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We prepared Au-LaNiO3�d (Au-LNO) nanocomposite thin films by a sol–gel
coating method. The effects of the doped Au on the microstructure and elec-
trical properties of the Au-LNO films under different types of thermal strain
were investigated. Introduction of Au into the LNO films changed their
preferential orientation and markedly lowered their room-temperature resis-
tivity. Moreover, the resistivity of the films containing Au nanoparticles
showed negligible dependence on thermal strain, in contrast to the behavior of
Au-free LNO films. We performed microstrain analysis and x-ray photoelec-
tron spectroscopy to explore the strain–resistivity relationship of the films.
Microstrain was closely related to the density of oxygen vacancies in LNO
films and dominated the change in electrical properties of polycrystalline LNO
films. The addition of Au promoted crystallization of the LNO films and de-
creased the density of oxygen vacancies, which stabilized the microstrain in
the films under different external strain and accounted for the strain inde-
pendence of the resistivity of the Au-LNO films.
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INTRODUCTION

Lanthanum nickel oxide (LaNiO3�d, LNO) is a
strongly correlated perovskite oxide with excellent
physical properties, including high conductivity,
thermoelectricity, and potential to achieve super-
conductivity.1–3 The metallic conductivity and
chemical stability of LNO films make them suit-
able for use as electrodes for high-quality dielectric
and ferroelectric materials in electronic devices.4,5

Extensive investigations on LNO thin films have
been conducted in recent years, particularly on
methods to lower the resistivity of LNO films. The
resistivity of LNO films may be lowered by deposit-
ing high-quality single crystal films or synthesizing
nanocomposite films with highly conductive
metals.6,7

The effects of strain are unavoidable in single-
crystal and nanocomposite films. The influence of
strain on the electrical properties of epitaxial LNO
films has been intensively investigated.8,9 Strain
plays an important role in improving the conduc-
tivity of LNO films, because the Ni-O-Ni bond angle
and length change when the films are in different
strain states.10 Thus, the electrical properties of
LNO films are determined by their substrates,
which can exert different types of strain; i.e.,
epitaxial and thermal strain. For polycrystalline
ferroelectric films, silicon (Si) is most often used as a
substrate in electronic devices, and tensile thermal
strain existing in the films contributes to their
ferroelectric properties.11–13 However, for LNO
films, previous investigations have shown that
tensile strain has a negative effect on their conduc-
tivity.14,15 Accordingly, the working voltage and
power dissipation increase in devices in which an
LNO film is used as the bottom electrode on an Si
substrate. Therefore, it is necessary to alleviate the
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adverse effect of tensile strain on the electrical
properties of LNO films.

The effects of strain on resistivity can be adjusted
by controlling the composition of epitaxial LNO
films.16 Upon introducing excess nickel element (Ni)
into epitaxial LNO films, the resistivity of LNO
sharply decreases under the same tensile strain.
One possible underlying mechanism for this behav-
ior is the increase of defect density under strain;
thus, it may be possible to tailor the effects of strain
by controlling cation stoichiometry and the type of
defects in films.17,18 For composite films, the second
phase affects the crystallization process and the
distribution of strain within the matrix phase.19,20

However, it remains unclear how LNO films might
behave under a strain field upon introduction of a
second phase and whether the unfavorable effects of
tensile strain be mitigated. In this paper, we
prepare Au-LaNiO3�d (Au-LNO) nanocomposite
films in different strain states on different sub-
strates by a sol–gel method. The effects of Au
addition on the microstructures and electrical prop-
erties of the thermally strained Au-LNO films are
explored. By comparison with the behavior of Au-
free LNO films, the strain dependence of the
electrical properties of Au-LNO films is systemati-
cally investigated and a mechanism for the anoma-
lous strain-dependent resistivity of Au-LNO films is
proposed.

