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Bulk Phase Relations, Conductivity, and Transparency in
Novel Bixbyite Transparent Conducting Oxide Solution in the

Cadmium-Indium-Tin Oxide System

Daniel R. Kammlet;" Thomas O. Maso#, and Kenneth R. Poeppelmeiér

Department of Materials Science and Engineering, Department of Chemistry, and Materials Research Center,

A novel transparent conducting bixbyite solid solution
In,_,(Cd,Sn),,O; (0 < x < 0.34 at 1175°C) has been discov-
ered. Four-point dc-conductivity varies widely with x and the
[Sn]/[Cd] ratio with a maximum in excess of 1800 S/cmX =
0.05, [Sn)/[Cd] = 9) and a minimum too low to be measured
(x = 0.05, [Sn]/[Cd] = 0). The optical gap measured along the
line In,_,,Cd,Sn,O, remains constant near 3 eV while trans-
parency decreases with increasing possibly because of free
carrier absorption. Four-point dc-conductivities measured
from biphasic samples prepared by varying the [Sn]/[Cd] ratio
suggest that the solution extends between the CdO—J@®; and
SnO,—In,0; binaries for small x. As x increases, the solution
width decreases and is found to exist only over a small range of
[Sn]/[Cd] ratios slightly greater than unity near x = 0.34.
Single-phase bixbyite samples subjected to a reduction anneal
showed increased conductivity and slightly higher optical gaps,
possibly as a consequence of the Moss—Burstein shift. The ratio
of the reduced to as-fired conductivities for specimens pre-
pared along the line In,_,,Cd,Sn,O; decreased with increas-
ing X. This suggests that for smalk electrons are generated by
oxygen vacancies while at largeix the electron population is
fixed by a Sn excess (i.e., [Sn])/[Cd} 1).

I. Introduction

RANSPARENTCONducting oxides (TCOs) are a class of materials
that transmit visible radiation and conduct electricity. They
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Reports of high mobility TCOs produced at the laboratory scale
include 60 cn¥/(V-s) for Cd,SnQ,,2 100 cn¥/(V-s) for Cd,SnQ,,>
44.2 cnt/(V-s) for CdIn0O,? and 103 cri/(V-s) for ITO* At
present, the crystal chemical, microstructural, and processing
considerations involved in producing high-mobility TCOs are not
well understood. One recurring feature present in the best TCOs is
the presence of continuous edge sharing octahedra of,@ef ",
and Sit*. Shannoret al> noted a strong correlation between this
structural feature and transparent conduction in their study of
single crystals of CdSng) Cd,SnQ,, In,TeQ;, and CdIRO,.

In addition to traditional n-type TCOs, p-type TCOs are
required for new applications such as transparent electronics, IR
applications, and high-temperature and radiation hard electrbnics.
To date, much of the research on p-type TCOs has focused on
materials with the delafossite structure such as CuAlor
CuScQ.2 Recently, p-type ZnO with hole concentrations near
10?° 1/cn? was prepared via a metastable codoping process
incorporating N-Ga-N associaté$:*° Previously, the phenome-
non of codoping has been known to give rise to extensive n-type
TCO solid solutions. Palmest al** discovered a large bixbyite
solid solution Ip_,,Zn.SnO, (0 < x < 0.40 at 1250°C). More
recently, Ambrosiniet al*? have attempted to produce p-type
In,_,,Zn.SnO, by adding excess Zn in hopes of creating accep-
tors. While these authors did not produce p-type InZn,SnOs,
they did substantially reduce the electron concentration by adding
excess Zn, which suggests that this strategy may be successful in
other systems or when used in combination with a metastable

find application as transparent electrodes in numerous applicationsSynthesis route.

such as photovoltaics, flat panel displays, heat reflective coatings

The similar chemistry of Cd and Zn led us to investigate

on energy-efficient windows, and electrochromics such as smart Whether an analogous solution,In, Cd,Sn0O; existed. Such a

mirrors. The present industrial TCO of choice is tin-doped indium
oxide (ITO). Commercial ITO has been prepared with conductiv-
ities of 5600 S/cm, mobilities of 28.3 c#V-s), and carrier

densities of 1.2x 10°%.* As areas increase in solar cells and flat

solution would be interesting because it contains continuous edge
sharing octahedra of &d, In®*, and SA™, which Shannon
speculated to be a key component of high-quality n-type TEOs.
Furthermore, it may be possible to produce p-type

panel displays, the electrode resistivity must decrease to prevent!Nz-2xCdSnO; using the same techniques (i.e., add excess Cd to
increased?R losses associated with the larger areas. Increasing the N2—2LdSNO;) that had failed to produce p-type,ln,ZnSnOs.

