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In this study, we investigated the electronic surface structure of donor-doped stron-
tium titanate. Homoepitaxial 0.5 wt. % donor-doped SrTiO3 thin films were analyzed
by in situ near ambient pressure X-ray photoelectron spectroscopy at a temperature
of 770 K and oxygen pressures up to 5 mbar. Upon exposure to an oxygen atmo-
sphere at elevated temperatures, we observed a rigid binding energy shift of up
to 0.6 eV towards lower binding energies with respect to vacuum conditions for all
SrTiOj core level peaks and the valence band maximum with increasing oxygen pres-
sure. The rigid shift is attributed to a relative shift of the Fermi energy towards the
valence band concomitant with a negative charge accumulation at the surface, resulting
in a compensating electron depletion layer in the near surface region. Charge trapping
effects solely based on carbon contaminants are unlikely due to their irreversible des-
orption under the given experimental conditions. In addition, simple reoxygenation
of oxygen vacancies can be ruled out as the high niobium dopant concentration domi-
nates the electronic properties of the material. Instead, the negative surface charge may
be provided by the formation of cation vacancies or the formation of charged oxygen
adsorbates at the surface. Our results clearly indicate a pO,-dependent surface space
charge formation in donor-doped SrTiOj3 in oxidizing conditions. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4983618]

In recent years, donor-doped strontium titanate (n-SrTiO3) has gained a lot of attention as a
model material for various applications, such as gas sensing!? or resistive switching.> In addi-
tion, it is widely used as a quasi-metallic substrate material for oxidic water splitting catalysts,®
superconducting thin films,” ferroelectric tunnel junctions,® or resistive switching devices.”!?

Bulk n-SrTiO3 is mostly referred to as a degenerate n-type semiconductor. However, recent
research on n-SrTiO3 indicated the existence of a surface space charge layer rendering its surface
properties more complex: Ohtomo et al. observed a surface electron depletion in La-doped SrTiO3
thin films at temperatures below 300 K and related it to an intrinsic surface pinning potential of
about 0.7 eV.!! In addition, Mikheev et al. attributed the magnitude of the resistive switching proper-
ties of a Pt/Nb:SrTiO; junction to charges trapped in an unintentional contamination layer.* Wang et al.
connected a surface band bending to anti-domain boundaries in different reconstructions of the SrTiO3
(110) surface after annealing treatments in different pO,. 12 Moreover, Marchewka e al. revealed the
existence of an electron depletion layer in Pt/Fe:SrTiO3/Nb:SrTiO3 structures extending into the
Nb-doped bottom electrode that can be associated with acceptor-type interface defects. They sug-
gested the presence of strontium vacancies (V) at the Fe:SrTiO3/Nb:SrTiO; interface.'> These
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findings are complemented by Meyer et al. who recently proposed a high temperature surface oxi-
dation model that associates electron depletion in the near surface region of n-SrTiO3 in oxidizing
conditions with the incorporation of negatively charged surface V¢, accompanied by the precipita-
tion of strontium oxide (SrO) at the surface.'*!” A comparable scenario has been proposed also for
electron gases formed at interfaces of SrTiO3.!8-20

