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ABSTRACT: The electronic and optical properties of the 10
cubic perovskite, BaSnO;, are compared with the well-known
transparent conducting oxides (TCOs), SnO, and In,O;. The
optical band gaps of the undoped compounds, as measured by
diffuse reflectance spectroscopy on powdered samples, are 3.1
eV for BaSnO; and 3.8 eV for SnO,. Electronic structure
calculations show that both compounds possess a large
conduction band dispersion, which suggests that BaSnO;, like
SnO,, should be a good TCO if it can be n-doped. To explore
this possibility the properties of substitutionally doped,
BaSn, ,Sb,O; samples were investigated. The electrical
conductivity increases drastically for BaSn;_,Sb,O; samples
with x < 0.0S, showing a transition from an insulating to a
metallic state. For higher doping levels, 0.05 < x < 0.15, the conductivity saturates at 4 S cm™". This is accompanied by saturation
in the expansion of the cubic lattice parameter. The color of the pellets changed from white (x = 0) to bluish black (x = 0.15).
This darkening originates from the formation of an intense and broad optical absorption band centered at 1200—1300 nm for the
more highly doped samples. This absorption band spans both the visible and the near-infrared regions, resulting in a loss of
transparency. Various spectroscopic techniques were used to elucidate the observed behavior. MGssbauer spectroscopy reveals
the presence of mixed valent antimony, Sb**(5s*)/Sb>*(5s°), as x increases. ESR spectra collected on a BaSngggSby ;0 sample
indicate that only ~5% of unpaired electrons are present as delocalized carriers. The other 95% are localized to form a Sn**
trapped electron center. To explain the tendency for carrier localization in doped BaSnO; a mechanism based on strong
electron—phonon interactions in perovskites containing cations with (n — 1)d'%s° electronic configuration is proposed. This
mechanism explains why BaSn,_,Sb,O; possesses relatively poor TCO characteristics, in sharp contrast to widely used TCO
materials Sn,_,Sb,O, and In;_,Sn, O, .
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Bl INTRODUCTION the best n-type TCO materials contain a metal with a (n —
1)d"%nsp° electronic configuration. Despite the greatly
expanded compositional space, ternary oxides have not been
investigated for their TCO properties in nearly the same detail
as binary oxide TCOs. One of the first studies of ternary oxides

There are relatively few materials that are simultaneously
transparent to visible light (or a portion of the visible
spectrum) and good conductors of electricity. Most of the

materials that do display this behavior are n-doped metal X ) )
oxides, such as In,0; (InO, 5), ZnO, and SnO,. These materials as TCOs was carried out by Shannon, Gilson, and Bouchard in

2 :
are collectively referred to as transparent conducting oxides 1977.” In 'subsequent years .TCO be_havmr has been foung
(TCO) materials. TCOs are utilized in a wide variety of among 9mdes from 'the spinel family, su'ch as Mgln, 0,
products from photovoltaics to antistatic coatings, but the two Exploration of multicomponent phase .dlagrams, such as
dominant applications are flat-panel displays and energy- InOI_S—SnOZ—ZnO—CdO'—G?O%, have ylelde'd a number of
efficient windows.! Fluorine-doped SnO, is the most widely new TCO candidate materials. Wltb the.exceptlon of ZnO, the
utilized material for energy-efficient window coatings, while tin- structures of most TCOs contain infinite networks of edge-
doped InO;5; (ITO) dominates the market for flat panel sharing octahedra.

displays.

Despite the widespread applications of TCOs, the structural Received: June 14, 2013
and compositional features that are favorable for transparent Revised:  August 15, 2013
conductivity are not fully understood. It is widely accepted that Published: August 29, 2013
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Perovskites are one of the most important families of ternary
oxides. Perovskites exhibit a wide range of electrical properties
including superconductivity, colossal magnetoresistance, ferroe-
lectricity, piezoelectricity, ionic conductivity, and so forth.
However, there have been relatively few investigations of
perovskites as transparent conductors. One exception is the
orthorhombic perovskite CdSnO; which was shown to be a
transparent conductor almost 20 years ago.” However, further
explorations of this material as a TCO have not ensued.
Perhaps in part because of concerns with the toxicity of
cadmium and the polymorphism of this compound. More
recently the band gaps and electronic structures of a number of
perovskites containing (n — 1)d'%nsnp® cations have been
investigated.” These studies suggest that the conduction band
dispersion and band gap of BaSnO; should be similar to
CdSnOj; and motivated this study of the electrical and optical
properties of Sb-doped BaSnOj; as a potential ternary TCO
material. In fact, La-doped SrGeO; with perovskite-type
structure has been recently reported as an n-type TCO,°
despite the fact that Ge oxides are typically insulators.

Perovskites tend to readily form solid solutions, which is
favorable for attempts to introduce carriers through substitu-
tional doping. Previous work has shown that it is possible to n-
dope BaSnOj; through Sb substitution onto the Sn site, as well
as La substitution onto the Ba site.” In particular it has been
shown that antimony has a large solubility, 18%. Furthermore,
in the corresponding binary TCO system, Sn,_,Sb,O, is known
to form wide range solid solution through wet chemical, low
temperature synthetic routes.® This provides an opportunity to
directly compare the properties of doped BaSnO; and SnO,.

