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Unravelling the Origin of Ultra-Low Conductivity in SrTiO;
Thin Films: Sr Vacancies and Ti on A-Sites Cause Fermi

Level Pinning

Maximilian Morgenbesser, Alexander Viernstein, Alexander Schmid,*

Christopher Herzig, Markus Kubicek, Stefanie Taibl, Gesara Bimashofer, Jochen Stahn,
Carlos Antonio Fernandes Vaz, Max Débeli, Federico Biautti, Juan de Dios Sirvent,
Maciej Oskar Liedke, Maik Butterling, Michat Kaminski, Martin Tolkiehn, Vedran Vonk,
Andreas Stierle, Andreas Wagner, Albert Tarancon, Andreas Limbeck, and Jiirgen Fleig

Different SrTiO; thin films are investigated to unravel the nature of ultra-
low conductivities recently found in SrTiO; films prepared by pulsed laser
deposition. Impedance spectroscopy reveals electronically pseudo-intrinsic
conductivities for a broad range of different dopants (Fe, Al, Ni) and partly
high dopant concentrations up to several percent. Using inductively-coupled
plasma optical emission spectroscopy and reciprocal space mapping, a
severe Sr deficiency is found and positron annihilation lifetime spectroscopy
revealed Sr vacancies as predominant point defects. From synchrotron-based
X-ray standing wave and X-ray absorption spectroscopy measurements, a

1. Introduction

The electrochemical bulk properties of
SrTiO; have been thoroughly investigated
and different bulk defect models are avail-
able for doped and undoped SrTiO;.l"?
These models are well in line with the con-
ductivities found experimentally at different
temperatures and oxygen partial pressures.
Therefore, SrTiO; often serves as a model
material for other perovskite-type titanates

change in site occupation is deduced for Fe-doped SrTiO; films, accompa-
nied by a change in the dopant type. Based on these experiments, a model
is deduced, which explains the almost ubiquitous pseudo-intrinsic conduc-
tivity of these films. Sr deficiency is suggested as key driver by introducing
Sr vacancies and causing site changes (Fes, and Tis,) to accommodate
nonstoichiometry. Sr vacancies act as mid-gap acceptor states, pinning the
Fermi level, provided that additional donor states (most probably Tis,) are
present. Defect chemical modeling revealed that such a Fermi level pinning
also causes a self-limitation of the Ti site change and leads to a very robust
pseudo-intrinsic situation, irrespective of Sr/Ti ratios and doping.

(e.g., BaTiO;, Pb(Zr,Ti)0s),13! since its bulk
properties and bulk defect concentrations
are so well understood. SrTiO; is a mixed
conductor,?! enabling a tailoring of the con-
ductivity from predominantly electronic
(via electrons or electron holes) to ionic (via
oxygen vacancies), depending on tempera-
ture and oxygen partial pressure.'*!
Another way of tuning the conductivity
of SrTiO; is the introduction of dopant ele-
ments. Donor doping can be achieved by
trivalent ions on the A-site (e.g., La**) or
pentavalent ions on the B-site (e.g., Nb™).
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In those cases, cation vacancies or electrons compensate the
charge. Acceptor dopants in SrTiO; are monovalent ions on the
Assite (e.g., K*) or trivalent ions on the B-site (e.g., Fe**). In such
p-type SrTiOs, the charge is compensated by oxygen vacancies or
electron holes. Also, co-doping (e.g., Sri_,La,Ti;,Cr,0;) is pos-
sible and allows to change the optical, catalytic, and electrochem-
ical properties of SrTiO; for different purposes.l®”l Furthermore,
the existence of trivalent “magic dopants” (e.g., Mn3*) is reported
in literature,®l acting simultaneously as a donor and as an
acceptor, depending on the site occupation, which is in line with
a self-compensation mechanism suggested in theoretical studies
for trivalent dopants.”! For other dopant elements including
chromium,% erbium,™ magnesium,? and rhodium,3* both
A- and B-site occupation are discussed as well. In addition, Ti
on the A-site was reported for SrTiO3.>78l Please note that the
change in site occupation for Ti*" from the B-site (Ti}) to the
Assite (Tig,) is accompanied by the introduction of donor states.

Vacancies strongly influence the defect equilibria of SrTiO;
and, thus, change the conductivity. While the direct influence
of oxygen vacancies as charge carriers on the conductivity is
easily accessible via ionic conductivity, the impact of their cation
counterparts (i.e., cation vacancies) is less clear. In many experi-
ments, cation vacancies are considered immobile due to the
higher activation energy of cation motion.'”) However, they can
still affect the activation barrier of other defects (e.g., oxygen
vacancies'-2). Moreover, vacancies act as dopants, cation vacan-
cies being acceptor dopants and oxygen vacancies being donor
dopants,["2272 thereby strongly affecting the respective concen-
tration of all other charge carriers and the properties of StTiOs.
Additionally, cation stoichiometry might be also relevant at inter-
faces, for example, in the LaAlO3/SrTiO; heterojunction.?8!

The interplay between deliberate dopants and (often unin-
tended) doping via cation nonstoichiometry has to be con-
sidered especially in the field of thin films, where cation
nonstoichiometry is easily introduced during the deposition
process.”30 Thin films are becoming increasingly impor-
tant, for example, for resistive switching®* and for various
light induced phenomenal®=% in the emerging field of opto-
ionics.” SrTiOj; thin films as well as other perovskite-type thin
films are known to show a behavior different to their single
or poly-crystalline counterparts.>19375253  Structural differ-
ences (interfaces, strain, stress),?*>% dominating space charge
zones,>”] or nonstoichiometry accommodation!'>>°8> in
thin films have been discussed in literature and may explain
deviating behavior. Even pseudo-intrinsic electronic conduc-
tivity was previously reported for Fe-doped SrTiO; thin films,
meaning that a mid-gap Fermi level pinning leads to extremely
low electron and hole concentrations in differently doped
samples.l’”>2 A correlation with Sr stoichiometry was found,
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indicating that this ultra low conductivity appears for substan-
tial St vacancy concentrations.®’]

In this study, numerous doped as well as undoped SrTiO;
thin films were characterized via electrochemical impedance
spectroscopy (EIS) with regard to their electrical conductivity.
For various dopants (Fe, Ni, Al) and dopant concentrations
(up to 10%), pseudo-intrinsic behavior with extremely low
conductivities was found. To explain this outstanding thin
film property, different additional characterization methods
were employed, in order to determine the detailed elemental
composition via inductively-coupled plasma optical emission
spectroscopy (ICP-OES) and Rutherford back scattering spec-
trometry (RBS), film structure via X-ray diffraction (XRD)
and X-ray standing wave (XSW) measurements, and defect
chemistry via X-ray absorption spectroscopy (XAS) and posi-
tron annihilation lifetime spectroscopy (PALS). By combining
all these pieces of information, a model is deduced explaining
the ultra-low conductivity of many doped and undoped SrTiO,
films. This model strongly suggests that similar phenomena
may exist in many other large band gap multi-component thin
films prepared by pulsed laser deposition.

2. Results

2.1. Conductivity Measurements

Doped and undoped SrTiO; thin films grown by pulsed laser
deposition (PLD) were characterized via electrochemical imped-
ance spectroscopy. Typical impedance spectra for several
doping situations are plotted in Figure 1. The spectra for dif-
ferent thin films differ in the degree of distortion, from rather
undistorted (e.g., 0.4% Ni-doped) to a rather pronounced dis-
tortion (e.g., 2% Fe-doped). The small low-frequency features
found in some spectra are not further considered here. We can
see in Figure 1 that the low frequency intercepts of the large
arcs (Rpc) at =530 °C are rather similar (i.e., in the range of
180-280 k) despite vastly different doping situations, from
0.4% to 5% dopant. (Please note the slightly different temper-
atures and film thicknesses; still the agreement of the resist-
ances and of the 1426 Hz data point is surprising.) A detailed
discussion of such impedance spectra of SrTiO; thin films is
given elsewhere.[%%l Here, we give a brief summary of the main
aspects deduced there: Since SrTiO; is an ionic and electronic
conducting material, a transmission line modell®-%3 with ionic
and electronic rails is appropriate for describing the spectra.
Since the ionic conduction path is blocked at one or both elec-
trodes, the DC resistance corresponds to the electronic resist-
ance of the film and an electronic conductivity can be calculated
from its value. This electronic conductivity is almost the same
for all samples shown in Figure 1. Depending on the exact ionic
conductivity and the chemical capacitance, however, additional
features may appear in the spectra and give rise to the meas-
ured distortions of the arcs. Here, however, we focus on the
electronic DC conductivity of the films.

The temperature dependent DC conductivity (i.e., electronic
conductivity) of the 0.4% doped film is plotted in Figure 2a.
Interestingly, this electronic conductivity is several orders of
magnitude lower than the bulk values expected from literature

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Electrochemical characterization of different SrTiOs thin films
deposited from targets with 0.4%, 2%, and 5% Fe as well as 0.4% Ni
doping. The measurement temperatures deviate slightly for the individual
samples, but are all in the range of 527-533 °C. Film thicknesses are in the
range of 130-370 nm. The DC resistances of the main arcs (Rpc) and the
1426 Hz data points are indicated for the different impedance spectra.
The DC resistances are in the range of 180-280 kQ. Different degrees of
distortion can be identified, for example, nearly undistorted for 0.4% Ni
to heavily distorted for 2% Fe doping.

for the respective compositions.’”¢4 In this figure, the conduc-
tivity is also compared with the electronic intrinsic conductivity
of SrTiO; calculated from data sets in refs. [1, 2] by assuming a
mid-gap Fermi level and thus equal hole and electron concen-
trations ([h*]=[e’]). These intrinsic electronic conductivities are
very close or even up to a factor of four above the measured
ultra-low conductivities. Due to this similarity we denote the
measured conductivities as “pseudo-intrinsic.” Such low values
were also reported in refs. [37, 60], but reasons are not under-
stood so far. There must be a fundamental difference between
StrTiO; bulk samples with acceptor-type bulk conductivity and
the SrTiO; thin films with pseudo-intrinsic conductivity. This is
further investigated and explained in the following.

