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Transparent aluminium-doped ZnO (AZO)-conducting oxide films were
deposited on a glass substrate, using an ultrasonic spray pyrolysis (USP)
system at 475�C. We investigated the effects of the Al/Zn atomic ratios on the
structural properties of the AZO films. All the deposited AZO thin films pre-
sented hexagonal wurtzite structure. As Al doping increased in the film, the
preferential orientation switched from [002] to [101], and crystallite sizes
varied from 31.90 nm to 34.5 nm. Field emission scanning electron microscopy
showed a change in the surface morphology of the AZO films with respect to
the Al/Zn ratio, and secondary ion mass spectroscopy showed that the amount
of Al incorporated into the films was proportional to the concentration of the
starting solution. A fast Fourier transform of the AZO film measurements
confirmed the presence of (100), (102), and (200) reflections, corresponding to a
wurtzite structure of the AZO thin films. The plane corresponding to AZO was
simulated, and matched the experimental pattern obtained from high-reso-
lution transmission electron microscopy. An un-doped ZnO layer was depos-
ited onto the AZO film using USP at 400�C, and a bilayer of AZO/ZnO was
annealed in vacuum for 20 min at 350�C. The resistivity of these bilayer films
was lower than that of a single-layered AZO film, and it further decreased by
vacuum annealing.

Key words: AZO, USP, AZO/ZnO, vacuum annealing

INTRODUCTION

Zinc oxide is an n-type, wide band-gap semicon-
ductor that has many attractive features, and has
been mostly investigated for use as a transparent
conducting oxide (TCO) layer. The important physical
properties of the material, namely the electro-optical,
acoustic-optical, piezo-electrical, and luminescent
properties, render the thin film of zinc oxide a suit-
able material for a wide variety of applications.1,2

ZnO thin film has attracted interest as a window

material for solar cells, since it is a low-cost alterna-
tive to Sn-doped In2O3.1,3 Low-resistive zinc oxide
thin films have been achieved by doping with differ-
ent group III elements, like aluminium, boron,
indium, and gallium, or with group VII elements, like
fluorine.4,5 The many deposition techniques that have
been employed to deposit these ZnO thin films
include sputtering,3,6 sol–gel,7–9 pulsed laser deposi-
tion,10 and spray pyrolysis.2,4,5,11

Low-resistive ZnO films are obtained either by
post-deposition heat treatment in a vacuum or
hydrogen atmosphere or by adding donor impuri-
ties, such as aluminium2 or indium.12 In this re-
spect, indium has been tested as a successful doping
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element amongst group III elements, because it has
been reported that chemically sprayed ZnO:In films
with the lowest resistivity have been achieved
without a post-annealing process.13 Despite this
fact, Al doping is still of interest, because of its low
cost and non-toxicity, which is in contrast to the
case of expensive, toxic In compounds. Detailed
work is necessary prior to reaching deposition con-
ditions in order to enable Al doping to present a
competitive TCO application, as was the case for
fluorine-doped ZnO films, based on a chemical spray
pyrolysis technique, or simultaneous F plus
Al-doping in ZnO films, deposited by using a sol–gel
technique.9

In an ultrasonic spray pyrolysis (USP) system, an
alcoholic solution containing the precursor salts is
nebulized by an ultrasonic actuator, and is then
transported onto a heated substrate. The advantage
of using USP over conventional pneumatic spraying
is that the smaller droplets and the narrowing in
the corresponding size distribution allows for better
control of the spray flux with a soft carrier gas flow.
This can achieve the deposition of very thin layers
with homogeneous thickness, and a significant
reduction of consumption of the reactants.11,14 Lee
et al. reported a resistivity of 1.71 9 10�2 X cm for
annealed Al-doped ZnO (AZO) thin films obtained
via USP, with AlCl3 as a precursor.2 In our case, the
electrical properties of the films, as reported in our
previous publication,15 showed a resistivity of
1 9 10�3 X cm for the as-deposited AZO film with 3
at.% aluminium doping (aluminiumacetylacetonate
as precursor) at 475�C using USP.

Following our previous work,15–17 in this study we
investigate the effects of aluminium doping on the
structural properties of AZO films. We also report the
electrical and optical properties of the un-doped ZnO,
as well as the double-layered (AZO/ZnO) films
deposited by using a low-cost non-vacuum USP
technique. In addition, we demonstrate that post-
annealing treatment of the AZO/ZnO layer in vacuum
improves both the optical and electrical properties.
These TCOs with optimum parameters [low resistiv-
ity of the order of 10�4 X cm, and high transmittance
(�90%)] are potential candidates for fabrication of
low-cost Cu(In1�xGax)Se2-based thin film solar cells,17

which is the focus of the work being undertaken in
our laboratory.

EXPERIMENTAL

Transparent conducting AZO thin films were
prepared via USP18 (vertical configuration type), as
detailed in our previous publication.15 A 0.2-M
starting solution was prepared from zinc acetate
di-hydrate [Zn (CH3COO)2Æ2H2O], dissolved in a
mix of methanol and acetic acid. Aluminiumacetyl-
acetonate (C15H21AlO6), previously diluted in a
mixture of de-ionized water and acetic acid at 0.2 M,
was added in order to dope the initial Zn solution.
The Al/Zn atomic ratio was taken as a reference for

doping quantification. In this case, the variation in
the doping concentration was set to 2 at.%, 3 at.%,
and 4 at.%. The solution was sprayed onto previ-
ously cleaned soda lime glass substrates, and the
droplets of the solution produced by the ultrasonic
generator were carried to the substrate using
nitrogen gas, at an adjusted flow rate of 1.2 mL/min.
The films were deposited in air at a temperature of
475�C for 10 min. Un-doped ZnO was deposited onto
the glass substrate, as well as onto AZO (3 at.% Al/
Zn), using USP at 400�C for 10 min and 3 min,
respectively. The post-annealing treatment was
performed on the bilayer (AZO/ZnO), at 350�C in
vacuum for 20 min.

Structural analyses of the films were measured
according to observation through a PANalytical Xpert
X-Ray Diffractometer, with CuKa1 (k = 1.5406 Å) and
CuKa2 (k = 1.5444 Å) lines in the h–2h mode. X-ray
diffraction (XRD) patterns were recorded in the scan-
ning range of 20–80�, with a scan step of 0.04923�.
Crystallite sizes (D) were calculated using Scherrer’s
formula,

D ¼ 0:94k
b cos h

; (1)

where b is the full width at half maximum (FWHM)
of the reflected peak at the Bragg angle, h.

The strain (e) was calculated using the relation-
ship,

b ¼ k
ðD cos hÞ � e tan h: (2)

The dislocation density (d) is defined as the length
of the dislocation lines per unit volume of the crys-
tal, and can be evaluated from Eq. 3:

d ¼ 1

D2
: (3)

The surface morphology of the films was exam-
ined using a Carl Zeiss AURIGA field emission
scanning electron microscope (FESEM), at an
operating voltage of 10 kV. Cross-sectional FESEM
images were taken, and the thicknesses of the
samples were measured from them. The composi-
tions of all the deposited films were determined
using a Bruker energy dispersive analysis, with an
x-ray (EDAX) system attached to a secondary elec-
tron microscope, set to an accelerating voltage of
10 kV. Secondary ion mass spectroscopy (SIMS) was
carried out, using CAMECA-IMS6F equipment.
High-resolution transmission electron microscopy
(HRTEM) images were taken, using the JEOL JSM-
2010F set-up. The transmittance spectra were
recorded using a SHIMADZU UV–Vis double beam
spectrophotometer, at a wavelength range of
300 nm to 1100 nm. Hall measurements were car-
ried out by using the Van der Pauw method, via
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Walker scientific HV-4H equipment at room
temperature.

RESULTS AND DISCUSSION

Properties of AZO Thin Films

Figure 1a shows the structural evolution of the
AZO thin films deposited at 475�C for different Al/
Zn ratios in solution, namely from 0 (un-doped zinc
oxide) to 4 at.%. The positions of the peaks match
those of polycrystalline zinc oxide with a hexagonal
wurtzite structure (JCPDS data, 36-1451). A peak
associated with the (101) plane is found for AZO
thin films, and no diffraction peaks of Al2O3 or other
impurities were observed.19 However, the intensity
of the (002) peak decreased as the doping concen-
tration increased, and this observation was con-
firmed by calculating the texture coefficient (Tc), as
Fig. 1b shows. A (0 0 2) preferential crystalline
orientation along the c-axis perpendicular to the
substrate surface is commonly observed in ZnO thin
films, regardless of the film deposition technique
used.20 This particular orientation follows the evo-
lutionary grain selection model proposed by Knuyt
et al.,21 and usually correlates with the energies
gained by the incident species on the substrate
under appropriate experimental conditions. The
wurtzite structure consists of triangularly arranged
alternating diatomic close-packed (0001) planes, for
example, Zn and O pairs. Thus, the stacking
sequence of the (0001) plane is AaBbAaBb… in the
h0001i direction.22 However, non-optimal experi-
mental conditions, defects, and other chemical
impurities may hinder the (0 0 2)-oriented growth.15

It is clear from Table I that the crystallite size of
the ZnO micro-crystallites increased, and the strain
and dislocation density decreased, as the Al/Zn ratio
in solution increased up to 3 at.%. Further increase in
the doping concentration deteriorates the crystallin-
ity of the films, possibly due to the formation of stress
induced by the difference in the ion sizes between Zn
and Al (rZn

2+ = 0.074 nm and rAl
3+ = 0.054 nm), and the

segregation of Al in the grain boundaries for high
doping concentrations.2,15 Extra Al atoms might not
occupy their appropriate sites inside the ZnO crys-
tallites, because the solubility limits of Al into ZnO
lattice have been overcome. This Al excess may
occupy interstitial positions, and would then deform
the micro-crystalline structure.23 Figure 2a–d shows
FESEM images of AZO thin films deposited at 475�C
with Al/Zn ratios of 0 at.%, 2 at.%, 3 at.%, and 4 at.%,
respectively. These images reveal that the surface
morphology of the films is strongly dependent on the
concentration of the aluminium. For the un-doped
films, broken hexagons can be observed, in contrast
with what was found in films with pneumatic spray
pyrolysis, where well-defined hexagons form.24–26 As
can be seen from the micrographs, the grain size
varied as the doping concentration increased, due to
differences in the ionic radii of zinc and aluminium.7,24

At higher Al/Zn concentrations, the development of

agglomerates from the small spiral grains (Fig. 2b)
gives rise to elongated secondary grains, as ob-
served in Fig. 2c. After reaching the critical alu-
minium concentration, Al tends to segregate at the
grain boundaries, hindering the development of
longer grains, as Fig. 2d shows.14,27

Table II gives details of the chemical composition
obtained via EDAX for 0 at.%, 2 at.%, 3 at.%, and
4 at.% AZO thin films. The average atomic per-
centages of zinc and oxygen were 57.49 and 41.89,
respectively, which indicates that the films were
oxygen-deficient in nature. The oxygen deficiencies
are known to give rise to electrical conductivity in
TCOs.28 It is clear from Table II that the aluminium
concentration in the films is less than that of the
starting solution. We noticed the same trend in all
the films deposited by USP at 475�C, and SIMS also
verified this (Fig. 3). As a consequence of the
re-evaporation of the components during the depo-
sition process, the concentration in the chemical
composition of the films is lower, as compared to the
concentration of precursors in the starting solution.
It is worth noting that Al quantification is also a
problem when performed using conventional tech-
niques, like measuring x-rays emitted by transitions

Fig. 1. (a) XRD patterns of the AZO thin films, and (b) texture
coefficients (Tc) of (002) and (101) peaks, for different Al/Zn ratios
deposited at 475�C.
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from Ka and Kb levels. Hence, for more precise
determination, the films were subjected to SIMS
analyses, to reveal both the stoichiometry of the
films and the percentage of the incorporation of Al
into the AZO thin films. Figure 3 shows the atomic
concentration as a function of the time of exposure
for the film deposited with a ratio of Al/Zn = 3 at.%
in solution. A similar analysis was made for films
deposited with Al/Zn = 2 at.% and 4 at.%. As a re-
sult, the films deposited with a doping of 2 at.%,
3 at.%, and 4 at.% showed ppm values of Al of
2.4 9 103, 4.3 9 103, and 4.6 9 103, respectively,
which correspond to the percent values of Al/
Zn = 0.24, 0.43, and 0.46, respectively. This analysis
shows that AZO films exhibited a homogenous
composition, but the ratio of Zn/O was, in general,
greater than 1. This suggests the non-stoichiometric
structural properties of ZnO, which are in agree-
ment with other reports.29 It should be noted that
the precise location of Al, whether it is in Zn sites or
passivating electric active sites in the grain bound-
aries, is still a matter of controversy.9

Figure 4a shows an HRTEM image of a typical
AZO thin film deposited with an Al/Zn ratio of
3 at.% in solution. The inset shows a fast Fourier
transform (FFT), with reflections corresponding to
(1 0 0), (1 0 �2), (�1 0 �2), and (200) crystalline
planes, with d spacings of 0.28 nm, 0.19 nm, 0.17 nm,
and 0.14 nm, respectively, which is consistent with

the XRD (JCPDS, 36-1451) observations that con-
firmed the hexagonal wurtzite structure. The ab-
sence of the (002) ring in the FFT of the AZO film
indicates that c-axis growth is preferentially ori-
ented parallel to the film surface.30 Local formation
of Al2O3 was not detected in the FFT, possibly as a
result of the low content of Al incorporated into the
ZnO lattice, and the fact that Al replaces Zn. Also,
the HRTEM image of the AZO thin films was sim-
ulated using the Simula-TEM software for hexago-
nal structure, matched with the experimental
results, as shown in the inset of the inverse FFT
(IFFT) given in Fig. 4b. As shown in the inset of
Fig. 4c, the simulated (0 1 0) plane matched that of

Table I. Structural parameters of AZO thin films with different Al/Zn ratios in the precursor solution
deposited at 475�C

Al/Zn ratio
(at.%)

Crystallite
size, D (nm)

Strain, e 3 1024

(lines22m24)

Dislocation
density, d 3 1015

(lines/m22)

0 23.35 14.42 1.83
2 31.90 10.57 0.97
3 34.50 9.79 0.83
4 33.20 10.18 0.96

Fig. 2. FESEM images of the AZO thin films deposited at 475�C with
different Al/Zn ratios in precursor solution: (a) 0 at.%, (b) 2 at.%, (c) 3
at.%, and (d) 4 at.%.

Table II. EDAX analyses of AZO thin films with
different Al/Zn ratios in the precursor solution
deposited at 475�C

Al/Zn ratio
(at.%) Zn (at.%) O (at.%) Al (at.%)

0 57.73 42.27 –
2 57.13 42.55 0.33
3 58.04 41.44 0.52
4 56.89 42.48 0.63

Fig. 3. SIMS analyses of the AZO thin film with 3 at.% Al/Zn ratio
deposited at 475�C.
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the experimental result, confirming that the orien-
tation corresponded to this particular plane.31 The
simulations proved that the AZO films grown using
USP at 475�C were polycrystalline hexagonal in
nature.

Properties of Un-doped ZnO on a
Glass Substrate

Figure 5a shows the transmittance spectra in the
range of 300–1000 nm for the ZnO thin films
deposited at a substrate temperature of 400�C. The
deposited films exhibited a visible light transmit-
tance of about 80%. The inset in Fig. 5 shows a plot
of (ahm)2 versus hm for the film deposited at a sub-
strate temperature of 400�C. ZnO showed an
absorption edge at 375 nm, corresponding to a band
gap of 3.22 eV. This film showed a resistivity of

43.69 X cm, mobility of 3.4 cm2/V s, and a carrier
concentration of 4.81 9 1016 cm�3. Low carrier
concentration and conductivity indicate the intrin-
sic nature of the ZnO thin film without any addi-
tional doping.13 Normally, un-doped ZnO with a
wurtzite structure becomes an n-type semiconduc-
tor as a result of the presence of intrinsic or
extrinsic defects, which are generally attributed to
native defects, such as Zn on an O antisite (ZnO), Zn
interstitial (ZnI), and an O vacancy (VO).22

Properties of AZO/ZnO Bilayer

Based on the structural, morphological, electrical,
and optical properties of AZO thin films reported

Fig. 4. HRTEM analyses of the AZO thin film with 3 at.% Al/Zn ratio
deposited at 475�C. The inset in (a) shows an FFT of the selected
area in the image, (b) an inverse FFT with calculated d-spacing, and
the inset depicts the simulated HRTEM image, while the inset in
(c) shows the simulated crystal direction.

Fig. 5. Transmittance spectra of the (a) un-doped ZnO, (b) AZO,
(c) AZO/ZnO bi-layer, and (d) annealed AZO/ZnO bi-layer thin films
deposited at 400�C, 475�C, 475�C/400�C and annealed at 350�C,
respectively. The inset depicts the hm versus (ahm)2 graph for the un-
doped ZnO and AZO/ZnO bi-layer.

Fig. 6. XRD patterns of (a) AZO, and (b) AZO/ZnO layers deposited
on glass at 475�C and 475�C/400�C, respectively; the inset shows
the selected angle diffraction patterns of (a) and (b).
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here and in previous work,15 we proceeded with
further studies of the 3 at.% Al/Zn film deposited at
475�C. Figure 6a and b shows the XRD patterns of
the ZnO film deposited on bare glass and onto AZO
substrate, respectively. These films crystallized in a
hexagonal wurtzite structure, with a preferential
orientation along the (0 0 2) direction. These results
are consistent with the JCPDS data card no. 36-
1451. As the inset of Fig. 6 shows, the position of the
(002) peak shifted from 34.40� to 34.36�, as a result
of the deposition of un-doped ZnO, indicating stress
in the film. This stress is related to defects in the
films, and the compressive stress may be a result of
the zinc interstitials. However, the tensile stress is
likely to be a result of the oxygen vacancies that
exist in the ZnO thin film crystallites.32

Figure 7a shows FESEM micrographs of the ZnO
thin film on the AZO substrate. As this image
reveals, the film grew vertically onto the surface
with a broken hexagonal columnar structure. Nev-
ertheless, the film deposited on the AZO-coated
glass had a dense morphology with small grains.
Figure 7b presents the cross-section of ZnO film
deposited on the AZO substrate, where the film
seems to be homogeneous, with a thickness of
around 300 nm. The XRD characterization suggests
that the intense (002) peak of the ZnO films is re-
lated to the density of the films.32

Figure 5b and c shows the transmittance spectra
of AZO with and without the ZnO layer, respec-
tively, with a wavelength range of 300–1000 nm.
The AZO films with and without the ZnO layer
yielded transmittances of 70% and 80%, respec-
tively. The increase in the transmittance is associ-
ated with a decrease in film thickness. The
interference fringes in the transmission spectra of
the ZnO deposited on AZO-coated glass confirm that
the film thickness is uniform. The optical bandgap
of the AZO/ZnO bi-layer is 3.36 eV, as obtained from
the inset of Fig. 5. Table III shows the electrical
parameters of the AZO thin film, and of the AZO/
ZnO bilayer. Upon deposition of the un-doped ZnO
layer on the AZO layer, both the carrier concentra-
tion and the Hall mobility increased, and the film
resistivity was lower than that of a single AZO film.
Earlier studies also demonstrated that bilayer film
of AZO/ZnO prepared via sputtering had lower
resistivity than that of single-layered AZO film.33

