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Growth-temperature dependence of conductivity at the LaCrO3/SrTiO3 (001)

interface
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The effect of growth conditions and postgrowth treatment on the structural and electronic properties
of the polar/nonpolar LaCrO;/SrTiO; (LCO/STO) interface has been investigated. Under low
oxygen partial pressure, oxygen vacancies are formed in the STO substrate resulting in metallicity
with a measured sheet carrier concentration of 10'® cm=2. Annealing postgrowth in flowing oxygen
causes the sheet carrier concentration to saturate to 10!3 cm™2, which is consistent with the reported
values of a two-dimensional gas at other polar/STO interfaces. However, growth under nonreducing
growth conditions leads to insulating behavior. High-resolution synchrotron x-ray-based structural
determination of the atomic-scale structures of both metallic and insulating LCO/STO interfaces
shows chemical intermixing and an interfacial lattice expansion. Published by the AVS.

https://doi.org/10.1116/1.5085334

I. INTRODUCTION

Polar/nonpolar perovskite interfaces have attracted consider-
able interest since the discovery of novel interfacial phenomena
not found in the constituent bulk materials.'™ Of considerable
interest is the interface between polar LaAlO; (LAO) and non-
polar SrTiO; (STO), which exhibits a high mobility
quasi-two-dimensional electron gas (q-2-deg), ferromagnetism,
and superconductivity, despite both materials being nonmag-
netic bulk insulators.*> Conductivity at the LAO/STO inter-
face has been attributed to an interfacial polarity driven
electronic reconstruction,' ionic intermixing® and defects
related to cation nonstoichiometry,” and oxygen vacancies.®
Since its discovery, other complex oxides such as SmTiOs,
GdTiOs3, LaTiO3, LaGaO3, LaVOs3, and NdTiO3 have been
grown on STO and have been shown to also exhibit interfacial
conductivity,”'® while some polar/nonpolar interfaces such as
the LaCrO; (LCO)/STO were found to be insulating.17 An
electric field at the LCO/STO interface observed by photoelec-
tron spectroscopy '’ is expected to result in an electronic recon-
struction resulting in a conducting interface. The absence of
conductivity is attributed to Ti outdiffusion, which results in a
redistribution of charge in the interfacial CrO, layers."’
However, mobile charge carriers have been reported for LCO/
STO superlattices.'® To gain further insight into the intrinsic
and extrinsic mechanisms that trigger conduction at these inter-
faces, the effect of growth conditions is required.

In this paper, we investigate the effect of growth tempera-
ture and postgrowth treatment on the electrical and structural
properties of the LCO/STO interface using a combination of
high-resolution synchrotron x-ray diffraction structural mea-
surements, angle-resolved photoemission spectroscopy
(ARPES), and temperature-dependent transport measure-
ments. Previous reports on the LAO/STO interface have
shown that growth temperature can have a considerable
effect on the transport properties of the interface.'® Here, we
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find that by varying the growth temperature and postgrowth
treatments, the interface can be tuned from an insulating to a
high mobility metallic state. Samples grown at a lower temper-
ature (600 °C) are insulating while higher growth temperatures
(800°C) under identical oxygen pressures lead to metallicity.
The as-grown sample exhibits sheet carrier concentration on
the order of 10'® cm~2 which is similar to that of LAO/STO
interfaces under similar growth conditions as well as oxygen
reduced STO.*® Annealing the metallic samples in flowing
oxygen causes the reduction in the sheet carrier concentrations
to 103 cm™2, as well as a change in color from gray to clear,
which we attribute to the reduction of oxygen vacancy con-
centration in the bulk STO. There is an expansion of the
out-of-plane lattice constant of the STO at the interface in
both samples which we attribute to the La—Sr interdiffusion.
The necessity of a reducing environment for the interfacial
conductivity to occur points to defects related to oxygen
vacancies as the origin of the interfacial metallicity.'®

Il. EXPERIMENTAL METHODS
A. Growth and treatment

LCO films with a nominal thickness of 10 unit cells (uc)
were grown on (001) oriented STO substrates by molecular
beam epitaxy (MBE). Prior to growth, the STO substrates
were treated with buffered HF and annealed in flowing
oxygen at 1000 °C in a tube furnace for 2 h to create a Ti ter-
minated surface.”’ Atomic force microscope (AFM) images of
the substrate after treatment show that the terrace step structure
is present. The LCO films were grown at 1 x 1077 Torr oxygen
partial pressure with the base pressure of the MBE chamber
being 2 x 107!° Torr. The flux of the La and Cr sources was
calibrated before growth with a quartz crystal microbalance.
In situ reflection high energy electron diffraction (RHEED)
was used to monitor the growth process. Images of the
RHEED pattern of a bare STO and a 10 uc LCO are shown
in Figs. 1(a) and 1(b), respectively. RHEED oscillations of a
10 uc LCO in Fig. 1(c) indicate that layer-by-layer growth is

