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interface was shown to be tunable by an 
electric-field effect,[10,11] leading to the 
discovery of gate-tunable exotic proper-
ties such as superconductivity,[11–14] mag-
netism,[15] and Rashba interaction,[16–18] 
which can be exploited in novel electronic 
and spintronic devices.[19]

The intriguing conductivity arising 
between LAO and STO—both of which 
are wide band gap insulators with band 
gaps of 5.6 and 3.2 eV, respectively—was 
initially explained by the polar catas-
trophe model.[4,20] According to this 
model, a charge of 0.5 e− per square STO 
lattice parameter is transferred from the 
LAO surface to the STO side of the inter-
face to prevent the electrical potential 
from diverging due to the polar stacking 
of LaO+ and AlO2

− layers. Figure 1a illus-
trates this behavior, in which a down-
ward bending of STO bands near the 

interface creates a narrow potential well that accommo-
dates and confines the transferred charge at the interface, 
forming the 2DEG. However, numerous reports have pro-
posed alternative explanations for the origin of the 2DEG, 
including charge doping by oxygen vacancies and cation 
intermixing.[21–26]

Interestingly, angle-resolved photoemission spectroscopy 
(ARPES) studies showed that a similar 2DEG can be stabi-
lized on the bare surface of STO (001) cleaved under ultrahigh 
vacuum (UHV) conditions following ultraviolet (UV)-light irra-
diation.[27–29] The 2DEG in this case is an electron accumula-
tion layer that screens the positively charged oxygen vacancy 
defects ( O

2V + or OV ⋅⋅ in Kröger–Vink notation) formed near the 
surface. The positively charged oxygen vacancies donate charge 
(e−) while also inducing downward band bending at the STO 
surface, providing a confining potential well for the doped elec-
trons. This is illustrated schematically in Figure 1b and also in 
Figure  1c, where the 2DEG is shown to form from Ti  3d  t2g-
derived quantized states (subbands).

Recent studies have employed a variety of techniques to 
generate a 2DEG on the STO surface, also based on oxygen 
vacancy formation, including in situ sputtering,[30] vacuum 
annealing,[31,32] and metal deposition.[33] However, the quan-
titative relationship between the surface and bulk electronic 
structures remains unclear in some of these studies, espe-
cially given that n-type conducting (Nb-doped) STO substrates 
are often used to permit ARPES measurements.[30–32] In these 
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Oxide Surfaces

1. Introduction

Correlated electrons at the interfaces of transition metal oxides 
give rise to exotic physical properties that can be combined 
with the intrinsic functionalities of oxides for future electronic 
devices.[1–3] Strontium titanate (SrTiO3 or STO) has long been 
the preferred substrate material for the growth of epitaxial oxide 
thin films, and has emerged as a key material for oxide-based 
electronics with the discovery of high-mobility 2D electron 
gases (2DEGs) at its interface with crystalline LaAlO3 (LAO)[4] 
and other oxides.[5–9] In particular, the 2DEG at the LAO/STO 
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systems, the 2DEG electron density n(2DEG), the bulk carrier 
concentration n(bulk), and the amount of band bending ΔEb are 
linked via the Fermi level EF (here referenced with respect to 
the conduction band minimum, Ec), which together define the 
depth of the potential well near the surface and the width of the 
accumulation layer, as depicted in Figure 1c. In order to deter-
mine this, one must distinguish and quantify the electrons 
accumulated near the surface versus those doped in the bulk of 
the STO crystal.

To overcome these challenges, we take advantage of the 
blue luminescence property of electron-doped STO, which 
exhibits a broad blue luminescence band around 2.8  eV at 
room temperature due to the radiative recombination of 
electrons and holes.[34–36] The lifetime of the blue lumines-
cence varies with the doped electron concentration when the 
dynamics of the photocarriers are dominated by the Auger 
recombination process.[37] In this work, X-ray excited optical 
luminescence (XEOL) is used to measure the spatially-
dependent lifetimes of the blue luminescence components 
associated with the 2DEG near the surface and doped elec-
trons in the bulk, allowing us to distinguish and quantify the 
two electron populations.

