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Oxygen-Driven Metal-Insulator Transition in SrNbO; Thin
Films Probed by Infrared Spectroscopy
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The occurrence of oxygen-driven metal-insulator-transition (MIT) in SrNbO;
(SNO,) thin films epitaxially grown on (110)-oriented DyScO; has been
reported. SNO films are fabricated by the pulsed laser deposition technique
at different partial O, pressure to vary the oxygen content and their structural,
optical, and transport properties are probed. SNO unit cell has been found
to shrink vertically as the oxygen content increases but keeping the epitaxial
matching with the substrate. The results of Fourier-transform infra-red
spectroscopy show that highly oxygenated SNO samples (i.e., grown at high
oxygen pressure) show distinct optical conductivity behavior with respect

to oxygen deficient films, hence demonstrating the insulating character of
the formers with respect to those fabricated with lower pressure conditions.
Tailoring the optical absorption and conductivity of strontium niobate
epitaxial films across the MIT will favor novel applications of this material.

1. Introduction

The class of perovskite oxides with general composition ABO3, in
which A are either rare-earth or alkali-earth cations, B are transi-
tion metal ions and the anion is oxygen, is attracting more and
more interest due to the wide spread of technologically impor-
tant phenomena which can be displayed."?l Regarding energy
applications, they can be used as catalysts, as high-performance
cathode in various solid oxide fuel cell devices, as electrolyte mate-
rials for proton conductors and many others. Chemical doping of
perovskites through cation substitution is an established strategy
to tailor the functionalities of these compounds.’l However, in

addition to this strategy, the electronic and
magnetic properties of these oxides, as well
as the performance of devices based on
their use, are also extremely sensitive to the
oxygen content in the lattice. For example,
oxygen vacancies acting as shallow donors
can drastically affect the number of con-
ducting electrons and have a significant
role in the catalytic properties of perov-
skites,! while p-doping through hosting
excess oxygen ions in the lattice was dem-
onstrated as an effective way to modulate
the band-filling of 3d valence states,P! and
bias-induced drifting of oxygen ions in/
out of the perovskite modifies significantly
the resistance of memristive devices in the
boundary region among the oxide and the
metal electrode.5]

At variance with the most explored 3d compounds, for the
isostructural perovskites hosting 4d transition metal ions
the more extended 4d electronic states in the B-site provide
larger hybridization with the surrounding oxygen ions and
weaker on-site Coulomb repulsion, thus promoting stronger
metallic behavior and reduced electronic correlation effects.
In particular, strontium niobate StNbO; (SNO, Nb 4d! nom-
inal valence) has recently attracted a lot of interest as a prom-
ising visible-light photocatalysts for water splitting,®% and as
a transparent conductor in the visible and ultraviolet spectra,
which makes it an ideal electrode material for high-performance
UV light emitting diodes and for plasmonics.''"8] Moreover,
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Figure 1. A number of the pseudotetragonal or pseudocubic a-axis lattice
constants of some perovskite functional oxides and substrates that are
available commercially; below, the a-axis lattice parameters of SrRuO3 and
SrNbO; - materials for potential electrodes - are also reported.

while recent progresses in the synthesis of rare-earth scandiate
oxide single-crystals allow the coherent growth of functional
perovskites (e.g., ferroelectrics, multiferroics) characterized by
large lattice parameters,™ the choice of the material for elec-
trodes is mostly confined to the strontium ruthenate SrRuO;,
whose electrical properties, however, are strongly dependent on
substrate induced strain mechanism.'>1l On the contrary, the
large in-plane lattice parameters of SNO indicate it as an ideal
candidate for multi-layered epitaxial heterostructures (Figure 1).
The electronic band structure of oxygen-deficient SNO thin
films was recently probed by angle-resolved photoelectron
spectroscopy (ARPES).I”] SNO films were grown over several
substrates and conditions, showing a strong sensitivity to the
fabrication conditions.!®19 Yet, a key point in optimizing the
functionalities of this material, as well as discovering new ones,
is determining the strict correlation between the structural and
electronic properties.

