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The electrical conductivity, Hall effect, and thermoelectric coefficient of Zn/Sn-cosubstituted
In2O3 (In2-2xSnxZnxO3-δ), undoped In2O3, and indium-tin oxide (ITO) were studied vs cation
composition, state of reduction, and measurement temperature (over the range of 4.2-340
K). Carrier contents and mobilities were determined from the Hall coefficient and conductivity
in each case. In2-2xSnxZnxO3-δ displays conductivities up to 1 order of magnitude lower than
ITO, and the conductivity of the material decreases with increasing cosubstitution, from
approximately 860 to 235 S/cm. Reduction of the materials under flowing H2/N2 increases
their carrier concentrations and therefore their conductivities. These results are discussed
in terms of possible defect and transport models.

Introduction

Transparent conducting oxides (TCOs) are materials
that combine visual light transparency and high electri-
cal conductivity. Device manufacturers use TCO films
as transparent electrodes in solar cells, flat panel
displays, and many other applications. The commercial
TCO of choice, tin-doped indium oxide (ITO) has a
typical conductivity of 1-5 × 103 S/cm and a transpar-
ency of 85-90% in thin films.1,2 Although ITO meets
the needs of current devices, researchers continue to
look for improved TCO films based on new chemical
compositions. Recently, several new TCOs with proper-
ties similar to ITO have been reported.3-5

Although most TCO applications require thin films,
bulk investigations complement thin film research.
Specifically, bulk synthesis allows careful control of
complex stoichiometries, which is useful in the inves-
tigation of fundamental structure-property relation-
ships. In addition, bulk investigations are directly
relevant to the sintering of targets for thin film deposi-
tion and certain applications, such as paper additives.
Caution should be taken in comparing film and bulk
results because of potential differences in phase chem-
istry and microstructure.

While constructing the In2O3-SnO2-ZnO subsolidus
phase diagram,6 a large new In2O3-based solid solution
range was discovered.7 Cosubstitution of In2O3 by ZnO
and SnO2 raised the solubility of each from approxi-
mately 0 and 6%, respectively, to approximately 20%
for each (40% total). The cosubstituted material dis-
plays electrical conductivity that is 2-3 orders of
magnitude higher than that of undoped In2O3 but 1
order of magnitude lower than that of ITO. UV-vis-
ible (UV-vis) diffuse reflectance measurements show
that cosubstitution causes a reduction of the band gap.
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Relative transparency at 500 nm is similar to or slightly
greater than that of ITO.

In this work, the relationships between transport
properties (i.e., carrier concentration and mobility) and
chemical state (i.e., cation composition and state of
reduction) were investigated in Zn/Sn-cosubstituted
In2O3 (In2-2xSnxZnxO3-δ). For comparison purposes,
identical measurements were made on undoped and Sn-
doped In2O3 (ITO). In addition, several defect and
transport models were considered.

Experimental Section

Synthesis, Density, and X-ray Crystallography. Sample
pellets were synthesized by using conventional solid-state
reaction techniques as described previously,7 with three excep-
tions. (1) Samples were fired for a shorter time at 1250 °C (1
day for ZnO-containing samples) to minimize ZnO evaporation.
(2) Samples were “air-quenched” by removing the sample
crucible from the furnace into the ambient laboratory air. (3)
Selected pellets were reduced in flowing forming gas (7% H2/
93% N2) for 10 h at 500 °C.

Sample densities were calculated from the ratio of pellet
mass and volume. Pellet volumes were estimated by measuring
diameter and thickness of the cylindrical pellets by caliper.
Measured pellet densities were approximately 50% of the
theoretical crystal density, and the variation of density among
samples was within measurement uncertainty. In this study,
higher temperatures or sintering times were not used to
increase densification because of concerns about ZnO volatility.

Powder X-ray diffraction patterns were collected by using
copper KR radiation at 40 kV and 20 mA (Rigaku, USA) from
2θ ) 10-70°.

