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Interconversion of intrinsic defects in SrTiO;(001)

S. A. Chambers,"" Y. Du,! Z. Zhu,' J. Wang,' M. J. Wahila,”> L. F. J. Piper,” A. Prakash,? J. Yue,? B. Jalan,? S. R. Spurgeon,’
D. M. Kepaptsoglou,*>¢ Q. M. Ramasse,*”® and P. V. Sushko'
lPaciﬁc Northwest National Laboratory, Richland, Washington 99352, USA
2Department of Physics, Binghamton University, Binghamton, New York 13902, USA
3Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, Minnesota 55455, USA
4SuperSTEM, SciTech Daresbury Campus, Daresbury WA4 4AD, United Kingdom
5 Jeol Nanocentre, University of York, Heslington, York YO10 5BR, United Kingdom
®Department of Physics, University of York, Heslington, York YO10 5BR, United Kingdom
"School of Chemical and Process Engineering, University of Leeds, Leeds LS2 9JT, United Kingdom
8School of Physics, University of Leeds, Leeds LS2 9JT, United Kingdom

® (Received 15 January 2018; revised manuscript received 28 March 2018; published 12 June 2018)

Photoemission features associated with states deep in the band gap of n-SrTiO3(001) are found to be ubiquitous
in bulk crystals and epitaxial films. These features are present even when there is little signal near the Fermi
level. Analysis reveals that these states are deep-level traps associated with defects. The commonly investigated
defects—O vacancies, Sr vacancies, and aliovalent impurity cations on the Ti sites—cannot account for these
features. Rather, ab initio modeling points to these states resulting from interstitial oxygen and its interaction

with donor electrons.
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I. INTRODUCTION

SrTiO; (STO) is a prototypical oxide semiconductor of
considerable interest for oxide electronics. Much effort has
been expended to achieve high electron mobilities in bulk and
thin-film STO and gain control over STO synthesis with the
goal of producing atomically precise material. Inherent in this
scientific endeavor is the need to classify and quantify defects
and assess their impact on electronic properties. The electronic
properties of bulk STO have been extensively studied. Hall data
taken for Nb-doped STO at room temperature show that the
carrier concentration is typically less than the Nb concentration
[1]. High-temperature transport data are typically interpreted
in terms of the equilibration of O vacancies (Vg), St vacancies
(Vs;), aliovalent cation impurities on the Ti site (Mr;), and
donor dopants [2-5]. Vs, and Mr; are deep-level acceptors that
can trap donor electrons from Vg. Interstitial O (Ojy,) has not
been considered in these models because its formation energy
is high in fully equilibrated STO crystals [6]. Additionally, a
significant literature exists describing the use of undoped (i.e.,
not intentionally doped) STO crystals as substrates and active
channel materials in polar/nonpolar oxide heterostructures,
such as the heavily studied LaAlO3/SrTiO3(001) (LAO/STO)
interface. Here, some form of electron transfer results in
carriers within the STO. However, it is universally observed
that sheet carrier concentration at the interface is an order
of magnitude lower than expected based on the electronic
reconstruction model [7-9] or a surface defect charge transfer
model associated with H adsorption [10]. It is thus important
to understand the nature of traps in STO.
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Photoemission spectroscopy is an ideal way to directly
probe occupied states within the band gap. The absence of
background counts from higher kinetic photoelectrons that
inelastically scatter endows the method with exquisite sensi-
tivity. For doping levels in the atomic percent range or higher,
n-STO exhibits a feature at or slightly below the Fermi level
(Er) associated with photoemission from itinerant electrons
from donors. This peak (feature A) has been referred to
as the “metallic band.” For example, a large metallic band,
attributed to a two-dimensional electron gas (2DEG), appears
within 10 min when using synchrotron-based soft x rays for
photoemission as the intense x-ray beam induces extensive Vg
creation in the near-surface region of the crystal [11-14].

Photoemission features have also been observed deeper in
the gap for many years and have been appropriately named
“in-gap states.” These consist of a broad peak ~1-2eV
below Eg (feature A’), which typically appears along with
feature A, and a second broad feature tailing off the top of
the valence band (VB) (feature B). Feature A’ has received
considerable attention, but feature B has been discussed very
little. Early studies interpreted A’ as being due to many-
body effects [15]. However, it was pointed out that electron
correlation is not sufficiently strong at low doping levels to
drive Hubbard band formation [16]. A and A’ have also been
referred to as “coherent” and “incoherent” states, respectively
[17]. “Coherent” denotes that electrons therein are screened
by a delocalized band that is coherent with the lattice, whereas
electrons in A’ are thought to be screened by localized states
that some investigators associated with Vg [18]. Ishida et al.
[17] performed resonant photoemission on SrNb,Ti;_,03
(Nb:STO, x = ~0.06) and concluded that electron correlation
is not likely to exert a major influence, at least for small x.
Rather, it was argued that weak local screening causes A’ to
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split off from A. Resonant photoemission results also reveal
that A is largely Ti 3d derived whereas A’ has mixed Ti 3d
and O 2p character [17,19]. Additionally, resonant photoe-
mission was used to probe the interface electronic structure at
conductive LAO/STO heterojunctions. Features analogous to
A and A’ were observed and assigned to polarization doping
and localized Vg states, respectively [18]. Koitzsch et al. [19]
argue that A’ comes from defects of an unspecified nature.
While feature B is universally observed, it is rarely commented
on. Hatch et al. [20] claim that feature B is present only for
acid-etched bulk Nb:STO(001) and assigned it to H bound to
surface Ti cations. The purpose of this paper is thus to present
a detailed experimental and theoretical investigation of feature
B, which we find in bulk and epitaxial STO. We find that the
most plausible cause of feature B is interstitial O*~.