EXPERIMENTAL PROCEDURE

Preparation and Characterization

A precursor solution for the LNO coating was
prepared from lanthanum nitrate [La(NO3)3Æ6H2O],
nickel acetate [Ni(CH3COO)2Æ4H2O], 2-methox-
yethanol (CH3OC2H4OH), and acetic acid (AC,
CH3COOH). A certain amount of hydrogen tetra-
chloroaurate (HAuCl4Æ3.5H2O) was added to the
above precursor to obtain a solution with an Au
content of 2.38 at.%. The clear and stable precursor
solutions with a concentration of 0.10 M were aged
for 24 h. The solutions were then coated onto
substrates with different coefficients of thermal
expansion (CTE; LNO: 8.6 9 10�6/�C, Si:
3.5 9 10�6/�C, Al2O3: 7.5 9 10�6/�C, MgO:
11 9 10�6/�C). Coating was performed on a spin
coater operated at 1000 rpm for 2 s and then at
4000 rpm for 50 s. Amorphous Al2O3 films with a
thickness of 60 nm were deposited on all the
substrates by magnetron sputtering, to guarantee
the same surface condition of the substrates for the
subsequent deposition of LNO and Au-LNO films.
The coated films were dried at 120�C for 10 min on a
hot plate and then annealed in a furnace at 650�C
for 30 min. Finally, the films were removed from the
furnace and cooled in air. This process was repeated
eight times to obtain the desired film thickness. The
cation ratio of Ni to La was precisely controlled to
1:1 in the precursor solution, and the resulting films
should be stoichiometric; i.e., indexed as LaNiO3�d.

The crystal structure and preferred orientations
of the films were analyzed by x-ray diffraction
(XRD; Rigaku RINT2000, Cu Ka radiation). The
surface morphologies and cross-sectional
microstructures of the films were observed by
scanning electron microscopy (SEM; Ultra Plus).
We performed scanning transmission electron
microscopy-high angle annular dark field (STEM-
HAADF) measurements to obtain the distribution of
Au in the LNO films with a transmission electron
microscope (JEOL JEM-2100F). The valence states
of oxygen in the films were determined by x-ray
photoelectron spectroscopy (XPS; RIBER LAS-3000)
with monochromatic Al Ka radiation with a photon
energy of 1486.6 eV. Binding energies were cali-
brated to the C1 s binding energy of 284.6 eV. The
resistivity of the LNO films was measured with the
standard four-point probe method (RTS-11, Four
Probes Tech).

Microstrain Calculation

In principle, the experimental XRD profile is a
convolution of the instrumental profile and the
intrinsic profile, which can be approximated by the
Cauchy or Gaussian function. The William–Hall
method is usually adopted to determine the values
of strain broadening and grain size when they are
both represented by the Cauchy function,21 as
follows:

b cos h
k

¼ 1

D
þ 4e

sin h
k

ð1Þ

Klug and Alexander suggested an alternative
method, proposing that the strain broadening and
effect of crystallite size could be better approxi-
mated by Gaussian and Cauchy functions, respec-
tively,22,23 through the following relation:

b2

tg2h
¼ k

D

b
tgh sin h

� �
þ 16e2 ð2Þ

where D is the average grain size, e is microstrain,
and h, b, and k denote the same parameters as used
in the Scherrer formula. To determine the micros-
train of Au-free LNO and Au-LNO films under
external thermal strains, we measured the XRD line
profiles of (100) or (110) reflections in combination
with those of (200) reflections for the films deposited
on different substrates using an X’pert MRD diffrac-
tometer with a Cu Ka radiation source. Diffraction
data were collected by scanning each hkl reflection
with a step size of 0.01�.

RESULTS AND DISCUSSION

Microstructure and Orientation of Au-LNO
Films

The microstructures of Au-LNO films deposited
on different substrates were examined by SEM, as
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shown in Fig. 1. In all cases, minor changes in grain
size were observed for the films deposited on
different substrates. Grain sizes in the films showed
a homogeneous distribution when the white grains
were excluded. Thus, strain had minimal effect on
the grain growth of LNO in the current case. Cross-
sectional observations showed that compact films
with a thickness of 150 nm formed, and no micro-
cracks or hillocks were identified. Thus, the intro-
duction of Au promoted crystallization of LNO films
and facilitated growth of columnar structures.

The distribution of Au in the films was examined
by STEM to understand its effect on the crystal-
lization of the LNO films. Both La and Ni were
homogenously distributed throughout the films, and
the white grains dispersed in the films were con-
firmed to be Au (Fig. 2). The grain size of the LNO
matrix was generally uniform, with an average
value of � 45 nm. Conversely, the secondary phase
(Au) was classified into two categories, i.e., large Au
grains that mainly existed at LNO grain boundaries
and small Au grains within LNO grains, as shown
in Fig. 2e and f, respectively. We propose that the
difference in grain sizes was determined by their
crystallization processes. These two types of Au
grains have different effects on the grain growth of
the Au-LNO composite films and consequently, on
their electrical properties. Smaller Au grains
(� 10 nm) grew before the annealing process and
provided nucleation sites that promoted the crys-
tallization of LNO; this effect improved the

crystallinity of the films. Conversely, larger Au
grains (30–40 nm) distributed at the LNO grain
boundaries could form simultaneously with crystal-
lization of LNO grains. Although these Au grains
had negligible effect on the nucleation process of
LNO grains, the Au grains might promote the
formation of conducting pathways.24

