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The emergence of a 2D electron gas (2DEG) on the (001) surface of oxygen-de cient
strontium titanate (SrTiO5; 4) is investigated. Using in-situ soft X-ray spectroscopy and
effective mass modeling, a series of quantitative band diagrams are developed to describe
the evolution of near-surface and bulk carrier concentrations, downward band bending, and
Fermi level along a lateral gradient of oxygen vacancies formed on SrTiO3 4 by direct-
current resistive heating under ultrahigh vacuum conditions. Electrons are accumulated
over a 3-nm region near the surface, con ned within a potential well with saturated 300-
meV downward band bending. The relation between Fermi levels and carrier concentra-
tions near the surface suggests the density of states near the surface is much lower than the
bulk density of states, which is consistent with the quantum-con ned subbands of a 2DEG.
The quantitative relationship between the surface and bulk electronic structures developed
in this work provides a guide for precise engineering of the oxygen-vacancy-induced 2DEG
in SrTiOs.
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I. 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.! 3 Strontium titanate (SrTiO3 or STO) has long been the preferred substrate material
for the growth of epitaxial oxide thin Ims, 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)* and other oxides.® ° In particular, the 2DEG at the LAO/STO interface
was shown to be tunable by an electric- eld effect,1%1! leading to the discovery of gate-tunable
exotic properties such as superconductivity,!* * magnetism,*® and Rashba interaction,'® 18 which

can be exploited in novel electronic and spintronic devices.'®

The intriguing conductivity arising between LAO and STO both of which are wide band
gap insulators with band gaps of 5.6 eV and 3.2 eV, respectively was initially explained by the
polar catastrophe model.*?% 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 interface to prevent the
electrical potential from diverging due to the polar stacking of LaO™ and AlO, layers. Figure la
illustrates this behavior, in which a downward bending of STO bands near the interface creates
a narrow potential well that accommodates and con nes the transferred charge at the interface,
forming the 2DEG. However, numerous reports have proposed alternative explanations for the

origin of the 2DEG, including charge doping by oxygen vacancies and cation intermixing.?! 2

Interestingly, angle-resolved photoemission spectroscopy (ARPES) studies showed that a sim-
ilar 2DEG can be stabilized on the bare surface of STO (001) cleaved under ultrahigh vacuum
(UHV) conditions following ultraviolet (UV)-light irradiation.?” 2° The 2DEG in this case is an
electron accumulation layer that screens the positively charged oxygen vacancy defects (Vé+ or
Vq in Kreger-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 con ning potential well for the doped electrons. This is illustrated schematically in Figure 1b
and also in Figure 1c, where the 2DEG is shown to form from Ti 3d tpg-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,®°, vacuum annealing,3%-?

and metal deposition33. However, the quantitative relationship between the surface and bulk elec-
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FIG. 1. Role of band bending in the formation of 2DEGs in SrTiO3 (STO)-based systems and the experi-
mental approach used to systematically probe 2DEG formation in reduced SrTiO3 4. (a) Schematic band
diagram of 2DEG formed at the LaAlO3/SrTiOj3 interface according to the polar catastrophe model. (b)
Schematic band diagram of 2DEG formed near the surface of SrTiO3 4 due to the dual role of oxygen
vacancies (V) 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 tog character (gray). The
carrier concentrations near the surface (n(2DEG)) and in the bulk (n(bulk)) are related by band bending
(DEp) and Fermi level (Er  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 TiO,-terminated surface (inset tapping-mode atomic force microscopy image). Ap-
plication of a DC bias under UHV conditions heats the sample between 700 C to 800 C and drives O?

anions from the cathode ( ) towards the anode (+), producing a gradient of oxygen vacancies. The vary-
ing vacancy-induced electronic structures and doped electron concentrations are probed using soft X-ray

spectroscopy.



tronic structures remains unclear in some of these studies, especially given that n-type conducting
(Nb-doped) STO substrates are often used to permit ARPES measurements.3? 32 In these systems,
the 2DEG electron density n(2DEG), the bulk carrier concentration n(bulk), and the amount of
band bending DEy, are linked via the Fermi level Er (here referenced with respect to the conduction
band minimum, E.), which together de ne the depth of the potential well near the surface and the
width of the accumulation layer, as depicted in Figure 1c. In order to determine 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.3* 36 The lifetime of the
blue luminescence varies with the doped electron concentration when the dynamics of the photo-
carriers are dominated by the Auger recombination process.®” In this work, X-ray excited optical
luminescence (XEOL) is used to measure the spatially-dependent lifetimes of the blue lumines-
cence components associated with the 2DEG near the surface and doped electrons 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 TiO,-terminated STO (001) single crys-
tal 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 quan-
titative 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 nd that electrons accumulate over a 3-nm region near the surface within a po-
tential 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-con ned
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.



