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Abstract

LaNiO3 thin films were deposited on SrLaAlO4 (1 0 0) and SrLaAlO4 (0 0 1) single crystal substrates by a chemical solution deposition
method and heat-treated in oxygen atmosphere at 700 1C in tube oven. Structural, morphological, and electrical properties of the LaNiO3 thin
films were characterized by X-ray diffraction (XRD), atomic force microscopy (AFM), field emission scanning electron microscopy (FE-SEM),
and electrical resistivity as temperature function (Hall measurements). The X-ray diffraction data indicated good crystallinity and a structural
preferential orientation. The LaNiO3 thin films have a very flat surface and no droplet was found on their surfaces. Samples of LaNiO3 grown
onto (1 0 0) and (0 0 1) oriented SrLaAlO4 single crystal substrates reveled average grain size by AFM approximately 15–30 nm and 20–35 nm,
respectively. Transport characteristics observed were clearly dependent upon the substrate orientation which exhibited a metal-to-insulator
transition. The underlying mechanism is a result of competition between the mobility edge and the Fermi energy through the occupation of
electron states which in turn is controlled by the disorder level induced by different growth surfaces.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Metal-to-insulator transitions (MIT) has been studied in a
large variety of systems. These transitions are normally driven
by typical parameters such as doping, pressure, temperature
and dimensionality (thickness). Metallic perovskites oxides
such as La0.5Sr0.5CoO3 (LSCO) [1], LaNiO3 (LNO) [2,3],
LaSrMnO (LSMO) [4], Ca2−xSrxRuO4 (CSR) [5] and SrRuO3

(SRO) [6] are examples of excellent candidates to explore basic
science regarding MIT. These materials can be characterized as
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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strongly electron correlated interactions due to their metallic
behavior which in turn is highly dependent upon the dimension-
ality of the system. Among these materials, the entire class of
rare-earth nickelates RNiO3 is known to display MIT which is
usually associated with a variation of the unit cell volume as a
function of temperature and the radius of the rare-earth material.
Of these materials, rare-earth nickelate LaNiO3 is the most
interesting, and, surprisingly, LaNiO3 does not present MIT in
its bulk form but instead displays a metallic-like behavior in a
wide range of temperatures and even in a few Kelvins range
[7,8].
LaNiO3 is also the most technologically relevant con-

ductive metallic oxide because it exhibits a simple pseudocubic
ghts reserved.
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perovskite structure with a small degree of rhombohedral
distortion as well as a relatively simple composition and
stoichiometry which enables easier control of the final product
during synthesis. Additionally, the pseudocubic perovskite
structure has a lattice parameter very close to many mono-
crystalline substrates, ferroelectric and multiferroic materials.
This property is considerably beneficial to obtain highly
texturized or epitaxial LaNiO3 thin films for use in different
device architectures such as substrate/LaNiO3, LaNiO3/ferro-
electric and LaNiO3/multiferroic. Thus, LaNiO3 also attracted
significant attention, especially as a bottom electrode for
replacing platinum electrodes in resistance random access
memories and ferroelectric or dielectric capacitors when the
appreciable metallic conductivity favors integration in electro-
electronic devices. Many authors reported that ferroelectric and
dielectric properties for thin films such as PbZr1−xTixO3 (PZT)
[9,10], Ba1−xSrxTiO3 (BST) [11], PbTiO3 [12], (K,Na)NbO3

[13] and BaTiO3 (BT) [14] are significantly improved with the
use of a LaNiO3 bottom electrode. In a previous study, we
observed that ferroelectric and dielectric properties for highly
(1 0 0) oriented Pb0.80Ba0.20TiO3/LaNiO3 heterostructure grown
on a LaAlO3 (1 0 0) substrate by a chemical solution deposition
(CSD) method are considerably better when LaNiO3 is used as a
bottom electrode [15]. Recent investigations have shown that
single crystal substrates with different conductivity, thickness
and orientation also play an important role in chemical and
physical properties of LaNiO3 thin films. Recent papers have
shown that epitaxial ultrathin films of LaNiO3 grown on (0 0 1)
SrTiO3 [16], (LaAlO3)0.3(SrAlTaO6)0.7 [17] and DyScO3 [18]
substrates by rf magnetron sputtering display MIT which is
dependent on both the thickness and the type of substrate. The
authors correlated the phenomenon by a combination of
epitaxial strain and a reduction in the dimensionality for electron
transport in those thin films.

