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ABSTRACT: Transition metal oxide heterostructures are
interesting due to the distinctly different properties that can
arise from their interfaces, such as superconductivity, high
catalytic activity, and magnetism. Oxygen point defects can
play an important role at these interfaces in inducing
potentially novel properties. The design of oxide hetero-
structures in which the oxygen defects are manipulated to
attain specific functionalities requires the ability to resolve the
state and concentration of local oxygen defects across buried
interfaces. In this work, we utilized a novel combination of
hard X-ray photoelectron spectroscopy (HAXPES) and high
resolution X-ray diffraction (HRXRD) to probe the local
oxygen defect distribution across the buried interfaces of oxide
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heterolayers. This approach provides a nondestructive way to qualitatively probe locally the oxygen defects in transition metal
oxide heterostructures. We studied two trilayer structures as model systems: the LagSry,CoO;_s/(LagsStos),CoO,_s/
Lag§Sry,C00;_5 (LSCy;5/LSC,;,) and the LaggSry,CoO;_5/La,NiOy,s/LagSry,Co05_5 (LSC;;3/LNO,;,) on SrTiO; (001)
single crystal substrates. We found that the oxygen defect chemistry of these transition metal oxides was strongly impacted by the
presence of interfaces and the properties of the adjacent phases. Under reducing conditions, the LSC, 3 in the LSC;,3/LNO,,,
trilayer had less oxygen vacancies than the LSC, 5 in the LSC,;3/LSC,, trilayer and the LSC, ; single phase film. On the other
hand, LSC,, and LNO,,, were more reduced in the two trilayer structures when in contact with the LSC, ; layer compared to
their single phase counterparts. The results point out a potential way to modify the local oxygen defect states at oxide

heterointerfaces.

1. INTRODUCTION

Ionic defects, particularly oxygen defects, are known to affect
the properties of transition metal oxides.' > Controlling oxygen
defects electrochemically*~® may pave the way to modifying the
magnetic, electronic, and transport properties of transition
metal oxides. The importance of oxygen defects has motivated
the development of techniques to quantify their total
concentration in bulk materials, such as thermogravimetric
analysis (TGA), dilatometry,” and Raman spectroscopy.”~ In
addition to their total concentration, it is important to know
their spatial distribution near extended defects, such as surfaces,
grain boundaries, and heterophase boundaries. Knowing their
concentration and structure near the interfaces can allow tuning
of the local functionality of the material. Resolving oxygen
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defect states near heterointerfaces buried beneath the surface is
important for advancing our understanding of the unique
properties that arise at such interfaces, including magnetism, '’
electronic conductivity,'"'* ionic conductivity,'>"* and catalytic
activity.'”~*’ Fascinating recent examples include the reversible
control of the oxygen defect content by external bias near the
Co/GdOx heterointerface to tailor the magnetic anisotropy of
Co,'? and near the interface of Ti/Pr,_,Ca MnO; metal-oxide
layers to reversibly change the charge-carrier transport
characteristics for resistive switching.”*
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Figure 1. Structure of LSC,,3/LSC,;, and LSC,;;/LNO,,, trilayer model systems. (a) Transmission electron microscopy (TEM) images of the
trilayer structure. Pt serves as the capping layer for TEM imaging. (b) X-ray reflectivity (XRR) of LSC,;3/LSC,;4 and LSC;;3/LNO,,, trilayers in
their as-prepared state. The inset schematics represent the LSC,;3/LSC, 4, and LSC,;3/LNO,,, trilayer model structures, in which the black squares
and white squares symbolize the oxygen interstitials and oxygen vacancies, respectively.

Obtaining information about local oxygen defect states near
the buried heterointerfaces of oxides, however, remains a
challenging task. Previous successful attempts include the works
of Kim et al.,25’26 who used scanning transmission electron
microscopy (STEM) to map the oxygen vacancies in oxide thin
films based on the changes in local lattice parameters. They
reported different oxygen vacancy distributions in (Lay¢Stqs)-
CoO; films epitaxially grown on NdGaO; and (LaA-
10;),5(Sr,AlTa0y), , substrates,” and this difference in oxygen
vacancy concentration was associated with distinct magnetic
properties in the two systems studied. The same authors also
observed the local accumulation of oxygen vacancies near the
BiFeO,/La,Sr;_MnO; interface,”® and they proposed that
these vacancies impact the polarization switching behavior near
the interface. The oxidation state of the cation as related to the
oxygen defect concentration near buried interfaces can also be
obtained by X-ray photoelectron spectroscopy and sputter
depth-profiling. For example, Tsvetkov et al.”’” performed such
analysis across the interface of LaygSry,Co0;_5/
(LagsSty5),Co0,_s, for which the results were linked to faster
oxygen reduction kinetics important for fuel cells. Despite these
motivating and successful examples, the destructive nature of
the experimental methods may introduce uncertainties in the
quantification of the point defects near interfaces. In this work,
we implemented a nondestructive approach combining hard X-
ray photoelectron spectroscopy (HAXPES)** ™ and high
resolution X-ray diffraction (HRXRD) to qualitatively probe
the spatial distribution of oxygen defects in and across the
buried interfaces of thin trilayer model structures. The high
energy of photons used in HAXPES enabled probing depths
greater than 10 nm, which was comparable to the total
thickness of the trilayer samples. By varying the photon energy
and the photoelectron emission angle, the oxygen defect
content from different depths across the buried interface was
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estimated by analyzing the transition metal valence state and
the cation composition. Complementary to HAXPES, the
lattice parameters measured by HRXRD allowed quantification
of the changes in the oxygen defect concentration of each layer.
Our approach is nondestructive and can be adapted broadly to
other oxide heterolayers to understand the effect of interfaces
on oxygen defects, and there by on the unique interface-
induced properties."' ~**