Classical defect chemistry of donor-doped bulk SrTiO3 is generally accepted for elevated tem-
peratures above 1200 K.2! At lower temperatures, however, it might not be possible to equilibrate
either of the ionic sublattices in the entire sample due to sluggish ionic movement. This would freeze
out some of the concentrations, leading to an effective charge separation at the surface.'>*° The lower
temperature limit at which the surface defect chemistry of the oxygen and strontium sublattices needs
to be considered is already well investigated for acceptor-doped SrTiO3. However, it is much more
complex for donor-doped SrTiO3, due to long equilibration times, secondary phase formation,?> and
the stronger influence of cations as electronic charge compensating species.'> Complementing defect
chemical considerations, at lower temperatures, the presence of charged adsorbates might influence
n-SrTiOs surfaces in oxidizing conditions. Setvin et al. showed the existence of oxygen molecules
forming superoxides at TiO, surfaces below 300 K.?3?* Similarly, charged oxygen adsorbate species
are proposed on perovskite surfaces at comparably high temperatures, their concentration diminish-
ing with increasing temperature though.?> Far above room temperature, the presence of any of those
oxygen species on n-SrTiO; surfaces is still unconfirmed and any effect on the space charge formation
has not been quantified so far. Thus, up to now, it is not known, whether intrinsic electronic surface
states,'! or unintentional defect layers due to carbonate adsorbates,* or possibly chemisorbed charged
oxygen molecules such as observed for Ti0,,23-2%2% or intrinsic ionic surface defects, namely, Vé’r,ls
can cause the observed surface space charge layer effect in n-SrTiO3'? and its dependence on the
oxygen partial pressure (pO;).

So far, the majority of studies used simulations and ex sifu experiments to investigate the surface
properties of n-SrTiOs. In this paper, we now study the surface electronic properties of n-SrTiO3
directly by in situ near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS)?"-?8 on stoi-
chiometric 0.5 wt. % Nb-doped StTiO3 (Nb:SrTiOs3) thin films at a temperature of 770 K and different
pO,. NAP-XPS provides a unique tool for the in situ study of electronic and chemical processes in
different gas atmospheres up to a pressure of several millibars.?’ For this, the sample stack is placed
in a closed cell, isolated from the surrounding ultra high vacuum (UHV) measurement setup (Fig. 1).
Due to the reduced mean free path of emitted photoelectrons at high pressures inside the sample
space, a differentially pumped detector nozzle is placed close to the sample surface (0.3 mm) and
kept at an absolute pressure below 10~8 mbar. These measurements allow a direct access to the surface
electronic structure of the n-SrTiO3; samples as a function of pO, while simultaneously providing
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FIG. 1. Schematic illustration of the sample stack as well as the near ambient pressure X-ray photoelectron spectroscopy
measurement setup.
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information on the surface coverage of adsorbates and contaminants as well as on the chemical
composition.

We deposited 32 nm of stoichiometric 0.5 wt. % Nb:SrTiO3 by pulsed laser deposition (PLD) on
a single crystalline SrTiO3 (100) substrate (CrysTec GmbH, Berlin, Germany), using a KrF excimer
laser (A = 248 nm) with a laser energy of 50 mJ at a repetition rate of 5 Hz, a spot size of 2 mm?, and
a target-to-substrate distance of 44 mm. The film was grown in an oxygen atmosphere of 0.1 mbar
at a substrate temperature of 1073 K. After the growth, the sample was quenched down to room
temperature and no further treatment was performed prior to the NAP-XPS measurements. The
growth process was monitored by reflection high energy electron diffraction (RHEED). Clear RHEED
oscillations indicate a layer-by-layer growth of the thin film (S1 of the supplementary material). The
stoichiometric growth process of the thin film was optimized by a variation of the laser fluence®*** and
confirmed by angular dependent X-ray photoelectron spectroscopy in UHV conditions.?'-3? Further
sample characterization including surface topography and X-ray diffraction data are provided in the
supplementary material S1 and S2. In addition, the quality of the thin films was further confirmed
by room temperature Hall measurements on 200 nm thick films verifying the carrier concentration
(1.5 x 10%° cm™3) and the electron mobility (6.1 cm?/Vs) to match the expected values. Additional
measurements of the low temperature mobility are shown in the supplementary material (S3). We
find metallic behaviour and an electron mobility of 200 cm?/Vs at 10 K which is in good agreement
with literature values obtained at similar dopant concentrations.?!33-33

For a pO,-dependent spectroscopic analysis, the thin film was investigated using a Specs™ near-
ambient pressure XPS instrument using an Al Ka source (1486.6 eV) and an emission angle of 90°.
In all measurements, the as prepared sample was contacted from the top using a Ti strip, providing
an electrical contact between the n-type thin film and analyzer. All constituents’ core levels as well
as the valence band and the carbon core level spectra were measured in sifu at a temperature of 770 K
and under different pO, ranging from UHV conditions (base pressure ~10~® mbar) up to 5 mbar. The
lowest accurately adjustable pO; in this measurement setup was 0.05 mbar.

