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Misfit strains arising from a film—substrate mismatch can induce novel phases and properties in the
epitaxial films of perovskite oxides. Here we employ yet another effect, namely, strain-assisted
formation of oxygen vacancies. We demonstrate the misfit-promoted presence of oxygen vacancies
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and related substitutional incorporation of anion dopants in the epitaxial films of archetypal
perovskite oxide SrTiOs. Both the oxygen vacancies and hydrogen or nitrogen dopants are
introduced in situ during the pulsed-laser deposition of the films using compressive substrates. The
films exhibit peculiar chemical expansion and optical properties, which are consistent with
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Introduction

Strontium titanate (SrTiOs, STO) is an archetypal representative
of technologically important perovskite oxide ferroelectrics.
Unstressed pure STO crystals are wide-bandgap insulators
and adopt a cubic paraelectric state at temperatures above
105 K, and a tetragonal antiferrodistortive phase at lower
temperatures. Substitution of Sr can induce ferroelectricity
and raise the electrical conductivity in STO.

In addition to cationic doping, substitution of oxygen
with anions such as F, H, or N has also been achieved in
ferroelectrics. These mixed-anion compounds include high-
performance oxyfluoride piezoelectrics, non-toxic oxynitride
pigments, and especially valuable oxyhydrides, which can
enable solid-state hydride ion conductivity and fast hydrogen
exchange and are vital for applications in energy and catalysis
(see the review in ref. 1 and references therein).

Because of their metastability, the synthesis of mixed-
anion perovskites is a complex process. The most successful
method employs the preparation of stoichiometric oxides with
the subsequent introduction of anion dopants during high-
temperature processing in an anion-containing gas atmo-
sphere. In this work we present the in situ synthesis of
stable mixed-anion perovskites via the epitaxial growth of
misfit-strained films.
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Cube-on-cube-type epitaxial perovskite oxide films experi-
ence misfit strain that arises from a film-substrate mismatch in
lattice parameters. This strain is a powerful tool to create new
phases and properties in epitaxial films.? For instance, the state-
of-the-art strain-temperature phase diagram of epitaxial STO films
suggests the room-temperature tetragonal antiferrodistortive or
ferroelectric phases, which are not available in STO crystals.

Another recently revealed essential consequence of misfit
strain is the reduction of the formation energy for oxygen
vacancies (Vo) in perovskite oxides.*” These oxygen vacancies
may offer unoccupied lattice sites for anion dopants, therefore,
the misfit-promoted formation of oxygen vacancies may facil-
itate the substitutional incorporation of anion dopants in
epitaxial films. Moreover, as recently found in epitaxial BaTiO;
films,®° a misfit strain can control the orientation of the Ti-V-Ti
complexes and determine the specific locations of the vacancies
in selected atomic planes. Hence, misfit-assisted anion
doping may lead to specific spatial distribution of dopants
as well. Here we experimentally demonstrate such doping in
representative STO films.

We employed in-plane compressive misfit strains and varied
the gas atmosphere to introduce oxygen vacancies, hydrogen,
or nitrogen in situ, during the pulsed-laser deposition (PLD)
of epitaxial STO films. We observed a strong out-of-plane chemical
expansion that indicates the selective location of dopants. We
inspected the optical properties of the films and found dopant-
specific near-edge absorption, which points to substitutional
incorporation of anion dopants. Furthermore, we identified the
main interband optical transitions, which suggest minor if any
interstitial incorporation of dopants. Finally, we propose that such
strain-assisted in situ anion doping can be successfully applied to
a broad class of perovskite oxides.
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Experimental