Il. RESULTS AND DISCUSSION
A. Tracking the oxygen vacancy formation using blue luminescence

A TiO,-terminated STO (001) single crystal was subjected to DC-resistive heating under UHV
conditions, as schematically shown in Figure 1d. The DC eld heats a Pt thin Im deposited on the
backside of the STO single crystal, causing migration of O? ions from the cathode to the anode
and leaving behind a lateral gradient of oxygen vacancies (V) 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 monitoring the color change during the heat-
ing process and measuring the evolution of the blue luminescence after cooling. As shown in Fig-
ure 2a, annealing for 40 min between 700 C 800 C leads to an apparent spatial color gradation,
with the darker region resulting from oxygen de ciencies 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 pl) to the more reduced region (po-
sition p15). This is due to the non-radiative single-carrier trapping recombination process that

dominates photocarrier dynamics in the low-doping limit®’ (inset of Figure 2a).

Annealing for an additional 1 h between 700 C 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 lifetimes as electron doping
increases above a critical concentration, at which the Auger recombination process dominates the
photocarrier dynamics®”38 (inset of Figure 2b). All subsequent measurements reported in this

work were performed on this sample.

As reported in previous photoluminescence works,3’3% the room-temperature blue lumines-
cence 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 recombination of photoexcited holes and doped electrons is dominant, and

the recombination of photoexcited electrons and holes is negligible. In this regime, the rate equa-
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FIG. 2. Evolution of the room-temperature blue luminescence intensities along the oxygen vacancy gradient
formed after DC resistive heating. XEOL spectra and sample photo taken after annealing at 700 C 800 C
for 40 min (a) and after annealing at the same temperatures for an additional 1 h (b). Inset diagrams illustrate
the non-radiative recombination processes 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.

tion for the photocarrier dynamics and the intensity of the blue luminescence are described the

following equations:
dn

An CN2n (Ne n),and (1)

It)  BNen(t): )

Here, 1(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 coef cient, 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 t = (A+CNZ2) ! is determined by
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FIG. 3. Evolving blue luminescence dynamics along the oxygen vacancy (V) gradient and quanti cation
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 V, gradient. The instrument
response function (IRF) of the measurement setup and a double exponential t 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 ts 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 pro les along the V, 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.

. : - P— .
the doped electron concentration Ne. Thus, in the limit where Ne >~ A=C, the Auger recombi-
nation process dominates the photocarrier dynamics, and the doped electron concentration can be

determined for a given lifetime if the two recombination coef cients 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 pl 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) tted using a least-squares minimization algorithm, indicating that there
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are two components to the observed blue luminescence:

t t
I(t) =ae 4 +ae t; (3)

with lifetimes t,, and pre-exponential factors a,. The sum of the pre-exponential factors was con-
strained to be one in order to represent fractions of blue luminescence with different lifetimes. The

t results for position p15, along with the IRF, are shown in Figure 3a. Similar tting was per-
formed for the rest of the decay curves (Section Sl of the Supporting Information). In Figure 3b,c,
we present the lifetimes and pre-exponential factors of the two exponential decay components
obtained from tting 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
contributions, 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 compo-
nent is negligible in the less reduced regions (positions pl 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 determination of the doped electron con-
centrations near the surface and in the bulk, respectively. The single-carrier trapping coef cient
A and the Auger recombination coef cient C were rst determined from the lifetimes of blue lu-
minescence decay curves of as-received, epi-polished 0.1 at. % and 0.2 at. % Nb-doped SrTiO3
(Nb:STO) (001) substrates, as detailed in Section SlI of the Supporting Information. We obtain
A=(44 0:2) 10’s andC=(8:6 0:9) 10 3cm®s 1. These values agree closely with the
values obtained from previous photoluminescence measurements on electron-doped SrTiO3.3":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 indi-
cate, 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 N reaching up to 1 10%° cm 3
(0.6 at. %) at position p15.



FIG. 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 g = 30 and photon energy hn = 1000 eV are relatively surface
sensitive with 95% photoelectron probe depths of 1.7 nm, 1.9 nm, and 2.7 nm for the O 1s, Ti 2p, and Sr 3d
core-level peaks, respectively. At an emission angle g =80 , the measurements become more bulk sensitive
with probe depths of 5.1 nm, 5.7 nm, and 8.0 nm for the O 1s, Ti 2p, and Sr 3d core-level peaks, respectively.
All BEs are referenced to Au 4f,-, at 84.0 eV. (b) Band bending DE}, near the surface estimated from the

core-level binding energies BE(30 ) and BE(80 ) measured at 30 and 80 emission angles, respectively.

