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ABSTRACT

The discovery of strontium niobate (SNO) as a potentially new transparent electrode has generated much interest due to its implications in
various optoelectronic devices. Pristine SNO exhibits exceptionally low resistivity (∼10−4Ω cm) at room temperature. However, this low
resistivity occurs due to large number of carrier concentration in the system, which significantly affects its optical transparency (∼40%) in
the visible range and hinders its practical applications as a transparent electrode. Here, we show that modulating the growth kinetics via
oxygen manipulation is a feasible approach to achieve the desired optoelectronic properties. In particular, epitaxial (001) SNO thin films are
grown on (001) lanthanum aluminate by pulsed laser deposition at different oxygen partial pressures and are shown to improve the optical
transparency from 40% to 72% (λ = 550 nm) at a marginal cost of electrical resistivity from 2.8 to 8.1 × 10−4Ω cm. These changes are
directly linked with the multi-valence Nb-states, as evidenced by x-ray photoelectron spectroscopy. Furthermore, the defect-engineered SNO
films exhibit multiple electronic phases that include pure metallic, coexisting metal-semiconducting-like, and pure semiconducting-like
phases as evidenced by low-temperature electrical transport measurements. The intriguing metal-semiconducting coexisting phase is thor-
oughly analyzed using both perpendicular and angle-dependent magnetoresistance measurements, further supported by a density functional
theory-based first-principles study and the observed feature is explained by the quantum correction to the conductivity. Overall, this study
shows an exciting avenue for altering the optical and transport properties of SNO epitaxial thin films for their practical use as a next-genera-
tion transparent electrode.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0179267

I. INTRODUCTION

Transition metal oxides (TMOs) occupy a central role in the
worldwide demand for electronic devices. They exhibit a wide
range of functionality owing to their tunability to suit different
kinds of applications. Among a plethora of TMOs that are
explored,1–7 strontium niobate (SNO) has gained much attention

due to its practical applications such as strong photocatalytic activ-
ity,1 large magnetoresistance,8,9 and ferroelectricity.10 It is also used
to fabricate new generation plasmonic devices11–15 and prepare
transparent electrodes.3,11,12,16,17 SNO in its bulk form is a wide
band gap insulator (Eg∼ 4.1 eV) having an orthorhombic structure
(a = 4.05 Å, b = 27.72 Å, c = 5.78 Å) with a chemical composition of
SrNbO3.5. However, epitaxial thin films of SNO, mostly grown by
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pulsed laser deposition (PLD),11,13,15,16,18,19 typically synthesize in a
tetragonal phase with a composition of SrNbO3 on various closely
matched substrates. These thin films reportedly show good elec-
tronic properties due to a large number of free electron carrier con-
centrations arising mainly from oxygen vacancies and charge state
of Nb, via manipulation of ambient oxygen partial pressure (pO2)
and deposition temperature during the growth process. For
example, Wan et al.16 as well as Oka et al.20 reported the resistivi-
ties of such PLD grown epitaxial thin films ranging from 10 to
28 μΩ cm and mobility from 2.47–16 cm2 V−1 s−1 depending on
the residual strain that arises from the substrate, pO2, the back-
ground vacuum, and deposition temperature during the thin film
growth process. Through XPS, Bigi et al.21 have also shown inde-
pendently that Nb is in a 4+ state, which is responsible for the
metallic state in these thin films. It may be noted that Nb has a 5+
state in bulk SNO, which is responsible for its insulating properties,
due to non-availability of 4d free electrons.22 Further, Wan et al.16

also demonstrate that the homogeneous chemical composition of
the ∼100 nm SNO thin films is SrNbOx by O-resonant Rutherford
backscattering spectroscopy (RBS). For metallic films (grown under
pO2 = 10−6 mbar), x is found to be ∼3, while for insulating films
(grown under pO2 = 10−4 mbar) x is found to be ∼3.5. Due to the
pristine growth condition in background vacuum (10−7–
10−8 mbar), no other elemental impurities are observed. The theo-
retical calculations performed in the same report for different O
stoichiometry also demonstrate a metal to insulator transition
when x changes from 3 to 3.5.