II. EXPERIMENT AND AB INITIO MODELING METHODS

Our investigation is based on bulk crystals of
StNb, Ti;_,03_5(001) (0 < x <0.03 with §=0, and
0 <6 <0.023 with x =0), as well as epitaxial films of
Lag01S1r9.99TiO3(001) prepared using conventional [21] and
hybrid molecular beam epitaxy (h-MBE) [22-24]. Measure-
ments were carried out using bulk StNb, Ti;_,03(001) single
crystals from MTI and CrysTec with x values ranging from
0 to ~0.03 (1.5 wt %). All crystals were synthesized using
the Verneuil method [25]. Polished wafers of dimensions
10mm x 10mm x 0.5 mm were prepared on the bench by
sonication in acetone and isopropanol to degrease, etching
in buffered HF (BHF) for 30 s to dissolve SrO terraces, and
rinsing in deionized (DI) water. The wafers were then annealed
for 4 h at 1000 °C in an air-filled tube furnace at 1 atm, with
4-h up and down temperature ramps, and rinsed again in DI
water. Once under high vacuum in an oxide molecular beam
epitaxy (MBE) chamber appended to a UPS/XPS system at
PNNL, the crystals were annealed in an electron cyclotron
resonance oxygen plasma beam at ~2 x 10~ Torr for 30 min
at 650 °C to remove surface contamination. Typical electron
diffraction patterns revealing a well-ordered (1 x 1) structure
are shown in Fig. 1.

Additional measurements were carried out on a 70-nm-
thick La-doped STO film grown by h-MBE on a Nb-doped
SrTiO3(001) substrate. The film was grown in the middle of
the Sr-to-Ti beam equivalent pressure ratio space known as
the growth window, in which film nucleation is adsorption
controlled [22-24]. This deposition procedure ensures optimal
film stoichiometry. The La doping level was ~1 at % within the
A-site sublattice (e.g., Lag g1 Sr.99TiO3).

FIG. 1. Reflection (a, b) high-energy electron diffraction (15 keV)
and (c) low-energy electron diffraction (69 eV) for n-SrTiO5(001)
after oxygen plasma cleaning.

We have measured VB and gap spectra excited by vacuum
ultraviolet (VUV), soft x rays, and synchrotron-based hard x
rays. Core-level spectra were also measured with the soft and
hard x-ray sources. Conventional UPS and XPS measurements
were made at PNNL using monochromatic He 1 UV light
(21.2 eV) and monochromatic Al Ko x rays (1487 eV),
together with an Omicron/Scienta R3000 analyzer. Measure-
ments on undoped specimens were carried out using a low-
energy (2 eV) electron flood gun to neutralize the photoemis-
sion charge which forms on the surface and precludes reliable
spectral acquisition. Hard x-ray photoemission spectroscopy
(HAXPES) measurements were made at the Diamond Light
Source (UK) on the 109 Surface and Interface Structural
Analysis beamline at an x-ray energy of 6000 eV. This
beamline includes an Omicron/Scienta EW4000 high-energy
analyzer.

We have also used monochromated valence electron energy
loss spectroscopy (VEELS) in a scanning transmission elec-
tron microscope. Scanning transmission electron microscopy
(STEM) samples were prepared using an as-received undoped
STO(001) substrate from CrysTec. We used an FEI Helios
NanoLab dual-beam focused ion beam (FIB) microscope and
a standard liftout procedure along the STO [100] zone axis,
with initial cuts at 30 keV/2° and final polishing at 2 keV/2.5°
ion beam energy per incidence angle. Monochromated VEELS
measurements were conducted on a Nion UltraSTEM 100MC
“Hermes” microscope operating at 60 keV, with a convergence
angle of 31 mrad and VEELS collection angles of 19 and 38
mrad. Low-loss data were acquired at several dispersions (5,
10, and 50 meV) with the same effective energy resolution of
16—-18 meV set by the monochromator. The data were sub-
sequently aligned to correct for energy drift and the zero-loss
peak was removed using reference spectra collected in the vac-
uum. To explore the effect of retardation losses, low-loss spec-
tra were simulated using the Kroger formula, as implemented
in MATLAB by Egerton [26,27]. Simulations were conducted
using experimental parameters, a measured bulk plasmon
energy of 31.18 eV, and a full width at half maximum (FWHM)
of 4.70 eV for sample thicknesses of 5, 10, 25, 50, and 100 nm.

A TOF-SIMSS time-of-flight secondary ion mass spec-
trometer made by IONTOF GmbH was used to determine the
concentrations of metal impurities in STO crystal from both
CrysTec and MTI. A 20-keV Ar,™ cluster beam was used for
sputtering of an area of 200 x 200 um? and a 25-keV Bis™
beam was used for analysis, which was scanned on an area of
50 x 50 um? at the Ar,* crater center [28].