B. Electron accumulation from band bending

We now rationalize the observed enhanced electron doping in the near-surface region as a
2DEG con ned 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 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 nm and 8 nm at emission angles of g =30 and q = 80 , respectively. At the more
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surface-sensitive condition (q = 30 ), all core-level peaks exhibit shifts towards higher binding
energies (downward band bending) with increasing oxygen vacancy concentration (Figure S3a).
This indicates that within 3 nm of the STO surface, the degree of downward band bending
increases monotonically along the length of the oxygen vacancy gradient. On the other hand, with
regard to XPS spectra taken under more bulk-sensitive condition (q = 80 ), the binding energies
along the oxygen vacancy gradient no longer monotonically increase (Figure S3b). The difference
in binding energies between the two probe depths, DEy, 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.

C. Band-diagram descriptions of oxygen-vacancy-induced electronic structures

The data above enable construction of quantitative band diagrams 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 rst
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 dis-
cussed in Section SIV of the Supporting Information. These in-gap states (IGS) arise from surface
oxygen vacancies and TiOy surface phases formed in the DC-resistive heating process (Figure S4
and Figure S6). 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),
which have been associated with surface oxygen vacancies in the literature.*° The second state we
detect from XEOL spectra is the deep-level trap state® located 2.73 eV above the valence band
maximum, which facilitates the radiative recombination of electrons and holes for blue lumines-
cence. In the subsequent discussion, we explain the two carrier concentrations in terms of the
near-surface band-bending XPS results.

The position of the Fermi level with respect to the bulk conduction band minimum was deter-
mined by an effective mass model (Section SV of the Supporting Information). This technique has
been useful for modeling the carrier and transport properties (conductivity, hall mobility, Seebeck
coef cient, and carrier concentration) of many semiconductors.** All of the properties predicted

by the effective mass model depend on the position of the Fermi level with respect to the band
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FIG. 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 TiOy 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 positioned 2.73 eV above the
valence band maximum E,. (b) Extracted positions of the Fermi level with respect to the conduction band
minimum, Er  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 pl15 are highlighted by black
markers. Uncertainties are given by standard deviations. (c €) Band diagrams near the conduction band
edge corresponding to positions pl, p3 and p6, respectively. Shown are the Fermi level positions consistent
with the bulk doped electron concentrations and estimates of the downward band bending DEy,. In-gap states

are omitted for clarity.

edge; this includes the bulk carrier concentration, which was measured by blue luminescence in
this work. Recent work*? has shown that a variant of the standard effective mass model can de-
scribe 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 topol-

ogy of STO Fermi surfaces. By contrast, the standard effective mass model assumes that Fermi
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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, 2p=a = 1:6 A 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 determine the
electronic density of states, which along with the Fermi level and temperature (300 K in our ex-
periments), determines 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 important to keep in mind that the Fermi-Dirac
distribution function 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, more detailed depth-dependent band diagrams are presented by Figure 5¢ e for
positions pl, p3, and p6, along the length of our sample. These positions were chosen to re ect
key features in the surface carrier concentrations and band bending data. At positions p1 and p2,
the relatively low degree of surface 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 nally 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 5¢ e are consistent with both surface 2DEG
bandwidths and electron concentrations 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 conduction band minimum indicates the surface 2DEG bandwidth is approximately 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.272831 We note that a similar
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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 carrier density in our STO sample is approximately
3 1013 cm 2. We note that this value is an underestimate, as it does not account for the decay-
ing electron density pro le from the surface, which is known to exist for similar 2DEGs formed
at the LAO/STO interface.*®> We further note that while this estimated density is lower than the
vacancy-induced surface 2DEG densities around 1 10 cm 2 reported in other works,2’ 2944
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 irradia-
tion, oxygen vacancies are mainly con ned 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 eld and hence the electron accumulation.

Application of the bulk effective mass model to the surface carriers nevertheless highlights a
key feature of the surface 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
determine the position of the Fermi level with respect to the surface conduction band minimum
(EF Ec) along the length of the sample. Here, EF  E. 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 literature reveal
that there is likely signi cant band renormalization occurring simultaneously with the existence of
quantum-con ned subbands near the STO surface.®3*® The work of King et. al.*® 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 con nement 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 con nement

shapes the density of states of the surface subbands at both STO surfaces and interfaces.