Room-Temperature Electrical Measurements. Room-
temperature electrical conductivities of as-fired pellets were
measured with a spring-loaded linear four-probe apparatus
described previously.7,8 The correction factors of Smits were
used to adjust for the geometry of the disc-shaped, pelletized
samples.9 No corrections were made for porosity; uncorrected
conductivities will be discussed throughout.

Low-Temperature Electrical Measurements. Electrical
conductivity and dc Hall measurements were taken from 4.2
to 340 K by using a computer-controlled five-probe technique.10

Samples were cooled to 4.2 K, and measurements were taken
as the system warmed to 290 K. From 290 to 340 K, a heater
was used to raise the temperature. The voltage-sensing
electrodes were 25 µm gold wire, placed approximately 0.5 cm
apart. The sensing contacts on the samples were prepared with
indium dots. The gold electrode wires were attached to the
contacts with silver paste. On these materials, voltage contacts
made with indium and silver paste were found to be superior
to those made with only gold or silver paste. The current
electrodes were 60 µm gold wire and were attached to the ends
of the samples with gold paste. Hall measurements were
performed with 7400 G magnetic flux density and 100 mA
applied current. All voltages were measured with a Keithley
181 nanovoltmeter. The relationship 1/ne ) RH (where n is
carrier concentration, e is the electron charge, and RH is the
Hall coefficient) was used to determine carrier concentrations.

Variable-temperature thermopower measurements were
taken by using a computer-controlled slow ac technique from
4.2 to 295 K.11,12 During the measurements, the samples were
kept in a 10-5 Torr vacuum. The samples were attached with
gold paste to two 60 µm gold wires, which were attached to

separate quartz blocks with heaters. Temperature gradients
of 0.1-0.4 K were applied and measured with Au (0.07% Fe)/
chromel differential thermocouples. The voltage electrodes, 10
µm gold wires, were made as long as possible to minimize heat
conduction through the leads. The sample and thermocouple
voltages were measured with Keithley 181 and Keithley 182
nanovoltmeters, respectively.

For conductivity and Hall measurements, rectangular bar-
shaped samples (approximately 1.25 × 1 × 10 mm) were
prepared by cutting the as-fired pellets with a diamond saw.
The ITO bar-shaped sample was obtained by pressing and
firing a rectangular sample.

dc Susceptibility. The dc susceptibility of the ceramic
samples was obtained from magnetic measurements performed
with a Quantum Design SQUID susceptometer. The sample
was first zero-field-cooled to 5 K after which a magnetic field
of 50 G was applied. Measurements were taken as the
temperature was cycled between 5 K and T > TC, where TC is
the critical temperature of susceptibility, while maintaining
the magnetic field. Isothermal magnetization vs field measure-
ments on samples which were first zero-field-cooled were
collected at 2 K while cycling the field between 0 and 50 000
G.

Results and Discussion

X-ray Phase Analysis. In2O3 (JCPDS Card No.
6-416) crystallizes in the C-type rare earth (bixbyite)
structure.13 The unit cell is body-centered cubic (space
group Ia-3) with lattice parameter a ) 10.117(1) Å.
When SnO2 substitutes in In2O3 (ITO) or ZnO and SnO2
cosubstitute in In2-2xSnxZnxO3-δ, the crystal structure
remains cubic and the lattice parameter expands (ITO)
or contracts (cosubstitution). Cosubstitution gives a
Vegard’s law (linear) trend of lattice parameter vs
composition.7 All samples in this study were single-
phase bixbyite as assessed by X-ray powder diffraction.

Room-Temperature Conductivity. The electrical
conductivity vs amount of Zn/Sn cosubstitution is shown
in Figure 1. Except for the initial rise from undoped
In2O3-δ to the 10% cosubstituted specimen, conductivity
decreased with increasing cosubstitution, as previously
reported.7 In separate work, in situ conductivity mea-
surements were used to examine the effects of time and
temperature during reduction of In2O3-δ, ITO, and
cosubstituted In2O3-δ by forming gas. That study showed
that the reduction scheme used here (10 h at 500 °C)
resulted in the highest conductivities and did not cause
the over-reduction of the oxides to metals. To ensure
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Figure 1. ZnO/SnO2-cosubstituted In2O3. Conductivity vs
cation % In of as-fired (2) and reduced (9) samples.
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that the cosubstituted pellets underwent the same
reduction conditions, they were reduced simultaneously.
Figure 1 shows the effect of this reduction process on
the conductivities of cosubstituted In2-2xSnxZnxO3-δ (0
< x < 0.4). Reduction raised the conductivity of each
sample by 80-110% but preserved the general conduc-
tivity vs cosubstitution trend. For comparison, the
conductivity of undoped In2O3-δ was about 2 orders of
magnitude less than that of 10% cosubstituted In2O3,
while that of ITO (4% Sn) was significantly higher (936
S/cm as-fired, 1768 S/cm reduced).

It must be stressed that the conductivities in this
work were not corrected for the nearly 50% porosity in
the specimens. Employing standard mixing law models
for 3-3 microstructures (i.e., matrix and pores both
interconnected in 3-D)14 we anticipate true conductivi-
ties to be a factor of 3-4 times larger. Nevertheless, the
raw conductivities can still be used to evaluate relative
doping and reduction effects in these materials.

Point Defect Mechanisms. Indium oxide is a wide
band gap (∼3.5 eV) semiconductor. If perfectly stoichio-
metric, the material should have insignificant carrier
content at room temperature. While sample impurities
(inadvertent dopants) are a potential source of carriers
in the “pure” material, carrier concentrations on the
order of 1018 cm-3 (approximately 2 orders of magnitude
less than those in Table 1) are too high to be explained
by inadvertent doping by cation impurities. It has been
proposed that indium oxide is oxygen deficient; i.e., the
oxygen nonstoichiometry can be expressed by delta (δ)
in the formula In2O3-δ.15 This is supported by the
increased conductivity of the reduced In2O3-δ in the
present work. Assuming that each vacancy donates two
electrons to the carrier concentration, it would be
expected that the oxygen vacancies generate carriers in
the relation: n ) 2δ.

In this paper, “doped” In2O3 implies that the material
has been intentionally doped with an aliovalent cation.
The “undoped” material may contain oxygen vacancies
and hence is written as “In2O3-δ”. In ITO, aliovalent tin
doping and oxygen off-stoichiometry can coexist. In this
case, however, Frank and Kostlin have shown the
oxygen off-stoichiometry in ITO to be negative (δ < 0)
rather than positive (δ > 0) as in undoped (i.e., no cation
doping) In2O3-δ.16 In comparison to the parent fluorite
structure, the bixbyite structure has ordered (structural)

oxygen vacancies13 which can readily accommodate
interstitial oxygen ions. Tin donors and oxygen inter-
stitial acceptors tend to be self-compensating through
the formation of neutral point defect associates. There-
fore, the oxygen interstitials are not reflected in the
electroneutrality condition. Upon reduction, however,
oxygen can be removed from some of these complexes,
freeing the tin defects to act as donors, thereby increas-
ing the electron population. This model of Frank and
Kostlin has been supported recently by high-tempera-
ture transport measurements17 and Rietveld analysis
of neutron diffraction data on quenched specimens,
confirming the existence of oxygen interstitials in
oxidized ITO.18

In cosubstituted In2O3 (In2-x-ySnxZnyO3-δ), carriers
may similarly come from two sources: excess Sn (x >
y) or oxygen deficiency (δ > 0). The total amount of
expected carriers per formula unit is (x - y) + 2δ,
keeping in mind that δ must be positive (oxygen
vacancies) to generate carriers; negative values of δ
associated with oxygen interstitials are not reflected in
the electroneutrality condition due to the neutrality of
the defect complexes involved. Furthermore, only the
quantity of excess Sn not tied up in associates, (x - y)eff,
is effective in donating electrons. Reduction of oxygen-
excess materials removes the oxygen interstitials from
defect associates, thereby increasing the value of (x -
y)eff. In our cosubstituted samples, x and y are nominally
equal. However, slight Sn excesses may result from ZnO
evaporation during heating or may be inherent to the
exact phase boundary of the solid solution. The increase
in conductivity of the reduced cosubstituted materials
in Figure 1 is probably associated with removal of
oxygen interstitials from excess tin complexes (given the
large, ITO-like values of carrier content in Table 1);
however, the production of oxygen vacancy donors
cannot be ruled out. Rietveld analysis of neutron dif-
fraction data should be able to detect whether oxygen
interstitials are present and how their population
changes with reduction.

Variable-Temperature Electrical Measurements.
Figure 2 shows the temperature dependence of resistiv-
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Table 1. Carrier Concentrations and Mobilitiesa

description
carrier concn
(×1020 cm-3)

mobility
(cm2/V‚s)

as-fired ITO 3.3(0.7) 38(6)
reduced cosubstituted (90% In) 7.0(0.8) 14(1)
reduced cosubstituted (70% In) 3.2(0.9) 13(3)
reduced cosubstituted (60% In) 3.4(2.7) 14(8)
as-fired cosubstituted (95% In) 3.0(0.4) 18(2)
as-fired cosubstituted (85% In) 2.3(0.4) 22(3)
as-fired cosubstituted (80% In) 2.0(0.4) 29(6)
as-fired cosubstituted (75% In) 2.3(0.5) 18(4)
as-fired cosubstituted (60% In) 1.7(0.2) 21(2)

a Calculated from averaging data over the range of 4-290 K.
Standard deviations in parentheses.

Figure 2. Resistivity vs temperature for as-fired (9) and
reduced (() In2O3.
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ity for reduced and as-fired In2O3-δ. While the resistivity
of as-fired In2O3-δ decreased gradually with increasing
temperature (semiconducting behavior), the reduced
material showed a transitional character. Above 200 K,
its resistivity increased with increasing temperature
(metallic behavior); below 200 K, the opposite trend was
observed. In terms of conductivity, reduction yielded a
marked increase from 2.7 S/cm at 290 K for the as-fired
sample to 16.3 S/cm for the reduced material, most
likely due to the formation of oxygen vacancies as
described above.

Figure 3 shows the temperature-dependent resistivity
of as-fired and reduced ITO (4 cationic % Sn). The as-
fired material displayed a pronounced decrease in
resistivity with increasing temperature (semiconducting
behavior). In contrast, the resistivity of the reduced ITO
was virtually temperature independent from 4 to 100
K and gradually increased in an approximately linear
fashion from 100 to 290 K (metallic behavior). Both the
shape of the resistivity vs temperature curve and the
overall magnitude of resistivity (∼2.5 × 10-4 Ω cm) are
similar to previous measurements on ITO thin films.19

Figure 4 shows the temperature-dependent resistivity
of as-fired, cosubstituted In2-2xSnxZnxO3-δ of varying x.
Above 200 K, the samples exhibited nearly linear
increases in resistivity with increasing temperature.
However, there is no observable trend in slope vs
composition. Below 150 K, the resistivities either be-
come essentially constant (the 5 and 15% cosubstituted
samples) or increase slightly with decreasing temper-
ature (the 25 and 40% cosubstituted samples), i.e., weak
semiconductor-like behavior.

In Figure 5, the temperature-dependent resistivities
of reduced, cosubstituted In2-2xSnxZnxO3-δ (x ) 0.1, 0.3,
0.4) are plotted. As with the reduced ITO in Figure 3,
each sample exhibited essentially temperature-inde-
pendent behavior below 100 K and a gradual linear
increase in resistivity with increasing temperature from
100 to 290 K. The slope of the 100-290 K data increased
with increasing level of cosubstitution.

The resistivity vs temperature graph for as-fired and
reduced In1.2Sn0.4Zn0.4O3-δ is shown in Figure 6. The
negligible slopes of the curves show that the resistivity

is almost temperature independent. There is a slight
change in slope from metal- to insulator-like behavior
as the temperature decreases. This transition, which
occurs at approximately 170 K, can be observed in
strongly degenerate semiconductors.20 Several transport
models, including small polaron (adiabatic and nona-
diabatic) and variable-range hopping, were tested on as-

(19) Zhang, D. H.; Ma, H. L. Appl. Phys. A: Mater. Sci. Process.
1996, 62, 487.

Figure 3. Low-temperature resistivity of as-fired (9) and
reduced (() ITO. Figure 4. Low-temperature resistivity of as-fired, ZnO/SnO2-

cosubstituted In2O3-δ of various compositions: 95% In (0), 85%
In (×), 75% In (9), and 60% In (().

Figure 5. Low-temperature resistivity of reduced, ZnO/SnO2-
cosubstituted In2O3 of various compositions: 90% In ((), 70%
In (9), and 60% In (2).

Figure 6. Low-temperature resistivity of same composition
as-fired (() and reduced (9) (60% In) ZnO/SnO2-cosubstituted
In2O3.
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fired In1.2Sn0.4Zn0.4O3-δ, which displayed the most promi-
nent semiconductor-like region; however, none of the
models was successful in fitting the observed behavior.

Magnetic Measurements. Low-temperature electri-
cal and magnetic measurements indicated that the
resistance of the reduced cosubstituted materials de-
creased substantially below about 6.5 K (Figure 7a),
accompanied by a diamagnetic transition at the same
temperature (Figure 7b). These results imply the pos-
sible onset of superconductivity for a small fraction of
the material (0.04-0.7%). The resistivity transition is
not complete at 4.2 K as shown in the resisitivity drop
of only 0.8% in Figure 7a, which is related to the low
diamagnetic volume fraction at the same temperature.
The possible superconductivity may originate from a
metallic impurity in the samples, as all three metals
(In, Sn, and Zn) are superconductors at low tempera-
tures, although their TC’s are lower than those observed
here. Lead, which has a TC near 6.5 K, was considered
as a possible impurity in tin, on the basis of their
chemical similarity. However, ICP analyses showed
insignificant Pb in any of the starting material oxides.
In addition, from the isothermal magnetization mea-
surements collected at 2 K, a type II superconductivity
is observed, which does not support the hypothesis of
an elemental superconductor. However, an In-Sn alloy
(formed from over-reduction) has not yet been ruled out
as a source of the superconductivity.

Hall Effect of ITO, In2O3-δ, and In2-2xSnxZnxO3-δ.
Variable-temperature Hall effect measurements were
taken to determine the respective roles of mobility and
carrier concentration on the electrical conductivity. Hall
effect measurements are difficult on highly conductive
ceramic bulk samples because the Hall voltage is
inversely proportional to the carrier concentration and
the sample thickness. Hall voltages from highly conduc-
tive samples in this study were on the order of 100 nV.
Although the nanovoltmeter was capable of measuring
these voltages accurately, other sources of noise in the
contacts and cabling interfered with precise measure-
ments at low voltages.

Figure 8 shows the carrier concentration (a) and
mobility (b) for reduced In2O3-δ. In In2O3-δ as well as
in cosubstituted In2-2xSnxZnxO3-δ, carrier concentration
was typically flat over the entire temperature range.
Variations in carrier concentration were usually 10-
20% of the absolute value, dominated mainly by back-
ground noise. Consequently, the variable-temperature
mobility data are also noisy, which may have obscured
subtle trends vs temperature. In contrast, the resistivity
measurements showed good signal-to-noise levels (usu-
ally under 1%) and revealed subtle trends vs tempera-
ture.

Assuming a temperature-independent carrier concen-
tration, the region of linear resistivity vs temperature
above 200 K for many of the samples in the present
work (Figures 4 and 5) can be understood as being due
to decreased mobility, arising from increased scattering
at higher temperatures. Low-noise Hall effect measure-

(20) Mott, N. F. Metal-Insulator Transitions; Taylor and Francis:
London, 1990.

Figure 7. In2-2xSnxZnxO3-δ (x ) 0.2) low-temperature resis-
tivity (a) and magnetic susceptibility (b) for field-cooled (9)
and zero-field-cooled (() samples.

Figure 8. Carrier concentration (a) and mobility (b) vs
temperature for reduced In2O3-δ.
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ments on ITO films showed a similar correlation of
mobility and conductivity in this region.19

Table 1 shows the carrier concentrations and mobili-
ties of the variously treated specimens in the current
work. The values were calculated by averaging the data
sets over the entire temperature range of measurement.
On an absolute scale, there were minimal changes in
carrier concentration and mobility from 4.2 to 330 K.
These differences were far less than the differences
between samples. The sign of the Hall coefficient
indicated that all samples were n-type.

In comparison to ITO, all of the cosubstituted samples
had lower mobilities. This is reasonable based on the
large number of ionized scattering centers introduced
as a result of the cosubstitution. The unreduced cosub-
stituted samples had carrier concentrations between 1.7
× 1020 and 3.0 × 1020 cm-3 and mobilities of 18-31 cm2/
V‚s. The reduced cosubstituted samples displayed higher
carrier concentrations of (3.2-7.0) × 1020 cm-3 and
lower mobilities of 13-14 cm2/V‚s. In general, carrier
concentration increased as cosubstitution decreased.
The reason for this is unclear at the present time.

Thermopower of Unreduced Cosubstituted In2O3.
Figure 9 shows the thermopower of two samples of
identical composition, In1.9Sn0.05Zn0.05O3-δ. The sign of
the thermopower also indicated n-type conduction. The
samples appeared to be metallic throughout the tem-
perature range. However, the thermopower vs temper-
ature relationship showed a negative curvature (non-
constant slope). This appeared to correlate roughly with

the corresponding change in resistivity vs temperature
slope in Figure 5.

Conclusions

Although the cosubstitutions studied in this work are
nominally isovalent with the host (Zn2+/Sn4+ for 2In3+),
as-fired materials showed levels of conductivity closer
to that of ITO (within half an order of magnitude) than
to that of undoped In2O3-δ, which is smaller by 2 orders
of magnitude. This suggests that excess Sn (i.e., x > y
in In2-x-ySnxZnyO3-δ), whether due to Zn evaporation
during firing or inherent cation nonstoichiometry as-
sociated with the bixbyite phase field in the In2O3-
SnO2-ZnO phase diagram, plays a major role in deter-
mining electron population. Furthermore, the ability to
enhance carrier content by reduction suggests that a
number of the Sn donors are tied up in neutral defect
complexes with oxygen interstitials, as originally re-
ported for ITO. Reduction may dissociate some of these
defects by the removal of excess oxygen, thereby adding
to the free Sn donor concentration. Additional contribu-
tions from oxygen vacancy donors are also possible.

With the use of doping and/or reduction, transport in
the materials studied ranges from semiconducting
behavior (undoped In2O3-δ and as-fired ITO) to transi-
tional behavior (reduced In2O3-δ) to metallic behavior
(cosubstituted specimens). The reduced cosubstituted
materials had carrier concentrations of (3.2-7) × 1020

cm-3 and mobilities of 13-14 cm2/V‚s. Given that carrier
concentration is roughly temperature independent in
these materials, the linear temperature dependence of
resistivity suggests that scattering increases and mobil-
ity decreases with increasing temperature, which is
consistent with metallic behavior.
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Figure 9. Low-temperature thermopower of as-fired In1.9Sn0.05-
Zn0.05O3-δ.
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