To the best of our knowledge, several works in literature
report a significant understanding on the LNO thin films
deposited on different oxide substrates such as SrTiO3

(STO), LaAlO3 (LAO) and MgO [19–21]. However, until
now, details concerning the deposition of nanostructured
LaNiO3 (LNO) thin films by chemical solution deposition
(CSD) method and grown on (1 0 0) and (0 0 1) oriented
SrLaAlO4 single crystal substrate have not been investigated
systematically. We report herein the growth, structural, micro-
structural and electrical properties of nanostructured LaNiO3

thin films grown on (1 0 0) and (0 0 1) oriented SrLaAlO4

single crystal substrates by using a chemical solution deposi-
tion method. The combined results of X-ray diffraction (XRD),
atomic force microscopic (AFM), field emission scanning
electron microscopy (FE-SEM), and electrical resistivity as
temperature function indicated that the growth LNO thin films
on different surfaces introduced an interesting and fruitful way
to investigate the role of disorder on MIT in this material. The
dependence of the observed conduction mechanisms on
sample thickness and crystallographic direction is described
within a framework where disorder plays a fundamental role.
In fact, the properties of LaNiO3 can be artificially tailored to
easily control chemical and physical properties.
2. Experimental procedures

LaNiO3 thin films (therein referred as LNO) were prepared
using a chemical solution deposition (CSD) method. The
starting chemicals were lanthanum nitrate [La(NO3)3] and
nickel acetate [Ni(CH3COOH)2 � 4H2O] from Alfa Aeasar
Co. Water, citric acid and ethylene glycol were used as
solvent, chelanting, and polymerizing agents, respectively.
The nickel acetate was dissolved in a water solution of citric
acid under constant agitation to produce Ni-Citrate. Then, an
equimolar amount of lanthanum nitrate was dissolved in
distilled water, held at room temperature, and the two solutions
were mixed together under constant stirring. After the homo-
genization of the solution containing La and Ni cations,
ethylene glycol was added to promote the citrate polymeriza-
tion by the polyesterification reaction. With continued heating
at 80–90 1C, the solution became more viscous, albeit devoid
or any visible phase separation. The viscosity of the deposition
solution was adjusted to 15 mPa/s by controlling the water
content. Prior to coating, the SrLaAlO4 substrates was cleaned
by immersion in a sulfochromic solution followed by rinsing
several times in deionized water. Substrates were then dried in
an oven at 100 1C for about one hour.
The polymeric precursor solution was spin-coated on sub-

strates [SrLaAlO4 (1 0 0) and SrLaAlO4 (0 0 1)] by a spinner
operating at a range of 5000–9000 rev/min for 30 s using a
commercial spinner (spin-coater KW-4B, Chemat Technol-
ogy). Two-stage heat treatment was carried out as follows:
initial heating at 400 1C for 4 h at a heating rate of 5 1C/min in
an oxygen atmosphere to pyrolyze the organic materials
followed by heating at 700 1C for 2 h at a heating rate of
5 1C/min for crystallization in an oxygen atmosphere. The film
thickness was controlled by adjusting the number of coatings
and the rotation. Each layer was pyrolyzed at 400 1C and
crystallized at 700 1C before the next layer was deposited.
These coating/drying operations were repeated until the
desired thickness was obtained (50–450 nm).
LNO thin films were then structurally characterized by XRD

in the 2θ–θ scan mode (steps of 0.021) which was recorded on
a Rigaku D/Max 2400 diffractometer. The thickness of the thin
films was characterized using FE-SEM (FEG-VP Zeiss Supra
35, with a secondary electron detector on a freshly fractured
film/substrate cross-section. Atomic force microscopy (AFM)
was used to obtain a bi-dimensional image reconstruction of the
sample surface. These images provided an accurate analysis of
the sample surface and the quantification of parameters such as
roughness and grain size. A Digital Instruments Multi-Mode
Nanoscope IIIa was used in these experiments.
The devices were patterned into Hall bars prepared by

