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Influence of nanoscale structural features on the physical
properties of DC reactive magnetron sputtered Zinc
Aluminum Oxide (ZAO) thin films for photovoltaic
applications
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Zinc Aluminum Oxide (ZAO) thin films were deposited on glass substrates by DC reactive magnetron sputtering technique.
Studies on structural, morphological, electrical and optical properties with different thickness of films are discussed in detail.
XRD patterns exhibits ZAO thin films had a diffraction peak corresponding to (0 0 2) preferred orientation with c-axis
perpendicular to the substrate surface. The optical band gap of nanostructured ZAO thin films increases with increase of
film thickness from 3.41 to 3.51 eV. The carrier concentration of ZAO thin films are in the range of 3.08 x 10 cm™® —

8.12 x 10®° cm™.
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1. Introduction

Transparent conducting oxide (TCO) coatings are
essential for solar cell applications since they constitute a
fundamental part in the emerging areas of photovoltaic
(PV) devices [1]. But beyond its conventional
characteristics of light transparency and good electric
conductivity, non toxicity, low cost abundance and easy
fabrication at an industrial scale are other characteristics to
be considered when choosing a TCO electrode for a PV
device. Although TCOs have been known and used for
quite some time, research on these materials is still very
active to improve their characteristics. Doped ZnO is
among few metal oxides which can be potentially used as
TCO [2]. The advantages of ZnO are the wide band gap of
3.3 eV, low resistivity, high transparency in the visible
range, high light trapping characteristics and low
preparation costs. ZnO based TCOs are known to be
durable in the presence of hydrogen plasma, which is used
for the preparation in Si thin films for photovoltaic
applications [3]. The n-type dopants used in ZnO are
mainly In**, AI**, B¥, Ga®* [4-7]. Among all these dopants
Al is relatively cheaper, abundant and non toxic material.
Hence Zinc Aluminum Oxide (ZAO) thin films can be a
prominent low-cost substitute for high cost Tin-doped
In,Oz films in all TCO applications. Transparent and
conductive ZAO films are now being considered for
manufacturing transparent electrodes in the flat panel
displays, solar cells and organic light emitting diodes due
to the large availability and low cost of the material for
large area applications.

Various deposition techniques have been employed to
prepare ZAO thin films, including molecular beam epitaxy
[8-12]. However among these techniques, sputtering
offered many more advantages such as high deposition
rate at room temperature, no toxic gas emissions, easy to
expand to large scale glass substrate, low cost and simple
method. In this article we report the investigations on
structural, electrical and optical properties of ZAO thin
films prepared by DC reactive magnetron sputtering
technique. This paper reports the first observation of ZAO
thin films sputtered by taking two individual metal targets
of Zn and Al.

2. Experimental details

Zinc Aluminum Oxide (ZAO) thin films were
prepared by DC reactive magnetron sputtering technique.
High purity of Zinc (99.999%) and Aluminum (99.99%)
targets with 2 inch diameter and 4 mm thickness are used
for deposition on glass substrates. The base pressure in
chamber was 3 x 10° Torr and the distance between target
and substrate were set at 60 mm. 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. High
purity (99.99%) Ar and O, gas was introduced into the
chamber and was metered by mass flow controllers for a
flow rate fixed at 30 sccm for Ar and 2 sccm for O,.
Deposition was carried out at a working pressure of
3 mTorr after pre-sputtering with argon for 10 min. The
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sputtering power was maintained at 105 W during
deposition. The depositions were carried out at room
temperature with different thickness by varying the
deposition time. Film thickness was measured by Talysurf
thickness profilometer. The resulting thicknesses of the
films are in the range of 230 - 500 nm. X-ray diffraction
(XRD) patterns of the films were recorded with the help of
Philips (PW 1830) X-ray diffractometer using CuKa
radiation. The tube was operated at 30 KV, 20 mA with
the scanning speed of 0.03(260)/sec. The resistivities of the
films (p) were measured using the four-point probe
method. Surface morphology of the samples has been
studied using HITACHI S-3400 Field Emission Scanning
Electron Microscope (FESEM) with Energy Dispersive
Spectrum (EDS). EDS is carried out for the elemental
analysis of prepared thin films. Optical transmittance of
the films was recorded as a function of wavelength in the
range of 300 — 1200 nm using JASCO Model V-670
UV-Vis-NIR spectrophotometer (Japan).

