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The cation distribution in the transparent conducting oxide
Cd,, In,_, Sn O, was investigated to determine if there is a cor-
relation between structure and electronic properties. Combined
Rietveld refinements of neutron and X-ray diffraction data and
9Sn Mossbauer spectroscopic analysis were used to show that
the cation distribution changed with x (0 < x < 0.7) from a prim-
arily normal spinel (x=0) to an increasingly random spinel.
CdIn, O, quenched from 1175°C has an inversion parameter of
0.31 (i.e., (Cd,golng;,)*'(In; ¢9Cdy3.)°O,). The inversion para-
meter decreases to (.27 as the quench temperature is lowered
from 1175°C to 1000°C. The decrease in inversion parameter
with temperature correlates with an increase in optical gap from
3.0 eV to 3.3 eV for specimens prepared at 1175°C and 800°C,
respectively. We show that this is a consequence of an increase in
the fundamental band gap.

© 2002 Elsevier Science

INTRODUCTION

Transparent conducting oxides (TCOs) are a unique class
of materials that are optically transparent and electrically
conducting with a wide variety of optoelectronic applica-
tions such as transparent electrodes in flat panel displays,
photovoltaic cells, electrochromic devices, and transparent
semiconducting devices (1). One common TCO is tin-doped
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indium oxide (ITO), owing to its good conductivity (~ 5000
S/cm) and high optical transparency between 85-90% (2).
As the demand for thinner and higher performance devices
increases, future TCOs will need to have higher conductivi-
ties while maintaining good optical transparency. High
conductivities must be achieved by increasing the carrier
mobility rather than the carrier density, because increasing
carrier density results in higher free carrier absorption, thus
deteriorating transparency (3). Reports of conductivities up
to 8300 S/cm (4) and a large optical gap of 3.7 eV in cubic
spinel Cd,SnO, films (5) and comparable properties of
CdIn,O4 (4) have drawn attention to these materials as
possible future alternatives to I1TO.

The spinel has space group Fd3m, cations at the special
positions 8a (tetrahedral coordination) and 16d (octahedral
coordination), and oxygen anions that occupy the general
positions 32¢ (6). One intriguing feature of the spinel struc-
ture is its structural and electronic flexibility, capable of
incorporating a wide range of cations of different size and
valence in both of the very dissimilar tetrahedral and oc-
tahedral sites in the structure. The wide range of cation
distributions determined experimentally and predicted the-
oretically in various spinels have been shown to be intimate-
ly related to their electronic and magnetic properties (7).

In a normal spinel, the single A cation occupies the
tetrahedral site and the two B cations the two equivalent
octahedral sites. In an inverse spinel, one B cation occupies
the tetrahedral site and the other B cation and one A cation
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randomly occupy the two octahedral sites. In the completely
random distribution, a statistically averaged occupation
occurs in each site, i.e., (4y/3B2/3)(A42/3B43)°"'O,. The ca-
tion distribution is conveniently characterized by specifying
the inversion parameter, J, the fraction of tetrahedral sites
occupied by B cations, i.e., (A;_sB;)"(4;B_5)°"'O,. The
parameter ¢ equals 0, 3, and 1 for normal, random, and
inverse spinel, respectively.

The same parameter scheme can be extended to describe
the cation distribution of selected ternary cation spinels,
such as 4, ,,B,_,,C.0, (4%>", B3*, C*"), where the third
cation C is a tetravalent cation with a strong tendency for
octahedral occupation (Sn** or Ti*"). In such systems, the
cation distribution parameter § can be defined in the same
way as the inversion parameter above, i.c., the fraction of
tetrahedral sites (8a) occupied by B cations. In the present
work, the cation arrangement of the Cd, . In,_,,Sn O,
solution is successfully analyzed with this distribution
scheme.

In spinels, the oxygen anions often are displaced along
a [111] direction and thus an oxygen position parameter
must be specified to completely define the structure. The
oxygen position parameter, u, varies between 0.24 and 0.275
(origin at center of symmetry), over which the octahedral
site has site symmetry 3m, except for u = 0.25 when it has
cubic site symmetry m3m (8).

