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Tailoring chemical composition is the primary route to achieving desired properties of materials,
including technologically important ABOs-type perovskite oxides. This approach is generally assumed to
translate directly to thin films. In contrast, this study demonstrates that substrates can significantly
modify compositional effects in thin films. Specifically, transition-metal (M = Mn, Fe, Co, Ni) substitution
is experimentally investigated in thin films of the archetypal perovskite SrTiOsz grown by pulsed laser
deposition on different substrates. It is found that substrate-induced lattice strain regulates the
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Accepted 13th August 2025 absence of strain, doping with M cations has no effect on the bandgaps. Substrate-imposed strain and/
or substitution are found to induce band tailing and weak sub-gap optical absorption. These findings

highlight the unique role of substrates in engineering the chemical composition and functional
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Introduction

Strontium titanate (SrTiOs, or STO) is an archetypal represen-
tative of ABO;-type perovskite-structure metal oxides. As one of
the most extensively studied perovskites, STO serves as an
excellent platform for exploring the fundamentals of this
scientifically fascinating and technologically important class
of ABO; oxides. STO belongs to a family of ABO,-type wide-
bandgap insulators and ferroelectrics, which exhibit various
polarization states (i.e., paraelectric, ferroelectric, antiferroelec-
tric, and relaxor) and possess outstanding properties such as
large dielectric permittivity and strong piezoelectric, electroop-
tic, pyroelectric, and electrocaloric effects.” These properties
enable a wide range of mainstream electronic and photonic
devices—from commercialized technologies to highly innova-
tive applications—including modern energy storage, harvest-
ing, and conversion, as well as memory and computing.”®
Beyond mainstream developments, substantial effort has been
devoted to applications in photocatalysis and photovoltaics,'* ™"
where STO-based photocatalysis is well established.’* In these
contexts, the photogeneration, separation, and transport of charge
carriers are critical, with solarreliant applications requiring
visible-light absorption. However, these desired properties conflict
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with the fundamental electronic band structure, which features
wide bandgaps above 3 eV and excellent insulating behavior.
Since ABO; perovskites can accommodate a broad variety of
cationic substitutions without losing phase stability, the primary
strategy to overcome this conflict is through appropriate cationic
doping. For STO, this approach has proven viable with transition
metals (denoted M) such as Mn,** > Fe,**** Co,"*° and Ni.>"*

M cations can exhibit multiple valence states (M>*/M*"/M*")
and, in principle, substitute at both the Ti site (denoted M(Ti))
and the Sr site (denoted M(Sr)) in STO (see SI, Table S1).>°
Dual-site occupancy—M(Ti) and M(Sr)—has been reported for
Mn,>¢3° Fe,*®** and Co,***° whereas only Ti-site substitution
has been observed for Ni.>*>* First-principles theoretical cal-
culations indicate a general tendency for M substitutions
to create local lattice distortions and multiple in-gap states
(i.e., occupied or unoccupied energy levels within the
bandgap).?032:39742:49,50:52754 1t hag heen found that local bond
contraction and lattice distortion typically occur around M(Ti)
substitutions, whereas M(Sr) substitutions tend to be strongly
off-centered and induce significant lattice expansion. While
these M-induced local deformations are generally unimportant
for phase stability and properties in MSTO ceramics, powders,
and particles, they can play a crucial role in thin films, as
demonstrated in this work.

Thin films now constitute an essential and integral field
of modern materials research. While tailoring a material’s
chemical composition remains the primary route to achieving
desired properties, thin films offer unique pathways through
substrate-controlled phenomena. Notably, for a given chemical
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composition, the film’s crystal structure, morphology, lattice
strain, and many functional responses can be significantly
altered by varying the substrate.

In various ABO; perovskite films—including single-crystal-type
epitaxial films*®—the effects of substrate-induced strain have been
extensively studied since the seminal works on STO and other
titanates.””®" Lattice strain originates from a mismatch between
the film and substrate lattice parameters in epitaxial films (referred
to as “misfit strain”) and from differences in thermal expansion
coefficients in all films grown at high temperatures (referred to as
“thermal strain”). In STO, substrate-imposed strain has been
shown to induce ferroelectric phases, widen the bandgap, and alter
dielectric permittivity.>®>*>%3

In contrast, the impact of substrates is often overlooked when
considering the effects of chemical doping. It is generally
assumed that M substitution should occur and influence proper-
ties in thin M-doped STO (MSTO) films in the same way as in
MSTO ceramics or crystals. Contrary to this expectation, we
demonstrate here a significant influence of substrates on M-
site occupancy and the band structure in thin MSTO films.

In this work, the crystal structure and optical absorption are
experimentally investigated in thin films of pure STO and M-doped
STO (M = Mn, Fe, Co, or Ni) grown on diverse substrates to induce
varying degrees of substrate-imposed strain. It is revealed that in
thin films, the preferential substitution sites (Ti or Sr) for M cations
are constrained by the substrate. These constraints are suggested to
originate from elastic coupling between local deformations induced
by substitutions and global deformations imposed by the substrate.
Furthermore, it is shown that doping STO with up to a few percent
of M cations has no effect on the direct bandgap or fundamental
optical absorption. In contrast, substrate-imposed strain leads to an
increase in the direct bandgap and suppression of the indirect
bandgap. Substrate strain and/or doping are also found to produce
band tailing and only weak sub-gap absorption. These findings
strongly imply that, compared to bulk materials, the presence of a
substrate can dramatically alter the expected doping effects in
thin films.

Methods

Thin (~150 nm) films of pure STO and M-doped STO (MSTO
with M = 2 at% of Mn, Fe, Co, or Ni) were prepared by pulsed
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laser deposition (PLD) at elevated temperature and high pressure
of ambient oxygen.®**® Compared to other vapor deposition
techniques such as, for instance, molecular beam epitaxy, PLD
allows for high pressure of oxygen gas ambience during deposi-
tion. This capability is critical for maintaining and tuning the
oxygen stoichiometry of oxide thin films, thereby enabling the
synthesis of a broad spectrum of complex metal oxides, including
perovskite oxides.”® The key deposition parameters were as fol-
lows: wavelength of laser radiation 248 nm, laser fluence 2 J cm ™2,
substrate temperature 700 °C, and oxygen pressure 20 Pa. To
ensure growth of epitaxial strained films, single-crystal (001)-
oriented (LaAlOs), ;5(Sr,AlITa0g),, (LSAT) substrates were used.
For strain-free epitaxial films, the (001) STO substrates were
employed. To vary thermal strain, substrates of Si and SiO, (fused
silica) were utilized. The proper elemental composition of the
films was verified as before.®® Room-temperature crystal structure
of the films was inspected by X-ray diffraction (XRD) using Cu Ko
radiation on a SmartLab SE Multipurpose diffractometer (Rigaku
Corp.), a D8 DISCOVER diffractometer (Bruker Corp.), and an
Empyrean diffractometer (Malvern Panalytical). Also X-ray reflec-
tivity (XRR) was measured on the D§ DISCOVER diffractometer.
The optical properties of the films and substrates were studied
using variable angle spectroscopic ellipsometry. The measure-
ments were performed on a J. A. Woollam VUV VASE ellipsometer
at room temperature. The optical dielectric functions were
extracted from the spectra of ellipsometric angles using a com-
mercial WVASE32 software package. The optical absorption coef-
ficient was calculated from these dielectric functions. More details
on the ellipsometry measurements and data processing can be
found elsewhere.®*%>¢”

Results and discussion

Elastic control of substitution sites

Perovskite structure films of STO and MSTO of similar thick-
nesses are obtained on different substrates (Fig. 1, 2 and
Fig. S1-54, SI).

The films on LSAT are epitaxial, (001)-oriented, with the (001)
planes and [100] and [010] directions parallel to those of the
substrates (Fig. 1a and 2 and Fig. S1, S2, SI). This cube-on-cube-
type epitaxial growth of STO on LSAT is well-known.>>®® Because
of the film-substrate mismatch in the lattice parameters, there is
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Fig. 1 XRD ®-26 scans in the MSTO films on (a) LSAT, (b) Si, and (c) SiO, substrates. All perovskite peaks are indexed. In (a), the peaks from the films and

substrates are marked by “f" and “s”, correspondingly.
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Fig. 2 Details of the -260 XRD scans around the (001) perovskite peaks in (a) STO and (b)—(e) MSTO on LSAT. The peaks from substrates are marked by “s".

The M-substitutions are marked on the plots in (b)—(e).

a misfit strain in the STO/LSAT and MSTO/LSAT films (SI, SI2,
expressions S1-S6). The theoretical room-temperature in-plane
misfit strain is compressive s, & —1% leading to an elongated
out-of-plane lattice parameter in the films. The out-of-plane
parameters measured in the films are larger than 3.905 A in
crystal, that qualitatively agrees with the substrate-induced in-
plane compression.

The films on Si and SiO, substrates are polycrystalline
(Fig. 1b, c and Fig. S3, S4, SI). The films are grown at high
temperature so that the film-substrate mismatch in thermal
expansion coefficients leads to a thermal strain, which builds
up during cooling (SI, SI3) and is in-plane tensile here. (The
thermal strain is negligible in the films on LSAT). The room-
temperature strain is very weak (not detected) in the films on Si,
and it is approximately 0.3% in the films on SiO,.

The doped MSTO/LSAT films are of excellent epitaxial qual-
ity. The XRD Laue oscillations are well-expressed around the
(001) and (002) perovskite peaks therein (Fig. 2b-e and
Fig. S1g-j). The films are fully in-plane aligned with the under-
lying substrates (Fig. S2b). These observations contrast with the
expected partial relaxation of misfit strain with increasing
thickness.®>®® The critical thickness, at which the relaxation
of misfit strain begins, is approximately 60-80 nm in STO/
LSAT.®>®® Here, the partial relaxation is evidenced in the
150-nm-thick pure STO/LSAT film (Fig. 2a and Fig. Sif and
S2a), but not in the 150-nm-thick MSTO/LSAT films. Further-
more, compared to the theoretical out-of-plane lattice para-
meters ¢ ~ 3.927 A in STO/LSAT, the parameters are large,
¢ ~ 3.942 A, in the MSTO/LSAT films. Although contraction of
MSTO compared to STO might explain a smaller misfit and a
larger critical thickness, it also suggests a smaller parameter ¢
in the MSTO/LSAT films, which is against the observations. The
concurrent rise of the critical thickness and of the out-of-plane
strain indicates a peculiar effect of doping in epitaxial films.

Next, this effect is considered in terms of local deformations
associated with M-substitutions in STOQ,303%39742:49,50,52754
Compared to atomic positions in perovskite-structure STO
(Fig. 3a), the atoms are displaced, and different types of local
lattice distortions arise around M-substitutions for Ti, M(Ti)
and M-substitutions for Sr, M(Sr), in MSTO. In pure STO, Ti is
surrounded by 6 oxygen atoms in the TiOg octahedra (Fig. 3a).
When Ti is substituted with M (Fig. 3b), the MO entity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematics of ((a)-(c), (g) and (h)) atomic positions and ((d)—(f), (i)
and (j)) unit cells of ((a), (d) and (g)) STO and ((b), (c), (e), (f), (i) and (j)) MSTO
for ((b), (e), (h)—(j)) M(Ti) and ((c) and (f)) M(Sr) substitutions.

experiences a uniform contraction, so that both the M-O and
0O-0 distances diminish. Lattice distortions associated with M-
substitution for Sr, M(Sr), are more complex. In pure STO, the
local structure around Sr can be thought of as a cube with the Ti
atoms in its corners and Sr in its center (Fig. 3a). The distances
between the apical oxygen atoms located in the TiO, planes (ie.,
the O-O distances along the vertical sides of the cube in Fig. 3a)
and between the equatorial oxygen atoms in the SrO-plane (along
the horizontal direction in Fig. 3a) are similar. The M(Sr) sub-
stitutions produce severe deformation: the lattice around M(Sr) is
not cubic anymore and, compared to the central position of Sr in
STO, the M(Sr) is off-centered. The MO planes experience massive
expansion compared to the SrO ones. For instance, elongations of
the O-O distances can reach nearly 10% for M = Mn.*"
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In epitaxial (001)-oriented films grown on LSAT, the lattice is
biaxially compressed in-plane and contracts accordingly
(Fig. 3d). The possible contraction of the MOg octahedra due
to M(Ti) substitutions aligns with the substrate-induced con-
traction. Therefore, the placement of M substitutions at the
Ti sites is elastically favoured in MSTO/LSAT films (Fig. 3e).
Conversely, the possible expansion associated with M(Sr) sub-
stitutions opposes the substrate-induced contraction. As a
result, the placement of M substitutions at the Sr sites is
elastically unfavourable in MSTO/LSAT films (Fig. 3f). During
the high-temperature growth of thin films, atoms migrate
across the film’s surface. This surface migration enables M
atoms to reach and occupy elastically favorable Ti sites. In this
way, the substrate-induced compressive strain promotes M
substitution at Ti sites (Fig. 3e) and suppresses M substitution
at Sr sites (Fig. 3f).