In this work, we report on the dependence on the oxygen
content of fully strained epitaxial SNO thin films (=15 nm)
grown on (110)-oriented DyScOj; (DSO) substrates™ by pulsed
laser deposition (PLD). The oxygen content of the films was
tuned in the deposition process by fixing the background
oxygen pressure Pp;p(O,) in the PLD system. The structural
characterization by X-ray diffraction (XRD), X-ray reflectivity
(XRR), and high-resolution transmission electron microscopy
(HR-TEM) ensures the quality of the SNO films for the whole
range of Ppp(0,). Since the in-plane atomic arrangement is
constrained by the epitaxial matching with the underlying lat-
tice registry of the substrate, -2l the influence of the oxygen
content on the properties of the SNO films can be determined
independently of other structural effects,’?’l Fourier-transform
infrared (FTIR) spectroscopy measurements highlight the
occurrence of a metal-to-insulator transition (MIT) governed
by varying the oxygen pressure during the growth of the films.
The optical conductivity obtained from the FTIR results make
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this behavior remarkably evident, consistently with previous
optical studies performed in the visible/UV energy range,®1l
that the highly oxygenated films are strongly insulating, while
those fabricated with low oxygen pressure are largely conduc-
tive. The large sensitivity of the SNO films to the modulation
of the oxygen content through the fabrication conditions opens
the perspective for novel applications exploiting the oxygen-
driven MIT of this material, for example, as resistive-switching
random-access-memories (RRAMs) in which the switching
behavior can be manipulated controlling the oxygen content
during the fabrication.?4

2. Structural Characterization

The bulk of single crystal SNO has an orthorhombic crystal
structure (space group Pnma) with lattice constants of
a=0.569 nm, b= 0.570 nm, and ¢ = 0.807 nm.[® Yet, a pseudo-
cubic subunit cell with lattice constants a =0.4023 nm is usu-
ally adopted in which, as other members of the perovskite
oxides family,?%?! the Sr stays at its center and the Nb-ions
at its corner, the latter octahedrally coordinated with the sur-
rounding first-neighbor oxygen ions. Similarly, DyScO; has an
orthorhombic structure (space group Pbnm) with lattice con-
stants of a = 0.54494 nm, b = 0.57263 nm, and ¢ = 0.79132 nm
and a pseudo-cubic sub-unit cell along the (110) direction with
lattice constants of about 0.396 nm. Compared to the growth of
SNO films on other substrates such as LaAlO; and SrTiO;,*101)
for which a partial strain relaxation was observed, coherent
growth is favored by the smaller misfit with the DSO substrate
(i.e., —1.5%), similarly to the case of high-quality SNO films
grown on KTaO3(001).1 Since obtaining the SNO compound
with the perovskite structure is quite difficult,’®°! we have per-
formed a detailed structural characterization in order to identify
the phase, the crystalline quality, and the epitaxial relationship
for the SNO films deposited on DyScO5(110) varying the oxygen
pressure Pp;(O,) in the PLD system from 1072 to 10~* mbar. It
turns out that the SNO films are epitaxially grown on DSO sub-
strates for any deposition oxygen pressure. The SNO in-plane
lattice registry fully matches the DSO substrate, while the SNO
out-of-plane lattice parameters evolves with the oxygen content
toward a progressive increase of the c/a ratio of the pseudo-
cubic unit cell.

In particular, in Figure 2a, we show the main results of
HRTEM characterization of a SNO film fabricated with
Ppip(0;) = 107 mbar. In Figure 2 panel (a), the HRTEM bright-
field cross-sectional image of the film highlights an abrupt,
high-quality, epitaxial interface with the underlying DSO sub-
strate. The structure of the film over the whole image is homo-
geneous, and free of significant defects. No structural differ-
ences were detected among the near-interface region and the
bulk of the film, as well as no traces of spurious phases or segre-
gation of crystalline phases other than SNO. The phase-contrast
variations in the SNO-region are common features in HRTEM
image and they can be a result of specimen preparation. The
panels on the right show fast Fourier transformation (FFT) pat-
terns calculated from the corresponding highlighted regions in
film and substrate, respectively. The diffractogram of SNO can
be safely assigned to a pseudo-cubic perovskite structure. The
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Figure 2. a) Cross-sectional HRTEM image for a SNO film grown on DSO substrate with Pp 5(O,) = 10~ mbar. On the right, FFT patterns for selected
area of the the SNO film (red box, top) and the DSO substrate (green box, bottom), respectively. The regions from which the FFTs were calculated are
indicated in the HRTEM image. b) Reciprocal space map around the (003) SNO symmetric Bragg reflection of a SNO strainless film grown on KTO sub-
strate. c) Representative reciprocal space map around the (103) SNO asymmetric Bragg reflection. d) Evolution of the out-of-plane lattice cell for SNO
films grown under oxygen pressure ranging from 1072 to 107 mbar. The d-spacing values were extracted from the (002) symmetric Bragg reflections.

absence of superstructure reflections indicates that the SNO lat-
tice does not adopt an orthorhombically distorted structure.