To model thermodynamic stability, local atomic structures,
and electronic properties of defects, the bulk STO was repre-
sented using a 4 x 4 x 4 cubic supercell. Relative energies of
defect configurations and the corresponding one-electron den-
sities of states were calculated using the Vienna Ab initio Simu-
lation Package (VASP) [29,30]. The projector-augmented wave
was used to approximate the electron-ion potential [31]. In all
cases we used the PBEsol density functional [32], together
with a rotationally invariant Hubbard Uy = U—J correction
applied to Ti 34 states [33]. The lattice parameter was preopti-
mized for each value of U,y we considered (0-8 eV), yielding
a corresponding range of ag (3.89—3.95 10\), and a( remained
fixed while internal degrees of freedom were fully relaxed in
all subsequent calculations. Most calculations were performed
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using U = 4¢eV [34] and a supercell parameter of 15.69 A,
corresponding to the STO lattice parameter ay = 3.92 A (less
than 0.4% difference from the experimental value of 3.905 A).
We found this approach to provide a reasonable compromise
between PBEsol proper, which gives more accurate lattice
parameters, and PBEsol + U (with U = 8eV), which yields
a more acccurate value of the band gap but overestimates the
lattice parameters by ~1.2%. The plane-wave basis set cutoff
of 500 eV was used. The effect of the k-grid was tested for
the ideal STO lattice. We found that the difference between
total energies calculated at the I" point only and a I"-centered
2 x 2 x 2 Monkhorst-Pack grid is less than 2.5 meV per atom.
We thus used the I' point only in all subsequent simulations
unless otherwise stated. To model interconversion reactions,
we consider all participating defects present simultaneously
in the same supercell, as opposed to modeling single defects
per supercell. Doing so does not require making assumptions
regarding how much of the electron charge is transferred from
one defect to another and does not require charge compensation
background for charged defects.

III. RESULTS

We find that photoemission intensity appears deep in the gap
for all STO specimens investigated, including n-type, undoped,
bulk crystals and epitaxial films. These features correspond
to the occupied states of deep-level traps that immobilize a
significant fraction of itinerant electrons. States closer to Eg
become occupied only as the donor concentration increases
beyond that required to populate the deep levels.

Representative VB and gap spectra excited with hard and
soft x rays, as well as with VUV photons, are shown for
bulk Nb:STO(001) in Fig. 2. The different VB shapes reflect
differences in cross section at the three photon energies, as
well as differences in probe depth. Nevertheless, the leading
edges overlap and extrapolations to the energy axis indicate
that the valence band maximum (VBM) is ~3.3 eV below the
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FIG. 2. VB spectra for StNb, Ti;_,03(001) measured at photon
energies of 6000 eV with x = 0.029, and at 1487 and 21.2 eV with
x = 0.010 (same sample). The probe depths are ~1,~11,and ~32 nm
for hv = 21.2, 1487, and 6000 eV.
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FIG. 3. Core-level = photoemission  spectra  for  bulk
SrNb, Ti;_,03(001) measured at x-ray energies of 6000 and
1487 eV, and at photoelectron take-off angles (6,) of 90° (normal
emission) and 10° for hv = 1487 eV.

Fermi level, as expected for flat-band STO. We magnify two of
the three gap spectra in the inset of Fig. 2 for which counting
statistics in the gap well above the detector dark current can
be accumulated due to the high brightness of the respective
sources (VUV and hard x ray). There is significant intensity
deep in the gap for both spectra, but the count rate rapidly falls
off as the Fermi level is approached. Higher count rates deeper
in the gap are also nominally detectable in the spectrum excited
using the much weaker monochromatic Al K o x-ray (1487 eV)
source (not shown due to poor signal-to-background ratio).
Using the He I excited VB spectrum as an internal standard,
the deep-gap state intensity indicates a deep-level acceptor
concentration of a few parts per thousand. We have eliminated
the possibility that this deep in-gap intensity is artifactual
by comparing with gap spectra from clean p-Ge(001), as
described in the Supplemental Material [35].

Core-level analysis reveals that substitutional Nb dopants
exhibit a valence of 5+ for both crystals, indicating complete
donor ionization. We show in Fig. 3 core-level photoemission
spectra to go along with the VB spectra shown in Fig. 2. The
Ti 2p and Nb 3d spectra are well fit using pairs of Voigt
functions to represent spin-orbit (SO) coupling. Using these
two core levels in conjunction with the relevant atomic cross
sections [36,37], x was experimentally determined to be 0.029
and 0.010 for the different crystals measured at 6 and 1.5 keV,
respectively. The absolute binding energies indicate a nearly
flat-band condition within the two probe depths, defined as
the depths at which a photoemission signal originating at the
surface would be attenuated by 99.5%. The corresponding
numerical value is 5.3\, where A is the electron attenuation
length. We have estimated A values specifically for STO by
measuring Ge and STO VB intensities for epitaxial STO films
grown on Ge(001) and comparing to intensities for phase pure
Ge(001) and STO(001). The resulting values are 2 and 6 nm
for hv = 1487 and 6000 eV, respectively [38]. The measured
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binding energies are consistent with the presence of majority
Ti*+ [39] and exclusively Nb°* [40], indicating complete
donor ionization. A weak Ti** shoulder shifted ~2.0eV to
lower binding energy is observed in the crystal measured at
6 keV, consistent with itinerant electrons from ionized Nb
donors temporally reducing Ti** [41]. The Ti** peak consti-
tutes 2.4% of the total Ti 2p3,, peak area, in good agreement
with 2.9%, the x value from the Nb 3d and Ti 2 p spectra.

A second pair of SO-split peaks shifted to higher binding
energy by ~0.9¢eV is required to obtain good fits for the Sr
3d spectra. A more surface-sensitive geometry (6, = 10° at
hv = 1487eV,5.31 = ~1.9 nm) reveals a substantial increase
in the intensity of the higher binding energy Sr 3d features,
indicating that these photoelectrons originate at the surface.
The two most likely surface species that would yield peaks at
these binding energies are Sr(OH), and SrO,. If Sr(OH), is
present, the O 1s spectrum is expected to show a well-resolved
feature due to OH shifted ~1—2eV to higher binding energy
from the lattice peak, as occurs on bulk CaO(001) [42]. This
feature would be more pronounced at 6, = 10°. However, no
such feature is seen. In contrast, the O ls binding energy
for SrO, surface clusters is not expected to be sufficiently
different from that of lattice O in STO. The slight asymmetry
seen in the O ls spectrum at 6, = 10° may be the result of an
unresolved SrO, feature. It has been shown that SrO, forms on
the STO(001) surface as a result of annealing at ~1000 °C in
oxygen, as we have done as part of our surface preparation, pre-
sumably due to Sr vacancy creation and diffusion to the surface
[43,44].

