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Probing vacancy behavior across complex
oxide heterointerfaces
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INTRODUCTION

Complex oxide heterostructures generate tremendous research interest due to the unique electrical (1, 2), ferroelectric (3, 4), multiferroic
(5), magnetic (6), and electrochemical phenomena (7, 8) they exhibit.
These breakthroughs resulted from advancements in the deposition
and fabrication of oxide heterostructured films with atomic-level
precision (3, 9). Many functional complex oxide heterostructures partially comprise strontium titanate [SrTiO3 (STO)] layers, the archetype
perovskite system with a well-studied defect chemistry and multifunctional character (10). Two-dimensional electron gas (2DEG)
formation at the LaAlO3 (LAO)/STO interface (1) and colossal ionic
conductivity at the YSZ/STO heterointerface (11) represent two examples of STO-based oxide pairs that exhibit unusual, yet tailorable,
material properties using the highly sensitive interrelationship between
structure (strain) and charge. While the origin of interfacial phenomena such as the formation of 2DEG or enhanced electrochemical activity has been attributed to electronic reconstruction (1, 12), cation
interdiffusion (13), or interfacial strain (11), other proposed mechanisms attribute the observed behavior to unique oxygen vacancy distributions in the substrate STO near heterointerfaces (14–19).
An oxygen vacancy is an intrinsic donor dopant in many transition
metal oxides similar to STO, where the formation of the oxygen vacancy will be introduced either by acceptor doping (inadvertently or
on purpose) or by the reduction reaction
1
OXO →V ••
O þ 2e′ þ O2
2

ð1Þ

where two free electrons are donated to the conduction band through
the creation of one oxygen vacancy. Pulsed laser deposition (PLD) has
been shown to heavily reduce the underlying oxide substrate during
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thin-film fabrication, thus increasing the local oxygen vacancy concentration extending from the film-substrate interface (18–21). Although the mechanism is still obscure, an emerging body of work
attributes this highly reduced state to metal oxide films scavenging oxygen from the underlying substrate and adjacent films even under
nonreducing deposition atmosphere (15, 19, 22, 23).
Studies using Hall effect measurements (21), Shubnikov–de Haas
oscillations (16), and cathode luminescence (17) yielded evidence of
the interfacial oxygen vacancy doping within the underlying STO
substrate but did not spatially resolve quantitative oxygen vacancy
distributions across the thickness direction of the heterostructured
oxide interface. Aberration-corrected scanning transmission electron microscopy (STEM) (24) and electron energy loss spectroscopy
(EELS) (25) studies both quantitatively resolve the oxygen vacancy
concentration in perovskite (ABO3) oxides with subnanometer resolution but typically limit the scan area to less than 10 nm; thus, information extending far (micrometers) from the interface has yet to
be revealed. Conductive atomic force microscopy (c-AFM) was previously used to map the charge carrier density within LAO/STO
cross sections with nanometer resolution (14), but required a cumbersome comparison between a uniformly doped Nb:STO reference
sample and the heterostructure interfacial region with highly inhomogeneous vacancy concentrations. Moreover, determining whether transport depends on oxygen vacancies, rather than on other
intrinsic defects such as strontium vacancies, requires using variable
temperature studies.
A complete understanding of interfacial phenomenon in complex
oxide heterostructures, especially those involving oxygen vacancy dynamics, requires in situ measurement techniques capable of resolving
properties with nanometer resolution while operating within the standard solid oxide electroactive operation regime, which typically comprises elevated temperatures (T > 500°C) and ambient oxygen partial
pressures. Commonly used characterization techniques for solid oxide
devices, such as ambient-pressure x-ray photoelectron spectroscopy (AP-XPS) (26) and electrochemical impedance spectroscopy
(EIS), operate under sub-ambient to ambient pressures (100 torr of
atmosphere) and elevated temperatures. AP-XPS also has coarse
(~10 mm) spatial resolution due to the beam spot size, while EIS does
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Oxygen vacancies (V ••O ) play a critical role as defects in complex oxides in establishing functionality in systems
including memristors, all-oxide electronics, and electrochemical cells that comprise metal-insulator-metal or
complex oxide heterostructure configurations. Improving oxide-oxide interfaces necessitates a direct, spatial
understanding of vacancy distributions that define electrochemically active regions. We show vacancies deplete
over micrometer-level distances in Nb-doped SrTiO3 (Nb:SrTiO3) substrates due to deposition and post-annealing
processes. We convert the surface potential across a strontium titanate/yttria-stabilized zirconia (STO/YSZ) heterostructured film to spatial (<100 nm) vacancy profiles within STO using (T = 500°C) in situ scanning probes and
semiconductor analysis. Oxygen scavenging occurring during pulsed laser deposition reduces Nb:STO substantially, which partially reoxidizes in an oxygen-rich environment upon cooling. These results (i) introduce the
means to spatially resolve quantitative vacancy distributions across oxide films and (ii) indicate the mechanisms
by which oxide thin films enhance and then deplete vacancies within the underlying substrate.
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RESULTS