I11. CONCLUSIONS

In summary, we systematically characterized the evolving electronic structure and spatial dis-

tribution of doped electrons across a gradient of oxygen vacancies formed on a TiO,-terminated
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STO (001) single crystal using in situ soft X-ray spectroscopy. The emergence of near-surface
electrons obtained from measurements of blue luminescence decays was found to be concomitant
with signi  cant surface downward band bending, and was interpreted in terms of 2DEG formation.
Effective mass modeling was used to relate the measured electron concentrations 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 carrier 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 surface
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.

IV. EXPERIMENTAL SECTION

Sample Preparation and Annealing Process. A direct-current (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 measure-
ments 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 Im deposited on the backside of the crystal, schematically illustrated in Figure 1d. Prior
to the Pt Im deposition, the STO (001) crystal (Crystec) was cut to 10 mm 4 mm 1 mm,
cleaned with solvents and de-ionized water, then etched in a buffered hydro uoride solution
(NH4F:HF = 3:1) of pH 5 5.5 and annealed at 1050 C for 3 h in 200 sccm owing O to pro-
duce a TiO,-terminated stepped-and-terraced surface with 0.4-nm-height steps (see inset atomic
force microscopy image in Figure 1d). The DC eld was varied to achieve a temperature ramp
rate of approximately 20 C min 1. During the annealing process, the chamber pressure ranged
between 5 10 1 Torrto 6 10 ° 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
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breaking vacuum conditions in the same UHV chamber following the annealing processes. Spa-
tially dependent measurements were made along the oxygen vacancy gradient in 0.38-mm steps
using X-rays focused to approximately 350 m 150 m spot size at normal incidence.

Time-resolved X-ray excited optical luminescence (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 de ne 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.*® 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 band-gap exciton peak (3.4 eV) of a GaN Im, which has a lifetime shorter than the
time resolution of the photomultiplier tube.

X-ray photoelectron spectroscopy (XPS) measurements were taken using X-rays with 1000 eV
energy at varying emission angles (measured with respect to the sample surface) using an Omni-
cron Argus electron energy analyzer. The binding energy scales for all XPS measurements were
calibrated by setting the Au 4f,-, 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.

X-ray absorption spectroscopy (XAS) measurements were taken simultaneously in total elec-
tron 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 absorp-
tion process, which nominally gives a probe depth of 5 nm 10 nm in oxides.’® 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. Resonant photoemission spectroscopy (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 4f,-, peak set to 84.0 eV.

The emission angle for the RESPES measurements was xed to 80 , which gave a 95% probe

15



depth of 5 nm for the incident X-ray energies between 450.0 eV to 460.5 eV.

SUPPORTING INFORMATION

See the Supporting Information for the determination of single-carrier trapping and Auger re-
combination coef cients, core-level XPS peak shifts, surface chemical compositions and in-gap
states, details of the XPS data analysis, atomic force microscopy images, additional valence band
XPS spectra, and additional TEY-mode XAS spectra.
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SI.  Analysis of luminescence decay curves

As discussed in the paper, the luminescence decay curves are well described by a double expo-
nential function convolved with the instrument response function (IRF) tted using a least-squares
minimization algorithm, indicating that there are two components to the observed blue lumines-
cence:

)= a)e +ape (1)

where we have expressed the pre-exponential factor a; for the rst exponential component as
1 ay. The least-squares tting was performed by minimizing the (reduced) chi-square computed

from the following expression:

N (v, )2
c2= 1 (vi zfl) ; )
N n 1._, s

where N is the number of experimental data points, n is the number of t parameters, y; is the
experimental measurement (counts), fj is the tted curve, s; is the experimental error taken as the
square root of the counts.

We nd that the double-exponential decay is the simplest model required to adequately describe
the data. Comparisons of the reduced chi-squares for the single- and double-exponential decay
models are presented in Table S1. As seen by the chi-square values, the quality of the t is
improved by using the double-exponential decay model (cZ?) over the single-exponential decay
model (clz), especially at the more reduced positions along the oxygen vacancy gradient where
the contributions from the second blue luminescence component (surface electron accumulation)
are more signi cant. As indicated by Table S2, at position pl (and similarly at position p2), the
fraction of the second decay component (ay) is less than 7%, which is within the error of our
measurements, and furthermore, there exists minimal difference in the measured lifetime t; for
the bulk component of the blue luminescence when compared to the single-exponential decay
model (9.77 ns vs. 9.66 ns for position pl1). We therefore deduce negligible second component to
the blue luminescence at position p1, and also at position p2 by similar analysis. Comparisons of
the single- and double-exponential tting of the blue luminescence decay curves at select positions
(p1, p3, p6, and p15) along the oxygen vacancy gradient are presented in Figure S1.

