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Abstract

Aluminum doped zinc oxide polycrystalline thin films (AZO) were prepared by sol-gel dip-coating process. The sol was prepared

from an ethanolic solution of zinc acetate using lithium hydroxide or succinic acid as hydrolytic catalyst. The quantity of aluminum
in the sol was varied from 1 to 10 mol%. The structural characteristics studied by X-ray diffractometry were complemented by
resistivity measurements and UV–Vis-NIR spectroscopy. The films are transparent from the near ultraviolet to the near infrared,

presenting an absorption cut-off at almost 290 nm, irrespective of the nature of the catalyst and doping level. The best conductors
were obtained for the AZO films containing 3 mol% of aluminum, prepared under acidic and basic catalysis and sintered at 450 �C.
Their optical band-gap of 4.4 eV calculated from the absorption cut-off is larger than the values for band-gap widening predicted by
the standard model for polar semiconductors. These polycrystalline films are textured with preferential orientation of grains along

the wurtzite c-axis or the (100) direction.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Zinc oxide films exhibit a combination of interesting
piezoelectric, electrical, optical and thermal properties,
which are already applied in the fabrication of a number
of devices, such as gas sensors,1 ultrasonic oscillators2

and transparent electrodes in solar cells.3 Several techni-
ques were employed to produce pure and doped ZnO
films, including chemical vapor deposition,1 sputtering,2

spray pyrolysis,3�5 and the sol-gel process.6,7 Among the
preparation techniques of ZnO films, the sol-gel route
proposed by Spanhel and Anderson,8 in combination
with the dip-coating process, represents an easy low cost
and efficient route to coat large surfaces, permitting also
the tailoring of the microstructure from the chemistry of
the sol-gel synthesis. On the other hand, nanocrystalline
ZnO films produced by these techniques suffer quality
limitation, in respect to their electrical and optical prop-
erties, due to the high density of carrier traps and poten-
tial barriers at grain boundaries. However, in several
studies it was shown that the opto-electrical properties
could be considerably improved by optimized deposition
conditions and doping.4,5 The indium doped ZnO films
grown at deposition temperatures of 400 and 450 �C
showed an improved crystallinity (texturization along
the c-axis) leading to a strong decrease of the resistivity.
Besides indium, also aluminum is a promising dopant to
improve the opto-electrical properties of ZnO films.8

In the present work we have investigated the influence
of preparation conditions on the structural, electrical
and optical properties of aluminum doped ZnO films.
The films were prepared from colloidal suspensions
containing different Al concentrations and deposited by
dip-coating on glass substrates. The structural char-
acteristics were studied by X-ray diffractometry and the
electrical and optical properties were investigated by
resistivity measurements and UV–Vis spectroscopy,
respectively.
2. Experimental

A 0.1 mol L�1 zinc organometallic precursor solution
Zn4O(COOCH3)6 was synthesized from zinc acetate
dihydrate [Zn(Ac)22H2O] dissolved in absolute ethanol
and heated under reflux for 3 h at 80 �C. Then the pre-
cursor solution was hydrolyzed in acidic ([H+]/
[Zn2+]=0.1) or basic ([OH�]/[Zn2+]=0.1) environment
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with a solution containing succinic acid or lithium
hydroxide, respectively. The molar ratios of dopant
(aluminum isopropoxide) in the solution, [Al/Zn], was
varied between 1 and 10%.
AZO films were deposited on cleaned Corning boron-

silicate glass substrates by the dip-coating method.
Every deposition involved 10 dips at a lifting speed of 8
cm/min. After the deposition, the samples were dried at
100 �C and fired at 450 �C. The total thickness of the
films was in the range of 200 to 300 nm.
The crystalline structure was analyzed by X-ray dif-

fraction (XRD) using a Siemens D5000 diffractometer
(Cu Ka) and the electric resistivity was measured using
evaporated gold electrodes at the surface of the films.
The optical properties were studied by UV–Vis-NIR
spectrometry (500 Scan, Varian). The spectra were
taken using the Corning glass reference with a cut-off
wavelength at 280 nm.
3. Results and discussion