Epitaxial STO films were grown by pulsed laser deposition on
(001) (LaAlO3) 5(SrAly sTag 503)0.7 (LSAT) substrates (MTI Corp.).
For both reference and comparison, polycrystalline STO films were
also simultaneously grown on Si substrates covered with an amor-
phous native SiO, layer (Si/SiO,). Compared to epitaxy-enabling
LSAT substrates, the SiO, layer prevents the epitaxial growth of
STO. Dense stoichiometric STO ceramics were used as a target.
Substrates were kept at a temperature of 973 K during deposition
and the temperature was lowered at a rate of 5 K min~* during post-
deposition cooling. The gas pressure was varied for different
samples (kept constant during deposition and post-deposition
cooling): 20 Pa oxygen for regular films (marked here by O), 5 Pa
oxygen for introducing oxygen vacancies (Vo), and 5 Pa hydrogen
or nitrogen for hydrogen or nitrogen doping, respectively (H or N).
The thickness of the films was ~ 80 nm. Additionally, a 200 nm-
thick Vo-film was prepared for structural investigations.

The room-temperature crystal structure of the films was studied
by high-resolution X-ray diffraction on a D8 DISCOVER diffracto-
meter (Bruker corporation) using Cu Ko radiation. ©-26 scans in
the range of 26 = (10-130) deg and reciprocal space maps (RSM) in
the vicinity of the perovskite (002) and (303) diffractions were
acquired. The in-plane (parallel to the substrate surface) and
out-of-plane (normal to the substrate surface) lattice parameters
were estimated from the positions of the diffraction maxima using
LSAT as a reference. The thickness of the films was determined
using Laue satellites in the ©®-20 scans and by X-ray reflectometry
on the diffractometer. The diffraction and reflectometry data were
fitted using LEPTOS software.

The chemical composition of the films and the valence state of
the constituent elements were inspected by X-ray photoelectron
spectroscopy using a NanoESCA photoelectron emission spectro-
scopy and microscopy instrument (Oxford Instruments Omicron
Nanoscience). The sample excitation was performed using mono-
chromatic Al Ko, , (1486.7 eV), He I (21.2 eV), and Hg (5.2 eV)
radiation. The measured binding energies were referenced to the
Fermi level E = 0 eV. The acquired spectra were processed using
CasaXPS software.'® The peaks’ backgrounds were convoluted
using Shirley functions. The elemental composition was estimated
using Scofield’s relative sensitivity factors.

The optical properties of the films were examined using variable
angle spectroscopic ellipsometry. The measurements were performed
on a J. A. Woollam VUV ellipsometer at room temperature, in a dry
nitrogen atmosphere, and at photon energies of (0.75-8.8) eV.
Ellipsometric spectra were acquired at five angles of incidence
(55° to 80° with 5° step) with an energy step of 0.02 eV. The optical
constants of the films were extracted from the spectra of ellipso-
metric angles using a commercial WVASE32 software package. More

details on the ellipsometric procedure can be found elsewhere.'"*

Results and discussion
Uniaxial chemical expansion

XRD analyses showed a cube-on-cube-type epitaxial growth of
the STO films on LSAT [Fig. 1(a-i)]. The STO/LSAT films have
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Fig. 1 (a—i) X-ray diffraction (a—d) ®-26 scans, (e—h) reciprocal space
maps along (303) reciprocal lattice points, and (i) comparison of @-260
scans around the (001) peak in different films as marked on the plots.
Coordinates are expressed in reciprocal lattice units of LSAT in e—h. (j) XPS
spectra acquired in the O-, Vo, N-, and H-films. The lines of O, Ti, and Sr
are marked on the plot.

a perovskite-structure and possess epitaxial relationships
[100](001)STO||[100](001)STO. The Ve-, H-, and N-films were
perfectly coherent to LSAT [Fig. 1(f-h)], whereas partial relaxa-
tion was found in the O-film [Fig. 1(e)].

The lattice parameter of cubic LSAT (a;sar = 3.868 A) is smaller
than that of cubic STO (asro = 3.905 A). Correspondingly, the
theoretical biaxial in-plane STO/LSAT misfit strain is compressive:
Sa = (@rsar/asro — 1) & —0.95%. For the coherent strained (001)STO
film on (001)LSAT, the in-plane lattice parameters should be
similar and equal to a = a; sar and the out-of-plane lattice parameter
¢ should be elongated, respectively: ¢ = asro-[1 — (2¢12/€11)-Sa] &
3.927 A. The elastic constants of STO are ¢;; = 3.48 x 10" N m 2
and ¢y, =1.03 x 10" N m ™, respectively.'? As found recently,’ such
tetragonal fully strained STO/LSAT films can grow to a thickness of
<100 nm, above which the misfit relaxation occurs. In agreement
with ref. 3, the 80 nm-thick O-film is tetragonal. The lattice
parameters are ¢ ~ 3.926 A and a ~ 3.870 A, nearly equal to the
theoretically estimated ones.

For oxygen vacancy Vo in STO, the neighboring Ti ions are
displaced away from the vacancy and the lattice locally stretches
along the Ti-Vo-Ti direction."*™"” This local lattice anisotropy
averages out on the macroscopic level for a conventional random
spatial distribution of the vacancies; the corresponding chemical
lattice expansion is usually isotropic. However, in the epitaxial STO/
LSAT films, the in-plane compression can promote the vacancy
formation in the Sr-O planes parallel to the substrate (001)
surface, ie. in the [Sr-0](001) planes.””® This selective vacancy
location is qualitatively comprehensible because the in-plane
Ti-Vo-Ti elongations “work” against the in-plane misfit com-
pression that is energetically unfavorable. The strain-assisted
favorable out-of-plane alignment of the local lattice Ti-Vo-Ti
elongations can result in a specific preferably out-of-plane
macroscopic chemical expansion.
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Here, the specific out-of-plane chemical expansion is evidenced
by the increased out-of-plane lattice parameter cyo = 3.938 A in the
Vofilm compared to the O-film, whereas the in-plane lattice
parameters are unchanged therein [Fig. 1(e, f and i)]. Nevertheless,
assuming that the large cyo originates from both the isotropic
chemical expansion (due to cationic or oxygen off-stoichiometry) of
the Vo-film material and the film’s in-plane compression by LSAT,
the lattice parameter of the unstrained cubic Vg-material should
have been equal to ayo ~ 3.913 A, and the film-substrate misfit
strain, correspondingly, s,yo & —1.1%. However, the increased
magnitude of s,yo suggests a partial strain relaxation and, hence,
changes of the in-plane lattice parameters.® Instead, the coherency
of the Vo-film to the LSAT substrate is improved compared to the
O-film [Fig. 1(e, f and i)]. The better epitaxial quality of the Vo-film
is consistent with the out-of-plane alignment of the Ti-Vo-Ti
complexes that diminishes the total elastic energy.

In order to strongly prove the out-of-plane chemical expan-
sion, we investigated a thicker Vo-film (thickness ~200 nm).
In the absence of aligned Ti-Vo-Ti complexes, the misfit strain
was expected to relax.® In contrast to this expectation, the film
exhibits excellent coherency to LSAT, which evidences the
lack of strain relaxation and solidly supports the out-of-plane
Ti-Vo-Ti orientation [Fig. S1, ESIt].

The out-of-plane chemical expansion is clearly present in the
N-films and H-films [Fig. 1(c, d and g-i)], where the out-of-plane
elongation is further enhanced: cy = 3.956 A and ¢y = 3.966 A.
These observations are consistent with the out-of-plane align-
ment of the Ti-N-Ti and Ti-(H or H2)-Ti complexes and indicate
substitutional lattice incorporation of anions.'®>* We emphasize
that interstitial incorporation cannot produce such revealed
anisotropic chemical expansion. We note that the deposition
conditions do not affect the cationic composition of the films,
where the Sr:Ti ratio is close to one [Fig. 1(j) and Fig. S2, ESIT].
In addition, we measured an approximately similar oxygen con-
tent in all films within the quantification accuracy of XPS, which
suggests oxygen deficiency of 4 < 0.2 in SrTiO;_s;. However,
compared to the O-film, the unit-cell volume is expanded by 0.3%
in the Vy-film, 0.8% in the N-film, and 1% in the H-film.