Figure 1 shows the band structure diagrams for BaSnO; and
SnO, on the same scale.” For n-type TCOs the lowest energy

10

Energy (eV)
(=]

-10
rXmr ZRAM
(a)

r Mmx r R
(b)

Figure 1. Calculated band structures of (a) SnO, and (b) BaSnO;.
The binding energy (E = 0) is referenced to the valence band
maximum. For SnO,, I" = (0, 0, 0), X = (1/2,0,0), M = (1/2,1/2,0),
Z =(0,0,1/2), R = (1/2, 0, 1/2), and A = (1/2, 1/2, 1/2). For
BaSnO,, ' = (0,0, 0), M= (1/2,1/2,0), X =(1/2,0,0),and R = (1/
2, 1/2, 1/2).

conduction band (CB) is the most important band. The
dispersion of this band determines the mobility of the charge
carriers, which is critical for TCO applications. In both BaSnO;
and SnO, this band originates primarily from Sn Ss—O 2p o*
orbital interactions. However, translational symmetry prevents
mixing of the Sn Ss and O 2p orbitals at the I-point. As a result
this band becomes predominantly Sn 5s nonbonding at I". The
change from antibonding to nonbonding character is
responsible for the large dispersion of this band. A more
detailed analysis of band structures of these oxides can be found
in refs 5 and 9. The similarities of the BaSnO; and SnO, CBs
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suggest that BaSnO; should exhibit high carrier mobility if it
can be n-doped.

B EXPERIMENTAL SECTION

Sn0O, (99.9%, Fisher), BaCO; (99.4%, Mallinckrodt), Sb,05 (99.9%,
Cerac), and In,O; (99.9%, Cerac) were used as reagents.
BaSn,_,Sb,0; (0 < x < 0.15) and In;_,Sn,O;5 (0.03 < x < 0.06)
were synthesized via solid-state reaction at elevated temperature.
These materials were mixed with ethanol and ground in an agate
mortar and pestle. The mixture for BaSn,_,Sb,O; was first calcined at
1473 K for 10 h in air to decompose the carbonates. After this initial
firing, the products were ground and pressed into pellets uniaxially (30
kpsi). This was followed by cold isostatic pressing (60 kpsi, American
Isostatic Presses Inc., Columbus, OH) and heating at 1723 or 1823 K
for 15 h in air. For all heat treatments Pt crucibles were employed and
the pellets were buried in loose powder to reduce the potential loss of
antimony. Cation stoichiometries were confirmed by inductively
coupled plasma analysis. For In;_,Sn O, the mixture of reagents was
heated at 1773 K for 10 h in air.

The phase purity was confirmed with laboratory X-ray powder
diffraction (XRPD). A Bruker D8 diffactometer (40 kV, SO mA) was
used to collect the XRPD data. It is equipped with a Braun linear
position sensitive detector and an incident beam Ge 111
monochromator which provides high resolution data in addition to
eliminating the Cu K; and K, radiation. The Rietveld method,' as
implemented in the TOPAS software package,11 was used for the
structural analysis of the XRPD data. High resolution time-of-flight
neutron powder diffraction (NPD) data were collected at the Special
Environmental Powder Diffractometer (SEPD) at Argonne National
Laboratory.'? Rietveld refinements were completed on data collected
using detector bank #1 (20 = 144°) using the EXPGUI/GSAS
software package."®

Standard four probe electrical conductivity measurements were
made over the temperature range 300—40 K within a closed cycle
cryostat. Ohmic contacts to the polycrystalline pellets were formed by
applying an In—Ga alloy to the surface. UV—vis—NIR diffuse
reflectance data were collected over the spectral range 240—2600
nm with a Perkin-Elmer Lamda 900 double-beam spectrometer with
MgO as the reference material. The data were transformed into
absorbance with the Kubelka—Munk function. Electrochemical
measurements were done in a standard three electrode cell, with a
Pt counterelectrode and a Ag/AgCl reference electrode in 0.1 M
Na2,S0, aqueous solution. The BaSn;_,Sb,O; (x = 0.01) pellet, which
acted as the working electrode, was irradiated by a 150 W xenon lamp
through a quartz window and a mechanical shutter. For character-
ization of defect centers, electron spin resonance (ESR) spectra were
collected at 300 and 110 K with a Bruker ESP300 X-band
spectrometer. The g values of signals were calibrated to the signal of
DPPH (g = 2.0036) as an internal standard. Spin concentration were
determined from the second integral of the spectrum using CuSO,-
SH,O as a standard. ''°Sn Mossbauer spectra of the powdered samples
were collected at 77 K using '”™Sn in CaSnOj; as an emitter. '*'Sb
Mbssbauer spectra of the powdered samples were collected at 4.2 K
using 2'™Sn in CaSnOj as an emitter.