Published by the AVS. 021102-1
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FiG. 1. Growth properties of LCO films grown on STO by molecular beam epitaxy. (a) RHEED image of the bare STO substrate. (b) RHEED image 10 uc
LCO on STO after growth and (c) RHEED oscillations for a 10 uc LCO film grown at 800 °C and 1x10~7 Torr O,. (d) AFM image of a 10 uc LCO. Note that

the terrace step structure is preserved with a step height of 4 A.

achieved, and the number of layers deposited is determined
by the number of RHEED oscillations. AFM images after
growth of the LCO [Fig. 1(d)] show that the terrace step
structure of the STO substrate is preserved confirming epitax-
ial growth. The samples were grown in two temperature
regimes; a high temperature regime (800°C) (henceforth
referred to as HT) and a low temperature regime (600 °C)
(henceforth referred to as LT). The HT samples were then
split into two groups; a set of samples that were annealed ex
situ in a tube furnace at 400°C with flowing pure (99%)
oxygen for 4 h and a second set that was left untreated.

B. Transport/Hall measurements

Temperature-dependent Hall and resistivity measurements
were performed using a 4-point Van der Pauw configuration
in the range of 2-300 K. Gold contacts were deposited at the
corners of the samples using a shadow mask. All transport
measurements were performed using a Quantum Design
physical property measurement system. Both as-grown and
annealed samples were found to be metallic at room tempera-
ture with sheet resistivities on the order of 100 and
30k€Q/[], respectively. The LT samples were too insulating
to measure their sheet resistance which we estimate to be
greater than 100 MQ/[].

C. Synchrotron x-ray diffraction

To determine the differences in the atomic-scale struc-
tures of the as-grown HT-metallic and LT-insulating
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nominally 10 uc LCO films, synchrotron x-ray diffraction
measurements were carried out at the 33ID beamline at
the Advanced Photon Source. Crystal truncation rods
(CTRs)** were measured along the STO bulk crystallo-
graphic directions with an incident x-ray energy of 15.5
eV. The layer-resolved structure and the composition of
the films were obtained from fitting the CTR data with a
genetic-based algorithm, GenX.?> The parameters of the
fit included the out-of-plane lattice constant of each layer,
Debye-Waller factors for each element, and the fractional
occupation of the surface LCO layer to account for
surface roughness. Additionally, the chemical composition
of the first five layers of the film and the substrate at the
film/substrate interface were optimized to allow for inter-
mixing. Each element was also allowed to displace in the
(001) direction, and the oxygen octahedral was allowed to
rotate and tilt.**** The fit was then compared to the data
iteratively to minimize the error between them. Structural
convergence was achieved by minimizing the crystallo-
graphic R1 error function. We obtain excellent fits with
figures of merit values below 0.08 for each fit.
Representative measured CTRs and their associated fits
for the HT and LT as-grown samples are shown in Figs.
2(a) and 2(b), respectively.

D. Angle-resolved photoemission spectroscopy

To determine if the changes to conductivity were related
to changes in the electronic structure of the LCO films,
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Fic. 2. Representative measured and calculated CTRs for (a) an HT as-grown 10 uc LCO/STO heterostructure grown at 800 °C and (b) an LT as-grown 10 uc
LCO/STO heterostructure grown at 600 °C. The h, k, and I values are in units of the bulk cubic SrTiOs reciprocal lattice vectors.

ARPES was performed at room temperature (27 °C) in ultra-
high vacuum using both an He I (21.2eV) plasma light
source and a pulsed laser source (6.2 eV from the fourth har-
monic of a Ti-sapphire laser). Photoelectrons were analyzed
using a 150 mm mean radius hemispherical analyzer (Specs
Phoibos 150) with a 2D detector. All samples were trans-
ported from the growth chamber through ambient air to be
inserted in the ARPES chamber. They were subsequently
annealed in vacuum at 300°C for 30 min and allowed to
cool back to room temperature prior to data collection. The
binding energy scale on all samples was corrected for charg-
ing effects in order to correspond with Maiti and Sarma.”®

lll. RESULTS AND DISCUSSION

To determine the effect of the growth conditions on the
structural properties of the LCO/STO interface, the layer-
resolved atomic-scale structures were determined from fits to
CTRs measured by synchrotron x-ray diffraction. The struc-
tural properties of as-grown HT and LT samples are com-
pared in Fig. 3. Figure 3(a) shows the A-site composition
along the growth direction for the LT and HT samples. The
chemical profile across the interface shows that significant
La/Sr interdiffusion occurs for both insulating and metallic
samples in agreement with previous electron microscopy and
Rutherford backscattering measurements which has been
suggested to be driven by strain relaxation.”” For both the
HT and LT samples, a tail of Sr outdiffusion into the LCO
film extends about 4-5 layers away from the interface [layers
1-5 of Fig. 3(a)] decaying from 25% in the first interfacial
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LCO layer. Due to the comparable atomic scattering factors
of Cr (24 electrons) and Ti (22 electrons) at 15.5keV and
the ability of the B cations to occupy different oxidation
states, the uncertainty associated with the B-site composition
profile is too large to draw relevant conclusions. However,
previous high-resolution electron microscopy measurements
show Cr-Ti interdiffusion occurring at the LCO/STO
interface.””-**