standard lithography and chemical etching (see Fig. 5b). The
Ohmic contacts were fabricated by depositing 100 nm of Au.
A conventional ac four-probe method was used to measure all
the electrical parameters. The transport measurements were
carried out at different temperatures from 8 K to 300 K
(70.1 K) using a closed-cycle helium cryostat and at a pre-
ssure lower than 10−6 Torr. The resistivity was obtained by
using standard low-frequency ac lock-in techniques (f¼13 Hz)
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with a high noise rejection ratio; dc measurements were also
used, but the results remain unchanged. The measurements
were taken at both increasing and decreasing temperatures, and
no hysteresis was observed in the entire temperature range.
Different values for the current used in the experiments were
used to avoid nonlinear transport due to high field effects or
Joule heating.
3. Results and discussion

Fig. 1 shows X-ray patterns for representative films from
three different thicknesses on (1 0 0) and (0 0 1) oriented
SrLaAlO4 substrates. The pseudo-cubic lattice parameter of
the bulk LNO is 3.840 Å [22]. SrLaAlO4 substrates have
tetragonal structure, which is in this system defined as pseudo-
cubic symmetries with lattice parameters a¼3.756 Å [23].
According to bulk LNO pseudo-cubic lattice parameters, the
lattice mismatch value is −2.2% compressive strain for (1 0 0)
and (0 0 1) oriented SrLaAlO4 substrates. As we known, strain
phenomenon and epitaxial or textured growth are strongly
dependent of a critical thickness, deposition method, mismatch
between thin film and substrate [24–27].

As revealed from the XRD patterns, all peaks indexed in
Fig. 1 correspond to perovskite phase, which indicates that the
Fig. 1. Structural characterization of LaNiO3 thin films of different thicknesses
by X-ray diffraction: (a) X-ray θ–2θ scans showing both the effects of film
thickness and orientation on SrLaAlO4 (1 0 0) substrates, and (b) X-ray θ–2θ
scans showing both the effects of film thickness and orientation on SrLaAlO4

(0 0 1) substrates. t¼ thickness.
all LNO thin films possess a pseudo-cubic symmetry well
crystallized into single phase, irrespective both (0 0 1) and
(1 0 0) SrLaAlO4 substrates. However, preferred oriented or
textured LNO thin films demonstrated XRD patterns with
certain diffraction reflections more pronounced than the others
which was strongly dependent on the orientation of the
SrLaAlO4 substrate. Moreover, with increasing thickness,
intensities of (1 0 0), (1 1 0) and (2 0 0) diffraction peaks,
showed distinct behavior on the two different orientations.
Significantly, XRD patterns of LNO thin films grown on
(0 0 1) oriented SrLaALO4 substrate exhibits strong (0 0 l)
plane family diffractions peaks, suggesting that textured LNO
thin films with preferred strong orientation on (0 0 1) oriented
SrLaALO4 substrate. In addition, bulk powder and polycrystal-
line thin films samples indicate that the (1 1 0) diffraction peak
should be the most intense, followed by (2 0 0), (1 1 1), and
(1 0 0) diffraction peaks, respectively [28]. This is clearly not
the case for the current LNO thin films grown on (0 0 1)
oriented SrLaALO4 substrate, irrespective of the thickness.
Surprisingly, all LNO thin films deposited on (1 0 0) oriented
SrLaAlO4 substrate (see Fig. 1a), exhibited almost same
intensity (1 1 0) diffractions peak when compared (1 0 0) and
(2 0 0) diffraction peaks. According to the relative intensity of
the (1 0 0), (1 1 0) and (2 0 0) diffraction peaks, a weak
texturing along (h 0 0) direction has been observed, suggesting
that the LNO thin films are almost grown in random orienta-
tion and/or lightly textured with preferred weaker orientation.
These characteristics on the preferred crystallographic direc-
tions can lead to anisotropic properties in LNO thin films (to
be discussed in the next paragraphs).
In order to analyze texture in the films, the relative ratios of

the intensities of the diffraction peaks obtained for a textured
sample provide information on the degree orientation, known
as Lotgering factor [29,30]. This factor is defined for a hkl
orientation as:

F ¼ ðP−P0Þ=ð1−P0Þ
where F denotes the orientation factor with respect to a
reference plane (h k l), the P factors are obtained from the
diffraction patterns of the textured thin films (P) and from the
patterns of an equivalent sample with random orientation (P0),
and are defined by:

