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Abstract

Aluminium-doped zinc oxide films have been prepared by chemical spray pyrolysis technique. Variation of structural, morphological,
electrical and optical properties with doping concentration is investigated in detail. The films were highly transparent to visible radiation and
electrically conductive. XRD studies have shown that the films were polycrystalline in nature with (0 0 2) preferred orientation. SEM studies
have revealed the smooth polycrystalline morphology of the films. Films deposited at optimum conditions have exhibited a resistivity of

2.45 x 10~* Om with an optical transmittance of 97% at 550 nm.
© 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) is a multifunctional material with a
wide area of applications. ZnO films have attracted
considerable attention because they can be made to possess
high electrical conductivity, high infrared reflectance and
high visible transmittance. Low resistive zinc oxide films
have been achieved by doping with different Group III
elements like aluminium, boron, indium, gallium or with
Group VII elements like fluorine [1-8]. Many techniques
including evaporation, chemical vapour deposition, spray
pyrolysis, sputtering, etc., can be employed to deposit these
films [9-14]. For thin film applications like solar cell
fabrication, spray pyrolysis technique is found attractive as it
can deposit layers on large areas and provides itself easy to
automation. The properties of the deposited material can be
varied and controlled by proper optimization of spraying
conditions.
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In spray pyrolysis technique, low resistive ZnO films are
obtained either by post-deposition heat treatment in vacuum
or by hydrogen atmosphere or by adding donor impurities,
such as aluminium or indium. In the present study,
aluminium-doped zinc oxide (AZO) films have been
prepared by using spray pyrolysis technique. The effects
of aluminium doping on the structural, electrical and optical
properties of AZO films have been reported.

2. Experimental

Aluminium-doped zinc oxide films were deposited on
glass substrates by spray pyrolysis technique. The deposition
method involves the decomposition of an aqueous solution of
zinc acetate (0.1 M). The dopant concentration (Al/Zn at.%)
was varied from O to 1.5 at.%. The resulting solution was
sprayed onto the heated substrates at a constant temperature of
450 %+ 5 °C. The temperature of the substrate was monitored
by a chromel-alumel thermocouple close to the substrates.
Compressed air was used as the carrier gas. To enhance the
conductivity as-deposited films were annealed at 300 £ 5 °C
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for 90 min under a vacuum of 10~> mbar. Films from acetate
solution having molarity 0.2 and 0.4 M were also deposited at
the optimum impurity concentration keeping the process
parameters constant. The apparatus and deposition details
have already been reported [15,16].

Characterization of the films was carried out using a
Philips PW 1710 X-ray diffractometer (XRD) and a JOEL
35C scanning electron microscope (SEM). Film thickness
was measured by the Tolansky’s interferometric method.
The resistivity studies were carried out using a four-probe
set-up and the transmission studies using a Shimadzu double
beam spectrophotometer UV240.

3. Results and discussion
3.1. Structural properties

Fig. 1 shows the X-ray diffraction patterns of AZO films
with different aluminium concentrations deposited at sub-
strate temperature 450 & 5 °C. All the peaks in the pattern
correspond to the hexagonal structure of ZnO powder sample
and are indexed according to the ASTM data card 5-664. No
phase corresponding to aluminium/aluminium oxide or other
aluminium compound was detected in the XRD patterns. The
preferential orientation of all films is found to be along (0 0 2)
crystal plane. The other peaks observed in the X-ray diff-
ractograms were (1 00), (101),(102), (103)and (11 2).
Undoped ZnO films have exhibited (00 2) crystal plane
preferential orientation [14]. An analysis has been carried out
for the preferred orientation planes of the investigated thin
films. The results have revealed the existence of the preferred
(002) orientation with the c-axis perpendicular to the
substrate surface. Such preferred basal orientation is typically
observed in aluminium-doped ZnO films [17-19]. The lattice
constants calculated from the most prominent peaks and the
ratio of relative intensities 7(0 0 2)/I(1 0 1) in the diffraction
pattern of AZO films at 450 £ 5 °C for different dopant
concentrations are given in Table 1. The lattice constants
calculated are found to be in good agreement with ASTM
data for ZnO powder. The texture coefficient is calculated
to describe the preferential orientation using the expression
[20]:

I(hkl)/Io(h k1)
NN T I(hkD)/Io(hk D)