—~
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—4-Sr metallic
—$—La metallic

f—La HT-insulating| -
—3—Sr LT-insulating

o o 9 9
o N h o o =
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Lattice Constant ¢ (A)~Fractional Occupation

FiG. 3. (a) Layer-resolved Sr/La occupation for metallic as 800 °C and insu-
lating 600 °C as-grown LCO samples. (b) Layer-resolved out-of-plane lattice
constant for metallic as 800°C and insulating 600°C as-grown LCO
samples. Layer O indicates the top of the STO substrate. The expected
out-of-plane lattice constants of STO (3.905 A) and LCO (3.88 A) are indi-
cated by horizontal lines on the plot.
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The layer-resolved lattice constants shown in Fig. 3(b) are
determined from the spacing of the A-site cations along the
growth direction. We observe in both samples an expansion
at the interface followed by a linear decrease toward the film
surface. The expansion in the STO (layers —1 and 0) which
is also observed in LAO/STO interfaces is related to the dif-
fusion of La into the STO substrate.®>* La substituting for Sr
would donate an electron and alter the valence state of Ti
from +4 to +3 increasing its ionic radius. For stochiometrtic
LCO films coherently strained to STO, the expected
out-of-plane lattice constant is 3.88 A for an LCO Poisson
ratio of 0.23.”® The larger lattice constant in both the
HT-metallic and the LT-insulating LCO film may be related
to La—Sr and Cr-Ti interdiffusion and/or oxygen vacancies
in the LCO. The HT as-grown samples show a larger average
lattice constant which is likely due to the higher concentra-
tion of oxygen vacancies.”>** In both samples, we observe a
large lattice expansion at the film surface which is likely due
to structural distortions and the polar discontinuity at the film
vacuum interface.**

Figure 4 shows the temperature-dependent mobility (u),
sheet resistance, and sheet carrier density (n,) for the LCO/
STO samples determined from the Hall measurements. The
transport properties are compared for the HT as-grown and
postgrowth annealed samples. The as-grown sample shows a
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Fic. 4. (a) Comparison of mobility, u, (b) sheet resistance, and (c) sheet
carrier density, ny, as a function of temperature for a 10 uc LCO/STO grown
at 800 °C without a postgrowth anneal and a 10 uc LCO/STO grown at
800°C followed by an anneal in 1atm 99.99% O, at 400°C for 4 h. The
inset shows sheet resistance of the annealed sample at low temperature to
highlight the upturn.
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sheet carrier density of 10 cm—2, which indicates that the
majority of the carrier are found in the reduced STO sub-
strate.”® This is corroborated by the fact that the temperature
dependence of the sheet resistance and mobility is similar to
previous reports of reduced STO and LAO/STO interfaces
grown under low oxygen growth pressures without post-
growth annealing.'° Upon annealing, the oxygen vacancies
are reduced, and the sheet carrier concentration saturates to
approximately 10'> cm~2. The temperature dependence of
the sheet resistance reduces, and a minimum occurs at 30 K
followed by an upturn. The upturn at low temperatures is
possibly due to weak localization or Kondo scattering. The
source of Kondo scattering may be either magnetic Ti3+ or
Cr.'®3!=33 These results are similar to LAO/STO heterostruc-
tures which have been grown under the reducing condition
and then annealed post growth in an oxygen-rich environ-
ment or grown at high oxygen partial pressure.z()’31

In contrast, the LT samples were found to be completely
insulating with RT sheet resistances greater than 100 MQ/[].
This result is similar to previous reports of LCO/STO hetero-
structure grown at 650°C and 6 x 1073 Torr partial oxygen
pressure.'”*® Annealing LT samples in the growth conditions
of HT samples (10~7 Torr partial O, pressure and 800 °C)
causes a high concentration of oxygen vacancies to form in the
STO substrate as evidenced by its high sheet carrier concentra-
tion (10'® cm~2) as well as a gray discoloration of the sample.
However, upon annealing the sample in flowing oxygen at
400 °C, the sample returns to its previous insulating state. This
result suggests that reducing conditions are necessary during
the growth of interfacial conductivity to occur.

