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We report optical properties of doped n-type SrSnO3 and ZnSnOj in relation to poten-
tial application as transparent conductors. We find that the orthorhombic distortion of
the perovskite structure in SrSnO; leads to absorption in the visible as the doping
level is increased. This arises from interband transitions. We find that strain tuning
could modify this absorption, but does not eliminate it. On the other hand, we find that
ZnSnO; although also having a non-cubic structure, can retain excellent transparency
when doped, making it a good candidate transparent conductor. © 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4919564]

Transparent conductors are materials with DC electrical conductivity but transparency to light
over a wavelength range of interest. These materials are important in solar photovoltaics, displays,
and other technologies. The most commonly used material is the n-type oxide, In,O3 doped with Sn
(ITO). This material has excellent performance. However, there is an interest in finding alternative
materials. This is both because of cost issues associated with a material having a large concentration
of In and because of interest in finding materials with higher performance or different properties that
may be enabling for new technologies. For example, it would be desirable to find p-type materials
that could be used in transparent electronics, materials that operate in different wavelength ranges,
or materials that have different mechanical properties and materials compatible with different active
electronic materials, e.g., organic or oxide electronics.!? Recently, several new materials have been
proposed, one of which is n-type cubic perovskite BaSnOj3. This material has a number of advan-
tages. These include the fact that it is In free.®!> Here, we investigate the related compounds, n-type
SrSn0O; and ZnSnOs;, which have smaller lattice parameters, more compatible with common oxide
electronic substrates.

We find that in spite of the larger band gap compared to BaSnOj3, StSnOj3 will have absorption
in the visible when heavily n-type doped, while ZnSnOj3 is much more promising. This absorption
in SrSnOj is due to interband transitions from carriers near the conduction band minimum to higher
conduction bands and is a consequence of the Pnma zone folding and symmetry lowering from
cubic. We find that this could be mitigated by epitaxy or alloying that makes the structure cubic or
at least changes the tilt pattern to an M-point pattern. ZnSnO3, which has a thombohedral R-point
derived, LiNbOj3 ferroelectric structure that combines tilts and large A-site displacements,13 1S
predicted to retain visible light transparency when heavily doped and has favorable electronic prop-
erties as well. Therefore, ZnSnO3 may be expected to be a particularly good transparent conductor
when doped n-type. A challenge will be the development of high mobility films for this strongly
non-cubic material.

A guiding principle for bulk compounds is that a transparent conductor should have a suitably
large band gap, i.e., above 3.25 eV for visible light application and should be amenable to heavy
doping to obtain conductivity. However, while there are many materials that can be doped and have
band gaps above 3.25 eV, there are only a handful of known useful high performance transparent
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conductors. In this regard, limitations beyond band gap and dopability need to be considered. These
include additional absorption in heavily doped materials both from the Drude tail'*'® and from
interband transitions involving the doped carriers.!” The former gives absorption primarily in the
infrared and red, while the latter can be at any wavelength and depends on the details of the band
structure.

Within the Drude model, o(w) = 0¢/(1 + iwT), where 7 is an inverse scattering rate and o
is the DC conductivity, o = a)lz,‘r. Here, w,, is the plasma frequency. The square of the plasma
frequency is ne?/m for a parabolic band with effective mass m and carrier concentration 7 and is
an integral of the squared band velocity over the Fermi surface in a general case. Q, = hiw,, is used
here as the plasma energy. High DC conductivity requires a combination of weak scattering and
high plasma frequency, while for a given w,, the Drude tail in the red is reduced if the scattering
rate can be lowered. This favors materials with simple band structures, weak electron-electron
scattering, absence of magnetism, weak electron-phonon interactions, and good screening (i.e., high
dielectric constant). Kioupakis and co-workers have presented a detailed analysis and first princi-
ples calculations of these effects in group-III nitrides.'®

