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The different electronic behaviors of pure and tin-doped indium oxides with various thermal treatments
under high and low oxygen pressure are discussed on the basis of the evolution of the band energy
diagram. A critical concentration of "active oxygen vacancies" associated with donor centers is necessary
to achieve high electronic mobility in ITO (Indium Tin Oxide).

I. INTRODUCTION

Thin films based on tin oxide, indium oxide, and zinc oxide exhibit high transmit-
tance in the visible, high reflectance in the infra-red, and nearly metallic conduc-
tivity. Among them, indium oxide (IO) and tin-doped indium oxide (ITO) films
have received special attention due to their slightly superior electrical and optical
properties,2.

The effect of heat treatment under various oxidizing or reducing atmospheres
has been investigated by several authors,3-. However, the respective contributions
on some basic parameters (a,/z, n,...) of donor centers arising from appropriate
tin doping"

() e e
Sn4+ O2 __.._ T,3+ n4+O3[e_ (CB)],1 In32+O3 + Sn2+O + x’2-t, (1)

(with e-(CB) designating the conduction-band electrons), or from "active" oxygen
vacancies"

In3+ 4+O3[e_,:Sn,: -(CB)],: 3+ 4+ [e-(CB)]+2., + - 0_, In2_2,Sn, 03-,’ (2)
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has not yet been clearly established. This lack of understanding can be explained
by the fact that only limited information is available on the fundamental material
properties of undoped or tin-doped single crystals and ceramics-.
We discuss, in this paper, the different behavior of In20 and SnO2 doped In20

ceramics and single crystals under thermal poor and rich oxygen treatments. The
discussion is aimed at a better understanding of the respective influence of the two
types of donors centers, described above in relations (1) and (2), on the electrical
properties of ITO. The influence of compacity, grain size, and grain boundary on
the electrical properties have also been studied and will be reported elsewhere for
the sake of clarity.
II. PREPARATIONS

H.1 Crystal Growth

In203 and Sn-doped In203 single crystals were grown by the flux method. We varied
the relative amounts of indium oxide and tin oxide, keeping the total weight con-
stant (3g); the mixture was intimately mixed with a flux made of 3g B20 and 37.5g
PbO. The starting materials were Alfa Products (reagent-grade). The powders were
ground and mixed mechanically, then placed into a platinum crucible (about 20
cm3) covered with a platinum lid. The crucible was placed into a ceramic crucible
and gradually heated in air at a rate of 60C/h until the final temperature (1320C)
was reached). It was then maintained at this temperature for 6h to ensure the
complete dissolution of the oxides. The temperature was then reduced at the rate
of 5C/h down to 850C. By boiling the platium crucible in aqueous HNO3, the
flux products were dissolved. In203 and Sn-doped In203 single crystals were thus
obtained in the form of platelets with a maximum dimension of ]0mm 10mm
X 2mm.
The crystals were studied by x-ray diffraction. Both In:O and Sn-doped IntO3

single crystals have the expected bixbyite type structure. Spectro-chemical analysis
indicated that metallic lead was the only significant impurity present with a con-
centration of the order of 0,05% (weight).

H.2 Ceramic Preparation

In203 ceramic samples were first prepared by sintering pellets in air at different
temperatures (900C, 1000C, 1100C, 1200C, 1300C) during 24h with a raising
rate of 100C/h and a cooling rate of 100C/h.

H.3 Thermal Treatments

Annealing treatments were performed at 800C for 24h (raising and cooling tem-
perature rate of 100C/h) either under vacuum (Po2 10-5 bar) or under elevated
oxygen pressure (Po2 200 bar).
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III. HALL EFFECT MEASUREMENTS

Accurate values of mobility and carrier concentration were obtained using an a.c.
Van der Pauw method (1.2T magnetic field). An In-Ga eutectic ensured electrical
contacts. The dimensions of samples were typically 2mm 2mm 0.5mm for crystals
and 5mm X 5mm X 0.5mm for ceramics.