Another interesting property of SrNbO3 is its high bandgap
(∼4.1–4.9 eV),11,23 which makes it ideal to use it in transparent
conducting oxides (TCOs). However, due to the high amount of
free carrier concentration (∼1022 cm−3), a significant contribution
of free carrier absorption (FCA) is encountered in the visible
region, which makes it highly absorbing in the visible region. So, to
make a SNO as a visible transparent electrode, it is necessary to
reduce the FCA. One way to do this is by reducing the carrier con-
centration to significantly minimize the FCA, which increases the
transparency. This can be done by changing the stoichiometry of O
in SNO, which increases the oxidation state of Nb from 4+ to 5+
and decreases the amount of free electron in the system. This
approach has been applied theoretically by Khan et al.24 and exper-
imentally by Asmara et al.25 where the reduction in carrier concen-
tration is shown to have an increase in the transparency by the
modulation of O content in SNO. However, as Wan et al.16 and Di
Pietro et al.26 have observed that such an increase in the O content
increases the resistivity drastically, and thus hinders its potential in
TCOs. Previous studies on such a metal–insulator or metal–semi-
conductor transition have either been studied as a function of
thickness,27,28 growth temperature,29 or as a function of doping30,31

in TMOs. However, the mechanism behind such a transition due
to the influence of O is poorly understood and needs to be consid-
ered carefully for successfully designing the next-generation
devices. Thus, it becomes mandatory to understand the effect of O
manipulation on the electronic properties and understand the
cause of the underlying mechanism behind such a transition
experimentally.

In the present study, we therefore study and report the inter-
dependence of structural, electronic, and magnetic properties of

epitaxial (001) SNO thin films, grown on (001) LaAlO3 (LAO)
using PLD under different pO2 ranging from 10−6 to 5 × 10−5mbar
to understand the influence of structural changes, viz., oxygen con-
centration on the structural, chemical, optical, electronic properties
of strontium niobate. The growth pressure during thin film deposi-
tion determines the stoichiometry of strontium niobate and the
composition of O in SNO can change from ∼3 to 3.5. This, in
effect, changes the nature of the resistivity curves which have differ-
ent behavior at low temperatures. This phenomenon is generally
seen in strongly correlated oxides such as SrVO3

32 and SrMoO3
28

and the underlying mechanism has been explained by the quantum
correction to the conductivity (QCC). The QCC, in turn, has con-
tribution from two components, weak localization (WL) or renor-
malized electron–electron interaction (REEI). The dominance of
REEI and WL within QCC can be distinguished using the magne-
toresistance (MR) measurement, which shows a significant change
with pO2. Furthermore, due to the residual strain present in these
films, angle-dependent magnetoresistance measurement is carried
out and is shown to reveal interesting properties. To corroborate
the metal–insulator transition of SNO, first-principles based
density functional theory is performed on different stoichiometries
of SNO, namely, SrNbO3 and SrNbO3.5. The electronic behavior of
SrNbO3 and SrNbO3.5 is then understood by the combined studies
of the density of states and Bader charge analysis. The above
studies prove the versatility of strontium niobate as a fantastic
material, which can be modulated easily by different growth condi-
tions, to be suitable for different applications of choice.

II. METHODS

A. Experimental details

Single phase Sr2Nb2O7 powder is synthesized by the solid-
state reactions of SrCO3 (Alfa Aesar, 99.99%) and Nb2O5 (Alfa
Aesar, 99.9985%) powder after making their mixture in a proper
molar ratio (2:1). They are hand ground using a mortar and pastel
for 1 h and calcined at 1100 °C for 48h with intermediary ground-
ing in every 24h. The desired purity of the powder is confirmed by
x-ray diffraction, after which the powder is compressed to a pellet
of 1 in. in diameter using a hydraulic press. The pellet is then sin-
tered for 24h at 1350 °C and used as a target material. The SrNbO3

thin films are deposited on LaAlO3 (001) substrates (MTI, USA)
via PLD (Neocera, USA) using a Coherent Excimer KrF ultraviolet
laser (Coherent GmbH, Germany) of the wavelength of 248 nm
with a laser energy density of 1.2 J/cm2. The LAO substrates are
first cleaned with isopropyl alcohol, then de-ionized water, and
finally with acetone, before loading into the PLD chamber. For
each sample, the deposition process starts when the base vacuum
pressure reaches ∼2 × 10−7 mbar, through a turbo molecular pump
along with a dry backing pump (make-Pfeiffer, Germany) to elimi-
nate the possible presence of any residual contaminants, such as
organics, water vapor, hydroxides, etc. To start deposition, the
oxygen partial pressure is set by a mass flow controller. The three
films studied in this manuscript are deposited for 20 min at three
partial pressures of O2, namely, 1 × 10−6, 10−5, and 5 × 10−5 mbar
by providing a gas flow of 0, 0.65, and 1.5 SCCM, respectively
(henceforth samples S1, S2, and S3). The distance of the target to
substrate is kept fixed at 6 cm for all cases. The samples are thus
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heated to 750 °C and a laser repetition rate of 2 Hz to enable best
crystalline quality thin films. The samples are thus cooled down to
room temperatures under the same pO2 flow before taking it out of
the vacuum chamber.

