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We report p-type conductivity in intrinsic indium oxide �IO� films deposited by magnetron
sputtering on fused quartz substrates under oxygen-rich ambient. Highly oriented �111� films were
studied by x-ray diffraction, optical absorption, and Hall effect measurements. We fabricated p-n
homojunctions on these films. © 2010 American Institute of Physics. �doi:10.1063/1.3430035�

Transparent conducting oxides such as ZnO, In2O3, or
SnO2 have technologically important properties. These ma-
terials, which can easily be obtained of n-type conduction,
are widely applied as transparent electrodes in flat panel dis-
plays, solar cells, and touch panels. However, their applica-
tions are seriously hampered by difficulties in doping them
into p-type materials. An important advance in this direction
has come in the late nineties from the discovery that thin
films of CuAlO2, which is a transparent oxide, show room-
temperature p-type conductivities of up to 1 S/cm.1 Papers
reporting p-type conduction in intrinsic2 and nitrogen-doped
thin films of ZnO,3 followed. Nevertheless, no intrinsic in-
dium oxide �IO� in bulk or thin-film form has been rendered
p-type in character, even though this compound is exten-
sively studied, broadly applied,4 and important for the devel-
opment of transparent electronics.5

In2O3 is a direct band-gap semiconductor. It crystallizes
in a cubic bixbyite structure with a lattice parameter
of 10.118 Å. Close to stoichiometric composition, IO
has low free carrier concentration and high resistivity
���108 � cm�, similar to other oxides. However, as-grown
thin films of In2O3 have a rather high free-electron concen-
tration �between 1018 and 1020 cm−3�, which most likely fol-
lows from the presence of interstitial and substitutional hy-
drogen, as suggested by muon spin rotation and relaxation
experiments,6 and supported by first-principles, density func-
tional theory �DFT� calculations.7 On the other hand, orbital
molecular calculations reveal that indium vacancies form
shallow acceptor levels just above the top of the valence
band.8 This result has recently been corroborated by ab initio
DFT calculations which find that not only indium vacancies
but interstitial oxygen atoms as well are shallow p-type de-
fects in In2O3.9 Such defects can spontaneously form under
O2-rich growth conditions. The acceptor character of the in-
terstitial oxygen has also been found for In2O3:Mo through
band structure calculations.10

In this letter we report p-type conduction in In2O3 thin
films deposited by sputtering under O2-rich conditions. This
has been confirmed by the sign of the Seebeck coefficient,
Hall effect measurements, and rectifying behavior of p-n ho-
mojunctions we have fabricated on these films.

We grew IO thin films on fused quartz substrates by dc
magnetron sputtering from a ceramic IO target in O2 /Ar at-
mosphere. The substrate temperature was kept constant at

350 °C. The system base pressure was better than �4
�10−6 Torr. The total pressure during deposition was fixed
at 1.0�10−3 Torr. The deposition rate in oxygen-rich con-
ditions was �0.1 Å /s, at a substrate-target distance of 35
cm. The films we obtained varied with the oxygen/argon ra-
tio from 200 to 400 nm thick. The structural characterization
of films was done with x-ray diffraction �XRD�. Optical
transmission spectra of the films were measured by a dual-
beam Cary spectrophotometer. The Van der Pauw method
was used to obtain the resistivity and Hall effect data in
magnetic fields of up to 1 T. Experimental errors coming
from geometrical effects were minimized by placing gold
contacts on the corners of a �3�3 mm2 square. At least
two or three samples, cut from the same batch, were mea-
sured in order to check for homogeneity. We used an elec-
trometer with a guarding option to perform measurements on
high resistance films. The p-n junctions were fabricated by
sequential deposition of two layers under oxygen-rich and
oxygen-poor conditions. Ohmic contacts were done using Au
or In.

The XRD patterns of two different IO films deposited
under O2-rich conditions are shown in Fig. 1. A strong peak
at �30.4° indicates that the films are highly crystalline and
are textured in the �111� direction. As the oxygen pressure
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FIG. 1. XRD patterns of two In2O3 films deposited at �a� p�O2� / p�O2

+Ar�=0.6 and �b� p�O2� / p�O2+Ar�=1.0. The inset shows how the lattice
constant and mean grain size vary with oxygen partial pressure. The solid
lines are to guide the eye.
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increases, the intensity of the �222� peak increases and its
linewidth decreases, indicating that grain size increases. The
lattice constant seems to increase slightly as oxygen fraction
in the O2 /Ar deposition gas increases. This is shown in the
inset of Fig. 1. The mean grain size, from 10 to 20 nm as
displayed in the same inset, comes from the full width at half
maximum of the �222� bcc-In2O3 diffraction peaks, obtained
from XRD rocking curves. The quality of our films is in line
with earlier reports on sputtered IO films,11 which is quite
below that of nearly crystalline perfect films which can be
obtained by molecular beam epitaxy.12

Figure 2 shows how the transmittance of films grown
under O2-rich conditions varies with wavelength. Interfer-
ence effects modulate somewhat the optical response but all
films show transparency beyond 80% in the visible range.
Their transmittance is comparable to that of n-type films.4

The fundamental absorption starts from about 400 nm. The
absorption coefficient � reaches values exceeding 105 cm−1

at the higher photon energies h�, as expected for direct-
allowed transitions. The inset �a� of Fig. 2 shows a plot of
��h��2 versus h�, from which the band gap can be estimated.
We found a value of 3.65�0.05 eV for it using data shown
in the inset �a�. This is very close �i� to the often cited value
of 3.75 eV for the energy gap in In2O3,13 and �ii� to the
energy of the onset of strong optical absorption in single-
crystalline films.14,15 However, a careful inspection of the
transmission curves shows that the onset of absorption is at
least 0.6 eV below and increases slowly with photon energy.
The expansion of the corresponding region is shown in the
inset �b�. This absorption has been interpreted in terms of an
indirect process.13 Recent results of x-ray spectroscopy show
however that it arises from direct optical transition with a
minimal dipole intensity from the valence band edge which
is significantly closer than 3.65 eV to the conduction band.16

The abscissa intercepts in Fig. 2�b� yield a value of
3.0�0.2 eV for the fundamental absorption energy, which is
close to the value of 2.9 eV obtained in Ref. 16 and in good
agreement with results of combined experimental and DFT
studies on high-quality bcc-In2O3 films.15

Results of Hall effect and electrical conductivity mea-
surements, obtained for the films grown at various oxygen

fractions in O2 /Ar sputtering gas, are shown in Fig. 3 with
corresponding errors. The type of conduction has been con-
firmed by the sign of the Seebeck and Hall effects at room
temperature. We find a change in the type of conductivity at
about 45% of oxygen in O2 /Ar gas. Electron concentration
and conductivity decrease almost exponentially with increas-
ing oxygen fraction for films grown under oxygen-poor con-
ditions. On the other hand, carrier concentration and conduc-
tivity do not vary monotonically with oxygen fraction for
p-type films. Their carrier mobility �of the order of
1 cm2 /V s� is between one and two orders of magnitude
lower than the mobility in conductive n-type films grown by
us, which is �20 cm2 /V s. This may come from compensa-
tion and high defect concentration. Our attempts to improve
the conductivity of p-type films by annealing in vacuum, Ar,
or O2 atmospheres at various temperatures, in the 350 to
750 °C range, invariably led to n-type conduction in them.
Nevertheless, the as-grown films were stable and showed no
transient electrical behavior as observed in p-type ZnO thin
films doped with nitrogen.3 Since defects play an important
role in p-type conduction in oxides, a good control of growth
is required. We found that �i� a deposition rate much lower
than the one used in conventional processes, and �ii� a
O2-rich ambient are both crucial in obtaining p-type In2O3
films with reproducible properties. Substitutional doping
would likely give rise to higher conductivity and hole con-
centration. Further studies are needed for it.

In summary, we have fabricated In2O3 p-n homojunc-
tions by sequential growth of a 400 nm thick n-type layer on
a 200 nm thick p-type In2O3. Au and In contacts were de-
posited on p- and n-type layers, respectively. These contacts
are Ohmic as confirmed by a linear I-V variation. The junc-
tion area was of approximately 0.1 cm2. How current
changes with an applied bias voltage in such junctions is
shown in Fig. 4. A rectifying behavior is observed that is
consistent with the formation of a p-n barrier at the interface.
The forward turn-on voltage is over 1.5 V, below the ex-
pected value of the band-gap energy of 3.65 eV. It might be
attributed to high defect density at the p-n interface. A semi-
log plot of I-V curves is shown in the inset of Fig. 4. A sharp
increase in current is observed for low forward bias and a
fairly low leakage current is measured under reverse bias.
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FIG. 2. Transmittance spectra of In2O3 thin films grown in oxygen-rich
conditions. Inset �a� shows plot of ��h��2 vs h� in the fundamental absorp-
tion region. The region with lower absorption is expanded in inset �b�.
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FIG. 4. I-V curve for a p-n homojunction formed by deposition of 200 nm
thick p-type In2O3 on 400 nm thick n-type In2O3. The inset shows the I-V
plot in semilog scale.
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