Here, we report a detailed study of the evolving electronic 
structure of STO describing the formation of a 2DEG on the 
STO  (001) surface created by a simple vacuum annealing 
process. Direct-current (DC) resistive heating was applied 
along a TiO2-terminated STO (001) single crystal under UHV 
conditions to create a gradient of oxygen vacancies along the 
length of the sample. Using in situ soft X-ray spectroscopy 
and effective mass modeling, we develop a series of quanti-
tative band diagrams describing the evolution of electronic 
structure along the oxygen vacancy gradient, including the 
near-surface and bulk carrier concentrations, downward band 
bending, and Fermi level. We find that electrons accumulate 
over a 3 nm region near the surface within a potential well 
characterized by downward band bending that saturates at 
300  meV. We show that the electrons near the surface are 
characterized by a much lower density of states compared 
to the bulk electrons, which is attributed to a reconstructed 
density of states derived from quantum-confined subbands 
consistent with a 2DEG. Our quantitative results inform the 
design of oxide interfaces with optimal electronic structures, 
through defect engineering of the STO substrate via vacuum 
annealing.
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Figure 1.  Role of band bending in the formation of 2DEGs in SrTiO3 (STO)-based systems and the experimental approach used to systematically probe 
2DEG formation in reduced SrTiO3−δ. a) Schematic band diagram of 2DEG formed at the LaAlO3/SrTiO3 interface according to the polar catastrophe 
model. b) Schematic band diagram of 2DEG formed near the surface of SrTiO3−δ due to the dual role of oxygen vacancies (VO

⋅⋅) in providing carriers 
and a positive surface potential. c) Details of the band diagram near the conduction band edge including the formation of Ti 3d-derived subbands of 
t2g character (gray). The carrier concentrations near the surface (n(2DEG)) and in the bulk (n(bulk)) are related by band bending (ΔEb) and Fermi level 
(EF − Ec). d) Schematic illustrations of the DC-resistive heater setup and the X-ray spectroscopy measurements performed over a gradient of oxygen 
vacancies formed on a STO (001) single crystal prepared with a TiO2-terminated surface (inset tapping-mode atomic force microscopy image). Appli-
cation of a DC bias under UHV conditions heats the sample between 700 and 800 °C and drives O2− anions from the cathode (−) toward the anode 
(+), producing a gradient of oxygen vacancies. The varying vacancy-induced electronic structures and doped electron concentrations are probed using 
soft X-ray spectroscopy.
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2. Results and Discussion

2.1. Tracking the Oxygen Vacancy Formation 
Using Blue Luminescence

A TiO2-terminated STO  (001) single crystal was subjected to 
DC-resistive heating under UHV conditions, as schematically 
shown in Figure 1d. The DC field heats a Pt thin film deposited 
on the backside of the STO single crystal, causing migration 
of O2− ions from the cathode to the anode and leaving behind 
a lateral gradient of oxygen vacancies ( OV ⋅⋅) across the sample. 
Following annealing, soft X-ray spectroscopy measurements 
were performed at room temperature along the length of the 
sample using focused X-ray beams to characterize the evolving 
electronic structures along the oxygen vacancy gradient.

Formation of the vacancy gradient was tracked by moni-
toring the color change during the heating process and meas-
uring the evolution of the blue luminescence after cooling. As 
shown in Figure 2a, annealing for 40 min between 700–800 °C 
leads to an apparent spatial color gradation, with the darker 
region resulting from oxygen deficiencies reaching about half 
the sample length. XEOL spectra taken at room temperature, 

also presented in Figure  2a, showed the emergence of blue 
luminescence peaked at 2.73  eV. The luminescence intensity 
correlates with the visible color gradation, increasing from the 
less reduced region (position p1) to the more reduced region 
(position p15). This is due to the nonradiative single-carrier 
trapping recombination process that dominates photocarrier 
dynamics in the low-doping limit[37] (inset of Figure 2a).

Annealing for an additional 1 h between 700 and 800  °C 
results in a complete color change over the length of the crystal. 
This time, however, the room-temperature blue luminescence 
intensity is stronger in the less reduced region and weaker in 
the more reduced region, as shown in Figure 2b. The decrease 
in blue luminescence intensity is due to shortening of the life-
times as electron doping increases above a critical concentra-
tion, at which the Auger recombination process dominates the 
photocarrier dynamics[37,38] (inset of Figure 2b). All subsequent 
measurements reported in this work were performed on this 
sample.