All AZO films are nanocrystalline and exhibit the
wurtzite structure with all XRD peaks identified in the
recorded range. The XRD patterns measured for AZO
films deposited from precursor solutions prepared by
acidic (succinic acid) and basic hydrolysis (lithium
hydroxide) are compared in Fig. 1a and b, respectively.
From the evolution of the diffraction patterns with the
doping concentration in the precursor solution it can be
observed that the quantity of Al doping determines the
orientation of the nanocrystals. The film prepared by
acidic catalysis (Fig. 1a) using a molar ratio Al/Zn of
3% shows a preferential orientation of grains along
the c-axis, perpendicular to the film surface (002). At
higher Al concentrations the preferential orientation
changes to (100) with a small contribution of (002) and
(101) directions at highest Al content. Films prepared by
basic catalysis (Fig. 1b) show up to a Al concentration of
3% a preferential crystal grow along the (100) direction.
For higher Al content the presence of the three principal
peaks of the wurzite lattice, i.e. (100), (002) and (101),
reveal a random orientation of the nanocrystals.
Quantitative information concerning the preferential

crystallite orientation was obtained from the texture
coefficient, TC, defined as:

9

TCðhklÞ ¼
IðhklÞ

IrðhklÞ
=
1

n

X IðhklÞ

IrðhklÞ
ð1Þ

where n is the number of the diffraction peaks, I(hkl) and
Ir(hkl) denote the integrated intensities corresponding to
(hkl) reflections of samples containing textured and
randomly oriented grains, respectively. The value
TC(hkl)=1 represents films with randomly oriented
crystallites, while higher values indicate the abundance
of grains oriented in a given (hkl) direction. The varia-
tion of TC for the three main peaks of the wurzite lat-
tice, are presented in Table 1. Included are also the
values of the average crystallite size, D, determined by
Sherrer’s formula.
For films prepared by acidic catalysis the calculated

TC values increase along the (100) direction and
decrease along the (002) direction with rising Al con-
centration. This behavior is accompanied by the
increase of average crystallite size in the (100) plane
from 20 to 47 nm. The doping effect on the texturization
is less pronounced for samples prepared by basic cata-
lysis. Only the film prepared at Al/Zn=3%, containing
grains of about 20 nm, shows a texturization along the
(100) direction.
All ZnO films containing different Al doping con-

centrations were highly transparent from the near
ultraviolet to the near infrared with a transmittance of
more than 80% (not shown). The cut-off wavelength at
about 290 nm corresponds to a value of 4.3 eV, which is
considerably larger than the optical band-gap of mono-
crystalline ZnO (3.5 eV). The absorbance spectra of
samples deposited from acidic and basic solutions are
compared in Fig. 2. Independent on the nature of the
catalyst an increasing absorption with raising Al con-
tent can be observed in the near UV region. Further-
more, a large shoulder in the range between 330 and 370
Fig. 1. Evolution of the X-ray diffraction patterns of films prepared,

at different molar ratios Al/Zn in the precursor solution, by acidic (a)

and basic (b) catalysis.
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nm is visible in the absorbance spectra. This exitonic
peak is related to the quantum confinement effect due to
nanoscopic size of the crystallites. The position of this
peak depends on the grain size by the relation:10

1240

l1=2
¼ a þ

b

D2
�

c

D
ð2Þ

where l1/2 corresponds to the wavelength at 50% of the
peak intensity and the constants a=3.301, b=294,
c=�1.09. These empiric values allow for a adequate
description of the relation between l1/2 and crystallite
size, D, between 6.5 and 39 nm.
For samples prepared by acidic catalysis (Fig. 2a), the
position of l1/2 is varying, depending on the Al concen-
tration, between 365 and 374 nm with corresponding
grain sizes between 6.8 and 18 nm. For samples pre-
pared by basic catalysis (Fig. 2b) and l1/2 between 367
and 370 nm the crystallite size was found between 6.8
and 8.8 nm. These values are somewhat smaller than
those calculated from the diffraction peaks.
The optical band-gap, Eg, was determined from the

absorption spectra using equation:11

ahnð Þ
2
¼ C hn� Eg

� �
ð3Þ

related to direct transitions in ZnO crystals, with con-
stant C depending on the electron-hole mobility.
The (ahn)2 vs. hn plots are displayed in Fig. 3. Inde-

