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1. INTRODUCTION

With recent demand for large and high quality flat
panel displays, amorphous transparent conducting
films have attracted significant attention because of
their flat and smooth surface and low internal stress
[1]. Among the different materials which belong to the
category of transparent conducting oxides, zinc oxide,
which is one of the II–VI semiconductors, is a prom�
ising material due to its low cost, relatively low depo�
sition temperature, good stability in hydrogen plasma
compared with ITO and SnO2 and non toxicity [2,3].
Good quality of ZnO thin films can be obtained by dif�
ferent deposition techniques such as, r.f sputtering [4],
pulsed laser deposition [5], spray pyrolysis technique
[6] and sol�gel method [7]. Recently research groups
are much interested in the doping of ZnO thin film
and improving its conductivity. Since zinc oxide is
basically n�type semiconductor, n�type doping is
much easier and the properties are reproducible.
Among the different n�type dopants, doping with alu�
minium (Al), gallium (Ga) and indium (In) have been
attempted by many groups using different deposition
techniques [2, 8–10] resulting in high quality ZnO
thin films.

However, not much attention has been paid
towards the preparation of ZnO thin film by thermal
evaporation technique. This method is relatively sim�
ple and low cost procedure. The method does not
require any catalyst or high temperature growth and
the temperature of further oxidation of the film in
thermal evaporation method is also moderate enough
to be easily applied in thin film technology. The effect
of annealing and the oxidation mechanism of as

deposited ZnO thin films obtained by thermal evapo�
ration technique have already been reported [11, 12].
This work is an attempt to improve the electrical con�
ductivity of thermally evaporated ZnO thin films by
doping, without disturbing its transparency and struc�
tural properties significantly.

2. EXPERIMENTAL DETAILS

Zinc oxide thin films obtained in this study were
prepared by thermal evaporation of a high quality ZnO
powder (Alfa Aesar 99.99%) using tungsten boats.
Soda lime glass slides were used as substrates and the
vacuum maintained prior and during the deposition
was in the order of 10–5 Torr. For the preparation of
doped films a mixture of 95% of ZnO powder and 5%
of gallium oxide powder (99.9% Alfa Aesar) is evapo�
rated maintaining other deposition parameters same
as that of undoped films Thickness of the films
obtained was found out by gravimetric analysis and it
is maintained to 200 nm in both the cases.

It is well known that during evaporation process
ZnO powder decomposes in to zinc and atomic oxy�
gen according to the kinetics of evaporation of ZnO
and oxygen will be released as the primary by�product
of the process [13].Thus, films obtained are expected
to be oxygen deficient in the as deposited condition
and films are found to be dark brown in color and
opaque in nature. Hence, all undoped and doped films
were annealed at 300°C for 2 h for further oxidation
[12]. During the process of annealing films will
undergo oxidation and hence there will be an improve�
ment in the stoichiometry. Thus all films turn trans�
parent after annealing. There are reports, which prove
the improvement in stoichiometry of thermally evapo�
rated ZnO thin films after annealing [11, 12, 14].
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Films were further subjected to detailed structural,
optical and electrical characterization.

Structural characterization of the obtained ZnO
thin films was studied by X�ray diffractometer using

JEOL diffractometer with a scanning rate of 1°/min.
The Scanning Electron Microscopy (SEM) studies to
know the surface morphology of the films was per�
formed with JEOL JSM 6380 system. Transmittance
and absorbance measurements were carried out rela�
tive to the uncovered substrate at normal incidence in
a spectral range of 250–850 nm using Ocean Optics
Inc SD 2000 UV–VIS spectrometer. The electrical
characterizations of the ZnO thin films were found out
on coplanar structures consisting of two silver strips
evaporated on the film surface. The measurements
were carried out with computer assisted Keithley
source meter (2400) setup.

3. RESULTS AND DISCUSSION

X�ray diffractograms of the films obtained in the
undoped as well as in the doped state did not show any
peak which confirms the amorphous nature of the
films.

The scanning electron micrographs of the surface
of the undoped and Ga2O3 doped films are shown
Figs. 1, 2. It is found that all films have a smooth con�
tinuous and pinhole free microstructure and hence it is
clear that there is no modification in the surface
topography of the film due to doping.

Figure 3 shows the transmittance spectra of
undoped and gallium oxide doped zinc oxide thin
films after annealing. From the spectra, it is confirmed
that both undoped and doped films have transmittance
of an average of 90% in the visible region of the elec�
tromagnetic radiation spectrum. This reveals that the
transparency of the film is retained even after doping.

The optical energy gap Eg of films is estimated from
optical measurements. Since ZnO is a direct band gap
semiconductor allowed direct transitions can be assumed
and the spectral dependence of the absorption coeffi�
cient, a can be described using equation [15].

(1)

where hν—photon energy and B is a constant. The
variation of (αhν)2 with hν is plotted and the linear
portion of the plot is extrapolated to zero to find the
band gap of the film (Fig. 4). It is observed that the
band gap of the undoped film is 3.25 eV and after dop�
ing with 5% of Ga2O3 the band gap of the film is
reduced to 3.2 eV. This reduction in the band gap is
due to the formation of additional levels below the
conduction band.