In situ surface potential evolution across STO/YSZ
multilayer films
Figure 1A shows an illustration of the high-temperature in situ potential scanning system for a 500-nm STO/500-nm YSZ/500-nm STO/
500-nm YSZ multilayer film grown on the (001)-oriented 0.05 weight
% (wt %) Nb:STO single crystal substrate. Here, a 100-nm aluminum
film with a 25-nm platinum cap forms an Ohmic contact with Nb:
STO, and a 25-nm platinum film serves as the top electrode. The lowmagnification high-angle annular dark-field (HAADF) STEM image
in Fig. 1B shows the deposited STO/YSZ multilayer film. From the
high-magnification HAADF images and selected-area electron diffraction patterns of each layer, as shown in Fig. 1 (C and D), the first
STO layer appears to have grown epitaxially on the Nb:STO substrate, while the first YSZ, second STO, and second YSZ layers all
exhibit a columnar polycrystalline microstructure. Additional structural analysis by x-ray diffraction (XRD) is shown in fig. S1.
To effectively minimize any potential effects of lateral diffusion
(Fig. 1A; y axis) to the measurement results, the sample was first
cut in half lengthwise and then cut again and polished to create a
quartered section of the original deposited structure, which enabled
access to the center portion of the deposited film (fig. S2). Figure 2
shows the cross-sectional topographic and surface potential images
(Fig. 2A) of the multilayer region collected in situ at a sample temperature of 500°C, respectively. Here, the stark contrast shift on the
right-most portion of the topographic images indicates the location
of the multilayer film edge. The potential profile (Fig. 2B) extracted
from the surface potential image exhibits a rather unusual perturbation

Fig. 1. The schematic of the measurement system and the structure of the multilayer oxide films. (A) Schematic of the high-temperature in situ potential scanning
geometry. (B) Low-magnification HAADF image of the multilayer sample. (C and D) High-magnification HAADF images of interfaces between Nb:STO and first STO, first
STO, and first YSZ layers, respectively. The insets show selected-area electron diffraction patterns of each layer. The yellow circles indicated by the arrow in (D) represent
the polycrystallinity of the first YSZ layer. Images in (C) and (D) were collected from red and blue parts of (B), respectively.
Zhu et al., Sci. Adv. 2019; 5 : eaau8467