Compared to STO, the lattice parameters of MSTO should
decrease for the M(Ti) substitutions. Experimentally, the lattice
parameters of unstressed MSTO (i.e., of MSTO material, which
is a free-standing prototype of the film) can be extracted from
the measured lattice parameters of the films (SI, SI3). The
extracted lattice parameter of cubic unstressed MSTO (SI, SI3,
expressions $3-S6) is large ~3.914 A that contradicts the
observed excellent epitaxy. Such parameter suggests ~1.2%
film-substrate misfit leading to a smaller critical thickness and
worse epitaxial quality of the doped films compared to pure
ones, which is not the case. Therefore, unstressed MSTO is
assumed to be metrically tetragonal instead of cubic (Fig. 3i),°
with the lattice parameters a. = b, < ¢, extracted correspondingly
(SI, SI3, expressions S7-S12). The small found parameter a, =
3.894 A implies misfit being reduced to ~0.7%, that complies
with the observed excellent MSTO/LSAT epitaxy.

The unveiled tetragonality of unstressed MSTO can be related
to macroscopic elastic interactions, not captured by atomic-scale
first-principles calculations.®® It is known that deformations
around point defects lead to elastic dipole tensors, or elastic
dipoles.”””" Generally, elastic dipoles are randomly oriented.
However, anisotropic dipoles align along a certain crystallo-
graphic direction in epitaxial films.®® Here, anisotropic elastic
dipoles might be caused by deformations in vicinity of the M(Ti)
substitutions. Compared to the same Ti-O distances everywhere
in STO (Fig. 3g), the distance between Ti and apical O atom,
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which belongs to the contracted MOy octahedron (or the Ti-Oy
distance for brevity) is enlarged (Fig. 3h). The Ti-Oy, elongation
suggests the presence and alignment of anisotropic elastic
dipoles, such that the Ti-Oy; bonds are oriented along the out-
of-plane direction in the MSTO/LSAT films (Fig. 3i). For the
prototype unstressed MSTO material of the films, the Ti-Oy,
alignment leads to tetragonality. For the MSTO films stressed by
LSAT substrates, the alignment reduces the total elastic energy,
raises the critical thickness, and enhances the out-of-plane
strain. More details on this mechanism can be found in ref. 69.

Thus, our observations indicate that the Ti sites for
M-substitutions are elastically preferable in epitaxial MSTO
films subjected to the substrate-induced in-plane compression.
Notably, elastic considerations for substrate controlled substi-
tutional sites are applicable to epitaxial films of other materials
on diverse substrates in general.

Clearly, using different substrates allows for regulating
lattice strains and for promoting selected substitutional sites.
Here, the STO and MSTO films are grown on different sub-
strates and, hence, possess different in-plane strains: compres-
sive on LSAT, zero on STO, weak near-zero tensile on Si, and
tensile on SiO,. The films contain no substitutions (in STO),
preferably M(Ti) substitutions (in MSTO on LSAT), or allow for
both M(Ti) and M(Sr) substitutions (in MSTO on STO, Si, and
SiO,). The prepared variety of films makes it possible to
distinguish the roles of strains and/or dopants in the electronic
energy band structure as shown next.

Optical absorption and band structure

To experimentally assess the main characteristics of the elec-
tronic energy band structure, including bandgaps and in-gap
states, the optical absorption spectra were investigated in the
STO and MSTO films and in the reference (001)-oriented STO
crystal.