P ¼ Σ Iðh 0 0Þ=Σ Iðh k lÞ
being I(h k l) the intensities of the diffraction peaks. The values
of the orientation factor may vary from 0 to 1. An orientation
factor 0 indicates random oriented sample and 1 ideally
oriented sample. The higher the value obtained, the more
oriented the sample for that direction, i.e., implies high texture.
In the present study the orientation factor of the LNO thin

films calculated from the X-ray diffraction patterns is shown in
Table 1 for (h00) and (00l) direction as a function of film
thickness and substrate orientation. The analysis of the
orientation factor values indicates important aspects; (i) all
films are textured; (ii) the highest F value is observed for the
thinnest film and gradually decreases with increasing film
thickness; (iii) furthermore, for all LNO thin films grown on
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(1 0 0) oriented SrLaAlO4 substrate, F values were lower than
for same films grown on (0 0 1) oriented SrLaAlO4 substrate,
indicating texture weak in (1 0 0) preferred orientation.

As clearly shown in Fig. 1, with increasing thickness, more
and more intense is (1 1 0) reflections. This phenomenon
should be generated to relieve strain between film/substrate
interface, and as the thickness reaches a critical value above
50 nm the strain will be completely relaxed causing a deflec-
tion of preferential growth. This characteristic is intrinsic to the
chemical solution deposition method where the processing
steps involved in forming thick films undergo successive
deposition and heat treatment cycles (heating and cooling).
In our case, the 50 nm thick films were prepared in a step
single deposited directly on (1 0 0) or (0 0 1) oriented
SrLaAlO4 substrates resulting in a strain and preferred
orientation effects (see orientation factor values, Table 1). In
contrary, to obtain 100 nm and 450 nm thick films, successive
depositions and heat treatment cycles were realized, as con-
sequence more and more dislocations should occur with strain
energy released, suggesting preferred orientation degree small
Table 1
Orientation degree (F), average crystallite size (d), lattice parameters (a), and
(t) average grain size by AFM of LNO thin films on (1 0 0) SrLaAlO4 and
(0 0 1) SrLaAlO4 single crystal substrate as function thickness.

Orientation 1 0 0 0 0 1

Thickness 450 nm 100 nm 50 nm 450 nm 100 nm 50 nm

Parameters
a (nm) 0.3850 0.3850 0.3849 0.3835 0.3826 0.3821
d (nm) 12.1 9.1 7.5 13.1 9.3 9.1
t (nm) 30 25 15 35 30 20
F 0.50 0.26 0.75 0.84 0.82 0.91

Fig.2. Schematic diagram of the anisotropic texture gradient induced by the substr
surface structure, weakly textured. (b) A view of the texture variation on a (0 0 1) su
strongly and weakly textured states, respectively. (d) Thickness gradient direction.
compared with 50 nm thick films. A schematic diagram can be
draw to illustrates this, as shown in Fig. 2.
As we known, the preferred orientation mechanism is

stronger dependent of the crystallographic planes. Generally,
energy minimization considerations and their relation to
chemical termination of the substrate surface and film has
been exhaustively discussed by many authors in terms of
surface energy either from viewpoint theoretical or experi-
mental [31–36]. In this framework, surface energy is one of the
central issues to obtain coherent (epitaxial) or strongly textured
growth.
Therefore, the changes in the degree of preferred orientation

in our case should be related to the different surface energies
characteristic of each substrate surface. Certainly, the surface
energy is different when the orientation of the substrate is
changed of (0 0 1) to (1 0 0). Thus, it is possible that more
energy (a higher temperature) is required to obtain highly
textured LNO thin films on the (1 0 0) SrLaAlO4 substrate
rather than on the (0 0 1) SrLaAlO4 substrate; i.e., the film has
a tendency to be highly oriented toward the lowest energy
plane. Thus, we propose that the smaller degree of orientation
of the LNO film on a (1 0 0) oriented substrate may be due to
the higher energy of the (1 0 0) surface rather than the lattice
match between LNO and SrLaAlO4 single crystal substrates.
Recently, Antonakos et al. [37] reported La0.5Ca0.5MnO3

