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has therefore become one of the most 
important strides in oxide electronics,[6,7] 
but also in the design of epitaxial Li-ion 
batteries[8–11] and water splitting cata-
lysts.[12–14] A prototype—and suppos-
edly simple—case is the heterojunction 
of a transition metal oxide with a high 
work function metal such as Pt, forming 
Schottky-type transport barriers, which 
promote diode-like device characteris-
tics, functional in electronic[1–4,15–21] and 
photonic concepts.[22–25]

While Schottky-type transport bar-
riers typically result from electronic 
charge transfer from the metal-oxide 
to the metal, complex oxides also offer 
a wide variety of mobile ionic defects. 
These provide additional ionic charges 
that affect the electronic charge screening 
within the Schottky contact.[17,26,27] 
The Pt/Nb:SrTiO3 heterojunction is a 
prominent example, as its interfacial 
contact resistance results in a (fairly 
simple) metal–insulator–metal (MIM) 
structure, possessing rectifying I(V)-
characteristics, memristive switching 
behavior,[1,4,5,17,28] photo-catalytic activity[22] 

and sensor characteristics.[29,30] These properties are highly 
sensitive to the ionic constitution of the heterojunction’s inter-
face. To this end, the resistance switching behavior of these 
junctions can be attributed primarily to oxygen (vacancy)  
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Metal/metal-oxide heterojunctions are essential building 
blocks in state-of-the-art oxide electronics. They represent lead 
contacts to external voltage supply, but also potential devices 
themselves.[1–5] Active engineering of heterojunction interfaces 
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chemistry. High and low resistance states of the device are 
realized by a redistribution of oxygen vacancy defects within 
the Schottky contact.[3,15,31,32] Most studies across the litera-
ture therefore limit their discussion of ionic defects to oxygen 
vacancy defects, while other types of ionic defect species are 
often ignored. Thermodynamically, however, the defect struc-
ture of Nb:SrTiO3

[26,33] and in particular of its surface[29,30,34] 
involves additional defect formation processes, which become 
particularly important at high dopant concentration and go 
beyond standard oxygen chemistry: Upon oxidation, the redox-
chemistry of Nb:SrTiO3 forces the formation of negatively 
charged strontium vacancies[27,30,34,35] as a natural result of 
Schottky disorder.[33,36,37] Cation vacancy defects are acceptor-
type defects, counter-compensating the extrinsic donor 
doping and lowering the electron concentration in the mate-
rial.[33,34,36,37] In the near-surface region, where ionic defect 
dynamics differ significantly from the bulk, the Schottky 
defect-equilibrium has been found to be active at tempera-
tures as low as 670 K,[29,30] making it relevant for almost any 
thermal treatment of Nb:SrTiO3 single crystals or thin films. 
For bare Nb:SrTiO3 surfaces, the formation of cationic surface 
defects results in an insulating skin layer forming during oxi-
dation[33,34,37] and leading to poor surface conductivity even in 
highly n-doped compounds. For Pt/Nb:SrTiO3 heterojunctions, 
strontium vacancy defects likewise reflect localized negative 
charges located at the interface, that (if present in sufficient 
concentration) enhance the effect of electron depletion at the 
interfacial Schottky contact. Strontium vacancy defects hence 
represent intrinsic means to tailor the charge screening at the 
interface, and thus height and width of the transport barrier 
established in the initial state of the junction.

In this study, we demonstrate varied transport barriers 
through control of the intrinsic cation defect chemistry, 
realized by different pre-annealing procedures applied to 

Nb:SrTiO3 single crystals before heterojunction fabrication. 
The link between electronic properties of the heterojunction 
and cationic interface defects is inferred from in situ spec-
troscopy and density functional theory, revealing an enhanced 
transport barrier in presence of cationic vacancy disorder. As 
we discuss, engineering this cationic disorder in complex 
oxides allows to tailor interfacial band alignment as well as the 
resulting transport characteristic in metal/metal-oxide hetero-
junctions. Based on fundamental thermodynamics of Schottky-
disorder,[36] this procedure may be generalized to most n-type 
oxides explored today.