The structural properties of the thin films as a function of pO2

are studied by high-resolution x-ray diffraction (HR-XRD)
(D8-Advance, Bruker, Germany). The surface morphology is
studied by atomic force microscopy (AFM) (Park XE-7, South
Korea). The elemental analysis is performed with the help of a field
emission scanning electron microscope (FESEM) (JEOL JSM 7600
Plus). The thickness of the thin films is determined ex situ using
variable angle spectroscopic ellipsometry (VASE) (M-2000-UI, J. A.
Woollam, USA) and Rutherford backscattering (RBS). High-resolution
x-ray photoemission spectroscopy (HR-XPS) verifies constitu-
ents, the changes to the charge states of the thin films, and the
binding energies of the samples. The XPS studies are performed
using a PHI 5000 Versa probe III XPS system equipped with
monochromatic Al-Kα radiation. The XPS data are analyzed
using CasaXPS software. Electronic and magnetic properties are
studied using a physical property measurement system (PPMS)
(Quantum Design, USA).

B. Computational details

DFT based simulations are carried out on two structures of
strontium niobate, namely, SrNbO3.5 with Cmc21 space group, and
SrNbO3 with Pm�3m space group using the Vienna ab initio simu-
lation package (VASP)33 to determine the atomic and electronic
structures of SNO. The projector-augmented-wavefunction
(PAW)33,34 approach along with Perdew–Burke–Ernzerhof (PBE)35

exchange correlation and an effective Hubbard potential, for the
DFT + U approach as suggested by Dudarev et al.36 is applied to
treat the Nb 4d orbitals occupied by the Nb4+ ions present for
SNO, the value of which is set at 4 eV. The orbitals chosen for the
valence states of Sr, Nb, and O are 4s4p5s, 4p5s4d, and O2s2p,
respectively. The cut-off energy for the plane-wave basis set is fixed
to 1.5 times the maximum energy cut-off for O, i.e., 600 eV. The
reciprocal space is sampled on a Gamma-centered mesh with a
k-point resolution of 0.02 Å. For the electronic self-consistent cal-
culations, the convergence criterion is set to be 10−6 eV. The struc-
tural relaxation is done on both atomic and lattice positions till the
Hellman–Feynman forces on each atom are less than 10−2 eV/Å.

III. RESULTS

A. Structural properties

The thickness of the samples obtained through VASE is found
to be 84, 75, and 70 nm for S1, S2, and S3, respectively [Figs. SI-1(a)
and 1(b) in the supplementary material] giving an effective deposi-
tion rate of 4.2, 3.75, and 3.5 nm/min for 10−6, 10−5, and
5 × 10−5 mbar, respectively. The thickness of the thin films is also
confirmed independently by RBS (Fig. SI-2 in the supplementary
material). These film deposition rates (340–300 monolayer/minute)
on the substrates are much higher than the formation of oxygen
layer, which varies in the range of 6–12 monolayers per minute.

The HR-XRD patterns of all these three thin films, namely,
S1, S2, and S3 deposited in different oxygen partial pressures for a

constant growth temperature of 750 °C on a pseudocubic LAO
(001) substrate are shown in Fig. 1(a). In all these cases, only the
(001) family of peaks originating from both film and substrate are
observed. For clarity, only the (002) SNO film peak along with
the (002) LAO substrate peak is shown for each pattern since
these (002) peaks have the highest intensities. As only the (001)
family of peaks are observed, it can be inferred that the films are
oriented along the (001) direction of the substrate. Moreover, it is
clearly seen from these patterns that with increasing pO2, the
(002) SNO peaks is shifting toward higher 2θ angles indicating
the contraction of out-of-plane lattice parameter (c). The experi-
mental c values are ∼4.1, 4.08, and 4.07 Å for S1, S2, and S3,
respectively. Wan et al.16 also found the same c of 4.1 Å for
sample conditions of S1. It may be noted that the lattice parame-
ter of LAO is 3.79 Å.