We previously investigated the spinel solution,
Cd; 44In,_,,Sn,O,, and reported that the electrical con-
ductivity and optical band gap vary from 2000 S/cm at
x =010 3500 S/cm at x = 0.70 and from 3.0eV at x =0 to
2.8 eV at x = 0.70, respectively (10). That is, both properties
exhibited marked changes, which was thought to reflect
a possible change in the cation distribution. First-principles
band structure calculations by Wei and Zhang (9) have
shown that normal CdIn,O, has a fundamental band gap
1.07 eV larger than that of inverse CdIn,O,, while inverse
Cd,SnO, has a band gap 0.14 eV larger than that of normal
Cd,Sn0O,. Thus, in principle, the band gap can be controlled
by controlling the inversion parameter. This provides an
opportunity for band gap engineering to tailor these mater-
ials for specific optical and electrical applications.

Both experimental and theoretical attempts have been
made to determine the cation distribution of CdIn,O, and
Cd,SnO, spinels. Skribljak et al. (11) were unable to deter-
mine the cation distribution in spinel CdIn,O,4 from XRD,
but concluded that the distribution was likely to be inverse,
based on the site preference enthalpies of Cd** and In*" as
calculated by Miller (12). In contrast to this, Shannon et al.
(13) calculated the tetrahedral cation-oxygen bond length
and the octahedral cation-oxygen bond length from the
X-ray data of Skribljak et al. (11) and found that they most
closely match the normal spinel model calculated from
Shannon’s radii of YCd?*, VICd?", In3*, YIn®*, and
YO2~ ions (14). *1°Sn Mossbauer studies on thin films of
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Cd,Sn0y, (5,15) suggest that Cd,SnO, spinel has a strong
inverse distribution, based on clear evidence of octahedral
occupation of Sn, but the distribution is somewhat uncer-
tain in bulk Cd,SnO, (16). First-principles band structure
calculations by Wei and Zhang (9) indicated that CdIn,O,
should have a normal distribution, whereas Cd,SnO,
should have an inverse distribution. The cation distribu-
tions of Cd;, In,_,,Sn. O, (x =0,0.1,0.4, and 0.7) have
been recently studied by Brewer et al. (17) using atom
location by channeling enhanced microanalysis (AL-
CHEMI). ALCHEMI revealed that CdIn,O, was a normal
spinel and the cation distribution became more random as
x increased (17). Although ALCHEMI provides useful
qualitative information about the distribution, it does not
give a quantitative assignment.

The cations Cd2*, In®*, and Sn** are isoelectronic
(atomic numbers of 48, 49, and 50, respectively). Conse-
quently, their X-ray scattering factors are almost identical
(18). Therefore, determining the cation distribution through
conventional X-ray diffraction is impossible. Neutron dif-
fraction, however, offers better contrast in scattering cross
section between these cations and yields a more accurate
estimate of the oxygen parameter, u, which is known to be
sensitive to the cation distribution (8, 19,20). Therefore,
combined Rietveld refinements using time-of-flight (TOF)
neutron diffraction and X-ray diffraction data were conduc-
ted in order to obtain a complete crystallographic solution
to the structure.

In this paper we present the experimentally determined
cation distribution of the solid solution, Cd;; In,_,,
Sn,O,, which we have fitted using the model of O’Neill and
Navrotsky (19). This model can be used to predict the
distribution for all x and at temperatures other than the
quench temperature of 1175°C. In addition we demonstrate
how to control the distribution in CdIn,O, by preparing
a specimen at a lower temperature (800°C) with a substan-
tially different cation distribution by a sol-gel technique.

EXPERIMENTAL

Bulk samples of Cd;. In,_,,Sn 0, (x =0, 0.50, 0.70)
were prepared by mixing CdO or ''2CdO, In,03, and SnO,
(>99.99% purity on cation basis, Aldrich Chemical Co.,
Inc.; ''2Cd from Trace Sciences International, Ontario,
Canada) in an agate mortar and pestle under acetone, press-
ing 4-in. pellets at 150 MPa, firing initially at 1000°C for 24
hours, and one or two times at 1175°C for 24 hours with
intermediate grindings. Pellets were quenched in ambient
air after final annealing. All specimens were fired in a cylin-
drical crucible with a tightly fitting lid to minimize volatiliz-
ation of cadmium. Repeated grinding and firing cycles were
continued until phase purity was established via powder
X-ray diffraction. More details of sample preparation can be
found elsewhere (10). Some '!2CdIn,O, samples (x = 0)



CATION DISTRIBUTION OF Cd, _,In,_,.Sn,0,

TABLE 1
The Neutron and X-Ray Scattering Characteristics (18) of the
Atoms Involved in the Cd,, In,_,.Sn.O, Solid Solution’

VA A C (%) o, (neutron) o, (neutron) ¢ (X-ray)
Cd 48 — — 33 25%103 4.2 x 10%
13¢d 48 113 12.2 12.2 2.1 x10* —
2cd 48 112 24.1 6.9 2.2x10° —
In 49 — — 2.1 1.9 x 102 4.5x 10%
Sn 50 — — 49 63x107"  49x10*
O 8 — — 42 1.9x107*  3.0x10?