Additionally, the expected Ti** peak resulting from donor
electrons at the bottom of the conduction band (CB) is barely
detectable in the Ti 2p spectrum taken at 6 keV but is not
observable in the spectrum taken at 1487 eV. Yet, our modeling
indicates that we should be able to detect Ti** at the ~1 at %.
level. We show in Fig. 4(a) linear combinations of Ti 2p
spectra measured for lightly doped StNb, Ti;_,03(001) (x =
~0.001) and epitaxial LaTiO3(001) [45] to simulate spectra
for StNb, Ti;_,03(001) with larger x, ranging from 0.01 to
0.10. In the absence of electron trapping defects, each ionized
Nb dopant populates the conduction band with one itinerant
electron which will, in turn, result in the reduction of a B-site
Ti** cation to Ti** over the time scale of photoemission (~
10~'6's). However, donor electrons may also become trapped
at defect trap states, if indeed such defects are present. In this
case, Ti>* would not appear in the experimental spectrum
unless the defect has substantial Ti 3d character. Assuming
defect-free STO, there would be a quantitative transfer of
intensity from the Ti** binding energy in the Ti 2 p3 /2 Spectrum
to the Ti** binding energy (~1.2 eV lower). This effect would
not be as clear in the 2p;,, region due to enhanced lifetime
broadening resulting from Coster-Kronig decay. In Fig. 4(b),
we overlap the simulation for x = 0.01 with an actual spectrum
for SrNbyg 01 Tip.9903(001) and plot the difference spectrum.
There is clearly a shoulder on the low-binding-energy side
of the 2p3/, peak in the simulation that does not appear in
the measured spectrum. This analysis suggests although the
Nb dopants are ionized, resulting in their exhibiting binding
energies characteristic of Nb>*, there are not enough itinerant
electrons residing at the bottom of the conduction band to
modify the Ti 2p line shape for x = 0.01. This result is

(b)
— sim (x = 0.01)
— SrNbg 41 Tip 6903
x=0.01100.10

(a)

simulations

difference spectra

0
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FIG. 4. (a) Simulations of the Ti 2p spectrum for StNb, Ti;_,O;
for 0.01 < x < 0.10 based on the assumption that every Nb donor
results in one Ti** cation, as required for charge neutrality in a defect-
free crystal. The simulations are linear combinations of spectra from
pure, bulk SrNby o1 Tip.99903(001) and epitaxial LaTiO3(001). The
difference spectra (simulation minus pure STO) show a transfer of
intensity from the nominally Ti** binding energies to that for Ti**
in both spin-orbital channels. (b) Comparison of the simulated and
measured spectra for x = 0.01.

consistent with the extreme weakness of a metallic peak in
the VB spectrum (see inset to Fig. 2).

VEELS measurements provide further evidence for clear
intensity deep in the gap of bulk STO crystals. Figures 5(a)
and 5(b) show VEELS measurements from regions of varying
thickness at two different electron energy loss spectroscopy
(EELS) collection angles. We observe a clear intensity plateau
in the range 1.5-3.5 eV (marked by the arrow) across all our
measurements that is in good qualitative agreement with our
photoemission results. However, it is known that valence and
low-loss EELS measurements can be influenced by a variety of
effects, including the generation of Cerenkov radiation above
a particular accelerating voltage, the excitation of guided light
modes, and other retardation losses [46]. The Cerenkov limit
can be calculated as

£ 0.5
Ec = 511{[—“‘“‘* } - 1}, (1)
€1, max — 1

which yields ~25-26 keV for SrTiO; with a maximum
dielectric constant of & max ~ 11 [46]. While the present
measurements were performed above this limit at 60 keV
accelerating voltage, we note that Erni and Browning [47] have
shown that the probability of emitting bulk Cerenkov photons
with respect to the maximal emission rate ranges from 0.4 to
0.5 for STO at 60 keV. This value is sufficiently low to expect
that it will add only a minimal contribution to the measured
data.

To assess the impact of guided light modes and retardation
losses as possible additional intensity in the gap region, we have
performed simple simulations of low-loss spectra using our
experimental parameters for several thicknesses, as shown in
Figs. 5(c) and 5(d). These simulations were performed within
the Kroger formalism [48], using solely the STO bulk plasmon
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FIG. 5. VEELS measurements conducted with (a) 19 and (b) 38 mrad collection angles (8), respectively, for a range of sample thicknesses.
The spectra have been normalized to the signal integral. Simulated low-loss spectra for (c) 19 and (d) 38 mrad collection angles, respectively,

for a range of sample thicknesses.

energy of 31.18 eV measured by VEELS as input. While this
approach yields identical results to the more rigorous disper-
sion bracket formalism of Bolton and Chen [49] for single-slab
models, the detailed VEELS fine structure (e.g., interband tran-
sitions) is not reproduced here, as this would necessitate the use
of the dielectric function as input to more rigorous simulation
code. Our simulations support two main trends, which have
been previously discussed by Erni and Browning [47]: namely,
losses due to the excitation of guided light modes lead to the
formation of a slight additional background plateau in the gap,
which is known to result in an apparent shift in the measured
band-gap onset that depends on sample thickness. Experimen-
tally we observe a persistent and sizable gap intensity in even
the thinnest parts of our sample, suggesting that guided light
modes are likely not responsible for this feature. While we
cannot fully exclude the contribution of surface effects without
more thorough simulations that are beyond the scope of the
present work, our VEELS results lend good qualitative support
to the photoemission results described above.