Surprisingly, even a massive increase in doping concen-
tration does not have a pronounced effect on the electronic
DC conductivity for the Fe-doped SrTiOj; thin films. This is
plotted in Figure 2c for different Fe doping concentrations
(0.4%, 1%, 2%, 5%, and 10%). For the sake of comparison, we
also measured the conductivity of thin films deposited from
a target with 30% Fe (STF73). The conductivity of a thin film
deposited from a target containing 0.4% Fe doping is even
independent of the oxygen partial pressure over a pressure
range of five orders of magnitude (see Figure 2b), which
is also in contrast to Fe-doped SrTiO; bulk samples.l The
conductivities of 30% Fe-doped SrTiOj; films, on the other
hand, are about five orders of magnitude higher at 350 °C,
thus showing that we face a true thin film effect and not a
measurement artifact.

Moreover, films deposited from nominally undoped SrTiO;
as well as Ni-doped SrTiO; and Al-doped SrTiO; targets were
measured (see Figure 2d) and the DC conductivities of all these
thin films are again close to the calculated very low intrinsic
conductivities, that is, [h']=[e’]. Thus, for a vast number of

Adv. Funct. Mater. 2022, 32, 2202226 2202226 (3 of20)

different films, neither the dopant concentration nor the
dopant itself (Fe, Ni, Al) changes the conductivity, highlighting
the very robust nature of this effect. We thus conclude that we
do not face a special feature of a specific Fe-doped SrTiO; film,
but an inherent property of many SrTiO; thin films deposited
via PLD. Common defect models fail to explain such a con-
ductivity behavior and to the best of the authors knowledge a
mechanistic explanation was not proposed so far. However, a
first hint was reported in a separate paper: When using highly
off-stoichiometric PLD targets with 5 to 7% Sr excess, SrTiOs
films result with “normal” conductivities (i.e., like for doped
bulk samples rather than pseudo-intrinsic).°? This St excess in
the target was shown to compensate substantial amounts of Sr
vacancies otherwise present in the films.

This leads to the hypothesis that additional point defects pre-
sent in our films, but not in bulk SrTiO;, strongly reduce the
electron and hole concentrations by a Fermi level pinning close
to mid-gap, thus leading to the observed “pseudo-intrinsic”
behavior. High defect concentrations in the films might also
reduce the mobility of electrons and holes such that total con-
ductivities even lower than nominal intrinsic conductivities
are conceivable (cf., Figure 2) and almost intrinsic conductivi-
ties may indicate approximate but no necessarily exact mid-
gap pinning of the Fermi level. In the following, we describe
experimental results using several other methods, which give
further information on the fundamental mechanism behind
the pseudo-intrinsic behavior.

2.2. Chemical Analysis

The results for the chemical analysis are summarized in
Table 1. Different SrTiO; thin films prepared from Fe-doped
or Ni-doped to Al-doped or nominally undoped targets, were
investigated using inductively-coupled plasma optical emis-
sion spectroscopy (ICP-OES). A more or less pronounced Sr
deficiency, that is, a deviation of the Sr/(Ti+dopant) ratio from
unity, is found for all thin films, mostly in the range of Sr/
(Ti+X) = 0.90 (exception: Al doped SrTiOj;). Note that the dopant
is attributed to the B-site in this consideration. The amount
of dopant found in the samples also showed some deviations
from the target compositions. Only a slight deviation was meas-
ured for a target with 1% Fe, where 0.9% Fe was measured in
the thin film. Similarly, for a pellet with 10% Fe at the B-site,
8.7% Fe was found in the respective thin film. In case of the
Ni-doped SrTiOs, 1% Ni was found instead of the target con-
centration of 0.4% Ni. This is not a measurement artifact since
the error for these measurements is usually well below 1%
for the main components (Sr, Ti) and about 5% for the minor
components, that is, dopants (e.g., 0.01 £ 0.0005). Different
processes, including preferential scattering and incongruent
ablation during pulsed laser deposition might lead to the dis-
crepancy between the nominal and the experimentally found
composition of such thin films.3%333065] Similar stoichiometry
differences are also reported for other materials, for example,
LaMnO3,1] La, Cag4MnO3,[% Lag Sty MnOs3,[%8 Ca;Co0,0,,1%%
and SrMn0;."% Variation of the deposition parameters were
often linked to the resulting thin film stoichiometry.%58
A proper adjustment of these parameters may thus lead to
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Figure 2. DC conductivity obtained from the DC resistance of doped SrTiO; thin films, measured by electrochemical impedance spectroscopy.
a) Comparison of DC conductivities of thin films deposited from a 0.4% Fe doped target to the expected conductivity of bulk samples’: and to the
calculated conductivity of pseudo-intrinsic electronic conductivity ([h']=[e’]).") b) oxygen partial pressure dependence of the conductivity of a Fe-
doped thin film deposited from a target with 0.4% Fe at three different temperatures (555 °C, 603 °C and 650 °C). No variation of the conductivity is
observed in an oxygen partial pressure range from 107 to 1 bar oxygen, the conductivity is close to the pseudo-intrinsic conductivity calculated from
literature.l c) DC conductivity of Fe-doped SrTiOj; thin films deposited from targets with different doping concentrations ranging from 0.4% up to
10% together with the electronically intrinsic conductivity ([h'] =[e’]).[' d) DC conductivity of nominally undoped SrTiOj thin films and slightly acceptor
doped thin films with different doping ions (Ni or Al).

stoichiometric films and thereby prevent the effects we describe The compositional results were confirmed by RBS. Here, a
here. In our specific case, some moderate changes of laser flu-  Fe doped SrTiOj; thin film (with a nominal Fe content of 5%
ence and pulse frequency were performed, but turned out to be ~ Fe at the B-site) on a SrTiO; substrate was investigated. Using
not sufficient to achieve fully stoichiometric films, while growth ~ RBS, a clear difference between the thin film and the substrate
from targets with St excess yielded stoichiometric films./! was found. This difference is attributed to a different Sr/Ti ratio

Adv. Funct. Mater. 2022, 32, 2202226 2202226 (4 of 20) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

95UB01 7 SUOLLLOD A1) 3[cfedt [ddke au) Aq pauen0b a8 S3o1ke YO ‘SN J0 S3INJ 10} ARIqITUIIUQ AB]1M UO (SUOT PUOO-PUR-SLLIBI WD A3 1M ATeIq 1 [Bu[UO//ScIY) SUORIPUOD PUe SWLB | 8U 89S *[£202/20/80] U0 AkeiqiTauliuo A8]im ‘ifojouyds 1 "4 1su| Buns|ed Ad 922202202 WiPe/Z00T OT/I0p/uod™Aa]im Ake.q i pul|uo//Sdny woij pepeoiumod ‘8g ‘2202 ‘82089T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Table 1. Compositional analysis via inductively-coupled plasma optical emission spectroscopy (ICP-OES) and Rutherford back scattering spectro-
metry/ time-of-flight heavy ion elastic recoil detection analysis (RBS/ToF-ERDA) of different SrTiO; thin films deposited from stoichiometric targets.
The values are calculated for two cations per formula unit. Also the ratio between A-site cations (Sr) and supposed B-site cations (Ti, Fe, Ni, Al) is
given (Sr/(Ti+X)). The relative error for these measurements is usually well below 1% for the main components (Sr, Ti) and about 5% for the minor

components.
Target material Thin film composition Method
Sr Ti Dopant Sr/(Ti+X)
SrTigg9Fe0 O3 0.950 1.041 0.009 0.905 ICP-OES
SrTigosFe0.0203 0.945 1.020 0.035 0.896 ICP-OES
SrTig gsFeg 0503 0.937 1.015 0.048 0.881 RBS (Sr, Ti)
ToF-ERDA (Fe)

SrTigoFeg 103 0.960 0.953 0.087 0.923 ICP-OES
SrTig.996Ni0,00403 0.944 1.046 0.010 0.894 ICP-OES
SrTig.997Al0,00303 0.988 1.007 0.005 0.976 ICP-OES
SrTiO; 0.957 1.043 0.918 ICP-OES

of the thin film, compared to the substrate, although differ-
ences in the oxygen stoichiometry might also play a role. For
the thin film, less Sr than Ti was found, whereas nominally
less Ti would be expected. With RBS, the Fe content could not
be determined reasonably because of the huge background
from the Sr signal. The use of characteristic X-rays (PIXE) was
excluded since the substrate material and the thin film are basi-
cally the same material, making it impossible to properly nor-
malize the Fe X-ray yield to another element. Therefore, heavy
ion elastic recoil detection analysis (ToF-ERDA) was performed.
Here, a Fe/Ti ratio of 0.047 + 0.005 was obtained, which is in
line with the nominally expected value of 0.052, corresponding
to a 5% dopant concentration at the B-site. Altogether, chemical
analysis revealed Sr deficiency in all films. There are different
ways for SrTiO; to accommodate this Sr deficiency, for example,
via Sr vacancies in the lattice, segregation of Ti rich secondary
phases (e.g., TiO,) or anti-site defects (e.g., Tig).l>' To resolve
the predominant effect in our films, further film characteriza-
tion was performed.

