), respectively. The oxygen vacan-
cy shows an increasing trend with the lattice mismatch 

strain changing from compressive to tensile. Similar 
results are also reported for the oxygen vacancy of 
NdNiO3 films[17] and other perovskite oxides[18,19]. For 
stoichiometric LNO, the metal property mainly comes 
from overlap between the conduction band of Ni 3d 
and fulfilled valence band of O 2p[20]. The content of 
Ni2+ with bigger radius increased as the decrease of 
Ni3+/Ni2+ ratio, which leads to the stretched length of 
Ni-O bond. It has been generally accepted that overlap 
between the valence band and conduction band would 
decrease with the stretched length of Ni-O bond, bring-
ing with higher value of electrical resistivity. Previous 
study has shown that when Ni3+/Ni2+ is equal to 1, that 
is, the system of LaNiO2.75 would to be a semiconduc-
tor[21].

4	 Conclusions

In summary, we were successfully fabricated epi-
taxial LaNiO3 thin films on single-crystal (001) LAO, 
LSAT, and STO substrates in terms of PAD technique 
the unique using of soluble polymer and processing de-
sign of PAD provide stable and homogeneous solutions 
at a molecular level that allows the epitaxial growth of 
high-quality thin films. The resistivity of the LNO films 
shows increasing trend with the strain changing from 
compressive to tensile, which results from the increase 
of the oxygen vacancies compensated by more Ni2+ 
changed from Ni3+ in the film.
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