22 February 2019

2 of 9

Downloaded from http://advances.sciencemag.org/ on September 19, 2019

not have any spatial resolution. Scanning surface potential microscopy (SSPM) is a modified two-pass local probe technique used to
determine the surface potential of material surfaces with nanoscale
precision (27), thus yielding highly localized physical and electrochemical properties. High temperatures present significant hurdles
for local probe studies of energy-related material systems, where in
situ SSPM under operating conditions, or so-called operando measurements, has only been recently introduced (28, 29). We previously used SSPM to characterize interfacial potential perturbations,
active zone widths, and triple-phase boundary widths of solid oxide
fuel cell electrode/electrolyte assemblies and CeO2-based solid oxide
electrolysis cell electrodes at intermediate operation temperatures
(T = 500° to 600°C) with a customized miniature environmental chamber (30–33).
In this study, we measure local surface potential variations orthogonal to the interfaces of STO/YSZ multilayer oxide cross-sectional
films using high-temperature SSPM. Here, the multilayer constituent
oxide choices form a robust test structure enabling in situ visualization
of vacancy distributions under both applied thermal and electrical
stimuli. STO represents a model perovskite system with a well-studied
defect chemistry and vacancy transport properties (34), while YSZ is a
commonly used ionic conducting solid electrolyte with known oxygen
scavenging behavior (15). We show surface potential variations across
the interfacial regions, collected as a function of temperature and electrical bias. The results validate the existence of unique oxygen vacancy
distributions that manifest as large, micrometer-level depletion regions induced under commonly applied PLD deposition environmental conditions, with implications for substrate selection.
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near the Nb:STO/STO interface and extends approximately 7 mm at
0-V bias. As the oxidation-induced space-charge region typically
spans tens of nanometers within Nb:STO (35), we contend that this
drop must be induced by a different mechanism that occurs over a
micrometer-level length scale.
Depletion regions and electronic-dominant versus
ionic-dominant character
Nb:STO has two types of dopants: (i) intrinsic dopants, such as oxygen
vacancies as donors and strontium vacancies as acceptors, and (ii) extrinsic dopants in the form of niobium donors (10). Considering the
measurement temperature and applied bias, both Nb cations and Sr
vacancies within STO are considered immobile in this study (36, 37).
We can safely attribute, therefore, the surface potential variations
occurring along the Nb:STO/STO interface to the diffusion and evolution of oxygen vacancy dopant concentrations.
Potential images were collected under various biases, at both
elevated and room temperature, to decouple possible Nb•Ti and V ″Sr
contributions to the surface potential perturbations observed in the
Nb:STO/STO interfacial region. The potential profiles were extracted
from the potential images by averaging over 20 lines parallel to the
z axis, assuming that the potential along the y axis is constant. The
potential profiles measured at room temperature (Fig. 2C) exhibit a
potential drop that occurs predominantly within the STO/YSZ multilayer region, while the potential of the Nb:STO substrate remains
Zhu et al., Sci. Adv. 2019; 5 : eaau8467
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relatively constant. As the applied bias increased, the potential drop
remained constrained to the 2-mm insulating multilayer region. The
in situ SSPM measurements performed at 500°C required waiting
5 min to reach the steady-state current value after changing the bias.
From Fig. 2D, the potential drop starts from the region in the Nb:
STO substrate close to the STO film and extends further into the
Nb:STO substrate as the applied bias increases. If these observed perturbations originated from variations in electronic conductivity, the
trend would be observed at both room and elevated temperature. Because Nb•Ti and V ″Sr are immobile at 500°C, any potential drop induced by depletion of Nb•Ti or accumulation of V ″Sr would remain
constant at 7 mm in depth under increased bias, which is not observed. Thus, we excluded any possible contributions from Nb•Ti
and V ″Sr to this pronounced depletion-like region extending from
the Nb:STO/STO interface.
The variations in the observed profiles are therefore due to the nature of the dominant charge carrier at these two temperatures. At
room temperature, oxygen incorporation into the outer YSZ film does
not occur, and thus, steady-state ionic currents under bias are negligible. Electronic current, although also low, becomes the dominant
carrier transport mechanism across the multilayer films at room temperature. In this case, intrinsic STO and YSZ films are orders of magnitude less electronically conductive than Nb:STO, constraining the
potential drop to the multilayer region. At 500°C, YSZ becomes an
oxygen ion conductor with negligible electronic conductivity and,
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Downloaded from http://advances.sciencemag.org/ on September 19, 2019

Fig. 2. A comparison of in situ surface potential on STO/YSZ multilayer oxide films and thermally treated Nb:STO(001) substrate under room and elevated
(500°C) temperatures. (A) Topographic (top) and surface potential (bottom) images and (B) extracted potential profile results collected with biases of 0 V at 500°C.
A large potential variation occurs across the Nb:STO substrate and continues throughout the multilayer film. (C and D) Potential profiles collected from STO/YSZ
multilayer oxide films with biases ranging from 0 to 3 V at room temperature (RT) (C) and at 500°C (D) suggest electronic- and ionic-dominant transport, respectively.
(E and F) Potential profiles collected on the thermally treated Nb:STO(001) substrate with biases ranging from 0 to 3 V at room temperature (E) and at 500°C (F) remain
consistently flat across the sample.
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Local oxygen vacancy distributions within Nb:STO and
STO regions
Clarifying the mechanism underlying the oxygen vacancy–induced
potential perturbation and transport phenomena requires mapping
and quantifying oxygen vacancy distributions across the multilayer
heterostructured regions. Previous SSPM or Kelvin probe force microscopy (KPFM) studies successfully analyzed collected potential
profiles to yield distributions of dopant concentrations within semiconductors (40, 41) and metal oxides (42, 43), including nonuniform
doping distributions along silicon nanowires (40), quantified twodimensional doping profiles within ZnO thin films (43), and quantitative determination of band alignment across depth of solar cell
multilayers (41). Here, the oxygen vacancy concentration within STO
is estimated in a similar manner by assuming that oxygen vacancies
Zhu et al., Sci. Adv. 2019; 5 : eaau8467
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exist as an n-type dopant and contribute two free carriers to the conduction band per vacancy.
A simple electronic energy model relates the surface potential profiles to the dopant concentration (43). Fundamentally, SSPM measures the CPD between the tip and the sample surface. Under zero
applied bias, the CPD becomes the work function difference between
the tip and the sample, that is
V CPD ¼

ftip  fsample ftip  ½c þ ½EC  EF 
¼
q
q

ð2Þ

where ftip and fsample represent the work functions of the tip and the
sample, respectively; c is the electron affinity of the oxide; EC is the
energy level of the conduction band; and EF is the Fermi level.
Because the absolute tip work function is unknown, we used the
0.05 wt % Nb-doped STO substrate as the reference point. An estimate
of the sample charge carrier density n is
n ¼ N C F 1=2 ðhÞ