B RESULTS

Appearance and Conductivity. Table 1 shows the
composition, color, and density for the samples obtained.
The undoped BaSnOj sample is white, but the color changes
drastically from blue to bluish black, as x increases. The
increase of x improved sintering properties, as previously
reported by Cava et al.'* ICP analysis suggests moderate
volatilization of Sn resulting in slightly higher Sb content than
synthetically targeted. However, we have elected to identify
samples by their nominal antimony concentration throughout
this manuscript.

dx.doi.org/10.1021/cm4019309 | Chem. Mater. 2013, 25, 3858—3866
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Table 1. Cationic Compositions, Color, and Density of the
Samples, BaSn,_,Sb, O,

ICP analysis
(rel. mole frac.)

Sn Sb density/theoretical X-ray
x (%) (%) color density(%)
0 100 0 white 49
0.05 92 8 blue 59
0.10 86 14 bluish black 69
0.15 80 20 bluish black 83

The evolution of the electrical conductivity with changes in
doping and temperature are shown in Figures 2 and 3. Pure
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Figure 2. Lattice constants for BaSn,_,Sb,O; estimated from Rietveld
refinements for X-ray powder diffraction patterns. Error bars are
smaller than the symbols. The x dependence of electrical conductivity
at 300 K is also shown.
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Figure 3. Temperature dependence of electrical conductivity of
BaSn,_,Sb,0;.

BaSnO; (x = 0) is a white insulator whose resistance is too high
to be measured with our instrumental setup. A drastic increase
in conductivity at 300 K is observed as x increases. The
conductivity increases with increasing temperature for the x =
0.00S sample, and to a lesser extent for the x = 0.01 sample,
indicating activated carrier transport. For the more heavily
doped samples (x = 0.05, 0.10, and 0.15) the conductivity is
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temperature independent, indicating a degenerately doped
semiconductor. The increase in conductivity begins to level off
around x = 0.05 and saturates at 4 S cm™" around x = 0.10.
Pellets with different relative densities showed similar
conductivities, which suggests that the values plotted in Figure
3 are not heavily influenced by grain boundaries. This is
particularly true for the x = 0.10 and x = 0.15 samples. The
changes in conductivity with increased doping are in qualitative
agreement with Cava et al. who reported a bell shape profile for
conductivity vs x, with maximum value 10 S cm™" at x = 0.10."*

The room temperature conductivity of In;_,Sn, O, thin
films has been reported to be 5 X 10° S cm™" for x = 0.0S. This
value is in reasonable agreement with a conductivity of 9 X 10
S cm™' (T = 298 K) measured for an In,_ Sn, O, (x = 0.06)
pellet prepared as part of this study. These values are two
orders higher than our polycrystalline BaSn, Sb,O; pellets.
Seebeck coefhicients on BaSn,_,Sb,O; pellets were measured to
be —80, —24, —26, and —26 uV K™* at 300 K for x = 0.01, 0.05,
0.10, and 0.15 samples, respectively. The negative Seebeck
coefficients confirm that these compounds are n-type semi-
conductors, as are Sn;_,Sb,O, and In,_,Sn O, .

Structure and Composition. The x = 0 sample showed
sharp diffraction peaks corresponding to the simple cubic
perovskite structure (Pm3m). X-ray powder diffraction analysis
showed that Sb-doped samples are also cubic as there was no
sign of peak splitting or extra reflections that are indicative of
the symmetry-lowering that commonly occurs in perovskites as
a result of octahedral tilting."> Lattice parameters were
extracted from the XRPD data using the Rietveld method,
and the results are shown in Figure 2. The unit cell initially
expands in response to Sb-doping, but the slope starts to
decrease around x = 0.0S, and there is little change for x > 0.10.
The same general trend was reported by Cava et al.'* and
Huang et al'® Note how the saturation of the unit cell
expansion correlates rather well with the saturation of
conductivity seen with increasing x. For BaSn,_,Sb,O; samples
with x = 0.18 and 0.20 diffraction peaks due to an unknown
second phase appeared, suggesting that the solid solubility limit
occurs near x = 0.15. In an attempt to increase the Sb solubility,
the sample with x = 0.18 was heated at 1823 K and quenched
into water. However, even with this procedure we were not able
to suppress the formation of the second phase.

In oxides, attempts to introduce charge carriers through
substitutional doping of an aliovalent cation are often frustrated
by the presence of charge compensating defects. This behavior
is well-known in perovskites'” where examples of both anion
vacancies, AMO,_,, and cation vacancies, (AM),_,O; or
AMO;,,, are known. In oxides, antimony typically adopts
either the 3+ (4d'°5s*5p°) or the 5+ (4d'°5s°5p°) oxidation
state. This raises the possibility that Sb-substitution does not
introduce carriers as intended. If Sb®* substitutes on the Sn*"
site charge compensation can be realized via the formation of
oxygen vacancies, BaSn,_,Sb**,05_,,. Conversely, Sb>" sub-
stitution could be compensated by cation vacancies,
Ba(Sn;_,Sb*",),_,0;. As an independent assessment of the
stoichiometry NPD data were collected and analyzed. The
neutron cross sections for Ba, Sn, Sb, and O are 5.1, 6.2, 5.6,
and 5.8 fm, respectively. While not useful to assess the Sb/Sn
ratio neutron diffraction should be sensitive to the presence of
either cation or anion vacancies. The results for the refinements
of occupancy factors for Ba, Sn, and Sb are shown in Table 2.
The Rietveld analysis did not show evidence for an appreciable
concentrations of either type of vacancy.

dx.doi.org/10.1021/cm4019309 | Chem. Mater. 2013, 25, 3858—3866



Chemistry of Materials

Table 2. . Crystal Structure of BaSn,_.Sb,0, (x = 0—0.15) As Determined by NPD“

nominal x in BaSn;_,Sb,O; U (Ba) U (Sn/Sb) U, (0)
0 0.0051(1) 0.0035(1) 0.0031(2)
0.01 0.0052(1) 0.0035(1) 0.0036(2)
0.05 0.0055(2) 0.0035(1) 0.0037(3)
0.10 0.0059(2) 0.0036(1) 0.0045(2)
0.15 0.0068(2) 0.0036(1) 0.0052(3)

U, =Us (0) O occ. Rp (%) pr (%) ZZ
0.0103(2) 0.996(3) 4.97 7.54 1.935
0.0101(2) 0.992(3) 5.00 7.51 2.066
0.0101(2) 0.991(3) 4.72 7.17 1.856
0.0104(2) 0.996(3) 4.57 6.96 1.891
0.0109(2) 1.004(3) 4.73 7.08 1.756

“Occupancy factors for oxygen were refined. The Rietveld refinements were carried out using space group Pm3m.

Photoelectrochemical Response. Figure 4 shows the
polarization curve for BaSn;_,Sb,0; (x = 0.01) in 0.1 M
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Figure 4. Photoelectrochemical properties of a BaSn,_,Sb,0; (x =
0.01) polycrystalline electrode. It was irradiated with a non-
monochromatic Xe lamp (150 W). The electrolyte was 0.1 M
Na,SO,. The inset shows the position of the CB minimum and valence
band maximum of BaSnO;, compared with SnO,.

Na,SO,(aq). There is a clear photocurrent, but unfortunately
the response as a function of applied voltage is not very sharp.
One of the origins might be low density of the sintered pellet
that acts as the electrode (55% relative to theoretical X-ray
density). Nevertheless, the data are of sufficient quality to make
an estimate of —0.25 V vs Ag/AgCl for the flat band potential.
The estimated band positions in aqueous solution referenced to
the standard hydrogen electrode (SHE) at pH = 0 are shown in
the inset of Figure 4, together with those of SnO, as a
comparison. The positions of the band edges were estimated by
assuming the flatband potential is located at the bottom of the
CB. The bandgap values obtained from diffuse reflectance
measurements can then be used to locate the top of valence
band. Based on these measurements, the flatband potential of
BaSnO; is estimated to be 0.1 eV deeper than that of SnO,.
Optical Absorption. The diffuse reflectance spectra for
In,_,Sn,0; 5 (x = 0.0, 0.03, 0.06) are shown in Figure Sa. Pure
indium oxide, InO, has symmetry forbidden direct funda-
mental gap, as revealed by first principles calculations.'® Our
measurements reveal an absorption edge around 400 nm (3.1
eV). When tin is introduced the absorption spectra change
dramatically. The carriers introduced by Sn-doping give rise to
plasmon excitations that obey the Drude model and lead to
absorbance in the infrared region of the spectrum. The x = 0.03
sample (6,5 = 2 X 10* S cm™) shows a maximum
absorbance near 2000 nm, while the absorbance of the x =
0.06 sample (6505 k =9 X 10* S cm™") reaches a maximum near
1700 nm. The shift of this peak to higher energy is expected
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Figure 5. Diffuse
BaSn,_,Sb,O;.

reflectance spectra for (a) In;_,Sn,O; and (b)

from the higher carrier concentration of the x = 0.06 sample.
The absorptions due to plasmon excitations tail into the visible
region impacting the color. If a sample absorbs light at both
ends of visible light region, a green color is expected. The color
will shift to blue, violet, and finally black as the transparent
window region shifts to higher energy, because of shifts of both
the absorption edge and the plasmon tail. In this study, the
color of the powdered samples changes from yellow to green to
bluish green, as x increases.