IV. RESULTS AND DISCUSSION

According to previous results, the samples are, as expected, n-type degenerate
semiconductors with metallic electrical properties.

Although electrical measurements have been carried out down to 4K, we will
focus here, for sake of clarity, on room temperature electrical evaluation of the
different samples as illustrated in Fig. 1, 2, and 3. All of the results reported here
are average values obtained from the measurements performed with various sam-
ples; usually three samples of each type were checked.

Fig. 1, dealing with In203 ceramics, shows that the carrier concentration increases
as the sintering temperature (see 11.2) increases. Such an evolution should be
correlated, not only with an increase of ceramic compacity, but also with an
increase in the concentration of the active oxygen vacancies: Indeed, relation (2)
also applies for pure In203; e" increases with the sintering temperature because
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FIGURE Electrical properties of In:O3 ceramics as a function of the sintering temperature.
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FIGURE 2 Mobility versus carrier concentration for In203 ceramics sintered at various temperatures
(oc).

110

100-

90-

T 8o

> 7O

80

50

4O

30
16

Ceramic A Ceramic B Crystal C

2

Crystal D

16, 5 17, 5 18, 5 19, 5 20, 5
log(N/crn3)

FIGURE 3 Mobility versus carrier concentration for In.,O3 (ceramics A sintered at 900C and B sintered
at 1200C; single crystals C) and Sn doped In203 single crystal D; untreated, 2 treated under vacuum,
3 treated under oxygen.
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Indium Oxide is reduced more easily at high temperature than at low temperature.

In32.In3+O3 > In+O3_,,,[e-(CB)]2,,, + O: (3)

The mobility, t, and carrier concentration, n, increase with the sintering tem-
perature from 1000C to 1200C (Fig. 2). In the small carrier concentration case,
if we suppose that the scattering mechanism is mainly the ionized impurity centers,
then (r) decreases as the carrier concentration increases. Therefore, the mobility
also decreases or is constant in the degenerate case as the carrier concentration
increases since p q (r)/m*. If we suppose that the scattering mechanism is mainly
the phonons, then (r) is constant as the carrier concentration increases, therefore,
the mobility remains unchanged or decreases in the degenerate case as the carrier
concentration increases. However, in our case, that does not occur. It would rather
imply that the "active oxygen vacancies" associated states have to be linked to
extended conduction band states (modification of the conduction band edge) caus-
ing a lowering of the carrier effective mass m* and an increase in the mobility (see
also below).

In fact, the highest carrier mobility value (p 58 cm2.V-x.s-l) obtained for
In203 ceramics corresponds to a carrier concentration of about n 1.54 x 107

cm -3 (Fig. 2). For higher values, the concentration of the induced-doping lattice
defects is large enough so that they can interact with the conduction band electrons.
In this case, the mobility decreases with the carrier concentrations, i.e., the mech-
anism of ionized impurity scattering becomes more important so as to induce a
decrease of relaxation time (r).

Fig. 3 illustrates the influence of heat treatment in various ambients on the
transport properties for In20 ceramics (A and B) and for In20 (C) and 2% Sn-
doped In20 (D) single crystals.
When no annealing treatment has been undertaken, ceramic sample A, sintered

at 900C (Fig. 3), exhibits rather low values of carrier concentration (n 2 1016
cm-) and mobility (p 37 cm2.V-1.S-); they are highly enhanced by the an-
nealing procedure under vacuum (1.1 10 cm- and 65 cm2.V-.S- respectively).
These results corroborate those shown in Fig. 1 and 2, previously discussed, where
it was observed that the carrier concentration and the mobility increased with the
sintering temperature. The values of concentration and mobility for sample A-2
treated under vacuum are close to those obtained for the sample sintered at the
temperature about 1200C (Fig. 1 and Fig. 2). These results confirm the above
hypothesis that the electronic states corresponding to the lack of oxygen ("ac-
tive oxygen vacancies") in the degenerate n-type semiconductor are mixed with
electronic states of the conduction band, which is predominantly formed by the
In(Ss, 5p) orbitals. As the carrier concentration increases under vacuum, the de-
localization of the electron responsible for the conductivity is enhanced probably
due to a lowering of the effective electron mass (increase of p) reported above.
On the other hand, the annealing treatment under vacuum performed on sample

B, sintered at 1200C, induces a decrease in p, although n increases (Fig. 3). This
result is also in agreement with those reported in Fig. 2, where it is shown that the
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mobility decreases as the carrier concentration increases, for samples sintered at
temperature higher than 1200C. This phenomena has been discussed above.