Figure 3a shows the XRD patterns of the Au-LNO
films deposited on different substrates. Only peaks
from LaNiO3 and Au were identified, indicating that
the films were well crystallized as a single per-
ovskite phase with no impurity phases except for
Au. The Au-LNO films showed a preferential (110)
orientation because of the introduction of Au,
whereas the (100) peak dominated the diffraction
pattern of the Au-free LNO film (inset of Fig. 3a).
Usually, the preferred orientation of a film strongly
depends on the early stages of nucleation and
growth. The above results confirmed that the pres-
ence of Au affected the crystallization process of
LNO grains. Furthermore, the LNO diffraction
peaks shifted when different substrates were used,
as shown in Fig. 3b and Table I. The peak shift was
attributed to thermal strain caused by the mis-
match between the CTEs of the LNO films and
substrates, defined as ethermal = (af� as)(T2� T1) (in
which af and as are CTEs of the film and the
substrate, T1 is room temperature, and T2 is
annealing temperature). Here, compressive and
tensile strains were exerted on the Au-LNO films
through the use of substrates with appropriate

Fig. 1. Surface morphologies of Au-LNO on (a) MgO, (b) Al2O3, and (c) Si substrates, and (d) corresponding cross-sectional structure of an Au-
LNO film deposited on Si.
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Fig. 2. (a) STEM surface morphology of an Au-LNO thin film on Si substrate. Element mapping of (b) La, (c) Ni, and (d) Au. HRTEM images of an
Au-LNO film showing (e) a large Au particle at an LNO grain boundary and (f) a small Au particle in an LNO grain.

Fig. 3. (a) XRD patterns of Au-LNO films on Si, Al2O3, and MgO substrates and (b) enlarged view of the region from 31� to 35�. The inset shows
the XRD patterns of Au-free LNO films on the same substrates.

Table I. Lattice parameters of the Au-LNO films on different substrates

Substrate MgO Al2O3 Si

Theoretical thermal strain �0.29% 0.077% 0.357%
Orientation (110) (110) (110)
a^ (Å)a 3.849 (3.843) 3.832 (3.828) 3.829 (3.823)
ai (Å)b 3.835 (�0.13%) 3.844 (0.10%) 3.846 (0.16%)

aValues in parentheses are out-of-plane lattice constants of Au-free LNO films on the same substrate. bIn-plane lattice constants were
obtained based on the constant unit cell volume model, and the values in parentheses are the in-plane strain based on the change in lattice
constant [d = (ai� ab)/ab, where ab is the lattice constant of bulk LNO].
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CTEs. The Au grains in the LNO films did not
release strain, despite the differences of the CTEs
and Young’s moduli of Au and LNO. Thus, Au had a
minor effect on the magnitude of thermal strain
within the films.

Electrical Properties of Au-LNO Films

Figure 4a shows the room-temperature resistivity
of Au-LNO films under different strain. For com-
parison, the resistivity of Au-free LNO films in the
same strain states is also presented. As expected,
the resistivity of the LNO films increased when the
strain state changed from compressive to tensile,
consistent with tendencies observed in other
work.25 However, unlike that of the Au-free LNO
films, the resistivity of the Au-LNO films was

independent of the strain state. Thus, introduction
of Au not only decreased the resistivity of the Au-
LNO films but also alleviated the dependence of the
electrical properties on strain. The minimum resis-
tivity of 383 lX cm was achieved for the Au-LNO
film on Si. This value is comparable to that of films
formed by physical vapor deposition. According to
percolation theory, the resistivity of Au-LNO films
on different substrates can also be calculated using
Eq. 3, as shown in Fig. 4.

lg qAu�LNO ¼ ð1 � VAuÞ lg qLNO þ VAu lg qAu ð3Þ

From Fig. 4 and Table II, the calculated resistiv-
ity of the Au-LNO films was higher than that
obtained experimentally. The difference between

Fig. 4. (a) Resistivity of Au-LNO composite films on different substrates, (b) q � T curve of LNO and Au-LNO films on Si substrates (every fifth
data point is shown for clarity) and (c)–(f) linear (q�T) and non-linear (q�T1.5) fitting results of the q � T curves in (b). Insets show the fitting
errors as a function of temperature.
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the calculated and measured values suggests that
the effect of added Au on the resistivity of LNO films
cannot be simply evaluated as the summation of the
resistivities of Au and LNO. The above analysis
indicates that the presence of Au can lower the
resistivity of LNO by improving its crystallinity
rather than through a simple mixing effect. There-
fore, we concluded that the presence of Au affected
some intrinsic changes in the Ni-O-Ni bond length/
angle or the variation of Ni valence induced by
external strain, which might influence the strength
of Ni-O hybridization.