As reported in previous photoluminescence works,[37,39] the 
room-temperature blue luminescence of STO stems from the 
two-carrier radiative recombination of electrons and holes. In 
electron-doped STO where the photoexcited carrier density (n) 
is far below the doped carrier density (Ne), Auger recombina-
tion of photoexcited holes and doped electrons is dominant, 
and the recombination of photoexcited electrons and holes is 
negligible. In this regime, the rate equation for the photocar-
rier dynamics and the intensity of the blue luminescence are 
described the following equations
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Here, I(t) and n(t) are the luminescence intensity and the 
photocarrier density, respectively. A is the single-carrier trapping 
rate, B is the two-carrier radiative recombination coefficient, 
and C is the three-carrier Auger recombination rate. According 
to Equations  (1) and (2), blue luminescence is expected to 
exhibit exponential decay, where the lifetime ( )e

2 1A CNτ = + −  is 
determined by the doped electron concentration Ne. Thus, in 
the limit where /eN A C> , the Auger recombination process 
dominates the photocarrier dynamics, and the doped electron 
concentration can be determined for a given lifetime if the two 
recombination coefficients A and C are known.

As shown in Figure  3a, the XEOL decay curves monitored 
at the 2.73  eV blue luminescence emission energy exhibit 
decreasing lifetimes as the doped electron concentration 
increases from position p1 to position p15 due to increasing 
oxygen vacancy concentration. The luminescence decay curves 
are well described by a double exponential function convolved 
with the instrument response function (IRF) fitted using a 
least-squares minimization algorithm, indicating that there are 
two components to the observed blue luminescence
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with lifetimes τn and pre-exponential factors αn. The sum of 
the pre-exponential factors was constrained to be one in order 
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Figure 2.  Evolution of the room-temperature blue luminescence intensi-
ties along the oxygen vacancy gradient formed after DC resistive heating. 
XEOL spectra and sample photo taken a) after annealing at 700–800 °C 
for 40 min and b) after annealing at the same temperatures for an addi-
tional 1 h. Inset diagrams illustrate the nonradiative recombination pro-
cesses which dominate the photocarrier dynamics at each annealing 
stage. Black dots denote electrons and white circles denote holes in the 
conduction band (CB) and valence band (VB), respectively.
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to represent fractions of blue luminescence with different life-
times. The fit results for position p15, along with the IRF, are 
shown in Figure 3a. Similar fitting was performed for the rest 
of the decay curves (Section SI of the Supporting Information). 
In Figure 3b,c, we present the lifetimes and pre-exponential fac-
tors of the two exponential decay components obtained from fit-
ting the blue luminescence decay curves. The two components 
can be clearly distinguished into fast and slow components, 
which we tentatively assign to the surface and bulk contribu-
tions, respectively. These assignments physically correspond 
to the contributions to the blue luminescence from electrons 
accumulated over a narrow region near the surface and elec-
trons distributed homogeneously in the bulk, as illustrated in 
Figure 3d and elaborated further below. The lifetimes of the fast 
surface component are about 1.5–2 times shorter than those of 
the slow bulk component, but they follow a similar decreasing 
trend with increasing doped electron concentrations across the 
oxygen vacancy gradient. While the fraction of the fast surface 
component is negligible in the less reduced regions (positions 
p1 and p2), it grows to 50% of the total luminescence decay 
along the length of the oxygen vacancy gradient.

The lifetimes of the slow and fast components allow deter-
mination of the doped electron concentrations near the sur-
face and in the bulk, respectively. The single-carrier trapping 
coefficient A and the Auger recombination coefficient C were 
first determined from the lifetimes of blue luminescence decay 
curves of as-received, epipolished 0.1 and 0.2  at% Nb-doped 
SrTiO3 (Nb:STO) (001) substrates, as detailed in Section SII of 
the Supporting Information. We obtain A = (4.4 ± 0.2) × 107 s−1 
and C = (8.6 ± 0.9) × 10−32 cm6 s−1. These values agree closely 

with the values obtained from previous photoluminescence 
measurements on electron-doped SrTiO3.[37,39] Figure 3e shows 
the doped electron concentrations associated with the slow 
bulk and fast surface components calculated using the values 
of A and C obtained from our analysis. These results indicate, 
starting from position p3 in our sample, the emergence of a 
near-surface region with electron concentrations that are 1.5–2 
times larger than the bulk, with Ne reaching up to 1 × 1020 cm−3 
(0.6 at%) at position p15.