In Figure 1, we analyze the AC impedance spectroscopy 
(AC-IS) response of Pt/Nb:SrTiO3 heterojunctions. The het-
erojunctions were obtained on Nb:SrTiO3 single crystals 
that—prior to Pt deposition—underwent preannealing proce-
dures (24 h/1050 − 1150 °C) in O2 and in Ar/H2 gas mixture, 
respectively. Micrometer devices with pad sizes between 50 × 
50 µm2 and 200 × 200 µm2 were investigated (Figure 1a). All 
spectra (Figure 1e,f) consistently revealed a single semi-circle 
in the Cole–Cole diagram for all tested electrode areas and pre-
annealing procedures, indicating a single parallel RC element 
in the circuit attributed to the Pt/Nb:SrTiO3 heterojunction’s 
Schottky-type transport barrier. The barrier results in an elec-
tron depletion layer associated with a finite capacitance (Csc) 
and resistance (Rsc). All semi-circles were found to be offset 
along the real axis, indicating a finite series resistance (Rse ≈ 
20 Ω) owing to the contact leads of the experimental setup, and 
could be approximated by the single RC-element equivalent cir-
cuit model (Figure 1b; corresponding Bode plots are shown in 
the Supporting Information).

After the annealing procedure in 4% H2/Ar, AC IS reveals a 
substantial contact resistance Rsc ≈ 23 kΩ (330 kΩ) at a pad size 
of 200 × 200 µm2 (50 × 50 µm2), characterizing the Schottky con-
tact formed at the interface (Figure 1e). Remarkably, however, 
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Figure 1. a) Schematic illustration of the sample stack used for the AC impedance spectroscopy (AC IS) experiments and the I(V)-curves; b) the 
equivalent circuit model used for the fitting of the IS data. (c,d) illustrate conductive-tip atomic force microscopy measurements on n-SrTiO3 single 
crystals after in-situ annealing in oxidizing and reducing conditions. (e,f) show impedance spectroscopy data after annealing in H2/Ar and in O2 gas 
atmospheres for different Pt pad sizes (50 × 50 µm2 up to 200 × 200 µm2). The dashed lines indicate data fits.
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Rsc increases by three orders of magnitude to Rsc ≈ 39 MΩ (200 
× 200 µm2) and even into the GΩ-regime (50 × 50 µm2) after 
annealing in oxygen (Figure 1f). The electronic properties of the 
Pt/Nb:SrTiO3 heterojunctions have thus changed dramatically 
upon annealing. This finding is further corroborated by conduc-
tive-tip atomic force microscopy (C-AFM) measurements on the 
bare Nb:SrTiO3 single crystal surfaces as shown in Figure 1c,d. 
After reduction (Figure 1c), the average current (I ≈ 1.5 nA) 
from the tip through the surface into the sample is significantly 
higher than after the oxidation process (I ≤ 500 pA, Figure 1d), 

while the applied voltage was kept similar. (Note, that for com-
parison the C-AFM images were plotted on identical current 
scales to illustrate the conductivity contrast.) Hence, the surface 
resistance of single crystals annealed in more reducing environ-
ment is lower than the one observed for oxidized single crys-
tals, indicating that the altered interface resistance observed in 
the impedance experiment results from an altered chemistry on 
the Nb:SrTiO3 side of the heterojunction.

Figure 2 shows the electrode area-dependence of Csc (bottom 
panel) and Rsc (top panel) determined from the impedance 
spectra. On double-logarithmic scales, both Csc (∝ A) and Rsc 
(∝ 1/A) show a linear dependence on the top electrode area, 
indicating homogeneous interface properties over micrometer 
length scale.[38] Csc does not change significantly depending 
on the annealing treatment (within a factor of 3). Using clas-
sical plate capacitor physics, this corresponds to an almost 
constant effective barrier width in the range of dsc ≈ 10–20 nm, 
that neither changes substantially upon annealing at varied 
temperature nor at varied oxygen atmosphere. For this esti-
mate, we assumed a field-reduced effective dielectric constant 
of ε ∼ 100.[39,40] In contrast to the interface capacitance, Rsc 
does depend significantly on the presence of oxygen during 
annealing. Consistently for all electrode areas, Rsc is found 
approximately three orders of magnitude lower after annealing 
in H2/Ar gas mixture than after annealing in oxidizing con-
ditions. Together, these findings point toward changes in the 
transport barrier height at comparably similar barrier width.

Figure 3 shows I(V)-curves measured in forward direction 
(positive potential) for different electrode areas after annealing 
in H2/Ar gas mixture (a) and in oxidizing conditions (b), with 
linear (logarithmic) current-scale in the top (bottom) panels. The 
I(V)-curves show a strongly non-linear behavior consistent with 
the non-Ohmic contact resistance, whereas heterojunctions 
obtained after annealing in H2/Ar gas mixture deliver consid-
erably higher currents as compared to the ones obtained after 
oxygenation of the Nb:SrTiO3 single crystals, consistent with 
the C-AFM measurements shown in Figure 1c,d.

At an applied voltage of 450 mV, the currents are still largely 
suppressed by the diode characteristics of the heterojunction 
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Figure 2. Contact resistance (Rsc) and capacitance (Csc) as a function of 
Pt electrode size, as determined from impedance spectroscopy measure-
ments on n-SrTiO3 single crystals after different reducing and oxidizing 
annealing treatments. The red data indicates reference data obtained for 
a substrate as-received from the supplier, without any further treatment 
before Pt-electrode evaporation.

Figure 3. Electrode area-dependent I(V)-curves measured on n-SrTiO3/platinum contacts after reducing (a) and oxidizing (b) annealing and the cor-
responding current densities determined at 450 mV (c).
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as the transport barrier is not exceeded. Therefore, the cur-
rent density at this potential is a measure of the actual bar-
rier height. As illustrated in Figure 3c, heterojunctions real-
ized on oxidized single crystals provide 2–3 orders of magni-
tude lower current density than the ones realized on reduced 
single crystals, indicating an increased barrier height formed 
at heterojunctions to Nb:SrTiO3 after oxygenation. (Note that a 
direct determination of the Schottky barrier height from I(V)-
characteristics is only valid for a strict transport mechanism for 
electrons over the barrier. As a detailed analysis of I(V)-curves 
across similar heterojunctions have revealed considerable tun-
neling contributions through the barrier,[41,42] we refrain from 
such analysis and limit our discussion here to the comparison 
of absolute current densities.)

In order to understand the observed modifications of the 
transport barrier in detail, we consider the defect chemistry 
of Nb:SrTiO3 and discuss the different chemical constitutions 
expected for its surface after the different annealing proce-
dures. Oxygen vacancies are obvious candidates of ionic defects 
that may be present in different quantities after annealing 
in reducing and oxidizing conditions. In order to have a sig-
nificant impact on charge screening in the heterojunction, 
however, their concentration must exceed the extrinsic donor 
concentration of 1.5 × 1020 cm−3. Thermodynamically, it is 
extremely difficult to incorporate such high concentrations of 
oxygen vacancies in SrTiO3, even at elevated temperatures and 
heavily reducing gas atmospheres (H2/Ar gas mixture provides 
oxygen pressures in the range of 10−13 < pO2/Pa < 10−10 at tem-
peratures of 1050–1150 °C). The thermodynamic equilibrium 
concentration of oxygen vacancies under such conditions can 
be estimated from bulk defect chemistry models (see e.g., 
refs. [26,33,34,43]) and does typically not exceed the order of 
1019 cm−3.[44,45] Also surface accumulation of oxygen vacancies 
in SrTiO3 typically remains below a concentration of 1020 cm−3, 
when generated through thermodynamic treatments.[43,46,47] 

Consistent with this, for all treated single crystals the electron 
concentrations determined by in-plane Hall measurements 
coincided with the Nb concentration indicating that the oxygen 
vacancy content in the bulk of all samples is significantly below 
the extrinsic dopant concentration. Therefore, oxygen vacancies 
can be considered less important for charge screening in the 
heterojunctions obtained after thermodynamic annealing.