In the STO crystal, fundamental optical absorption sets at the
photon energy of ~4 eV, and the absorption spectrum contains
two dominant peaks at ~5 eV and ~6.5 eV (Fig. 4a). These
features are determined by the direct optical transitions from the
valence band (VB) to the conduction band (CB). The lowest-
energy direct interband transition is associated with the direct
bandgap, whose energy Ep, = 3.86 eV is found from the Tauc plot
for direct gap”>”’ (Fig. 4b). Details of direct transitions are
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Fig. 4 Optical absorption in the unstressed (001)STO crystal: (a) absorption coefficient as a function of photon energy; (b) Tauc plot for direct gap;
(c) second derivative of the real part of the dielectric function, 4(ey); (d) Tauc plot for indirect gap. Dashed lines show fit in ((b) and (d)). Circles mark the

energies of the critical points (CPs) in (d).
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usually obtained from the critical point (CP) analysis using the
second derivative of the dielectric function.”®®° In the reference
crystal, the lowest energy CP involves the main CP1-line at Ecp, =
3.82 eV and the weaker CP2-line at Ecp, = 4.19 €V (Fig. 4c). The
detected energies Ep and Ecp; are very close to each other,
confirming the direct bandgap of ~3.8 eV. We note that the
direct interband transitions determine strong absorption: the
absorption coefficient is & ~ 10° cm™* for E > 3.7 eV (Fig. 4a).
A weaker near-edge absorption (¢ ~10* ecm ™) is related to an
indirect interband transition, with the indirect bandgap energy
E; = 3.23 eV found from the Tauc plot for indirect gap (Fig. 4d).
The results in Fig. 4 are consistent with the well-known band
structure of STO, testify to the high accuracy of our analysis, and
serve for comparison in the films investigations.

At first glance, in all films, the optical absorption spectra
closely resemble that in the crystal (SI, Fig. S6). However,
further analysis revealed differences.

Compared to the STO crystal, the strained STO/LSAT and
MSTO/LSAT films exhibit a spectral shift to higher energy, or
blueshift in the direct bandgaps (Fig. 5a, e and SI, Fig. S7) and
in the critical points (Fig. 5b, f, SI, Fig. S8). Interestingly, the
CP2-line is suppressed, in agreement with the previous obser-
vations in fully strained STO/LSAT.** Contrary to the obvious
indirect gap in the crystal (Fig. 4d), there is no clear evidence
for the indirect gap in the films on LSAT (Fig. 5c, g, SI, Fig. S9).
Again, the strain-induced frustration of the indirect transition
was found in STO before.®* In the films on LSAT, instead of the
clear indirect interband transition, the absorption edge (E <
3.7 eV) is Urbach-type [o oc exp(E/Ey)]**®° as evidenced by the
linear plots [log(a) o« E] (Fig. 5d and h). The Urbach-type
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absorption suggests the presence of tails of the conduction
and/or valence bands, with the tails’ in-gap depth being
described by the Urbach energy Ey. In the STO/LSAT film, the
accessed energy Ey ~ 0.14 eV is large compared to that for a
thermal band tailing and, accordingly, points to structural,
strain-induced tailing.?"®*® In the MSTO/LSAT films, the energy
Ey increases gradually with Ni, Co, Fe, Mn doping (Fig. 5h), that
indicates also M-contributions to tailing. The energy levels of
the Mn(Ti)-induced states are likely to be very close to the band
edges (e.g., to the bottom of the conduction band) and, accord-
ingly, the Mn(Ti) states efficiently participate in tailing. On the
other hand, the Ni(Ti) states may not contribute to tailing
because of their deeper in-gap energy levels.

Table 1 summarizes the strain- and dopant-dependent char-
acteristics of the optical absorption in the STO and MSTO films
on LSAT. The energies are determined with the accuracy of
£0.02 eV. Nevertheless, the main effects are clear. The presence
of strain leads to an increase in the direct bandgap, frustration
of the indirect bandgap, and band tailing. The presence of
M(Ti) substitutions has no effect on the bandgaps but enhances
the band tailing. The energy separation between the band edge
and the M-induced states is likely the smallest for M = Mn and
gradually increases for M = Fe, Co, and Ni, correspondingly.