Figure 2 shows the pO,-dependent core level spectra®® of oxygen Is and carbon 1s (a),
titanium 2p (b), and strontium 3d (c), as well as the valence band region (d) obtained at room
temperature (dashed spectra) and at an elevated temperature of 770 K (solid spectra). Initial spectra
were taken at room temperature and UHV (dashed top spectra) on as-prepared samples. As can be
seen from the Ols and the Cls spectra (Fig. 2(a)), a significant amount of carbon adsorbates and
contaminants is present at the thin film surface resulting from exposure to air after the PLD growth
process and ex situ transfer into the NAP-XPS setup. Upon heating to 770 K in UHV, a reduction of the
carbon adsorbates and contaminants is clearly visible in the O1s and the C1s spectra. Subsequently,
the pO, was increased stepwise from 0.05 mbar to 5 mbar while a temperature of 770 K was main-
tained. All carbon adsorbates and contaminants are removed from the surface upon heating at a pO,
above 0.05 mbar. Furthermore, no traces of other typical surface contaminants (S, Si) were detected.
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FIG. 2. Core level spectra of Ols and Cls (a), Ti2p (b), and Sr3d (c), as well as the valence band region (d) of a 32 nm thick
Nb:SrTiO3 film at room temperature (dashed spectra) and 770 K (solid spectra). The dashed vertical lines indicate the position
of the characteristic binding energies at the first measurement at 770 K and in UHV conditions (solid circles). The dashed
circles indicate the characteristic binding energies at the second measurement at 770 K and in UHV conditions.
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With increasing pO,, a significant shift towards lower binding energies (BEs) is detected for all the
characteristic core level spectra and the valence band maximum (VBM). To emphasize the BE shifts,
the vertical dashed lines indicate the characteristic binding energy of Ols, Ti2p, Sr3d, and the VBM
at the initial measurement at UHV conditions at 770 K (solid circles). Full reversibility of the BE
shifts was confirmed by a following set of spectra taken again in UHV conditions at 770 K (dashed
circles), pointing towards a reversible underlying surface process, solely governed by the ambient
p02.

Finally, the thin film was cooled down to room temperature while the UHV conditions were
maintained (dashed bottom spectra). As can be seen from the lack of spectral intensities in the Cls
core level spectra, the surface was cleaned permanently at an increased temperature. Furthermore,
the core level spectra measured at room temperature in UHV conditions show that upon cooling the
characteristic BE shifts just slightly towards higher values as compared to the ones that had been
measured in the first measurement at room temperature and UHV conditions. The shift between the
top and bottom dashed spectra, respectively, at room temperature and in UHV conditions might be due
to the absence of carbon adsorbates and contaminants in the second measurement. Hence, there is an
apparent effect of carbon-type surface adsorbates on the electronic surface configuration. However,
due to reversibility of the BE shift in UHV conditions without the reappearance of the C1 s peak, the
pO,-dependent shifts observed at 770 K cannot be explained by surface carbon contaminants solely.
It should be noted that X-ray beam-related charging of the sample typically results in a shift of the
apparent BE towards higher values.’” Considering that intuitively SrTiO3 should be more conducting
in UHV than in oxidizing atmospheres, our sample shows the opposite behaviour, making charging
effects on the apparent BE unlikely. To more rigorously exclude charging, we performed additional
reference measurements on an Au electrode deposited on the sample with an additional Ti interlayer
to ensure an ohmic contact to the thin film. As shown in the supplementary material S4, no shift with
pO, is evident for the Au4f spectra.