We note that while the double-exponential decay model adequately captures the physical pic-
ture of surface electron accumulation, the luminescence decay curves can be more accurately

described by using a Gaussian lifetime distribution model, which adds a Gaussian distribution of

3



lifetimes (FWHM) about each of the two lifetime centers in the double-exponential decay model.
This is demonstrated for the data taken at position p15, as can be seen by comparing the chi-square
for the Gaussian distribution model c2,;, against that for the double-exponential decay model c3
(see Table S1). The t parameters for the double-exponential and Gaussian lifetime distribution

models are listed in Table S3.

TABLE S1. Reduced chi-squares for the single-exponential t (c?), double-exponential t (c2), and the

Gaussian lifetime distribution t (C34,)-

Position c? c2 Cyist
pl 2:6 1:3 -
p3 31 1:2 --
p6 4:0 2:6 -
p15 106 3:6 19

TABLE S2. Parameters for the ts to the blue luminescence decay curve measured at position p1 using the

single- and double-exponential decay models.

Fit model ap t; (ns) to (nS)

Single exponential 0 9:66 -
Double exponential 0.074 9:77 2.23

TABLE S3. Parameters for the ts to the blue luminescence decay curve measured at position p15 using

the double-exponential decay and Gaussian lifetime distribution models.

Fit model a t; (ns) FWHM, t, (ns) FWHM,
Double exponential 0:495 4:10 -- 1:20 --
Gaussian lifetime dist. 0:495 4:10 1.06 1:20 0.95
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FIG. S1. Comparison of single- and double-exponential tting of the blue luminescence decay curves at
select positions (p1, p3, p6, and p15) along the oxygen vacancy gradient. Fit results (dashed orange curves)
and tresiduals (top) are presented with the data (bottom). The XEOL decay curves were monitored at the

emission photon energy of 2.73 eV.



SIl.  Determination of single-carrier trapping and Auger recombination coef cients

The single-carrier trapping coef cient A and the Auger recombination coef cient C used to
calculate the doped electron concentrations were determined from the lifetimes of the bulk con-
tribution to the XEOL decay curves for the blue luminescence (2.73 eV emission) of as-received,
epi-polished Nb-doped SrTiO3 (Nb:STO) (001) substrates with nominal doping levels of 0.1 at. %
(Shinkosha) and 0.2 at. % (Crystal), as shown in Figure S2a and Figure S2b, respectively. The
exact doped electron concentration for each reference Nb:STO sample was taken as the Nb con-
centration determined by inductively coupled plasma mass spectrometry (ICP-MS). Each ICP-
MS sample was prepared by digesting 10 mg of the Nb:STO sample into 10 mL of high pu-
rity HCI (Fluka Analytical), heating overnight in an autoclave, and diluting to 5% concentra-
tion in de-ionized H,O. Standard solutions were prepared using ICP standards from Inorganic
Ventures. Measurements were performed on a Thermo Scienti ¢ iCapQ ICP-MS using kinetic
energy discrimination (KED) and analyzed using the QTEGRA software. The samples were
analyzed at both the as-prepared concentration and a 100 dilution to ensure accuracy in both
the dopant and natural populations. The measured doped electron concentrations were Ne =
(1:39 0:02) 10 cm 2 (0:083 0:001 at. %) for the nominally 0.1 at. % Nb:STO sample
and Ne = (3:63 0:15) 10%° cm 2 (0:216 0:009 at. %) for the nominally 0.2 at. % Nb:STO
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FIG. S2. XEOL decay curves of (a) 0.1 at. % and (b) 0.2 at. % Nb-doped SrTiO3 (Nb:STO) (00 1) substrates
monitored at the emission photon energy of 2.73 eV, shown with biexponential ts (solid yellow curves)

and residuals (top).



sample.
The XEOL decay curves were tted biexponentially using a non-linear least square tting
method, where each exponential decay component was convolved with the instrument response

function approximated as a Gaussian distribution with a standard deviation of s = 0:4 ns:

2 2_
S t t t tp s-°=t
y=Yotaiexp - exp =0 q4erf —Op_—l
52 t t t to st
+azexp - exp —— l+ef —p=—-

where Yy is the background intensity, t; and t, are decay constants, a; and a, are pre-exponential

factors, and tg is the time delay, here taken as  0:7 ns. We report in Table S4 the decay constants

t and the fraction of each exponential component n = 1;2, taken as f, = % for the Nb:STO

samples.

TABLE S4. Lifetimes and fractions of the blue luminescence exponential decay components obtained from

the ts to the XEOL decay curves for the 0.1 at. % and 0.2 at. % Nb:STO samples.