We emphasize that the large out-of-plane chemical expansion
is achieved in the strained epitaxial STO/LSAT films, whereas
the crystal structure and lattice parameters are independent of
deposition conditions in polycrystalline films grown on Si/SiO,
[Fig. S3, ESIT]. These observations additionally corroborate the
misfit-assisted formation of oxygen vacancies and anion doping.
Next, we verify substitutional lattice incorporation of hydrogen or
nitrogen by analyzing the optical properties of the films.

In-gap states

The oxygen vacancies and anion dopants at oxygen sites produce
diverse in-gap states in STO."*>* Because the optical transitions
from/to these states are fingerprints of the vacancies and
dopants, investigations of the optical absorption coefficient o
can disentangle the vacancy formation and anion interstitial or
substitutional incorporation.

The measured optical absorption spectra «(E) reveal the
onset of absorption at photon energy E > 3.5 eV in all films
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Fig. 2 Optical absorption coefficient « as a function of photon energy in
different films as marked on the plots (a—c). The dashed curves show fits to
the Urbach rule (d—g) and dopant-specific peaks (f and g, red color).

[Fig. 2(a—c)]. Remarkably, distinct dopant-dependent types of
absorption behavior are clearly seen in the near-edge spectral
range from 0.7 to ~ 3.2 eV [Fig. 2(a and b)]. The regular epitaxial
O-film [Fig. 2(a)] and all polycrystalline films [Fig. 2(b)] exhibit
excellent transparency in this range. This behavior evidences a
wide bandgap, in agreement with that in pure STO, and shows
the absence of deep in-gap states. The absence of in-gap states
is consistent with the absence of a chemical expansion, both of
which indicate negligible, if any, concentration of vacancies or
dopants.

For optical absorption in STO, a near-edge absorption tail is
characteristic and obeys the Urbach rule: o oc exp[(¢E)/(kgT)],
where the parameter ¢ characterizes the tail steepness, kg is the
Boltzmann constant, and T is the temperature.>®> Good Urbach
fits are obtained in the epitaxial O- and V-films [Fig. 2(d and e)],
whereas the Urbach tails are superimposed with dopant-specific
absorption peaks in the N- and H-films [Fig. 2(f and g)]. The
peaks indicate occupied in-gap states lying ~2.5 eV below the
conduction band in the N-film and ~ 1.5 €V below the conduction
band in the H-film.

According to the first-principles analyses, ™ the in-gap V-states
are expected to be ~0.2 eV and 0.5 eV below the conduction band
and, hence, should not manifest themselves in the spectral range
investigated here. The results in Fig. 2(e) are consistent with this
expectation.

The deep in-gap states detected here in the N-film [Fig. 2(f)]
were not found for the interstitial incorporation of nitrogen
in nitrogen-doped (001)STO films.>® The optically evidenced
absence of interstitial nitrogen in our films is confirmed by XPS
data: the N 1s lines and shoulders of the Ti 2p lines, which
correspond to interstitial nitrogen,>® are not detected therein.
The wide bandgap and the deep in-gap states in the N-film
agree well with theoretical calculations,"®'® which show that
the substitution of N for O introduces in-gap states, whereas the
mixing of N 2p and O 2p states is very weak and does not reduce

15,16
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the bandgap. Moreover, our observations of optical absorption
at ~2.5 eV are in excellent agreement with the calculations for
substitutional N.*>° The results in Fig. 2(f) thus solidly support
the substitutional incorporation of nitrogen.