films of various thickness grown on (0 0 1) oriented SrLaAlO4

single crystal substrates by pulse laser deposition; The X-ray
diffraction measurements showed that films epitaxial grown in
(0 0 l) direction. In addition, Pervolaraki et al. [38] reported
La5Ca9Cu24O41 films on (1 0 0) oriented SrLaAlO4 single
crystal substrates prepared by pulse laser deposition technique;
The films exhibits mainly (0 k 0) preferred orientation although
peak for polycrystalline samples, remains present. In the other
ate's vicinality and film thick. (a) A view of the texture variation on a (1 0 0)
rface structure, strongly textured. (c) The red and white colors correspond to the
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hand, is known that epitaxial LNO thin films tend to exhibit a
strong (h 0 0) orientation on SrTiO3 and LaAlO3 crystal single
substrates [39,40].

In addition, Fig. 1 shows that when film thicknesses are
increased from 50 nm to 450 nm, the intensity of the LNO
(0 0 2) and (2 0 0) peaks increases as well, but the full width at
half maximum (FWHM) decreases, which indicates that the
grain size increased and/or crystallite. In these two cases, we
have also estimated the crystallite sizes by using the known
Scherrer's equation (see Table 1).

The morphology of LNO thin films was also investigated by
AFM, and the results are displayed in Fig. 3. All these samples
exhibited a dense and uniform microstructure with spherical-
shaped grains. The observed average grain size of the films on
(1 0 0) and (0 0 1) SrLaAlO4 substrates increases from 10 nm
to 30 nm and 15 nm to 35 nm, respectively, suggesting that the
grains are formed of at least two or three crystallite, which is
qualitatively consistent with XRD results. In addition, films
grown on the (1 0 0) surface have a smaller average grain size
than films grown on the (0 0 1) surface. All the thin films have
smooth surfaces with root-mean-squared (RMS) roughness
below 5 nm. In particular, several groups had investigated the
growth mechanism (surface aspects) of LNO thin films on
different substrates and using various deposition techniques.
LaNiO3 thin films deposited on (1 0 0) SrTiO3 single crystal
substrate using a similar procedure described by Mambrini
et al. [41] shown elongated grains, with typical length and
width values of 150 nm and 60 nm, respectively. Recently,
Awan et al. [42] reported LaNiO3 thin films grown on (1 0 0)
Si substrates by pulsed laser deposition technique. Atomic
force microscopic analysis was employed to characterize
surface morphology; the average grain size of the LNO thin
t = 50 nm  t = 100 nm  

t = 100 nm t = 50 nm 

250 nm 

250 nm 

Fig. 3. Top view of LaNiO3 for samples of different thicknesses grown onto SrLa
taken by scanning force microscopy, 1 μm� 1 μm image scan.
films was 200 nm. Liang and Xiaofang [43] investigated the
growth mechanism of LNO films on single crystal (1 0 0)
silicon substrates fabricated by RF magnetron sputtering
method. The authors reported that the LNO film deposited at
400 1C shows an amorphous structure without grains on the
surface, while grains with an average size of 8 nm, 25 nm,
36 nm and 43 nm were observed to LNO films deposited at
500 1C, 600 1C, 700 1C and 800 1C, respectively.
As a matter of fact, the orientation of the substrate directly

influences the growth rate of the grains and the degree of
orientation. Along with the film thicknesses, we believe that
these parameters play a key role in electrical properties of LNO
thin films which will be explored in this work.
Cross section analysis of these films were performed by

FE-SEM (FEG-VP Zeiss Supra 35) and revealed that samples
display similar thickness of approximately 50 nm, 100 nm and
450 nm on both (1 0 0) and (0 0 1) SrLaAlO4 single crystal
substrates (see Fig. 4).
Fig. 5a is a sketch of the experimental device geometry used

for electron transport measurements. In addition, Fig. 5b
shown a real view of the samples used in our measurements.
Besides the high electrical conductivity, the sample of 50 nm
in thickness still remains transparent to visible light. Addi-
tionally in detail it can be seen the Hall bar geometry (in
brown) defined by combining lithographic and chemical
etching techniques used for transport measurements.
The temperature dependent resistivity data obtained for