Deep in-gap photoemission is not limited to bulk STO
crystals. We also make this observation for epitaxial films
deposited using both conventional and hybrid molecular beam
epitaxy methods. We show in Fig. 6 spectra for several bulk
crystals and MBE-grown epitaxial films over a range of doping
levels (less than ~2 at %). A broad feature tailing off the VB

(feature B) is observed in all cases, and a feature at ~1 eV (A")
is seen for the undoped bulk crystal. In no instance is the feature

x=0 (b'ulk)

& m x=0(bulk) 1 1w ™ 4

s % @ x=0.0002 (bulk, Nb) N @ x=0.0002 (bulk, Nb)

: . v x=0010(bulk,Nb) | | v x=0.010 (bulk, Nb) |
. A X= 0.017 (bulk, Nb) v A x=0.017 (bulk, Nb)
. & x=0.010 (h-MBE, La) @ x=0.010 (-MBE, La)
. ® x=~0(conv.MBE) T T ® x=-~0(conv. MBE) T

Intensity (arb. units)

8 6 4 2 0 3 2 1 0
Binding Energy Relative to Fermi level (eV)

FIG. 6. (a) VB and (b) gap spectra excited with 21.2 eV photons
for bulk STO(001) crystals with a range of doping levels, as well
as for epitaxial films. A 14-nm film of nominally undoped STO
was deposited on p-Ge(001) by conventional MBE. The deposition

conditions that were used lead to the incorporation of some V. The
h-MBE film is 70 nm Lag ; Sr.99TiO3(001) grown on Nb:STO(001).
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near the Fermi level (A) of any appreciable magnitude. In all
cases, the total integrated intensity in the gap is of the order
of parts per thousand of the VB intensity. These results reveal
that the deep-level state (B) traps the majority of electrons from
donor dopants, but that state B is also occupied for bulk crystals
and epitaxial films not intentionally doped. It is noteworthy that
in all cases, the core-level binding energies reveal that within
the XPS probe depth (~11 nm), the STO is within ~0.1 eV of
the flat band. Therefore, the populations of A, A’, and B are not
being affected by band bending, which could sweep carriers
into or out of the top few nanometers.

In order to determine how the gap spectrum evolves with
dopant concentration in one specific crystal, we utilized an
undoped STO(001) crystal as cleaned and after annealing in
ultrahigh vacuum (UHV) at progressively higher temperatures
and for longer times to generate V. The results are shown in
the inset to Fig. 7(a). Occupied deep-level states (feature B)
are observed prior to vacuum annealing, while the sample is
still highly resistive, and the B-state intensities are similar to
those measured for doped crystals (see Fig. 6). The intensity
of feature B increases modestly through 700°C, and then
increases more substantially at 800 °C. Feature A" gradually
strengthens up to 800 °C and strongly increases in intensity at
900 °C. At the same time, a weak shoulder characteristic of
Ti** becomes clearly visible in the Ti 2 p spectrum at 900 °C,
as also seen in Fig. 7(a). These results are consistent with a
growing V concentration that adds electrons to states in the
gap, filling those that are deeper first. From the fit shown in
the inset to Fig. 7(a), Ti*t constitutes 4.6% of the total Ti 2 p
peak area after annealing at 900 °C for 60 min, corresponding
to a composition of SrTiO;g. Interestingly, the deep-level
(B) state drops substantially following the third UHV anneal
at 900 °C. A final anneal at 600 °C in activated oxygen has the
effect of completely eliminating features A and A" and reducing
the intensity of feature B to half the value of the as-cleaned
surface.

In Fig. 7(b) we expand the gap spectra overlaid in the inset
for Fig. 7(a) and compare these with electronic densities of
states (DOS) calculated using an ab initio (density functional
theory) approach for a set of intrinsic defects [Fig. 7(c)]. We
find that Vs, does not result in occupied gap states. However,
our calculations show that Oy, >, a largely unexplored candi-
date defect [50], does. We previously found that O, is readily
absorbed when epitaxial films of NdTiO3 are exposed to air,
and that it most likely resides in interstitial sites [51]. The driver
is the instability of Ti**. We now hypothesize that, during
the synthesis of bulk and thin-film STO, some vacant anion
sites at the crystallization front become occupied by O, which
traps two electrons. This 0,2~ species can be viewed as an
interstitial oxygen atom (Oimo) bound to a lattice O?>~ anion
(O127) which forms a dumbbell configuration, as shown in
Fig. 8(a). Significantly, O,>~ produces no gap states [red DOS
in Fig. 7(c)]. Our calculations reveal that in the presence of
additional electrons near the bottom of the CB, O, converts
to a pair of separated interstitial oxygen ions that share three
or four electrons and can be represented as (0-0)* and
(0O-0)*", respectively, as seen in Fig. 8(b). As the formal
charge associated with these species increases from —2 to —3
to —4|e|, the distance between the oxygens increases from
1.43 to 1.90 to 2.21 A. Since the O species in (0-0)*" are
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FIG. 7. (a) VB and gap spectra excited with 21.2 eV photons for
undoped STO(001) as cleaned and after anneals at 600 °C, 700 °C,
800°C, and 900 °C in UHV, and one at 600 °C in activated O,. Also
shown are the accompanying Ti 2p3, spectra excited with 1487 eV
x rays. Insets: Expanded gap spectra (left) and a fit to Voigt functions
(red) for the spectrum measured after the third anneal at 900°C
(right). Slight changes in binding energy caused by variations in
band bending (within ~0.15eV of flat band) have been removed to
facilitate comparison. (b) Expanded view of experimental gap spectra.
(c) Calculated DOS for select defect configurations broadened with
Gaussian functions using a width of 0.5 eV. This panel shows how the
DOS transform as a result of the defect reactions shown to the right.
The solid magenta and solid cyan features in the purple DOS result
from localized and delocalized electrons from Vp, respectively. The
numbers by the arrows are the energies gained in the indicated defect
conversion reactions.