Considering theoretical analyses of hydrogen centers in STO,
the observed concurrent strong out-of-plane lattice expansion
and optical absorption at ~1.5 eV in the H-film imply the
incorporation of one and/or two hydrogen atoms at the oxygen-
vacancy site.’’?* The two atoms can form stable hydrogen
molecules (H,) and metastable (2H) complexes. Whereas H,
molecules can produce the strong lattice expansion, they cannot
be responsible for the deep in-gap states. The optical absorption
at ~1.5 eV is likely caused by the excitation of metastable (2H)
complexes.>' We note that other types of hydrogen-related centers,
which are difficult to detect experimentally, may still be present
in the H-film. Importantly, our observations reveal a profound
substitutional incorporation of hydrogen.

Interband transitions

For interstitial nitrogen, an uplift of the top valence band and
the corresponding narrowing of the optical bandgap are
expected.”® For interstitial hydrogen, the formation energy is
low, whereas the related lattice expansion is negligible and not
easily seen in chemical expansion. However, a sufficiently large
concentration of interstitial hydrogen can lead to an apparent
narrowing of the optical bandgap because of the lowering of the
conduction band edge.”* Therefore, a decrease of the energies
of the interband optical transitions can signify the presence of
interstitial anion dopants in our films.

Here, the near-edge absorption tails prevent from accurate
analysis of the indirect bandgap, typical for STO. Good linear
fits (xE)* oc (E — Eq) reveal the lowest-energy direct transition
being at Eq =~ 4 eV in all films [Fig. 3(a-d)]. This energy is ~0.2 eV
larger than that (~3.8 eV) in bulk STO.*” Such a substantial
blueshift agrees well with the predicted uplift of the conduction
band in epitaxial strained antiferrodistortive STO films.”®
Remarkably, the blueshift increases with increasing out-of-plane
elongation in the V-, N-, and H-films, which also agrees with

(aE)? (10" cm?eV?)

E,=3.97eV|

E (eV)

® (9)

a5 6 7

E (eV) E (eV)

Fig. 3 (a—d) Plots of (xF)? as a function of photon energy for the direct
bandgap in the (a) O-, (b) Vo-, (c) N-, and (d) H-films. The dashed lines
show fits. (e—g) Second derivative of the imaginary part of the dielectric
function d®s,/dE? as a function of photon energy in the (e) Vo-, (f) N-, and
(9) H-films compared to the O-film (dashed curves).
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the predictions.”® There are no detectable indications of
interstitial-induced bandgap narrowing.

The different shapes of the absorption spectra in Fig. 2(c) for
different films may be caused by dopant-induced changes in the
conduction and/or valence bands. To uncover such changes, we
performed closer inspections of the interband transitions via
critical-point (CP) analysis using the second derivatives of the
dielectric functions.®*?*° The types of the CP lines are essentially
the same in all films [Fig. 3(e-g)]. The energies of the main CPs
increase with increasing out-of-plane elongation (from the O-film
to the V-, N-, and H-film, respectively), in qualitative agreement
with ref. 27. Additionally, compared to the O-film, the lines are
smeared in the spectral range between 5 and 6 eV for all dopant
types (Vo, N, and H). This observation suggests an effect of
oxygen deficiency or substitution rather than interstitial dopants.

Overall, the detected interband transitions are consistent
with the effects of lattice strain and oxygen deficiency and/or
substitution, while negating appreciable interstitial doping.

Conclusions

In conclusion, misfit-assisted in situ anion doping is demon-
strated in the epitaxial films of archetypal perovskite oxide
SrTiO;. Strong out-of-plane chemical expansion is evidenced in
the presence of oxygen vacancies and/or nitrogen or hydrogen
anion dopants in the cube-on-cube epitaxial films grown on
compressive substrates. Substitutional incorporation of anion
dopants is indicated by the optical behavior of the films. The
observations imply the misfit-promoted formation of oxygen
vacancies and oxygen substitution in the Sr—O planes parallel to
the substrate surface. This demonstrated approach can be applied
to other perovskite oxides such as titanates and rare-earth
nickelates.
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