The increase of diftuse reflectance in the region 1900—2600
nm was observed for the x = 0.06 sample. The large influence
on the diffuse reflectance spectrum by spectral reflection seen
in the NIR prevents us from applying the Kubelka—Munk
function, which makes it difficult to determine the plasma
frequency (®,) accurately from the diffuse reflectance spectra."’
However, Cox et al. determined ), for polycrystalline
In; ,Sn, O, pellets directly, using electron energy loss
spectroscopy (EELS).”® They reported , = 0.50 eV (2480
nm) for x = 0.01, 0.60 eV (2070 nm) for x = 0.04, and 0.65 eV
(1910 nm) for x 0.06. These values are qualitatively
consistent with our diffuse reflectance spectra.

dx.doi.org/10.1021/cm4019309 | Chem. Mater. 2013, 25, 3858—3866
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The diffuse reflectance spectra for BaSn,_,Sb,O; are shown
in Figure Sb. The x = 0 sample shows a clear absorption edge at
400 nm, indicating bandgap of 3.1 eV. As «x increases the diffuse
reflectance in the NIR region sharply decreases. As a result the
tail of the plasmon absorption moves into the visible region,
resulting in the blue color of the powders. Even the substitution
of 1% Sb (x = 0.01) decreased the peak intensity for diffuse
reflectance to 42%. The rate for darkening in BaSn,_,Sb,O; is
much higher than observed for In;_,,Sn,O, 5 (the peak intensity
for the x = 0.03 sample was 50%.). In other words, for
equivalent amounts of dopant the transparency in
BaSn,_,Sb,O; is inferior to In;_,Sn O, Careful observation
shows that the bandgap absorption edge shifts to higher energy
(i.e., blue shift) as x increases. This is the so-called Burstein—
Moss shift which is a characteristic feature of good TCOs. It
indicates a large CB dispersion.

As x increases further, intense darkening was observed for
BaSn,_,Sb,O;. The peak intensity for diffuse reflectance
decreased to 8% in the x = 0.05 sample, which means that
most of the transparency to visible light has been lost. By the
time x reaches 0.10, the samples become black and trans-
parency in the visible region is negligible. The spectra for x =
0.05—0.1S show an upturn in the reflectance (less absorbance)
in the 2000—2600 nm range. While this spectral feature is
similar to that seen in In,;_ Sn, O, ;, the absorption mechanisms
are likely to be different. First of all, the rise in reflectance for
wavelengths greater than 2000 nm (originating from the
influence of spectral reflection) observed in In,_,Sn,O; is
much steeper than that of BaSn;_,Sb,O;. Also, the conductivity
for BaSn;_,Sb,0; which is related to w, is two orders lower
than that of In;_,Sn, O, ;. For these reasons we suspect that the
NIR absorbance seen in the more heavily doped BaSn,_,Sb,O,
samples does not arise solely from excitations of the free
carriers.

ESR. Electron spin resonance (ESR) measurements on
BaSn,_,Sb,O; powders were carried out at 300 and 110 K to
probe for the formation of unpaired electrons resulting from
Sb-substitution. Figure 6a shows the ESR spectra for x = 0 and
x = 0.01 at 110 K, respectively. The BaSnO; sample (x = 0)
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Figure 6. (a) ESR spectra (solid lines) measured at 110 K on the
BaSn,_,Sb,O; powder sample with x = 0 and 0.01 made by solid state
reaction at 1723 K. The inset shows the dependence on x of the g
value of the conduction electron around 3750 G. (b) ESR spectra
(solid lines) measured at 300 and 110 K on the BaSnO; powder
sample (x = 0). The experimental spectra are compared with the
simulated powder pattern (dotted line) using the parameters g =
2.0044, g, = 2.0008, A (HF, Sn) = 0 G, and A (SHF, Sn) = 18.0 G.
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prepared at 1723 K showed a complicated ESR spectrum at 110
K. Signals were found at g values of 1.76 (a very weak peak at
~3700 G) and near 2.002 (a much stronger peak at ~3350 G).
As x increased, the intensities for both peaks increased, as
shown in Figure 6a. The g = 2.002 peak has fine structures, as
shown in Figure 6b, and increased the line width as x increases,
resulting in the loss of fine structure. The g = 1.76 peak showed
gradual increase of the g-value as x increases (inset of Figure
6a), as well as an increase of peak intensity.

As a side note the sample with x = 0 made at 1723 K did
show a very weak sextet signal that we attribute to Mn*"
(Figure 6a). The presence of manganese is thought to originate
from one of the furnaces used for synthesis, judging from the
fact that the sample made at 1473 K in a different furnace did
not contain the Mn*" ESR signal. To investigate the possibility
that manganese contamination might be linked to the six peaks,
BaSn,_,Mn,O; (x = 0.001, 0.00S, 0.01, and 0.02) samples were
intentionally prepared. ESR spectra of these samples confirm
that the sextet signal originates from Mn**>'

It is well-known that the g-value of conduction electrons in
TCOs typically deviates from g, (free electron). Examples
include g = 1.77—1.80 for CdO, 1.88 for InO, 5, 1.87—1.90 for
Sn0O,, 1.90 for CdSnO; (perovskite type), and 1.86—1.89 for
Cd,Sn0,.** The g-value combined with the lack of structure
allows us to confidently assign the weak g = 1.76 peak in the
BaSnO; sample to free carriers in the CB, and the amount of
spin is 2 X 10" cm™. On the other hand, the g = 2.002 signal
with strong intensity shows no shift in g-value, as x increases.
This peak is thought to correspond to a localized center. The
signal at 300 and 110 K is magnified in Figure 6b. The
complicated shape of the signal implies that the wave function
of the unpaired electron even at 110 K extends over multiple
but finite number of tin sites.”> Because the g-value is close to
ge we cannot easily justify whether this is due to an electron or
a positive hole from the Pryce equation. However, the g-value
agreed with that observed for n-doped BaSn; ,Sb,O; samples
(x = 0.005 and 0.01) shown in Figure 6a, and the intensity
increased as x increased. Thus, we considered this to be an
electron center.