The room temperature conductivity of the
undoped film is found to be 90 Ω–1 cm–1. This is con�
ductivity isconsiderably high as compared to previ�
ously reported results on the conductivity of undoped
ZnO thin films [5, 16, 17]. Oxygen vacancies present
in the film even after annealing will act as the defects
in the film and will play a major role in improving the
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Fig. 1. SEM image showing the surface topography of
undoped ZnO thin film.

10  μm

Fig. 2. SEM image showing the surface topography of ZnO
thin film after doping with 5% of Ga2O3.
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Fig. 3. Transmittance spectra of undoped (1) and Ga2O3
doped (2) ZnO thin films.



SEMICONDUCTORS  Vol. 46  No. 12  2012

HIGHLY CONDUCTING AND TRANSPARENT 1547

conductivity of the films. In binary oxides like ZnO
oxygen vacancies are responsible for the conduction
electron carrier generation. The electron generation
can be explained using Kröger–Vink notation in the
equation [18].

   + 2e' + 1/2O2(g). (2)

According to Eq. (2), an oxygen anion escaping
from the crystal structure (1/2O2) from the occupied

oxygen site creates a doubly ionized vacancy site ( )
and two free electron carriers. Thus, multiple carriers
are created from a single defect and good n�type con�
ductivity can be obtained. Hence, low resistivity at
room temperature in ZnO thin film can be achieved by
the creation of intrinsic donors by lattice defects such
as oxygen vacancies. However, these intrinsically
doped films will not be stable at ambient conditions
[19]. At high temperature, these films will undergo
oxidation and there will be a reduction in the oxygen
vacancies and this leads to the significant increase in
the film resistivity. Moreover, the resistivity of the
intrinsically doped film can be reduced only up to
10–2–10–3 Ω cm [19].

On doping ZnO thin film with 5% of Ga2O3, a great
improvement in the conductivity of the film is
observed. Doped films showed a room temperature
conductivity of 8.7 × 103 Ω–1 cm–1. This considerably
high improvement in electrical conductivity brought
in by Ga2O3 doping can be explained as follows. When
group III oxides like Ga2O3 are added to zinc oxide, it
is assumed that group III dopant atoms will built into
the zinc lattice sites spending additional electrons
which are not required for the bonding to the conduc�

OO
X

VO
••

VO
••

tion band according to the Eq. (3) [20]. These additional
electrons will improve the conductivity of the film.

Ga2O3  2GaZn + 2e + 1/2O2. (3)

To calculate the activation energy, the variation in
the resistance of the films with the change in tempera�
ture is recorded. The study was carried out by increas�
ing the temperature of the film up to 300°C from room
temperature. In this low temperature, extrinsic con�
duction predominates since ZnO has a wide band gap
of the order of 3.3 eV. The semiconducting nature of
the films follows the following relation [21].

(4)

where R is the resistance of the film at temperature T,
R0 is a constant, kB is Boltzmann constant and Ea is the
activation energy required for conduction.

A representative graph of variation of logR with the
reciprocal of temperature (1/T) is shown (Fig. 5).
From the logarithmic resistance profile with respect to
reciprocal of temperature, the thermal activation
energy is calculated using the Eq. (5).

(5)

where e—magnitude of charge on electron.
In the graph (Fig. 5), logR verses 1/T, for Ga2O3

doped ZnO thin film curve shows a linear behavior in
two regions. The first one from (1.7–2.1) 1/K and the
other from (2.3–3.2) 1/K. In these two ranges the acti�
vation energy is proportional to the slope and gallium
oxide doped ZnO thin film presents activation energy
of 26 meV in the 1000(1/T) range (2.3–3.2[1/K]) and
another activation energy of 68 meV in the 1000(1/T)
range (1.7–2 [1/K]). Basically, the electron concen�
tration in ZnO thin film increases by gallium oxide
doping and the trapping levels with activation energy
bellow 55 meV contribute to the electrical conductiv�

R R0 Ea/kBT( ),exp=
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Fig. 4. Plot (αhν)2 as a function of (hν) for undoped (1)
and Ga2O3 doped (2) ZnO thin films.
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Fig. 5. Logarithmic resistance profile with respect to recip�
rocal of temperature for Ga2O3 doped ZnO thin film.
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ity with very low energy cost which improves the dark
conductivity of the film [22].

4. CONCLUSIONS

We have used thermal evaporation method as a
simple and low cost technique for the preparation of
ZnO thin films. It is observed that the films obtained
have a very high conductivity of 90 Ω–1 cm–1 with a
good transparency of more than 90% in the visible
region. This considerably high conductivity in the
undoped state of the film may be attributed to the pres�
ence of oxygen vacancies in the film, which act as
intrinsic donors and improve the conductivity of the
film. Doping of Ga2O3 in ZnO thin film leads to the
greater improvement in the conductivity without much
obvious change in the transmittance. The conductivity of
doped films is found to be 8.7 × 103 Ω–1 cm–1 with a vis�
ible region transmittance of 90%. It is observed that
the Ga2O3 doped ZnO thin film has an activation
energy one at 68 meV and other at 26 meV bellow the
conduction band. Thus Ga2O3 doped ZnO thin film
with an excellent combination of transparency, con�
ductivity and with smooth surface which is well suited
for the application of transparent electrodes and flat
panel displays, can be obtained by thermal evapora�
tion technique.
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