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Influence of oxygen on structure and optical properties of

AZO films
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Aluminum-doped ZnO (AZO) films are deposited onto the glass substrate by RF magnetron sputtering method. The influence
of oxygen concentration in flow sputtering gas on structure and optical properties of AZO are studied. The X-ray diffraction
(XRD) shows that the films are highly oriented with their crystallographic c-axis perpendicular to the substrate and that the
grain size is influenced by oxygen concentration. The AZO films have high optical transmission in the visible range. The
decrease of bandgap energy Eg with increasing oxygen concentration in the flow sputtering gas is described by the

Burstein-Moss effect.
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1. Introduction

Zinc Oxide (ZnO) is a l1-VI n-type semiconductor with
a wide band gap (3.3 eV at 300 K). The electrical
conductivity and optical properties of doped ZnO makes
this material attractive for transparent conducting films.
Thus, n-type ZnO films have been successfully used in
various applications as n-type layers in light-emitting
diodes as well as transparent ohmic contacts. ZnO and
doped ZnO:Al (AZO) thin films are used as superstrate
configuration of tandem Si solar cell[1]. Compared with
undoped ZnO, the Al-doped ZnO (AZO) films have a lower
resistivity and better stability [2].

Several techniques have been used to fabricate
epitaxial and textured ZnO and AZO films including
molecular beam epitaxy, sputtering and pulsed-laser
deposition (PLD)[3]. Among these techniques, R.F.
magnetron sputtering is widely used in fabricating metal
oxide thin films and related materials because of its low
cost, simplicity and low operating temperature. Many
reports already showed that the properties of AZO thin
films were mainly influenced by processing parameters
during sputtering, such as substrate temperature, discharge
power, target-substrate distance and oxygen flow content
[4-8].

The structural characteristics, electronic and optical
properties of the AZO thin films as function of the oxygen
pressure during deposition have been investigated widely
[9-11]. In this paper we report on the growth and
characterization of epitaxial AZO films on glass substrates,
for transparent conducting electrodes in a solar cell
application, by using different oxygen concentration in the
flow sputtering gas. The structural and optical properties of
the AZO films grown by R.F. magnetron sputtering were
also characterized.

2. Experimental

The ZnO and Al doped ZnO thin films were deposited
by RF magnetron sputtering technique. Ceramic circular
targets with chemical compositions ZnO and Algg,ZNg 9Oy
(sample AZO) were obtained by solid state reaction method,
using mechanical mixed powders of 99.99% pure ZnO and
99.97% pure Al,O;. The films were deposited on glass
substrate by using the oxygen-argon atmosphere as
sputtering gas. The deposition pressure in the chamber was
2 x10~ ?mbar and the target-to-substrate distance was 6 cm.
The reactive gas is formed from Ar and O, mixtures, having
the mass flows da, and dg,. The introduction of the reactive
gas to the sputtering chamber was independently analysed
using two mass flow controllers. The flux ratio fo,= doy/
(dat+ dop) used to characterize O, concentration in the
chamber, was in the range 0.00 to 0.75. The substrate
temperature was 150°C. The films’ thicknesses measured
with the quartz monitor were around 900 nm.

The crystallinity of AZO films was investigated by
X-ray diffraction (XRD) with Cr K, radiation.

Optical transmission measurements were done with a
Carry 500 Spectrometer (300 nm — 1200 nm range).

From the transmission spectra, the optical constants
were calculated using the program PARAV-V2.0. [12].
This program allowed to obtain the film thicknesses, the
refractive index as a function of wavelength, the
transmission and the absorption coefficient as a function of
energy by fitting the Cauchy’s dispersion formula. The
dispersion of refractive index n is calculated from fringes
data (experimentally observed peaks and valleys of T(X)
spectrum) in the fully transmitting region and the

weak/medium absorption regions using Swanepoel’s theory
[12].
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3. Results and discussion

X-ray diffraction patterns of the films prepared at
different values of fo, are shown in Fig. 1. The films were
polycrystalline and also show a preferential orientation in
the (002) direction, the c-axis being perpendicular to the
substrate [13, 14].

The lattice constant ¢ of the samples increases from
¢=0.525 nm for fo,=0 to 0.527 nm when fo, is 0.75. When
increasing the oxygen concentration in the sputtering gas,
there is a change of the (002) diffraction peak linewidth,
reflecting the variation of the mean grains’ sizes.
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Fig. 1. XRD diffraction patterns of the films deposited
at various flux ratios.

The crystallite sizes of the films were calculated using
the Scherrer equation [8,15]. The mean grain size decreases
from 42.3 nm to 26.2 nm when the oxygen ratio in rhe
sputtering gas is increased from 0.00 to 0.75 (Table 1). The
excess oxygen might induce defects in the films, which
influenced the nucleation and growth of the films, and
finally the degradation of the crystallinity in agreement
with other results [7].