To simulate the ESR spectrum for x = 0 at 110 K, we have
made the assumption that this is a Sn** (= Sn** + e7) center in
the perovskite lattice surrounded by six nearest neighbor Sn**
ions, mediated by O~ ions (I = 0). Thus, the spectrum is
influenced from both a strong hyperfine (HF) interaction of the
central Sn ion (I = 1/2), as well as a superhyperfine (SHF)
interaction by the six nearest neighbor Sn ions (I = 1/2),
located at the distance of 4.11 A. The SHF coupling constant is
taken to be isotropic because of the long Sn—Sn distance (4.11
A). The simulation for powder pattern for the central Sn (I =
0) was carried out for the spectrum of x = 0, using the same
method as employed by Watanabe et al** The simulated
spectrum obtained in this way using axial g values is shown in
Figure 6b by dotted line, which shows reasonable agreement
with the experimental pattern. We did not consider the
influence by the central Sn ion (I = 1/2, HF) in this simulation
because we could not detect any splitting in the peak(s) arising
from the central Sn ion (I = 1/2), despite the fact that the S0—
10000 G magnetic field region was investigated. There are two
reasons why the detection of this splitting is difficult to observe.
One is the relatively high measurement temperature. The other
is the small natural abundance, 16.54%, of Sn ions with I = 1/
2.%* The obtained SHF coupling constant, 18 G from the six
nearest neighbor Sn ions (I = 1/2) with the distance 4.11 A,
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seems to be reasonable, taking into consideration a value of 34
G observed as an SHF coupling constant in Mn-doped SnO,
with Mn—Sn distance, 3.12 A.2® On the basis of this simulation,
we ascribe the signal around 3350 G to the Sn®" electron
trapped center in the octahedral site of the perovskite structure.
The trapped electron might be strongly coupled with the
formation of an oxygen vacancy for x = 0. As x > 0, the signal
became broad and lost structure because of the increase of spin
concentration. The total amount of spin detected in each
measurement is in qualitative agreement with the nominal Sb-
content of the samples. From the ratio of the peak areas we
estimate that 95% of the unpaired electrons are trapped on the
Sn** site for the x = 0.01 sample. This result gives some insight
into why BaSn,_,Sb,O; samples are not more conducting.
Massbauer Spectroscopy. ''°Sn Massbauer spectroscopy
is an excellent probe of the local environment and oxidation
state of tin. This method gives us two primary pieces of
information, isomer shift (IS) and quadruple splitting (QS).
The isomer shift gives us the information about the valence
state of the Sn ion. The quadrupole splitting (QS) gives us
information about the symmetry around the probe ion (Sn).
We selected BaSnOj as a reference of the isomer shift. Figure 7

Transmission ( Arb. Units)

Velocity (mm sec” )

Figure 7. °Sn Mossbauer spectra of BaSn,_,Sb,O; at 77 K. The
reference is BaSnO;. The inset shows the x dependence for the isomer

shift.

shows the '"Sn Mossbauer spectra for BaSn;_,Sb,0;. Each
spectrum for x shows a simple peak, and it was possible to fit
this using a single Lorentzian curve with QS = 0. (Fitting curve
is shown with a solid line.) This indicates that a SnOq
coordination with O, symmetry and a homogeneous single
state for Sn ion are retained after Sb-substitution. This is
consistent with the Pm3m space group symmetry estimated
from XRPD and NPD. The Sn ion takes usually Sn*'
(4d"5s%5p°) or Sn>* (4d'%5s*5p°) in oxides. It is known that
Sn** and Sn** show isomer shifts of —0.4 to +2.0 mm sec™" and
2.3 to 4.5 mm sec™" (relative to BaSnOj), respectively.”” The IS
values observed for BaSn;_,Sb,0; (0 < x < 0.15) fell in the
range expected for Sn*', although there was a slight increase in
IS in the doped samples, as shown in the inset of Figure 7.
Peaks associated with Sn>* were not observed. This subtle shift
in the IS translates to an increase of the s electron density. In
other words, the Sn ion is reduced slightly as x increases, as
suggested by the ESR. However, the reduction appears to
saturate by the time x reaches 0.0S. This result is similar to the
change of lattice constant and the electrical conductivity
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(Figure 2). These results are similar to ''*Sn Mossbauer data
for Sn, ,Sb,O, reported by other groups, where the
homogeneous reduction of the Sn** ion without the formation
of Sn** has also been reported.”® >