3. Results and discussion

Fig. 1 shows normalized XRD patterns of ZAO thin
films deposited on glass substrates at room temperature
with different thickness. All the films show the ZnO
(0 0 2) diffraction peak of hexagonal wurtzite structure. It
indicates that the films are highly textured with the c-axis
orientation in the film growth direction because the c-axis
orientation is the most densely packed and
thermodynamically favorable one in the wurtzite structure.
However the diffraction angle of the (0 0 2) peak shifts
towards higher angle side (34.05° - 34.65°).
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Fig. 1. XRD patterns of ZAO thin films.

The full width at half-maximum (FWHM) can be
used to estimate the crystallite size along c-axis, based on
the XRD results. The average crystallite size (D) of ZAO
thin films prepared with different thickness was calculated
using Scherrer’s formula

M

Where A is the X-ray wavelength (0.154 nm), 6 is the
Bragg angle, and B is FWHM of (0 0 2) diffraction peak.
The average crystallite sizes were in the order of
26 — 46 nm, which indicates that the deposited films are
nanostructured. The average crystallite size decreases with
the increase of film thickness from 230 to 500 nm.

The lattice constants and the film stress of ZAO thin
films are obtained from XRD data. The lattice constant ¢
can be evaluated by the following formula [13]:
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Where a and c are the lattice constants, and dyy is the
crystalline plane distance for indices (h k I). 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 (2), the lattice constant c¢ is equal to 2d for the
(0 0 2) diffraction peak. Compared with the zinc oxide
powders [14], all the ZAO thin films in our experiment
exhibit discrepancy in d-value, which is due to the
variation of residual stress developed in the films. The
strain of the films in the direction of c-axis as determined
by XRD is € = (Cfim - Co)/Co, Where ¢, (= 0.5205 nm) is
unstrained lattice parameter measured from ZnO powder.
The film stress can be calculated based on the biaxial
strain model [15]. The films stress ofm, parallel to the films
surface can be derived by the following formula, which is
valid for a hexagonal lattice [16]:

O = Iriz- ~3:3’.511-51:.' ¥ i:ilnj—i: (3)

For the elastic constants c;;, data of single-crystalline
ZnO have been used ¢y, = 208.8, ¢33 = 213.8, ¢, = 119.7,
€13 = 104.2 GPa. The following numerical relation for the
stress derived from XRD can be obtained:

O = —232.8X £ (GPa) (4)
The negative sign equation (4) corresponds to

compressive stress. The residual stress shown in Fig. 2
increases with the increase of film thickness.
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Fig. 2. Variation of film stress as a function of film thickness.
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Fig. 3(a) - 3(e) shows scanning electron microscopy
(SEM) images of ZAO thin films deposited on glass
substrate at different thickness. It is found that grains in
SEM images have a geometric form of ellipsoid instead of
columnar structure which is usually obtained by sputtering
technique. Fig. 4 shows EDS plot with its compositional
elemental data for the ZAO thin film of thickness 300 nm.

Fig. 3. Surface morphology of ZAO films with thickness of
(a) 250 nm, (b) 300 nm, (c) 320 nm, and (d) 500 nm.

Element Atomic %
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Al K 2.95
Zn K 48.86
Total 100.00
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Fig. 4. EDS plot of ZAO film with 300 nm thickness.