2.3. X-Ray Diffraction

In general, SrTiO; exhibits a cubic unit cell above =105K.">73l
A cell parameter obtained from reciprocal space map (RSM)
measurements was found to be =3.90 A, which is in line with
literature data.’*7% However, the RSMs of the (002) reflections
plotted in Figure 3 show an elongated c cell parameter com-
pared to the nominally undoped SrTiO; substrate for all depos-
ited thin films except for the Al-doped layer. As a result, two
separated diffraction peaks, one originating from the substrate
and one from the thin film, can be seen. Further reflections,
namely the (103) and the (113), were investigated. In each recip-
rocal space map of the (103) reflections (see S2, Supporting
Information), again two reflections differing only in g, can be
seen (except for Al-doped SrTiO;), confirming the enlarged ¢
cell parameters found in most of the deposited thin films. A
deviation of the in-plane cell parameters of the thin films from
the substrate would result either in a shift in g, or in the inten-
sities of the thin film peaks, which we did not observe.
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To further address this issue, additional reciprocal space
maps of the (113) reflections were measured (see S2, Supporting
Information), showing shifts only in g, direction (except for Al-
doped SrTiO; exhibiting no shift at all). Please note that the Sr
deficiency is also lower in Al-doped thin films compared to the
other thin films, thus decreasing the difference in lattice para-
meter, as also observed in ref. [60] for similar cases.

No difference in the in-plane cell parameters can be found
for any thin film compared to the single crystalline substrate.
However, an elongation of the c¢ cell parameter reduces the
symmetry of the thin films and leads to a tetragonal lattice. The
results of the recorded reciprocal space map are in line with
literature data on SrTiO; thin films(%3%>8] and are attributed to
the existence of cation vacancies, that is, to films with a Sr/Ti
ratio (or Sr/(Ti+dopant)) deviating from unity.”””%! Thus, we
can conclude that at least part of the nominal Sr deficiency
found in the chemical analysis is present in the form of Sr
vacancies. This is also in agreement with high Sr vacancy con-
centration reported for SrTiOj; films in literature.!'!

2.4. Positron Annihilation Lifetime Spectroscopy

In Figure 4a, a nominally undoped SrTiO; thin film is charac-
terized and compared with a nominally undoped SrTiO; single
crystal. The dependence of the dominant component of the
lifetime on implantation energies for the film on the substrate
reflects a depth dependent change of the main ionic defect.
Comparing the near surface signal of the film with the signal
of the pure bulk sample reveals several differences. In the thin
film, the predominant point defect is the Sr vacancy (lifetime:
281psP®)), which is in agreement with the chemical analysis
(see Section 2.2) as well as the RSM data (see Section 2.3). In
undoped single crystals the predominant cation vacancies seem
to be titanium vacancies (lifetime: 189psl®®), see ref. [80] for
a more detailed discussion of single crystals. The same trend
can be observed for an iron doped SrTiOj; thin film (deposited
on Nb:SrTiO; and from a pellet with 2% Fe), see Figure 4b,
where it is compared to an Fe-doped single crystal (0.15% Fe).
Again, Sr vacancies are found in the thin film, while titanium

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

95UB01 7 SUOLLLOD A1) 3[cfedt [ddke au) Aq pauen0b a8 S3o1ke YO ‘SN J0 S3INJ 10} ARIqITUIIUQ AB]1M UO (SUOT PUOO-PUR-SLLIBI WD A3 1M ATeIq 1 [Bu[UO//ScIY) SUORIPUOD PUe SWLB | 8U 89S *[£202/20/80] U0 AkeiqiTauliuo A8]im ‘ifojouyds 1 "4 1su| Buns|ed Ad 922202202 WiPe/Z00T OT/I0p/uod™Aa]im Ake.q i pul|uo//Sdny woij pepeoiumod ‘8g ‘2202 ‘82089T9T



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

intensity [counts]

. 1.0x10°

1.0x10°

b) Ni:STO

1.0x10°
1.0x10°

1.0x10'

1o ‘ ‘
0.4

.48 8
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
q, [A"] Q[A]

intensity [counts]

d) Al:STO rosto”

1.0x10°
1.0x10*
1.0x10°
1.0x10°
1.0x10'
.48
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
-1
oA

www.afm-journal.de

intensity [counts] intensity [counts]

10010 c) Nb:STO
, 1.0¢10°
1.0¢10 :
’ 1.0¢10*
1.0x10° .

1.0x10°
1.0x10°

1.0x10°

e

1.0x10"

8
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
q, [A]

1.0x10'

1.0x10°

intensity [counts]

e) Fe:STO 1ot

1.0x10°
1.0x10°
1.0x10°
1.0x10°
|
1.0x10'
.48
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
1
A1

Figure 3. Structural characterization of different SrTiOj3 thin films on top of nominally undoped (001) oriented SrTiOs single crystals. a) Thin films were
deposited from nominally undoped, b) 0.4% Ni-doped, c) 2% Nb-doped, d) 0.3% Al-doped, and e) 1% Fe-doped SrTiOj targets. Here, reciprocal space
maps (RSM) for the (002) reflections are shown, revealing a severe deviation in the lattice parameter for the thin films compared to the underlying
SrTiO; substrates. Except for the Al-doped thin film (d) the out of plane cell parameter c from each of the prepared thin films is elongated compared
to the substrate. As a consequence, in the RSMs two separated reflexes can be found. The deviation between the thin film and the substrate can be
attributed to cation vacancies. Taking the Sr deficiency found by elemental analysis into account, the cation vacancies are identified as Sr vacancies.

vacancies are present in the single crystal. The relative intensity
Ijefect for both undoped and Fe-doped films is close to 100%,
which suggests large defect concentration and positron satura-
tion trapping. In such a scenario positrons sense only the most
affine defect type. In the case of single crystals, this component
is absent and a shorter lifetime is found. When comparing the
two single crystals, one observes a higher Ieg for the undoped
crystal, indicating larger V5 concentration compared to the
Fe-doped sample.

Taking into account the similar levels of Sr deficiency in
the thin films (obtained from ICP-OES measurements in
Section 2.2), Sr vacancies are probably also present in all the other
thin films investigated. However, this does not mean that the Sr
deficiency only leads to A-site vacancies. Rather, B-site ions on the
A-site might reduce the A-site vacancy concentration compared
to the nominal Sr-deficiency. Ti on the A-site was found or dis-
cussed in several studies. For example, Karjalainen et al. suggest
that defects corresponding to positron lifetime of 185 £ 5ps can
be ascribed to Tig, antisite.'®! Another option is that the dopant,
for example, Fe, occupies the A-site, which is considered next.

2.5. XSW

The XSW technique was used to determine whether Fe is
located on interstitial, the A- and/or the B-sites. In Figure 5a,
the normalized Fe K-fluorescence of the (002) Bragg reflection
is shown as function of (© — Op), with © the rocking angle
and Og the Bragg angle for the particular reflection, for a film
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deposited from a target with 2% Fe and 5% Sr excess, corre-
sponding to a stoichiometric thin film.] The fluorescence
yield exhibits a minimum at the low angle side of the Bragg
position, followed by a maximum at the higher angle side.
As expected for a bulk-like material, this means that the Fe is
located at regular lattice sites and, down to the detection limit,
no Fe at interstitials is found, see also the detailed simulations
shown in Figure 9. The large peak in the fluorescence yield at
© — Oy = 0.01° is caused by the strong and partially overlapping
substrate reflection and does neither affect the analysis nor the
interpretation. The period of the standing wave created by the
(002) reflection was analyzed, see Section 5.

To differentiate between A- and B-site occupation of Fe,
the (003) reflection can be used. The standing wave period
of this reflection allows to differentiate between the regular
A- and B-sites. Note that the (003) reflection is much weaker
than (002) because scattering from the AO and BO, planes is
out-of-phase, and thus the XSW signal level is lower. Here, we
compare measurements on 2% Fe-doped films deposited from
stoichiometric targets (SrTipogFeg0,03) and from 5% Sr excess
targets (Sty05Ti9.98F€0.0,03). The simulations in Figure 5b show
the change of the normalized fluorescence yield when the
Fe occupancy changes from B-site only (& = 0) to A-site only
(&=1), with mixed occupation in between. The best agreement
with the experimental data is obtained for & = 0 for the film
grown with the 5% Sr excess target and when & = 0.3-0.4 for
the film grown with the stoichiometric target. The latter range
also reflects the estimated uncertainty in the site occupancies.
Although the data seem quite noisy, the clear difference in step
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Figure 4. Positron lifetime annihilation spectroscopy (PALS) measurements to reveal the types of point defects present in thin films and single crystals.
a) The most dominant point defects found in a nominally undoped SrTiO; thin film are compared to those of a nominally undoped SrTiOj; single crystal.
b) Results for a thin film deposited from a 2% Fe-doped SrTiO; target are contrasted with the respective defects found in an Fe-doped single crystal
with 0.15% Fe. A significant change in the defects found in thin films and single crystals can be observed for both cases. In thin films, Sr vacancies are
the dominant point defect, whereas in single crystals titanium vacancies are identified.

height when crossing the Bragg condition is significant and
shows a clear difference between the two samples. Sr deficient
films deposited from stoichiometric targets have 30-40% of Fe
located at the A-site. On the other hand, in films deposited from
a target with 5% Sr excess (i.e., SrygsTigosFe0,03) in order
to compensate Sr-loss in the deposition process,®” Fe is only
present on the B-site. A change in site occupation toward the
Assite in SrTiO; was also reported for other transition metals,
for example, Mn.®81l Such a redistribution of Fe toward the
Assite in Sr deficient thin films may have a severe impact on the
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defect chemistry, since Fe at the B-site is an acceptor, while Fe
at the A-site acts as a (probably deep) donor.

