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Abstract

A new transparent conductor, containing pentavalent antimony, Ins ,Sn3_,,Sb,O/,, has been synthesized for 0<x<1.5. The
latter exhibits an ordered oxygen-deficient fluorite structure with an ordered distribution of Sb> and In®"/Sn*" species in the
octahedral and seven-fold coordinated sites, respectively. More importantly, it is shown that the electronic conductivity of this
transparent conducting oxide (TCO) at room temperature, is one order of magnitude larger for x = 1 (InsSnSbO,) than for x = 0
(IngSn301,) and it turns to a semi-metallic behavior in contrast to IngSn;O;, which is a semi-conductor. The potential of this new
material, as TCO, is also shown by its reflectance spectra, similar to InySn;Oj,, involving only a small increase of the optical

bandgap, by 0.15eV.
© 2004 Elsevier Inc. All rights reserved.
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The importance of transparent conducting oxides
(TCO) in the field of optoelectronics for various devices
such as solar cells, electroluminescence and liquid crystal
displays [1], has been extended dramatically these recent
years with the event of flat screen high-definition
televisions, high-resolution screens of portable compu-
ters, thin film photovoltaics and electrochromic win-
dows [2-3]. For these reasons, numerous investigations
have been carried out recently on these materials, in
order to discover new n-type [4-5] or p-type [6]
transparent conductors. Among the various n-type
TCOs that have been found up to now, the indium tin
doped oxide In,O3:Sn, known as ITO, appears as most
famous [7-11]. Besides this indium-rich oxide, which
crystallizes with the bixbyite structure, another oxide
was identified for the composition InsSn;O;, [12-14].
Thin films of the latter oxides were found to be highly
conducting and transparent [15], with characteristics
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close to ITO. The structural study of this M;0;, oxide
[16] showed that its rhombohedral structure is closely
related to the bixbyite type, and is in fact a doubly
ordered oxygen-deficient fluorite, on both cationic and
anionic sites.

Bearing in mind that in such a In-Sn—O system the
In’" and Sn*" cations both exhibit a d'® electronic
outer configuration, we have investigated the possible
substitution of the pair antimony (V)-indium(III) for tin
(IV). In the present paper, we show the great ability of
Sb(V) to form the M-;0;, ordered oxygen-deficient
fluorite structure and demonstrate that the ordering
phenomena hold for the whole solid solution Ingy
Sn3_»,Sb, O, (0<x<1.5). More importantly, we show
that the introduction of antimony increases the electro-
nic conductivity up to one order of magnitude with
respect to IngSn3;04, [15], leading to a practically semi-
metallic behavior for InsSnSbO;,, in contrast to
In4Sn30;, which is a semi-conductor. The potential of
these Sb phases as transparent conductors is also shown
by their reflectance spectra, similar to that of InySn30,.
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Six compositions (x = 0.33; 0.50; 0.66; 1; 1.33; 1.50)
of the solid solution In4+ ,Sn;_»,Sb, O, and InySns0;,
for comparison, were prepared from mixtures of pure
In,O5;, SnO, and Sb>O; powder oxides, in alumina
crucibles heated in air. After an initial heating at 600 °C
in order to ensure the full oxidation of Sb(III) into
Sb(V), successive 12h annealings followed by air
quenching, were performed at increasing temperatures
up to 1400 °C, except for the richest Sb compositions
(x = 1.33; 1.50), which were heated up to 1250 °C, in
order to prevent any decomposition. It was checked that
no supplementary weight loss due to the presence of
antimony, occurred during the whole series of anneal-
ings. According to this experimental procedure, pure
phases corresponding to the entire range of solid
solution Ing Snz_»,Sb, O, (0<x<1.5) were isolated.
The X-ray powder diffraction (XRPD) patterns of these
phases are isotypic to IngSn;O;,, as shown for the limit
antimony indate InssSbysO;, (Fig. 1). The ability of
formation of the M-,0;, type phases is undoubtly
favored by a progressive introduction of antimony.
Energy dispersive spectroscopy using a Kevex analyzer
mounted on a Jeol 200CX electron microscope, was
carried out on more than 50 microcrystals. It confirms
the great homogeneity of the samples. The presence of
any other element than In, Sn and Sb was never
detected. The observed cationic composition agrees with
the nominal one. Moreover, the cationic distribution
does not fluctuate significantly from one microcrystallite
to the other, for a given sample.

XRPD structure calculations were performed from a
Rietveld analysis (Fullprof program [17]) of the
diffractograms recorded on a Philips vertical goniometer
(CuKua radiation), equipped with a secondary graphite
monochromator, in the angular range 6-120°, 26. The
structural model of InsSn;O;, [16] was used: S.G. R3
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Fig. 1. XRPD patterns (CuKa) of Ins sSb; 5O, (down) and IngSn30,
(up).

with two sets of cationic positions 3(«), 18(f) and three
sets of oxygen positions 18(f), in the corresponding
hexagonal cell (aﬂ:9.51& and c#8.9 A). For the different
compositions, the convergence of the refinements was
easily obtained, resulting in satisfying values of the
confidence factors (Table 1). The calculated patterns fit
with the experimental one, as shown for the limit
compound InssSb; 50, (Fig. 2). As exemplified for
Ins sSb; 5045, the atomic coordinates (Table 2) show
that the cationic positions of these phases are very close
to those previously observed for InySn;01, [16], whereas
in contrast, the oxygen positions are significantly shifted
with respect to those of IngSn;O;,, even if we bear in
mind that the accuracy of the latter obtained here by
XRPD, is lower than that obtained by neutron powder
diffraction for IngSn;O;, [16]. It is, of course, not
possible to distinguish the Sb from the In or Sn positions
from XRPD structure calculations, due to the close
atomic number of these elements, but the examination
of the interatomic distances (Table 3) gives a clear
answer to this question. The M—O distances in the 3(a)
site (1.95 A) are significantly smaller than those in the
18(f) site (2.04-2.60 A) and than those observed for the
3(a) site in IngSn301,. This shows that the 3(a) sites are
preferentially occupied by antimony and that most
probably for the limit phase Ins sSb; 501,, the 3(a) sites
are totally occupied by antimony, whereas the addi-
tional Sb is statistically distributed in the 18(f) sites with
In, according to the formula [InssSby s]ig)[Sbl3)O12.
Such an ordered cationic distribution is greatly sup-
ported by the tendency of Sb>* to accommodate a
highly symmetrical octahedral coordination, as pre-
viously shown by one of us (J.C.) in the complex
bixbyite Cu;TiFeSbOy [18]. The smaller size of Sb”™"
compared to In®" and Sn**, according to Shannon and
Prewitt [19], corroborates this view point. The evolution
of the cell parameters versus x (Table 1 and Fig. 3)
supports also strongly this ordered cationic distribution.
One indeed observes that the “a” parameter exhibits a
singular point at x = 1 (Fig. 3a), decreasing below x =
1, and increasing beyond this value, whereas the “¢”
parameter increases continuously with x (Fig. 3b),
suggesting two regimes in the cationic distribution
versus x, in agreement with the above observations.
The rupture in the cell volume evolution versus x, at
x = 1 (Fig. 3c) is also in agreement with this interpreta-
tion.

Electrical resistivity measurements were carried out
by the four-probe method in the range 5-375K, using a
PPMS facility, on pellets sintered at 1400 °C in air. For
these experimental conditions, three samples corre-
sponding to compositions (x = 0.50, 0.66 and 1) were
explored and for reference, a sample of InsSn;O,
sintered in the same conditions was also measured. For
x> 1, the instability of the materials above 1300 °C did
not allow any sintering to be achieved, so that no
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Table 1
Crystal chemical data of the solid solution Ing Sn;_»,Sb, O}, 0<x<1.5
Comp. x 0 0.33 0.50 0.66 1.0 1.33 1.50
Temp. (°C) 1400 1400 1400 1400 1400 1250 1250
a (é) 9.4637(2) 9.4564(2) 9.4537(2) 9.4529(2) 9.4478(2) 9.4521(1) 9.4545(1)
c(A) 8.8554(2) 8.8740(2) 8.8810(2) 8.8888(2) 8.9034(2) 8.9191(1) 8.9210(2)
V(A% 687.36 687.74 687.95 688.35 688.76 690.60 691.10
Ry 7.7 4.1 49 4.7 4.7 4.6 8.2
R, 16.4 13.3 14.1 14.9 12.5 12.5 17.5
' ' ' ' ' ] Table 2
L E Atomic parameters of InssSb; sO;,—XRPD Rietveld refinement—
] and InySn;0,,—NPD Rietveld refinement [16]
] Formula Ins sSby sO1 4515015
~f ] Cationic site 3(¢)  B® 0.26 (9) B® 0.54 (6)
3 ] 100% Sb or Sn*
.;,2,' o Cationic site 18(f) x 02518 2) «x 0.2526 (2)
,g 8.33% Sb or 33% y 02143 (2) y 0.2145 (2)
= Sn
2 91.66% In or 67% z 0.3497 2) =z 0.3497 (2)
In
SR TR TN TR A T T T T e g e b b
R N O O B 0.28 (4) B 0.47 (4)
L ] O site 18(f) X 0.1920 (17) x 0.1979 (2)
wkv Ir oy ] y 0.1653 27) 0.1768 (2)
T U S RS B S R S z 0.1073 (15) z 0.1162 (2)
0 20 40 60 80 100 120 BP 2.4 (5) BP 0.96 (4)
20 05 site 18(/) x 0.1921 (23) x 0.1886 (3)
Fig. 2. Observed (dots), calculated (lines) and difference XRPD y 0.9775 (23) y 0.9745 (2)
pattern of InssSb; sO,. Vertical bars indicate the positions of the Zb 0.3830 (14) Zb 0.3917 (2)
reflections of the title phase (upper) and In,O5 (lower). The calculated B 1.8 (4) B 0.82 (3)
amount of the latter phase does not exceed 1%. N 0
X, y, z=0U.