equivalent and neither is at a lattice site, we refer to (O —Q)*~
as a pair of interstitial Oy >~ ions. As seen in Fig. 8(b),
(0O-0)*" straddles a Vo ™ site. If one Oy, >~ diffuses away, the
other would occupy the Vo*+ lattice site and become Oy, >~
Significantly, both (O —0)*>~ and (O —O)*~ generate occupied
states above the VBM, as seen in the green DOS, depending
on their charge states and proximity to other defects. The
energy difference between these states and the VBM increases
with increasing U, reaching ~1eV for Ugr = 4eV. These
interstitial oxygen anions could thus be the deep-level traps we
observe. The spin density map for a 2 Ow>™=[3 x Vo]? defect
complex is shown in Fig. 8(c).

To understand the observed evolution of the gap spectrum
with annealing, we consider several defect interconversion
reactions that involve Vg and Oimz’ (see green DOS) as well
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FIG. 8. (a) Local structures for O, at an empty anion site (0,>7)
and (b) a pair of O, 2~ that result from O,%~ trapping 2e¢~ from
nearby V,, and dissociating; Sr, Ti, and O are shown as green (large),
blue (medium), and red (small) spheres. (c) Surfaces of constant spin
density for the 202" +[3 x Vol** configuration indicate that three
electrons are localized in Vo' and one electron is at the conduction-
band minimum.

as 0,27, which is also present in the supercell associated
with the green DOS but does not generate any gap intensity.
First, we note that the calculated Vi formation energy with
respect to 120, (5.5 eV) decreases to 3.6 €V in the presence
of 0,%~. This decrease is driven by the energy gained from
0,2~ trapping Vo electrons located near the CB minimum
(1.9 eV) and the subsequent dissociation of 0,% into a pair of
Oin >~ ions. The corresponding DOS change is shown in the
transition from green to blue in Fig. 7(c). Since Ut = 4eV
corresponds to a one-electron gap value of only 2.3 eV, the
effect of 0,2~ on the Vo formation energy is underestimated.
While the resulting Vo™ can recombine with Oy, >~ with an
energy gain of 5.1 eV, the electrostatic interaction of these
defects can be effectively screened by the lattice, thereby
suppressing recombination [52].

As the temperature and anneal duration increase, the con-
centration of Vj increases as well. In addition to being trapped
at O, 2™, electrons from these vacancies can be redistributed to
Vot formed previously, leading to partially charged oxygen
vacancy complexes Volr (0 < Q < 2). To model this sce-
nario, we considered supercells with one 0,~ coexisting with
up to three V. Two electrons provided by these Vg drive
the formation of a pair of Oimz’, as discussed above. The
other electrons remain at the vacancies. Thus, depending on
the V concentration, the supercell could contain [1 x Vol*t,
[2 x VoI*t or [3 x Vo]*>T defect complexes which have a
collective charge of 42 with respect to the lattice.

The purple DOS in Fig. 7(c) shows that, as the V5 concen-
tration increases, so does the intensity of feature A’ located
~1.6eV above the top of the VB. Analysis of the spatial
distribution of one-electron bands indicates that, in the case
of [3 x Vp]**, three of the four electrons not bound to (Ojn)>~
are localized at the three vacancy sites, resulting in 3V5r ,
while the fourth electron is delocalized at the CB minimum,
as shown by the spin densities in Fig. 8(c). We note that

three oxygen vacancies per 64 unit cells, which correspond
to ~1.56% of the oxygen lattice site, is reasonably close to the
actual oxygen vacancy concentration in the crystal following
UHYV annealing (~ 0.7%). A similar distribution is found for
[2 x Vo]**. These localized and delocalized bands map well
onto the experimentally observed midgap band at ~1.4eV
which has a long trail running up to EF, as seen by comparing
Figs. 7(b) and 7(c). We note that the band gap is underestimated
for Uer = 4 eV. Thus, the delocalized band (cyan) is too close
in energy to the localized Vo™ band (magenta). The gold DOS
shows that when all O;, >~ and Vo diffuse and recombine,
Vo and a 5.1-eV energy gain are the results.

‘We note that the lattice deformation field induced by each
defect affects the geometrical and electronic structure of all
other defects located within the same supercell. These effects
are explicitly included in our calculations through relaxation
of the internal degrees of freedom. This interaction contributes
to broadening of the corresponding density of state features
to an extent that depends on the distance between the defects,
and their spatial configurations. However, analysis of the DOS
(see Fig. S2 in the Supplemental Material [35]), calculated for
four types of defects in 2 x 2 x 2 and 4 x 4 x 4 supercells,
reveals that such defect-defect interaction does not affect our
conclusions.

These modeling results allow us to interpret the experimen-
tal evolution of the gap spectrum as follows. As the Vg concen-
tration increases, some interstitial oxygens are converted from
0,2~ to Oy, >, depending on the Vi, concentration, and the
intensity of the B feature saturates. Prolonged annealing pro-
motes diffusion of Oy >~ and Vo*t. Recombination of these
defects to generate Oy~ results in a decrease in the B feature,
as observed after 60 min at 900 °C in UHV, while the A and A’
features continue to grow. The final anneal in activated oxygen
not only eliminates all Vp-derived states but also significantly
reduces the concentration of Oy, >~ by means of recombination
of Oy 2~ and Voo™ in the absence of Vo creation.