carrier density will increase conductivity at the expense of trans-

parency as a result of increased free carrier absorptioanse-
quently, it is necessary to find novel TCOs with higher mobilities
or determine how to increase the mobility in preexisting TCOs.
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In this paper we report the bulk phase relations for the solution
In,_,(Cd,Sn},0s. In addition we report the change in conduc-
tivity, thermopower, optical gap (estimated from the absorption
edge measured in a diffuse reflectance experiment), and transpar-
ency for both as-fired and reduced specimens. In addition to
reporting these data, we present a simple defect model that
explains the carrier generation mechanism in this solid solution.

Il.  Experimental Procedure

Samples were prepared by mixing the appropriate quantities of
CdO, InQ, g (note, InQ s is used instead of O, throughout the
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and SnQ—are the same as the cation percent of Cd, In, and Sn in

nall of the formulas), and SnO(>99.99% purity cation basis,

Aldrich Chemical Co., Inc.) in an agate mortar and pestle under
acetone. The mixed powders were pressed ¥a-m. die at 150
MPa to a thickness between 1.5 and 3 mm. The pellets were loaded
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into a cylindrical crucible and surrounded by a bed of their
constituent powders to prevent contamination from the crucible
wall and suppress volatilization. The cylindrical crucible was
covered by a tight-fitting alumina closed-end tube as an added
measure to reduce voltilization. The pellets were calcined initially
at 1000°C for 20—24 h and then air-quenched. The quenched
pellets were reground, repelletized, and loaded back into the
furnace for a second firing at 1175°C for 20—24 h to increase
density and reach equilibrium. As more In was replaced by Cd and
Sn, additional regrinding and firing steps (at 1175°C) were
necessary to reach equilibrium. Specimens of four nominal com-
positions = 0.05, 0.10, 0.16, and 0.25 inJn,,Cd SnO;) were
dissolved in a 50/50 (by volume) mixture of concentrated hydro-
chloric and nitric acid and subjected to inductively coupled plasma
atomic emission spectroscopy (ICP-AES) to obtain the as-fired
In/Cd ratio. Atomic absorption standards consisting of 1000
pg/mL Cd and In dissolved in 1 wt% HNQ(Aldrich Chemical
Co., Inc.) were used to calibrate the ICP-AES instrument. Obtain-

ing the Sn concentration proved impossible because it was deter-

mined that Sn did not dissolve (the white precipitate left behind
from the acid reaction was found to consist solely of phase-pure
rutile SnO, by XRD). By assuming that the overall composition
change during firing was entirely the result of Cd voltilization, the
final compositions were obtained to within 1% error.

Phase purity was established viakGuX-ray powder diffraction
(XRD) (Rigaku, Danvers, MA). A nickel filter was used to remove
the CK, contribution from the diffraction pattern. Powders were
scanned between 10° and 70° if r routine phase analysis.
Scans in 8 for individual bixbyite peaks used in determining the
lattice constant along the solution were obtained on & Gu
diffractometer with a LiF monochromator. Exact peak locations
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Table I. Densities of Specimens Used in This
Study

Density (% of

Nominal Composition in 1a_,,(Cd,Sn},O3 theoretical)
x = 0 pure InO4 45.9
x = 0.05[Cd] = [Sn] 53.3
x = 0.10[Cd] = [Sn] 52.6
x = 0.16[Cd] = [Sn] 55.8
x = 0.225[Cd]= [Sn] 58.2
x = 0.25[Cd] = [Sn] 56.5
x = 0.275[Cd]= [Sn] 54.3
x = 0.30[Cd] = [Sn] 60.1
x = 0.05[Cd] = [Sn] + 0.04 57.1
x = 0.05[Sn]= [Cd] + 0.04 53.2
x = 0.11]Cd] = [Sn] + 0.04 53.6
x = 0.11[Sn]= [Cd] + 0.04 55.0
x = 0.17[Cd] = [Sn] + 0.04 52.8
x = 0.17[Sn]= [Cd] + 0.04 53.9
x = 0.23[Cd] = [Sn] + 0.04 52.5
x = 0.23[Sn]= [Cd] + 0.04 52.9
x = 0.29[Cd] = [Sn] + 0.04 56.5
x = 0.29[Sn]= [Cd] + 0.04 57.5
x = 0.35[Cd] = [Sn] + 0.04 55.5
x = 0.35[Sn]= [Cd] + 0.04 55.8