In this study, we assessed trilayer heterostructures as model
systems made of perovskite (ABO;) and Ruddlesden—Popper
(RP) (A’,B'O,) oxides. Perovskite and RP oxides have been
studied widely for oxygen reduction and oxygen transport in
fuel cells and separation membranes.”** In particular, cobaltite
perovskite-RP heterostructures (with B = Co) have attracted
great interest recently because they can present significantly
enhanced oxygen reduction kinetics compared to their single
phase counterparts.'“>' The mechanisms behind such an
enhancement were studied with both experiments and
theoretical calculations®*™*° for heterostructures of
LagSrg,C00;_5 (LSCyy3) and (LagsSros),CoO0,-s (LSCyy),
where 6 is the oxygen nonstoichiometry. Until now, however,
the potential role of oxygen defects at or near these interfaces
has been missing from the picture. In this work, we
characterized the oxygen defect chemistry near the buried
interfaces between LSC,;; and two RP-type oxides that have
very different oxygen defect chemistries: LSC,,, and La,NiO,, s
(LNO,,,). At the experimental conditions in this work, the
dominant oxygen defects in single phase LSC,,, are oxygen
vacancies, and in LNO,;, oxygen interstitials. These two
heterostructures in the form of trilayers on single crystal SrTiO;
(STO) (001) are denoted as LSC,;3/LSC,;, and LSC,;5/
LNO,,, respectively. We found that the LSC, ; with LNO,,, is
less reducible than the LSC,;; alone or the LSC, 5 with LSC,,,.
On the other hand, the LSC,;, and LNO,,, lose oxygen more
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Figure 2. Depth profile of Co valence state in the trilayer thin films. (a) Representative Co 2p spectra collected with photon energy of 3000 eV as a
function of emission angle from 85° to 15° shown for the as-prepared LSC,;3/LSC,,, trilayer. Each spectra contain cumulative information
extending from the surface to the probing depth, as marked by the gray arrow (the length of arrow is not to scale). (b—d) Comparison of the shape
of the Co 2p;, satellite peak in LSC,;3/LSC,,, among the (b) as-prepared state, and after annealing at (c) 300 °C and at (d) 500 °C for 1 h. (e—g)
CoZ/(CoZ + Col) ratio quantified for different probing depths in the LSC,,3/LSC,,, trilayer film obtained by varying the detection angle, f(6), at
the photon energy of 3000 eV, and by varying the photon energy, f(E poon), at the emission angle of 45°, shown for (e) the as-prepared state, and
after annealing at (f) 300 °C and (g) 500 °C for 1 h. Co%’/(CoZ + CoZ}) qualitatively represents the relative presence of Co®* in the films, which
was calculated by fitting the satellite peaks as demonstrated in (a—d) for spectra collected at 15°. The probing depth is estimated as three times the
inelastic mean free path of Co 2p3/2 photoelectrons (SI section S1). The colored rectangles mark the approximate position of the different layers,
with blue for LSC,;3, red for LSC,,,, and gray for the STO substrate.

easily when they are adjacent to LSC;5 in the trilayers than France. The photon energy covers the range 2.3 to 12 ke\3/'7, and
their single phase counterparts. Our findings indicate that one electrons with kinetic energies up to 12 keV can be analyzed.” The
can engineer the overall defect chemistry of a material by angle between the direction of the incident X-ray beam and the

photoelectron detection is fixed to be 90°. The sample can be tilted to
change the emission angle, as shown in Supporting Information (SI)
Figure SI. Due to the large penetration depth of HAXPES, the C 1s
peak is too weak to serve as the external peak calibration for spectra at

constructing superlattices with complementary defect behav-
iors, and thereby engineer the functionality.

2. METHODS small emission angles. Considering that the chemical environment of
The LSC,13/LSCy4 LSC,13/LNO,,, trilayer and reference single La is quite similar for all the layers and expected not to show any
phase films were grown by PLD using a KrF excimer laser with the changes upon annealing, all the La 3d spectra in this work were aligned
wavelength 248 nm and a laser fluence of 1.9 J/sz. The number of to be at 833.3 eV. The C 1s peak is at 284.8 eV when it is detectable
pulses for the bottom LSC,;3 LSC,;, or LNO,,,, and top LSC,3 for spectra with large emission angles (more surface sensitive). The
layers were 3450, 3000, and 3000, respectively. The deposition was HAXPES spectra were analyzed using the CasaXPS$ software. The (La
carried out at 700 °C under 10 mTorr oxygen pressures. After the + Sr)/Co ratios and Sr/La ratio were quantified based La 3d, Co 2p,
growth process, the films were cooled down to room temperature in 2 and Sr 3d peaks. The Co valence states were identified from Co 2p

Torr oxygen pressure with a cooling rate of 5 °C/min. peaks.
The HAXPES experiment was carried out using the endstation The lattice parameters of the trilayers and single phase films in their
located at the GALAXIES beamline of the SOLEIL synchrotron in as-prepared condition and after annealing were measured by HRXRD
3361 DOI: 10.1021/acs.chemmater.8b00808
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Figure 3. Comparison of the reduction of Co in LSC,,; in the LSC,;3/LSC,,, and LSC,,3/LNO,,, trilayers: (a—d): Co 2p;, satellite peak intensity
(a), Co 2p;,, main peak position (b), valence band (V.B.) spectra (c), and La 3ds/, (d). The data shown in (a—d) were collected at 80° emission
angle, corresponding to a probing depth within the top LSC,,; layer in the trilayers. The bottom two spectra in each panel are from the as-prepared

3+

samples, while the top spectra represent the state after annealing at 500 °C. (e—f) Comparison of CoZ'/(CoZ + Co2') in the LSC,; single phase
reference film, and in the LSC,;3/LSC,;4 and LSC,;3/LNO,, trilayers, (e) in the as-prepared state and (f) after annealing at S00 °C. The probing
depth is defined in the caption of Figure 2. The colored rectangles mark the approximate position of different layers, with blue for LSC, 3, red for

LSC,,4 green for LNO,,,, and gray for the STO substrate.

using a Rigaku Smartlab diffractometer equipped with a 2-bounce Ge

(220) channel-cut monochromator and Cu Kal radiation.