pendent on the preparation method (acidic or basic cata-
lysis) the determined optical band-gap of the samples is
varying, depending on the Al concentration, between 4.15
and 4.43 eV. The largest values of Eg was determined for
the textured films ((002) or (100) orientation) prepared
from solutions containing 3%Al (Fig. 3a,b). The value of
4.43 eV is notably larger than the optical band-gap
reported for similar films8 or even for monocrystalline
ZnO. In general the blue shift of the absorption onset of
Al doped nanocrystalline films is associated with the
increase of the carrier concentration blocking the lowest
states in the conduction band, well known as the Bur-
stein–Moss effect.12 The theory for band-gap widening
for polar semiconductors, proposed by Sernelius et al.,8

in order to describe the experimentally found blue shift
in Al doped ZnO films, considers displacement polar-
ization effects and structural disorder as additional fac-
tors that affect the shape of the band tails. Although the
band-gap widening of the most of the studied films can be
justified by this model, the band-gap values of more than
4.4 eV, found in textured samples containing relatively
small crystallites (�20 nm), are not well understood. It is
suggested that also quantum confinement phenomena
induced by the nanoscopic size of the crystallites con-
tribute to this effect.
Table 1

Texture coefficient, TC, the average crystallite size, D, and density, r, for different crystallographic orientations of ZnO:Al films for different molar
ratios, Al/Zn, in the precursor solution prepared by acidic and basic catalysis
Al/Zn [%]
 Acidic catalysis
 Basic catalysis
TC
 D [nm]
 r
 TC
 D [nm]
 r
(100)
 (002)
 (101)
 (100)
 (002)
 (101)
 [g/cm3]
 (100)
 (002)
 (101)
 (100)
 (002)
 (101)
 [g/cm3]
1
 1.1
 1.7
 1.8
 22
 47
 18
 2.9
 5.9
 1.5
 –
 69
 17
 –
 2.8
3
 –a
 2.1
 0.4
 –
 24
 –
 3.7
 3.1
 –
 –
 20
 –
 –
 3.9
5
 3.8
 –
 0.1
 20
 –
 –
 3.3
 5.4
 1.5
 1.0
 57
 25
 20
 3.2
7
 3.7
 –
 0.1
 39
 –
 –
 3.2
 4.2
 1.2
 0.7
 58
 20
 12
 3.1
10
 4.3
 1.2
 1.3
 47
 22
 26
 3.3
 1.4
 1.6
 1.1
 19
 17
 11
 3.2
a No peak identification possible.
Fig. 2. Evolution of the absorbance spectra of films prepared, at dif-

ferent molar ratios Al/Zn in the precursor solution, by acidic (a) and

basic (b) catalysis.
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The influence of increasing quantity of aluminum dop-
ing on the electrical properties of ZnO films was studied
from DC current (I)- voltage (V) characteristics. Irre-
spective of the type of the catalysis and Al concentration
all studied films present a linear I vs V dependence, typical
of Ohmic behavior. However, the resistivity values of the
films, ranging between 4.1�104 and 2.7�107 �cm, are
considerably higher than those reported for comparable
samples in the literature.4,5,8 The results of mass density
measurements (Table 1), performed by X-ray reflecto-
metry, indicate that one reason for the high resistivity of
the studied films might be their porous structure. Com-
pared with the mass density of 5.6 g/cm3 for mono-
crystalline ZnO, the obtained values in the range of 2.8
to 3.9 g/cm3 correspond to porosity between 50 and
30%. As expected, the lowest resistivity exhibits the less
porous films, prepared from precursor solutions con-
taining 3% of Al-doping. There is a clear relationship
between the improvement of the opto-electrical proper-
ties and the nanostructure formed at intermediate Al
content. The addition of 3% Al favors efficient electro-
nic doping (substitutional incorporation of Al) and
possibly increase of the number of nucleation centers
leading to the formation of small preferentially oriented
grains, thus inducing a densification of the material.
These effects results in a significant decrease of resistiv-
ity and increase of the optical band-gap. The absence of
texturization, grains with varying size and the high
porosity characterize the structure of films prepared at
Al/Zn ratios other than 3%. