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Influence of oxygen flow rates on physical properties of
DC reactive magnetron sputtered Zinc Aluminum Oxide
thin films
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Transparent conducting Zinc Aluminum Oxide (ZAO) thin films have been deposited on glass substrates by DC reactive
magnetron sputtering technique at oxygen flow rates of 1 sccm - 4 sccm. XRD patterns of ZAO thin films exhibit (0 0 2)
preferential orientation with the c-axis perpendicular to the substrate and contains compressive stress. SEM images of ZAO
thin films show columnar grains perpendicular to the substrate and some granular grains are also exist in the films. The
lowest resistivity of 3.48 x 10 Q.cm and a maximum optical transmittance of 90 % are obtained for ZAO film deposited at
oxygen flow rate of 3 sccm. The optical direct band gap values of ZAO films increases with the increase of oxygen flow

rates.
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1. Introduction

Doped ZnO thin films are currently under intense
investigation for the development of optoelectronic and
energy conversion applications. Minami et al [1] first
reported that the resistivity stability at high temperatures
can be successfully improved in transparent conducting
ZnO films doped with a donor impurity such as Al or Ga.
Al-doped ZnO (AZO) is a promising transparent
conductive oxide (TCO) considered as a candidate to
replace the indium tin oxide. Al doping can dramatically
increase the free charge carrier concentration and
simultaneously keep the transparency in the visible range.
Both these are necessary for the transparent conduction
[2, 3]. In particular transparent and conductive Al:ZnO
(AZO) films are being considered for manufacturing
transparent electrodes in flat panel displays, solar cells and
organic light emitting diodes due to their high electro-
optical quality, high materials availability and low material
cost for large area applications [4-6].

Various deposition techniques have been utilized for
Zinc Aluminum Oxide films such as direct current (DC)
and radio frequency (RF) magnetron sputtering [7]. Pulsed
laser deposition [8], chemical vapor deposition [9], spray
hydrolysis [10], and sol-gel [11]. In order to satisfy the
demands of good film quality, high-rate and large-arca
deposition, and low cost of equipment for
commercialization of all TCO films, DC magnetron
sputtering has been regarded as one of the most attractive
and effective fabrication techniques in the mass production
of films. In this paper, a systematic study of structural,
electrical, and optical properties of ZAO films at different
oxygen flow rates has been discussed in detail.

2. Experimental details

Zinc Aluminum Oxide (ZAO) thin films were
prepared by DC reactive magnetron sputtering technique.
High purity metal targets of Zn (99.999%) and Al
(99.99%) with 2 inch diameter and 4 mm thickness are
used for deposition on glass substrates. The glass
substrates were ultrasonically cleaned in acetone and
ethanol, rinsed in an ultrasonic bath in deionized water for
15 min, with subsequent drying in an oven before
deposition. The sputter chamber is initially evacuated to a
pressure of 10 Pa and then pure argon gas is introduced
into the chamber at a flow rate of 25 sccm (standard cubic
centimeters per minute) through mass flow controller
(Model GFC 17, Aalborg, Germany). Pure oxygen is let
into the chamber through another mass flow controller with
varying oxygen flow rates from 1 to 4 sccm. Deposition of
the films was carried out at a working pressure of ~ 0.2 Pa
after pre-sputtering with argon for 10 min. The distance
between the target and substrate is kept at 60 mm and the
deposition time is 30 min. Film thickness was measured by
Talysurf profilometer. The resulting thickness of all the
films is in the range of 300-350 nm. The bias voltage
applied for the Zn target is ~ 330-350 V (current, I = 0.30
A) and for Al target is ~220 V (current, I = 0.16 A). XRD
(Philips: PW 1830) was used to analyze the crystalline
orientation and lattice constant of the ZAO thin films.
Surface morphology of the samples has been studied using
Hitachi SU 6600 Variable Pressure Field Emission
Scanning Electron Microscope (FESEM) with Energy
Dispersive Spectroscopy (Horiba, EMAX, 137¢V) and
AFM (Park XE-100: Atomic Force Microscopy). EDS is
carried out for the elemental analysis of prepared thin film
samples. The sheet resistance (R;) of the film was
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measured with a four-point probe method. The resistivity
of the film (p) was calculated using the simple relation
p = R,.d, where d is the film thickness. The optical
transmittance measurements were recorded as a function of
wavelength in the range of 300-1200 nm using
JASCO Model V-670 UV-VIS-NIR spectrophotometer
(Tokyo, Japan).

3. Results and discussion
3.1 Structural properties

XRD patterns of ZAO thin films deposited on glass
substrates at different oxygen flow rates are shown in
Fig. 1. It is observed that the (0 0 2) diffraction angle shifts
from 34° to 33.76° towards lower angles as the oxygen
flow rate changes from 1 to 4 sccm. The FWHM increases
from 0.18° to 0.40° with increase of oxygen flow rates. An
increasing peak width reflects higher amount of micro-
stress, the emergence of point defects and smaller grain
sizes. In addition, the lattice parameter of c is larger than
the ASTM value of 5.20 A for bulk ZnO and increases as
the oxygen flow rate is increased, suggesting that the film
contains residual stress along the c-axis and the stress
value increases as the oxygen flow rate increases. Similar
behavior was previously reported in the literature [12, 13].
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Fig. 1. XRD patterns of ZAO thin films deposited at
different oxygen flow rates

The lattice constants and the film stress of ZAO thin
films are obtained from XRD data. The lattice constant c
can be evaluated by the following formula [14]:
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Where a and c are the lattice constants, and dyy is the
crystalline plane distance for indices (h k 1). It was found
that all d values are larger than that of standard ZnO
powder d,, which is equal to 0.2603 nm. According to
equation (1), the lattice constant ¢ is equal to 2d for the
(0 0 2) diffraction peak. The lattice constant increases with
increase of oxygen flow rate shown in Table 1. Since the
radius (0.53A) of AI'" is smaller than that (0.74 A) of Zn*",
the increase in the lattice constants is probably due to the
incorporation of Al atoms are located at the interstital site
rather than Zn site.The crystallite size estimated from
Scherrer formula [15] decreased from 41 to 21 nm with the
increase of oxygen flow rate from 1 to 4 sccm.

The film stress can be calculated based on the biaxial
strain model [16]. The strain in the films in the direction of
the c-axis as determined by XRD is € = (Cgm-Co)/Co, Where
Co (=0.5205 nm) is unstrained lattice parameter measured
from ZnO powder and cgp, is the lattice parameter of ZAO
film. The films stress og, parallel to the films surface can
be derived by the following formula, which is valid for a
hexagonal lattice [17]:
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For the elastic constants, data of single-crystalline
ZnO have been used ¢;;=208.8, c33=213.8, ¢,=119.7,
c13=104.2 GPa. The following numerical relation for the
stress derived from XRD can be obtained:

Opyy = —232.3 X2 (GPa) 3)

From Table 1 it is noticed that the values of stress
changed upon changing the oxygen flow rates. An increase
of oxygen flow rate led to an increase in the compressive
stress. This fact could be attributed to the low substrate
temperature used during the deposition. The low mobility
would lead to a sub-implantation of the energetic ions into
the subsurface. At the same time, the surface atoms could
also be knocked deeper into the subsurface of the growing
films by the bombardment of energetic ions or atoms. The
sub-implanted or knocked atoms in the subsurface could
cause high compressive stress levels. As the oxygen flow
rate increases the ions would experiment less collisions on
the way to the substrate and hence the mobility of the
atoms in the films would increase greatly, being able to
diffuse from one position to another. Therefore, those
atoms trapped in the non-equilibrium position could shift
to a more equilibrium position, releasing the strain in the
film. This result was in agreement with the ones obtained
by other authors in the literature for AZO films deposited
on glass substrates [18, 19].
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Table 1: Structural parameters of ZAO thin films

deposited at various oxygen flow rates

Oxygen Inter- .
flow plaqar c-lattice (?ryst.all Stress
rate spacing constant | -ite size G film
d (nm) D (nm) | (GPa)

(sccm)
(nm)

1 0.2633 0.5266 41 -2.95
2 0.2648 0.5296 34 -4.30
3 0.2645 0.5290 26 -4.03
4 0.2652 0.5304 21 -4.65

Fig. 2 shows Scanning electron microscopy (SEM)
images of ZAO thin films deposited at different oxygen
flow rates. All the films grow mainly with columnar grains
perpendicular to the substrate and some granular grains are
also exist in the films. The films deposited at oxygen flow
rate of 2 sccm have the domains formed by aggregation of
nanoscale crystallites. The films have an average grain size
of 20-45 nm. The compositional elemental data of ZAO
films deposited at oxygen flow rate of 3 sccm is shown in
Fig. 3.

Fig. 2. SEM images of ZAO films deposited at oxygen flow rates of (a) 1 sccm, (b) 2 sccm, (c) 3 sccm and (d) 4 sccm.

5
1l Scade 1540 cs Cursor 0000

Total

Atomic %

52.82
1.95
44.23
100.00

ke

Fig. 3. EDS plot for ZAO film deposited at oxygen
flow rate of 3 sccm.

Fig. 4 shows two and three dimensional AFM images
of the films deposited at different oxygen flow rates with
scanned over an area of 2 p x 2 p. AFM images indicate
that the increase in the surface roughness by oxygen flow
rate was caused by sharp hill-and-valley structure
throughout the film surface. But for the film deposited at
oxygen flow rate of 2 sccm, the surface is very flat and no
very sharp peak appears in the domain. The root mean
square (RMS) surface roughness values of ZAO thin films
deposited at different oxygen flow rate are shown in
Table 2. The maximum RMS surface roughness value is
obtained for the film deposited at oxygen flow rate of
2 scem. For the films grown from a metallic target we
observed that films deposited at higher oxygen flow rates
had a uniform grain distribution and smaller size. These
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observations may be attributed to the introduction of
oxygen in the plasma, which could also generate high-
energy oxygen neutral atoms. It is generally believed that
the formation of grain agglomerates in the film deposited
under the introduction of oxygen gas might be due to re-
sputtering of high energy neutral oxygen atoms [20]. As
oxygen gas content in plasma gas increases, re-sputtering
effect by high energy neutral oxygen atoms can increase.
Subsequently it might accelerate grain growth or
aggregation of particles and thus change the surface
topography of the film at the initial stage of the film
growth process.
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Table 2: RMS surface roughness values of ZAO thin films

Oxygen RMS surface
flow rate roughness
(sccm) (nm)
1 1.42
2 2.88
3 1.35
4 1.16

Fig.4. AFM images of ZAO thin films at oxygen flow rates of (a) 1 sccm, (b) 2 sccm, (c) 3 scem and (d) 4 scem.

3.2 Electrical properties

The high conductivity of the films mainly results from
a non-stoichiometric composition or doping. Electrons in
these films are supplied from donor sites associated with

oxygen vacancies of high-valence metal ions. Therefore
the oxygen flow rate has a strong influence on the
electrical properties of ZAO thin films. The conduction
characteristics of ZAO thin films are primarily dominated
by electrons degenerated from A’ ions substitutional sites
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of Zn*" ions and Al interstitial atoms. The electrical
resistivity of the ZAO films was investigated by four-point
probe method at room temperature. The resistivity
decreases with the increase of oxygen flow rates shown in
Fig. 5. The lowest resistivity of 3.48 x 10™ Q.cm is
obtained for the oxygen flow rate of 3 sccm.

The sheet resistance value decreases with increase of
oxygen flow rate from 1 to 3 sccm and then at 4 sccm it
increases (shown in Table 3). The lowest sheet resistance
value is obtained for the thin film deposited at oxygen flow
rate of 3 sccm.
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Fig. 5. Electrical resistivity of ZAO films as a function of
oxygen flow rates

Mobility of ZAO films at different oxygen flow rates
is shown in Fig. 6. The mobility value increases from
11.6 cm*V'sec™ to 27.7 cm®V'sec” with the increase of
oxygen flow rate from 1 to 3 sccm and then decreased to
24.6 cm*V-'sec” for the oxygen flow rate of 4 sccm. The
maximum mobility for ZAO films is obtained for ZAO
deposited at 3 sccm. The mobility of ZAO thin films with
carrier concentration of 10" — 10 cm™ is determined by
both the ionized impurity scattering and grain boundary
scattering [21]. The increase in mobility is attributed to
enhancement of oxygen release and the decrease of grain
boundary scattering due to thin film densification and
improvement of crystallization.
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Fig. 6. Variation of mobility of ZAO films at different
oxygen flow rates.

3.3 Optical properties

Fig. 7 shows the transmission spectra of ZAO thin
films deposited at different oxygen flow rates. An average
transmittance in the range of 83 —90% is obtained for the
prepared samples. The absorption edge of all the films is
around 352 — 365 nm. The absorption edge slightly shifts
to the shorter wavelength as the oxygen flow rate
increases. This is mainly attributed to Burstein-Moss
effect, since the absorption edge of the degenerate
semiconductor is shifted to shorter wavelength with
increasing carrier concentration.
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Fig. 7. Transmission spectra of ZAO films deposited
at various oxygen flow rates.

The optical band gap, E, is determined from the
dependence of absorption coefficient values (o) on the
photon energy, using Tauc’s relation [22]

(ahv) = B(hv - E_)” (4)

where B is a parameter that depends on the transition
probability, E, is the optical band gap energy of the
material, hv is the photon energy and n is an index that
characterizes the optical absorption process and is
theoretically equal to 2 and " for indirect and direct
allowed transitions respectively.

Fig. 8 shows the plot of (ohv)? versus photon energy
hv. The optical band gap energy (E,) of the films was
obtained by extrapolating the linear absorption edge part.
The optical band gap increases with increase of oxygen
flow rate. The optical band gap values are shown in
Table 3. The broadening effect of optical band width can
be understood based on the Burstein-Moss effect with a
consideration of the free electrons to be damped primarily
by ionized impurity scattering [23]. The Fermi energy level
shifts to the higher energy side. The increase of carrier
concentration confirms the situation.
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Table 3: Electrical sheet resistance and optical
band gap values of ZAO films.

Oxygen Sheet Optical
flow rate resistance band gap
(sccm) (Q/sq) (eV)
1 23.2 341
2 14.8 3.45
3 10 3.48
4 16.7 3.53
2.5x10"
1scem
2sccm
1 |~ 3scem
20107, 45cem
—'E 1.5x10"
]
>
L)
< 1.0x10"
-
L
K]
5.0x10" -
0.0

T
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hv (eV)

Fig. 8. Variation of (ahv)’ versus photon energy hv of
ZAO thin films deposited at different oxygen flow rates.

The energy band gap widening AE, is related to
carrier concentration though the following equation [24]

AE, = ()& B

L Bm” b

where h is the Planks constant, m* is the electron effective
mass in conduction band, and n is the carrier concentration.
The carrier concentration of ZAO thin films are determined
from equation (5) and is found to be in the range of
3.08 x 10?°cm™—9.30 x 10 % cm™. The maximum carrier
concentration is obtained for the ZAO film deposited at
oxygen flow rate of 3 sccm.

4. Conclusion

ZAO thin films have been grown by DC reactive
magnetron sputtering technique on glass substrates by
varying oxygen flow rates from 1 to 4 sccm. The deposited
ZAO films have a preferred crystalline orientation of
(0 0 2) direction. The experimental results show that the
minimum resistivity of 3.48 x 10 Q.cm and a maximum
optical transmittance of 90% are obtained for the oxygen
flow rate of 3 sccm. The low resistivity of ZAO resulted
mainly from stoichiometric variation. The conduction
characteristics of ZAO films are dominated by O*
vacancies, Zn interstitial atoms, Al ions on substitutional
site of Zn ions and Al interstitial atoms. This indicates that
these films satisfy basic requirement for the TCO films for
display and solar cell applications.
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