The Sb ion takes usually Sb*" (4d'°5s*5p°) or Sb**
(4d'°5s°5p°) in oxides. There are many characterization
methods for the Sb ion, for example, XPS, XANES. Among
these, '>'Sb Méssbauer is useful for the separation of Sb*"/Sb**
owing to the large difference in the IS of Sb*>" and Sb**. For
1215 Méssbauer, the transition from the ground state nuclear
with I = 5/2 to excited state nuclear with I = 7/2 is detected.
Both ground and excited states have axial symmetry, and thus
have an electric quadruple. Therefore, when the symmetry
around the Sb ion for the electric field gradient decreases from
cubic (0,), the levels for ground states split into three, + 5/2,
+ 3/2, + 1/2. Similarly, excited states split into four, + 7/2, +
5/2, £ 3/2, + 1/2. These bring about the splitting of
absorption spectra into eight (or twelve), because of the
transition rule (Am; = 0, 1) and give us the information about
the symmetry around probe ion (Sb).

The IS for Sb is large, and was observed for —11.0 mm-sec™
or 0.6 mm-sec™! relative to Sb for Sb,0; or Sb,0O;
respectively.*>*! Figure 8 shows the !Sb Méssbauer spectra
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Figure 8. '*!Sb Mossbauer spectra of BaSn;_,Sb,O; at 4.2 K. The
reference is Sb metal. The inset shows the x dependence for the
fraction of Sb>*.

at 42 K for BaSn, ,Sb,O; powder. The strong peak around
—1.2 mm sec™" for x = 0.15 is ascribed to the Sb>" state. The
eight (or twelve) peaks are not resolved, and a single broad
peak results. The weak peak around —14.0 mm sec™' is
assigned to Sb**. The ratio of the area for the two peaks agrees
with the ratio of the concentrations. It is noted that the IS for
both peaks is quite different from that for Sb*" which is
observed in BaPb,_,Sb,0;.>* While the content of Sb>* is only
1(1)% for x = 0.0S, it increased to ~15% for x > 0.10, forming a
mixed valence (MV) state of the 5s°—Ss* type, resulting in an
inactive dopant state. These behaviors for the Sb ion as well as
Sn ion are very similar to those for Sn;_,Sb,O, reported by
other groups.”**"3?

The Mossbauer results clearly show that when carriers
localize, Sb** is formed in preference to Sn**. This is as
expected given the higher effective nuclear charges of the Sb**
ion with respect to the Sn** ion.

B DISCUSSION

Before the discussion on the microscopic mechanism associated
with Sb-substitution, let us summarize briefly the physical
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properties observed for BaSn,_,Sb,Os. In the region 0 < x <
0.05, the conductivity increases drastically as x increases, and
temperature dependent conductivity is observed. Strong
absorbance in the NIR region was observed, indicating the
existence of free carriers. A Burstein—Moss shift is observed for
diftuse reflectance spectra confirming the large dispersion of CB
for BaSnO; predicted by band structure calculations. However,
the conductivity never becomes as large as seen in good TCO
materials, and the transparency in the visible region quickly
disappears as x increases. For samples with 0.05 < x < 0.1S the
conductivity saturates at roughly 4 S cm™. The shape of the
spectral response in the NIR changes for x = 0.05 and 0.10
samples. A new, very broad absorption band appears around
1200—1300 nm. This absorption causes the sample to lose
transparency in the vis—NIR region.

What is the origin of the low conductivity? Let us select x =
0.01 as an example. The conductivity was measured as 1 X 1073
S cm™". The low conductivity must originate either from low
carrier concentration or low mobility: ¢ = enu (o, electrical
conductivity; n, carrier concentration; and g, carrier mobility).
As a first approximation we can take the free carrier
concentration 7 to be 2 X 10" cm™, which was estimated by
ESR. The equation gives y = 3 X 107* cm® V™' 57", This value
is extremely small relative to that for known TCOs, such as
SnO, thin film (20 cm® V™' s7!), Sn and Mg doped InO, 5 thin
film (30 cm®* V7' s7'), In;_,,Sn, 0, 5 pellet (80 cm? V™' s7),
CdO thin film (120 cm® V7! s7!), and B-PbO, (90 cm?> V!
s71).3* Thus, we can conclude that y for BaSn,_ . Sb,O; (x =
0.01) is much smaller than for In,_ Sn O, ¢.*

One possible origin for the small conductivity of the
BaSn,_,Sb,0; samples is Sb**/Sb>* mixed valency in the 0.10
< x < 0.15 region. '*'Sb Mdssbauer spectra suggested that only
~70% Sb is active as a dopant (Figure 8 inset). Nonetheless,
the observed low conductivity in the x < 0.0S region cannot be
attributed entirely to the Sb MV state. For x = 0.01, '**Sn
Mossbauer gives no evidence for Sn** and extrapolation of the
12ISb Mossbauer results suggest a rather low concentration of
Sb*. However, ESR measurements show that 95% of the
unpaired electrons are localized, nominally on a Sn** site. Even
taking into account that 19 out of every 20 carriers are
localized, the conductivity is much lower than that of TCOs
like InO, 5 and SnO, doped at a comparable level.