ð3Þ

where NC is the effective density of states, F1/2 is the Fermi-Dirac integral, and h is a function of (EF − EC).
As measurements occurred at temperature of 500°C, it is reasonable to assume that all the oxygen vacancies are doubly ionized (38),
•
i.e., n ¼ ½Nb•Ti  þ 2½V ••
O . The ½NbTi  value is calculated from the substrate doping amount (0.05 wt % Nb in STO). Combined with Eqs. 2
and 3, the variation in charge carrier density is therefore related to
the variation of oxygen vacancy concentration as
½V ••
O





 •
qV CPD þ c  ftip
1
¼ N C F 1=2
 NbTi
kB T
2

ð4Þ

Therefore, we used Eq. 4 to calculate the oxygen vacancy dopant
concentration by substituting the local VCPD values observed across
the multilayer films via SSPM. The detailed computation processes
are included in the Supplementary Materials. A schematic band diagram correspondent to the ~7-mm potential perturbation at the Nb:
STO/STO interface is demonstrated in Fig. 3A. A similar approach
was recently used to probe the oxygen vacancy dynamics in STO
(44); however, the interpretation of the results reversed the relationship between work function and relative oxygen vacancy concentration. In that study, areas exhibiting a higher work function were
considered to be ½V ••
O  rich. However, as an n-type dopant, higher
oxygen vacancy concentrations push the Fermi level toward the conduction band, which necessitates a reduction in the relative offset
EC − EF and subsequently a lower work function.
Figure 3B shows a plot of the surface potential and corresponding
oxygen vacancy concentration profile as a function of position. This
profile, collected orthogonal to the multilayered oxide film interface,
displays a region heavily depleted of oxygen vacancies adjacent to the
Nb:STO/STO interface. The Nb:STO bulk region appears strongly
reduced based on the surface potential conversion (½V ••
O  ≈ 3.1 ×
1020 cm−3), much higher than the expected value for a 0.05 wt %
15
−3
(0.1 atomic %) Nb:STO substrate (½V ••
O ≤ 10 cm ) (45). A separate
0.05 wt % Nb:STO substrate without film, prepared under the identical thermal budget used to create the STO/YSZ multilayer oxide
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hence, serves a role as an electron blocker in this electrochemical
assembly. The Nb:STO substrate and STO films in this sample both
have a relatively large oxygen vacancy concentration, as shown later,
and thus are endowed with appreciable ionic conductivity (38). As a
result, the ionic current becomes dominant at elevated temperatures
and the potential variation under bias indicates ionic transport variation across the substrate and films. While in the bulk Nb:STO substrate
(Z < 6 mm in Fig. 2D) the oxygen vacancy concentration is almost constant, the interfacial region adjacent to the multilayer films displays a
depletion of oxygen vacancy concentration that significantly reduces
its ionic conductivity and results in a surprisingly large potential drop
in this region under bias. The trend of the potential drop extending
deeper into the Nb:STO substrate with increasing bias is a steady-state
response of the material according to the constant current measured
during SSPM scanning (see the Supplementary Materials). Once external bias was removed, the contact potential difference (CPD) profile
returned to its initial state after a 5- to 10-min relaxation until the current reached steady state.
To further validate the assumption of oxygen vacancy–dominated
potential perturbations, we prepared a (001)-oriented 0.05 wt % Nb:
STO control sample without the multilayer film under the identical
(both temperature and gas atmosphere) thermal budget used during
the PLD process to fabricate the STO/YSZ multilayer oxide films.
Figure 2 (E and F) presents the SSPM results of the control sample
collected at room temperature and at 500°C, respectively. Unlike the
STO/YSZ multilayer oxide films, the potential profiles of the control
sample collected at 500°C remain relatively flat and do not have an
appreciable potential drop. Without the YSZ films present to serve as
an electron blocker, the electronic conductivity again becomes the
dominant mechanism at both room temperature and at 500°C under
bias. As a result, the potential profiles of the thermally treated Nb:
STO substrate display a consistent, flat trend at different measurement
temperatures. Here, the only difference between the 500°C and room
temperature profiles is the contrasting absolute potential values at various biases. The presence of a surface water meniscus during room
temperature measurements likely causes the measured potential variation, as previously reported from other oxide surfaces (39). The
primary reason that the profiles in Fig. 2 (E and F) differ from those
in Fig. 2C is because there are no electronic insulating films on Nb:
STO substrates. As bias is only applied to the substrate, the electrostatic potential will drop gradually across its entire thickness (1 mm)
instead of only dropping in the 2-mm-thick multilayer film region as
seen in Fig. 2C, so the drop appears to be “stretched” or flat over such a
larger distance.
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films, exhibited a surface potential profile nearly identical to that
measured from the as-received Nb:STO substrate (fig. S3), indicating
that only a negligible amount ofV ••
O was created by thermal treatment
alone. Therefore, the large amount of vacancies must be created
during PLD film deposition. An unusual feature in the concentra20
−3
tion profile shows that ½V ••
O  decreased from ~3.1 × 10 cm in the
bulk to 6.3 × 1018 cm−3 at the Nb:STO/STO-1 interface, lower than
the dopant concentration of Nb (1.7 × 1019 cm−3). The ½V ••
O value in
the Nb:STO bulk derived from the SSPM profile strongly deviates
from the expected value at equilibrium with the measurement
conditions (ambient; T = 500°C). As PLD-induced reduction of
the substrate should yield enhancements in vacancy concentration,
this counterintuitive observance of the interfacial vacancy depletion
region suggests that a secondary mechanism such as oxygen reincorporation must occur sequentially during sample preparation, which
will be introduced in the next section.
In the multilayer region (Fig. 3B), the oxygen vacancy concentration gradient becomes relatively flat in the first STO film (adjacent
to the Nb:STO substrate), decreasing from 1.4 × 1019 cm−3 to 1.2 ×
1019 cm−3 across the film. In the second STO film (between YSZ layers),
the oxygen vacancy concentration also displays a small negative gradient ranging from 1.0 × 1019 cm−3 to 8.9 × 1018 cm−3. Unlike STO,
oxygen vacancies are not considered a dopant within YSZ, yielding
no direct way to correlate the oxygen vacancy concentration to the
charge carrier density in YSZ. Instead, a positively charged defect compensates the negative charge induced by substituting Zr4+ with Y3+.
Here, we calculated the oxygen vacancy concentration in the YSZ regions directly from the yttrium substituent concentration [8 mole percent (mol %) Y2O3]. Additional oxygen vacancies may be present in
the YSZ layers, generated either by reduction or from redistribution
from the STO layers (46); their amount will, however, be relatively low
as compared with the amount due to the yttrium substituent. The result is a significant difference (two orders of magnitude) in oxygen
vacancy concentration in YSZ compared to the STO films. The STO/
YSZ interface exhibited a slightly higher potential than the center of
the first YSZ and second STO films, which is likely attributed to the
accumulation of oxygen vacancies. The potential profile in the first
YSZ layer followed a “V” shape, indicative of excess oxygen vacancies
diffusing from the STO layer to the YSZ layer to reach electrochemical
Zhu et al., Sci. Adv. 2019; 5 : eaau8467
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potential equilibrium across the multilayer films (45). Assuming that
the valley of the potential profile in YSZ is neutral, and by applying the
parallel capacitor model, DV ¼ Ds de, the calculated excess oxygen vacancy concentration is on the order of 109 cm−3, which is negligible
compared to the large intrinsic oxygen vacancy concentration in the
YSZ layer. In the second YSZ layer, the potential profile is nearly constant. Therefore, it is reasonable to assume a constant ½V ••
O  across both
YSZ layers with regard to the existence of a limited amount of ½V ••
O
redistribution from STO to YSZ, as previous defect thermodynamic
studies proposed (46).
Extreme reduction of Nb:STO substrates during PLD
The large amounts of oxygen vacancies and electrons in the Nb:STO
substrate were likely generated during the deposition by PLD of the
multilayer heterostructure, as suggested in other PLD film studies
(18–21). The mechanism by which the substrate is reduced is illustrated in Fig. 4. During film deposition, we suppose that not all of
the oxygen from the target is transferred to the film and that there
is negligible incorporation of oxygen from the gas phase into the
films. As a consequence, the growing film is severely oxygen deficient
and scavenges oxygen, therefore, from the substrate and buried films
(Fig. 4, A and B), a process previously verified by secondary ion mass
spectrometry (SIMS) (19, 22) and in situ synchrotron-based x-ray
techniques (23). Here, we can show that in our case the entire substrate was reduced by considering the reduction kinetics and the deposition time. Because reduction of the substrate involves the chemical
diffusion of oxygen out of the substrate and into the film(s), i.e., the