In order to disentangle the out-of-plane and the in-plane
structural properties of the SNO films, the crystal structure was
probed by XRD, mapping the reciprocal space region around
symmetrical and asymmetrical Bragg reflections. Figure 2c
shows the map of the (103) asymmetric Bragg reflection for
a film grown at the lowest oxygen pressure. The map was
measured after the alignment of the substrate crystallographic
planes and reported in reciprocal lattice units (r.l.u.). It is worth
to notice that the SNO and DSO diffraction peaks are very well
aligned along the Q, direction, thus proving in-plane matching
of the lattice parameters. The mismatch among the surface
cells of SNO and DSO is about —1.5%, thus epitaxial growth
of the films implies in-plane compressive strain of the SNO
cell. As a consequence, SNO diffraction peak shifts to lower
Q,~ values with respect to the strainless-condition measured in
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SNO films grown on KTaO; (KTO) substrates (Figure 2b). We
obtained similar results for all the investigated samples, inde-
pendently of the oxygen growth pressure, hence the depositing
pressure Pp;p(O;) has little influence on the structural quality
of the SNO films.

The different values of the out-of-plane lattice constant
obtained from the position of the (002) symmetric Bragg reflec-
tions, shown in Figure 2d, shows a progressive increment
from 0.402 nm for the highly oxygenated (i.e., Pprp (O,) = 1072
mbar) to 0.409 nm for the oxygen deficient (i.e., Ppp (O5) =107*
mbar) sample. Reducing Pp;p (O,) thus promotes a slight
tetragonal distortion of the SNO pseudo-cubic unit cell char-
acterized by the ratio c¢/a, where a is the in-plane lattice con-
stant, which varies from 1.016 to 1.033. The elastic deformation
of the unit cell, calculated on the basis of the elastic constants
of SNOI?>26 cannot account by itself for the large expansion of
the films grown at Ppip (O,) = 10 mbar, indicating that the
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Figure 3. X-ray reflectivity (black symbols) of 15-nm-thick SNO film grown on DSO substrate and the correspondent fitting curve (red line). The
oscillatory behavior of the XRR scan at high incident angles is vertically expanded for clarity. Inset panels: (left) typical STM topography image and
(right) LEED pattern of the SNO surface obtained for =50 eV electron kinetic energy. The root-mean-square (RMS) roughness from the STM image is

=0.2 nm, consistent with the RMS value obtained from the XRR analysis.

progressive out-of-plane elongation of the unit cell is likely
favored by the presence of oxygen vacancies. As it has been
observed even for other perovskites, these vacancies stabilize
the epitaxial growth of the films through increasing the out-of-
plane lattice parameter while the in-plane matching with the
substrate is preserved.?2?7-2 This indication is supported by
recent core-level photo-electron spectroscopy measurements
of SNO films fabricated on DSO with Ppp (O,) = 107 mbar.[]
In particular, the full-width at half maximum (FWHM) of dif-
fraction peak looks to slightly increase in the sample grown at
lower oxygen pressure, resulting in an increase value of statis-
tical error on the determination of the out-of-plane lattice para-
meter (i.e., 0.004 and 0.003 nm for samples grown at 10~ mbar
and 1073/1072 mbar, respectively). This might be likely due to
the increase of the structural disorder promoted by the incre-
ment of randomly distributed oxygen vacancies in the film,
however a small increase of the FWHM also occurs in the dif-
fraction peak of the substrate, thus suggesting a correlation
between these two features. Since the FWHM of the diffraction
peaks does not substantially vary among all of the investigated
samples, we do not expect that those differences might affect
significantly the optical properties.