0.1 at. % Nb:STO 0.2 at. % Nb:STO
f1 0:41 0:01 0:33 0:01
fa 0:59 0:01 0:67 0:01
t; (ns) 4.2 01 2.3 01
ty (ns) 1655 01 6:4 01

We assign the slower decay component in the t results for each reference Nb:STO sample
to the bulk contribution to the blue luminescence based on comparison of the lifetime values
with those reported in the literature.>? The origin of the fast-lifetime component is unclear, but
we speculate it arises from various defects near the surface since these as-received substrates
feature highly defective surfaces. By simultaneously solving the relation t = (A+CN2) * for A
and C given the two bulk doped electron concentrations Ne measured from ICP-MS, we obtain
A=(44 02) 10’s landC=(8:6 0:9) 10 32 cmbs L. These values agree closely with
the reported values for electron-doped SrTiO3 obtained from photoluminescence measurements,
Aef=76 10°s 1 3:4 10"s landCer=(1:3 0:4) 10 32 cm®s 1.12 We note the critical
concentration of doped electrons above which the Auger recombination mechanism dominates
the photocarrier dynamics over the single-carrier trapping process is given by Ne.c = pﬁ =
2:3 10% cm 2or0.14 at. %.



SIIl.  Core-level XPS peak shifts
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FIG. S3. Depth-dependent core-level XPS peak shifts along the oxygen vacancy (V) gradient. (a) Top:
Intensity map around the Ti 2p;-, peak taken post anneal at emission angle ¢ = 30 and photon energy
hn = 1000 eV, with a 95% photoelectron escape probability depth of 1.9 nm. The dashed lines track the
shifting of the core-level peak towards higher binding energies (downward band bending) with increasing
degrees of reduction. Bottom: The binding energies of the O 1s, Ti 2p, and Sr 3d core-level peaks relative to
the less reduced region (position p1), within 95% photoelectron probe depths of 1.7 nm, 1.9 nm, and 2.7 nm,
respectively. (b) Similar measurements of the core-level XPS peak shifts taken in more bulk sensitive
conditions, with g =80 and hn = 1000 eV. Here the 95% photoelectron escape probability depths are

5.1 nm, 5.7 nm, and 8.0 nm for the O 1s, Ti 2p, and Sr 3d core-levels, respectively.



SIV. Surface chemical compositions and in-gap states

XPS measurements were performed across the oxygen vacancy gradient immediately following
the luminescence measurements to investigate the chemical compositions near the surface and how
these may relate to the enhanced doped electron concentrations determined from analysis of the
XEOL decay curves. Detailed descriptions of curve tting procedure used to analyze the XPS

data are provided in Section SVI. Figure S4a e presents XPS spectra taken at a highly reduced

FIG. S4. XPS spectra taken at position p14 along the oxygen vacancy gradient (inset picture) after DC-
resistive heating. A survey spectrum is shown in (a). The O 1s, Ti 2p, and Sr 3d core-level peaks are
shown with tted curves in (b), (c), and (d), respectively. The valence band spectrum is shown in (g). The
percentages of the total peak area are shown for the (f) O 1s, (g) Ti 2p, and (h) Sr 3d peaks along the
oxygen vacancy gradient. The core-level XPS spectra presented were taken with photon energy of 1000 eV
at emission angle g = 30 , and the survey and valence band spectra were taken with the same energy at

emission angle g =80 .



position on the sample (p14). The survey spectrum shown in Figure S4a is representative of the
entire sample. The most notable feature among the XPS spectra is the presence of a large Ti%*
peak in the Ti 2p core-level XPS spectrum, shown in Figure S4c. The Ti?* signal cannot be
attributed to the gradual reduction of Ti** from a perovskite-like octahedral TiOg environment,
but rather to the presence of distinct surface TiOy phases consisting of a moderate fraction of Ti%*
formal oxidation state, as reported for ordered TiOy nanostructures formed on STO (001).2* This
is highlighted by the increase in the areal fraction of Ti%* at the expense of Ti** rather than Ti*
in the Ti 2p core-level XPS spectra, as shown in Figure S4g, which also indicates that the fraction
of the surface TiOy phases increases along the oxygen vacancy gradient. These TiOy phases are
seen as islands dewetting on the STO (001) surface in atomic force microscopy (AFM) images
(see Figure S6).