Post-annealing Treatment of AZO/ZnO
Bi-layer

In order to improve the optical transmittance and
conductivity of the AZO/ZnO bi-layer, post-annealing
was performed at 350�C in vacuum for 20 min.
Figure 7c shows across-sectional image of the
annealed AZO/ZnO bi-layer that presented improved
crystallinity relative to the as-deposited film given in
Fig. 7b. Figure 7d shows the point analysis on the
AZO layer that was carried out to confirm the stability
of the layer through un-doped ZnO deposition and heat
treatment. The most obvious observation with respect
to the annealed films is the improvement in the
transmittance due to the enhanced crystallinity, and
the decrease in the carrier scattering, as Fig. 5d
shows. Table III indicates another observation that is
worth noting for the heat-treated samples: the
decrease in resistivity (3.6 9 10�3–2.6 9 10�3 X cm),
and increase in mobility (3.2–13.8 cm2/V s).

The following conclusions can be drawn with
respect to the annealed films:

(i) in the as-deposited films, a large density of
extrinsic traps is present at the grain boundaries
due to oxygen chemisorption; this in turn
depletes the grain and results in a barrier-to-
carrier conduction at the grain boundaries;

Fig. 7. (a) Surface morphology, (b) cross-sectional view of un-doped
ZnO on AZO deposited at 400�C before annealing, (c) after
annealing at 350�C in vacuum, and (d) point analysis of the AZO
layer shown in (c).

Table III. Electrical parameters of AZO, AZO/ZnO, and annealed AZO/ZnO bi-layers deposited on glass at
475�C, 475�C/400�C and annealed at 350�C in vacuum, respectively

Sample
Identification

Resistivity, q
(X cm)

Mobility, l
(cm2/V s)

Carrier
concentration,

n (cm23)

AZO 5.8 9 10�3 2.9 3.65 9 1020

AZO/ZnO 3.6 9 10�3 3.2 5.51 9 1020

Annealed AZO/ZnO 2.6 9 10�3 13.8 1.75 9 1020
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(ii) annealing in vacuum or in a reducing ambient
desorbs oxygen from the grain boundaries, as
well as from the bulk, thereby reducing the
potential barriers at the grain boundaries and
increasing the effective carrier concentration;

(iii) re-annealing in an oxygen ambient causes the
chemisorption of oxygen once more, reversing
this process.34

CONCLUSIONS

Uniform, adherent AZO thin films were deposited
on soda lime glass substrates by using a low-cost,
non-vacuum, ultrasonic spray technique, with the
objective of fabricating all spray CIGS-based pho-
tovoltaic devices. XRD studies revealed a hexagonal
wurtzite structure for the AZO thin films. The
morphology of the films changes according to the Al
content in the ZnO lattice. Composition analysis
measured the percentage of incorporation of Al into
the AZO thin films, and local analysis of the grains
showed the atomic arrangements of the films, con-
firming the wurtizte structure, and absence of Al2O3

clusters. Simulation of the corresponding crystal
plane that matched the HRTEM pattern confirmed
the orientation of the film. The electrical properties
of the un-doped ZnO showed the intrinsic nature of
the film. The transmittance of the AZO/ZnO bi-layer
was lower than that of the AZO layer; whereas it
increased after annealing in vacuum. The resistivity
of the as-deposited and annealed AZO/ZnO bi-layer
was less than that of the as-deposited single and
bi-layers. Thus, we demonstrated an improvement
in the optical and electrical properties of the AZO
and AZO/ZnO layers deposited via USP.
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