resistivity measurements were carried out. The p(7T)
curves of the Ing 4+ ,Snz_,,Sb,O;, samples (Fig. 4) clearly
show the decrease of the resistivity, due to the
introduction of antimony. Starting from InsSn;O,
(x = 0), which exhibits at room temperature (RT) a
resistivity of 2.6 x 1072Qcm close to that previously
observed (2x1072Qcm) for a ceramic sample by
several authors [13,20], there is a first step for both
compositions x =0.50 and 0.66: prr#1072Qcm. A
further decrease occurs for x =1, i.e., InsSnSbO;,
which clearly shows the best performances pgrrt:
2.8 x 10> Qcm. Thus, the resistivity of the new oxide
InsSnSbO;, is one order of magnitude smaller than that
of IngSn30, and less than one order of magnitude
larger than that of the well-known ITO: approximately
0.5 x 107*Qcm for a 3% Sn ceramic fired at 1400 °C in
air [21]. Moreover, the temperature dependence of
InsSnSbO;, is practically semi-metallic instead of semi-
conductive for InySn;Oy,.

The optical properties of these oxides show their
potential as transparent conductors. The color of the
samples ranges from pale yellow (x = 0) to light green

®Isotropic thermal factor in A,

Table 3
Metal-oxygen distances (10\) in Ins sSb; 5O, and IngSn;04, [16]
Formula Ins 5Sb; 50> InsSn;04,
M-0O in 3(a) M-0;x 6 1.95 (2) M-0O; x 6 2.057(2)
M=Sb or Sn
M-O; x 1 2.22 (3) M-0, x 1 2.118(3)
M-O, x 1 2.21 (3) M-0O; x 1 2.145(3)
M-0O in 18(f) M-O; x 1 2.60 (3) M-0O; x 1 2.643(3)
M= (Ing 9»Sbg 0g) M-0,x 1 2.04 (3) M-0,x 1 2.070(3)
M = (Ing ¢7Sn¢ 33) M-0, x 1 2.11 (3) M-0, x 1 2.146(3)
M-0O,x 1 2.19 (3) M-0,x 1 2.178(3)
M-0, x 1 2.40 (3) M-0,x 1 2.313(3)

Average 2.25 Average 2.230

(x = 1). Diffuse reflectance spectra (Fig. 5) registered for
x =0.50; 0.66 and 1, with a double beam spectro-
photometer (Cary Varian), are very similar to that of
IngSn;0;,. One indeed observes that up to x =1, the
introduction of antimony decreases only slightly the
maximum percent reflectance around 500nm, with
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Fig. 3. Variation of the hexagonal cell constants in the solid solution
Ing+ Sn3_,Sb,012.
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Fig. 4. Electrical resistivity (Qcm) versus temperature (K) in the solid
solution Ing 4 Sns_»,Sb,O1».

respect to InySn30,. Simultaneously, a small increase of
the optical bandgap, by about 0.15eV, occurs.

In conclusion, this study shows the great potential of
pentavalent antimony to increase the conductivity in the
ordered oxygen-deficient fluorite oxides Ing;,
Sn;_,,SbO,. The properties of these new transparent
conductors are most probably closely related to the d'°
electronic configuration of Sb(V) which may contribute
to the position of the conduction band. The mechanism
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Fig. 5. Measured optical reflectance in the solid solution Ings .
Sn3,2bex012.

of the conductivity is still a matter of debate, and it is
possible that the ordering of the Sb°>* and In**/Sn**
species over the 3(a) and 18(f) sites, respectively, plays
an important role in such properties. Further investiga-
tions of pentavalent antimony-based oxides should
allow new TCOs to be discovered.
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