2.6. X-Ray Absorption Spectroscopy
Figure 6a shows X-ray absorption spectra of the Fe L, 3-edge,
Ti L, ;-edge, and O K-edge in fluorescence mode for Fe-doped

SrTiO; thin films deposited from a stoichiometric target with
2% Fe. In order to gain a deeper understanding of the Fe
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Figure 5. By using X-ray standing wave measurements (XSW), the posi-
tion of Fe in Fe-doped SrTiO; thin films deposited on SrTiO;z single
crystals was determined. Two types of 2% Fe-doped thin films were
compared: a thin film deposited from a target with the proper stoichio-
metric composition (SryoTig.9F€0.0203) and a thin film deposited from a
target with 5% Sr excess (SrygsTigogFe0203). According to literature, 0l
the latter leads to a thin film without (severe) cation non-stoichiometry.
a) Normalized Fe K-fluorescence yield induced by the interference field
of the (002) reflection of Fe-doped SrTiO; thin film deposited from a 5%
Sr excess target. The measurement indicates that Fe is not present at an
interstitial position, but exclusively at the A- and/or B-site. To differen-
tiate between A- and B-site occupancy, b) simulations and c) measure-
ments of the Fe K-fluorescence yield at the (003) reflection are necessary.
& =0 denotes B-site occupation only, whereas for £ =1 Fe is present at
the A-site only. In the XSW measurements of a thin film deposited from
the stoichiometric target (SryoTip9gFe002,03) and a thin film deposited
from a target with 5% Sr excess (SrygsTigosFe00203), differences in the
site occupation of Fe can be found. The results suggest that ~30-40%
Fe is present at the A-site in the film deposited from the stoichiometric
target. Sr excess in the target seems to prevent A-site occupancy of Fe.
(Please note that the influence of the SrTiO; substrate reflection is visible
in the data of the thin film deposited from the target with 5% Sr excess.
The substrate reflection for the thin film deposited from a stoichiometric
target occurs at higher angles, that is, the difference between the lattice
parameter of the substrate and the thin film is more pronounced for the
film deposited from the stoichiometric target.)
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oxidation states present in our system, simulations and linear
combinations of calculated reference spectra were carried out.
Since the simulated Fe*" spectra did not fit the experimental
data (as also reported in literature),”) only Fe?* and Fe’* were
considered in the following (see Section S3, Supporting Infor-
mation). For the simulations, we set the Slater integral reduc-
tion to 80% and reduced core spin orbital coupling by 1.0%
for Fe3* and 1.1% for Fe?". The valence spin orbital coupling
amounted to 3.70% and 3.25% for Fe?* and Fe’*, respectively.
The crystal field parameters were fixed to 10Dq = 1.5eV and the
charge transfer parameters to A = 2eV. Lorentzian broadening
was set to 0.2eV and Gaussian broadening to 0.3eV. Based on
these parameters, the best agreement between experimental
data and the calculated spectra was achieved for 10% FeZ*
and 90% Fe**. (Note that these values are only rough esti-
mates due to the fact that self-absorption, site occupation, and
oxygen vacancies as well as cation vacancies are not consid-
ered here, which might also explain the deviation of the simu-
lated spectra from the measured ones at higher energies).””)

When comparing the sample measured directly after the PLD
process (0.15mbar O, at 700 °C) with the sample with an addi-
tional annealing step (200 mbar O, at 650 °C), no significant
changes can be observed, which means that the thin film ratio
of Fe?" to Fe** is more or less independent of the oxygen partial
pressure from 0.15 to 200mbar. In bulk samples, oxygen incor-
poration is expected under these conditions, corresponding to
an increase in Fe oxidation state. However, this deviation from
bulk behavior is in good agreement with the oxygen partial
pressure independent conductivity measurements presented
above (see Figure 2b for a thin film with 0.4% Fe).

The O K-edge and Ti L,;-edge spectra (see Figure 6b,c,
respectively) do not change significantly upon annealing as
well and are both in good agreement with literature.82%4 The
peaks in the O K-edge spectra can be assigned to electron tran-
sitions from the O(1s) level into O(2p) orbitals hybridized with
Ti(3d) orbitals at 532.2eV and 534.6eV, Sr(4d) orbitals at 5372eV
and 538.9eV, and Sr(5p) orbitals at 544.7eV.B% The Ti L, ;-edge
spectra show as expected two pre-edge peaks!®! and a splitting
into t,, and e, levels of the L;-edge (at 459.0eV and 461.3eV)
and the Lyedge (at 464.4eV and 466.8eV).B*85 The results
obtained for total electron yield for Fe L, ; are discussed in the
Section S4, Supporting Information.

2.7. Conclusions from Thin Film Analysis

Before we begin the discussion of our proposed model we
briefly summarize the main conclusions drawn from the dif-
ferent analysis techniques: Our SrTiO; thin films grown by
pulsed laser deposition from stoichiometric targets show very
low DC conductivities, close to those of intrinsic STO, regard-
less of doping or p, (EIS). They exhibit St deficiency of several
percent (ICP-OES, RBS). They grow single phased and epitaxi-
ally on STO single crystal substrates, and show an elongated
c-axis (RSM) suggesting Sr-vacancies (confirmed by PALS).
Dopand ions (Fe) occupy both the B-site (Fer;) and the A-site
(Fes,) (XSW) in oxidation states of Fe?* and Fe3* (XAS).
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Figure 6. X-ray absorption measurements in fluorescence mode showing the a) Fe L, ;-edge, b) O K-edge, and c) Ti L, ;-edge of Fe-doped SrTiOs thin
films deposited from a stoichiometric target with 2% Fe directly after the pulsed laser deposition (green dots) and after an additional annealing step
at 700 °C in air for 12 h (blue squares). A linear combination of 10% Fe?* and 90% Fe*" (orange dashed line) matches the experimental data best.

3. Discussion
3.1. Basic Model

Based on all the experimental results a model is now intro-
duced and discussed, explaining the “ubiquitous” pseudo-
intrinsic behavior of SrTiO; thin films. The extraordinary
effect occurs for Fe-doped SrTiO; with Fe contents from 0.4 to
10%, for Ni-doped SrTiO; and Al-doped SrTiOj;, and even for
undoped SrTiO;. Also, p,, variations do not change conduc-
tivities between 10> and 1 bar. Essentially, we have to explain
why the Fermi level seems to be pinned close to mid-gap in all
these cases.

We start the model discussion with the truly intrinsic case,
that is, with the Fermi level being exactly mid-gap and negli-
gible oxygen vacancy concentration, see Figure 7a. Such a
situation would require ultra pure SrTiO; films with impu-
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rity levels in the sub ppb range since, for example, at 420 °C
[h*]=[¢’] values are as low as 10" cm™3. Such a purification of
the films during deposition is completely unrealistic and also
contradicts the chemical analysis. Adding an acceptor dopant
shifts the Fermi level toward the valence band (Figure 7b). The
acceptor dopants used in this study (Fe, Ni, Al) are known to
act as deep traps for holes and thus the Fermi level is below
the acceptor level and quite far from mid-gap. (Please note: In
this first consideration we neglect the oxygen vacancies formed
by acceptor doping of SrTiO;, this is further discussed below).
Adding a donor dopant to the system shifts the Fermi level
upward, but only for a very specific donor concentration the
acceptors are exactly counter-balanced, and a mid-gap situation
is met, Figure 7c. This case can also be excluded here due to the
ubiquity of the effect.

Combining additional acceptor-type mid-gap states (acceptor
2) and the main acceptor 1 doping does also not explain the
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Figure 7. Band structure of SrTiO; for different doping cases. a) Fermi level is mid-gap, corresponding to intrinsic concentrations in a semiconductor.
This is the hypothetical case of ultra pure, defect-free, stoichiometric SrTiOs. b) With the introduction of acceptor states (acceptor 1), the Fermi energy
is adjusted accordingly. Here a deep acceptor is shown, with both acceptor and donor dopants present. c) For exactly equal amounts of acceptor and
donor states, the Fermi level is mid-gap. When the acceptor/donor ratio differs from unity, the Fermi level moves to the more dominant state. Hence,
the Fermi level is not pinned at mid-gap in a robust manner. d) If instead of the donor in (c) a mid-gap acceptor (acceptor 2) is added, the Fermi
level is mostly dominated by the acceptor 1 states. e) Both acceptor (acceptor 1), donor, and mid-gap states (acceptor 2) are present, allowing robust

mid-gap Fermi level pinning.

situation. This would leave the Fermi level far from mid-gap
(Figure 7d). However, a rather robust mid-gap situation results
when combining acceptors 1, mid-gap acceptors 2 and donors
(Figure 7e). For a reasonably broad range of doping concentra-
tion ratios, this indeed pins the Fermi level close to mid-gap, as
illustrated in detail below. More specific, acceptor 1 is not even
required, since already mid-gap acceptor states and a donor are
sufficient to cause a Fermi level pinning. A similar three level
model was also discussed for semi-insulating GaAs with Cr
impurities. 8¢

This model has a simple chemical analogy. Ultra-pure water
exhibits a pH value of 7 Adding a (weak) acid lowers the pH
value (corresponding to our acceptors causing positive holes).
When adding NaOH solution the pH raises and for a very spe-
cific amount of NaOH the pH of the aqueous solution might
be 7 (see also below). However, the slightest deviation from
this specific amount either leads to acidic or alkaline solutions,
respectively. When adding another acid with a pKg value of
seven to the first acid (instead of adding NaOH), the pH value
becomes even slightly lower than before. However, for a solu-
tion with weak acid 1 (= acceptor doping in our case) and weak
acid 2 (with pKS =7, corresponding to the acceptor with mid-
gap states here), we can “activate” the pKg = 7 buffer system
with a proper amount of NaOH. (The proper amount is approxi-
mately the amount of acid 1 plus half of the amount of acid
2). Accordingly, the pH-value is pinned at around pH = 7 This

Adv. Funct. Mater. 2022, 32, 2202226 2202226 (10 0f20)

analogy is further discussed in Section S6, Supporting Informa-
tion. Please note that such a buffer also works without acid 1.

With this electronic “buffer system” we now have a basic
model for explaining the pseudo-intrinsic behavior of StTiO;.
In a next step we have to specify the required acceptor and
donor states. The identity of acceptor 1 in the doped SrTiO;
samples is obvious, it is either Fe, Ni, or Al. In undoped SrTiO;
it is irrelevant, since the mid-gap pinning does not require such
acceptor 1 dopants anyway, provided mid-gap acceptor states
and additional donors are present. In the following, we dis-
cuss what may lead to the two essential states in our pseudo-
intrinsic SrTiOj; thin films, the acceptor-type mid-gap states and
the donor states.

3.2. Specific States Relevant in the SrTiO; Films

First, mid-gap states are considered. Compositional (ICP-OES,
RBS), structural (RSM) as well as defect analysis (PALS) point
toward Sr (or A-site) vacancies being present in all doped and
undoped SrTiOj; thin films. Such Sr vacancies act as acceptors
in SrTiO;3 and lead to electron holes. (Partial counterbalancing
by oxygen vacancies is neglected at this stage, see below). We
assume that the energy of the first hole trapping

Vi =V +h )
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is mid-gap, while the second hole trap
Vi =Ve +h° 2)

is shallow.’”] Interestingly, such a mid-gap energy of Sr
vacancies was already suggested in ref. [2], where it was
assumed without experimental evidence. The reaction in
Equation (2) simply adds further holes to those created by
other acceptors dopants such as Fe. The formation of Vg, by
a hole trapping of V; (Equation (1)), however, can pin the
Fermi level in the mid-gap range. Please note, that the sup-
posed mid-gap energy of the Sr vacancy is specific for SrTiO;
and can be expected to be different in other perovskite-type
oxides, also titanates. Moreover, it is not necessarily exactly
mid-gap since also reduced electron and hole mobilities
in defectrich thin films may play a certain role for the
observed pseudo-intrinsic behavior. For example a deviation
of the pinned state from mid-gap by plus or minus 30 meV
together with a factor 3 lower mobility would again lead to
pseudo-intrinsic conductivities.

Second, possible donor states have to be considered. As men-
tioned before, partial occupation of the A-site by typical B-site
cations is a realistic option. In literature, a redistribution of Mn
to A-sites was experimentally found®38-90 and changes in the
site occupation were also suggested for Cr,'% Er,l!l and Rh.[1314
Moreover, such changes in site occupation are discussed in
other perovskite type titanates, for example, Mg,V Eu,*"% or
Y3l in BaTiO3, Mn®Y in CaTiOs, and Al®® in (Na,Bi)TiO;. Also
our XSW measurements reported above indicated significant
amounts of Fe on the A-site. Such a site change of Fe leads to
a change of its dopant character, with Fe at the A-site being a
donor dopant according to

Fe}, = Fe;, +¢’ (3)

Owing to the larger ionic radius of Fe?" (Fe},) compared to Fe",
that is, a better fit of Fe?" to the A-site, the corresponding trap-
ping energy of Equation (3) might be quite high and the cor-
responding energy level can be expected to be far below the
conduction band. However, as long as the corresponding level
is above mid-gap, this site change would not only reduce the
concentration of energetically unfavorable Sr vacancies but
would also introduce donor states to activate the mid-gap Fermi
level pinning.

The XSW measurements (see Figure 5) and XAS meas-
urements (see Figure 6) might give a first clue to the energy
position of the A-site Fe donor states. From the XAS study we
can estimate about 10% Fe?* and 90% Fe*', after annealing in
air. The XSW measurements indicate that about one third of
Fe is at the A-site. All Fe?" is attributed to the A-site, the rest
of the Fe at the A-site is thus in the Fe* state, resulting in
a mixture of one third Fe?" and two thirds Fe’" at the A-site.
This mixture in oxidation state tells us that the corresponding
Fe donor states at the A-site are just slightly above the Fermi
level (which must be close to mid-gap according to conduc-
tivity measurements), see Figure 8. This estimate is certainly
prone to some errors and also a Feg, level beneath mid-gap is
conceivable. However, the existence of Fe?* despite mid-gap
Fermi level pinning excludes that the Fes, level is far above
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mid-gap and thus Fe is probably not the donor state we are
looking for in our model. Moreover, Fes, could not explain
pseudo-intrinsic behavior for other acceptor dopants (Ni, Al)
and undoped SrTiOs.

Hence, we suggest Ti on A-sites as the decisive donor pre-
sent in all the different films. Those were observed experimen-
tally and predicted theoretically in literaturel®7:%l and can act
as a donor according to

Ti, = Tis, +€’ 4

which is supposed to be far above mid-gap, perhaps even close
to the conduction band. This is also sketched in Figure 8.
Therefore, already the existence of A-site vacancies and Ti ions
on A-sites can explain the pseudo-intrinsic behavior. Additional
dopants such as Fe then add further states, depending on their
site, but do not change the essential effect, that is, Fermi level
pinning very close to mid-gap.

So far, oxygen vacancies as donors were neglected, even
though it is known that their concentration can be substantial
in acceptor doped SrTiO3.["8] However, SrTiO; bulk defect
chemistry models!! suggest that for electronically intrinsic thin
films (i.e., low [h’]), the oxygen vacancy concentration [VJ] is
also very low due to the mass action law

Ko =[P V5T" P’ 8
of the oxygen incorporation reaction
1/20,+ Vg =05 +2h" (6)

At 600 °C, for example, we have at the intrinsic point
[h] = 27 x 108 cm™ and for po, =1 bar this leads to
[V&]= 5.8 x 10" cm™. Hence, neglecting free oxygen vacancies
in our model seems to be justified. Indeed, ionic conductivi-
ties are very low in low Fe-doped SrTiOj thin films.[®” However,
it increases for higher doping concentrations and the reasons
behind this dopant dependence of the ionic conductivity in oth-
erwise electronically pseudo-intrinsic films are not known yet.

Defect associates are a possible explanation and they fur-
ther modify the picture sketched above. With Sr vacancy con-
centrations in the percentage range, defect interaction between
negatively charged Sr vacancies and positively charged oxygen
vacancies are not only possible, but rather likely.!>20 Also,
dopant-vacancy interaction can be expected.’®1% Such a defect
interaction may increase the total oxygen vacancy concentration
compared to that of Equation (5). However, the general model
suggested here for explaining the pseudo-intrinsic behavior
(acceptor-type mid-gap species due to Sr vacancies and Ti-cations
on A-sites as donors) is not affected by these complications.

Actually, our model explaining pseudo-intrinsic behavior
does not require a specific donor (e.g., Ti on A-sites) and thus
also nominally donor doped SrTiO; thin films with A-site
deficiency might exhibit such a behavior. Indeed, preliminary
measurements on such films (deposited from targets with 0.4%
Nb doping) lead to very low conductivities, see Section S5, Sup-
porting Information, even though still somewhat higher than
the pseudo-intrinsic conductivity. Possibly, the added donor
(Nb) drives the Sr vacancy buffer states to almost complete
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Conduction Band

Valence Band

Figure 8. Suggested band structure of our pseudo-intrinsic Fe-doped
SrTiO; thin films. Fe at the B-site (Fe?./Fe}.) works as an acceptor. We
suggest V. /V.. states in the middle of the band gap. Site changes caused
by Sr vacancies lead to donor states. Most important is Ti on the A-site,
Tis,/Tis,, corresponding to shallow donor states. The levels corresponding
to Fes, defects are deep donors, slightly above mid-gap. Sr vacancies also
act as acceptor states close to the conduction band (VSX,/VS',). Arrows indi-
cate that the position of several states in the band-gap is a first estimate;
our model does not depend on their exact position (within a certain
range).

Vs, and thus the Fermi level begins to leave the pinned
mid-gap position.

This model is also in accordance with the experimental fact
that bulk-like conductivity can be reached in SrTiO; thin films
when using PLD targets with a rather pronounced Sr overstoi-
chiometry of about 7%.°! Such thin films are stoichiometric
and show Vp Vg clusters in PALS studies as predominant
point defects, while Sr vacancies are no longer seen. Thus, the
Fermi energy is then defined by the common Fer; acceptor level
and indeed the hole conductivity expected from macroscopic
Fe-doped samples is obtained in such films.

Moreover, we expect a similar effect also in thin films of other
large band gap materials which are prone to cation nonstoichi-
ometry due to the preparation process, for example, PLD. The
resulting cation vacancies may trigger some site changes and
thus states that can cause Fermi level pinning. However, the
pinned position of the Fermi level is not necessarily very close
to mid-gap. Thus, a doping insensitive conductivity may result
for many other materials, but the value might be different from
the pseudo-intrinsic case found for SrTiOs;. (The chemical
analogue are again buffer systems. Most of them buffer at pH
values different from 7).

3.3. Model Calculations for Testing the Consistency
of the Model

So far, we discussed that in a system consisting of donor states
(Tis,/Tis, in our case) and buffering mid-gap acceptor states
(V. / Vg, in our case) the Fermi level can be pinned close to the
intrinsic point, that is, mid-gap. Still, it is somewhat surprising
that the corresponding pseudo-intrinsic behavior is found for
so many different dopants and doping levels as well as oxygen
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partial pressures. In the following estimates and calculations,
we discuss the sensitivity of this pinning situation to changes
in the acceptor/donor ratio and show why the pseudo-intrinsic
situation is so often met. More specific, we illustrate why nei-
ther the exact Sr/Ti ratio, nor the dopant ion and its exact con-
centration seems to be very critical for obtaining the effect.

We start with some general estimations about this elec-
tronic buffer system. First, the concentration of mid-gap
buffer (i.e., Sr vacancies) needs to be higher than that of other
dopants with possibly varying ionization, for example, higher
than that of Fe acceptor doping on the B-site. Thus, up to a
few percent of Sr vacancies are required, at least in the highly
Fe-doped films. Such a high amount of Sr vacancies is well
in line with our experimental data found for such thin films,
see Table 1. Moreover, Fe on the A-site reduces the amount
of acceptor-type Fe and thus of required Sr vacancies. As a
second prerequisite, the amount of acceptor and donor doping
must be in the same concentration range. More specific, an
ideal buffer situation is met if 50% Sr vacancies trap one
hole (Vg,) and 50% trap no hole (v ), while all other accep-
tors (here Fe on the B-site) are filled by holes. The ideal singly
charged donor concentration is thus 1.5 times the amount
of Sr vacancies plus the amount of Fe dopant on the B-site.
Accordingly, we have ideally 0.75 (doubly charged) Tis, per Sr
vacancy in undoped SrTiOs.

Any deviation from such an ideal ratio between acceptor
and donor dopant is then balanced by a shift of the Sr vacancy
ionization between Vg, and v, and thus the electron and hole
concentrations remain close to the intrinsic level (like the pH
in a chemical buffer with pKg = 7). Indeed, in PALS measure-
ments a decreased positron lifetime indicates a change in the
Vs, ionization after annealing in air without changing the film
conductivity. As a consequence, it is not required to have exactly
fitting concentrations of donor states (e.g., Ti on A-site) or Sr
vacancies for reaching the Fermi level pinning.

We can further quantify this model for exemplary cases, in
order to see whether our assumptions truly explain the “ubiq-
uity” of the pseudo-intrinsic behavior in SrTiO; films despite
changes of acceptor/donor ratios and oxygen partial pressure.
In a first step we consider nominally undoped SrTiOs;. From
the hole trapping equilibria of Sr vacancies (Equations (1) and
(2)), the band-band equilibrium of electrons and holes

nil =e’+h° (7)

the trapping reaction of Tig, (Equation (4)) and the oxygen
exchange reaction in Equation (6), we can numerically calcu-
late all defect concentrations for a given Sr/Ti ratio. In Figure 9
this is done for the experimentally found Sr/Ti ratio of 0.918;
defect equilibrium values of Equation (6) are taken from ref. [2]
and the electronic energy levels and equilibrium constants are
listed in Table 2. This set of parameters is also used in all other
subsequent calculations. Figure 9a displays how the defect
concentrations, and particularly the electron and hole concen-
trations, depend on the A-site fraction of Ti. A Ti fraction of
2.5% on the A-site corresponds to the ideally buffered case (75%
of the total Vg, concentration). Between =2.2% and 2.7% Tig,
donors, the sum of the electron and hole concentration varies
only by a factor of two and thus a very similar (pseudo-intrinsic)
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Table 2. Energy levels of electronic states in Fe-doped SrTiO; at 400 °C used for calculating defect concentrations and testing the consistency of our
model. Energy levels are given in units of the band gap energy E, relative to the valence band edge (E, = 3.3 eV), and equilibrium constants K; are
given in defects per unit cells (UC). The exact values of the guessed energy levels do not affect the outcome of the calculation as long as they are

comparatively close to the band edges.

Reaction Mass action law Energy level K; (JUC) Value from

Vg = Vg, +h* K :[vs" ][h'][vg ]4 Eg % 0.500 2.4 %1072 This study

V¢ = Vé+h* Ky =[V&IhIvVE]™ Egx 0.1 47x1073 Our estimate

Fel =Fet +e K3 =[Fet, |[]Fe%,]” Eyx0.513 4.7 x 1072 This study

Tiy, = Tig, +¢’ K, =[Tig [e][Tig, ] E;x0.9 4.7 %1073 This study

Fet, = Fef+h’ Ks = [Fef]lh][Fex]” E,x0.333 1.76 x 1078 Ref. [1]
conductivity results in this range, see Figure 9b. Accordingly,  Tjx 4 §r& — Tig + S, (10)

we do not need an extremely precise balancing of acceptors
(Vs,) and donors (Tig,) on the level of ppb, though a reasonably
good match of the Tig, concentration is required for explaining
pseudo-intrinsic behavior, see discussion below.

The pronounced insensitivity of the electron and hole con-
centration to po, variations in the range of 107 to 1 bar is
clearly confirmed by the calculations. In Figure 9c the resulting
Brouwer diagram is shown for a perfectly matching acceptor
to donor ratio of our undoped SrTiO; thin film, that is, for
(St0.04T10.025V0.035) Ti03_g The electron and hole concentrations
are very close to the intrinsic value over a wide oxygen partial
pressure range. We get the same results also for many other
donor to acceptor ratios. Moreover, a very similar situation is
found for the Fe-doped samples: excellent insensitivity to po,
but only mediocre insensitivity to the amount of Ti on A-sites.
The corresponding results for Fe-doped films are shown in
Section S7, Supporting Information.

3.4. Self-Limitation of the Ti Site Change Reaction

This leaves us with the question why the amount of Ti on A-sites
fits to the donor/acceptor range needed for explaining the very
robust pseudo-intrinsic situation, that is, why we get an Ti, frac-
tion of 2.2-2.7% in the case discussed above, and why this works
for different Sr/Ti ratios, different dopants and different doping
levels. At first sight one might think that annihilation of a Sr
vacancy Dby a site change of Ti is either energetically favorable,
and thus takes place to a large extent, or is unfavorable and
hardly occurs at all. However, the corresponding reaction for a
Sr/Ti ratio smaller than unity is more complex. It reads

Ve +(Ti% + Vs, +305 ) = Tis; +3/20, +6¢’ (8)
or
Ti} +2Vg, +30% = Tig, +3/20, +6¢’ 9)

The site change of one Ti ion leads to the annihilation of
one perovskite unit cell ABO; (indicated by the brackets in
Equation (8)) and thus reduces the number of Sr vacancies by
two. Notably, this reaction is different from an antisite defect
formation
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Due to the high formation enthalpies of Sy;; and Tj; this
reaction is often considered energetically unfavorable and thus
neglected.'™l In contrast, in our site change reaction there is
only one very unfavorable defect produced (Tis;) but its forma-
tion is counteracted by the annihilation of two also unfavorable
Sr vacancies. It is therefore very reasonable to assume that
the site switch reaction (Equation (9)) is energetically more
favorable than the antisite defect formation (Equation (10)).

Please note that exact cation stoichiometry of PLD grown thin
films is often governed by growth kinetics rather than bulk ther-
modynamics. Despite this, we may attempt a thermodynamic
treatment given the following considerations: of the defect
chemical reactions included in our calculations, most are elec-
tronic excitations between either conduction or valence band or
band gap states, specifically Equations (1), (2), (4) and (7). These
are probably sufficiently fast to equilibrate on timescales much
shorter than the film growth. The oxygen exchange reaction,
Equation (6), is likely also fast at the deposition temperature of
600 °C. This leaves the site-change reaction, Equation (9). Here
we assume that in the topmost, currently growing layer the ion
mobility, due to low coordination number, is sufficiently high to
allow the layer to reach a (potentially metastable) equilibrium.
In the buried bulk layers below, however, this state is then likely
frozen-in, due to the low cation vacancy mobility in SrTiO;.[212
Possibly, the site-change reaction may not reach its equilibrium
state exactly, that is, the Tis, concentration may be slightly dif-
ferent from its equilibrium value, also because surface equilib-
rium may differ from bulk equilibrium. Below we demonstrate
that a pseudo-intrinsic conductivity still occurs as long as the
Sry; concentration does not deviate from its equilibrium value
too far.

Interestingly, the site change reaction also leads to electrons
on the product side, and thus a high concentration of electrons
is detrimental for the reaction. Let us now assume a reaction
enthalpy and entropy such that the site change reaction is still
favorable for a mid-gap Fermi level. Many site changes might
then lead to such a large number of electrons that essentially
all Sr vacancies become YV and thus the electronic mid-gap
buffer system is over-crowded. The Fermi level moves toward
the conduction band, the Gibbs free energy of the product side
in Equation (9) becomes unfavorable and the Tig, formation is
stopped. This kind of self-limitation is responsible for the Tig,
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Figure 9. Defect chemical calculations at 400 °C for the defect chemical parameters in Table 2 and Ref. [1]. (a) Defect concentration against A-site Ti
fraction, constrained to the elemental composition determined by ICP-OES, i.e. Sr/Ti = 0.918 and po, of 1 bar. (b) Corresponding electron, hole and
sum conductivities. (c) A Brouwer diagram for Sr deficient undoped SrTiO; with Ti partly on the A site (Srg.41Tig.025) TiO3_s.

fraction not exceeding a level that keeps the Sr vacancy buffer
still active. In other words, this self-limitation automatically
establishes the proper acceptor/donor ratio. Therefore, mid-gap
pinning of the Fermi level results in many cases.

The same argumentation can also be expressed in terms of
the corresponding mass action law:

A mid-gap Fermi level requires substantial concentrations
of Tig, as well as Vg, and thus Vs';]>> [¢/] and [Ti‘s',]>> [e].
Due to charge neutrality, any substantial change of the donor
concentration, that is, of [ Ti;, |, would require very strong rela-
tive changes of the small [¢], which is not compatible with
Equation (11). Hence, further formation of Tig, does not take
place and the Fermi level stays pinned. Please note: Even if the
(effective) oxygen partial pressure during deposition was dif-
ferent, for example, due to influence of the plasma,'%3l the gen-
eral model still holds. A different po, would mainly change the
Ky, window where the buffer effect occurs.

This can be quantified by numerically calculating the Gibbs
free energy G of the system for different stages of the site
change reaction Equation (9), that is, in dependence of the
fraction of A-sites occupied by Ti (Tig, per unit cell). Figure 10a
displays the resulting curves for a specific Sr/Ti ratio (0.918,
see experiments), 650 °C, po, =0.15 mbar (PLD conditions)
and different standard Gibbs free energies AGP of this reaction.
Indeed, a minimum and thus a thermodynamically stable situa-
tion results close to the optimal Tig, site fraction (between 2.2%
and 2.7%), at least for a certain AG® range. The equilibrium Tig,
fractions are plotted in Figure 10b for different AG?, together
with the two concentrations of the Sr vacancy buffer system
(Vi Vg)- It becomes obvious that for a reasonably broad range
of AG? (between 9.5 and 10.5eV) the self-limitation of the Ti-site
change results in films with acceptor and donor concentrations
being such that the Fermi level is pinned close to mid-gap. A
comparison of our AG? with STO defect formation enthalpies
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from literature confirms that the suggested energy range is
indeed a reasonable estimate.l'V10410] This is discussed in
detail in the Section S9, Supporting Information.

The robustness of our pseudo-intrinsic conductivity can now
be tested by numerically calculating the resulting electronic
conductivity for different Sr/Ti ratios and varying AG? values
as well as varying positions of the Sr vacancy level (around mid-
gap). In a first step, the equilibrium Tig, concentration is deter-
mined for given defect parameters and 650 °C, po, = 0.15 mbar
(PLD conditions). Then the resulting Tis, fraction is taken as
frozen-in and the other defect concentrations are recalculated
for 400 °C, po, = 1 bar. The results are plotted in Figure 11a—d
with the inner dashed lines indicating the region (bright blue)
in which the conductivity is at most twice the intrinsic conduc-
tivity. We consistently find pseudo-intrinsic conductivity values
despite varying Sr/Ti-ratios as long as AG® is in the range of
=9.25-10.5 eV and Sr vacancies are around mid-gap. Not sur-
prisingly, the pseudo-intrinsic behavior does not simply vanish
when during pulsed laser deposition the laser energy is varied,
leading to a varying Sr/Ti ratio.[°%

Still these diagrams are a bit misleading. They seem to sug-
gest that also Sr vacancy levels far from mid-gap may cause
pseudo-intrinsic conductivities for appropriate AG® values.
This, however, describes just the situation where donors exactly
counter balance acceptors in absence of a buffer system. This
is visualized in Figure 1le- h, where the conductivity and thus
also the pseudo-intrinsic range is plotted versus Sr vacancy
level in the band gap and the A-site Ti fraction. Clearly, a sig-
nificant deviation of the Vg, buffer system from mid-gap
strongly reduces the tolerance of the system with respect to
exactly established site changes, that is, the concentration
of Tig, Essentially, for a nonbuffered pseudo-intrinsic situa-
tion the slightest deviation of Tig, from its equilibrium value
causes large changes of [¢'] and drastic changes of the rh.s. in
Equation (11). (Hence, a variation of Tig, formally corresponds
to very strong AG? change, if the buffered range is left.) Accord-
ingly, a very robust pseudo-intrinsic effect requires Vg, states
being approximately mid-gap.
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Figure 10. (a) Gibbs free energy G of an undoped SrTiO; film with
Sr/Ti=0.918 calculated for a progressing site change reaction, Equation 8,
at 650 °C and 0.15mbar oxygen partial pressure and different standard
Gibbs energies of the reaction AG®. In a certain range, the minima
of G correspond to Tis, values with pseudo-intrinsic conductivities.
(b) Dependence of several equilibrium donor and acceptor defect con-
centrations on the standard Gibbs free energy of the site change reaction.

The same stability results when performing such calcula-
tions for Fe-doped thin films with a fixed Sr/(Ti+Fe) ratio but
varying Fe dopant concentration, see Figure 12 for the case of
Sr/(Ti+Fe) = 0.90, Sr vacancies being exactly mid-gap and no Fe
on the A site. Hole trapping at Fer; is taken into account, but vir-
tually all trap states are filled anyway due to the mid-gap pinning
of the Fermi level. Thus, also other acceptor dopants (e.g., Ni,
Al) would lead to the same effect as long as their hole trapping
level is significantly below mid-gap. We see that up to almost
10% Fe doping for AG® of the Ti site change reaction between
9.5-10.5 eV all Fe-concentrations lead to pseudo-intrinsic con-
ductivities (within a factor of two of the exact intrinsic value). A
more detailed analysis of this situation is given in the Section S8,
Supporting Information, where more Sr/(Ti+Fe) ratios and
also Fe on Sr sites are taken into account. Accordingly, the last
point of our consistency check is also fulfilled and we dare to
say that we truly have a very reasonable model that can explain
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the “ubiquitous” low conductivity of SrTiO; thin films. Accord-
ingly, situations may often result with conductivities pinned to
a certain (not necessary ultra low) value and hardly depending
on doping or oxygen partial pressure. This effect may either
impede an intended tuning of the conductivity by doping, or, in
the fortunate case that the vacancy buffer level coincides with a
desired conductivity, protect against conductivity changes due to
impurities. Owing to the self-regulation of the site changes, we
suppose that very similar phenomena also exist in many thin
films of other ternary oxides with large band gaps.

4. Conclusion

Ultra low and almost intrinsic electronic conductivity ([e’]=[h"])
was found for differently doped (Fe, Ni, Al) SrTiO; thin films,
in a broad range of dopant concentrations, and for nominally
undoped SrTiO; thin films. Thin film characterization revealed
a substantial Sr vacancy concentration. Fe-doped StTiO; thin
films were further investigated by XAS and XSW, unraveling
a redistribution of Fe toward the A-site of the perovskite. Based
on these observations we developed a model explaining the
almost ubiquitous pseudo-intrinsic conductivity found in many
StTiO; thin films. Essential are Sr vacancies as acceptor-type
mid-gap states and a donor dopant, which together pin the
Fermi level in the middle of the gap. This is analogous to an
aqueous system when adding a base to a weak acid of pKg =7,
thus activating the corresponding buffer system and fixing the
pH close to 7. Possible donor dopants present in our thin films
are discussed and the main source of donors is believed to be
B-site ions on A-sites, particularly Ti ions on A-sites. The Ti site
change reaction also involves electronic charge carriers and
becomes energetically unfavorable when leaving the mid-gap
situation. Hence, a kind of self-regulation takes place, leading
to the proper amounts of donors (Tig,) and acceptors (V)
in such a thin film. Accordingly, this effect of a dopant-inde-
pendent very low conductivity may not only occur under very
specific conditions but might be rather ubiquitous and present
in many other materials with two cations as well. Depending
on the energy level of cation vacancies in a specific material,
this can lead to either strongly insulating or conducting states
which are very robust against impurities and independent of
doping or oxygen partial pressure. This may either impede an
adjustment of the intended conductivity, or, if the Fermi level
is pinned at a desired level, guard against detrimental effects
of impurities.

5. Experimental Section

Sample Preparation: Various SrTiO; powders were prepared via a
mixed oxide route, starting with SrCO;, TiO,, and depending on the
dopant, Fe,03, NiO, or Al,O3 (Sigma Aldrich, Germany). Stoichiometric
amounts of the respective materials were weighed and then mixed for
at least 40 min in an agate mortar. Subsequently, the pressed powders
were calcined at 1000 °C for 2h in ambient air. After an additional milling
step, the powders were pressed at 3kbar using a cold isostatic press
and subsequently sintered at 1200 °C for 5h in air. XRD measurements
confirmed the phase purity of the obtained pellets. Those were used as
targets for pulsed laser deposition. A summary of all targets is given in
Table 1. Different substrates, namely undoped SrTiO; (CrysTec GmbH,
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Figure 11. a) to d) Contour plots of the electronic conductivity at 400 °C,
Po, =1 bar for undoped SrTiOj; thin films of different Sr/Ti ratios for dif-
ferent Vs, levels in the band gap and different standard Gibbs free ener-
gies of the site change reaction AGC. The inner bold dashed lines indicate
the region in which the conductivity is less than a factor of two above the
intrinsic conductivity (i.e. for [e]=1[h"]), the outer dashed lines indicate
a factor of four. The calculations are done in two steps: First, the equi-
librium Tis, concentration is calculated under PLD conditions (650 °C,
0.15 mbar O,). Then, the Tis, concentration is taken as frozen-in and
all other defect concentrations are recalculated for 400 °C. Sr vacancies
around mid-gap and AG® around 10 eV cause pseudo-intrinsic behavior
for a very broad range of Sr/Ti ratios. e) to h) Contour plots indicating the
electronic conductivity at 400 °C, po, =1 bar bar for an undoped SrTiOs
thin film with different Sr/Ti ratios, for Vs, levels varying around mid-gap
and different Tis, fractions. The solid lines indicate the region in which
the conductivity is less than a factor of two above the intrinsic conduc-
tivity (i.e. for [¢]=[h"]), dashed lines indicate a factor of four. It is seen
that the tolerance of pseudo-intrinsic behavior with respect to the Tis,
ratio strongly decreases when the Vg, electronic level deviates significantly
form mid-gap.
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Figure 12. Electronic conductivities at 400 °C, po, =1bar, compared to
the intrinsic conductivity for different AG® values, Sr vacancies being
exactly mid-gap and the Fe doping level varying while Sr/(Fe+Ti) is fixed
at 0.90 and Fes, is neglected here. In a broad range of Fe doping levels
the pseudo-intrinsic situation again results as long as AG® is between
9.5and 10.5 eV.

Germany), Nb-doped SrTiO; single crystals (0.5% wt Nb content,
CrysTec GmbH, Germany) and yttria stabilized zirconia (YSZ, 9.5mol%
Y,0;, Crystec GmbH, Germany), all (001) oriented, were used in this
study. For conductivity measurements, Nb-doped SrTiO; was used
as a substrate due to its high conductivity. Thereby, the across-plane
conductivity (or resistance) of the different thin films can be measured.
In addition, the good match of the lattice parameter between undoped
or slightly doped SrTiO; and the Nb:SrTiO; substrate leads to an
epitaxial growth of the thin films. For this very reason, undoped SrTiO;
substrates were used for XRD measurements and reciprocal space
mapping. STO films for electrical characterization (grown on Nb:STO)
and for XRD (grown on STO) were assumed to be identical in their
chemical, crystallographic, and electrical properties. For the chemical
analysis, YSZ was used as a substrate. In this case, no epitaxial growth
takes place, but the chemical composition of these films should still
correspond to that of films used for electrical characterization and XRD.
The YSZ substrates did not contain significant impurities from elements
relevant for the SrTiOs thin films (Sr, Ti, Fe, Ni, Al) and were therefore
highly suitable for elemental analysis.

SrTiO; based thin films (undoped and acceptor doped) were prepared
by pulsed laser deposition using a KrF excimer laser (1 = 248 nm)
(COMPex Pro 201F, Coherent, Netherlands) with pulse duration of 25 ns.
For the deposition process, a pulse frequency of 5Hz, a laser fluence of
1.1 ) cm™2, a substrate-target distance of 55 mm, an oxygen pressure of
0.15 mbar and a substrate temperature of 650 °C were set. Thin films
with different thicknesses from 80 to 350 nm were investigated.

Circular Pt thin film micro-electrodes were prepared on top of
the SrTiO; thin films. The corresponding Pt thin films were sputter-
deposited in a high voltage magnetron coating device (BAL-TEC MED
020, Germany) and subsequently micro-patterned by lift-off photo-
lithography. Only the 0.4% Fe-doped SrTiO; film has LaggSrg4CoOs_s
microelectrodes, prepared as described in ref. [106] for better
comparison with literature. The micro-electrodes were contacted with Pt
needles during impedance measurements. A schematic representation
of the sample design is given in Figure 13.
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Impedance
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e R T R AT
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Figure 13. Sketch of a typical sample for electrochemical characterization
with a (doped or nominally undoped) SrTiOj; thin film on a Nb-doped
SrTiO; substrate. For well-defined electrical contact, circular Pt micro-
electrodes (300 pum in diameter) are deposited on top of the SrTiO; thin
film. A porous Pt layer acts as the counter electrode at the bottom of the
Nb-doped SrTiOs single crystal.

Impedance Spectroscopy: In order to investigate the conductivity of
the thin films, electrochemical impedance spectroscopy (EIS) with
an Alpha-A High Resolution Analyzer (Novocontrol, Germany) was
used. For temperature control, all electrochemical measurements were
performed in a homogeneously heated furnace described in ref. [107]
within a temperature range of 280 to 740 °C. The impedance was probed
in a frequency range from 0.9MHz to THz with a resolution of 10 points
per decade, using an AC rms amplitude of 20mV.

Chemical Analysis: First, the thin films on YSZ were dissolved in
3% v/v HNO; and 0.3% v/v HF for 30min at 25 °C and the obtained
solution was subsequently analyzed via solution based ICP-OES (iCAP
6500, Thermo Fisher Scientific, USA). For quantification, liquid standard
solutions were used for external calibration. For more details, see
Section S1, Supprting Information.

For comparison, the Sr/Ti ratio of nominally 5% Fe-doped SrTiO;
was investigated using RBS. Experiments were performed at the
ETH Tandetron accelerator using a 2 MeV He beam. Back-scattered
particles were detected by a silicon PIN diode under 168° and data were
analyzed by comparison with RUMP simulations.l'®l The Fe/Ti ratio was
subsequently investigated using time-of-flight heavy ion elastic recoil
detection analysis (ToF-ERDA). 13 MeV 7| was employed as primary
beam and recoiling sample atoms were analyzed by the combination of
a ToF-spectrometer with a gas ionization detector.'” Biparametric data
were converted to mass spectra and analyzed using a custom software.

X-Ray Diffraction: In order to investigate the lattice mismatch between
deposited SrTiO; thin films and the nominally undoped (001) oriented
SrTiO; substrates, reciprocal space maps of the (002), (103), and (113)
reflections were recorded. The measurements were conducted on
an Empyrean multipurpose diffractometer (Malvern Panalytical Ltd,
UK) with a Cu-anode operating at 45 kV and 40 mA, which yielded a
wavelength of 1 = 1.5406 A(Cu K, radiation) and 1 = 1.5444 A(Cu K,
radiation). A hybrid monochromator (2 x Ge(220)) with a 1/32 divergence
slit and a 4mm mask was placed in the incident X-ray beam. A GaliPIX
3D detector was used in the frame-based mode. This specific detector
adjustment allowed to measure 6.867° in 26 without moving the GaliPIX
with a resolution of 0.014°. The need of only scanning @ with a step size
of 0.007° reduced the required time for data acquisition tremendously.
Reciprocal space maps were measured for the (002) (w = 23.238°,
20 = 46.475°), the (103) (@ = 20.138°, 26 = 46.475°), and the (113)
(w =15.600°, 26 = 46.475°) reflections. The (103) and (113) reflections
also depended on the angle ¢. In order to optimize the obtained signals,
@ had to be adjusted before each measurement (rotation along the
axis perpendicular to the sample surfaces). In total four different thin
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films (from nominally undoped, 0.4% Ni-doped, 0.3% Al-doped, and 1%
Fe-doped SrTiOj; targets) deposited on undoped SrTiOj; single crystals
were measured at ambient conditions.

Positron Annihilation Lifetime Spectroscopy: Variable energy positron
annihilation lifetime spectroscopy measurements were conducted
on nominally undoped SrTiO; and Fe-doped SrTiO; single crystals
as well as thin films at the mono-energetic positron source beamline
at Helmholtz—Zentrum Dresden—-Rossendorf, Germany." A digital
lifetime CrBr; scintillator detector (5Imm diameter and 25.4mm length)
coupled to a Hamamatsu R13089-100 PMT was used. The detector
was p-metal shielded and housed inside a solid Au casing. For data
acquisition, a multi-channel digitizer (SPDevices ADQ14DC-2X) with
14-bit vertical resolution and 2GS/s horizontal resolution was utilized.
Time resolution down to =0.210 ns was achieved. Typically, a lifetime
spectrum N(t) is described by N(t) = X5 'liexp (t/7), where 7 and I; are
the positron lifetime and intensity of the ith component, respectively
(X1;=1) and convoluted with two Gaussian functions with distinct shifts
and intensities.

All spectra contained at least 10’ counts and were decomposed using
the nonlinear least-square based package PALSfit fitting softwarel"l
into two or three discrete lifetime components, which directly
evidence delocalized bulk annihilation (73) and localized annihilation
at two different defect types (sizes; 7, %,). The corresponding relative
intensities reflected to a large extent the concentration of each defect
type (size) as long as the size of the compared defects is within a similar
range. In general, the positron lifetime scaled directly with defect size.
The larger the open volume, the longer positrons will live due to reduced
electron density."" The positron lifetime and its intensity were probed
as a function of positron implantation energy E,, which was proportional
to the positron implantation depth.

XSW Measurements: The XSW technique is a method allowing direct
structure determination with pm resolution.'™ Such measurements
were conducted at the chemical crystallography beamline P24 at the
PETRA Il storage ring at Deutsches Elektronen-Synchrotron (DESY)
in Hamburg, Germany. The standing wave field was generated by
interference of the incoming beam and the Bragg reflected beam from a
Fe-doped SrTiO; thin film (deposited on an SrTiO; single crystal). Photo-
absorption and, as a result, also emission of fluorescence from the
probed atoms were proportional (within electric-dipole approximation)
to the intensity of the interference field at the respective atoms. Atoms
located at the maxima of the standing wave emitted more fluorescence
radiation whereas atoms at positions of the destructive interference
emitted less. By changing incident angle or the photon energy, the
position of the nodes and anti-nodes of the interference field can be
varied, resulting in changes of the fluorescence yield. For different atom
positions (e.g., interstitial, A, and/or B site) different dependencies from
the deviation of the Bragg angle can be observed. Here, the angular
dependency of the Fe K-fluorescence yield was measured.

To investigate whether Fe was located at a lattice site (A-site and
B-site) or at an interstitial site, the (002) reflection was probed. To
distinguish between A- and B-site occupancy of Fe, the (001) or (003)
reflection can be used. At the (003) reflection, the probed sample
volume was smaller, thus minimizing the potential influence of spatial
variation of the substrate (e.g., due to substrate imperfections). Rocking
scans of the (002) and (003) reflections were carried out on 220 nm
thick Fe-doped SrTiO; thin films deposited from PLD targets with a
stoichiometric composition of SryoTigosFe 0,03 as well as a 5% Sr
overstoichiometry (SryosTigogFe0,03) to compensate Sr loss in the
preparation process.[®%l All XSW experiments were carried out at ambient
conditions. For all measurements, an incident beam energy of 8.5 keV
was used, corresponding to a wavelength of 1.4586 A. The sample was
oriented to fulfill the Bragg condition, and rocking scans around this
position were performed.

A fluorescence spectrum was recorded at each angular step of the
scan. Fluorescence spectra from several scans were summed up in order
to improve the counting statistics. Then the chosen spectral line was
fitted with a Gaussian function and linear background, and the yield
calculated as an integral of the Gaussian. Subsequently, the obtained
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results were compared to simulations for different Fe occupancies
(A-site, B-site, mixed, interstitial). The simulations were based on the
dynamical theory of diffraction,™ assuming a finite crystal thickness,
so that the influence of the wave fields related to both branches of the
dispersion surface was taken into account.

X-Ray Absorption Spectroscopy: XAS was performed at the surfaces/
interfaces: microscopy beamline at the Swiss light source, Paul Scherrer
Institute (PSI), Switzerland. The absorption of linear polarized X-rays was
measured in energy ranges of 521.0-589.0 eV (O K-edge), 441.0-479.0 eV
(Ti Lys-edge), and 691.1-749.0 eV (Fe L, ;-edge) at room temperature. At
least four different positions were probed on each sample. Here, 220 nm
thick thin films deposited from a SrTiOj; target with 2% Fe, were used
directly after deposition (as-deposited) and after subsequent annealing
for 12h at 700 °C in air. For these samples, the total electron yield as well
as the fluorescence yield were measured, with the fluorescence mode
being more bulk sensitivel"™ while the information depth of total electron
yield measurements was in the range of several nanometers, 1511
comparable to the width of space charge layers.’] The obtained spectra
were normalized to the incident beam intensity using a gold mesh and
processed using the Athena program.l® Interpretation of the XAS
spectra was supported by linear combinations of simulated spectra of Fe
in different oxidation state, that is, Fe?* and Fe*, in octahedral geometry
using TM4XAS.[M
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