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Transparent conducting, aluminium doped zinc oxide thin films
(ZnO:Al) were deposited by radio frequency (RF) magnetron
sputtering. The RF power was varied from 60 to 350W whereas
the substrate temperature was kept at 160 °C. The structural,
electrical and optical properties of the as-deposited films were
found to be influenced by the deposition power. The X-ray dif-
fraction analysis showed that all the films have a strong preferred

1 Introduction Transparent conducting oxides (TCO)
have a wide range of applications due to their high trans-
parency in the visible region and high conductivity. They
are widely used in optoelectronics as well as in many fields
like architecture, medicine or cosmetics [1-3]. Transparent
conducting oxides based on zinc oxide have a wide range
of applications due to their non toxicity, bio compatibility,
material abundance and low cost. Impurity (B-, Al-, Ga-,
In-) doped ZnO is a n-type degenerate semiconductor with
similar electrical and optical properties to ITO [4]. Alu-
minium doped Zinc Oxide (ZnO:Al) has become an inte-
gral part of the thin film Si solar cells, as the TCO front
contact and also as the back reflector component and con-
tributes to the current gain by light scattering improve-
ment [5-8].

ZnO:Al thin films can be prepared by a variety of
techniques, such as low pressure chemical vapour deposi-
tion, sol-gel, chemical spray, pulsed laser deposition, DC
and RF magnetron sputtering, etc. Among the different
techniques RF magnetron sputtering is the widely used one
which is quite simple and can be applied on large area. The
films deposited by this technique exhibit good adhesion to
the substrate and a high packing density [4,7]. In this work
ZnO:Al thin films have been deposited by RF magnetron
sputtering. The films were deposited at various powers

orientation along the [001] direction. The crystallite size was var-
ied from 14 nm to 36 nm, however no significant change was ob-
served in the case of lattice constant. The optical band gap varied
in the range 3.44-3.58 eV. The lowest resistivity of 1.2 x 103
Qcm was shown by the films deposited at 250W. The mobility of
the films was found to increase with the deposition power.
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ranging from 60W to 350W, and the influence of RF
power on the electrical, optical and structural properties of
ZnO:Al thin films was systematically investigated.

2 Experimental ZnO:Al thin films were deposited
onto 10x10 cm? Corning glass (1737F) substrates by radio
frequency magnetron sputtering of ZnO:Al target (3 inch
diameter) containing 98 wt% ZnO and 2 wt% of Al,O; of
99.9% purity. The base pressure in the chamber was al-
ways below 2 x 10® Torr. The sputtering was carried out
in argon atmosphere at a pressure of 3 mTorr. The target to
substrate distance was fixed at 15cm to achieve better ho-
mogeneity. The films were deposited at a substrate tem-
perature of 160 °C and the RF power was varied in the
range 60 to 350W. All depositions were done for a con-
stant deposition time of 45min. The deposition rate was
found to increase proportional to the power till 250W and
then reached saturation as shown in Fig. 1. The layers de-
posited had a good adhesion, physical stability as well as
good homogeneity.

The film thickness was measured by using a Dektak
3030 profilometer. The crystallinity of the films was ana-
lysed using a powder X-ray diffractometer (PANalytical
X’Pert PRO MPD Alphal powder system), using copper
K, radiation (4 = 1.5406 A) as a source. Transmission and
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reflection spectra of the samples were recorded by using a
UV-vis-NIR spectrophotometer (Perkin EImer Lambda 19).
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Figure 1 The deposition rate of ZnO:Al thin films deposited at
different RF powers.

The sheet resistance was measured by using a Jandel RM3
four point probe system. Mobility () and carrier concen-
tration (n) were determined from the Hall effect measure-
ments by using standard Van der Pauw method in a mag-
netic field of 0.3T.

3. Results and discussion The X-ray diffraction
(XRD) pattern of the ZnO:Al films grown by RF magne-
tron sputtering at various RF powers is shown in Fig. 2. All
the samples showed a diffraction peak at around 20 = 34.4°
and an additional second peak of lower intensity at 72.4°.
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Figure 2 XRD patterns of ZnO:Al thin films deposited at differ-
ent RF powers.

The first peak at 34.4° corresponds to the (002) plane
and the second one at 72.4° to the second diffraction order
(004). This implies a hexagonal wurtzite structure having a
strong preferred orientation along the [001] direction with
the c-axis perpendicular to the substrate surface. No Al,O;
related phases could be detected in the XRD patterns. It
suggests that aluminium substitutionally replaces zinc in
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the hexagonal lattice or Al segregates to the non-crystalline
region in grain boundary [10].

The full-width at half maximum (FWHM), the integral
breadth () and the Gaussian and Lorentzian part of the in-
tegral breadth (fs, A.) were deduced from the pseudo-
Voigt peak profile fitting of the XRD pattern [11]. The av-
erage size of the crystallites <D> was calculated by using
the integral breadth as shown in Eq. (1).

<D>=1/fCosf (1)

where g is the integral breadth, X is the X-ray wavelength,
and @ is the Bragg’s angle of diffraction corresponding to
the diffraction peak.

The film micro-strain in the diffracting volume <¢ >
was calculated by using Eq. (2).

<¢>=fsl4tand (2)

where S is the Gaussian part of the integral breadth.