As mentioned, BaSnO; shows considerable promise as a new n-type transparent conducting
oxide (TCO). This material, which has a simple s-band electronic structure,'”!-2* is dopable
to a highly conductive state using Sb or La,?> and has been developed as a high performance
TCO.%'? The related compounds, CaSnO3 and SrSnOs, occur in distorted orthorhombic perov-
skite structures,’® while ZnSnOs occurs in a ferroelectric LiNbOj5 type structure.'>?’-3° Amorphous
zinc-tin-oxide amorphous films were already been successfully developed for transparent elec-
tronics ten years ago,”' while mixed phase films with compositions near ZnSnOs are known to show
good TCO properties.’?3* Nonetheless, indium containing amorphous In-Ga-Zn-O (IGZO) films
is dominant in technological applications of transparent amorphous oxide electronics due to their
performance.*>** Single phase films of spinel structure Zn,SnO,, known as ZTO, also show promis-
ing TCO properties.> These zinc-tin-oxide films show a number of advantages, including chemical
stability and relatively facile growth of high quality films. In any case, BaSnO3, SrSnO;, and
ZnSnOj; all have Sn s derived conduction bands, suggesting that they might all be good transparent
conductors. In fact, the lattice parameter of SrSnOj3 is better lattice matched to technologically
interesting substrates, such as SrTiO3 and it has a higher band gap than BaSnOj3 suggesting that it
might be a very interesting TCO. ZnSnOs is ferroelectric, and therefore it and modifications of it
may be expected to have high mobility when doped due to the high dielectric constants.>®

In general, scattering in doped non-magnetic oxide films can come from point defects, extended
defects (dislocations, grain boundaries, etc.), and intrinsic electron-electron and electron-phonon
scattering. Electron-electron scattering is generally insignificant at room temperature for simple
non-magnetic oxides and in principle at least grain boundaries, dislocations and most point defects
can be regarded as controllable. This leaves electron-phonon interactions as the limiting factor
for the best performance that can be achieved in a given material. Electron-phonon scattering in
general will give strongest absorption in the red. Heavily doped TCO films will have a resistivity
that increases approximately linearly with temperature, and at least increasing with temperature, in
this electron-phonon limited, degenerately doped case.’” However, based on published data, current
BaSnO; films while having promising performance, have not yet reached this limiting behavior,
indicating that further improvement is possible. Infrared measurements of phonon frequencies for
BaSnO; have been reported,*® along with several calculations.??>?** In comparing the three mate-
rials, BaSnO3, SrSn0O;, and ZnSnO3, another effect of phonons may also be important. Specifically,
high dielectric constants can lead to higher mobility due to screening of defects. This may be
particularly favorable for ZnSnOj3, which when undoped is a ferroelectric.'?

The present electronic structure and optical calculations were done using the general potential
linearized augmented planewave (LAPW) method,*’ as implemented in the WIEN2k code.*' The
results from the optical calculations (see below) motivated structural studies of SrSnOs3;. We tested
various sets of LAPW sphere radii. The electronic structure results presented are with LAPW sphere
radii of 2.4 bohrs, 2.25 bohrs, and 1.55 bohrs for Sr, Sn, and O, respectively, in SrSnO3 and 2.2
bohrs, 2.2 bohrs, and 1.55 bohrs, for Zn, Sn, and O, respectively, in ZnSnO;. The calculations
were based on the experimental lattice parameters for both materials. The internal coordinates were
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relaxed via energy minimization with the generalized gradient approximation of Perdew, Burke,
and Ernzerhof (PBE-GGA).42 The lattice parameters used were a = 5.5622 A, c = 14.0026 IOA, for
R3¢ (hexagonal setting) ZnSnOs,'? and a = 5.70340 A, b = 8.064 82 A, ¢ = 5.70892 A, for Pnma
SrSn0;.* By comparison, the lattice parameter of cubic BaSnO; is a = 4.116 A. This is poorly
matched to standard perovskite oxide substrates and is a challenge for development of this material.

For the study of the structure under epitaxial strain, we did calculations with both the PBE-
GGA and with the modification of it optimized for solids (PBE-SOL).* These two functionals gave
similar results. The electronic structure and optical properties were calculated with the optimized
atomic positions. We used the modified Becke-Johnson potential functional of Tran and Blaha
(TB-mBJ) for these properties.*> This functional gives greatly improved band gaps for simple insu-
lators and semiconductors when compared to conventional semilocal density functionals.*~** The
TB-mBJ functional gives good agreement with experimental band gaps for simple oxides, including
ferroelectric transition metal oxides such as BisTi30,,° but does not correctly treat correlated
oxides, such as antiferromagnetic Mott insulators.*®*° Doping was treated keeping the crystal struc-
ture fixed and employing the virtual crystal approximation (VCA), which is an average potential
approximation. For SrSnO3, we used the Sr site for doping, while in ZnSnO3, we did calculations
for doping on each of the three sites. As discussed below, the results with doping on the different
sites were very similar. The fact that the site dependence is weak means that the average potential
approximation implicit in the virtual crystal approximation is likely to be good, and additionally
that doping on the different sites is likely to be possible. Specifically, it means that besides doping
with trivalents on the Zn site (e.g., Ga, In, Y, etc.), one could obtain conductivity by doping on the
Sn site, e.g., with Sb or on the O site, e.g., with F. It also means that co-doping by a combination of
these may be useful in increasing the doping range without destroying the mobility.