Transmission electron microscopy (TEM) samples were fabricated
in the Helios Nanolab 600 dual beam focused ion beam milling
system. The Ga ion beam was operated at a voltage and current that
was varied in a range of 30 keV—S5 keV and 9.5 nA-28 pA,
respectively. TEM measurements were performed using a JEOL 2010

FEG microscope. All the crystal structures in this manuscript are

visualized using the Vesta software.®

3362

3. RESULTS AND DISCUSSION

3.1. LSC;;5/LSCyy4 and LSC,13/LNO,,, Trilayer Model
Systems. LSC,;3/LSC,;, and LSC,;;/LNO,,, trilayer films
grown by PLD were epitaxial with the substrate and had (001)
out-of-plane orientation, as shown in the TEM images in Figure
la. Based on the TEM images and X-ray reflectivity
measurements, the thicknesses of each layer were 3—4 nm,
with a total thickness of ~10 nm, as shown in Figure 1b. The
samples were examined in their as-prepared state as well as after
being reduced by annealing at 300 and 500 °C for 1 h at 107"°

DOI: 10.1021/acs.chemmater.8b00808
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mbar in an ultrahigh vacuum chamber. A LSC,; film always
served as the top layer in the trilayer structure to ensure that
the oxygen surface exchange kinetics during the annealing for
both types of trilayers were the same. The results were
compared among these trilayers and single-phase ~10 nm-thick
films of LSC,,3, LSC,,,, and LNO,;, on STO (001) substrates,
prepared under the same conditions.

3.2. Oxygen Defects across the Buried Interfaces
Measured by HAXPES. We determined the transition metal
valence states and cation composition by HAXPES in the thin
film trilayers and across their interfaces. This information
allowed us to compare the oxygen vacancy and oxygen
interstitial content in the trilayer structures with respect to
the single-phase thin film reference structures. Here, a decrease
in the emission angle from 85° to 15° with respect to the
surface normal implies an increase in probing depth. The
probing depth at each emission angle and photon energy is
defined as three times the inelastic mean free path, 4, of the
photoelectron as described in SI section S1.The chemical
information obtained by HAXPES at a given angle and photon
energy is cumulative information from the top surface through
different depths of the sample up to the maximum probing
depth. For instance, the information obtained at 80°—85° is
mainly from the topmost LSC,; layers in the LSC,;3/LSC,,,
and in the LSC,,3/LNQO,,, trilayers; at an emission angle of 15°
the spectra contain cumulative information extending from the
surface into the STO substrate (Figure 2a).

First, we quantified the distribution of the Co valence state
across the depth and buried interfaces of LSC,;3/LSC,},
trilayer structures from the Co 2p photoelectron spectra
measured as a function of photon energy and emission angle.
The Co oxidation state is an important factor for determining
the electronic and ionic conductivity of the LSC;,5 and LSC, 4,
as well as for the electron transfer process during oxygen
reduction. Representative Co 2p spectra collected at different
emission angles are shown in Figure 2a for the as-prepared
LSC,,3/LSC,,, trilayer. The Co 2p spectrum contains two main
peaks, Co 2p,/, and Co 2ps,, corresponding to different spin—
orbit couplings. For each main peak, there is also a satellite peak
at higher binding energy because of the extra electrons
transferred from the O 2p orbitals to the Co 3d orbital.
These electrons screen the electric field of the holes in the Co
2p orbital created during the photoelectron emission process.
The shape and position of the satellite peaks, particularly the
Co 2p;), satellite peak, are widely used to identify the valence
state of Co, as summarized in SI section S2. Under the
preparation conditions during pulsed laser deposition of these
films, the valence states of Co in LSC,,; are predominantly 3+
with a small amount of 4+,””* while in LSC,;, Co is mainly
3+ After annealing in reducing conditions as described above,
the 2+ valence state of Co is expected to be part of the
equilibrium in LSC,,5*” and in LSC,,,.*" The binding energies
of the Co 2p;, satellite peak for Co**and for Co®" are at ~786
eV*?7* and ~789 eV,**"™* respectively (Figure 2a, SI Table
S1). To compare the Co valence state as a function of probing
depth among different samples, we fitted the Co 2p spectra as
shown in Figure 2. To qualitatively represent and compare the
amount of Co?* in the different films, we assessed the fractional
presence of Co®', quantified as the ratio of the Co** 2p;,
satellite peak area to the sum of the areas of the Co®" and Co®*
2p,), satellite peaks. This ratio is denoted as CoZ/(CoZ +
Co2'). There is no evidence that the ratio of satellite peaks
(CoZ'/Col) increases linearly with the Co**/Co® ratio.
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However, it is known that higher peak intensity for the Co**
satellite arises from a higher Co®" content, and similarly for the
Co>* case (see references listed in SI Table S1), even if the ratio
of satellite peak intensities does not have to be linear.
Therefore, we did not make any conclusion about the absolute
change of the Co%*/Co* ratio based on the satellite peak ratios
in this manuscript. To reproduce the asymmetric shapes of the
main peaks as accurately as possible and minimize their impact
on the satellite peak quantification (Figure 2a), we fitted the Co
2p3/, and Co 2p,,, regions consistently with three peaks as
performed in ref 50. It should be noted these three fitted peaks
do not correspond to different valence states. More details on
the fitting parameters can be found in SI section S3. The error
bars in Figure 2 and in Figure 3 for Co**/(Co®*, + Co™"

represent the uncertainty introduced by the fitting procedure.
The impact of different fitting parameters, including fitting
range, peak shape, and position, on the final result were
evaluated, and the standard deviation of the fitting results was
used to show the uncertainty introduced by the fitting
procedure. Considering the fact that we did all the measure-
ments during the same beam time at the same end-station at
SOLEIL synchrotron, we believe that the uncertainty arising
from measurement conditions, such as the fluctuation of beam
intensity or the measurement geometry, is negligible in
comparing the samples to each other.