AFM images of ZAO thin films shown in Fig. 5
indicate that the films are dense and homogeneous. The
surface morphology becomes rougher as film thickness
increased. The root-mean-square (rms) surface roughness
of ZAO thin films with thickness 250, 300, 320 and
500 nm are 18.61, 18.81, 21.04, 21.32 and 22.62 nm
respectively. As the film thickness increases, the root-
mean-square (rms) surface roughness of the thin films
increases. These film surface morphologies have a
potential application in enhanced light trapping
particularly in photovoltaic applications.
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Fig. 5. AFM surface morphology of deposited films
with different thickness.

The conduction characteristics of ZAO thin films are
primarily dominated by electrons degenerated from AI®*
ions substitutional sites of Zn?* ions and Al interstitial
atoms. The electrical resistivity (p) of the ZAO films was
investigated by four-point probe method at room
temperature. Fig. 6 shows the variation of the resistivity of
ZAO films deposited on glass substrates with different
thickness. The increase in film thickness has yielded a
reduction in the film’s resistivity. The lowest resistivity of
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3.44 x 10™* Q cm is obtained for the film thickness of
320 nm.
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Fig. 6. Variation of resistivity of ZAO films as function
of different thickness.

The sheet resistance (R;) of ZAO thin films is
calculated from the equation:

R;=% /) ()

where p is resistivity and t is thickness of films. The sheet
resistances of ZAO films with thickness of 230, 250, 300,
320 and 500 nm have the values of 21.6, 18.5, 12.1, 10.7
and 9 /7 respectively.

The ZAO film’s optical transmittance is shown in
Fig. 7. The average visible transmittance for the prepared
thin films is > 85%. Due to the thickness effect, it is
obvious that the films transmittance decreased as film
thickness increased. Thicker films tend to possess multiple
internal reflections that occur inside films and as a
consequence, it reduces the overall transmittance. It has

been known that ZAO film is a direct n-type
semiconductor.
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Fig. 7. Optical transmission spectra of ZAO films
with different thickness.

The optical band gap of these films is calculated from
the transmittance versus wavelength spectra. The
absorption coefficient (o) is calculated using the equation
[25] |

In'_%'

a=— (6)

where T is transmittance and d is film thickness. The
absorption coefficient («) and the incident photon energy
(hv) is related by the following equation [26]

(ahu)® = A(huw — E) @)

where A and E; are constant and optical band gap,
respectively. The E4 can be determined by extrapolations
of the linear portion of the curve to hv axis. Fig. 8 shows
the curves of (ahv)® versus photon energy. The optical
band gap is found varying between 3.41 and 3.51 eV for
various films. The optical band gap increases with increase
of film thickness shown in Fig. 9. The increase in band
gap of ZAO films may be explained by the Burstein-Moss
shift.
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Fig. 8. Plot of (ahv)? Vs hv of ZAO thin films.
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Fig. 9. Variation of optical band gap and average transmittance
(in visible region) as a function of film thickness.
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The energy band gap widening AE, is related to
carrier concentration through the following equation [19]

N

(2]
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where h is the Planks constant, m* is the electron effective
mass in conduction band, and N is the carrier
concentration. From equation (8) it can be found that the
energy band gap widening increases with increase in
carrier concentration of ZAO thin films. The carrier
concentration of ZAO thin films are determined from
equation (8) and its is found to be in the range of
308 x 10 ecm® — 812 x 10® cm® The carrier
concentration increases with increase of thickness.

4. Conclusions

ZAO thin films were prepared on glass substrate by
DC reactive magnetron sputtering at room temperature
with different thickness. The deposited films are
polycrystalline with a hexagonal structure and have a
preferred orientation along the c-axis perpendicular to the
substrate. The crystallite size, the resistivity and the optical
transmittance of the deposited films greatly depend on film
thickness. At the optimum thickness of 320 nm, the film
has minimum resistivity of 3.44 x 10™* Q cm and a high
transmittance of above 84% in the visible range. All
experimental results indicate that nanostructured ZAQO thin
films influenced the structural, electrical and optical
properties. We achieved ZAO thin films with excellent
crystallinity, low resistivity and high transmittance which
can be used in photovoltaic devices as front electrode.
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