The in-plane XRD are also performed in all these samples,
and almost similar patterns are observed in all the cases. A repre-
sentative spectrum (sample S1) is shown in the inset of Fig. 1(a).
The in-plane lattice parameters are found to be same in all cases
and the value is a = 4.02 Å. As there is a large lattice mismatch
between the substrate (a = 3.79 Å) and the film, it is expected that
the in-plane lattice parameter of the film should be close to 3.79 Å,
due to compressive strain. But the same in-plane lattice parameter
of 4.02 Å implies that all the films are already relaxed at the thick-
ness of ∼70 nm. A similar behavior for SNO films on LAO is
obtained by Wan et al.,16 in which the in-plane lattice parameter
for all their samples deposited in the same pressure range used in
the present study is found to be ∼4.04 Å, which is very close to the
present experimental value.

Figure 1(b) shows the phi scan of an asymmetric plane (103)
for all the samples. It is clearly seen from the figure that all the
films have a fourfold symmetry along the in-plane direction, indi-
cating a cubic structure in the in-plane direction. Together, with all
these results and the difference in a and c lattice parameters dem-
onstrate that all the films are distorted cubic or tetragonal struc-
tures in nature.

The surface morphology of these films is studied with the help
of FESEM. For representative purpose only, the results obtained
from the sample S1 is shown in Fig. 2 as the results are similar in
other two samples. Figure 2(a) shows the FESEM image of the
SNO thin film deposited on the LAO substrate. Figure 2(a) shows
the absence of any grain boundaries, droplet, or any spurious
phases that might get introduced during the PLD growth
process.37,38 From the elemental mapping data of Nb, Sr, and O,
combined with energy dispersive x-ray analysis (EDX) data
(Fig. SI-3 in the supplementary material), it is clear that Sr and Nb
have the same stoichiometric ratio of 1:1. Since the underlying sub-
strate is LAO, the O contribution in the EDX data comes from
both the thin film and the substrate. As a result of this, the exact
determination of O in the film remains challenging. However, as
films are distorted cubic or tetragonal in nature (as confirmed
by XRD analysis), the composition of this film should be then
SrNbO3±δ, which is also independently confirmed by RBS analysis.
A typical RBS spectrum along with a fitted one is shown in
Fig. SI-3 in the supplementary material. As mentioned earlier, the
other stable phase of SNO is orthorhombic in nature16 whose com-
position is SrNbO3.5 and this phase is normally formed around
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1 × 10−4 mbar, which is much higher than pO2 used in the present
study. The surface morphology is further studied by AFM and is
shown in Fig. 2(b). The surface of each sample scanned over the
randomly selected areas is featureless and quite uniform with no

visible grains, pits, or deformities. The typical root mean square
roughness for the surface for each film is found to be ∼0.2 nm,
which is very good considering the underlying surface on which
the film has grown has an average roughness of 0.4 nm.

FIG. 1. (a) HR-XRD spectra of out-of-plane SNO (002) on LAO (001) substrates. Inset shows the in-plane XRD spectrum for (002) peak of SNO of sample S1 (b) f-scan
of (103) planes of SNO shows four peaks separated by 90° that is indicative of tetragonal symmetry along the out-of-plane direction. It confirms the perovskite type tetrago-
nal phase nature of the film. The black phi scan peaks in (b) correspond to the LAO (001) substrate.

FIG. 2. (a) FESEM image and (b) AFM image of SNO thin films confirming the absence of any spurious phase, grain boundary, pits, or deformities.
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B. Chemical properties

To understand the influence of pO2 on the binding energy
and elemental charge state of SNO, x-ray photoelectron spectro-
scopy (XPS) is carried out for samples S1 and S2 and is displayed
in Fig. 3. The instrument is pre-calibrated using an Au-sputtered
film as the reference sample, as it does not oxidize easily. The
energy calibration is done by determining the 4f7/2 peak position
and comparing with the standard value of 83.96 eV. For determin-
ing the accurate binding energy, the experimental data obtained
from these samples are calibrated by using the C 1 s peak of C–C/
C–H complex at 289.58 eV, as prescribed by Greczynski et al.39,40