The CoZ/(CoZ + Col) ratio quantified either as a function
of emission angle, f(#), or as a function of photon energy,
Sf(Ephoton), is plotted versus probing depth in Figure 2e—g. As
shown in SI section S1, the probing depth is estimated as three
times the inelastic mean free path of Co 2p 3/2 photoelectrons.
Each point contains cumulative information from the top
surface to the probing depth. A general increase in the Co**
content at each depth can be seen after annealing the specimen
at 300 and 500 °C at a low oxygen pressure. This is consistent
with the annealing induced reduction and creation of oxygen
vacancies in the LSC, 3 and LSC, 4 layers. Concurrent with the
increased intensity of the Co* 2p;, satellite peak, the Co main
peak position also shifted to lower binding energies (SI Figure
S4b). The increase of the CoZ%/(CoX + CoZf) ratio is more
evident in the LSC,,; layers after annealing at 500 °C; here
CoZ/(CoZ + Co¥) decreases slightly when the main sampling
region enters into the LSC,,, layer and increases again when
entering the bottom LSC,;; layer (Figure 2g). This effect is
observed because LSC,,, is more difficult to reduce by forming
oxygen vacancies (i.e., it has a higher oxygen vacancy formation
energy) than LSC, 5.2 Finally, it is worth reminding that,
while the plots in Figure 2e—g show a spatially varying profile,
the HAXPES intrinsically measures accumulated data from the
surface into varying depths in the samples, and so the final
nonzero values for Co,**/(Co > + Co,>*) should not be
interpreted as the presence of Co®" in the STO substrate.

Having demonstrated that HAXPES enables profiling of the
Co valence state across the buried heterointerfaces of the
LSC,,3/LSC,,, trilayer, we now examine the valence state of
Co in LSC,;; when it is adjacent to two different oxides, i.e.
either LSC,;, or LNO,,, within the two trilayer structures. A
direct examination of all the Co 2p;,, peaks and the valence
band edge (in Figure 3a, b, c) reveals the dependence of the Co
valence state in LSC, ;5 on the neighboring layer. First, the Co**
2p3,, satellite peak intensity is higher for LSC,,5; with LSC,,, as
the neighboring oxide than the one with LNO,,,, both at the
as-prepared state and after annealing at 500 °C (Figure 3a).
Second, the main Co 2p;/, peak of LSC; ;neighboring with
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Figure 4. Comparison of cation compositions in the LSC,,3/LSC,,, and LSC,,3/LNO,, trilayers. Depth profiles of (a) (La + Sr)/Co and (b) Sr/La
in the as-prepared state and after annealing at 500 °C. The composition quantification were based on the Sr 3d, La 3d, Co 2p photoelectron spectra
collected at emission angles from 15° to 85° using 3000 eV photons. The cation compositions are plotted as a function of probing depth which was
defined in the caption of Figure 2. The (La + Sr)/Co and Sr/La represent cumulative data from the surface into the depth of the samples until the

probing depth.

LSC,,, is located at a lower binding energy than that of LSC, 3
neighboring with LNO,,, (Figure 3b). Third, the valence band
edge in LSC; ; was also impacted by the neighboring oxide
layer. When the LSC,; film is reduced at elevated temperatures
and low oxygen pressures, formation of oxygen vacancies
induce defect states and shift the valence band edge up.**>' >
The valence band edge of LSC,,; with LSC,,, and of LSC,;
with LNO,,, both up-shifted (i.e, to lower binding energy)
after annealing at 500 °C (Figure 3c). This upshift is larger for
LSC,,; with LSC,,,, indicating a more significant reduction of
Co in the LSC,,; layer when it neighbors LSC, ,. All three of
these results are consistent among each other and indicate a
more reduced Co in LSC,;; when adjacent to LSC,;, than
when it is adjacent to LNO,,. It is worth also noting that the
La 3d core level emission from LSC,; does not depend on the
composition of the neighboring oxide (Figure 3d).

More quantitatively, the CoZ'/(Co% + Co3) ratio in LSC;;
neighboring with LSC,,, is higher than that in LSC,;
neighboring with LNO,,,, for both the as-prepared state and
after annealing at 500 °C (Figure 3e, f). The amounts of Co**
in both the top and the bottom LSC,; layers in the LSC,,5/
LSC,,, trilayer significantly increase after annealing at 500 °C
(Figure 3e, f). However, the amount of Co*" in the LSC,,;/
LNO,,, trilayer only slightly increases after annealing at 500 °C
(Figure 3f). The CoZ/(CoZ + Col) ratios in the LSC,j,
single phase reference film and in the LSC, ; layer of the
LSC,,3/LSC,,, trilayer are very similar to each other. Any
difference in the reduced states of these two specimens was not
possible to resolve by HAXPES, but was more clearly resolved
by the HRXRD measurements that are presented later.
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Due to the strong overlap between the Ni 2p and La 3d
peaks, and between the Ni 3p and Co 3p peaks (SI Figure S8),
the Ni valence state in the LNO,;, layers could not be
determined from HAXPES. However, the results obtained from
HRXRD measurements (discussed later in the paper) can be
used to examine the relative reducibility of Ni in the reference
LNO,,, film and in the LSC;,3/LNO,,, trilayer structure.

It is interesting that the CoZ'/(CoZ" + CoZ)) ratio was high
near the first interface (Figure 2e), indicating possibly a quite
high Co*" concentration in that region in the as-prepared state.
This situation may arise because of Sr enrichment near the
LSC,,3/LSC,,, interface after high temperature synthesis, as
previously reported by another group.** However, it is only one
data point that showed very high Co®" content for the as-
prepared state, and we will show in the later section we ruled
out the possibility of Sr migration as the possible mechanism of
different defect chemistry in the trilayer structure.

Having shown that the Co valence state in LSC,; depends
significantly on the neighboring oxide (LSC,,, versus LNO,,,),
we must address whether such a difference arises from changes
in the local oxygen nonstoichiometry or in the local cation
chemistry. The (La + Sr)/Co ratios in the LSC,;3/LSC,4 and
LSC,,3/LNO,,, trilayers are similar before and after annealing
at 500 °C (Figure 4a), indicating no structural changes should
be expected after annealing. (The relative sensitivity factors for
La, Sr and Co were obtained by measuring the composition of
80 nm thick LSC,; films grown at the same conditions (SI
section S1).) More important for the Co valence state is the Sr/
La ratio because a change in the Sr doping level could be
charge-compensated by a change in the Co valence state and in
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Figure S. Lattice expansion and contraction due to oxygen nonstoichiometry change, quantified by HRXRD in LSC,;3/LSC,4, LSC,;3/LNO,,,
trilayer structures and their single phase counterparts. (a) 20— scans of LSC,;3/LSC,,, (top) and LSC,;3/LNO,,, (bottom), as-prepared and after
annealing at 300 and 500 °C for 1 h. (b) The schematics show the expansion of the c lattice parameter in LSC,,5 and LSC,,, films due to the increase
of oxygen vacancies, and the contraction of ¢ in LNO,,, due to the loss of oxygen interstitials after annealing. (c—e) Comparison of the HRXRD
patterns to show the relative changes in the out-of-plane lattice parameter, ¢, in LSCy3, LSC,y,, and LNO,,4: (c) LSC,;5 (002) peak in 26— scans
for LSC,,3, LSC,,3/LSC,,4, and LSC,;3/LNO,,,, as-prepared and after annealing at S00 °C. (d) LSC,,, (008) and (e) LNO,,, (008) peaks in 20—w
scans for the single phase and trilayer structures in the as-prepared state and after annealing at 500 °C. The dashed lines mark the position of the
LSC, 5 (002) peak, LSC,,, (008) peak, and LNO,,, (008) peak.

the oxygen vacancy concentration.””>* As shown in Figure 4b, oxidized Co in LSC,;3, but we found a more reduced Co.
the Sr/La ratio in the as-prepared LSC,3/LSC,,, film decreases Therefore, the more reduced Co is consistent with an overall
as the probing depth goes from the top surface into the bulk. increase of oxygen vacancy concentration within the LSC,;;/
This is due to the Sr enrichment at/near the surface, a LSC,,, trilayers to an extent significantly greater than that in

phenomenon that is generally observed for doped perovskite the LSC,;3/LNO,,, trilayer (Figure 3ef). Lastly, we note that
oxides.”*>™>7 After 500 °C, the Sr/La distribution remains one reason why the (La + Sr)/Co ratio in LSC,;3/LNO,,, and
unchanged for the LSC;;3/LNO,,, trilayer, and it increases LSC,;3/LSC,,, are larger than 1 is that the chemical

mainly at the very top surface of the LSC,,3/LSC,,, trilayer. On information obtained by HAXPES is a cumulative information
the other hand, the Co®* fraction clearly increased within the across different depths of the sample. Even when the probing
LSC,,5/LSC,, trilayer after annealing at 500 °C (Figure 3e, f). depth, here referring to three times the inelastic mean free path
If the enrichment of Sr** on the La-site were the only change in 4, is mainly within the top LSC,; layer, the data carry also
chemistry at 500 °C, then we should have found a more some information from the underlying LSC,;, or LNO,,,. This
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Table 1. Comparison of the c Lattice Parameter, the Change in the c Lattice Parameter (Ac), in the Out-of-Plane Strain State, £
(Ac/c), and in the Oxygen Nonstoichiometry (Ad) in Lagy¢Sry,C00;_s (LSC;3), (LagsSrys),C00,_5 (LSC,y4), and La,NiO,,s
(LNO,,4) in Trilayer Structures and in Single Phase Films after Annealing at 500 °C

Sample Condition c (A)
LSC,,; single phase As Prep 3.770
500 °C 3.810
LSC,5in LSC,,5/LSCyy, As Prep. 3.768
500 °C 3.789
LSC,3in LSC,;5/LNO,,, As Prep. 3764
500 °C 3.764
LSC,,, single phase As Prep. 12.40
500 °C 12.44
LSC,,4 in LSC,;3/LSC, 4 As Prep. 12.46
500 °C 12.57
LNO,,, single phase As Prep 12.71
500 °C 12.67
LNO,,, in LSC,;3/LNO,,, As Prep. 12.66
500 °C 12.58

Ac (A) € A Abitayer — Abingle phase
0.040 0.011 0.188
0.021 0.006 0.120 —0.068
0.000 0.000 0.000 —0.188
0.037 0.003 0.074
0.117 0.009 0.173 0.099
—0.040 —0.003 —0.038
—0.082 —0.006 —-0.079 —0.041

can also explain the seemly larger (La + Sr)/Co ratio (and
smaller Sr/La ratio) in LSC1;,3/LNO,,;, compared to that in
LSC,;3/LSC, 4. Considering that HAXPES is always more
sensitive to the surface, Sr enrichment on the surface of LSC, 5
mentioned above can also lead to an A to B ratio larger than 1
for both LSC,;53/LSC,,, and LSC,,3/LNO,,,

In summary, combining the information on the Co valence
state (Figures 2 and 3) and the cation composition (Figure 4)
deduced from HAXPES, we found that the Co in LSC,;
neighboring LSC,,, (in LSC,,3/LSC,,,) is more reducible than
the Co in LSC,;; neighboring LNO,;, (in LSC,;;/LNO,,,).
This is because of a larger concentration of oxygen vacancies
that form in LSC,; of the LSC,,3/LSC,,, than in LSC,,; of the
LSC,,3/LNO,,,, after annealing at elevated temperatures in a
reducing atmosphere. From this finding, we can conclude that
the oxygen nonstoichiometry in thin LSC,;; layers can be
significantly influenced by the nature of the adjacent oxide.

3.3. Oxygen Defect States Probed by HRXRD. The
oxygen nonstoichiometry in transition metal oxides impacts the
lattice parameter, commonly referred to as chemical strain.”®*’
In this section, we present results from HRXRD analysis. We
quantify the relative changes in the lattice parameters in
LSC,,3/LSC,y4 and LSC;,3/LNO,,, trilayers and relate the
lattice expansion or contraction to the relative changes in the
oxygen nonstoichiometry. This approach for observing the
oxygen defect chemistry in thin films and buried layers is
complementary to the HAXPES analysis presented in the
previous section.

The LSC,i3 LSC,, LNO,,, layers within the LSC,3/
LSC,,, and LSC,;3/LNO,,, trilayers remained epitaxial with
the STO (001) substrate before and after annealing (Figure
Sa). After annealing at S00 °C for 1 h, the out-of-plane lattice
parameter, ¢, of LSC,;3 in LSC,;3/LSC,,, expanded by 0.6%
(Figure Sa, Table 1), while that of LSC,;; in LSC,,3/LNO,,,
did not show any detectable change. The ¢ for LSC,; in the
single phase film is larger than that for either of the trilayer
structures, both in the as-prepared state and after 500 °C
annealing (Figure Sc). The lattice parameter of LSC,;; is
known®”°" to increase with oxygen nonstoichiometry (), i.e.,
with the oxygen vacancy concentration, as depicted schemati-
cally in Figure Sb. The lattice parameter and oxygen
nonstoichiometry of the as-prepared samples and after heating
at temperature T were defined to be ¢, prepy Saspreps €1y and Or.

To relate the change in the lattice parameter (Ac = ¢y — Cas-prep.)
to the relative changes in the oxygen nonstoichiometry (A =

or — 5aS_PrepA), we used the chemical expansion coeflicient,
e o’ Ac b
% 0.053 and s 1.543, where & = - and y, = 7

quantified by Chen et al.*’ for LagSr,,C0Q;_s (SI section S3).
The ¢ lattice parameter and the annealing-induced changes in
the ¢ (Ac) and in the oxygen nonstoichiometric (A§) for
LSC,,; single phase, LSC,,; in LSC;;3/LSC, 4, and LSC,; in
LSC,;3/LNO,,, are shown in Table 1. We note that, in relating
the Ac to A above, the chemical expansion coefficient
deduced for bulk powder specimens was used.”” Furthermore,
we also included the impact of the in-plane clamping by the
substrate, by calculating how the chemical expansion should
propagate into changes in ¢ for clamped films, using an
approximate Young’s modulus and Poisson ratios as shown in
SI section S3. For the LSC,,; in LSC,,3/LNO,,,, the A after
500 °C was too small to be detected by our HRXRD
measurement. The A§ for single phase LSC,; after 500 °C is
estimated to be 0.188, which is larger than that of LSC, 3 in the
LSC,,3/LSC,,4 and the LSC,,3/LNO,,, trilayers.

For RP phases, it is known that the ¢ lattice parameter
decreases when the oxide loses oxygen interstitials, but it
increases when the oxide loses lattice oxygen and forms oxygen
vacancies®”~® (SI Figure $10). We found that the ¢ parameter
of LSC,,, increased after annealing in reducing conditions,
while the ¢ parameter of LNO,,, decreased (Figure Sa, b, Table
1). For LSC,y, with 50% Sr used in this study, the oxygen
vacancy is the dominant defect for the conditions involved in
the preparation and annealing of these films.*" The dominant
oxygen defect in LNO,,,, however, is oxygen interstitials, even
at temperatures as high as 900 °C and under reducing
conditions of 107! bar oxygen partial pressure.”® Therefore, we
can conclude that, in this work after annealing at 500 °C, the
LSC,,, has a higher concentration of oxygen vacancies, while
the LNO,,, has a lower concentration of oxygen interstitials.
Compared with the one in the LSC,3/LSC,,, trilayer structure,
single phase LSC,4 has a smaller c lattice parameter (Figure 5d,
Table 1). On the other hand, the LNO,,, single phase shows a
larger ¢ than that in the LSC,;3/LNO,,, trilayer (Figure Se).
These results indicate more oxygen vacancies are present in the
LSC,,, and less oxygen interstitials are present in LNO,, films
when they are in contact with LSC, 5 in the trilayers. To relate
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the lattice parameter changes to relative changes in the oxygen
nonstoichiometry (AS), we used the chemical expansion

coeficient (Z—;) = 0.62 A, quantified for bulk LNO,,,.”"
T

The Ad in LNO,,, from the as-prepared state to the 500 °C
annealed state is estimated to be about —0.079 for LNO,,, in
the trilayer and about —0.038 for singe phase LNO,;, (Table
1). For LSC,,,, there has been no quantitative study of its
chemical expansion behavior. Under our experimental (depo-
sition and annealing) conditions, the dominant oxygen defects
are oxygen vacancies and the recucible cation is Co in both
LSC, ;5 and LSC,,,. Therefore, it is reasonable to assume the
same chemical expansion coefficient for the conversion of the
change in the lattice parameter to the change in the oxygen
nonstoichiometry in the LSC,;; and LSC,,, films. With this
assumption, the LSC,,, in the trilayer structure has Ad = 0.173
after annealing 500 °C, while the LSC,, single phase layer has
Aé = 0.074. It is possible that these phases actually have
different chemical expansion coeflicients, so the AJ estimated
for LSC,,, above may have some uncertainty. Nevertheless, the
overall conclusion that the LSC,, in trilayers have more
oxygen vacancies than the LSC,,, single phase layer remains
valid. The comparison of Ad values shows that both the LSC, ,
and the LNO,,, lose more oxygen when they are in contact
with LSC, 3 in the trilayers than their single phase counterparts.

In summary, measurements of the ¢ lattice parameters in the
trilayers and single phase films showed that a different level of
oxygen substoichiometry can be equilibrated in LSC;
depending on the nature of the neighboring oxide. The ¢
lattice parameter of LSC;;3 in LSC,;3/LSC,,, increased after
annealing at elevated temperatures, correlating to a clear
increase in oxygen vacancy concentration. On the other hand,
the ¢ lattice parameter in LSC;;3 in LSC,;3/LNO,,, did not
show any detectable change after annealing, indicating that the
oxygen vacancy concentration change in LSC, ;3 is smaller than
the detection limit by these HRXRD measurements. This result
is consistent with the HAXPES results, which showed an easier
reducibility of LSC,,3 with LSC,,, than of LSC,; with LNO,,,
as the neighboring oxide.