Certainly, higher oxygen vacancy concentrations are acces-
sible in non-equilibrium processes such as the resistive 
switching of SrTiO3

[16,31] or X-ray irradiation-induced defect for-
mation,[48–50] thus playing a key role in those cases. Here, how-
ever, we consider intrinsic cationic disorder thermodynamically 
induced in Nb:SrTiO3 via Schottky disorder, which becomes 
the dominant defect formation mechnanism in n-type oxides 
upon oxygenation.[34,36,51] For SrTiO3, Schottky-disorder pri-
marily takes place by the formation of negatively charged stron-
tium vacancy defects ( ′′VSr ) and precipitation of strontium oxide 
(SrO(sp)), as described by the partial Schottky reaction

Sr 2e O (g) V SrO(sp).Sr
x

2 Sr+ ′ + +′′  (1)

This process starts from the surface of SrTiO3 and evolves 
over time via diffusion into the bulk.[29,30,34,52] The formation of 
Sr vacancy defects manifests itself by a shift of the Fermi-level 
into the band gap, as the sample is oxidized.[29] Figure 4 illus-
trates valence band (VB) spectra obtained on the bare surface of 
Nb:SrTiO3  by in situ x-ray photoemission spectroscopy (XPS) at 
elevated temperature of 670 K and under applied oxygen atmos-
phere (near ambient pressure (NAP) XPS). A shift of all VB 
spectra toward lower binding energies (EB) is observed as the 
ambient oxygen pressure is increased (Figure 4a), indicating a 
shift of the Fermi level from the conduction band edge into the 
band gap (Egap ∼ 3 eV).[33] Note that all core level spectra show a 
similar and rigid shift as discussed in ref. [29] and as illustrated 
in the Supporting Information. Figure 4c shows the position 
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Figure 4. Valence band spectra taken by in situ photoemission spectroscopy in controlled oxygen atmosphere. a) shows the entire VB region, while 
b) enlarges the view on the VB tailing edge. The dashed lines are guides-to-the-eye illustrating the energy shift of the valence band maximum (VBM), 
plotted as a function of applied oxygen pressure in c) [Error bars resulting from the fit of the intercept are about ±50 meV.] A significant shift of the 
spectra toward lower binding energies is observed as more and more oxygen is applied, as a result of Sr vacancy formation at the surface of Nb:SrTiO3. 
(Corresponding core level spectra of Ti 2p, Sr 3d, and O 1s are illustrated in the supplementary information file.)
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of the VB maximum (VBM) as a function of ambient oxygen 
pressure (pO2), approximated from the intercept of a linear fit 
to the VB trailing edge (Figure 4b). The shift of the Fermi level 
from the conduction band edge (as observed in reducing condi-
tions/UHV) into the band gap indicates electrons are increas-
ingly depleted from the surface upon oxygenation, resulting in 
an insulating surface skin layer.[29,30,53] The absolute positions 
of the VBM furthermore indicate effective underdoping of the 
Nb:SrTiO3 surface in oxidizing conditions, that is, an effective 
donor-concentration which is lower than expected from the 
extrinsic Nb-concentration. In turn, this excludes a scenario  
of overdoping, that is, an effective donor doping through oxygen 
vacancies, when reducing conditions are applied. In the near-
surface region, Nb-dopants (keeping the Fermi level close to the 
conduction band) are hence counter-compensated through ionic 
Sr vacancy defects as the sample gets oxidized. This process is 
concomitant with subtle changes in the Sr core level spectra, 
which are not resolved in standard lab-based XPS, but evident in 
more-surface sensitive, synchrotron-based NAP-XPS analysis.[30]

To explore in more detail whether the effect of Sr vacancy 
formation is also responsible for the modification of the 
Schottky barrier observed in the Pt/Nb:SrTiO3 heterojunctions, 
we employ quantum mechanical simulations based on density 
functional theory combined with the non-equilibrium Green’s 
function formalism (DFT + NEGF), that provide the local den-
sity of states (LDOS) across the heterojunction.[41,42] Two atomic 
configurations were investigated: one pristine heterojunction 
without any distortion of the lattice and one with a distortion 
by a Sr vacancy defect (equivalent to a volume concentration of 
2.2 at% in the 2 × 2 × 11 supercell), reflecting the ionic con-
stitution of Nb:SrTiO3 treated under reducing and oxidizing 
conditions, respectively. The red circle in Figure 5a marks the 
strontium atom that was removed for the calculation, the blue 
circles indicate the positions of the Nb dopants.