IV. DISCUSSION

We now consider other candidate defects as the cause of
the deep in-gap states. There is a significant body of literature
focused on electronic properties of bulk STO and the associated
interpretation based on various defect models. Specifically,
high-temperature conductivity as a function of oxygen partial
pressure has been modeled using only Vs, and V, along with
aliovalent metal impurities on the Ti site (Mr;) that act as accep-
tors, and donors such as Lag; and Nbr; [2-5]. Ti vacancies have
not been included due to their high formation energies [53].

We have investigated whether Vs, can account for the deep
in-gap photoemission feature and have concluded that it cannot
for the following reasons. First, Vs, DOS are either in the gap
and not occupied, or not in the gap and occupied. Indeed, the
DOS feature associated with the neutral Vg, (i.e., Sr2* vacancy
that has not trapped electrons) is clearly visible close to the
top of the VB in Figs. 9(a) and 9(b). Simulations conducted
using PBEsol and a hybrid density functional HSE [54] are
consistent in predicting the position of this feature with respect
to the band edges. However, the absence of electrons at this
defect precludes detection by photoemission. Once Vs, traps
donor electrons (either one or two), the now occupied Vs, DOS
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FIG. 9. Densities of states calculated (a, b) for the neutral Sr
vacancy and (c, d) for the Sr vacancy with two trapped electrons using
(a, ¢) PBEsol and (b, d) HSE density functionals. The unoccupied
states near the top of the valence band are marked with 4™ (a, b). Upon
trapping two electrons per Sr vacancy, these states become occupied
and produce a small perturbation of the DOS near the VB maximum
(c, d), but do not create an in-gap state.

merges with the VB DOS, as shown in Figs. 9(c) and 9(d), so
that the perturbation induced by Vs; is not distinguishable from
the VB DOS as a whole.

Second, the intensity of the deep in-gap state indicates that
the concentration of the causal defect is orders of magnitude
higher than the expected concentration of Vs;. De Souza [55]
has estimated [ Vg;] to be ~5 x 10'7 cm ™3 in bulk STO that has
been annealed to high temperature in oxidizing conditions,
as STO typically is during substrate preparation. Moreover,
epitaxial STO films grown using hybrid MBE with the same
processing conditions as the stoichiometric film used in this
study have been shown by positron annihilation measurements
to possess a [ Vs, ] in the low 10' cm 3 range [56]. However, the
concentration of the defect that causes the deep in-gap feature
in hybrid MBE-grown films is estimated to be at least ~5 x
10" cm—3 and at least ~3 x 10%° cm ™2 in bulk STO [57].

Third, the gap spectrum measured for a hybrid MBE film
that was deposited on the Sr-poor side of the growth window
by a substantial amount is virtually the same as that for the
stoichiometric film. We show these results in Fig. 10. Despite
a~10% Sr deficiency, the nonstoichiometric STO film exhibits
virtually the same gap spectrum as the stoichiometric film.

Fourth, there is no correlation between the intensity of the
deep in-gap feature and the amount of SrO, on the STO surface.
It is well known that high-temperature annealing of bulk STO
in an oxidizing environment leads to Sr vacancy creation and
diffusion of Sr to the surface, followed by oxidation to form
SrO, [43]. Moreover, the vapor pressure of SrO is negligible
at typical annealing temperatures in STO wafer preparation
(~ 1000 °C), precluding desorption of SrO from the surface
during annealing. There should therefore be a direct depen-
dence of the deep in-gap state intensity on the fraction of Sr
3d intensity associated with SrO, (see Fig. 3), if indeed the
deep state is caused by Vs,. However, there is no correlation

Oo,
o
&

x200

i @R B © BP0 9 0° o Q@ Bo°
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®
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&
&
@
@
@
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. . . %
O stoichiometric
Sr poor

binding energy (eV)

FIG. 10. Comparison of VB and gap spectra for stoichiometric
and ~10% Sr poor STO homoepitaxial films grown by hybrid MBE.

whatsoever between these two quantities in the annealing
experiment on undoped STO summarized in Fig. 7. The
absence of a correlation is clearly seen in Fig. 11. The first data
point is for the undoped STO crystal after cleaning the activated
oxygen at 600 °C to remove adventitious carbon. As the UHV
annealing continues at progressively higher temperatures from
points 2 to 5, the deep in-gap intensity increases monotonically.
However, the SrO, fraction first decreases from point 1 to
point 2, and then increases up to point 5, although not in a
way that would indicate a correlation. From points 5 to 7,
the deep-state intensity drops but the SrO, fraction increases.
Finally, after the second anneal in activated oxygen (point 8),
the SrO, fraction returns to its original value, but the deep-state
intensity is considerably smaller.

. 8. . .

0.08 0.10 0.12 0.14
Sr 3d area ratio -- SrOx/STO lattice

deep-state count rate at 2.2 eV (arb. units)

FIG. 11. Deep in-gap state count rate plotted against the SrO,
peak area normalized to the lattice peak area taken from Sr 3d spectra
for the annealing sequence for undoped STO(001) summarized in
Fig. 3. The numbers indicate the steps in the annealing sequence
shown in Fig. 3(a).
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FIG. 12. Densities of states calculated for a hydrogen atom
trapped in StTiOs. The H atom binds to a lattice oxygen, forming an
OH™ species and an electron that occupies a state close to the bottom
of the CB. DOS calculated using (a) PBEsol and (b) PBEsol + U
for Uy; = 4eV and (¢) Uy; = 8eV indicate that this electron state is
degenerate with the CB minimum. This electronic structure is further
supported by the DOS obtained using single-point HSE calculation
for the structure preoptimized using (d) PBEsol 4+ U (Uy; = 8eV).