TC(hkl) = (1)

where I is the measured intensity and [, is the measured
standard intensity. The texture coefficient is calculated for
the crystal planes (0 0 2) and (1 O 1). The value of the texture
coefficient indicates the maximum preferred orientation of
the films along the diffraction plane, meaning that the
increase in preferred orientation is associated with increase
in the number of grains along that plane. Fig. 2 represents the
variation of TC(0 0 2) and TC(1 0 1) of ZnO films prepared
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Fig. 1. XRD patterns of AZO films spray deposited at 450 £+ 5 °C using
0.1 M zinc acetate solution with different aluminium concentrations.

at 450 £ 5 °C using 0.1 M zinc acetate solution for different
aluminium concentrations.

Fig. 3 shows the X-ray diffractograms of AZO films
deposited with different amounts of zinc acetate in the
precursor solution. The preferential orientation of the AZO

Table 1

Lattice constants and /(0 0 2)/I(1 0 1) ratios of zinc oxide films deposited at
a substrate temperate 4505 °C for different aluminium doping concentra-
tions

Lattice constants Relative intensity

1002)/1(101)

Aluminium dopant
concentration (at.%)

ag (nm) co (nm)
0.6 0.3250 0.5198 1.628
0.9 0.3253 0.5202 1.098
1.2 0.3253 0.5208 1.311
1.5 0.3256 0.5200 1.167
ASTM 0.3249 0.5205 0.560
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Fig. 2. Variation of texture coefficient TC(0 02) and TC(1 0 1) of zinc
oxide films deposited at 450 £ 5 °C using 0.1 M zinc acetate solution with
different aluminium, concentrations.

films is found to be along (0 0 2) and is found to improve
with the molarity of the zinc acetate precursor solution. In
spray pyrolysis decomposition, the impinging atoms on the
substrate undergo endothermic reaction with substrate
surface, resulting in a heterogeneous type of growth.
Hence, one does not observe an oriented type of growth in
the first few layers. As the thickness increases, this
phenomenon becomes less and less effective and the
arrangements of atoms in further layers gets gradually
modified by the preceding layers. As a result, the growth
takes place in a more definite way resulting in a particular
type of preferred growth, along (0 0 2) direction. When the
concentration of precursor solution increases, the film
deposited includes the effects of increasing Zn incorpora-
tion, increasing growth rate as well as reorientational
effects [21,22].

3.2. SEM studies

Fig. 4 shows the scanning electron micrograph of
aluminium-doped zinc oxide films deposited at 450 + 5 °C
using 0.1 M zinc acetate solutions with different dopant
concentrations. The micrographs show the uniform poly-
crystalline surface of the films. For small percentage of
dopant concentration the micrograph shows no significant
change in morphology.

3.3. Electrical and optical studies

The sheet resistance, resistivity, transmittance, optical
band gap and figure of merit of zinc oxide films prepared
under different deposition conditions, are given in Tables 2
and 3. The resistivity of as-deposited films lies in the range
(1.6-2.6) x 1072 Qm. The aluminium doping has reduced
the resistivity of undoped films by two orders of magnitude.
To enhance the conductivity, as-deposited AZO films were
annealed at 450 £5 °C for 90 min under a vacuum of
10~ mbar. Vacuum annealing has resulted in the decrease of
resistivity by two orders of magnitude. The low resistivity of
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Fig. 3. XRD patterns of 1.2 at.% aluminium-doped zinc oxide films pre-
pared at 450 + 5 °C using zinc acetate solutions of different molarities.

AZO films is due to the combined effect of deviation from
stoichiometry and aluminium doping. The resistivity of the
film is found to decrease with aluminium concentration up to
1.5 at.%. The ionic radius of aluminium is smaller than that
of zinc. The decrease in resistivity with the increase in
dopant concentration is due to the replacement of Zn** by
AI** jons. At higher doping concentrations, the disorder
produced in the lattice increases the efficiency of scattering
mechanism such as phonon scattering and ionized impurity
scattering which in turn cause an increase in resistivity [23].
Small amounts of aluminium introduce large numbers of
free electrons in the doped films, and the conductivity
therefore increases. Further increase of aluminium concen-
tration does not further increase the conductivity. This can be
explained by the formation of nonconductive aluminium
oxide from the extra aluminium atoms and the achievement
of equilibrium between the aluminium atoms contributing
conduction electrons and those producing aluminium oxide



490 B. Joseph et al./Ceramics International 32 (2006) 487493

L), TRRY, B |

20K %1000 1397

20K\ %18060 12

Fig. 4. SEM photographs of AZO films deposited at 450 £ 5 °C using 0.1 M zinc acetate solution with different aluminium concentrations: (a) 0; (b) 0.6; (c)
1.2; and (d) 1.5 at.%.

[18]. However, no aluminium phase was detected in the X-ray Fig. 5 shows the optical transmission spectra of zinc
diffractograms. A minimum resistivity of 2.45 x 10~* Qm oxide films prepared at substrate temperature of 450 £ 5 °C
was obtained for films doped with 1.2 at.% aluminium. for different aluminium doping concentrations. The trans-
Films deposited at higher doping concentrations (>1.2 at.%) mittance is found to decrease at 1.5 at.% of aluminium
were of less transmittance, and the upper limit of doping dopant concentration. The decrease of transmittance at
concentration was fixed at 1.5 at.%. higher doping levels (>1.2 at.%) may be attributed to the
Table 2
Electrical and optical properties of zinc oxide films prepared at 450 4 5 °C using 0.1 M zinc acetate solutions with different aluminium dopant concentrations
Aluminium Sheet resistance Resistivity Sheet resistance Resistivity after Transmittance Optical Figure of
dopant before annealing before after vacuum vacuum annealing at 550 nm (%) bandgap merit (1)
concentration (x 10> W) annealing ({dm) annealing (Qm) (eV)
(at.%) (x 10* /)
0 9000 1.58 18 3.15 x 10 98 3.24 4.5 x 10
0.6 145 2.54 x 1072 14 245 x 10 93 3.27 3.5 x 10
0.9 130 228 x 1072 9 1.58 x 10 95 3.28 6.7 x 10
1.2 95 1.66 x 1072 1.4 245 x 10 97 3.28 53 x 10
1.6 100 175 x 1072 5.5 9.63 x 10 84 3.28 32 x 10
Table 3
Electrical and optical properties of AZO films deposited at 450 = 5 °C using 1.2 at.% Al-doped zinc acetate solutions having different molarities
Molarity of Thickness  Sheet resistance Resistivity before ~ Sheet resistance  Resistivity after ~ Transmittance ~ Optical Figure of
solution (M)  (nm) before annealing  annealing ({)m) after annealing annealing (Qm)  at 550 nm (%) bandgap  merit (Q’l)
(x 10° ) (x 10° ) (eV)
0.1 175 95 1.66 x 10 1.40 245 x 10 97 3.28 5.3 x 10
0.2 300 78 2.34 x 10 1.23 3.69 x 10 86 3.28 1.8 x 10

0.4 450 70 3.15x 10 1.10 495 x 10 84 3.28 1.6 x 10
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Fig. 5. Optical transmission spectra of aluminium-doped zinc oxide films
deposited at a substrate temperature of 450 £ 5 °C using 0.1 M zinc acetate
solution with different aluminium dopant concentrations: (1) 0.6 at.%; (2)
0.9 at.%; (3) 1.2 at.%; and (4) 1.6 at.%.

increased scattering of photons by crystal defects created by
doping. The free carrier absorption of the photons may also
contribute to the observed reduction in the optical
transmission of heavily doped films [24]. The intrinsic
absorption in a semiconductor occurs for wavelengths in the
vicinity of the energy gap. The absorption coefficient « is
calculated using Lambert’s law.

o In(1/T) 2

t

where T is the transmittance and ¢, film thickness. The
absorption is maximum at a high energy and decreases with
optical energy in a manner similar to the absorption edge of
semiconductors. Assuming that transition becomes constant
at the absorption edge, the absorption coefficient « for
directly allowed transition for simple parabolic scheme
can be ascribed as a function of incident photon energy
as [25]:

ahvoc (hv — Eg)'/? 3)

where E, is the optical band gap. Fig. 6(a) and (b) show the
typical (chv)? versus hv graph of undoped zinc oxide films
deposited at substrate temperature 450 = 5 °C using 0.1 M
zinc acetate solution with different dopant concentration (a)
0 at.% and (b) 1.2 at.%. The optical band gap has increased
from 3.24 to 3.28 eV with aluminium dopant concentrations
from O to 1.5 at.%. The change in optical band gap can be
explained in terms of Burstein—Moss band gap widening and
band gap narrowing due to the electron—electron and elec-
tron—impurity scattering [26-28].