samples of different thicknesses grown on substrates with
(1 0 0) and (0 0 1) orientations are shown in Figs. 6 and 7,
respectively. Both thickness and substrate orientation induce
dramatic changes in the electron transport in these samples.
Beginning with the resistivity dependence on the thickness
t = 450 nm 

t = 450 nm 

250 nm 250 nm

250 nm 250 nm

AlO4 substrates with (0 0 1) [a,b,c] and (1 0 0) [d,e,f] orientations which were



Fig. 4. Cross-sectional FE-SEM micrographs of LNO films with thicknesses of
about (a) 50 nm; (b) 100 nm and (c) 450 nm on (1 0 0) SrLaAlO4 substrate.

Fig. 5. Experimental devices patterned into Hall bars prepared by standard
lithography and chemical etching (a), and a real view of the samples used in our
measurements (b). The Hall bar geometry (in brown) is defined by combining
lithographic and chemical etching techniques used for transport measurements
(in details red arrow). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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of the films, samples grown on the (1 0 0) surface exhibit a
monotonic activated-like behavior for all film thicknesses such
as the behavior observed in insulating or semiconducting
materials (see Fig. 6). In addition to the crystalline quality of
the samples, the presence of disorder cannot be avoided; as a
consequence, the electron potential is also disordered.

Any carrier subjected to a random potential is unable to
move freely through the system if either potential fluctuations
exceed a critical value or the electron energy is lower than the
characteristic value of the potential fluctuations, leading to
Anderson-type localization and hence explain the observed
insulating behavior [44,45]. Considering the motion of charges
in disordered potentials, the expected conduction mechanism
(metallic) will change its character to an activated process such
as the variable range hopping (VRH) reported by Mott [46],
for instance. In this model, phonons are required to conserve
energy during a hop from site to site; a higher phonon density
at a higher temperature increases the hopping rate and thereby
decreases the resistivity. The VRH mechanism is described by
the equation [46].

ρðTÞ ¼ ρ0exp
T0

T

� �1=4

; ð1Þ

where T0 ¼ 5:7α3=kBNðEFÞ, N(EF) is the density of states at
the Fermi level and α−1 is the localization length. The VRH
mechanism normally occurs only in the temperature region
where the energy is insufficient to excite the charge carrier
across the Coulomb gap between two states. Hence conduction



Fig. 6. Temperature dependence of the electrical resistivity of the LaNiO3 samples
grown on (1 0 0) SrLaAlO4 single crystal substrate and with different thicknesses:
50 nm, 100 nm and 450 nm. All (100) samples present an insulator behavior.

Fig. 7. Temperature dependence of the electrical resistivity of the LaNiO3 samples
grown on SrLaAlO4 (0 0 1) single crystal substrate and with different thicknesses:
50 nm, 100 nm and 450 nm; It is evident in the 100 nm thick sample when the
insulating behavior is replaced by a metallic behavior which is expected in MIT.
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takes place by the hopping of a small region (kBT) in the
vicinity of the Fermi level where the density of states remains
almost a constant (m¼1/4). This condition is fulfilled when the
temperature is sufficiently small or when the energy states are
uniformly distributed.
The fitting of Eq. (1) to the experimental data is shown in Fig. 5

(see insets). The agreement of both theoretical and experimental
curves for all samples in a large range of temperatures
(40 KoTo260 K) confirms that the transport in that region is
governed by the variable range hopping process. Also, the fitting
procedure of Eq. (1) provides α−1¼5–40 Å which in turn is close
to the accepted value of the LaNiO3 mean free path (23–30 Å)
[29,35] and confirms the localized character of the transport. This
value was calculated by considering the uniformly distributed
energy states, and it is reasonable for the spatial extension of the
carrier wavefunction in our samples. The density of states N(EF)
was considered as 1.1–4.7� 1023 eV−1 cm−3 [47,48]. Addition-
ally, this length is smaller than the cross-section of the sample
which is in agreement with the three-dimensional character of the
samples. From these results, samples grown on the (1 0 0)
SrLaAlO4 substrate show no MIT as expected for bulk LaNiO3.
In fact, the observation of the VRH mechanism above shows that
these samples are in the insulating phase of MIT and electronically
behaves as a three-dimensional material.
Surprisingly, samples grown on (0 0 1) SrLaAlO4 single