The optical transmission spectra of ZnO:Al films
measured in the wavelength range A=300-1200 nm in air, at
room temperature, is shown in Fig. 2. The average
transmittance T(A) of the films was around 83% in the
visible region (from 500 nm to 1100 nm) with a sharp fall in
the transmittance at the absorption edge around
A~390 nm.

Table 1. Variation of grain size D, optical bandgap E, and
film thickness d, versus the fo, ratio in sputtering gas of
Zng.ggAlg 020y thin films.

for 0 0375 |05 |0.75
D(nm) | 423 |39.7 |374 |262
E,(eV) |347 |342 |337 |3.35
d(nm) 960 | 950 | 900 | 920

Similar results were reported for AZO films obtained
by RF sputtering [14,15]. By increasing wavelength above

A~500 nm, the optical interference in AZO layers leads to
oscillations in the transmitance. Both the minima and
maxima values of the interference fringes increase when
increasing the wavelenght.

The insert of Fig. 2 shows the refractive index n(\)
calculated with PARAV-V2.0 program, for AZO film with
foo = 0.75. A decrease from n= 1.94 to 1.915 with
increasing wavelength from 400 nm to 2000 nm is shown.
From the wavelenght corresponding to two adjacent
minima of A,,; and A, the film thickness, d is estimated as:

d= ﬂ’ml : ﬂ’mz 1)
2(”1/1m2 + rl22’m1)

where n, and n; are the values of refractive index at
wavelengths A, and A, respectively.
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Fig. 2. Optical transmittance spectra of ZngggAlg g0y

samples prepared with various O, concentration in

plasma. The insert shows the refractive index as a function

of wavelength, for the film obtained using fy,=0.75. By

solid line is the computed dependence with the second
order polynomial law with PARAV program.

Table 1 shows that film thickness slowly decreases
with the increase of oxygen content in sputtering gas. The
bandgap energy, Eq, of ZnO layers is determined from the
optical absorption coefficient a(L)= —In(T(X))/d, which is
calculated from measured transmission and layer thickness.
The band gap, Ey, was determined according to the Tauc
relation:

(ohv)? = Az(hv-Eg) (2),

where a is the absorption coefficient, A is a constant, h is
Planck’s constant, E is the optical bandgap.

Fig. 3 shows the Tauc plot of AZO films obtained for
different content fo, of oxygen in sputtering gas and for
ZnO film (fo,=0), respectively. From linear fits to the data
close to the absorbtion edge, the bandgap energy Eq is
determined (Table 1). In the absence of oxygen in
sputtering gas (fo, =0) the optical energy gap is E; =3.27 eV
for ZnO film and E4 = 3.47 eV for AZO film. The increase
of E, after Al doping of ZnO is attributed to an increase in
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the carrier concentration and the blocking of low energy
transitions as predicted by Burstein-Moss theory [21]. For
doped ZnO, the donor electrons occupy states at the bottom
of the conduction band and the optical band gap is given by
the energy difference between the states with Fermi
momentum in the conduction and valence band. Similar
behavior was reported previously in AZO films obtained by
magnetron sputtering and PLD [16-20].

The optical gap of AZO film is influenced by the
oxygen concentration in sputtering gas (Table 1). The band
gap of ZnggsAlg g0 thin films decreases from 3.47eV to
3.35eV, when fo, ratio increases from 0 to 0.75. Similar
dependence was shown previously [7, 22]. The broadening
of the optical band gap can be described by the relation

AE, =£ " j( " ©

where AE, is the band gap shift of the doped semiconductor
with respect to the undoped one, M the reduced effective

mass, /i the Plank’s constant and n is the carrier
concentration, respectively [21].
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Fig. 3. Tauc plot for AZO thin films (obtained using
0<f0,<0.75) and ZnO thin film (f5,=0.375).

The band gap decreases when decreasing carrier
concentration. XRD shows that the crystallinity of the AZO
films degraded with the increase of the oxygen content.

4. Conclusions

High quality transparent doped ZnO thin films (AZO
films) were grown using the RF sputtering technique on
glass substrate starting from ZnO target containing 2 at.%
of Al,Os. As the oxygen content in gas flow was increased,
the linewidth of (002) diffraction peak was increased and a
poorer crystallinity was shown.

The shift of the optical band gap of AZO films with
increasing oxygen content in sputtering gas is due to a
decrease in the carrier concentration, as described by

Burstein-Moss shift.

The increase of the oxygen content in sputtering gas
had negative effects on the structural and optical properties
of AZO films.
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