In order to investigate the observed shift in more detail, the BE values of all core levels were
fitted by KoIXPD software using a Shirley background subtraction and an appropriate combination
of Voigt peaks and doublets. We fitted two Voigt functions for the Ols peak, reflecting unsaturated
surface lattice oxygen and saturated lattice oxygen with the similar BE shift,?® one Voigt function for
the Cls peak, two separate Voigt functions with different FWHM?* and a fixed distance for the Ti2p
peaks, one Voigt doublet with fixed peak separations and area ratios corresponding to the spin orbit
splitting for the Sr3d peaks. To determine the VBM, the intersection of a linear approximation of
the leading edge of the VB spectra and background was determined (indicated by vertical arrows in
Fig. 2(d)).** While increasing/deceasing pO,, none of the Ti core level spectra shows any sign of a Ti**
component, indicating a Ti** concentration below the detection limit and a negligible contribution
of oxygen vacancies for the thin film’s electronic properties even in UHV conditions. With varying
pO,, the core level spectra generally show slight broadening, similarly observed in all core levels (see
Fig. S6 in the supplementary material). The Sr core level spectra additionally show an increasingly
shallower intensity valley between the 3d3,» and 3ds;; peaks. These changes in spectral shape may
directly result from a changed potential profile in the surface space charge layer.*'*? Similar intensity
changes in the Sr core level, however, have also been assigned to SrO'7*3 or hydroxide (Sr(OH),)*!
surface phase formation. Neither the spectral differences in the Ols,** the Sr3d,'”* in the Ti2p*®
nor any spectral changes in the VB spectra®’ allow for an unambiguous interpretation as chemical
changes. In fact, both scenarios (band bending and/or chemical changes) can describe the changes in
the peak shapes equally well (cf., S6 in the supplementary material). It should be noted though that
the signal to noise ratio is highly dependent on the absolute pressure in the measurement chamber,
which will increase the detection limit for determining chemical changes at higher pO,.

Figure 3 shows the BE values of the core levels (a), the difference between the Fermi energy (EF),
referenced by a gold standard measurement, and the valence band maximum as well as the estimated
temperature dependent position of the conduction band minimum (CBM)?! (b), and the relative BE
shift of the different core level spectra and the VBM with respect to the initial UHV measurements (c)
at 770 K. As discussed above, all characteristic BE shifts towards lower values while increasing
the pO,. The measured position of the difference between Er and the VBM at an absolute pressure
of 1078 mbar is close to the temperature dependent CBM expected at 770 K (Fig. 3(b), dashed line),?!
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FIG. 3. Position of the characteristic BE of SrTiO3 core levels (a), the energy difference between the Fermi energy and the
valence band maximum as well as the temperature dependent conduction band minimum (b). BE shift relative to measurements
in UHV conditions (c). For a better comparability, the x-axis in Fig. 3(a) is interrupted from 3 x 10~7 mbar to 3 x 10~2 mbar.

indicating that the Fermi energy of the thin film is close to the conduction band.*® As expected from
classical semiconductors, this is consistent with a full ionization of shallow donor dopants and the
reported small ionization energy of niobium dopants in SrTiO3 of 0.08 eV.*

The more the pO, is increased, the more the VBM is shifted towards lower BE, indicating a
continuous shift of the Fermi energy deeper into the band gap. Fig. 3(c) summarizes the shift of the
BE relative to the measured value at an absolute pressure of 10~® mbar. It is clearly visible that all
core level spectra and the VBM shift with an increasing pO,. The relative shifts of the different core
levels nearly overlap on a single line with the one of the VBM, indicating that all peaks shift rigidly
with pO, within the experimental uncertainty. In the rigid band model, the apparent BE of the core
levels is governed solely by the Fermi energy of the sample, it is therefore a direct measure of the
concentration of electrons.*®>%3! Consequently, the measured rigid shift of all core level spectra of
SrTiO3; and the VBM can be explained by a mere shift of the Fermi energy at the surface, i.e., an
effective change of the conduction band filling.