crystal substrates show a distinct behavior, Fig. 7. Changes in
the electrical behavior of the films, as a function of temperature
as the thickness is varied is clearly evident in Fig. 7. The 50 nm
thick sample still shows a localized behavior for transport which
agrees with the VRH model (see inset) for α−1¼10 Å. How-
ever, for LNO thin film with a thickness of 50 nm and growth
on (0 0 1) SrLaAlO4 single crystal substrate the behavior is
insulating over the entire temperature range. Boris et al. [2]
reported a similar result to superlattices composed of thick
consecutive layers of LaNiO3 and LaAlO3 on (0 0 1) SrLaAlO4

single crystal substrate growth by pulsed laser deposition. The
breakpoint between conduction regimes is at 100 K and is
evident in the 100 nm thick samples when the insulating
behavior is replaced by a metallic behavior as expected in
MIT. Above this limiting value, the conduction mechanism
shows a metallic character; as the temperature and phonon
excitation increase, the amount of scattering events experienced
by the conduction electrons increase as well which results in
greater (metal) resistance. Below 100 K, the resistivity data
show a localized character which in turn has the very same
origin as observed in samples grown on (1 0 0) substrates.
The Ioffe-Regel criterion for MIT takes place when kFℓ¼1

where kF is the Fermi wavelength and ℓ is the mean free path
[49]. This requirement is fulfilled by samples grown on (0 0 1)
substrates: kFℓ∼0.4 (100 nm thick) and kFℓ∼0.9 (450 nm
thick). The increase in the resistance for temperatures higher
than 100 K can be understood by considering the electron-
phonon scattering mechanism (at low disorder limits). This
behavior agrees very well with the Bloch–Grüneisen theory for
the dependence of the electrical resistance on the electron-
acoustic phonon scattering mechanism. Thus, the resistance is
described by [50,51].

ρðTÞ ¼ ρ0 þ A
T

ΘD

� �n Z ΘD
T

0

znez

ðez−1Þ2 dz; ð2Þ
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where A and R0 are constants and n usually ranges from 3 to 5
when the electron–phonon interaction is mainly responsible for
scattering events [38]; ΘD is the Debye temperature. When the
T≥ΘD, all phonon modes are excited, and the resistivity
increases linearly with increasing temperature. However, when
T≤ΘD, phonon scattering is mostly dominated by one-phonon
normal processes where only small scattering vectors con-
tribute [50]. The fitting of experimental data using Eq. (2)
revealed n¼5 and ΘD¼733 K (100 nm sample) and 481 K
(450 nm sample). As the temperature and phonon excitation
increase, the amount of scattering events experienced by
conduction electrons increase as well which results in greater
resistance. From the literature [48,52,53], ΘD=385–500 K. The
observed Debye temperature is a definitive proof th at
electron–phonon interaction and then a metallic phase are
dominating the conduction mechanism in those samples.
Importantly, the 100 nm thick sample has a high value of
ΘD due to the clear presence of two different coexisting
conduction mechanisms. To confirm the metallic phase, a
thicker sample (1000 nm) was fabricated; as expected,
ΘD=478 K (not shown here).

From resistivity data plotted in Fig. 6 (100 nm and 450 nm
samples), the linear region observed in the resistivity can be
used to estimate the electron–phonon coupling constant given
by [41,54,55].

λ ¼ ℏω2
P

8π2kB

dρ

dT

� �
; ð3Þ

where ωP is the plasma frequency, and the other symbols have
their usual meanings. The plasma frequency can be calculated
from Drude formalism [56] which yields ħωP∼1.1 eV and then
λ�1.0. This value is comparable with the typical value LNO
(λ¼0.14–0.8) [47,57], but it is higher than values observed in
the literature because the linear region of resistivity chosen for
Fig. 8. Schematic density-of-states diagram showing the proposed mechanism o
behavior. (For interpretation of the references to color in this figure legend, the re
the calculation is different in a transition region when the
electron–phonon scattering changes from one-phonon pro-
cesses to include all excited phonon modes. In fact, as the
temperature range used for resistivity measurements is lower
than ΘD (the higher temperature used is close to ΘD), the
resistivity of the samples seems to be dominated by one-
phonon processes (ρ�T5). Thus, these higher λ values should
be used carefully; they are not associated with a higher
electron–phonon interaction (as would be expected from
Jahn–Teller distortion [58]).
An in-depth investigation of experimental data provides