The results in Fig. 5 and Table 1 show the dominant influence
of the substrate-induced strain on the electronic energy
band structure of STO, whereas the substrate-controlled M(Ti)
substitutions provide only minor contributions to the band
tailing.

To better identify effects of the M(Ti) and M(Sr) substitu-
tions on the band structure, the optical absorption spectra were

400 5
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Fig. 5 Optical absorption in epitaxial films of ((a)-(d)) STO and ((e) and (f)) MSTO on LSAT: ((a) and (e)) Tauc plot for direct gap; ((b) and (f)) second
derivative of the real part of the dielectric function, 4(ey); ((c) and (g)) Tauc plot for indirect gap; ((d) and (h)) semi-log plots of the absorption coefficient as
a function of photon energy. Dashed lines show fits in ((a), (d), (e) and (h)). Circles mark the energies of the critical points (CPs) in ((b) and (f)).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2025, 6, 6575-6584 | 6579


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00732a

Open Access Article. Published on 15 August 2025. Downloaded on 6/16/2026 7:44:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Materials Advances

Table 1 The characteristic energies extracted from the optical absorption spectra in the STO/LSAT and MSTO/LSAT films

Dopant Strain Direct gap Critical point Critical point Indirect gap Urbach tail

M Sey, % Ep, eV Ecpy, €V Ecp,, €V Ey, eV Ey, eV
STO (crystal) — 0 3.86 3.82 4.19 3.23 —
STO/LSAT — 0.7 3.91 3.93 4.30 3.4¢ 0.14
MSTO/LSAT Mn 1.0 3.96 4.00 4.25 b 0.34

Fe 1.0 3.96 4.03 4.30 b 0.24

Co 1.0 3.95 4.01 4.32 b 0.17

Ni 1.0 3.95 3.96 4.28 b 0.16

@ The gap is frustrated. * The indirect gap is frustrated and cannot be detected.

analyzed in the stress-free films on STO, weakly expanded films
on Si, and expanded films on SiO, taking M = Mn as a
representative case (Fig. 6 and Table 2). There are no detectable
effects of doping on the direct bandgap (Fig. 6a, b, e, f, i and j).
The formal Tauc fits for indirect gap are questionable in all
films, making it impossible to accurately assess the indirect
bandgap (Fig. 6¢, g and k). However, the Mn-induced increase

of sub-gap absorption, or redshift of the absorption edge to
lower energies, is obvious (Fig. 6¢, g and k). Interestingly, the
formal Urbach fit shows a nonsensical two-component tailing
in the MSTO films on STO and Si (Fig. 6d and h). This
observation indicates an additional optical transition at
~ 3.2 eV suggesting an in-gap Mn-induced state, most probably
- an occupied state close to the top of the valence band. This
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Fig. 6 Optical absorption in thin films of STO and MSTO on ((a)-(d)) STO, ((e) and (h)) Si, and ((i)—(1)) SiO, substrates: ((a), () and (i) Tauc plot for direct

gap; ((b), (f) and (j)) second derivative of the real part of the dielectric function, 4(ey); ((c), (g) and (k)) Tauc plot for indirect gap; ((d), (h) and (1)) semi-log
plots of the absorption coefficient as a function of photon energy. Dashed lines show fits in ((a), (d), (e), (h), () and (1)). Circles mark the energies of the

critical points (CPs) in ((b) and (f)).
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Table 2 The characteristic energies extracted from the optical absorption
spectra in the STO and Mn-STO films on STO, Si, and SiO, substrates

Sty % Ep, eV Ecp1, €V Ecpy, €V Ej, €V Ey, eV
STO 0 —  3.86 3.82 4.19 3.23 —
STO 0 Mn 3.87 3.78 4.23 3.25 0.83/0.47
Si >0 — 3.85 3.85 4.25 3.5¢ 0.33
Si >0 Mn 3.85 3.88 4.32 2.8¢ 0.14/0.43
Sio, 03 —  3.87 3.92 4.30 3.2¢ 0.81
Sio, 0.3 Mn 3.89 3.95 4.30 2.9 0.79

“ The gap is frustrated.

transition overlaps with band tailing in the film on SiO,
(Fig. 6l). Notably, in contrast to the pronounced Mn-induced
sub-gap absorption, doping with Ni produces much weaker
changes (SI, Fig. S10).