Additionally, we observe several features in the O 1s core-level XPS spectra that appear to
be correlated with features in the Ti 2p spectrum. As shown in Figure S4b, the O 1s core-level
XPS spectrum can be decomposed into a secondary lattice peak, ‘Ojr2,” at 531.5 eV in addition
to a primary lattice peak, ‘Ojy11,” at 530.7 eV, and a hydroxyl peak, ‘OH,” at 533.0 eV. We assign
Olat1 to oxygen in the bulk lattice of STO and Oy to oxygen near the surface with a chemical
environment different from that in the bulk. As shown in Figure S4e, while the O4; areal fraction
remains unchanged across the oxygen vacancy gradient, the OH areal fraction increases at the
expense of Oy, area fraction, consistent with increasing oxygen vacancy formation on the surface,
which is known to favor strong dissociative adsorption of water on the (001) surface of STO.>6
As shown in Figure S4g, these changes are correlated with the onset of increase in areal fraction of
Ti%* (and TiOy surface phases) appearing around the same position, indicating that the formation
of the TiOy surface phases are driven by oxygen vacancies formed on the initially TiO,-terminated
STO (001) surface.

On the other hand, features in the Sr 3d spectra show no correlation with features seen in the
Ti 2p or O 1s spectra. The Sr 3d spectrum shown in Figure S4d can be decomposed into two
spin-orbit doublets corresponding to a bulk-like SrO, Srgy, and a secondary-phase SrOy, Srsp,
seen at higher binding energies.” As shown in Figure S4h, the XPS areal fractions for the two
phases, and hence their phase fractions, remain unchanged across the oxygen vacancy gradient,
indicating negligible Sr?* diffusion and minimal in uence of Sr atoms on the observed changes
to the electronic structure near the surface.

The valence band spectrum in Figure S4e shows a broad mid-gap state, which was found to
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FIG. S5. Contributions of Ti 3d states to the mid-gap states. (a) Bottom: TEY- and AEY-mode XAS of the
Ti L-edge taken in a reduced region (position p14). (b) Resonant photoemission spectroscopy (RESPES) of
the valence band region taken across the Ti 2p-3d threshold. The photon energies used are marked A F in
the XAS spectra shown in (a). The right section shows an enlarged view of the mid-gap state peaked under

resonant conditions at 0.93 eV binding energy.

persist throughout the entire oxygen vacancy gradient with the same intensity in the valence band
spectra (see Figure S7). A similar spectral feature in the bulk band gap was reported on reduced
STO samples, attributed to surface oxygen vacancies® and to TiOy nanostructures formed on the
(001) surface after Ar* bombardment and UHV annealing.*

To probe the occupation of the Ti 3d partial density of states in the valence band, and especially
in the mid-gap states, we performed resonant photoemission spectroscopy (RESPES) of the va-
lence band region across the Ti 2p-3d excitation threshold at position p14. The bottom section of
Figure S5a shows Ti L-edge XAS spectra taken simultaneously in total electron yield (TEY) and
Auger electron yield (AEY) modes. Here the AEY-mode XAS spectrum was taken monitoring
the intensities of the Ti LMM Auger peak (381-eV kinetic energy), with a corresponding 95%
probe depth of 1.6 nm. The TEY mode XAS on the other hand is much less surface sensitive,
with a typical probe depth of 5 10 nm in complex oxides.? The XAS spectra taken in TEY mode
along the oxygen vacancy gradient vary minimally and are largely characteristic of Ti** in an oc-
tahedral environment (see Figure S8). Figure Sbb shows the RESPES of the valence band region
taken with photon energies marked A-F on the Ti L-edge XAS spectra. The mid-gap state shows

resonant enhancement in the photoemission intensity peaked at 0.93 eV binding energy.
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SV. The effective mass model

The effective mass model is derived in the Boltzmann transport framework under the relaxation
time assumption.1% This model treats how charged Fermions (electrons or holes) move in both tem-
perature gradients and electric elds, so it has been applied to wide success in the thermoelectric
community.!! The typical effective mass model assumes that the free carriers involved in charge
transport belong to a spherically symmetric band of states in the Brillouin zone. Furthermore, the
dispersion of these states is parabolic, which is equivalent to assuming that the states are a nearly-
free electron gas. While many band structures are quite different from simple, single, nearly-free
electron pockets, this model is still useful because it treats much of the necessary charge carrier
physics in temperature and carrier-density space through the Fermi-Dirac distribution function.
This work leverages the distribution function physics in the effective mass model to determine the
Fermi level location, relative to the band edge.