Fig. 7 shows the transmission spectrum of 1.2 at.%
aluminium-doped zinc oxide films deposited at 450 £+ 5 °C,
using zinc acetate precursor solutions of different molarities.
The optical transmission spectra of the films show a decrease
in transmittance with an increase in molarity of the precursor
solution. The decrease in transmittance may be due to the
increase in thickness of the films, resulting from the increase
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Fig. 6. Variation of (ahv)® vs. hv of ZnO films deposited at 450 + 5 °C
using 0.1 M zinc acetate solution with different aluminium dopant con-
centration: (a) 0 at.% and (b) 1.2 at.%.

of molarities of spraying solution. The variation of optical
band gap of the film with thickness was not appreciable.
From the transmission spectrum alone, the refractive
index n(A) of the films can be calculated using modified
envelope method [29]. The envelope is drawn in the figure,
and it is evident that for every wavelength A there is a
corresponding maximum transmittance 7Ty; and minimum
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Fig. 7. Optical transmission spectra of 1.2 at.% aluminium-doped zinc
acetate solutions of different molarities: (1) 0.1; (2) 0.2; and (3) 0.4 M.
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transmittance 7T,,. The transmittance T is a function of the
refractive index n, its extinction coefficient k and the
thickness ¢ of the film that has the general form
_ Ax
~ B — Cxcos ¢+ Dx2
where A = 16n’s, B=(n+ 1)’ (n +s%), C=2(n* — )(n* —
s%), D=(n— 1’ (n — 5, ¢ = 4nnt/r.
oA
k=—
4

T “4)

(&)

where x =exp (—atf) and s is the refractive index of the
material of the substrate.

n=I[N+ (N> — )22 (6)
where
N:1+S2 82 Ty—Tm

2 +(l+s)2 TmT
and

o Bv (B - (7 - 1) - s
(n=1)’(n—s?)

)

where

8n’s

Eyv = ——
M=

+ (n* = 1)(n® = 5%)
Once Ty and T, are obtained from measured transmission
spectrum, and the refractive index of the substrate is known,
the refractive index of the film can be calculated from
Eq. (6). Fig. 8 shows the plot of refractive index as a
function of wavelength for different aluminium concentra-
tions. The refractive index is found to decrease with the
wavelength.

Most of the electronic applications require the films to
have low absorption in the visible region and high dc
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Fig. 8. Variation of refractive index with wavelength for films deposited at
450 + 5 °C for different aluminium concentrations.

Table 4
Optimum spray conditions for the deposition of AZO films

Spray parameter Optimum value/item

Zinc acetate solution concentration (M) 0.1

Solvent Distilled water
Substrate temperature (°C) 450 + 5
Carrier gas Compressed air
Spray rate of the solution (ml/min) 5-6

Al/Zn dopant ratio (at.%) 1.2

Angular substrate to nozzle distance (cm) 44 + 1

conductivity. The figure of merit is defined as [30]:

TIO
brc = Ro (8)

where T is the transmittance and R is the sheet resistance.
Tables 2 and 3 give the values of ¢ of Al-doped zinc oxide
films prepared under different deposition conditions. The
highest value obtained for the figure of merit is 5.3 x
107* Q" for films prepared under deposition conditions
given in Table 4.

4. Conclusions

Aluminium-doped zinc oxide films have been success-
fully deposited by spray pyrolysis technique using a mixture
of zinc acetate and aluminium chloride as precursor. The
spray deposition of 1.2 at.% aluminium-doped 0.1 M zinc
acetate solution at a substrate temperature of 450 4+ 5 °C is
found to be optimum for the deposition of good quality AZO
films at the specified spray conditions. The films deposited
at optimum conditions, exhibit an average transmittance
of 94% in the visible region and a low resistivity of
2.45 x 10~* Qm. The AZO films have shown a preferential
orientation along (00 2) crystal plane and a smooth
polycrystalline surface morphology irrespective of the
deposition conditions.
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