We also investigated the possibility that the deep-gap feature
is associated with a hydrogen atom that binds to lattice O*~
producing OH™ and an electron. The reaction 0>~ + H® —
OH™ + ¢~ is known to produce in-gap localized electronic
states in wide-band-gap oxides, such as MgO [58,59] and
12Ca0 - 7AL,03 [60]. Here we investigated the electronic
structure of the OH™ + e~ configuration using the PBEsol 4
U density functional with U values of 0, 4, and 8 eV. In all
cases the internal coordinates of the systems were optimized,
while the lattice parameters were held at the experimental value
(3.905 /DX). The corresponding DOS are shown in Figs. 12(a)—
12(c). As the U value and the calculated band gap increase, the
occupied electron state remains close to the bottom of the CB.
Additionally, the geometrical configuration preoptimized with
U = 8eV was used to calculate the DOS at the HSE level. In
this case, the resulting occupied state also fell near the bottom
of the conduction band, as shown in Fig. 12(d). Hence, we rule
out the presence of an H atom in the bulk of STO as a potential
candidate for the deep in-gap feature.

A previous observation of deep in-gap intensity excited
with He 1 UV light (hv = 21.2eV) was interpreted as being
due to hydrogenation of the surface, resulting in H bound to
undercoordinated Ti cations in the terminal layer [20]. These
authors note that this feature is seen only for Nb:STO(001)
bulk crystals that were etched in either HF or a HC1/HNO;
mixture, but not for MBE-grown films. In contrast, we see
a deep feature in the gap spectra of bulk crystals as well as
MBE-grown films. Moreover, our observations were made
at photon energies ranging from 21.2 to 6000 eV, indicating
that this feature is present in the bulk as well as on the
surface. Hatch et al. also reported that their deep feature does
not disperse in angle-resolved measurements. First-principles
modeling reported in Ref. [20] shows that surface H bound to

Ti cations does indeed result in a nondispersing feature in the
lower portion of the gap, as observed. While we cannot rule out
the possibility that some H-Ti is present on the surfaces of our
HF-etched bulk crystals and contributes to the signal measured
in the lower portion of the gap in these cases, our data clearly
show that intensity is also present in epitaxial films that were
not acid etched, and in the bulk, as well as on the surface, of
all samples examined. We thus rule out surface-bound H-Ti
as the sole explanation for the deep in-gap feature. Rather, we
think that the feature associated with surface H-Ti overlaps that
resulting from bulk Oin>~ ions when the former is present. We
also note that Hatch ez al. reported that their deep in-gap feature
does not change with temperature up to 875 °C. In contrast,
ours undergoes a clear evolution over the same temperature
range, as described in detail in this article.

Cation impurities which might act as deep-level acceptors in
bulk STO crystals are not present in sufficient quantities to be
the cause of the deep-level traps. Time-of-flight secondary ion
mass spectrometry sputter profiles of representative crystals
reveal that Al, Na, Ca, and Mg are present at levels of a few
parts per million (ppm) and Si (which is isovalent with Ti and
therefore not expected to be a deep-level acceptor) is present at
a concentration of ~150 ppm. These concentrations are orders
of magnitude lower than that associated with the deep-level
gap states (parts per thousand). These in-gap states bear some
resemblance to deep subgap states observed in amorphous
InGaZnO and ascribed to disorder in the coordination sphere
of O [61,62]. However, the origin of the in-gap states in STO
is quite different, as discussed above.

Finally, we consider the effect that these deep-level traps
have on transport properties. We would expect that mea-
sured carrier densities would be lower than donor dopant
concentrations if itinerant electrons become trapped in these
states. Such appears to be the case. In Fig. 13 we show
room-temperature Hall effect measurements for an MTI crystal
for SrNby 915Tig.9g503(001). Based on the composition, the
expected carrier concentration is 2.52 x 10%° cm™3, assuming
100% ionization of all Nb donors. The measured carrier
concentration is 1.84 x 10?° cm~3, 73% of the expected value.
A similar observation was also made by Spinelli ef al. [1].
The measured mobility is 7.75 cm? /(V's). These results are
consistent with the conclusions drawn from analysis of the
photoemission and energy loss data.

0 Nyp = 9.22x10"® em™
4 Nap = 1.84x10% cm™
2

Ry, (x107Q)
5 ; \ o
ll"'l'l'l‘(‘l"'lll'l"'ll

2
4
AC measurement
6 Linear fit -
oo Lo Lo oo o Laa o Laa o Lo s Lo a baa a1y
-10 -8 -6 -4 -2 0 2 4 6 8 10

Field (T)

FIG. 13. Hall effect measurement measured at room temperature
for a StNby 915Ti0.98503(001) crystal from MTI.
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V. CONCLUSION

We have shown that deep in-gap states of SrTiO3(001)
bulk crystals and epitaxial films result from traps associated
with intrinsic defects. The concentration is of the order of
parts per thousand, precluding their direct measurement by
most techniques. However, combining UPS, XPS, and VEELS
spectra with ab initio simulations allows us to identify plausible
candidates responsible for the deep-gap and midgap bands
and to suggest defect interconversion mechanisms that explain
the temperature-dependent transformation of the gap spec-
trum. Moreover, the proposed model suggests an approach
to eliminating the deep-gap feature through judicious thermal
treatment, thus paving a way to better control of the electronic
structure in SrTiOs3.
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