ambipolar diffusion of oxygen ions and electrons, the relevant kinetic
parameter is the chemical diffusion coefficient of oxygen. For the deposition conditions, this quantity is given by (47) DdO ¼ 3DV (with DV
being the diffusion coefficient of oxygen vacancies). With the literature value (48) of DV = 10−5.25 cm2 s−1 at 750°C and the total deposition time (from the deposition of the first film until the end of the
deposition of the final film) of t dep = 363 min, one obtains a
characteristic diffusion length (i.e., the spatial extent of reduction) of
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DdO t dep ¼ 3DV t dep ≈ 6 mm. This is many times larger than the
substrate thickness (of 1 mm), thus confirming that the entire substrate was reduced during deposition. Further evidence is related to
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Fig. 3. The oxygen vacancy concentration distribution across STO/YSZ multilayer oxide films. (A) Illustrated schematic of the band diagram at the Nb:STO/STO
interface. Here, the contact potential difference (CPD) measured by SSPM is used to determine the offset of the Fermi band from the conduction band, as a function
of position in the z direction. (B) Surface potential profile collected in situ at 500°C (red) and resulting oxygen vacancy concentration distribution across the STO/YSZ
multilayer oxide films (black). The oxygen vacancy concentration decreased from STO to YSZ near the interface and extends ~7 mm into the bulk Nb:STO substrate.
The calculated oxygen vacancy concentration in YSZ films indicates an abrupt increase compared to the oxygen vacancy concentration in STO probed and derived
from the surface potential (dashed red lines).
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Fig. 4. The PLD induced substrate reduction and reoxidation process. (A) Deposited films scavenge oxygen from the substrate due to the limited oxygen exchange
rate with the atmosphere in the PLD chamber. (B) Reduction of the substrate becomes more severe with the increasing thickness of the deposited films and the
introduction of subsequent layers. (C) Mechanism of the formation of large oxygen vacancy annihilation region. After deposition, the oxygen incorporates back into the
substrate through the multilayer films as the PLD chamber is backfilled with ~600 torr of oxygen and cooled from 750°C.
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−41
bar), which permits chemical incordegree of reduction (pOeff
2 ≤ 10
poration of oxygen at the YSZ surface (49) and chemical diffusion of
oxygen through the layers. Second, incorporation and diffusion through
the deposited films will occur only until there are insufficient electrons
in the YSZ layers (YSZ, with its higher reduction enthalpy, will have a
lower concentration of electronic charge carriers at given T and pO2).
As a consequence, the outermost YSZ layer prevents the underlying
structure from attaining equilibrium with the external atmosphere, although it is a highly oxidizing environment. Comparatively, STO is less
reactive than YSZ and is able to tolerate higher oxygen deficiency; thus,
it is less likely to severely reduce the underlying substrate (fig. S6).
The next procedure to be regarded is annealing the multilayer
film under ambient air (oxygen partial pressure of ~160 torr) at
600°C for 24 hours. Oxygen is now able to incorporate directly via
the exposed cross-sectional surface instead of diffusing through the
YSZ films and dramatically diminishes ½V ••
O  in the bulk. As shown in
Fig. 5, the absolute CPD value, under an applied bias of 0 V, is close
to the as-received Nb:STO surface potential (fig. S3), which indicates
that Nb•Ti serves as the dominant contributor to the charge carrier
density, while the oxygen vacancy concentration has been suppressed orders of magnitude lower than ½Nb•Ti , thus yielding a flat
uniform profile across the entire substrate attributed to the uniform
Nb dopant concentration. After annealing, the bias-dependent potential perturbation present in the as-deposited multilayer film (Fig. 2D)
near the Nb:STO/STO interface disappeared as well. Because ½V ••
O  has
been vastly reduced, the ionic conductivity in the Nb:STO substrate
and STO films at high temperature is negligible; as Nb•Ti becomes the
dominant charge carrier contribution, the evolution of potential profiles measured at elevated temperature under bias now indicates
electronic conductivity variation. With ½Nb•Ti  = 1.7 × 1019 cm−3,
the Nb:STO substrate is electrically conductive, while the STO and
YSZ layers are relatively insulating. As a result, the potential profile
throughout the Nb:STO substrate remains consistently flat under
increasing bias despite the offset change due to the electrostatic potential applied, and the potential drop occurs primarily in the multilayer region.