Since both surface roughness and morphology are signifi-
cant in perspective of technological applications, for example,
involving the fabrication of layered heterostructures, we have
also performed XRR measurements. The XRR curve for epi-
taxial SNO films with thickness of about 15 nm is shown in
Figure 3 with the fitting curve obtained by the IMD package of
the XOP software.l3%31 Even though the XRR fitting algorithm
is based on a monochromatized X-ray source with negligible
lateral inhomogeneities of the beam (while we used a lab-based
unmonochromatized X-ray beam), the surface root-mean-square
(RMS) roughness was estimated to be =0.4 nm, corresponding
to about one single SNO unit cell. Yet such a value must be
considered as an upper limit for the surface RMS. As a matter
of fact, the actual surface of the SNO films was specifically
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probed by in situ scanning tunnel microscopy (STM). The STM
measurements, shown in the inset (left), indicate a very smooth
surface with typical RMS roughness <0.2 nm, corresponding
to less than half of the pseudocubic unit cell. Such a value is
consistent with the RMS obtained from the XRR analysis per-
formed on millimeter-scale. The LEED pattern, sensitive to
the ordering of the surface layers, shows a simple cubic pat-
tern without extra spots, indicating that no surface reconstruc-
tion occurs. The occurrence of atomically flat surfaces and the
absence of spurious extra phases make these films as ideal can-
didates to investigate the intrinsic physical properties of SNO
as a function of a single parameter that is, the oxygen content.

3. Infrared Spectroscopy

The dependence of the low-energy electrodynamics of the SNO
films on the oxygen pressure has been investigated by infrared
FTIR spectroscopy, focusing in particular on the intra-band tran-
sitions across the Fermi energy. Figure 4a shows the room-tem-
perature reflectivity of the SNO films as a function of the photon
energy . The photon energy range is 0.009-1 eV, correspondent
to =70-8000 cm™. The spectra are shown on logarithmic energy
scale to highlight the far-infrared region (FIR, 7w < 0.1 eV) exhib-
iting peaks attributed to infrared (IR) active phonon modes, and the
progressive disappearing of the local minimum at about 0.09 eV
which is totally absent in the spectrum for the lowest pressure.
The reflectivity of the DSO bare substrate in the far-IR spectral
region is reported in the inset as a reference. It is worth to notice
that the clear, monotonic increase of the overall reflectivity as
Ppip(0,) is progressively reduced is indicative of larger metal-
licity of the samples, therefore the corresponding reduction of the
phonon peaks is associated to the more effective screening pro-
vided by the larger free-carrier contribution.

The optical constants and the conductivity of the SNO films
were obtained through fitting the FTIR measurements with the

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 4. a) Reflectivity of SNO thin films grown on DSO substrate with
different oxygen growth pressure. The phonon modes occurs in the FIR
region below 0.1 eV (vertical shaded line). The increase of the overall
reflectivity indicates larger metallic character for the films grown at lower
oxygen pressure. Inset: reflectivity of the bare substrate. Inset: reflectivity
of the bare substrate in the far-IR spectral region. b) Real part oy(®) of
the conductivity for the SNO films, as obtained from the analysis of the
reflectivity spectra. The intensity varies with the oxygen growth pressure
consistently with the reflectivity results. The DFT calculation of oy(®) for
stoichiometric epitaxial SNO film (dashed line) supports for the larger
metallicity of the film grown at the lowest oxygen pressure.

RefFIT software.?2 The reflectivity of the samples together with
the substrate is fitted by using a two-layers Kramers—Kronig
consistent Drude-Lorentz (DL) model in which the relative per-
mittivity of each material as a function of the photon energy is
given by

EpL(@)=¢€.+) ——F——
S -, +il 0

)

where N is the number of Drude-Lorentz terms, &, is the con-
tribution of inter-band transitions beyond the energy range
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being considered, A; is the amplitude of the j-th mode, ay ; is
the resonance frequency, and T} is the damping coefficient. The
free electrons are described by Drude term with @, ; = 0. This
model accounts for both intra-band (free electrons) and inter-
band (bound electrons) excitations. The optical conductivity is
then obtained through the relationship

g(w)=¢g +M

(2)