Our calculated TB-mBJ band gaps are 3.70 eV for orthorhombic SrSnOj3 and 3.05 eV for ferro-
electric ZnSnOj3. We also considered SrSnOj in a cubic structure with the same volume as the exper-
imental structure as well as with constrained structures having octahedral rotations of 10° about
the c-axis with M- and R-point ordering. The spacegroups are SrSnO3 experimental, Pnma, no.
62; cubic, Pm3m, no. 221; M-point, P4/mbm, no. 127; R-point, I4/mcm, no. 140; and ZnSnOs3,
experimental, R3¢, no. 161. Note, however that the M-point structure is a disfavored perovskite
structure that is not normally observed (repulsion between O ions generally favors R-point or a
more complex combination of tilts). The band gaps for these structures, denoted, cubic, R, and M
in the following were 3.63 eV, 3.62 eV, and 3.68 eV, respectively. The relatively weak dependence
of the gap on octahedral tilt at fixed volume is consistent with results of Ref. 24. In all cases, the
conduction band minimum (CBM) is formed by a Sn s derived band and the gaps were indirect. The
band structures are shown in Fig. 1. The band structure of ferroelectric ZnSnOj is shown in Fig. 2.
The calculated band gap of BaSnO; by the same method is 2.82 eV and is indirect, with an onset
of optical absorption from direct transitions at ~3.2 eV,!'”?* in excellent accord with experimental
data."?

Band structures of ZnSnOj3 using standard GGA functionals have been reported by Wang and
co-workers®' and by Zhang and co-workers.*’ These show lower band gaps, but otherwise similar
band shapes.

The singly degenerate I'-point conduction band minimum of orthorhombic Pnma SrSnOj
is characterized by a diagonal effective mass tensor, with calculated components, m, = 0.38m,,
my, = 0.42m, and m,. = 0.43m,. The conduction band minimum of ZnSnOs, also at the zone center,
has calculated m,p, = 0.32m, and m, = 0.32m,. For comparison, the calculated conduction band
minimum effective mass of cubic BaSnO3 by the same method is 0.26m,. All of these are small
enough to be consistent with high conductivity when doped n-type.

The conduction band structure of cubic SrSnQj is qualitatively similar to that of BaSnO; (see
Ref. 21). In cubic SrSnO3, the gap between the CBM and the next conduction band at I is 3.2 eV.
This is reduced to 2.9 eV in the actual Pnma structure. This means that depending on matrix
elements, absorption in the visible due to transitions from the lowest conduction band may be
anticipated when doped. This gap is larger for the R-point and M-point distorted structures at 3.6 eV
in both cases. This means that for both M- and R-point distortions as well as cubic, one would have
some n-type doping range before interband absorption starts, but this range will be limited since the
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FIG. 1. Calculated band structures of SrSnOs in its experimental Pnma structure and iso-volume cubic, M and R structures
(see text).
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FIG. 2. Calculated band structure of ferroelectric ZnSnOs.
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FIG. 3. Calculated direction averaged squared plasma energies for SrSnQOj3 virtual crystal doped on the Sr site (left) in its
experimental Pnma structure and iso-volume cubic, R- and M-structures (see text), and ZnSnO3 with different doping sites
crystal doped (on the Sr site) SrSnOs (left) in its experimental Pnma structure and iso-volume cubic, M and R structures and
ZnSnOs (right) with virtual crystal doping on the different sites.

Fermi level will increase with doping level. The light bands, which are what favors good mobility,
also mean that this rise is significant. For a doping level of 0.15 e/Sn, we obtain a Fermi level that
is 1.3 eV above the CBM. The value 0.15 e/Sn is a high but achievable value for BaSnO3. Thin film
samples doped with La generally have a lower La content, while work on Sb doped samples show
increasing conductivity up to Sb contents of 0.15, which corresponds to this doping level.>

As mentioned, the conductivity of a metal or degenerately doped semiconductor is related to
the plasma frequency by o = w[%‘r. Fig. 3 shows the calculated plasma energies as a function of
doping for the two compounds. These were obtained by direct integration over the Fermi surface
using the optical package of WIEN2k. As seen, the behaviors of ZnSnO; and SrSnO; are similar;
the virtual crystal approximation is supported by the similarity of the results for doping on different
sites for ZnSnO5 and while there is some variation with structure in SrSnQs, it is minor. From this
point of view, both compounds are reasonable TCO candidates, reflecting the Sn s character of the
lowest conduction bands. However, conductivity when doped is only part of the requirement for a
TCO.