2.2. Electron Accumulation from Band Bending

We now rationalize the observed enhanced electron doping in 
the near-surface region as a 2DEG confined within a few unit 
cells near the surface of STO. To this end, we considered band 
bending near the surface, which would form the potential well 
necessary for the 2DEG. Direct evidence of band bending was 
provided by chemical shifts measured in the core-level X-ray 
photoelectron spectroscopy (XPS) spectra with different probe 
depths along the lateral vacancy gradient, as illustrated in 
Figure 4a. In measuring the O 1s, Ti 2p, and Sr 3d core-levels 
with a photon energy of 1000 eV, the probe depths are within 
3 and 8 nm at emission angles of θ = 30° and θ = 80°, respec-
tively. At the more surface-sensitive condition (θ  = 30°), all 
core-level peaks exhibit shifts towards higher binding energies 
(downward band bending) with increasing oxygen vacancy con-
centration (Figure S3a, Supporting Information). This indicates 
that within ≈3 nm of the STO surface, the degree of downward 
band bending increases monotonically along the length of the 
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Figure 3.  Evolving blue luminescence dynamics along the oxygen vacancy ( VO
⋅⋅ ) gradient and quantification of the doped electron concentrations 

in the near-surface and bulk regions. a) Post-anneal XEOL decay curves monitored at the 2.73 eV blue luminescence emission energy along the VO
⋅⋅ 

gradient. The instrument response function (IRF) of the measurement setup and a double exponential fit convolved with the IRF for the decay curve 
corresponding to a reduced region (position p15) are also shown. The IRF presented here is scaled in the y-axis. b) Lifetimes and c) pre-exponential 
factors obtained from the biexponential fits to the blue luminescence decay curves. d) Illustration of the spatial origins of the two blue luminescence 
decay components; from electrons doped near the surface and in the bulk of the STO crystal. e) Doped electron concentrations profiles along the VO

⋅⋅ 
gradient for the near-surface and bulk regions corresponding to the fast and slow blue luminescence decay components, respectively. All uncertainties 
are given by standard deviations.
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oxygen vacancy gradient. On the other hand, with regard to XPS 
spectra taken under more bulk-sensitive condition (θ  = 80°), 
the binding energies along the oxygen vacancy gradient no 
longer monotonically increase (Figure S3b, Supporting Infor-
mation). The difference in binding energies between the two 
probe depths, ΔEb, gives an estimate of the band bending at 
each position along the oxygen vacancy gradient, and is shown 
in Figure  4b. The amount of surface band bending increases 
along the length of the oxygen vacancy gradient until saturating 
at ≈300 meV by position p6.

2.3. Band-Diagram Descriptions of Oxygen-Vacancy-Induced 
Electronic Structures

The data above enable construction of quantitative band dia-
grams describing the depth-dependent electronic structure of 
the reduced STO sample. First, we present the band diagram 
in Figure 5a that provides general information, including states 

within the band gap. The first set of states we detect in the gap 
were observed from a combination of XPS, X-ray absorption 
spectroscopy (XAS), and resonant photoemission spectroscopy 
(RESPES) measurements, as discussed in Section  SIV of the 
Supporting Information. These in-gap states (IGS) arise from 
surface oxygen vacancies and TiOx surface phases formed 
in the DC-resistive heating process (Figures S4 and S6, Sup-
porting Information). The clearest spectroscopic signatures we 
detect are broad Ti 3d states peaked ≈0.93 eV below the Fermi 
level (EF) in the RESPES of the valence band region (Figure S5, 
Supporting Information), which have been associated with sur-
face oxygen vacancies in the literature.[40] The second state we 
detect from XEOL spectra is the deep-level trap state[36] located 
2.73 eV above the valence band maximum, which facilitates the 
radiative recombination of electrons and holes for blue lumi-
nescence. In the subsequent discussion, we explain the two car-
rier concentrations in terms of the near-surface band-bending 
XPS results.