where ¢, is the vacuum permittivity. The values of the DL
parameters are summarized in Table 1 and will be discussed
subsequently. The extracted real part oj(®) of the conductivity
is shown in Figure 4b, where the logarithmic energy scale is
maintained for consistency with panel (a), although the energy
range is slightly larger in order to favor the comparison among
experiment and theory. Since the Lorentzian parameters for the
phononic excitations were entirely consistent with the spectral
contributions by the DSO substrate (inset of panel (a)),** the
0;(w) experimental curves of the SNO films do not show any
contribution related to the peaks appearing in the FIR region.
The absence of significant contributions by SNO has been
attributed to the small thickness of the films, which makes
their contribution negligible with respect to the substrate.
Noticeably, the optical conductivity shows a marked change in
the energy region 2@ < 0.1 eV. In metallic systems, this region
is occupied by the Drude contribution of the free charges. For
increasing Pp;p(O,), the progressive reduction of the conduc-
tivity in the Drude region is accompanied by an overall decay,
and shifting of the maximum conductivity to higher energy
up to = 0.04 eV. This behavior is a clear indication of metal-to-
insulator transition (MIT) governed by the growth conditions.
The straightforward evidence of this oxygen-driven metal-insu-
lator transition is remarkable, and it is fully consistent with the
optical spectroscopy results performed in the UV-vis energy
range by Wang et al.%1%

The oy(w) curves are compared to the optical conductivity
calculated by density functional theory (DFT) for stochiometric
SNO with the lattice parameters of the film fabricated with the
lowest oxygen pressure. The closeness of the theoretical and
experimental conductivity values at A = 0 eV is not strictly
significant, since the former is largely influenced by the choice
of some parameters, such as the Lorentzian broadenings. This
calculation does not take into account the presence of oxygen
vacancies, however it is largely consistent with the optical con-
ductivity of this film, in agreement with the metallic character
of stoichiometric SNO. In particular, the significant intensity
in the low-energy region of the calculation is associated to a
Drude-like contribution by free charge carriers, while the min-
imum at about 2-3 eV corresponds to the passage from the
intra-band to the inter-band electronic transitions, provided by
previous DFT studies, reporting the partial occupancy of Nb 4d
conduction states below the Fermi level.[>10:12]

In order to better investigate this oxygen-driven metal-to-
insulator transition, the DL contributions obtained from the
fitting analysis of the FTIR measurements have been singled
out in the optical conductivity, as shown in Figure 5. SNO films
grown under higher oxygen pressure are clearly insulating, as
the low-frequency contribution to the optical conductivity is

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

Table1. Drude-Lorentz fit parameters. All the symbols refer to Equation (1).
@, here is the plasma frequency of the samples. The @, values are used
in Equation (4), that is, A;_ pde in Equation (1).

Parameters Ppp(O,) [mbar]

[eV] 10 10-? 1072
£ 5.6 4 3.0
@, Drude 0.0 0.0 B
o, 191 112 -
Torude 0.10 0.08 -
@o, FIR - 0.06 0.04
Ari - 0.12 1.34
Ter - 028 0.09
@, 0.24 0.20 0.19
Auir 3.22 2.60 1.74
Twie 0.76 0.70 0.41

almost negligible, then the increase of the conductivity in the
low energy region for decreasing pressure implies the appear-
ance of a Drude contribution which becomes dominant for the
lowest growth pressure. The behavior of the DL contributions
reflects the progressive transition from insulating to metallic
state. In the most insulating sample two components are pre-
sent, one (“F”) centered around 0.04 eV (=320 cm™) and the
other (“M”) centered around 0.19 eV (=1500 cm™), namely
a FIR band and a MIR band, respectively. For the most con-
ductive sample still two components occur, but the F term is
replaced by the Drude (“D”) term related to the presence of free
charges, while the M contribution is slightly shifted at higher
energy around 0.24 eV (<1900 cm™). All these spectral com-
ponents are present for films grown at Pp;p(O,) = 10 mbar,
hence showing the existence of an intermediate condition likely
due to coexisting conductive/insulating phases. This behavior
is consistent with the structural information suggesting that
the passage to the insulating phase of SNO occurs progressively
through fine tuning of the oxygen content in the lattice.