The average crystallite size as a function of the RF
power is shown in Fig. 3. The crystallite size increased
with power and presented a highest value of 36nm at
250W. However, further increase in RF power resulted in
slight decrease of crystallite size. The lowest micro-strain
was obtained for the film deposited at 250W. The lattice
parameter value c, and the micro-strain of the films are
shown in Fig.4. The lattice parameter ¢ was found to be
consistent with the standard value (0.521nm) and no ap-
preciable change in c value was observed with the further
change in RF power.
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Figure 3 The variation of grain size and electrical resistivity of
the ZnO:Al thin films deposited at different RF powers.

The transmission spectra of the ZnO:Al films grown at
various RF powers are shown in Fig. 5. All the films were
highly transparent in the visible region of the electromag-
netic spectrum. The average transmission in the visible re-
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gion was more than 80%. At higher wavelengths, the films
showed a decrease in transmission with increase in RF
power. This is due to the free carrier absorption, which in-
creases with the increase in carrier concentration. The
deposition at higher RF powers produces oxygen vacancies
in the film resulting in the increase of free carrier absorp-
tion [12].
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Figure 4 The variation of lattice parameter and micro-strain of
the ZnO:Al thin films deposited at different RF powers.

100

80

60 4

40

Transmission (%)

20+

T T T T
0 500 1000 1500 2000 2500

Wavelength (nm)

Figure 5 The transmission curves of ZnO:Al thin films depos-
ited at different RF powers.

The absorption coefficient () was determined from
the transmittance and reflectance value by means of Eq. (3)
[13].

T=(1-R)*e™ ®3)

where d is the layer thickness, R is the reflectance and T is
the transmittance.

For direct transitions, as in case of ZnO:Al films, the
absorption coefficient is given by Eq. 4 [13].

a(hv) = A (hv-Eg)" (4)
where hv is t*he incident photon energy, Eq is the bandgap
energy and A" is a constant.

The band gap of ZnO:Al films was determined from
the plot of (akv)? against v by extrapolating the linear por-
tion of the curve to (ahv)? equals zero. The calculated val-
ues of band gap energies of the ZnO:Al films deposited at
various RF powers are shown in Fig. 6. The inset of Fig. 6
shows a typical (a/v)? against Av plot of ZnO:Al thin film
deposited at 150 W. The band gap values showed an in-
crease with rf power and attained the highest value of 3.58
eV at 150W. Beyond 200W, the band gap value again de-
creased.
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Figure 6 Band gap energies of the ZnO:Al films deposited at
various RF powers. The inset of shows a typical (aAv)? against Av
plot of ZnO:Al thin film deposited at 150 W.

The resistivity of the as-deposited ZnO:Al films de-
creased as power increased till 250W, where it showed the
lowest value (1.2x10 Qcm). No significant change in re-
sistivity was observed for higher powers. Fig 3 shows the
measured resistivity values of the ZnO:Al films deposited
at different powers. The conductivity of ZnO:Al thin films
resulted from the ability of the ZnO lattice to incorporate
substitutional Al atoms without major structural modifica-
tion as well as from the scattering mechanisms of the free
electrons. When Zn*" is replaced by AI**, one free electron
is created. Doubly charged oxygen vacancy creates two
free electrons. The increase in number of free carriers with
increase in RF power reduces the resistivity of the films.
The increase in mobility and crystallinity of the films are
also responsible for the decrease in resistivity with increase
in power [14]. The values of carrier concentration and mo-
bility of the films with RF power are shown in Fig. 7. The
carrier concentration increased with the sputtering power
and reached a maximum value of 1.9x10% cm™ at 150 W
and then decreased with increase in power. Mobility was
low at lower sputtering powers, but showed a rapid in-
crease beyond 200W. A highest mobility of 19 cm® V! s*
was observed for the films deposited at 350W power.

In the low power region, the decrease in resistivity can
be ascribed to the increase in free carriers created by the
substitutional doping. The small crystallite size in this low
power region suggests that the low values of mobility
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might be due to the scattering at the grain boundaries. In
the higher power region, the XRD analysis showed that the
crystallinity improved with RF power, and crystallite size
showed a maximum value at 250 W. Bigger crystallites re-
duced the scattering at the grain boundaries and this in turn
gave a higher mobility for the films grown at higher pow-
ers. In addition, desorption of oxygen from the film at
higher deposition powers may also contribute to this low
resistivity.
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Figure 7 The variation of carrier concentration and mobility of
the ZnO:Al thin films deposited at different RF powers.

The variation in band gap with RF power can be ex-
plained considering the carrier concentration. The band
gap increased with the increase in carrier concentration.
The highest carrier concentration was measured at the
deposition pressure of 150 W, and the energy band gap
also showed a maximum value of 3.58 eV at this power.
This behaviour of band gap broadening with the increase in
carrier concentration is due to Burstein-Moss effect. As the
amount of free carriers increases, the Fermi level moves to
higher values because the energy required to activate an
electron from the valence band to the conduction band is
more than the fundamental band gap.

4. Conclusion ZnO:Al thin films with high transpar-
ency and conductivity were deposited by RF magnetron
sputtering at 160°C. The influence of RF power on the
structural, electrical and optical properties was evaluated.
Enhancement of crystallinity with RF power was observed.
The film deposited at 150 W showed the highest carrier
concentration (1.2x10%° cm™®) and band gap (3.58eV). The
film deposited at 250W showed the lowest resistivity of
1.2x10™ Qcm and lowest micro-strain. The films deposited
at 250 W and above showed a rapid increase in mobility
due to the increase in crystallinity and a highest mobility of

19 cm?® V! s was obtained for the film deposited at 350 W.
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