3.4. Possible Mechanism for Interface-Dependent
Defect Chemistry. The reason for the different oxygen
nonstoichiometry levels in the LSC, 5 single phase versus when
it is in the two trilayers is likely the different electrostatic
potentials built near the heterointerfaces of the trilayers. After
annealing under low oxygen pressure, oxide films tend to lose
oxygen to the environment and show a reduction in
electronegativity, the energy difference between the Fermi
level and the vacuum energy.sz’53’66 Our previous work showed
that the defect state formed at elevated temperatures within the
energy band of LSC,; led to an increase of Fermi energy and a
metallic-like band structure.””® Under the same conditions,
LSC,), phase alone had much less changes in electronic
structure and oxygen vacancy content.’® The difference in
electronic structure of LSC,;; and LSC, 4 leads to a band level
as illustrated in Figure 6a for LSC,,; and LSC,,, individually, if
the two phases were not in contact. Bringing these two phases
into contact at their interface can build up a negative and a
positive electrostatic potential in LSC,;, and LSC,;,
respectively, and drive the Fermi levels of LSC,;, and LSC,;
to align across the interface, as sketched in Figure 6b). Such an
upshift of the LSC,,, Fermi level by contacting with LSC,; was
observed in our previous experimental work.”” Similar
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Figure 6. Illustration of how the presence of LSC,;;3/LSC,;,and
LSC,,3/LNO,,, interfaces leads to the creation of a local electric field,
which can impact the local oxygen defect equilibria. (a) The
misalignment of the Fermi level in LSC,;; and LSC,;, (LNO,,)
single phases after losing oxygen by annealing at high temperature, if
each phase were considered separately. (b) The alignment of the
Fermi level in LSC,; and LSC,,, (LNO,,,) annealing by the creation
of local electric field, ¢, upon annealing. The black lines below the
conduction band in b and c refer to the defect states created upon
formation of oxygen vacancies at high temperature.

arguments can be applied to the LSC;;; and LNO,,
heterostructure.

The formation energies of oxygen vacancies, V5 (Egy), and of
oxygen interstitials, O; (Eg), are described by the following
equations: /6769

EfV=Edef+lu_Eperf+qEF+q® q=2€

(1)
@)

where Eg and E, are the energies of the system with and
without oxygen defects, respectively; 4 is the chemical potential
of oxygen in the materials; g is the charge for oxygen defect; Eg
is the Fermi energy; and @ is the electrostatic potential. A
positive @ in LSC,; leads to an increase of oxygen vacancy
formation energy and less oxygen vacancies near the
heterointerface with LSC,;, or LNO,;,. A negative O
equilibrates in LSC,;, and in LNO,;, and decreases the
oxygen vacancy formation energy while increasing the oxygen
interstitial formation energy. This leads to more oxygen
vacancies in LSC,;, and less oxygen interstitials in LNO,,
near their interface with LSC,,;. The magnitude of such an
electrostatic potential at the interface does not have to be large
to introduce significant changes in the oxygen nonstoichiom-
etry (6).”°" As shown quantitatively in SI section 4, less than a
0.1 eV electrostatic potential near the interface can introduce
the observed change in the oxygen nonstoichiometry in LSC,
between the trilayer structure and the single phase (i.e, Ad of
0.188 in Table 1). A way to detect the presence of such an
electrostatic potential is to measure the shifts in the binding
energy of the core level peaks in XPS. However, the shift in
peak positions in the photoelectron spectra introduced by such
small electrostatic potentials (<0.1 eV) is beyond the resolution
limits of the measurements in this work, in part due to the
strong overlap between the La, Co, and Ni peaks. Further
investigation on other multilayer systems that consist of
elements whose core level spectra do not overlap is currently

Eg = Eg — p — Eperf + qEF + q@ q=—2e
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ongoing to confirm the existence of an electrostatic potential
near the perovskite-related heterointerfaces. If the model above
is correct, one should expect the LSC5 in LSC,;3/LSC,,, and
LSC,;3/LNO,,, trilayers to lose less oxygen than the single
phase LSC,,3, and the LSC,;, and LNO,,, in trilayers to lose
more oxygen than the single-phase films. This is what is
observed in Figure Sc—e. All of these results support the
explanation we proposed above, that the existence of an
electrostatic potential near the heterointerfaces can change the
defect chemistry in the thin layers of LSC,;;, LSC,;,, and
LNO,,,. In the model we proposed above, the driving force for
charged defect distribution affects not only electron transfer
from LSC, 5 across the interface to LSC,;, or LNO,,, but also
exchange and re-equilibration of charged oxygen defects.
Consistent with the electron transfer direction, the interstitial
oxygens (—2 formal charge) within LNO,,, can transfer to
LSC, 3 leading to less oxygen vacancies (+2 formal charge) in
LSC, s

It is also worth noting that the Sr/La ratio increased slightly
at the very top surface of the LSC,,3/LSC,,, trilayer after 500
°C annealing. Furthermore, the increase of Sr at the A-site of
LSC,,; is known to increase the oxygen vacancy concentration
in LSC,;;.”” The possible diffusion of Sr from LSC,,, into
LSC,,; might also explain the higher oxygen vacancies for
LSC,;; in LSC,;3/LSC,;4 than LSC,;;/LNO,,,. However, it
cannot explain why LSC;j; in the LSC,;;/LSC,,, has less
oxygen vacancies than the LSC,; single phase. Therefore, we
believe the electrostatic potential near the interface as described
above is more likely to be behind the change in oxygen defect
chemistry instead of Sr interdiffusion.