The spectral weight (SW) of the D, F, and M contributions
to the optical conductivity is shown in Figure 6a. The SW is
defined as the area underneath the optical conductivity, that is
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where j=D, F, M, and Q is a frequency cut-off corresponding to
a minimum in the optical conductivity. This value counts only
the contribution of the carriers due to intra-band transitions.
All the SWs show a clear dependence on the oxygen growth
pressure. However, while the M term is monotonically reduced
for increasing pressure, the D and F terms looks inversely cor-
related, with the former being progressively replaced by the
latter. The strength of the D and F SWs is therefore a direct
indicator of the metallic/insulating character of the films.

In absence of specific calculations, we identify the origin of
these contributions on the basis of a phenomenological pic-
ture in which the conductive SNO films are seen as “doped”
by oxygen vacancies (ions) during the growth at low (high)
pressure. Indeed, when the O, amount in the film increases,
the number of O, vacancies decreases, and the free-electrons
contribution (Drude) leaves the space to a band centered
at a finite frequency (F band) due to the formation of local-
ized states. In this case, the correlation effects increase and
the material becomes more insulating.”! In particular, for
the highest oxygen pressure during the growth (1072 mbar) the
material is an insulator and the Drude term completely disap-
pears, while the F band becomes more intense. On the other
hand the M term, whose spectral weight decreases progres-
sively for increasing pressure, can be assigned to an absorp-
tion band related to impurities, such as the oxygen vacancies
or other defects, as also reported for oxide materials like TiO,
and LaNiOj3, or to the incoherent part of the Drude term. #3431

Since the Drude term of the optical conductivity is related to
the DC value by the formula

2
a)P

A l—‘Drude

(4)

O-DC,optical =

where @, is the plasma frequency and T'py¢e is the Drude
scattering rate, both extracted from the D-L fitting proce-
dure (see Table 1), the DC conductivity has been also calcu-
lated. As reported in Figure 6b, those values agree very well
with those extracted by transport measurements, indicating
that the optical spectroscopy reliably allows to account for
the overall conductive behavior of the samples. The agree-
ment between the values extracted from transport and
optical measurements indicates that the most relevant con-

¢ tribution to the electron density mainly comes from the free
SW;(Q,T =300K) = _[O'lrj(w’T =300 K)dw () carrier contribution.

0
— 6
e (a) == Conductivity (b) == Conductivity (C) == Conductivity
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Figure 5. Drude-Lorentz components of the optical conductivity of all the SNO samples.
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Figure 6. a) Dependence of the spectral weights in the optical conduc-
tivity on the oxygen pressure during the film growth. The parameters of
these terms are reported in Table 1. The MIR term exhibits a monotonic
behavior, while spectral weight of the D and F terms is inversely cor-
related. b) Comparison of the DC conductivity measured by optics and
transport.

Finally, the optical conductivity allows to calculate also the
carrier density of the samples. The effective number of car-
riers contributing to electromagnetic absorption at frequencies
below Q can be calculated by the formula:

Nur(Q,T = 300 K) = 2

“SW(Q,T =300 K) 5)

e’

where e and m, are the electronic charge and mass, respectively,
and SW is the total spectral weight of Equation (3), that is,
SWp + SWi + SW,,. For the most metallic sample, we obtain
N.g= 6% 10?! cm™3, close to the value found in ref. [17] through
the analysis of the band structure, while N.g =4.5 x 10! cm™
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for the sample grown at 10 mbar. Finally, for the most
insulating sample N =3 x 10%! cm™3. The decreasing behavior
of Ny is fully consistent with the transition from metallic to
insulating state.

4. Conclusions

In conclusion, we have reported the successful growth of stron-
tium niobate StNbOj; thin films by PLD technique on (110) ori-
ented DyScO; substrates. The lattice mismatch between film
and substrate (i.e., about —1,5%) was relatively low to allow the
fully strained growth of 15 nm-thick films. The oxygen content in
the SNO films was varied by tuning the background deposition
oxygen pressure. Investigation of the transport properties did not
reveal substantial differences between strained films on SNO
and strainless ones, while the overall metallicity is strongly influ-
enced by the oxygen content. The effect of the latter on optical
properties was investigated by IR spectroscopy, showing that the
SNO films exhibit a metal-to-insulator transition driven by the
increase of the oxygen contents. Optical measurements identify
three major contributions in the optical conductivity, namely a
Drude term, a far-IR band and a mid-IR band, whereby the first
one disappears in the most oxygenated and insulating sample.
This work contributes to elucidate the electronic properties of
SNO thin films with optical measurements and indicates SNO
as an ideal candidate for multi-layered epitaxial heterostructures
exploiting the oxygen-driven MIT transition.

5. Experimental Section

The epitaxial SNO thin films were grown by PLD on single-crystal
(110)-oriented DyScOj; substrates at the in situ NFFA facility, which
integrates the APE beamlines at IOM-CNR at Elettra in Trieste.’8] Laser
pulses produced by a KrF excimer laser source operating at 300 m)
and at a repetition rate of 3 Hz were focused on a polycrystalline SNO
target (purity 99.99%) with a energy density of about 2.5 ] cm™2 The
growth processes were performed in an ultra-pure oxygen background
atmosphere (i.e., purity 6.0) ranging from 107 to 107" mbar and at
about 700 °C and cooled down to room temperature in about 15 min
at the same deposition pressure condition. Growth at higher oxygen
pressure (i.e., 1 mbar) resulted into polycrystalline/amorphous films
with no evidence of structural order at XRD analysis. The SNO films
grown at lowest (107 mbar) and highest (107" mbar) oxygen pressure
substantially mimic the electronic behavior of samples grown at 10 and
1072 mbar, respectively. The authors thus decided to restrict their study
on the films grown in oxygen pressure 107 to 1072 mbar, since this range
is large enough to promote the transition of the films from metallic to
insulating. The actual growth rate of the films was estimated ex situ by
XRR measurements. For all the films, the typical growth rate was 72 laser
shots per unit cell (i.e., 0.33 nm min~" for repetition rate of 1 Hz).

Structural characterization was carried out ex situ using a four-circle
Panalytical X'pert diffractometer with a Cu K, radiation source. In particular,
the high resolution configuration for XRD was achieved by using a 4-bounce
(220)-Ge monochromator able to select the K, wavelength alone, while
high-intensity configuration allowed higher photon flux (i.e., about 2 orders
of magnitude), yet allowing both Cu K, and K, wavelengths.

The structural and morphological high quality of the surface of SNO thin
film had been probed in situ by scanning tunneling microscopy (STM) and
low energy electron diffraction (LEED) apparatus at the APE-IOM beamline
at Elettra synchrotron facility.?® Both STM and LEED investigations were
carried out on the freshly grown SNO samples transferred in situ from PLD
growth chamber directly under UHV (<107° mbar).
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HRTEM experiments were performed using a JEOL 2010 UHR TEM
equipped with a field emission gun and operated at 200 kV. Microscopy
data analysis was performed with the Gatan Microscopy Suite
3.20.1314.0 (GMS). Cross-sectional HRTEM samples were prepared with
a conventional polishing technique followed by dimpling and milling
with Ar ions. This preparation procedure had been proved to minimize
structural and chemical modifications of cross-sectional TEM samples
and had successfully been applied to other oxide thin-film systems.[40-42

Infrared reflectance measurements at room temperature were
performed at the SISSI-Material Science branchline at Elettra synchrotron
in Trieste by means of FTIR spectroscopy with an infrared microscope
Bruker Hyperion 2000 coupled with a Michelson interferometer Bruker
Vertex 70v.l By changing the internal source, the beam-splitter, and the
detector in the experimental set-up, the authors were able to cover the
infrared spectral range of 70-8000 cm™, that is = 0.009-1 eV.

Density functional theory (DFT) calculations were performed at the
CNR-ISMN high-performance computing facility using the Quantum
Espresso program package.**l The calculations were performed
by applying the Perdew—Burke-Ernzerhof parametrizationl*! of the
generalized gradient approximation. Electronic states were described
by using scalar-relativistic optimized norm-conserving Vanderbilt
pseudoptotentials¥’l and wavefunctions expanded plane-wave basis
set with a cutoff of 50 Ry. The Brillouin zone was sampled by using
a k-point mesh grid of 11 x 11 x 11 points. This set-up was consistent
with the conditions adopted in previous works focused on the
evaluation of the dielectric properties of Sr and Nb oxides.[¥! The
complex dielectric tensor was obtained from the DFT eigenvalues
and eigenvectors calculated in the random phase approximation.!*’]
In the calculation of the optical conductivity, a Lorentzian broadening
of 2.0 and 0.2 eV was used for inter-band and metal Drude-like
terms, respectively.
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