The results in Fig. 6, Fig. S12 and Table 2 imply that M-
substitution has no effect on the energies of the direct and
indirect bandgaps but can rather lead to band tailing and sub-
gap absorption in stress-free films. We note that, similarly, M-
substitution has no effect on the bandgaps but enhances band
tailing in strained films (Fig. 5 and Table 1).

The experimentally detected M-induced band tailing and
sub-gap absorption can be ascribed to M-related in-gap states
close to the top of the valence band and/or bottom of the
conduction band. The M(Ti) substitutions may produce unoc-
cupied states (empty energy levels) at the bottom of the con-
duction band or close to it inside the gap, whereas the M(Sr)
substitutions — occupied states at the top of the valence band or
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close to it inside the gap. It is likely that the energy separation
between the in-gap states and band edges is dopant-specific,
namely: within the sequence of M = Mn, Fe, Co, Ni, the
separation increases for the unoccupied M(Ti) states and
decreases for the occupied M(Sr) states. Indeed, the detected
optical band tailing is better expressed for Mn than for Ni in
MSTO (Fig. 5h), and the absorption hump is observed for
M = Mn (Fig. 6d and h) but not for M = Ni (SI, Fig. S10).

The observed optical absorption may be interpreted as
follows (Fig. 7a-d). Compared to STO (Fig. 7a), the direct
bandgap is not changed in MSTO (Fig. 7c). The M(Ti)-caused
empty states at the bottom of the conduction band lead to the
band’s tailing and partial frustration of the indirect interband
transitions in MSTO (Fig. 7c¢) compared to the clear indirect gap
and transitions in STO (Fig. 7a). The M(Sr)-caused occupied
states at the top of the valence band enable additional optical
transitions (Fig. 7c) and, correspondingly, a weak hump in
absorption (Fig. 7d), which can overlap with the tail. Impor-
tantly, there is no influence of doping on the direct bandgap
and fundamental absorption (¢« ~ 10° cm™'). Only orders-of-
magnitude weaker absorption tails (« ~ 10°-10* em™) can
spread to photon energies smaller than the direct gap.

Compared to unstressed STO and MSTO (Fig. 7a-d), the
presence of substrate-imposed strain leads to a significant
increase in the direct bandgap, frustration of the indirect
transitions, and band tailing (Fig. 7e and f). The strain-
caused band tailing can be enhanced by M-doping (Fig. 7g).
Again, there is no influence of doping on the direct bandgap
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Fig. 7 Schematics of ((a), (c), (e) and (f)) band diagrams and ((b), (d), (f) and (h)) optical absorption in ((a) and (b)) unstressed STO, ((c) and (d)) unstressed
MSTO, ((e) and (f)) strained STO film, and ((g) and (h)) strained MSTO film. Arrows show optical transitions in ((a), (c), (e) and (g)).
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and fundamental absorption. Furthermore, because strain pro-
hibits M(Sr) substitutions, there are no M(Sr)-related in-gap
states and sub-gap absorption. Overall, the role of strain prevails
over that of doping: the strained MSTO films are transparent in a
broader spectral range than unstressed MSTO (Fig. 7h).

Thus, the experimentally studied optical absorption sug-
gests that the M-substitution has no effect on the bandgaps
and fundamental optical absorption in MSTO films. The
substrate-imposed strain leads to the gap’s widening and to
the structural band’s tailing. The M-dopants create the in-gap
states contributing to the tails. First-principles analyses of the
crystal and electronic band structures for the M-substitutions
in thin films are highly desirable to support or discard the
interpretations suggested here.

Conclusions

The effects of transition-metal (M = Mn, Fe, Co, Ni) substitution
on the crystal structure, band structure, and optical absorption
are studied in thin films of perovskite STO grown on LSAT,
STO, Si, and SiO, substrates ensuring variations of lattice strain
in the films. It is found that M-occupancy, fundamental optical
absorption, bandgaps, and band tails are all regulated by
substrate-induced strain. The M-dopants have no effect on
bandgaps but produce in-gap states contributing to band
tailing. The results imply that substrates can significantly
modify the compositional effects in thin films.
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