where the work function (f) of SNO is considered to be 2.0 eV.41

The recorded Nb-3d spectra for S1 and S2 are carefully ana-
lyzed, and the deconvoluted peaks are presented in Figs. 3(c)
and 3(d), respectively. Two spin-split peaks at ∼290.7 and 207 cor-
respond to the 3d5/2 and 3d3/2 states of Nb42,43 at in its formal
chemical state of +5. The deconvolution of those two peaks is done
by considering a constant full width half maximum (FWHM), and
the area is kept constant at 3:2. On the lower binding energy side
(around 205 eV), the 3d5/2 state is asymmetric, indicating the need
for incorporating at least another chemical state of Nb in the fitting
model.42,43 The fitting method reveals two additional components
at ∼205.9 and 208.5 eV [inset of Figs. 3(a) and 3(b)], corresponding
to the 3d5/2 and 3d3/2 states with a +4 charge.42,43 The complete
details about the fitting are given in Table I. This contribution of
Nb4+ in S1 is comparable to the PLD grown highly metallic SNO
thin films obtained by Bigi et al.21 The change in the contribution
of Nb4+ implies a change in the number of free carriers in
the system, as it is known that Nb changes its valency from 5 + to
4+ by donating a free electron to the system. The cumulative con-
tribution of the +4 charge state is 10.5% for S1 and it decreases to

2.9% for S2. This change in the free electron concentration has a
significant effect on the optical and electronic transport properties,
which are discussed in Sec. III C.

C. Optical and electronic properties

The optical transmission spectra of the SNO films formed on
LAO at different pO2 are displayed in Fig. 4(a). In the visible range
at 550 nm, the sample S1 had an average transparency of about
40%. Additionally, the sample exhibits a significant infrared
absorption, which suggests a strong metallic nature. As the growth
pO2 is increased, transparency also increases that gives a maximum
transparency of ∼72% for sample S3. Inspite of this large change in
the transparency, the bandgap of the material remains same at
∼4 eV for all the three samples (see Fig. SI-4 in the supplementary
material for absorbance data and Tauc’s plot for the indirect
bandgap). The increase in the transparency due to varying O com-
position in SNO can be understood from the term plasmon fre-
quency. From the simplistic Drude model, the transparency of any
material is dependent on the term plasmon frequency (ωp) which

is related to the carrier concentration as ωp �
ffiffiffiffiffiffiffiffiffiffi

n/m*
p

17 (n: carrier
concentration, m*: effective mass). Any light which has angular fre-
quency greater than ωp of the material is transparent whereas any
light with a smaller energy than ωp is reflected back or absorbed
and thus does not pass though the material. The measured ωp for
SrNbO3 is ∼1.9–2.0 eV, which lies within the frequency range of
visible light (1.75–3.10 eV). By modulating the content of O within
SNO, and decreasing the overall carrier concentration within the
system, Asmara et al.25 have shown that ωp shifts to the lower edge
of the visible spectrum as the growth pO2 is increased. ωp in
Ref. 25 is found to vary from 1.9 to 1.7 eV as pO2 is changed from

FIG. 3. Core-level x-ray photoemission spectra for Nb 3d thin films of SNO for (a) S1 and (b) S2. Inset in each figure shows the contribution of Nb4+ in each case.
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∼10−6 to ∼10−5 mbar, which is closer to pO2 used in the present
study. The role of O on the shift in ωp is confirmed independently
by Khan et al.,24 where a change in the composition from SrNbO3

to Sr5Nb5O17 decreases the absorbance in the visible region and
thus increases the transparency.

The electrical and Hall transport measurements are performed
using a PPMS with the standard van der Pauw geometry. Figure 4(b)
represents the resistivity as a function of the temperature. The resis-
tivity of the samples increases from ∼2.8 to 8.1 × 10−4Ω cm at the
room temperature as pO2 is varied from 10−6 to 5 × 10−5 mbar. This
is expected since the resistivity depends on the free carriers in the
system and as seen from XPS, the contribution of Nb4+ decreases as

the growth pO2 increases. This decreases the amount of free carriers
in the system as which is shown in Fig. 4(c) represents the carrier con-
centration. As evident from Fig. 4(c), the free electron density for S1
reaches ∼1022 cm−3 at room temperature and it decreases to
9 × 1021 cm−3 in te case of S2 and 5 × 1021 cm−3 for S3. The mobility
of the samples shown in Fig. 4(d) on the other hand does not vary
much among the samples and is highest for sample S1 at
3.2 cm2 V−1 s−1. On the other hand, for S2 and S3, the mobility
is found to be ∼1.2 and 2.1 cm2V−1 s−1 at the room temperature
[Fig. 4(d)]. This reveals that the resistivity, and thus the charge carrier
concentration and their mobility also depend slightly on the growth
pressure. The mobilities and carrier concentration obtained here

TABLE I. Deconvoluted XPS spectra of Nb-3d, showing the contributions of different charge and spin states.