The maximum shift at 770 K and a pO; of 5 mbar for the different measured BE values is
about 0.6 eV, which is the same order of magnitude as the surface pinning potential observed in Ref. 11

a) vacuum (770 K) 5 mbar O, (770 K)

vacuum

electron
depletion

FIG. 4. Schematic illustration of the relative positions of the Fermi energy in UHV conditions and 5 mbar pO; at 770 K (a).
The surface carrier concentration in the electronic compensation (b) and in the ionic compensation regime (c) resulting in a
flat band and electron depletion, respectively.
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and the reported surface potential obtained from a defect chemical oxidation model at 1500 K.
Furthermore, Higuchi et al. found the differences in the BE of 0.7 eV for 2 at. % donor-doped
and 2 at. % acceptor-doped SrTiO3; due to a similar lowering of the Fermi energy in acceptor-doped
SrTiO3.%! In fact, this suggests that the surface of n-SrTiOj rather acts like acceptor-doped or undoped
SrTiO3; under oxidizing conditions, implying a significant pO,-dependent change in the electronic
surface properties.

Figure 4 illustrates the relative positions of the Fermi energy in UHV conditions and 5 mbar
pO, at 770 K (a) as indicated by the NAP-XPS results. In UHYV, the position of the Fermi energy
close to the conduction band suggests a bulk-like behavior of the n-SrTiO3 surface, with a constant
carrier concentration over the entire thickness of the thin film (flat band). In contrast, at increased
pO,, the observed relative shift of the Fermi energy into the band gap indicates a reduction of the
electron concentration in the n-SrTiOs thin film, implying a negative surface charge that is reversibly
controlled by varying the ambient oxygen atmosphere (Fig. 4(c)).

Using an Al-Ka X-ray source, the inelastic mean free path of the XPS measurement setup is
about 1.5 nm —2.5 nm depending on the core level,*? by definition making 63% of the signals originat-
ing from these depths. Thus, XPS is a surface sensitive technique and the observed peak shift provides
information mainly on the near-surface electron concentration. Using a parabolic potential approach
the potential profile and the corresponding electrostatic decay length dscg = V(—2¢&,60®)/(eN) can
be estimated to be about 7 nm at 5 mbar O,. Here, we use the vacuum permittivity ¢, the elementary
charge e, and the dopant concentration N. @ is defined by the measured BE shift, thus assuming a
flat band in UHV. The relative dielectric constant &, ~ 105 has been considered temperature depen-
dent,’> while an electric field dependence has been neglected.’® Hence, assuming a process limited
to the surface, it can be inferred that the electron concentration deep in the thin film is given by the
niobium dopant concentration. The resulting electron concentration difference between the bulk and
the surface of the thin film thus implies the formation of a surface space charge layer and with that,
a band bending that can be controlled in a reversible manner by varying the pO;.

The systematic and reversible character of the surface space charge formation as well as the
disappearance of any observable carbon peak intensity makes a merely contaminants-based scenario
unlikely. Instead, the negative surface charge might result from different effects. For one, at elevated
temperatures and different oxygen partial pressures, varying defect concentrations at the surface may
provide that negative surface charge. The expected concentration of donor-type oxygen vacancies at
the given temperature and oxygen partial pressure (10'® cm™ and below)?'** is significantly lower
than the niobium dopant concentration. Therefore, a varying oxygen vacancy concentration alone
would not provide sufficient charge for a significant change of the surface space charge region in
highly-doped SrTiO3. Instead, charged cation vacancies — in n-SrTiO3 most likely V¢ ,'>17-2! —may
be involved in space charge formation in oxidizing conditions as their concentration can become
as high as the dopant concentration and even exceed it in the near-surface region.'> However, the
temperature of 770 K in our experiments would be remarkably low for the formation of Sr vacancy
defects, which are typically only considered at temperatures well above 1000 K due to kinetic limi-
tations in the bulk.'>?>! However, due to the localization of the predicted effect at the surface, there
would be no need for an ionic movement and hence the formation of V¢ at the surface might be
possible even at lower temperatures.