The position of the Fermi level with respect to the bulk con-
duction band minimum was determined by an effective mass 
model (Section SV of the Supporting Information). This tech-
nique has been useful for modeling the carrier and transport 
properties (conductivity, hall mobility, Seebeck coefficient, and 
carrier concentration) of many semiconductors.[41] All of the 
properties predicted by the effective mass model depend on the 
position of the Fermi level with respect to the band edge; this 
includes the bulk carrier concentration, which was measured by 
blue luminescence in this work. Recent work[42] has shown that 
a variant of the standard effective mass model can describe the 
electronic properties of n-type STO especially well. This model 
is particularly effective for connecting carrier concentration and 
Fermi level, because it accounts for the cylindrical topology of 
STO Fermi surfaces. By contrast, the standard effective mass 
model assumes that Fermi surfaces are spherical, which is not 
applicable to STO. The cylindrical variant of the effective mass 
model has two key parameters: a curvature effective mass and a 
cylindrical length (constrained by the unit-cell length a of STO, 
2π/a = 1.6 Å−1). We use the same curvature mass presented in 
ref. [42] (1.5 free-electron masses), since this mass successfully 
described the carrier properties of STO samples with various 
doping levels. The effective mass and cylindrical length deter-
mine the electronic density of states, which along with the 
Fermi level and temperature (300 K in our experiments), deter-
mines the carrier concentration (we reserve the term Fermi 
energy for the Fermi level at 0 K). Conversely, temperature and 
carrier concentration can be used to solve for the Fermi level. 
This model predicts a bulk Fermi level position slightly below 
the conduction band edge at 300  K and that the Fermi level 
rises along the length of the oxygen vacancy gradient, due to 
the rising bulk electron concentration (Figure 5b). It is impor-
tant to keep in mind that the Fermi–Dirac distribution func-
tion is quite broad at 300 K, which explains why the Fermi level 
is below the conduction band minimum, despite the material 
being a heavily doped semiconductor.

We can infer the relative positions of the surface and bulk 
conduction band minima from the core-level XPS binding 
energy data, in which the shift in core-level binding energy 
informs the amount of surface band bending. Since the Fermi 
level is varying along the length of the oxygen vacancy gradient, 
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Figure 4.  Downward band bending near the surface deduced from core-
level XPS peak shifts. a) Schematic band diagram illustrating the depth-
dependence of XPS measurements. Binding energies (BEs) of core-level 
peaks measured at emission angle θ = 30° and photon energy hν = 1000 eV 
are relatively surface sensitive with 95% photoelectron probe depths of 
1.7, 1.9, and 2.7  nm for the O  1s, Ti  2p, and Sr  3d core-level peaks, 
respectively. At an emission angle θ = 80°, the measurements become 
more bulk sensitive with probe depths of 5.1, 5.7, and 8.0 nm for the O 1s, 
Ti 2p, and Sr 3d core-level peaks, respectively. All BEs are referenced to 
Au 4f7/2 at 84.0 eV. b) Band bending ΔEb near the surface estimated from 
the core-level binding energies BE(30°) and BE(80°) measured at 30° and 
80° emission angles, respectively.
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more detailed depth-dependent band diagrams are presented 
by Figure  5c–e for positions p1, p3, and p6, along the length 
of our sample. These positions were chosen to reflect key fea-
tures in the surface carrier concentrations and band bending 
data. At positions p1 and p2, the relatively low degree of sur-
face reduction corresponds to relatively small amounts of 
band bending and electron accumulation near the surface. By 
position p3, surface band bending has pushed the Fermi level 
within the conduction bands, corresponding to the position 
at which we begin to observe a surface carrier concentration 
with blue luminescence. The surface band bending increases 
until position p6 (due to the increased concentration of surface 
oxygen vacancies), where it finally saturates at 300  meV. The 
only change to the band diagram picture after position p6 is 
that the Fermi level continues to rise relative to the conduction 
band minimum.

The band diagrams that we present in Figure 5c–e are con-
sistent with both surface 2DEG bandwidths and electron con-
centrations reported in the literature (in the saturation region 
of band bending). From our estimation, 300  meV of band 
bending with a Fermi level 100  meV below the bulk conduc-
tion band minimum indicates the surface 2DEG bandwidth is 
≈200 meV. Similar saturation of the core-level shifts and 2DEG 
bandwidths were reported for the quantized states of oxygen 
vacancy-induced 2DEGs in (001)-oriented STO.[27,28,31] We note 
that a similar behavior has been observed in other orientations 
of STO,[32] and the seemingly universal band bending behavior 
merits further investigation. In addition, for a surface electron 