The necessity of the reducing condition (high tempera-
ture and low oxygen partial pressure) during growth sug-
gests that oxygen vacancies in either the STO or the LCO
play an important role in the formation of the 2-deg.
Doping due to cation intermixing can be ruled out as the
main source of conductivity as it is observed in both the
insulating and metallic samples in Fig. 4. Hole doping of
LCO with Sr can induce an insulator-metal transition for Sr
dopants above 65%.3 However, the Sr content observed
for both films in Fig. 3(a) is insufficient to account for the
metallicity. Additionally, the Hall coefficient for the metal-
lic samples is negative indicative of majority electron
carriers.

Angle-resolved photoelectron spectroscopy measurements
were carried out to elucidate the electronic structure near the
surface of the LaCrO; films. Figure 5(a) shows ARPES
measurements of a 4 unit cell LaCrO; film grown under
high temperature conditions that was verified by resistivity
measurements to show metallic behavior. Between 1eV and
2eV, we find a state assigned predominantly to the Cr
3d valence orbitals, while the more deeply bound state (2.5—
4.0eV) comes predominantly from O 2p orbitals.”® The data
shown in Figs. 5(a) and 5(b) are representative of all films
studied under different thicknesses, different photon energies,
and different substrate temperatures during growth. Despite
these numerous different conditions, all ARPES measurements
showed precisely the features seen in Fig. 5(a). No photoelec-
tron intensity near the Fermi level (0.0 eV) is observed for any
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Fic. 5. (a) Angle-resolved photoemission spectra of 4 unit cell HT LaCrOs
thin film; (b) line cuts at k=0 of a thick (bulk-like) HT LaCrOs sample,
thick LT sample, 4 unit cell thick HT sample, and 2 unit cell HT sample.
The line cuts are stacked vertically for clarity.

of the LCO films considered [Fig. 5(b)]. Some minor differ-
ences in the valence band spectra may exist due to the differ-
ences in the secondary electron background and in the defect
density between the films. Nevertheless, the photoemission
observations show that the electron structure near the surfaces
of each film is essentially identical. The results shown in
Fig. 5 correspond to 21.2 eV photon energies, which result in
photoelectrons with very short escape depths, and thus sensi-
tive mostly to the surface of the film. By extending our mea-
surements down to 2 unit cell films [lowest spectrum in
Fig. 5(b)], we confirm that the metallic transport behavior is
not occurring in the LCO film.

A possible mechanism responsible for the formation of the
2-deg at the HT LCO/STO interface involves the formation of
oxygen vacancies at the LCO/STO interface, the bulk STO
substrate, and the LCO film as evidenced by the high sheet
carrier concentration (10'®cm™2) and the expansion of the
LCO Iattice. Here, oxygen vacancies form during growth due
to a redox reaction between the oxygen-deficient LCO film
and the STO substrate and are stabilized at the interface.>>
Upon annealing in oxygen, oxygen vacancies in the bulk STO
and film are removed, while at the interface, the vacancies are
trapped. For amorphous LAO films grown on the STO under
reducing growth conditions, a redox reaction between the film
and the TiO,-terminated STO surface has been proposed to
result in oxygen vacancies in the STO layers close to the inter-
face which contributes to metallicity.?’

To verify the necessity for the reducing conditions for
interfacial metallicity, we grew an insulating sample under
oxidizing conditions. For growth under low temperature, the
redox reaction is suppressed resulting in an insulating inter-
face.”®3° This sample was annealed in vacuum resulting in
metallicity with a sheet carrier concentration of 10'®cm™2
indicative of bulk metallicity. A postanneal in oxygen at
400 °C resulted in insulating transport behavior. We note that
additional mechanisms including charge transfer induced by
the oxygen vacancies may contribute to the interfacial con-

ductivity and further studies are required to elucidate their
20,37-39
role.”™
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IV. CONCLUSION

In summary, we have shown that growth conditions play
a critical role in the creation of mobile charge carriers in
LCO/STO(001) heterostructures. Under nonreducing condi-
tions, both the substrate and the film are completely insulat-
ing. Under reducing conditions (high growth temperature,
low oxygen pressure), oxygen vacancies form in the bulk
STO as evidenced by high sheet carrier concentrations.
However, postgrowth annealing in pure oxygen at 400°C
causes a reduction in the oxygen vacancies and a sheet
carrier concentration that saturates to approximately
103 cm™2. The electrical properties of the LCO/STO inter-
face show remarkable similarities to the 2-deg at the LAO/
STO interface, suggesting that they share a common origin.
Structurally, both insulating and metallic LCO/STO samples
exhibit significant La/Sr intermixing and an expansion of the
out-of-plane lattice constant at the interface. The HT samples
show a larger average lattice constant in the film suggesting a
higher concentration of point defects, most likely in the form
of oxygen vacancies. Further work is required to investigate
the effect of the proximity of antiferromagnetic LCO (Refs.
40-42) on the magnetoresistance and superconductivity’
observed at polar oxide/STO interfaces.
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