Besides intrinsic defects, another possible origin of the negative surface charge that has to be
considered is charged adsorbates. An increasing concentration of oxygen molecules may chemisorb at
the surface in oxidizing conditions leading to a charge transfer from the sample to the oxygen molecule
and a Taguchi-type?® space charge layer. Such a formation of a surface coverage with chemisorbed
oxygen species is considered typically at room temperature and below.>>>* However, the existence of
charged oxygen species at elevated temperatures has been discussed on other perovskite type oxides
(e.g. (La,Sr)MnO3_52%), with finite concentrations up to 1000 K and thus might be considered on
StTiO3, too.??>* Hence, the adsorption of charged oxygen molecules might be possible even at higher
temperatures. From the observed shift of the Fermi energy, it is possible to determine the maximum
negative surface charge to ~10'* e/cm? which corresponds to a possible surface coverage of ~8% and
~16% for V¢ and chemisorbed charged oxygen molecules, respectively. Keeping the inelastic mean
free path of approximately 2.5 nm for the kinetic energies of the electrons observed here in mind, the



056106-7 André et al. APL Mater. 5, 056106 (2017)

relative signal of the charged species covering the surface would be 1% or 2%, respectively, which
is at the lower end of the detection limit.

Even though further investigations are desirable to unambiguously clarify the origin of the
negative surface charge, the observed formation of a pO,-dependent surface space charge layer in
n-SrTiO3 already suggests a complexity beyond purely carbon contamination-based effects or intrin-
sic surface states established at moderate temperatures. The observed complexity of the space charge
layer may furthermore allow for the pO,-control of the electronic properties of n-SrTiO3 also beyond
the classical bulk high temperature defect chemistry.

In conclusion, we have shown that n-SrTiO3 forms a pO;-dependent surface space charge layer
in which electrons are depleted. With an increasing pO,, the relative position of the Fermi energy
at the surface shifts continuously from the conduction band edge deeper into the band gap. At a
maximum pO; of 5 mbar, the Fermi energy is measured about 0.6 eV below the conduction band
edge. This shift reflects a pO,-dependent negative surface charge, resulting in space charge formation
and consequently band bending. Oxygen vacancies are unlikely to be the origin of the surface charge,
since the electronic properties of the thin film are dominated by the donor dopant concentration. In
addition, we did not observe any carbon related contaminants at high temperatures and comparably
low pO,. Therefore, effects solely based on charged carbon contaminants at the surface are unlikely
under experimental conditions, too. Instead, a negative surface charge may be caused by the formation

of cation vacancies, namely, V¢, or the formation of charged oxygen adsorbates at the surface. The

experimental findings are of key importance for the research not only on niobium-doped SrTiOj itself
but also on any oxide thin films grown on Nb:SrTiOj3 substrates at elevated temperature and high pO,,
as the conductivity of the substrate — one of the main arguments for its choice — might be strongly
influenced depending on the actual pO,.

See supplementary material for more detailed information on the stoichiometric thin film growth
(S1-S3), gold (Au4f) reference XPS measurements (S4), a detailed discussion of Ti** contributions
(S5) and pO,-dependent changes in the Sr3d and Ti2p core level spectra (S6).

The authors acknowledge the CERIC-ERIC Consortium for the access to experimental facilities
and financial support. R.D. thanks the W2/W3-program of the Helmholtz association. The authors
want to thank K. Skaja and C. Baeumer for scientific discussions about the XPS spectra.
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