Since the carrier pockets of SrTiO3 are far from simple, free-electron states, an improve-
ment can be made to the effective mass model by approximating the states as an ensemble of
orthogonal, cylindrical pockets. These pockets re ect the warped Fermi surfaces observed in
electronic structure calculations and ARPES measurements'? and are a more realistic way of ac-
counting for the electron states. Recent work has shown that this model can explain complex
effective mass phenomena and temperature-squared resistivity in SrTiO3 and other perovskite ox-
ide semiconductors.™

The cylindrical effective mass model connects the Fermi level (the electron chemical potential,
m) with the carrier-density (n) through the Fermi-Dirac distribution function (f). The distribution
function depends on both the temperature (T) and m:

1

TE) = T o® mer

(4)

The cylindrical length () of the carrier pockets are set by the lattice constant a (I = 2p=a) and the
curvature mass perpendicular to the cylindrical axis (m ) can be t from single crystal data as in

[4]. The carriers from each cylindrical pocket, ney, are additive:
Zy

Nsto = 3Ney| = 3 f(E)dE (5)

2p2H% o

This model uniquely determines the Fermi level for a given carrier-density at a particular tem-

perature. This equation is equivalent to integrating the density of states (g(E)) weighted by the
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R
state lling (n= g(E)f(E)dE). The Fermi level may be below the conduction band minimum,

even if the material is heavily doped, due to broadening of the Fermi-Dirac distribution function.
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SVI. XPS data analysis

A Shirley-type background was subtracted from each core-level XPS spectrum prior to t-
ting the peaks, with a linear combination of m% Lorentzian and (1 m)% Gaussian, denoted as
SGL(m), or a product of m% Lorentzianand (1 m)% Gaussian, denoted as GL(m). Ti 2p;-, peak
area was constrained to be 1/2 of the Ti 2p3-, peak area. Sr 3d;-, peak area was constrained to
be 2/3 of the Sr 3ds-, peak area. The line shape used for each peak, along with the average value
and the standard deviation of the binding energies (BE) and full width at half maxima (FWHM)

are listed below.
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A. XPS peak tparameters

1. Ti2p core-level XPS spectra

TABLE S5. Fit parameters for the Ti 2p core-level XPS spectra.

Ti?* 2pasy Ti2* 2pyoy Ti®* 2pasy Ti®* 2p;y Ti** 2pasy Ti** 2pyoy

Line shape GL(30) GL(30) GL(30) GL(30) SGL(30) GL(75)
BE (eV) 456:21 0:05 461:61 0:05 457:71 0:05 463:46 0:05 459:61 0:05 465:36 0:05

FWHM (eV) 1:87 0:02 1:89 0:02 1:50 0:01 2:44 0:13 1:16 0:01 2:11  0:05

2. Sr 3d core-level XPS spectra

TABLE S6. Fit parameters for the Sr 3d core-level XPS spectra.

Srputk 3ds=2 Srpuik 3d3=2 Srsp 3ds=» Srsp 3d3=2
Line shape GL(30) GL(30) GL(30) GL(30)
BE (eV) 134:14 0:07 135:89 0:07 134:86 0:06 136:56 0:06
FWHM (eV) 0:89 0:02 0:90 0:05 1:46 0:11 1:36 0:10

3. O 1score-level XPS spectra

TABLE S7. Fit parameters for the O 1s core-level XPS spectra.

Olat1 Olat2 OH
Line shape GL(30) GL(30) GL(30)
BE (eV) 530:73 0:04 531:52 0:03 533.0 0:1
FWHM (eV) 1:17 0:02 1:50 0:01 1.5 00
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SVII. Atomic force microscopy images

FIG. S6. Surface morphologies of the sample before and after the DC-resistive heating process by tapping-
mode atomic force microscopy (AFM). (a) AFM image of the sample after the BHF-etch-and-anneal pro-
cedure showing atomically at stepped-and-terraced surface with one SrTiO3 unit-cell-height steps. (b i)
ex-situ AFM images of the sample taken along the oxygen vacancy gradient following DC-resistive heat-
ing, showing increasing amounts islands closer to the more reduced region near the cathode (position p14),
attributed to the increasing formation and dewetting of TiOy secondary phases on the STO (001) surface.

() Line pro les within terraced regions in image (i) showing islands up to 3 nm in height.
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SVIII. Valence band XPS spectra

FIG. S7. Valence band XPS spectra taken across the oxygen vacancy gradient. (a) Spectra normalized with
respect to the background (offset in y-axis for clarity) and (b) enlarged view of the in-gap region. These
spectra were taken with a photon energy of 1000 eV at emission angle g = 80 , which gives a 95% probe

depth of 9 nm.

SIX. TEY-mode XAS spectra

FIG. S8. Normalized TEY-mode XAS spectra taken across the oxygen vacancy gradient. The spectrum

taken at position p15 is omitted due to glitches in the measurement.
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