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Abstract

Aluminum-doped zinc oxide (AZO) thin films have been deposited by electron beam evaporation technique on glass substrates. The
structural, electrical and optical properties of AZO films have been investigated as a function of annealing temperature. It was observed
that the optical properties such as transmittance, reflectance, optical band gap and refractive index of AZO films were strongly affected
by annealing temperature. The transmittance values of 84% in the visible region and 97% in the NIR region were obtained for AZO film
annealed at 475°C. The room temperature electrical resistivity of 4.6 x 107>Qcm has been obtained at the same temperature of
annealing. It was found that the calculated refractive index has been affected by the packing density of the thin films, whereas, the high
annealing temperature gave rise to improve the homogeneity of the films. The single-oscillator model was used to analyze the optical

parameters such as the oscillator and dispersion energies.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Transparent conducting oxides (TCOs) have a wide
range of applications in a variety of opto-electronic
devices. Most TCOs are based on SnO,, In,03, zinc oxide
(ZnO) and their mixed compounds are deposited by
different physical and chemical techniques. Recently, zinc
oxide or impurity-doped zinc oxide films have been actively
investigated as alternate materials to ITO because zinc
oxide is a nontoxic, inexpensive and abundant material [1].

ZnO is a II-VI n-type semiconductor with an optical
band gap of approximately 3.2 eV at room temperature [2].
Its band structure and optical properties are very similar to
those of GaN, which is known to be a good material for the
fabrication of optical devices such as light-emitting diodes
(LED) or laser diodes (LD) [3]. Pure ZnO is an unstable
material due to the adsorption of atmospheric oxygen,
which decreases the conductivity and modifies its surface
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morphology [4]. To stabilize the material against such
changes, doping is necessary and this purpose was achieved
by adding several dopants of group III elements such as
indium [2], boron [5], aluminum [4,6], etc. and with group
VII element like fluorine [7]. Aluminum-doped zinc oxide
(AZO) films are also wide band gap semiconductors
(E; =3.3-3.9eV), which show optical transmission in
the visible and near-infrared (IR) regions. These unique
properties have been widely studied for various practical
applications such as solar cells [§8] and flat panel display
electrodes [9]. They also find applications as surface
acoustic devices [10], optical waveguides [11], gas sensors
[12] and micro-machined actuators [13]. The physical
properties of the films depend strongly on the deposition
method, the growth conditions and post deposition
treatment. ZnO films have been prepared by several
techniques such as sputtering [14], spray pyrolysis [15],
pulsed laser ablation [16], reactive evaporation [17],
chemical vapor deposition [18], solution growth techniques
[19], sol—gel process [20,21] and filtered cathodic vacuum
arc technique [3]. To our knowledge, none of the reports
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mentioned the growth by electron beam evaporation
technique, which provides economical and efficient usage
of evaporant [22].

The unique combination of electro-optical properties of
TCOs, namely a simultaneous occurrence of high visible
transparency and high electrical conductivity can be
controlled through the material parameters like dielectric
constant ¢, carrier concentration N and mobility u [23-25].
TCOs with high carrier mobility are desired for many
applications either simply to reduce the sheet resistance or
to avoid free carrier absorption in the near infrared range.

In this work, the effect of annealing treatment on the
structure, electrical and optical properties of AZO thin
films prepared by electron beam evaporation technique has
been investigated.

2. Experimental Details

Appropriate portions of highly pure (5N) ZnO powder
and Al slices were used. ZnO was prepared in tablet form
using cold pressing technique. Thin films from the prepared
tablet and slices were deposited using Edwards high
vacuum coating unit model E306A as three layers, where
Al is sandwitched between two layers of ZnO under
pressure of 6 x 107 and 2 x 107> Torr before and during
film deposition, respectively. The content of Al (in atomic
weight) were taken so that the ratio Al/Zn = 0.2. The film
thickness (100 +15nm) and the deposition rate (~10nm/
min) for ZnO and (~5nm/min) for Al were controlled by
means of a digital film thickness monitor model TM200
Maxtek. The substrate temperature during deposition was
maintained at 100°C. As-deposited ZnO:Al films have
been annealed in air at different temperatures in the range
from 200 to 475°C. Investigations of the microstructure
were carried out using a Philips - PWI1710 X-ray
diffractometer with Cu-K, as a target and Ni as a filter.

The optical transmittance (7) and reflectivity (R) of AZO
films have been measured by means of a computer-
programmable Jasco V-570 (Japan) double beam spectro-
photometer in the wavelength range from 200 to 2500 nm at
normal incidence. In the case of reflectivity measurement, an
additional attachment model ISN-470 is provided. The
spectral dependencies of refractive index, n, optical dielectric
constant, ¢, and single oscillator parameters (single oscilla-
tor energy, E,, dispersion energy, E4) were estimated from
the optical data. The resistivity measurements were carried
out using two-terminal configuration by applying constant
voltage to the sample and measuring the current through it
using Keithley 614 electrometer. The measurements were
achieved at room temperature. Electrical contacts were
made by applying silver paste over the surface of the films
with separation of 2 mm.

3. Results and Discussion

Fig. la shows the X-ray diffraction patterns of the
ZnO:Al films for as-deposited and annealed films at
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Fig. 1. XRD patterns of AZO thin film annealed at different temperatures
(a), and the variation of the FWHM of the (002) ZnO peak with
annealing temperature (b).

different annealing temperatures (0, 250, 350, 400 and
475°C). All films are found to have hexagonal wurtzite
structure [14]. A prominent (002) ZnO peak located at
20 = 34.4° indicates that the crystallite structure of the
films is oriented with their c-axis perpendicular to the
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substrate plane. This value is very close to that of the
standard ZnO crystal (34.422°) (JCPDS Card No. 36-
1451). For as-deposited film, the appearance of (002) Zn
diffraction peak refer to a larger number of oxygen atom
vacancies. Upon annealing at 250°C, all atoms of Zn-
oxidized and Zn-diffraction peak disappeared. In XRD
pattern, no peak of aluminum was observed, which implies
that aluminum replaces zinc substitutionally in the
hexagonal lattice. It is clear also that, the intensity of the
(002) ZnO diffraction peak increases with increasing the
temperature of annealing. Meanwhile, as seen in Fig. 1b
the full-width at half-maximum (FWHM) decreases with
increasing the temperature of annealing. Since the FWHM
of the (002) diffraction peak is inversely proportional to
the grain size of the film [14], so the grain size of ZnO:Al
thin films increases with increasing the annealing tempera-
ture.

The typical UV-VIS-NIR optical transmittance and
reflectance spectra of AZO films annealed at different
annealing temperature as a function of wavelength in the
range from 300 to 2500 nm are shown in Fig. 2a and b,
respectively. It is clear that the transmittance increases and
the reflectance decreases with increasing the annealing
temperature from 200 to 475 °C. In Fig. 2a, the drop-off of
the values of transmission belonging to the shorter
wavelengths was related to the fundamental absorption
by band-to-band transition. Meanwhile, the wavelength of
the absorption edge decreased with an increase in
temperature of annealing.

From the transmittance data it is possible to infer the
optical gaps of the films by plotting (chv)> vs. hv (where o is
the absorption coefficient, and /v the photon energy) and
by extrapolating the straight line portion of this plot to the
energy axis. The obtained values have been plotted in Fig.
3. The optical band gap E, increases with increase in
annealing temperature, which can be explained as follows:
the unsaturated defects are gradually annealed out produ-
cing a larger number of saturated bonds leading to a
decreases in the density of localized states and conse-
quently the optical gap increased. As seen in Fig. 4, it could
directly combine the function of transmittance and energy
band gap. It is clear that the transmittance in the visible
region (in which the solar spectrum is maximum) increases
with increasing the optical energy band.

The real dielectric constant ¢, which results due to the
contribution from the free carrier electric susceptibility, can
be written by the following relation [22,26]:

_i N )2
dn2c2g, \m* )"

where ¢; is the infinitely high-frequency dielectric constant
or the residual dielectric constant due to the ion core, e is
the electronic charge, ¢ is the velocity of light, ¢, is the
permittivity of free space and N/m’ is the ratio of carrier
concentration to the effective mass. According to the free
electron Drude model [27], ¢ should be a linear function of
2. Fig. 5a shows plots of the real dielectric constant ¢ vs.
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Fig. 2. Optical transmittance (a) and reflectance (b) spectra of AZO film
annealed at different temperatures as a function of wavelength.
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Fig. 5. Plots of (a) the real dielectric constant & vs. the square of
wavelength (4%); and (b) variations of the residual dielectric constant ¢ and
free carrier concentration with annealing temperature.

the square of wavelength (1%). It can be seen that, the slopes
of lines in Fig. 5a decrease with increasing the annealing
temperature, this may be due to the decrease of the density
of electrons. Values of ¢; and N, which were determined
from the extrapolations of these plots to 4% = 0 are plotted
as a function of annealing conditions as shown Fig 5b. It
can be seen that ¢ and N decrease with increasing the
annealing temperature. In ZnO films, n-type carriers are
generated by interstitial Zn atoms acting as donors; thus, a
fall in the concentration of interstitial Zn will lead to a fall
in carrier concentration. When the films are annealed under
ambient air at temperature higher than 400 °C, oxygen is
chemisorbed on the film surface and in pores, acting as an
acceptor by accepting an electron from occupied conduc-
tion band states [28]. Furthermore, the adsorbed oxygen
removes zinc interstitials and/or oxygen vacancies, thus
reduces the density of donors like defects and carrier
concentration [29].

The dependence of electrical properties on the tempera-
ture of annealing is shown in Fig. 6. The resistivity initially
decreases as the temperature is increased up to 400 °C, after
which the resistivity increases with annealing temperature.
The lowest resistivity value of 3.2 x 107>Qcm has been
obtained for annealed film at temperature of 400 °C. It is
observable also that, the mobility carriers increased with
increase in annealing temperature. This may be due to the
increase of the grain size with increase in annealing
temperature, and this leads to reduction of the grain
boundary scattering due to charge carriers, which conse-
quently increases the mobility of the charge carriers. The
decrease of the electrical resistivity of annealed films up to
400 °C is due to the increase of the mobility carriers. For
annealed films above 400 °C, the resistivity increases in
spite of the increase in the mobility of the charge carriers as
the reduction in carrier concentration.

The electronic mean free path L in this study was
calculated using the following equation [30]:
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Fig. 6. Variations of the mobility carriers and the room temperature
electrical resistivity with annealing temperature.
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where /1 is the Planck’s constant, e is the charge on the
electron, p is the electrical resistivity and N is the free
carrier concentration. Fig. 7 depicts the variation of the
mean free path of electrons with the annealing temperature
of AZO film. The mean free path of electrons increases
with increase in temperature of annealing, which can be
attributed to the decrease of scattering centers. The
variations of refractive index, in the visible wavelength
range, of AZO films annealed at different temperatures are
shown in Fig. 8a. The extinction coefficient and the average
values of the refractive index have been shown in Fig. 8b.
The refractive index of the films decreases with increasing
the annealing temperature, which can be attributed to the
decrease in the packing density with annealing tempera-
ture. The packing density of the film can be estimated from
the following equation. [31]:

(1 —pynt + (1 + pynyn?
(14 pn2 + (1 — p)n?

nf =

b}

where n; is the refractive index of AZO film, ng is the
refractive index of the solid part of the film, that for single
crystal n, is the refractive index of the voids (equals one for
air), and P is the packing density. The behavior of the
backing densities with respect to annealing temperature is
shown in Fig. 8b. It has been found that the estimated
packing density values decrease with increasing the
annealing temperature. It is observable also that the
extinction coefficient decreases with increasing the anneal-
ing temperature. This could be correlated to the decrease of
absorption with increasing the temperature of annealing,
where k = Aa/4n, o is the absorption coefficient [32].

Kim [33] reported that, a high percentage of voids exist
in the oxide thin films, especially in the surface layer of the
thin films. The degree of inhomogeneity of AZO films can
be expressed by (An/i) %, where An and 7 refer to
variation and average values of the refractive index
measured at wavelengths in the range of 350-800 nm,
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Fig. 7. The mean free path of electrons of AZO thin film as a function of
annealing temperatures.

respectively. Fig. 9 shows that a high annealing tempera-
ture will give rise to improve the homogeneity of the films,
since the degree of inhomogeneity decreased from 7.75%
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for the as-deposited film to 2.95% for the film annealed at
475°C. Fig. 9 shows also a smaller variation of the
refractive index at elevated temperatures, due to the voids
decreasing in the films because of the oxygen vacancies
corporation.

The single-oscillator model was used to analyze the
optical parameters such as the oscillator and dispersion
energies, in which the dispersion of the refractive index is
related to the photon energy, Av, according to the following
equation. [32,34]:

_ EO 1 2
Eq E.Eq

where 7 is the refractive index, /4 is Planck’s constant, v is
the frequency, Av is the photon energy, E, (single oscillator
energy) is the average excitation energy for electronic
transitions and FEy4 is the dispersion energy, which is a
measure of the strength of interband optical transitions. By
plotting (n>~1)"" vs. (hv)> and fitting a straight line as

(1)

shown in Fig. 10, values of E4 and E, can be determined
directly from the slope (E4E,) "’ and the intercept E,/E4 on
the vertical axis. Fig. 11 depicts the variations of E, and Ey4
with annealing temperature. It was observed that the values
of E, increase with increasing the annealing temperature.
This may be due to the behavior of the optical energy gap.
According to Refs. [32,35], the single oscillator energy E, is
twice the optical energy gap. This is in a good agreement
with our results. It is clear also that the dispersion energy
E4 has an opposite behavior of E,.

4. Conclusions

AZO thin films have been deposited by electron beam
evaporation technique on glass substrates. The effect of
annealing temperature on the structure, electrical and
optical properties of AZO thin films was investigated. It
was found that all AZO thin films demonstrate c-axis
preferred orientation with the best crystallinity obtained at
400°C. The transmittance value of 84% in the visible
region and 97% in the NIR region were obtained for AZO
film annealed at 475°C. The room temperature electrical
resistivity of 4.6 x 107> Qcm has been obtained at the same
temperature of annealing. The optical energy gap has been
found to be equal to 3.32¢V. The mobility carriers and the
carrier concentration values were of the order of 26.7 cm?/
Vs and 5.1 x 10" em ™3, respectively. It has found that the
calculated refractive index had a relationship with the
packing density of the thin films and the high annealing
temperature gave rise to improve the homogeneity of the
films.
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