Fig. 4 shows the calculated absorption due to interband transitions (i.e., not including Drude
absorption, which would be additional), for a heavy doping of 0.15 e/Sn. As shown, there is signifi-
cant interband absorption in the visible for StSnOj in its experimental structure. This is from direct
vertical transitions. In addition, there will generally be phonon assisted (non-vertical) transitions
that contribute to absorption, but these would be much weaker than direct transitions when direct
transitions are allowed. In any case, this interband absorption will increase in magnitude and come
into the visible from the blue side as the compound is increasingly doped n-type. This absorption
persists for the R-point structure but is largely removed for both the cubic and M-point structures.
Thus, octahedral tilts in the experimental structure of SrSnOj; lead to absorption in the visible,
which is detrimental in a TCO. The magnitude of the absorption (Fig. 4) is not so large as to mean
that SrSnO3 could not be used as a TCO, but it does mean that intrinsically SrSnOj; is expected to
be inferior to optimized BaSnOj3. Octahedral tilts in perovskites can often by suppressed by alloying
with larger A-site cations, e.g., replacing Sr by Ba, but this strategy for improving SrSnOj; by going
to BaSnOj; defeats the purpose of examining SrSnOs.

Tensile strain is another general way of reducing tilt instabilities, but considering the lattice
parameters of SrSnOj in relation to technological substrates and because the band gap decreases
strongly with tensile strain,>* we decided to focus on compression here to see if SrSnO3; might be
a useful TCO on substrates with smaller lattice parameters. This was done by calculating relaxed
structures with 2D epitaxial strain as a function of strain. We considered a number of different
plausible structures (see Ref. 52 for a description), as indicated in Fig. 5. We find that at sizable, but
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FIG. 4. Calculated direction averaged absorption spectra for virtual crystal doped (on the Sr site) SrSnO3 (left) in its
experimental Pnma structure and iso-volume cubic, M- and R-structures, and ZnSnO3 (right) with virtual crystal doping
on the different sites. The color bars on the horizontal axes approximately indicate the visible, 1.7 eV-3.25 eV.

potentially achievable, compressive strains of ~2%-3% are needed to produce a change in structure,
and that among the structures, we investigated the lowest energy structure at high compression is
the R-point structure, space group /4/mcm, which also suffers from absorption in the visible at high
doping. Thus, we conclude that SrSnO3 will be generally a more difficult material to use as a TCO
than BaSnOs.

ZnSnO; on the other hand shows very favorable behavior when doped, both from the point of
view of the plasma frequency and from the absence of interband absorption when heavily doped.
This is in spite of its highly distorted LiNbO; type structure. Furthermore, we note that ZnSnOj3
is a ferroelectric material. While ferroelectricity as strictly defined is incompatible with metallic
conduction, we note that semiconductors with high dielectric constants are generally expected to
have high mobility due to screening of impurities and other defects.>*>* This plus the high plasma
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FIG. 5. Evolution of the structure of SrSnO3 under (001) compressive epitaxial strain (right) and a depiction of the two low
energy structures (left), i.e., the experimental ambient structure (Pnma) and the R-structure. In this plot, the PBE-SOL GGA
was used, and the 0 strain level is at the calculated effective lattice parameter of 4.037 A.
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frequencies when doped indicate the potential for high mobility. The evolution of the properties of
ZnSnO; relevant to TCO behavior is much more similar to that of BaSnO5 than what is found for
SrSn0O;. In any case, the present results indicate that n-type doped crystalline LiNbOj5 structure,
ZnSnOs, is likely to be a very high performance TCO comparable to BaSnOs.

To conclude, we find that n-type doped SrSnO; could potentially be used as a TCO, and
because of its higher band gap it might be useful in applications where some transparency in the
near ultraviolet is desired. However, its intrinsic performance for visible light at high doping levels
is expected to be inferior to optimized BaSnO;. On the other hand, the results indicate that n-type
crystalline LiNbO3 structure ZnSnO; is very promising as a high performance TCO material. We
note, however, that to date high mobility ZnSnOj3 films with this structure have not been reported.
One challenge will be the growth of films with low densities of grain and domain boundaries,
which may limit conductivity in this distorted ferroelectric material. Nonetheless, the present results
suggest investigation of this material and its doping.

Work at ORNL was supported by the Department of Energy, Office of Science, Basic En-
ergy Sciences, Materials Sciences and Engineering Division. Work at IHPC was supported by the
Singapore Agency for Science Technology and Research (A*STAR). We are grateful for useful
discussions with Bharat Jalan.
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