In the description of the oxygen defect formation energy
above, we assumed that Eqf — E, in eqs 1 and 2 is the same
for the single phase and near the heterointerface. This quantity
can in fact also be affected by the symmetry breaking and
alteration of coordination and bond energies near the
interface.”” While we do not rule out this interface chemistry
related effect, calculating the difference in Eg¢ — E,, for single
phase versus heterointerface is beyond the scope of this work.
Furthermore, in this paper we did not consider the effect of
strain which is known to impact the oxygen defect chemistry.”'
This is because all our films are very thin (~10 nm in total). As
a result, the in-plane lattice parameter of all the films are
determined by the substrate, leading to very similar in-plane
lattice parameters for both the single phase films and the
trilayer films. Lastly, it is worth noting that besides oxygen
defects, the defect chemistry for other ions can also be strongly
influenced by the presence of the interface, as shown by Xu et
al. for the intercalation energy of Li in the Li FePO,/Li MPO,
heterostructure.”

3.5. Perspectives and Implications of the Phenomen-
on. The fabrication and operation of many oxide devices
involve elevated temperatures, reactive gas environments, and
the presence of an external bias. Such external drivers can
change the oxygen nonstoichiometry in oxides, leading to
different electronic structures, conductivities, and magnetic
properties. The ability to change the response of oxygen defects
to the environment presents a new way of tailoring the
functionality of transition metal oxides. For example, tensile
strain is now known to be one way to lower the oxygen vacancy
or interstitial formation energy, leading to the ability to
accommodate more oxygen vacancies or interstitials, and
eventuéilll;f1 fa;gter oxygen exchange kinetics at elevated temper-
atures.” "’
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To tune the oxygen defects and functionality of oxide
heterostructures, we proposed to couple the defect chemistry
and electronic structure of two oxides through their interface.
Depending on the neighboring oxide, one can either suppress
or enhance the oxygen defect formation under an electrostatic
driving force arising internally from the interface. In this work,
we showed that by placing LSC,;3 next to LNO,,, oxygen
vacancy formation in LSC;,; was strongly suppressed. One key
parameter is the relative Fermi level positions of the two phases
upon the change of their oxygen nonstoichiometry due to the
external driving force (here the annealing temperature), finally
forming an internal driving force (here the interface electro-
static potential). Based on the rigid band theory of Lankhorstet
al,*® the Fermi level of LSC,,; corresponds to the gradual
filling up of states in a broad electron band with electrons
introduced by oxygen vacancy formation. One needs similar
models that correlate oxygen nonstoichiometry to the Fermi
level in different materials so that the neighboring oxides could
be chosen for controlling the oxygen defects. Our results point
out “band engineering” as a potential way of tailoring defect
chemistry and generating different functionalities in oxide
superlattices. We are currently working on other hetero-
structures that consist of different RP phase materials to further
confirm the impact of band engineering through hetero-
interfaces on the defect chemistry of those materials.

In this work, we used a combination of HAXPES and
HRXRD to probe the relative oxygen nonstoichiometry levels
in LSC,,3/LSC,,, and LSC,;3/LNO,,, trilayer structures. This
approach is nondestructive and does not require a complicated
sample preparation, and it can therefore be used for materials
that are sensitive to electron beam damage. Several recent
studies have shown the significant impact of heterointerfaces on
local electronic structure and transport properties. Chen et al.”*
and Huijben et al.”® reported enhanced electronic mobility by
inserting a single-unit cell of La;_,Sr,MnO; (x = 0, 1/8, and 1/
3)™* and SrCuO, between LaAlO; and SrTiO;. The resulting
enhanced mobility was tied to potential changes in oxygen
defect chemistry induced by the inserted layer. Yajima et al.”®
succeeded in tuning the band alignment in perovskite metal—
semiconductor heterojunctions over a broad range of 1.7 eV by
inserting a few unit cells of either LaTiO; or SrAlO, between
the SrRuO; and Nb:SrTiO;. However, the impact of the
interface on the oxygen defects accompanied by such a large
change in electrostatic field was not discussed. The methods
used in the work can be easily adapted to other systems,
including those mentioned above, to clarify the role of local
oxygen defects in determining the novel properties that arise
near oxide heterointerfaces, such as magneto-electric cou-
pling," interfacial superconductivity,'"'” high electronic and
ionic conductivity,">"*7*77® and catalytic activity."*"** Fur-
thermore, this approach can be extended to in situ studies at
elevated temperatures, in reactive gas environments, and under
electrochemical potentials to probe more quantitatively how
the local defects evolve when the chemical potential of the gas
phase is changed. This can be particularly useful for the
applications to high temperature electrochemical energy
conversion or to redox-reaction based resistive memories.

4. CONCLUSION

Interfaces of perovskite and Ruddlesden—Popper type oxides
present an interesting case for affecting the defect chemistry of
each phase through their interfaces. We used a novel
combination of HAXPES and HRXRD to probe the local
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oxygen defect distribution across the buried interfaces of
LSC,,3/LSC,y4 and LSC,;3/LNO,,, trilayer model systems.
From HAXPES measurements, we found that the Co in the
LSC,,; adjacent to LSC,,, is more reducible than the Co in the
LSC;;; adjacent to LNO,;,. This is because of a larger
concentration of oxygen vacancies that form in LSC,;; of the
LSC,,53/LSC,,, than that in LSC,; of the LSC,,3/LNO,,,, after
annealing in a reducing atmosphere. The HRXRD results
indicated consistent behavior as found from HAXPES.
Reduction-induced chemical expansion of the LSC,;; single
phase was larger than that of LSC,,; adjacent to LSC,,, or to
LNO,,,. The comparison of lattice parameters upon reduction
indicated that the Ad in LSC,;; adjacent to LNO,,, was less
than that in LSC, 3 adjacent to LSC,,, and in the LSC, 5 single
phase. On the other hand, LSC,,, and LNO,,, were found to
lose more oxygen when in contact with the LSC, ; layer
compared to their single phase counterparts. Our results
demonstrated that the oxygen defect chemistry of these
transition metal oxides was strongly impacted by the presence
of interfaces and the properties of the adjacent phases. We
attributed this behavior to the electrostatic potentials built near
the heterointerfaces. In this work, combining HAXPES with
HRHRD, we provide a nondestructive way to qualitatively
probe the local oxygen defect states in transition metal oxide
heterostructures. Our results also point out interface engineer-
ing as a potential way to control the local defect chemistry,
electronic structure, and functionality for oxide supper-lattices.
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