For single crystals, the rather high density of carriers occurring for In203 (sample
C in Fig. 3), even for the non-thermally treated sample (n 2.4 108 cm-3),
should also be correlated to the large density of "active oxygen vacancies". For
2.5% mol Sn-doped In203 (sample D), the high density of the carrier concentration
(n 2.4 1020 cm -3, Fig. 3) is of the same order of magnitude as the Sn
concentrationt, so that the electron concentration arising from the "active oxygen
vacancies" can be neglected:. For both single crystals C and D, the carrier mobility
also depends on the thermal treatment; indeed/z decreases after heating the samples
under oxygen pressure and increases after heating under vacuum (this phenomena
is particularly noticeable for sample C) (Fig. 3).

All these investigations (on IO and ITO ceramics and single crystals) lead us to
set up the following "physical" and "chemical" models"

1) Physical model:
The Fermi level in the conduction band is located at the same energy as those

of the states attributed to the "active oxygen vacancies". Only the electrons
located near the Fermi level contribute significantly to the mobility. Conse-
quently, a small change in the density of states of oxygen vacancies near the
Fermi level induced by a treatment under oxygen pressure or vacuum can sig-
nificantly modify the carrier mobility without drastically changing the carrier
concentration. High oxygen pressure treatment decreases a part of oxygen va-
cancies; as a consequence the overlapping of corresponding wave function di-
minishes leading to a higher localization. The treatment under vacuum will
provoke the opposite situation (Fig. 4). On the other hand, we know that the
solubility limit of Sn in In203 is about 1%. So in the case of Sn-doped In203
during the oxygen pressure treatment, we cannot neglect the influence of the
formation of the neutral (5n204) complex which perhaps is favored. Although
this complex does not contribute to the electron concentration, its presence can
decrease the mobility by a neutral scattering process.

2) Chemical model:
It has been stated above for IO ceramics, that degeneracy occurs even for

carrier concentrations that are not very high (1016- 1017 cm-3). On the other
hand, rather high mobilities are observed (35-40 cm2.V-.S-1). This would
imply that the interactions between the conduction-band electrons and the ion-
ized donor centers V0 and V7 are very weak (V0 and V7 originate from the
ionization" V- V7 + e- and Vff V0 + e-; here V- symbolizes, within
the frame of the ionic model, the "active oxygen vacancy".

Under these circumstances one would conclude that the ionization energy falls
to zero, i.e., the impurity band merges with the conduction band.
We are dealing here with a situation rather different than that accounting for

the electrical behavior of more conventional (3d) n-type semiconductors, such as
TiO2_x, SrTiO3_x, for which the donor centers are located at a few tenths of an eV
(0.1 0.5 eV) below Ec (for n ranging between 1016- 109 cm-3) 4.
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FIGURE 4 Schematic energy band diagrams for In203 and Sn doped In203 untreaded, treated under
vacuum or under oxygen pressure; 4a, 4b" pure In:O3; 4c, 4d, 4e: Sn doped In:O3.

FIGURE 5 Representation of IO bixbyite structure.
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Besides, rather similar situation occurs for (s,p) n-type semiconductors not hav-
ing the bixbyite structure, such as SnO:_x. For IO (ITO) which has the bixbyite
structure, it would appear that the possible screening (with regard to the cations)
of the oxygen vacancies (position 5) by the oxygen located nearer to the cations
in positions 2, 4, and 6 (Fig. 5), would account for the peculiar electrical behavior.
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