DISCUSSION

This study combines the ability to profile vacancy distributions with
the systematic evaluation of heterostructured thin-film components to
highlight the extent of PLD-induced defect levels in oxide substrates,
which affects many interfacial phenomena. We produced a quantitative
6 of 9
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our four-layer deposited film being 2 mm in total thickness; this is much
larger than the recently studied 150-nm Sr0.98La0.02TiO3 (SLTO) thin
film deposited under similar deposition condition on an STO substrate,
and this thinner film already reduced the entire substrate (18).
We can calculate quantitatively not only the spatial extent of reduction but also the degree of reduction. Specifically, knowing n and ½V ••
O
in the Nb:STO substrate (see previous section), one can calculate an
effective oxygen partial pressure pOeff
2 in the highly reduced bulk of
the substrate, i.e., the hypothetical oxygen partial pressure in the gas
phase, if the substrate and surrounding gas phase were in equilibrium.
Using literature data (10) for the equilibrium constant of reduction of
STO, Kred(T), we find this effective oxygen partial pressure to pOeff
2 ¼
2
−41
10
ÞÞ
bar.
Hence,
during
the
deposition,
the
ðK red ðTÞ=ðn2 ½V ••
O
e
substrate became increasingly reduced, reaching the level of pOeff
2 e
10−41 bar at the end of the procedure. pOeff
2 in the films at the end
of the procedure must have been at least slightly lower than this value
(if not several orders of magnitude lower), because the chemical diffusion of oxygen takes place from regions of higher pOeff
2 (substrate)
to regions of lower pOeff
2 (growing films). In this way, this result
confirms that the growing films were not in equilibrium with the gas
phase during deposition because the oxygen pressure in the PLD chamber (>10−6 bar) was many orders of magnitude higher than this effective
oxygen partial pressure.
Having considered in detail the movement of oxygen during film
growth, we now turn to the movement of oxygen after film growth.
Upon cooling the structure, a process initiated at 750°C, but in
~600 torr of O2, a reoxidation front begins to penetrate into the films
and then into the substrate. This reoxidation process requires (just like
the reduction process) the chemical diffusion of oxygen (the ambipolar
diffusion of oxygen ions and electronic species) through the various
layers. In contrast to the reduction process, however, the reoxidation
process also requires the chemical incorporation of oxygen at the exposed YSZ surface, i.e., molecular oxygen in the gas phase needs to be
dissociated and reduced to oxygen ions, which are then incorporated
into the YSZ solid. Penetrating into the structure, the incorporated
oxygen fills some of the oxygen vacancies and annihilates some of the
electrons. Because the sample is being cooled, and both diffusion kinetics and surface reaction kinetics are strongly thermally activated,
the reoxidation front does not have enough time at a sufficiently high
temperature to penetrate far into the substrate (fig. S5). This explains
why the vacancy concentration is only diminished over ~7 mm into bulk
Nb:STO. Here, it is important to note, first, that sufficient electronic species are present initially in all layers (STO and YSZ) due to the high
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oxygen vacancy concentration profile derived directly from local surface
potential perturbations measured from cross-sectional STO/YSZ multilayer oxide films in ambient atmosphere at high temperatures (500°C),
in situ, with nanoscale resolution (<100 nm). The semiconductor dopant analysis used to convert surface potentials to vacancy distributions
could be applied to other transition metal oxides in which oxygen
vacancies are donor dopants. This process yields unprecedented,
spatialized information of the fundamental building blocks driving
functionality at the nanoscale, which affects systems ranging from
resistive switching in perovskite-type oxides (50) to superconducting/
ferromagnetic behavior at the interface of LAO/STO heterostructures
(1, 2, 6). The evolution of the surface potential within the Nb-doped
STO substrate with various STO and YSZ thin-film layers provided
direct evidence of extreme reduction under commonly used PLD deposition conditions that result from the deposited layers scavenging oxygen from the substrate, thus yielding enhanced bulk oxygen vacancy
concentrations. Cooling in oxygen likely oxidizes the deposited films
considerably, yet leaves a portion of the substrate in a highly reduced
state. For multilayer heterostructures, all layers may not have the same
oxygen content or the same physical properties, depending on the nature of the materials making up the heterostructure and the cooling
procedure. We note that other commonly used substrates, such as
LAO, MgO, and various scandates, are less likely to be reduced (19)
and could potentially be used to avoid these profiles in the defect
evolution during the deposition process. The transition of large surface potential gradients found within the substrates supporting
as-prepared PLD-deposited multilayer films to nominally flat profiles
after a 600°C oxidizing anneal confirms the direct contributions of local
vacancy concentrations on in situ potential perturbations. We thus expect that one general approach toward new functional heterostructured
architectures could involve controlling oxygen reincorporation across
scavenging/non-scavenging heterointerfaces using deliberate cooling
parameters combined with the selection of more stable substrates to
achieve tailorable interfacial vacancy concentrations within predefined
layers. Last, the results presented here also promote the use of in situ
scan probe techniques to investigate vacancy-mediated phenomena in
complex oxide heterostructures under harsh environments, including
electrochemical redox activity.
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Fig. 5. The effects of annealing in oxidizing environments on the evolution
of STO/YSZ multilayer surface potential profiles. The surface potential of the
STO/YSZ multilayer films annealed at 600°C for 24 hours under ambient conditions,
measured at 500°C in situ. The annealing process drastically reduces ½V ••O , and the
potential profile becomes consistently flat across the Nb:STO substrate as compared to the as-prepared profiles of the same sample in Fig. 2D.