allowing it to heat to 120°-150°C. At this point the soldering iron
was switched off and the thermal gradient was allowed to decay.
Temperature and voltage (measured between the two platinum
leads) were measured every 15 s using a digital multimeter and
scanner (Keithly Models 195A and 705) controlled with a personal

were determined by fitting these data using the software packagecomputer. Thermopower was obtained by fitting the temperature
Peakfit® and correcting their locations for zero shift and off-axis and voltage gradient data with a least-squares fit as the sample
displacement error using a silicon internal standard. These cor-approached equilibrium (i.e., the thermal gradient was less than
rected peak locations were then used to calculate the lattice 20°C and the average absolute temperature was 60°C) as required
constants by the method of least squares using the softwareby the equation

package POLS&? )

Direct-current conductivity was measured at room temperature Q = —limyr (AV/AT)
using a standard four-point probe apparatus (Cascade Microtech
Beaverton, OR) and a constant current source and digital multim-
eter (Models 224 and 195A Keithly, Cleveland, OH). The follow-
ing equation was used to calculate the conductivity of the sintered

®)

The thermopower was corrected for the contribution of the
platinum lead¥’ using the polynomial fit of Hwang®

Since thin films of these materials were unavailable, optical data
were obtained from diffuse reflectance measurements. In a diffuse

pellets: reflectance experiment the nonspecular component of reflection
from a bulk sample (e.g., the pellet surface in this case) is

1 1 - : . . .

o= (1) measured relative to a standard using an integrating sphere. This

9 measurement provides information that is analogous to transmis-
s sion® The absorption edge onset (determined by the intersection
of a line drawn through the sloped part of the transition region
between high and low transmission and another line drawn through
the low-transmission part of the spectra) was used to estimate an
optical gap. The diffuse reflectance was measured between 800
and 200 nm using a double-beam spectrophotometer with an
thickness, and andF are correction factors for the finite sample integrating sphere (Cary 1E with Cary 1/3 attachment, Varian
diameter and thicknesS. Table | lists the as-fired densities for  Walnut Creek, CA). Base line spectra were collected using pressed
specimens used in this study. Since the densities of specimens imolytetrafluoroethylene (PTFE) powder compacts (Varian Part No.
this study ranged between 45.9% and 60.1% of theoretical, the 04-101439-00) located in both the sample and reference beams.
conductivities were corrected using the Bruggeman symmetric The pellets were mounted on a blackened sample mask. Data were
medium equation for continuous interconnected three-dimensional collected at 600 nm/min using an interval of 1 nm, an averaging
porosity as described by McLachla al.* time of 0.1 s, and a signal bandwidth of 3 nm.

After conductivity, diffuse reflectance, and thermopower data
were collected, single-phase bixbyite samples were subjected to a
reduction anneal at 400°Crf® h in 4% H,, 96% N, in hopes of
increasing conductivity. The annealed samples were then subjected
to the same battery of tests again (i.e., four-point dc conductivity,
diffuse reflectance, and thermopower).

Y w
()ue(3)=(3)

I s
Here o is the conductivity| is the current supplied between the
two outer probes (typically 50 mA)Y is the potential drop

measured across the inner two electrodes the sample diameter,
sis the spacing between the probe tips (1.016 nwmi$, the sample

)

Here o easuredS the measured conductivity,,,,. is the condue
tivity of the fully dense specimen, anfi,.sy, iS the volume
fraction of porosity. Room-temperature thermopower data were
obtained by sandwiching specimens between two gold foil con-
tacts. One gold contact was in thermal equilibrium with a 23 W
soldering iron and the other was in thermal equilibrium with a
cylindrical steel slug (2 cm tall and 2 cm in diameter) that rested
on an insulating ceramic brick. A type S (Pt, Pt/10% Rh) The high temperatures required to reach equilibrium in this
thermocouple was welded to each of the gold contacts. A thermal study are the cause of substantial Cd loss as a result of the high
gradient was created by switching the soldering iron on and vapor pressure of Cd above compositions within this system at

O measured— O-true(l - 1-Efporosity)

Ill.  Results and Discussion
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1175°C. Figure 1 shows a pseudoternary composition plot that i ‘ 1
illustrates the location of samples used in this study. The straight Rutile = [In]=71 [Sn]=16.5 [Cd]=12.5
line represents the formulaJn,,Cd,SnO; and the other compo Spinele

sitions are 2% Cd or 2% Sn rich (e.g., a sample with 0.20 in
the formula In_,,Cd SnO; corresponds to [In}= 80, [Cd] =
[Sn] = 10; a Cd-rich sample witlx = 0.2 corresponds to [Inf
80, [Cd] = 12, and [Sn]= 8; a Sn-rich sample witlx = 0.20
corresponds to [Inf 80, [Cd] = 8, and [Sn]= 12). The 2% SnQ®
rich samples were composed of bixbyite and a small amount of
SnG, (rutile) while the 2% CdO rich samples were composed of
bixbyite and a small amount of a ternary spinel phase
Cdy ., In,_,,Sn0, reported previously® After sufficient firing

the compositions (nominal) prepared along the line J ﬁ
In,_,,Cd.SnO; contained only bixbyite. Figure 8hows repre- -

sentative XRD patterns for the as-fired Cd-rich, Sn-rich, and T T L e

s sl .

[IN]=71 [Sn]=12.5 [Cd]=16.5

.o 3

[In]=70 [Sn]=15 [Cd]=15

Relative Intensity

phase-pure bixbyite compositions shown in Fig. 1. The dominant 0 30 Two #)heta S0 60 0
phase in all three patterns is bixbyite. Extra lines resulting from the
presence of rutile (Sng and spinel (Cd, In, ,.SnO,) are Fig. 2. XRD patterns of as-fired specimens with nominal compositions

marked with squares and circles, respectively. Table Il shows the (Cl?rres%odr:girzgo )t_o[lnt]he ;i”?g;qgi l[2|”é=[cg?, {2”5] (;/ [gg]rici)' i?d
total firing time at 1175°C required to obtain phase-pure bixbyite }"'2-2« 3/ i e e ° '

for these specimens. Figure 1 also shows the results of thel™ = 71, [SnI= 16.5, [Cd]=12.5 (2% Sn rich) I5(Cd,SnyOs.
ICP-AES analysis of the nominal and postfired= 0.05, 0.10,
0.16, and 0.25 compositions along the ling In Cd,SnO;. In the
case of the first three specimens, the as-fired and postfired
composition points overlap. In the case of the 0.25 composi-
tion, however, there was a measurable shift in composition. The
increased firing time required to produce single-phase bixbyite

Table Il. Firing Times for Samples
Prepared with Nominal
Stoichiometry Given by

|n2—2xCdx8nx03

with increasingx along In,_,,Cd,SnO; and the increased com Total firing time
position change associated with these longer firing times suggest xin In,_5,Cd,Sn0; at 1175°C (h)
that the final fired composition of the single-phase bixbyite 0.05 22
samples prepared with nominal stoichiometry InCd,SnO; is 0.10 49
increasingly (withx) richer in Sn (i.e., [Sn)/[Cd}> 1). 016 68

Figure 3 shows the lattice constants of phase-pure bixbyite 0.225 92
specimens quenched from 1175°C with nominal compositions 0.25 138
given by the formula Ip_,,Cd.SnO,. The error in the lattice 0.275 92
constants is~0.001 A. This leads to an error af= 0.02 inx so 0.30 158
that the terminal solubility is somewhere between 0.32 and 0.35
with an average near 0.34. The lattice constant changes only 0.006
A for every 0.1 change ir. The relatively small changes in lattice
constant are a consequence of the similarity of the ionic radii of 1
In®* and the average of $h and Cd" radii. Shannoft* reports 101557
ionic radii of 0.95, 0.80, and 0.69 A for €d, In®*, and SA™* 10.150
cations, respectively, in octahedral coordination. Thus the average 10,1454
CP* and SA* radius is 0.82 A, which is only 0.02 A different T - -
from the I** cation radius. 10.140 ] = =

To understand the conductivity trends for samples prepared in < 10,135 Xormina = 0-34
or near the bixbyite phase field it is necessary to have some idea g 10130+ 0.32<x<0.35
of the defect chemistry responsible for conduction in this material. ' assuming +-0.001 A
Table Il shows the electroneutrality conditions that apply to 10.1257
specimens prepared at different locations within this phase field. It 10.1204 %
is generally accepted that the defect responsible for electron T
production in pure InQy is the oxygen vacancy?2*The carrier 101157 : e : : -

0.0 0.1 0.2 0.3 0.4 0.5 0.6

xinin,, Cd Sn O,

100 - Fig. 3. Cell constants of single-phase bixbyite specimens with nhominal
95 | composition given by Ip_,,CdSn0O; at 1175°C.
90
85 - - o ) ) )
80 2 % Sn rich density is a function of the oxygen pressure in accordance with the
. reaction
75 4 |2 % Cd rich
70 \0 O3 — Vi +2¢ +10, 4)
65 - o © Nominal Composition
60 | A Post-Firing Composition Kox = [Vb']nzpé’f
/ 5 Line corresponds to In, , Cd Sn O, \ As SnQ, is added to InQg in small concentrations (i.e., on the
cdo 90 ~snO order of 1% or less), Sn substitutes for In in IngXo extrinsically
2

dope the material at levels far exceeding the oxygen vacancy

Fig. 1. Pseudoternary diagram illustrating initial and final (select speci- population?® Thus the electroneutrality condition changes from
mens along Ip_,,Cd.Sn0O; only) compositions prepared in this study. that shown in the first row of Table Il to that shown in the second
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Table Ill. Electroneutrality Conditions for Various 20007
Specimens within the Bixbyite Phase Field in the ] A A o . _
CdO-In,0.-Sn0, System 1800 2% Sn n.ch [Sn] = [Cd] + 0.04
1600 o 2% Cd rich [Cd] = [Sn] +0.04
Specimen Electroneutrality condition ’E\ J O in__SnCdO,[Cd] = [Sn]
.. . . 2 1400 1 22X X x 3
Pure indium oxide (i.e., 2[V3]l = n hH 1
N0y 1200
ITO at low doping level [Snlow = [SNL] = N = 1000_'
(e.g., [InN]= 99, [Sn]= 1) . 2 ] A
Cd doped 150, [Cd] = 2[V3] S 800 ° Ao o
Cd,Sn Co-substituted @, ([sn.] — [Cd.) =n o 1 A O
(i.e., In,_,,(Cd,Sn),03) § 6007 A 0
© 4001 5 o
e o 2001 O o ©
row. Hence the electron population is fixed by the Sn concentra- L o 0 |
tion and is insensitive to reduction. Further addition of Sn yOin oLF——TF—— T

will result in the formation of reducible and irreducible defect
complexes that cause the carrier density in ITO to become
sensitive to oxygen pressuté?®

We have attempted to dope IpQwith CdO by preparing a
sample with a In:Cd ratio of 95:5 by the procedure described in the
Experimental Procedure section. Powder XRD showed a two-
phase mixture of spinel Cdj®, and bixbyite InQ 5. The lattice
constant was found to be 10.122 A, which is slightly larger than
Marezio’s value of 10.117 A for pure InQ.2° The increase in
lattice constant suggests a small solubility of CdO in RO
consistent with the findings of Morozowt al., who found a 1%
solubility of CdO in InQ 52" Furthermore, the increase in cell
constant is expected since €dhas a larger ionic radius than®n
(0.95 vs 0.80 in octahedral coordinatfdy Conductivity could not

be measured on this sample because it was so insulating. An

electroneutrality condition such as that shown in the third row of
Table Il might apply in this situation. Essentially €ddoping for
In®" results in ionic compensation through the formation of
additional oxygen vacancies, with the consequent reduction in
electron population as per Eq. (4).

If both CdO and SnQare added to InQs, then the effective
doping level may be thought of as the difference in concentration
of the Sn and Cd on In sites as exemplified by the electroneutrality
condition shown in the fourth row of Table Ill. Thus the carrier
density and conductivity of the single-phase bixbyite samples
with nominal stoichiometry corresponding to the formula
In,_,,Cd.SnO, will be a sensitive function of their location
within the ternary bixbyite phase field. The carrier density and
conductivity of the Cd- and Sn-rich two-phase samples will be a
sensitive function of the location of the phase boundaries of the
bixbyite phase field within the ternary system CdO—|nE&SnQ..

To make use of conductivity data arising from two-phase

samples, the contribution of the second minority phase to the total

conductivity must be taken into account. The minority spinel phase
Cd,,,In,_,Sn0O, present in the Cd-rich samples has been pre
pared in the same manor as the other samples in this study an
found to have as-fired conductivities between 1600 S/ )

and 2600 S/cmx(= 0.70)2° The fact that no conductivity could be

T T T T T 1
0.00 005 010 015 020 025 030 035 040
xinln,, (Cd,Sn), O,

Fig. 4. Conductivity of samples shown in Fig. 1.

samples and the single-phase samples with nominal stoichiometry
given by In,_,,CdSnO; increase gradually withx. Figure 5
shows a plot of the base 10 logarithm of the ratio of the Sn-rich to
Cd-rich conductivities as a function of in In,_,,(Cd,Sn),0,.

The ratio changes smoothly from about 28 to an asymptotic value
of 1. This suggests that the bixbyite solution has substantial width
for smallx (e.g.,x = 0.01) in In,_,,(Cd,Sn), 05 and decreases in

width to virtually a line for largex (e.g.,x = 0.34). In other words,

at small x the solution extends substantially away toward the
CdO-InQ 5 binary as shown in Fig.,6rvhich shows a semiquan-
titative picture of the bixbyite phase field. The solution extends
between the CdO-InQ, and Sn@-InO, ; binaries near the InQ;
vertex of the CdO-InQ<-SnG, system and narrows to a line &s
in In,_,(Cd,Sn},O; increases. In addition, asx in
In,_,,(Cd,Sn},0; increases, the phase field moves to the right of
the line defined by the formula }n,,Cd.SnO,. Justification for
the movement of the bixbyite phase field off the line
In,_,,Cd.Sn0O; is shown in Fig. 7

Figure 7 shows the base 10 logarithm of the ratio of reduced to
as-fired conductivities of the single-phase samples with nominal
stoichiometry given by In_,,Cd.SnO,. The ratio starts out near
100 and decreases to an asymptotic value of 1. Clearly, reduction
is less beneficial asincreases. One explanation for this change in
reduction behavior is that the defect responsible for production of
conduction electrons changes from oxygen off-stoichiometry (i.e.,
V) to cation off-stoichiometry (i.e., [Sn)/[Cd} 1). Thus the
dopant level is fixed by the degree of cation off-stoichiometry and
is therefore no longer a function of oxygen pressure. Thus the
ation off-stoichiometry responsible for fixing the dopant level in
he samples near the solution terminal point is a consequence of

measured despite the presence of the highly conducting spinel
phase in the In:Cd 95:5 sample suggests that it is discontinuous
and therefore unable to transport current through the sample. Since
the mole percent of spinel ¢d,In,_,,SnO, for all of the Cd-rich
two-phase samples in this study is similar to that of the 95:5 In:Cd
sample, we conclude that the conductivity in the Cd-rich samples
is determined solely by the bixbyite phase. The conductivity of the
Sn-rich two-phase samples is also determined solely by the
bixbyite phase since the Sp@econd phase is a poor conductor
with as-fired conductivities less than 0.01 S/@nSince the
volume fraction of the second phase was roughly constant for each
of these samples, correction was made only for the volume fraction
of porosity in the samples using the Bruggeman symmetric

og ( %%n rich/ Scd rich )

-

medium equation described in the Experimental Procedure sec- 0.1 — — —————

tion.*® 000 005 010 015 020 025 030 035 040
Figure 4 shows the as-fired four-point conductivities of all three xinin__ (Cd,Sn) O

sets of samples. The conductivity of the Sn-rich samples decreases G 3

dramatically asx increases. The conductivities of the Cd-rich Fig. 5. 109 (0sn-ricHTcdurict) VS X i IN,_5,(Cd,SNn},Os.
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x=0

Tie lines connecting | =005
bixbyite & rutile =010
phase fields I _ 0-16
=2 !/ X =0.225
i / x =0.275
i =025
: Z

1) In01_5

Tie lines connecting
bixbyite & spinel
phase fields

(In] = 0.66

CdO

Diffuse Reflectance
(arb Units)

Sn02\<
Line of perfect ! I T S

stoichiometry Inj 2CdySnsO; 200 300 400 500 600 700 800 900
Fig. 6. Semiquantitative picture of the bixbyite phase field. Wavelength (nm)

Fig. 9. Diffuse reflectance versus wavelength for specimens with nomi-

100? nal composition given by  ,,Cd.SnOs.