Sample Charge state

+5/2 +3/2

Peak positions (eV) FWHM Area % Peak positions (eV) FWHM Area % Nb4+/(Nb4++ Nb5+)

S1 +5 207 1.2 53.3 209.7 1.2 36.2 10.5%
+4 205.9 1.5 6.3 208.5 1.5 4.2

S2 +5 207 1.2 58.4 209.7 1.2 38.7 2.9%
+4 205.9 1.5 1.7 208.5 1.5 1.2

FIG. 4. (a) Optical transmittance spectra of all the samples showing an increase in the transparency as the growth pO2 is increased. (b) Resistivity–temperature graph for
SNO samples grown at different oxygen partial pressures. (c) Carrier concentration and (d) mobility using Hall measurements for all the samples. (e) The resistivity curve
for sample S1 is fitted using Eq. (2) whereas (f ) S2 and (g) is fitted using Eq. (1). Inset of ( f ) shows the resistivity curve at low temperatures and transition from metal-like
to semiconductor-like feature for sample S2.
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match the previously obtained12,16 results for PLD grown SNO thin
films deposited on LAO, (LaAlO3)0.3-(Sr2AlTaO6)0.7 (LSAT), and
GdScO3 (GSO) substrates, where the mobility varies from 0.1 to
5 cm2V−1 s−1 as a function of growth pO2.

It is seen from Figs. 4(e) 4(f ), and 4(g) all these resistivity–
temperature (ρ–T) curves exhibit different nature at low tempera-
tures. The ρ–T graph for S1 [Fig. 4(e)] shows direct-relationship
with temperature (δρ/δT . 0), decreasing as the temperature

FIG. 5. (a) Schematic of the magnetotransport measurement configuration. MR of sample (b) S2 (c) S3, and (d) Maximum MR for all samples under the same field grown
at different oxygen partial pressures.

TABLE II. The parameters a1, a2, and B extracted by fitting samples S1, S2, and
S3 using the respective fitting equations mentioned above.

Sample σ0 (S cm
−1) a1 a2 B QCC

S1 3968.25 … … 4.51 × 10−10 No
S2 1600.85 1.83 4.84 1.93 × 10−10 Yes
S3 1060.01 3.19 8.15 1.22 × 10−9 Yes
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decreases justifying its metallic character. However, in sample S2
[Fig. 4(f )], two features are noted. Initially, ρ is shown to have
the same metallic character as S1, however, an upturn in
resistivity curve is observed at ∼10 K, changing its metallic-like fea-
tures to a semiconducting-like character (δρ/δT , 0) [see the inset
of Fig. 4(f )]. In contrast, sample S3 [Fig. 4(g)] exhibits purely
semiconductor-like behavior throughout the whole temperature
range. A comparative zoomed-in curve of S1 and S2 is shown in
Fig. SI-5 in the supplementary material, to show the different
behavior of the resistivity curve for the two samples at low temper-
atures. The upturn in the resistivity curves is explained by the
quantum correction to the conductivity (QCC). For sample S2 and
S3, the data given in Figs. 4(f ) and 4(g) are fitted using the QCC in
the 3D limit, given by28,29,44

ρ(T) ¼ 1
σ0 þ a1T p/2 þ a2T1/2

þ BT2 : (1)

Here, σ0 is the residual conductivity which is present due to the
presence of imperfections in the crystal. The term a1T

p/2 represents
the contribution from the WL term, where p = 2 for electron–elec-
tron interaction and p = 3 for electron–phonon interaction. The
term a2T

1/2 represents the contribution from the REEI and BT2

term is the Boltzmann term that accounts for the classical low-
temperature behavior of the resistivity and Matthiessen rule to
hold.44