“Z, atomic number; A, mass number; C (%), natural abundance; o,

neutron coherent scattering cross section (barns); o,, neutron absorption

cross section (barns) for 2200 ms ™ !; ¢, X-ray scattering cross section for

Cu Ko (barns/atom); 1 barn = 100 fm?.

were additionally equilibrated at 1000°C and quenched, or
slowly cooled from 1175°C at the rate of 25°C/hour. One
CdIn,O, sample was prepared by a nitrate sol-gel synthesis
for optical band gap measurements. First, stoichiometric
amounts of CdO and In,O; powders were completely dis-
solved into 5 N HNOj; solution, and then the solution was
slowly dried at 80°C until gel fragments formed and further
dried at 150°C, and finally the obtained dry gel was calcined
at 800°C to form the target oxide. All samples were shown
to be single-phase spinel by X-ray diffraction.

The X-ray and neutron scattering characteristics of all the
involved ions are summarized in Table 1. The neutron
scattering cross sections of ''2Cd, In, and Sn are 6.9, 2.1,
and 4.9 barns, respectively (18). Thus, the neutron scattering
contrast between the cations is sufficient to determine their
site occupancies, while their X-ray scattering cross sections
are practically indistinguishable from each other. All diffrac-
tion samples were made using ' 2Cd isotope because of the
unacceptably large absorption cross section of the '*Cd
isotope (12% of naturally occurring Cd). The absorption
cross section of ''2Cd isotope is 4 orders of magnitude
smaller than that of !'3Cd (2.2 vs 20,600 barns for
2200ms !, see Table 1) (18).

Time-of-flight neutron diffraction data were collected on
the Special Environment Powder Diffractometer (SEPD) at
the Intense Pulsed Neutron Source (IPNS) at Argonne
National Laboratory. The diffractometer is described in
detail by Jorgensen et al. (21). A fixed scattering geometry
and relatively high flux at the detector, with low back-
ground, characterize this instrument, which allows rapid
data collection on a small amount of sample. Neutron
diffraction patterns were collected for a range of flight times
corresponding to d-spacings between 0.4 and 4.0 A, with the
detectors at 144.8°, 90°, and 60°. About 1 g of sample pow-
der was contained in a cylindrically shaped vanadium vessel
for data collection. To run such a small sample, a cadmium
shield was used to mask the empty part of the vanadium
can, to lower the background. X-ray diffraction data were
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collected on a Scintag XDS 2000 diffractometer using CuKo
radiation. Diffraction angle (20) was scanned between 10°
and 140° at 0.02° increments, with a 10-second collection
time at each step.

The combined Rietveld refinement of neutron and X-ray
data allows an unambiguous determination of the site
occupancies of the three cations (*2Cd, In, Sn) over the
crystallographically distinct spinel sites (8a, 16d). During the
refinement, the occupancy factors for all elements and atom
sites were constrained so as to reproduce the nominal com-
position of the compound and full occupancy of all atom
sites.

For this analysis, the Generalized Structure Analysis
System (GSAS) software (Larson and Von Dreele, 1994)
was employed (22). The backgrounds for the neutron dif-
fraction patterns were modeled using the 8-10th order poly-
nomial function,

Q21
"=
where Q =2n/d and d is interplanar spacing. The back-

grounds for the X-ray diffraction patterns were fitted with
the 6-8th order cosine Fourier series function,

N
IbZZB

j=1

(1]

N
I, =B, + ), Bjcos[20(j — 1)]. [2]
j=2

The absorption for neutron diffraction was corrected
using the simple linear absorption function,

Ap = exp(— A4p), (3]

where 4 is wavelength and Ajp is a refinable coefficient. The
profile fitting for the neutron data was carried out using an
exponential pseudo-Voigt convolution function (23). The
profile of the X-ray spectra was modeled using a multiterm
Simpson’s rule integration of the pseudo-Voigt function
(24). The crystallographic variables refined were the lattice
parameter, the coordinate of the oxygen atom, the occu-
pancies of the tetrahedral site (8a) and the octahedral site
(16d), and the isotropic temperature factors.