STO/YSZ multilayers were grown on (001)-oriented 0.05 wt % Nbdoped STO (Nb:STO) single crystal substrates by PLD. Before deposition, Nb:STO substrates (1 mm thickness) were etched by a buffered
hydrogen fluoride (HF) solution for 60 s and subsequently annealed
at 1000°C in an oxygen atmosphere for 6 hours to achieve a TiO2terminated and atomically smooth surface. With the substrate adhered to the heater block with silver paste, the YSZ and STO layers
were grown at 750°C in oxygen partial pressures of 1 and 10 mtorr
for YSZ and STO, respectively. The YSZ target (8 mol %) was used
for the YSZ film. Each layer was grown in sequence without breaking
the vacuum, and the thickness of each layer was fixed at 500 nm by
deposition of STO and YSZ layers for 68 and 86 min, respectively.
The time to change a target and to prepare deposition of the next
layer was ~20 min. After the deposition, the chamber was backfilled
with ~600 torr of oxygen, and the oxygen pressure was kept during a
cooldown. To effectively minimize any potential effects of lateral diffusion and obtain a smooth cross section, the sample was first cut in
half lengthwise and then cut again and mechanically polished to create a quartered section of the original deposited structure. The sample size was ~2 mm × 2 mm (polished area) × 1 mm (thickness).
Thereafter, Pt/Al (100 nm/25 nm) and Pt (25 nm) were deposited
by radio frequency magnetron sputtering on the bottom of Nb:STO
substrates and the top of YSZ films, respectively.
The crystal structure of the sample was analyzed by a high-resolution
four-circle XRD machine with a Cu Ka (l = 1.5406 Å) source (Bruker
D8 Advance). HAADF STEM experiments were carried out on an FEI
Titan 60-300 microscope equipped with double aberration correctors,
and its resolution in STEM mode is ~0.6 Å. The accelerating voltage,
convergence angle of the incident electrons, and collection angle for
HAADF imaging are 300 kV, 25 mrad, and 79 to 200 mrad, respectively.
SSPM measurements were performed using a commercial AFM
(Asylum Research MFP-3D, Santa Barbara, CA) outfitted with a customized miniature environmental chamber to produce a sample
temperature of 500°C in ambient air (oxygen partial pressure of
~160 Torr). Conducting a calibration SSPM scan of the as-received
0.05 wt % Nb-doped STO reference sample cross-sectional surface
enabled the collection of the CPD between the reference sample
and the tip, which when averaged and added to the work function
of 0.05 wt % Nb-doped STO yielded the work function of the pure
platinum tips (RMN-25Pt400B; see the Supplementary Materials).
The cross-sectional measurement configuration required an initial
tip placement close to the sample edge before scanning commenced.
Subsequent adjustments to the x-axis offsets provided fine translation
of the tip toward the multilayer oxide film interfaces, where sharp drops
within the trace/retrace profiles confirmed that the tip reached the edge
and measurements could begin. SSPM imaging subjected samples to
sequentially applied lateral biases of 0, 1, 2, and 3 V orthogonal to
the multilayer interfaces.
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Fig. S1. q-2q XRD pattern of STO/YSZ/STO/YSZ multilayer films on Nb:STO (001) substrate.
Fig. S2. Cut/polish sequence, possible oxygen incorporation pathways, and scan geometry.
Fig. S3. Current measured on multilayer films under 0 to 3 V at 500°C.
Fig. S4. SSPM calibration data collected on different STO substrates.
Fig. S5. The temperature versus time (cooling) curve of the sample upon chamber backfill.
Fig. S6. SSPM, Nb:STO/YSZ film (10 mtorr), Nb:STO/STO film, Nb:STO/YSZ film (1 mtorr).
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