WL arises from the self-interference of the wave packets as
they are backscattered by the impurities or other defects. This self-
interference leads to an enhancement of the resistivity. REEI occurs
due to the renormalization of the effective electron–electron inter-
actions and resulting modifications of the density of states at Fermi

energy.44,45 By applying a magnetic field, the WL term can be sup-
pressed, since the field destroys the wave coherence, and thus, the
self-interference, as a result of which negative magnetoresistance
can be obtained.44,45 In the case of REEI, the field splits the spin of
the electrons and due to orbital effects the resistance of the sample
increases with an increase in the magnetic field.44,45 It must also be
mentioned here that when there is no contribution from WL and
REEI (i.e., a1 = a2 = 0), the equation simply is the Boltzmann con-
ductivity formula

ρ(T) ¼ ρ0 þ BT2: (2)

For sample S1, the fitting is done by Eq. (2) [dashed lines,
Fig. 4(e)]. The fitting for sample S2 and S3 shown in Figs. 4(f )
and 4(g) is performed by Eq. (1) (dashed lines). The fitted parame-
ters obtained from all these fittings are given in Table II.

It is seen from Table II that a2 > a1 which implies that REEI is
the dominant part within the QCC and is responsible for the
upturn of resistivity in samples S2 and S3, whereas sample S1
shows no QCC effect. To further verify the dominance of REEI or
WL on the QCC, MR measurement is performed on sample S2
and S3 to establish the dominance between WL and REEI in the
sample. Figure 5(a) represents the schematic for the MR measure-
ment. A magnetic field is applied in the perpendicular direction to
the current in the sample and resistance is measured. Figures 5(b)
and 5(c) represent the measured magnetoresistance of the samples
S2 and S3. As evident from Figs. 5(b) and 5(c), the MR is positive
in all the cases, indicating that REEI is responsible for the upturn
in resistivity. The MR decreases as the temperature is increased for
both the samples. In the former case, the MR vanishes after 20 K
while in the latter case it vanishes at around 40 K. The maximum

FIG. 6. Anisotropic MR study of the samples (a) S2 and (b) S3. The x axis represents the angle between the applied current and the magnetic field. The inset in (a)
shows that AMR vanishes completely at 100 K for sample S2 while (b) shows AMR at 300 K, which retains the same twofold symmetry albeit with a much lower value.
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values of MR at 2 K and 9 T as a function of growth pressure is
given in Fig. 5(d), indicating that MR can only be observed at inter-
mediate growth pressures (intermediate resistivity) and not in very
high (10−4 mbar; insulator-like) or very low (10−6 mbar; metallic-
like) growth pO2. This type of behavior is seen previously in the
case of LaNiO3 of varying thickness, where very thin (insulator-
like) and very thick (metallic-like) samples does not show any MR,
whereas samples with intermediate thickness (intermediate

resistivity) exhibit MR which arises due to variable range hopping
mechanism (VRH).27 Similarly, SrVO3

32 and SrMoO3
28 exhibit a

MR of 0.14% and 0.4% for the intermediate resistivity range due to
either REEI or VRH.

In addition, as a result of the residual strain in the SNO
films, S2 and S3 exhibit an anisotropic behavior during magneto-
resistance measurement.46,47 This anisotropic MR is obtained
with respect to the angle (f) between the applied current and the

FIG. 7. (a) Structure of perovskite SrNbO3, where Sr is denoted by yellow, Nb by blue, and oxygen by red. (b) Density and partial density of states (DOS and PDOS) for
the perovskite SrNbO3. (c) Structure of SrNbO3.5 and (d) density and partial density of states (DOS and PDOS) for SrNbO3.5.
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magnetic field which varies from 0 to 360°. Figures 6(a) and 6(b)
show the angle-dependent magnetoresistance (AdMR) of samples
S2 and S3.

AdMR is calculated using the following expression:48,49

A ¼ ρ(0)� ρ(f)
ρ(f)

� 100 %, (3)

where ρ(0) and ρ(f) signify the resistivities at the respective angles.
A twofold symmetric signal is observed here, which can be attrib-
uted to the tetragonal magneto-crystalline anisotropy46,50 for both
the samples. It arises due to the strain in the films which are elon-
gated along the c-direction. The compressive strain introduces
an easy and a hard axis in the system. As seen from Figs. 6(a)
and 6(b), the easy axis is along the perpendicular direction (c axis)
since the resistance is lowest at this point and highest along the
in-plane axis (a axis), indicating that hard axis is present along the
in-plane direction. The AMR for sample S2 [Fig. 6(a)] decreases
dramatically as soon as the temperature increases to 100 K but
decreases gradually for sample S3 [Fig. 6(b)], and retains its nature
even at room temperature.