Maossbauer spectra were acquired in the constant acceler-
ation mode with both source and absorber (the sample) at
room temperature. A 2-mCi CaSnO;:''°™Sn source was
used. The transmission spectra were acquired with a xenon-
filled proportional counter and a 50-mm Pd foil to filter the
Sn X-rays from the ''°™Sn 7y-rays. All isomer shifts are
reported relative to CaSnOj. The spectra were best fitted ()
close to unity) with a single quadrupole doublet with equal
line widths and intensities for the pair of lines. Alternate fits
that included additional single lines and quadrupole doub-
lets did not result in improved fits. Further details of the
measurements can be found elsewhere (25).

Diffuse reflectance was measured from 200 to 800 nm
using a double-beam spectrophotometer with an integrating
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sphere (Cary 1E with Cary § attachment, Varian, Walnut
Creek, CA). Baseline spectra were collected using pressed
polytetrafluoroethylene (PTFE) powder compacts (Varian,
part number 04-101439-00) placed in the sample and
reference beams. Data were collected with a scan rate of
600 nm/min, a data interval of 1 nm, an averaging time of
0.1second, and a signal band width of 3nm. Pellets were
mounted on a blackened sample mask. Diffuse reflectance
measurements on bulk samples are analogous to transmis-
sion measurements on thin films (26). The absorption edge
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determined from diffuse reflectance was used to estimate an
optical band gap.

RESULTS AND DISCUSSION

Combined refinements of neutron and X-ray diffraction
data were conducted on four samples: ''*CdIn,O, quen-
ched from 1175°C; '*2CdIn,O, quenched from 1000°C;
112CdIn,0, slowly cooled from 1175°C; and
112¢d, ;Ing ¢Sng ;04 quenched from 1175°C. Parts of the
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FIG. 1.

Part of the neutron and X-ray diffraction data for *'2Cd, ;Ing ¢Sng.-O4. Data shown by plus marks in (a) represent data collected on the

+ 144.8° detector bank of the SEPD diffractometer at the IPNS in Argonne National Laboratory and in (b) represent data taken on a Scintag XDS 2000
X-ray diffractometer with Cu Ko radiation. The solid lines are the best fit to the data from the combined refinement. Tic marks show the positions for the
allowed reflections. Elemental Cd (from Cd shield) and V (V sample holder) are observed. The lower curves represent the difference between the observed

and calculated profiles.
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TABLE 2
The Structural Parameters of '?Cd,, In,_, Sn O, with x=0
for the Samples Quenched from 1175°C, Quenched from
1000°C, and Slow-Cooled at the Rate of 25°C/hour from 1175°C

"2CdIn,0,, Space group: Fd3m (#227)

Processing condition 1175°C 1000°C Slow-cooled
Lattice parameter a (10\) 9.1651(1) 9.1658(1) 9.1644(1)
Inversion parameter ¢* 0.31(1) 0.27(1) 0.26(1)
Oxygen parameter u 0.2628(1) 0.2625(1) 0.2628(1)
100 x*'U, (A) 1.191(13) 1.062(12) 1.143(22)
100 x°'U, A 1.061(15) 1.951(15) 0.925(19)
100 x U, (A) 0.554(4) 0.709(7) 0.735(13)
Tet-O bond (A) 2.187(0) 2.183(0) 2.187(1)
Oct-O bond (A) 2.181(0) 2.183(0) 2.180(0)
R, (%) for ND/XRD* 7.92/9.31 8.47/10.8 6.66/8.56
R (%) for ND/XRD* 4.72/5.28 4.86/5.88 4.10/4.78
s 1.30 1.59 139

“Inversion parameter &: the occupation of In®** in the tetrahedral
site, ie., (M2Cd, _;Iny)*“'(In, 51 12Cd;s)°O,. PRyp = 100 x

<ZW(ans - Ycalc)2>. <R =100><<Z [ Yobs *Yculc‘) a2 =Z‘V(K\bs —Yeare)?

YWY ’ Y Yoo N—P
where w is a statistical weight; Y, the observed intensity; Y., the
calculated intensity; N, the number of Y, P, the number of parameters
refined.