From DFT + NEGF, the position of the conduction band 
and the valence band as well as their band bending towards 
the Schottky interface was extracted.[54] Figure 5b,c show the 
calculated LDOS without and with a Sr vacancy defect, respec-
tively, plotted as a function of position (d) across the hetero-
junction. Purple color indicates regimes of large LDOS while 
black color indicates regimes of low LDOS. For the platinum 
electrode (4 nm ≲ d ≲ 6 nm), we determined a high density 
of electronic states at the Fermi level (εF) as expected for the 
metal. On the Nb:SrTiO3 side of the heterojunction (0 nm ≲ 
d ≲ 4 nm), the black regime describes the band gap between 
valence band and conduction band of SrTiO3. Due to the Nb-
doping, εF is located in the conduction band, as one moves 
away from the heterojunction’s interface (d = 0). In the central 
Schottky contact region (1 nm ≲ d ≲ 4 nm) the concentration 
of electronic states at the Fermi level vanishes, as the con-
duction band moves up in energy representing the Schottky-
type electron depletion region at the interface. As a result, εF  
moves deeper into the band gap forming the barrier for elec-
tron transport through the junction.

Figure 5b describes the pristine n-type Schottky barrier for-
mation in the undistorted case. The resulting Schottky barrier 
height (eφSBH) is 1.2 eV. Introducing a strontium vacancy defect 
near the interface, eφSBH significantly increases by 0.3 eV to a 
total barrier height of 1.5 eV (Figure 5c). In addition, the shape 

of the barrier is slightly broadened, which is consistent with 
the presence of the additional negative charge of the strontium 
vacancy defect within the heterojunction. Both results, a signifi-
cant increase of the barrier height and a slight broadening of 
the space charge layer, are observed independent of the actual 
positions chosen for the Sr vacancy defect (the detailed shape of 
the barrier may change upon a variation of the defect location).

All results obtained experimentally showed a dependence of 
the interfacial transport barrier in Pt/Nb:SrTiO3 heterojunctions 
on the pre-treatment procedure applied to Nb:SrTiO3 before 
heterojunction fabrication. After oxidation, impedance spec-
troscopy and I(V)-curves consistently showed a significantly 
increased Rsc due to enhanced carrier depletion at the interface, 
while the width of barrier as indicated by Csc did not change 
substantially. Wang et al. previously showed that regardless of 
the transport mechanism through the barrier (direct tunneling, 
Fowler-Nordheim tunneling, thermionic emission, hopping 
conduction) Rsc depends exponentially on the transport bar-
rier height.[55] Hence, a 0.3 eV-change in barrier height would 

change the contact resistance by a factor of 
φ∆





≈exp
e

k
10SBH

B

5

T
.  

This can easily explain the changes in contact resistance 
observed in the impedance experiment as well as in I(V)-char-
acterization, which revealed a 2–3 orders of magnitude change 
(Figure 3). The remaining over-estimation obtained from DFT 
is a result of the high concentration of donors (about 6.8 at%) 
and Sr vacancy defects (2.2 at%) assumed in the calculation 
in order to limit the cell size and thus computational costs. 
In addition, the particular form of the barrier will depend on 
the exact positions of dopants and defects, locally resulting in 
higher/lower barriers, which is averaged in macroscopic meas-
urements such as AC-IS or I(V)-curves. Csc depends inversely 
proportional on the barrier width, converting into a much 
weaker square-root-dependence on the barrier height,

ε ε
φ

= ∝ 1
.sc 0C

A

d
r

sc SBH
 (2)

Here, ε0 denotes the vacuum permittivity, εr the relative 
permittivity, and A the contact area. As an estimate, the calcu-
lated barrier heights translate into a relative change in capaci-
tance by a factor of ≈1.5/1.2 1.1, appearing as an unchanged 
value given the general scatter of the data shown in Figure 2. 
(Note that the absolute screening length revealed from DFT is 
shorter than the one determined in experiment, which is again 
due to the larger dopant concentrations applied in the theory 
approach.)