D. Theoretical results

To robustly support the experimental results and demonstrate
to role of oxygen content on the electronic properties, density func-
tional theory-based simulations are performed on two different
stoichiometries of SNO to replicate different environments of
growth: (i) SrNbO3 (Pm�3m space group) and (ii) SrNbO3.5 (Cmc21
space group). The optimized structure and density of states (DOS)
illustrating electronic properties of SrNbO3 and SrNbO3.5 are
depicted in Fig. 7.

SrNbO3 is found to crystallize in cubic structures with a = b
= c = 4.12 Å and α = β = γ = 90° [Fig. 7(a)] and a well-organized
atomic arrangement of Sr, Nb, and O atoms in a perovskite-type
structure, while SrNbO3.5 crystallizes in a orthorhombic phase with
a = 4.05 Å, b = 27.72 Å, c = 5.78 Å and α = β = γ = 90° [Fig. 7(c)]
and a distorted arrangement of compositional atoms. On compar-
ing the electronic properties of both the compounds, it is found
that SrNbO3.5 is an incipient insulator [Fig. 7(d)], whereas
SrNbO3 [Fig. 7(b)] is a metallic system. This transition from an
insulator to metallic phase can be understood by Bader charge
analysis of the central atom, i.e., Nb. The Bader charge analysis
on the Nb ion in each structure provides the information for the
free electron in the system. In the case of SNO3.5 the charge on
Nb is found to be 4.41 �e whereas for SrNbO3 it is calculated as
3.53 �e (see Table ST1 in the supplementary material for full
details), indicating the Nb5+ state in the former case as compared
to Nb4+ state for the latter. This is consistent with the chemical
and electronic data observed in XPS and PPMS measurements,
which reveal that the metallic character of samples can be
explained by the large number of Nb4+ present in the sample. As
the contribution of Nb4+ is decreased (and subsequently Nb5+

contribution increases), an increase in the resistivity is seen.
Overall, both measurements and first-principles simulations eluci-
date that the insulator–metal transition in SNO is dictated by the
influence of O in the system.

IV. CONCLUSION

In conclusion, the influence of O partial pressure in the range
of 1 × 10−6–5 × 10−5 mbar during the growth process on the struc-
tural, chemical, optical, electronic, and magnetoresistive properties
of PLD deposited epitaxial (001) SNO thin films on (001) LAO is
studied. In each case, single phases having tetragonal structures are
observed, arising due to the residual compressive strain imparted
by the substrate. AFM and FESEM data show the uniform distribu-
tion of Sr, Nb, and O over the entire surface without any grains or
phase boundaries. The stoichiometry of the film throughout the
samples confirmed by EDX and RBS is SrNbO3±δ. The room tem-
perature resistivity increases from 2.8 × 10−4 to 8.1 × 10−4Ω -cm as
the pO2 increases. An upturn is seen in the resistivity curves above
1 × 10−6 mbar pO2 or films grown under pO2 of 1 × 10−5 and
5 × 10−5 mbar, which signifies some electronic disorder in the
system. This is consistent with the result of HR-XPS analysis, in
which the Nb5+ charge state is observed throughout the high resis-
tive film, while a significant contribution from Nb4+ is seen in the
low-resistive film. This change of the Nb charge state is also sup-
ported by the present theoretical calculation, in which the
O-content is varied and its influence on the electronic conductivity
is studied. The cause for the upturn in the resistivity is attributed
to the REEI part of QCC. The REEI is further confirmed by the
MR measurement and the highest value of +1.5% is achieved in
sample grown under pO2 of 5 × 10−5 mbar. Moreover, AMR of
0.35% is also observed in this film. All the above studies identify
that SNO is a highly versatile tunable material, in which the opto-
electronic and magnetic properties can be varied just by the manip-
ulation of O during the growth process. The manipulation of SNO
during growth further paves the way to explore and design its
potential in the next-generation of optoelectronic based devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for VASE, AFM, FESEM, RBS,
optical bandgap, and the zoomed-in resistivities of S1 and S2 to shed
light on their behavior at low temperatures. The file also contains the
complete description of composition and thickness obtained by RBS
and Bader charges of all atoms computed from DFT in a tabular form.
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