accumulation width of 3 nm, the maximum surface sheet car-
rier density in our STO sample is ≈3 × 1013  cm−2. We note 
that this value is an underestimate, as it does not account for 
the decaying electron density profile from the surface, which 
is known to exist for similar 2DEGs formed at the LAO/STO 
interface.[43] We further note that while this estimated density is 
lower than the vacancy-induced surface 2DEG densities around 
1 × 1014 cm−2 reported in other works,[27–29,44] this difference is 
likely due to the more gradual decay in the oxygen vacancies 
perpendicular to the surface in our sample. In other STO-based 
2DEGs generated by in situ cleaving/UV light irradiation, 
oxygen vacancies are mainly confined to the surface unit cells. 
Due to the vacuum annealing method employed in our study, 
the 2DEG instead exists within a region near the surface which 
has a gradient of oxygen vacancies perpendicular to the surface, 
which would correspondingly lower the electric field and hence 
the electron accumulation.

Application of the bulk effective mass model to the sur-
face carriers nevertheless highlights a key feature of the sur-
face density of states. In Figure 5b, we have used the degree 
of band bending (measured by XPS) and the fact that the 
Fermi level must be constant throughout the sample to deter-
mine the position of the Fermi level with respect to the sur-
face conduction band minimum (EF − Ec) along the length of 
the sample. Here, EF − Ec for the surface states is higher for 
a given density than predicted by the effective mass model, 
which indicates that the surface density of states is far lower 
than the bulk density of states. Other investigations in the 

Adv. Electron. Mater. 2018, 1800460

Figure 5.  Schematic band diagrams and results of effective mass modeling (EMM) to explain the varying depth distributions of doped electrons (at 
300 K) along the length of the oxygen vacancy gradient. a) General band diagram at a given position along the oxygen vacancy gradient. The selvedge 
region within 3 nm of the surface exhibits downward band bending and gap-states (IGS) induced by oxygen vacancies and TiOx phases at the surface, 
including broad Ti 3d-derived states peaked ≈0.93 eV below the Fermi level EF. Deep-level trap states responsible for the blue luminescence are posi-
tioned 2.73 eV above the valence band maximum Ev. b) Extracted positions of the Fermi level with respect to the conduction band minimum, EF − Ec, 
and doped electron concentrations. Results of EMM calculations used for the bulk electrons are also plotted (dashed line), along with a schematic 
illustration of the bulk Fermi surface used in the model. Surface component data corresponding to positions p6 and p15 are highlighted by black 
markers. Uncertainties are given by standard deviations. c–e) Band diagrams near the conduction band edge corresponding to positions p1, p3, and 
p6, respectively. Shown are the Fermi level positions consistent with the bulk doped electron concentrations and estimates of the downward band 
bending ΔEb. In-gap states are omitted for clarity.
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literature reveal that there is likely significant band renor-
malization occurring simultaneously with the existence of 
quantum-confined subbands near the STO surface.[33,45] The 
work of King et al.[46] also found that a space-charge potential 
from oxygen vacancies explains the near-surface band bending 
observed from ARPES measurements, which supports the 
theory that quantum confinement changes the nature of the 
electronic states near the surface of STO. The inconsistency of 
the bulk effective mass model with the surface data collected 
in this work offers further proof that quantum confinement 
shapes the density of states of the surface subbands at both 
STO surfaces and interfaces.

3. Conclusions

In summary, we systematically characterized the evolving elec-
tronic structure and spatial distribution of doped electrons 
across a gradient of oxygen vacancies formed on a TiO2-termi-
nated STO (001) single crystal using in situ soft X-ray spectros-
copy. The emergence of near-surface electrons obtained from 
measurements of blue luminescence decays was found to be 
concomitant with significant surface downward band bending, 
and was interpreted in terms of 2DEG formation. Effective 
mass modeling was used to relate the measured electron con-
centrations near the surface and in the bulk by the position of 
the Fermi level at each position along the length of the oxygen 
vacancy gradient. The relation between Fermi levels and car-
rier concentrations near the surface highlights the lowered 
(and reconstructed) density of states near the surface due to 
the quantized nature of the Ti 3d states one would expect from 
2DEG formation. Our results indicate that simple vacuum 
annealing of STO leads to 2DEG formation near the surface, 
with a density that can be tuned by varying the Fermi level 
(tied to the bulk carrier concentration) and the degree of sur-
face band bending. The quantitative band-diagram descriptions 
provided in this work enable precise engineering of the near-
surface carrier densities on STO substrates for the fabrication 
of optimal oxide interfaces.