5

neutron and X-ray diffraction patterns of '!'*Cd, ,
Ing ¢Sny ,O, representative of all four refinements are
shown together with the fits from the refinement in Fig. 1.
Plus (+) marks represent data collected on either the neu-
tron or X-ray diffractometer. Tic marks show the positions
for the allowed reflections. In addition to the spinel phase
(bottom), the reflections of elemental Cd (from Cd shield)
and V (from V sample holder) phases were observed (top
and middle, respectively) and removed from the refinement
of the spinel structure by the Le Bail extraction method (27).
The difference in the relative scattering factors for the neu-
tron and X-ray experiments, as well as the good agreements
between the observed profiles and the calculated profiles,
are clearly shown in the figure.

The structural parameters refined for the three end
member spinels at x = 0 (*'?CdIn,0,) described above are
summarized in Table 2. The essential feature of this invest-
igation is to understand the structural response of CdIn,O,
to temperature. Specifically, the exchange of metal cations
between tetrahedral and octahedral sites as a function of
temperature is of particular interest in this study. The cation
distribution is represented by the inversion parameter 6,
the occupancy of In®* on the tetrahedral site, as in
(Cd; _sIng)**(In, _ ;Cd;)°*'O,. The inversion parameter J is
displayed as a function of sample thermal history in Fig. 2.
It is clear from Fig. 2 that, while CdIn,O, (x =0) with
0 =0.31 at 1175°C is closer to normal (6 = 0) than inverse
(6 = 1) or random (6 = 0.66), there is a substantial amount
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FIG. 2. Inversion parameter ¢ as a function of annealing temperature.
Two samples were quenched from 1175°C and 1000°C, respectively. The
other sample was slow-cooled from 1175°C at the rate of 25°C/hour.

of cation disordering in the structure. The degree of inver-
sion decreases as the annealing temperature decreases from
1175°C to 1000°C. However, no noticeable change in ¢ was
observed, within experimental error, after 1000°C with slow
cooling. Therefore, the rearrangement of !2Cd and In
between the tetrahedral and octahedral sites (a thermally
activated process) appears to freeze below 1000°C. Similar
behavior has been observed in a number of previous in situ
or ex situ studies of other spinel or analogous systems
undergoing cation ordering (20, 28).

According to the first-principles band structure calcu-
lations by Wei and Zhang (9), the fundamental band gap for
normal CdIn,O, should be substantially larger than the one

Band Energy (eV)
3 2

1 M L}

Diffuse Reflectance (a.u.)

I 1 LI 1
400 500 600 700

Wavelength (nm)

1
200 300 800

FIG.3. Comparison of diffuse reflectance data of two differently
processed CdIn,0O, samples; quenched from 1175°C and nitrate sol-gel
synthesized with the final calcination at 800°C. The optical band gap
increases with decreasing processing temperature.
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for inverse CdIn,0O,, by as much as 1.07 eV. This can be
qualitatively understood as arising from lower local sym-
metry in inverse CdIn,O, which leads to further repulsion
of energy levels within the conduction band and within the
valence band, thus producing a lower band gap. The diffuse
reflectance spectra for CdIn,O, specimens prepared at
1175°C and 800°C are presented in Fig. 3. The exchange of
the cation between the tetrahedral and octahedral sites is
a thermally activated process and is frozen below 1000°C as
shown in Fig. 2. Consequently, the 800°C equilibrated
sample was prepared by a nitrate sol-gel synthesis tech-
nique. Both samples were reduced at 400°C in a forming gas
(4% H,/balance N,) anneal. The thermopower values at
room temperature were measured to be — 53.37 uV/K and
—36.87 uV/K for 800°C and 1175°C annealed samples,
respectively. The shift of absorption edge toward shorter
wavelengths is clearly seen in the figure as the equilibration
temperature decreases. Given that the sol-gel specimen has
a larger thermopower magnitude, and therefore a lower
carrier density, the band gap increase (by ~ 0.3 eV) from
1175°C to 800°C observed in the spectra must be a result of
an increase in the fundamental band gap rather than
a Moss-Burstein shift (29). Since the sol-gel derived speci-
men was produced at a lower temperature (800°C) than the
conventional solid state specimen (1175°C), we expect the
cation distribution to be more normal (i.e., dgpp:c < 01175°C)-
Thus, the observed increase in fundamental band gap is
consistent with the calculated increase in fundamental gap
associated with a transition between inverse and normal
CdIn, 04 (9).

The crystallographic results of the Rietveld refinement for
the solid solution at x =0.7 (}}2Cd,; ;In, ¢Sn, ,0,) are
compiled in Table 3. Tin appears to reside exclusively on
octahedral sites. These results were confirmed by an inde-
pendent *1°Sn Mdssbauer study (25). The Mossbauer spec-

TABLE 3
The Structural Parameters of ''>Cd,, In,_, Sn O, with x=0.7
Refined by a Combined Neutron and X-Ray Rietveld method”

112¢d, JIn, (Sn, ,O,, Space group: F d 3 m (#227), a = 9.1763(1) A

Atom  Site x y z  100x U, (A%  Fraction
ecd 8q 4 1 1 1.042(2) 0.79(2)
In 8¢ % 1 i 1.042(2) 0.23(1)
Sn 8¢ % i i 10422) - 0.022)
In 16d 1 1 1 0.891(2) 0.18(6)
Sn 16d % 1 1 0.891(2) 0.36(1)
e 164 1 1 1 0.891(2) 0.46(1)
o 32 02633(1) 0.2633(1) 0.2633(1)  1.183(8) 1.0

“The sample was prepared by quenching from 1175°C. The residuals,
Ry,/R,, were 7.43/4.64% and 6.08/4.39% for neutron and X-ray data,
respectively. y? = 1.26. Tetrahedral bond length R(tet-O): 2.198(1) A; Oc-
tahedral bond length R(oct-O): 2.179(1) A.
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FIG.4. '!'°Sn Mossbauer spectra of Cd; ;,In, ,,Sn,O, at x = 0.5 are
displayed with the model fitting. The refinement converged to no singlet,
which indicates the occupation of 100% Sn** located solely on octahedral
sites.

trum of the x = 0.5 sample showed measurable quadrupole
splitting. Given that the tetrahedral site has cubic symmetry
in spinels, and consequently no electric field gradient, this
quadrupole splitting must be attributed to **?Sn in octahed-
ral coordination. Furthermore, the model fitting of the spec-
trum converged to no singlet component resulting from the
tetrahedral occupation. The fitting, shown in Fig. 4, unam-
biguously assigns all Sn ions to the octahedral sites. The
preference of Sn** for the octahedral site observed in this
study is also consistent with the previous Mdssbauer studies
for Cd,SnO, (x = 1) in the literature (5, 15).

Because Sn* ™" occupies only the octahedral site (16d), only
one parameter is needed to completely describe the cation
distribution of the solid solution, Cd;,,In, ,,Sn,O,
(x > 0). That is, the distribution parameter ¢ represents the
fraction of the tetrahedral sites (8a) occupied by In**. The
cation distribution for Cd;,.In,_,.Sn.O, is specified
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TABLE 4

Cation Distribution along the Ternary Spinel Cd,, In,_, Sn O,

Tetrahedral Octahedral
Cation occupancy occupancy Sum
Ccd** 1-6 X+0 1+x
In3* ) 2—-2x—96 2 —2x
Sn** 0 X X
Sum 1 2 3

in Table 4. The only independent variable for a specific
composition x is J. Therefore, the cation distribution
(112Cd0.771n0.23)tet(112Cd0.931n0.37sno.7)mo4 for x=107
(see Table 3) is now represented by 6 = 0.23. Given that the
calculated fundamental band gap reduction from normal
CdIn,O, to inverse Cd,SnO, is 0.8 eV (30), the band gap
decrease from CdIn,0O, to Cd; ;Ing ¢Sny ,O4 is linearly
interpolated to be 0.56 eV. However, the optical gap can be
further varied in TCOs by changing the carrier density (the
well-known Moss-Burstein shift (29)). The carrier density
also directly affects the overall conductivity of the TCO. As
a result, the wide-range solid solution and the tunable
cation distribution in Cd, 4, In, _,,Sn, O, provide means of
changing the fundamental band gap of these materials,
which yields an additional degree of freedom that is useful
in optimizing these materials for specific optoelectronic
applications.