other interesting features. The dependence of the observed
conduction mechanisms on the sample thickness and crystal-
lographic direction is part of a general picture where disorder
plays a fundamental role. The literature verifies that the
stoichiometric LNO is a charge transfer metal in which the
metallic or insulating phases are determined by the interplay
between band width, on-site Coulomb energy and the position
of p bands (from non-metallic elements). In the metallic phase,
bands are combined into a single band where the Fermi level
falls [40]. However, when oxygen vacancies are present (non-
stoichiometric material, i.e. highly oxygen deficient LaNiO3−δ,
δ≥0.25), an additional p band of the non-metallic element
appears at an energy between the metallic d bands which leads
to the insulator behavior. In our case, all the samples are
considered stoichiometric in such a way that the position of the
Fermi level is fixed for all of them (it was calculated to be
EF¼0.21 eV from the density of electrons by considering one
conduction electron from each Ni atom).
After these considerations, we believe that the observed

MIT in our samples comes from a slightly different mechanism
where the key parameter seems to be the disorder. Localized
and nonlocalized states induced by disorder are separated by
mobility edges generally delimited by band tails (see Fig. 8,
f the electronic conduction switching process; (a) Insulator and (b) Metallic
ader is referred to the web version of this article.)
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proposed mechanism). Considering that free charges in LNO
contributing to the conduction come from the interplay
between 3d (Ni) and 2p (O) bands, the mobility edge position
is the critical criterion determining global conductivity.
In addition, in the Fig. 8, blue and red lines refer to the
contribution of nickel 3d and oxygen 2p states to the total
density of states, respectively. The transition happens locally
when the Fermi energy passes across the mobility edge. Band
tails are mainly composed of localized states with low mobility
due to disorder in these systems. When the Fermi energy is
located inside the grey area (see Fig. 8a), samples will display
an insulating-like behavior (for any thickness), in other words,
the insulator state appears when the disorder is sufficiently
large to spread the localized states in a broad range of energies
and the Fermi level is located at these states. However, the
metallic state is observed when the disorder is small and the
Fermi level is located at the mobility edge, a metallic-like
transport occurs (see Fig. 8b); consequently, the film con-
ductivity increases. Thus the conductivity is drastically
reduced because localized states do not contribute to conduc-
tion which leads to the observed insulating behavior. Since the
position of the Fermi level is fixed for both samples, MIT is in
fact the result of different disorder intensities. The observed
changes on the degree of orientation for different samples
provides a clue to what is happening: weaker textured samples
imply a high level of disorder which leads to the characteristic
electron localization of the insulating phase which is thermo-
dynamically stable and is related only to the localized states in
O (2p) Ni (3d) bands.

4. Conclusions

In this work, crystalline LNO thin films were obtained by
chemical solution deposition method on both (1 0 0)- and
(0 0 1)-oriented SrLaAlO4 single crystal substrates. It was
shown that the microstructure, structural and electric properties
measurements is greatly dependent substrates crystallographic
orientation and thin films thickness. The X-ray diffraction
analysis indicated high degree preferential orientation along
the (0 0 l) direction for LNO thin films on (0 0 1)-oriented
SrLaAlO4 substrate than on (1 0 0)-oriented SrLaAlO4 sub-
strates. The AFM images reveal that the LNO thin films
growth onto both (1 0 0) and (0 0 1) SrLaAlO4 single crystal-
line substrates exhibited homogenous grain distribuion, atom-
ically smooth surface and pinhole-free. A general picture of the
transport properties was constructed. In fact, the underlying
mechanism discussed is based on the interplay of disorder,
crystallographic orientation and thickness. We argue that the
degree of orientation for different samples implies a high level
of disorder; electron localization then occurs. MIT is a result of
the competition between a mobility edge and the Fermi energy
through the occupation of electron states which in turn is
controlled by the disorder level induced by different growth
surfaces. The present results further suggest that by choosing
an appropriate thickness, substrate and crystallographic orien-
tation, we can still achieve a LaNiO3 thin film with metallic or
insulating behavior.
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