4. Experimental Section
Sample Preparation and Annealing Process: A DC annealing method 

was used to prepare a lateral gradient of oxygen vacancies across a 
STO  (001) single crystal inside a UHV chamber at beamline 4-ID-C of 
the Advanced Photon Source (APS). All subsequent measurements were 
performed immediately following the annealing process in the same 
chamber without breaking the vacuum conditions. We adopted the 
heater setup described in ref. [47] using a 150 nm thick Pt film deposited 
on the backside of the crystal, schematically illustrated in Figure  1d. 
Prior to the Pt film deposition, the STO (001) crystal (Crystec) was cut to 
10 mm × 4 mm × 1 mm, cleaned with solvents and deionized water, then 
etched in a buffered hydrofluoride solution (NH4F:HF = 3:1) of pH 5–5.5 
and annealed at 1050 °C for 3 h in 200 sccm flowing O2 to produce a 
TiO2-terminated stepped-and-terraced surface with 0.4 nm height steps 
(see inset atomic force microscopy image in Figure  1d). The DC field 
was varied to achieve a temperature ramp rate of ≈±20 °C min−1. During 
the annealing process, the chamber pressure ranged between 5 × 10−10 
and 6 × 10−9 Torr and the sample region near the cathode was hottest 
at 800 °C, while the region near the anode was cooler at 700 °C, where 

the temperature was measured using an infrared pyrometer with the 
emissivity set to 0.70.

Soft X-Ray Spectroscopy: Soft X-ray spectroscopy measurements 
were performed without breaking vacuum conditions in the same 
UHV chamber following the annealing processes. Spatially dependent 
measurements were made along the oxygen vacancy gradient in 
0.38 mm steps using X-rays focused to ≈350 µm × 150 µm spot size at 
normal incidence.

Time-resolved XEOL spectroscopy measurements were performed 
using 1350 eV pulsed (153  ns separation, 33  ps pulse width) X-rays 
with 45° incidence and 30° emission angles with respect to the 
sample surface, where the luminescence spectra were collected by 
a photomultiplier tube equipped with a monochromator. The depth 
sensitivity is given by the sample-dependent X-ray penetration length 
(PL), which we define as the distance into the sample at which the X-ray 
intensity decays to 1/e of the intensity at the surface for a particular 
incident angle. Under our XEOL measurement conditions, the PL for 
the STO sample was 706 nm.[48] The XEOL decay curves were measured 
by collecting the photons emitted with 2.73  eV energy using methods 
described previously in ref. [49]. Prior to these measurements, the 
instrument response function (IRF) for the measurement setup was 
obtained by measuring the decay of the bandgap exciton peak (3.4 eV) of 
a GaN film, which has a lifetime shorter than the time resolution of the 
photomultiplier tube.

XPS measurements were taken using X-rays with 1000 eV energy at 
varying emission angles (measured with respect to the sample surface) 
using an Omnicron Argus electron energy analyzer. The binding energy 
scales for all XPS measurements were calibrated by setting the Au 4f7/2 
peak to 84.0 eV, where the gold foil was placed in electrical contact with 
the sample surface. No charging was observed on the STO sample after 
the annealing process.

XAS measurements were taken simultaneously in total electron 
yield (TEY) and Auger electron yield (AEY) modes. TEY-mode XAS 
measurements were performed by measuring the sample restoring 
current from the electrons ejected by the absorption process, which 
nominally gives a probe depth of 5–10  nm in oxides.[50] AEY-mode 
XAS measurements were performed by collecting the Ti  LMM Auger 
electrons with 381 eV kinetic energy at 80° emission angle, which gives 
a 95% probe depth of 1.6 nm in STO. Normalization was performed by 
measuring the restoring current of an in situ coated gold mesh inserted 
into the X-ray beam. RESPES of the valence band region were taken 
following a Ti L-edge XAS measurement to choose the photon energies 
of interest, where the binding energy scales were again referenced with 
respect to the Au 4f7/2 peak set to 84.0 eV. The emission angle for the 
RESPES measurements was fixed to 80°, which gave a 95% probe depth 
of ≈5 nm for the incident X-ray energies between 450.0 and 460.5 eV.
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Supporting Information is available from the Wiley Online Library or 
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