We measured the transport properties of the LNO
and Au-LNO films under tensile strain to better
understand the effect of Au addition on film char-
acteristics. From the resistivity�temperature (q �
T) curves in Fig. 4b, the metal–insulator transition
(MIT) temperature decreased from 25 K for the
LNO films to 14 K for the Au-LNO films, indicating
strengthening of Ni-O hybridization upon Au intro-
duction. Moreover, in the metallic region (120–
300 K), a linear relationship between q and T was
observed for the LNO films, which indicates that
electron–phonon scattering dominates the transport
process (as shown in Figs. 4c and d). In contrast, a
large deviation was observed when the curve for the
Au-LNO films was linearly fitted, as shown in
Fig. 4e. Instead, the resistivity was well fitted by
non-linear fitting with a T1.5 dependence. The new
scattering behavior cannot be simply attributed to
the combined effects of electron–electron scattering
and electron–phonon scattering. Thus, the scatter-
ing mechanism is unlike Fermi liquid behavior. The
deviation of Fermi liquid theory in the present case
reflects changes induced by the introduction of Au,
ruling out the effects of strain. Namely, the devia-
tion may originate from changes in the stoichiom-
etry of the LNO films (related to defects such as
oxygen vacancies or cation deficiency).16,26 Nonlin-
ear behavior has been observed for single-crys-
talline LaNiO3, which has been attributed to its
intrinsic quantum behavior.27 A transition from
linear to nonlinear behavior was observed and was
associated with the oxygen stoichiometry; a smaller
amount of oxygen vacancies favored a T1.5 depen-
dence of the resistivity.28 In the present work, the
Ni/La ratio was accurately controlled at the atomic

level. No volatilization of elements should be
expected at the current annealing temperature;
therefore, our films were stoichiometric in terms of
cations. Thus, the deviation of the transport behav-
ior is likely caused by a decrease in the density of
oxygen vacancies in the Au-LNO films compared
with that in the LNO films.

Microstrain Analysis of Au-LNO Films

For polycrystalline films, normally, two effects are
expected under biaxial external strain: first,
changes of the peak positions and lattice constants
are directly influenced by macrostrain, as discussed
above. Second, widening of diffraction peaks
induced by microstrain is closely related to the
formation of defects in the bulk of the films.29 Direct
changes of the lattice constants affect the Ni-O-Ni
bond angle and length, whereas changes in the
defect density cause variation of the element
valence and Ni-O-Ni bond parameters. The effects
of macrostrain dominate epitaxial LNO films and
change their resistivity in different strain states.8,10

For polycrystalline LNO and Au-LNO films, differ-
ent trends were observed for resistivity with vary-
ing strain states, although the effect of Au on
macrostrain was negligible. Therefore, the effects of
microstrain on the resistivity should be emphasized.

To clearly understand the relationship between
the strain and electrical properties of Au-LNO films,
the XRD peaks of each film were further analyzed.
The average grain size and microstrain of the films
were calculated from the XRD measurements using
the William–Hall (Eq. 1) and Klug–Alexander
(Eq. 2) methods. The validity of these methods was
confirmed by comparing the calculated grain size
with that obtained from SEM to STEM results. The
microstrain in the LNO films increased sharply
when the thermal strain state changed from com-
pressive to tensile (Fig. 5a). However, little change
was observed in the microstrain of the Au-LNO
films when the strain state changes were almost the
same as those in the LNO films, as shown in Fig. 5b.
Thus, microstrain is independent of the external
strain in Au-LNO films, which coincides with the
observed lack of change in resistivity.