Figure 9 shows the diffuse reflectance spectra for single-phase
bixbyite samples with nominal stoichiometry given by
In,_,,Cd.SnO,. Transparency decreasesxdacreases. This may
be a consequence of the increase in carrier density suggested by
- the decreasing thermopower magnitude with increasstgpwn in
) Fig. 8. Figure 10 shows the estimated optical gaps derived from
E ekttt diffuse reflectance spectra like that shown in Fig. 9 for samples
] prepared with nominal compositions,In,,Cd,SnO,. The optical
gap remains relatively constant at 3.0 eV across the solution.
Reduction appears to increase the optical gap by about 0.1 eV on
—— ey : : : : average. Given that the optical gaps are determined from an
0.00 005 010 015 020 025 030 0.35 estimate of the absorption edge and are only precise to 0.1 eV, this
Xinln. . CdSnO increase may or may not be significant. It is interesting to note,
22X XT3 however, that the increase in optical gap shown in Fig. 10
Fig. 7. 109 (01equcedTas-iired VS X IN specimens with nominal compesi correlates with the increase in carrier density after reduction shown
tions given by 13_,,Cd,Sn0;. by the decrease in thermopower magnitude after reduction of the
samples shown in Fig. 8. This may be evidence of a Moss—
Burstein shift (i.e., the upward shift of the Fermi level with respect
to the conduction band owing to the filling of states with increased
dopant levelf:2-3°

-
o
ol

/
LOg 6reducedoas—fired)
i

0.1

the location of the phase boundary for the bixbyite phase field
shown in Fig. 6.

Figure 8 shows thermopower data for as-fired and reduced
specimens of nominal composition,In,, Cd SnO,. All samples
have negative Seebeck coefficients and are therefore n-type. The
thermopower magnitude decreases sharply at first and then grad- A Jarge TCO solid solution In_,,(Cd,Sn), O, possessing the
ually approaches an asymptotic value neaB4.5 wV/K for InO, 5 bixbyite crystal structure has been discovered in the
as-fired samples and-29.5 wV/K for reduced samples. The  cdO-InQ ,~SnQ, system, in which up to 34% of the element In
decrease in the thermopower magnitude correlates with the in- present in InQ 5 can be replaced with a combination of Cd and Sn.

IV. Conclusions

crease in conductivity shown in Fig. 4. Electrical and X-ray data suggest that the solution is inherently
0 —=— As-Fired 34_- W AsFired
-10 ---e=+  Reduced 47 O Reduced
20
X 30 s 32 . T
S > |
= 40 by f
S
g 50 8 3.07
@] _—
2 60 5
g B 287
5 O e
£ -80 :
= Thermopower of as-fired (reduced) In203 26
-90 is -471.3 LV/K (-197.2 WV/K) -
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0.00 0.05 0.10 0.15 0.20 0.25 0.30 Xin |n2 szd Sn 03
Xinln,, Cd Sn O, x X
exox X Fig. 10. Optical gap estimated from absorption edge (measured in diffuse
Fig. 8. Thermopower for reduced and as-fired specimens with nominal reflectance) vsx for specimens with nominal composition given by
compositions given by In ,,CdSnO;. In,_,,CdSnO;.
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n-type by virtue of the location of the bixbyite phase field within
this system. That is, fox greater than a few hundredths, the
bixbyite phase exists only for [Sn)/[Cd} 1.0. At very small
values ofx (e.g.,x < 0.01) the bixbyite phase field exists for
[Sn)/[Cd] < 1.0; however, the insulating behavior of these
compositions suggests that the excesg, @lionically compen
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cally compensated by holes. It is the location of the bixbyite phase

field within the CdO-InQ s~SnG, system that governs the elec

trical and optical property variation. Since the phase boundary of

In,_,,(Cd,Sn},O; curves to the right of the line defined by
In, ,,Cd.SnO;, thermopower magnitude decreases (carrier den
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as a consequence of free carrier absorption. Furthermore, the
location of the bixbyite phase field suggests that any attempt at
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