What is the origin for low 2 Changes in the band structure
as a result of Sb-substitution, including the subtle increase in
lattice parameter and impurity scattering events, undoubtedly
lead to a small decrease in carrier mobility. However, such
mechanisms are also at play in other doped TCO materials
whose mobilities are 4—5 orders of magnitude higher. Hence
these mechanisms are not likely to be the reason for the low
carrier mobility. Instead we propose the electron—phonon
interaction as the origin for the low . Strong electron phonon
interaction is well-known for cations with ns* electronic
conﬁguration.36 Day and co-workers showed strong interva-
lence charge transfer (IVCT) transitions in the metal complex
such as Cs,SbCl; (= Cs,Sb**Sb%*Cl;,), where there is an
electronic transition from Sb* to Sb>* mediated by intervening
lattice vibrations of the anion. They classified compounds
which show a characteristic electronic transition between MV
cations as class II MV compounds. Many halides fall into this
category. In oxides cationic ns* electrons tend to localize to
form a cationic lone pair, as observed in a-PbO (litharge).
Occasionally Bi*" has relatively regular octahedral coordination
in oxides, but similar environments have little precedent for
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Sb** in oxides. The distorted perovskite BaBiO; (=
Ba,Bi*'Bi** ), the mother phase for high T, superconductors
BaBi,_,Pb,O; and Ba,_K,BiO;, is one of the few examples.*”
Large Bi’**Og octahedra alternate with smaller Bi**Og octahedra
in BaBiOj. The strong electron—phonon coupling that leads to
the Bi*"/Bi** charge ordering makes Ba,Bi**Bi**Oy an insulator.
In BaBiOj; the so-called breathing mode that creates different
environments for Bi** and Bi** ions is static (frozen). When
such lattice vibrations become dynamic they can couple with
electron transfer from an ns* ion to an ns° ion in which case the
carrier transport is said to be polaronic.>® This typically results
in a large electron effective mass and low carrier mobility. The
lattice vibration mode greatly enhances IVCT absorption.
Therefore, it seems plausible to ascribe the broad absorption
band centered on 1200—1300 nm that is seen for
BaSn, ,Sb,O; with x = 0.05—0.15 to an IVCT band. The
Sn*" electron center for x = 0.01 detected by ESR might be
associated with this mechanism. However, it is noted that there
are few reports for Sn*>*/Sn** MV oxides except for Sn,M,0,
(M = Nb,Ta).*® The Sb**/Sb** MV is much more stable in
solid oxides. But, Sb**O; octahedra in perovskite-type oxides
are usually highly distorted, because the cationic Ss* lone pair
has a tendency to localize. And, this also enhances the decrease
of the carrier mobility.

Finally, we compare the observed effects by Sb substitution
in BaSnO; with those for other TCOs. Sn substitution into
InO, 5 is possible up to x ~ 10% for the polycrystalline solid.
Phenomena similar to those seen in BaSn;_,Sb,O; are observed
for the evolution of the lattice parameter and electrical
conductivity as x increases. In In;_,Sn O, thin films, the
slope of lattice constant starts to decrease around x = 0.03 and
saturates around x = 0.08—0.10, where the second phase
In,Sn;0,, begins to appear. In,_,Sn,O, 5 (thin film/pellet) and
BaSn,;_,Sb,O; also show saturation near x 0.10. In
In,_,Sn,0; 5 powder '”Sn Mossbauer spectra show that the
Sn*" state is kept up to x = 0.10.*° The saturation is thought to
originate from incorporation of excess oxygen ions, which
reduce the carrier concentration.*' This suggests that the
observed phenomena are similar with BaSn,_,Sb,O;, although
the mechanisms are different.

H CONCLUSION

The solid solubility of Sb in BaSn,_,Sb,O; extends up to ~15%
substitution. The cubic perovskite structure is maintained over
the entire range. In the region 0 < x < 0.05, the conductivity
increases drastically as x increases, and temperature independ-
ent conductivity is observed. Unfortunately the conductivity
never reaches values seen in good TCO materials, and the
transparency in the visible region quickly disappears as x
increases. For higher doping levels the conductivity saturates,
and a very broad absorption band appears around 1200—1300
nm associated with IVCT excitations.

The behavior of BaSn,_,Sb,O; has important implications
for the design of TCOs. Although oxides containing corner-
sharing octahedra can possess wide CBs that in principle should
result in high carrier mobility and good TCO characteristics,
they suffer from a fatal flaw. In structures, like the cubic
perovskite structure of BaSnOj;, containing linear metal—
oxygen—metal bonds the CB width is at a maximum.
Unfortunately, this type of framework is favorable for IVCT
transitions between p-block cations. This leads to strong
electron—phonon coupling that reduces the carrier mobility,
and a strong IVCT optical absorption that reduces the
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transparency. The problems of the IVCT are lessened in
CdSnOj;, which has a highly distorted perovskite structure with
Sn—O-Sn angles (~140 deg) that are far from linear.
However, in such ternary oxides a large CB dispersion can
only be realized if both cations are p-block ions.
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