Based on classical defect chemistry in combination with 
DFT calculations we therefore argue that the formation of 
strontium vacancy defects at the surface of Nb:SrTiO3 during 
oxidation is responsible for the observed behavior. The 
incorporation of Sr vacancy defects into Nb:SrTiO3 surfaces in 
oxidizing conditions—based on fundamental thermodynamics 
of Schottky disorder—is a well-reported,[33,34,36] yet less well-
considered process. As we show, however, the presence of 
localized negative charges associated with cationic disorder 
can be used to tailor barrier heights in Pt/Nb:SrTiO3 hetero-
junctions. For the functionality of such devices, this translates 
into the opportunity to tailor band alignments by the control 

Adv. Electron. Mater. 2020, 6, 1900808
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of intrinsic cationic disorder,[28,56] to produce heterojunctions 
with strongly rectifying behavior or with more symmetric I(V)-
characteristics, or to affect their photocatalytic response.[22] As 
for resistive switching devices, the initial state of the device 
could be varied, but also the subsequent cycling of the cells, 
where the redistribution of oxygen vacancies into the depletion 
region at the heterojunction is responsible for the resistive 
switching effect.[4,17,57,58]

Cationic disorder leads to a finite concentration of ionic (trap) 
charges, that influence band bending, contact resistances, and all 
related physical properties of the heterojunction. Given that most 
Nb:SrTiO3 single crystals are typically annealed in oxygen atmos-
pheres prior to application (also including single crystalline sub-
strates for thin film growth), the presence of cationic defects 
at surfaces and interfaces should be expected in most cases. A 
controlled thermal treatment allows for the active control of this 
cationic disorder and the resulting band alignment (Figure 5d,e).

In conclusion, we have shown that pretreatments in dif-
ferent thermodynamic environments can change the inter-
face properties of high work function metal to metal-oxide 
heterojunctions due to a varied ionic defect structure and 
charge screening within the Schottky barrier. The varied trans-
port barrier is linked to the formation of strontium vacancies 
in the near contact region naturally occurring as a result of 
Schottky disorder during oxidation.[29,30,34] At the same time, 
these defects are responsible for the formation of an insulating 
surface layer established at the bare surface of Nb:SrTiO3. We 
thus emphasize the importance of cationic disorder and defect 
density for the electrical properties of donor-doped transition 
metal oxides and their devices. For surfaces and interfaces, 
cationic disorder can be induced via thermal annealing, while 
the oxygen pressure during annealing provides a fairly simple 
control mechanism for the grade of disorder. In this way, local-
ized charges and charge traps can be controlled in functional 
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Figure 5. DFT + NEGF simulations of Pt/Nb:SrTiO3 heterojunctions. The atomic model is shown in (a). The local density of states is plotted for calcu-
lations without (b) and with (c) a strontium vacancy in the near contact region. The purple regime indicates a high concentration of electronic states 
while the black regime indicates a low concentration of electronic states.
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devices based on Nb:SrTiO3 heterointerfaces. Cationic disorder 
may be actively exploited as a control parameter giving access 
to band alignment, barrier heights, and electron transport in 
metal/metal-oxide heterojunctions, as the fundamental driving 
force for enhanced Schottky disorder in oxidizing conditions 
can be generalized to most n-type oxides.

Experimental Section
0.5 wt% Nb-doped SrTiO3 single crystals were annealed for 24 h at 
temperatures of 1050 and 1150 °C in ambient atmosphere (oxidizing 
conditions) and in 4% H2/Ar gas flow (reducing conditions). At the end 
of the annealing procedure the samples were quickly quenched down 
to room temperature (∼30 s) to avoid further changes of the material 
properties during cooling. Before further treatment we checked the bulk 
electron concentration of the single crystals by Hall measurements. For 
all samples, the carrier density matched the Nb-dopant concentration, 
indicating that no significant defect formation (particularly oxygen 
vacancy formation) takes place in the bulk of the samples under any 
applied conditions. 30 nm thick platinum top electrodes with different 
area sizes were then deposited on the annealed samples by electron 
beam evaporation through a shadow mask. Electrode sizes were targeted 
between 200 × 200 µm2 and 10 × 10 µm2 (Figure 1a). Actual electrode 
areas were determined by optical microscopy to correct for shadowing 
effects during metal evaporation.