Table II. Room-temperature resistivity of LNO and Au-LNO films on different substrates

Substrate qLNO (exp.) (lX cm) qAu-LNO (exp.) (lX cm) (qAu-LNO-qLNO)/qLNO (%) qAu-LNO (cal.)a (lX cm)

MgO 541 375 –30.5 474.2
Al2O3 720 439 –39.1 628.1
Si 862 383 –55.6 748.2

aVolume and resistivity of Au in Eq. 3 are taken as VAu% = 2.36% and qAu = 2.24 lX.cm, and values of qLNO in Eq. 3 are taken as the
values of Au-free LNO films on the same substrate as Au-LNO films.
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Chemical Composition of Au-LNO Films

High-valence Ni3+ is thermodynamically unsta-
ble; thus, the formation of oxygen vacancies is
relatively easy. This type of defect dominates in
LNO films and has a close relationship with the film
strain state.18 Therefore, the microstrain in LNO
films is more closely related to the concentration of
oxygen vacancies than cation deficiency. Figure 6a
shows a depth profile of the element ratio in the
films measured by XPS. The Ni-to-La cation ratio
remained constant, consistent with the theoretical

value of the films. The O1 s peak (Fig. 6b) could be
fitted by three peaks, indicating three oxygen states
in the Au-LNO films. The peak at 532.4 eV (OI) was
associated with adsorbed oxygen in the films, which
mainly existed on the film surfaces. The amount of
adsorbed oxygen increased from the interior to the
surface of the film, accounting for the large devia-
tion of oxygen stoichiometry in Fig. 6a. The peak at
528.9 eV (OII) was attributed to lattice oxygen in the
film, and oxygen vacancies contributed to the third
peak at 531.5 eV (OIII).

30 The relative density of

Fig. 5. Microstrain in LNO and Au-LNO films under tensile and compressive strain (D: grain size, e: microstrain strain, bi= bcosh/k, Si= 2sinh/k,
Pi= b2/tg2h, Qi= kb/tghsinh). Analyses based on (a) the William–Hall method and (b) an alternative method proposed by Klug and Alexander.

Fig. 6. XPS analysis of LNO and Au-LNO films. (a) Depth profile of the atomic ratio between La, Ni, and O in Au-LNO films on Si substrates. (b)
O1 s spectra of Au-LNO films before and after Ar+ etching. (c) and (d) O1 s spectra of Au-LNO films in different strain states (to avoid the effects
of contamination from the air, the films were etched by Ar+ for 300 s in the vacuum chamber).
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oxygen vacancies was estimated from the relative
intensity ratio of the peaks (RIR = OIII/OII). Accord-
ing to our previous work, the concentration of
oxygen vacancies in LNO films under tensile strain
was greater than that under compressive strain,
which in turn had a strong effect on the electrical
properties of LNO films.14 However, Fig. 6c and d
reveal that the density of oxygen vacancies
remained almost constant in Au-LNO films under
both tensile and compressive strain. Therefore,
tensile strain does not result in the formation of
more oxygen vacancies, in contrast to the case for
Au-free LNO films. This result accounts for the
strain-independent resistivity of the Au-LNO films.

Consequently, the existence of microstrain rather
than macrostrain is a decisive factor for the electri-
cal properties of polycrystalline LNO films, unlike
the case for epitaxial LNO films, where macrostrain
dominates. The variation of microstrain in polycrys-
talline LNO films is attributed to change of oxygen
vacancy concentration. The introduction of Au
effectively decreases the density of oxygen vacancies
by improving the crystallinity of the films and
stabilizes the concentration of oxygen vacancies in
the LNO films under different external strains. This
effect is responsible for the minor change in the
resistivities of Au-LNO films.

CONCLUSIONS

We prepared (110)-oriented Au-LaNiO3�d com-
posite films on different substrates by a sol–gel
method. The effects of external strain on the
electrical properties of the films were then investi-
gated by using substrates with different mis-
matches between the CTEs of the films and
substrates. The presence of Au had a more pro-
nounced effect on the electrical properties of the
LNO films than that expected by a simple combi-
nation of the properties of the two constituent
phases. The introduction of Au decreased the resis-
tivity of LNO films and also alleviated the depen-
dence of their electrical properties on the strain
state. The room-temperature resistivity of the Au-
LNO films was strain-independent, unlike that of
Au-free LNO films.

For polycrystalline LNO films, microstrain rather
than macrostrain in the films was the decisive factor
determining their electrical properties. The varia-
tion of microstrain in the composite Au-LNO films
remained almost constant, consistent with their
changes in resistivity under different external
strains. The microstrain was closely related to
oxygen vacancy density, which affected the electri-
cal properties of the films. The introduced Au acted
as nuclei seeds and promoted crystallization of the
films, which decreased the number of oxygen vacan-
cies and stabilized their concentration under differ-
ent external strains. This consequently weakened
the strain dependence of the room-temperature
resistivity of the LNO films.
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