In Fig. 5, the cation distributions in the system,
Cdy 4 In, ,,Sn, O, at 1175°C are summarized. The
smooth curves connecting the data are the results of a fit
based on the thermodynamic model of O’Neill and Nav-
rotsky (19). In their model the enthalpy of cation mixing for
a simple AB,0, spinel is given by, aé + p62, from lattice
energy where the linear coefficient, a, is the difference in site
preference enthalpies for the A and B cations, and the
quadratic coefficient f§ is a constant of — 20 kJ/mol and
— 60 kJ/mol for 2-3 and 2-4 spinels, respectively. In general,
both configurational and nonconfigurational entropy con-
tributions (from crystal field electronic effects) to the free
energy of cation mixing are also considered. Since Cd**,
In®", and Sn** have closed electronic orbitals, the noncon-
figurational entropy effects were ignored. In order to model
the cation distribution in a ternary spinel such as
Ai+B>-5.C,Oy4 it is necessary, in general, to use two
separate enthalpies of mixing, ax5 and ac. Since, however,
the Sn** is located only on octahedral sites throughout
the solid solution, Cd ;,In,_,,Sn,O,, a single enthalpy
of mixing, ccq_1nd + B2 - 302 is sufficient. The fitted cation
distribution illustrated in Fig. 5 was plotted using the
equation,

S(x + )
2 —2x— o)1 —o)

— RT 1n|: :| = tcg-m + 2P0 + x). (4)
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FIG.5. Cation distribution along Cd,;, In,_,.Sn,O,. The data at
x =0 and x = 0.7 were fitted with the thermodynamic model of O’Neill
and Navrotsky (19). The solid lines represent the distributions calculated
by the model.

A value of 41.6 kJ/mol for o produced the best fit to the
data in Fig. 5 with f equal to — 20 kJ/mol, the constant for
2-3 spinels. It should be remembered that the fit shown in
Fig. 5 is dependent on the measurements, which were con-
ducted not in situ, but on samples prepared by quenching
from the target annealing temperature. Furthermore, the
statistical soundness is weak in this case because only two
compositions were used. Despite these reservations, one key
feature stands out from the model. The balance of Cd** and
In®* on the tetrahedral site remains nearly constant; that is,
0 changes from 0.31 to 0.23 from x =0 to x =0.7, and
essentially all the substitution takes place on the octahedral
sublattice throughout the solution until near the end when
there is no longer sufficient In®* present to maintain the
balance. At this point, the tetrahedral In®" is rapidly re-
placed with Cd?*. This area of rapid change coincides with
the terminal point of the bulk spinel solid solution
(x =0.75) (10). Thus, it would appear that the structure
becomes unstable beyond this point. Consequently, bulk
compositions between x = 0.75 and x = 1 consist of a two-
phase mixture of orthorhombic Cd,SnO, and the terminal
spinel composition Cd; ;5Ing sSng 750,.

CONCLUSIONS

The cation distribution of the transparent conducting
oxide solution, Cd;;,In,_,,Sn,0, (0 < x <0.75), was
quantitatively characterized for the first time by a combined
Rietveld refinement of TOF neutron diffraction and X-
ray diffraction data and ''?Sn Mdossbauer spectroscopic
analysis.

The end member spinel, CdIn,O,, has been unambigu-
ously determined to be a normal type spinel. However,
a substantial amount of cation mixing was found, as much
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as 0 =0.31. The cation disordering was significantly re-
duced from 6 =0.31 to 6 =0.27 when the equilibration
temperature decreased from 1175°C to 1000°C. This cation
order-disorder behavior was electronically manifested by
an optical band gap increase (by ~ 0.3 e¢V) in the diffuse
reflectance measurements, which has been traced to
a change in the fundamental band gap, when the equilibra-
tion temperature decreased from 1175°C to 800°C. The
unique dependence of the optical gap on controllable para-
meters, such as the composition and cation distribution
which can also be altered with temperature, provides
a unique opportunity for band gap engineering of these
materials for various technical applications.

The cation site occupancies of the x = 0.7 sample at
1175°Cin the Cd; , In, _,,Sn. O, solution have been deter-
mined to be (Cdg.77Ing.,3)"*(Cdo.03Ing.37800.7)°"O4 (i,
6 =0.23). It is found that Sn** ions occupy only the oc-
tahedral sites (16d) and the cation mixing parameter ¢ is
0.23. The x = 0 and x = 0.70 cation distribution data were
fitted using the model of O’Neill and Navrotsky (19). The fit
shows a steady decrease in the In®* concentration and an
increase in the Cd?* concentration on the octahedral site up
to x = 0.7, coinciding with the end of the bulk solid solution
at Cd, -s5Ingy sSng 750,, followed by saturation of the oc-
tahedral Cd*>* and subsequent replacement of tetrahedral
In®* by Cd?* as x increases beyond 0.7. It appears that the
spinel structure is unstable beyond this point.
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