In order to investigate the junction’s contact resistance (Rsc) and 
capacitance (Csc), impedance spectroscopy (Solartron Si 1260, Solartron 
1296, 1 Hz < f < 1 MHz) was employed and analyzed using Zview 2 
(Ametek scientifc instruments). A single semi-circle was modeled by a 
parallel RC element associated to the Schottky-type interface contact and 
a series resistance (Rse) associated to the lead resistance and Nb:SrTiO3 
bulk contributions (cf. Figure 1b). Additionally, an induction contribution 
(Lse) associated to the leads of the experimental setup was considered.

In order to characterize the rectifying behavior of the Pt/
Nb:SrTiO3 heterojunctions, I(V)-characteristics were measured using a 
Keithley 2611 source meter. The applied voltage ranged from 0 to +1 V to 
widely avoid significant resistive switching or electrical breakdown. The 
Nb:SrTiO3 backside was grounded, while the potential was applied to 
the Pt top electrode. A sweep rate of 1 V s−1 was used.

Bare surfaces of the Nb:SrTiO3 single crystals were further analyzed by 
in situ conductive-tip atomic force microscopy (C-AFM) with an applied 
voltage of −0.5 V using a VT-SPM system, Omicron Nanotechnology 
GmbH. Prior to the experiments the single crystals were annealed in-situ 
in a vacuum chamber at 800 °C in reducing and oxidizing conditions 
with controlled pressures of 0.1 mbar of oxygen and a base pressure of 
10−8 mbar, respectively. The in-situ process avoid surface contamination 
and thereby increases experimental resolution for the C-AFM imaging.

NAP-XPS was performed in a SpecsTM near ambient pressure XPS 
instrument using an Al Kα source (hν = 1486.6 eV) and an emission 
angle of 90°. In all measurements, the single crystals were electrically 
contacted from the top using a Ti strip and a Au/Ti top electrode, 
providing Ohmic electrical contact between sample and analyzer, and 
avoiding the Schottky barrier discussed in the main paper. All core levels 
(cf. Supporting Information) and valence band spectra were measured 
in situ at a temperature of 670 K and an applied oxygen atmosphere 
(pO2) ranging from ∼1 × 10−8 mbar (UHV) conditions to 5 mbar. In order 
to determine absolute binding energy values, all spectra were referenced 
to the Au 4f core level obtained from a Fermi-coupled top electrode.

A theoretical analysis of the heterojunction at the atomic scale was 
inferred from ab initio density functional theory (DFT) simulations 
combined with the non-equilibrium Green’s function (NEGF) formalism. 
The atomic structure of the Schottky interface was generated, using a 
supercell dimension of 2 × 2 unit cells in x–y dimension and a length 
of 11 unit cells of SrTiO3 and seven elementary cells of Pt. Three Ti ions 
were replaced by Nb-dopants to accommodate n-type doping of the 
SrTiO3 within the supercell. All structures have been relaxed below a 

residual force of less than 0.05 eV Å−1. Using the DFT+NEGF formalism 
as implemented in ATK 2017.12, semi-periodical boundary conditions 
are applied in perpendicular direction to the Schottky interface. A k-point 
sampling of 3 × 3 × (100) for the electrodes and the periodic directions 
of the central region was used.[54,59,60] For the DFT simulation, local basis 
sets with pseudo-potentials[61,62] and the Perdew–Burke–Ernzerhof (PBE) 
exchange potential were applied.[63] To adjust the bandgap, a Hubbard-U 
of 6 eV was applied to the Sr, Nb, Ti d-orbitals and the O p-orbitals to 
fit the bandgap of the isolated SrTiO3 slab to the experimental value. 
Further computational details are given in ref. [41].

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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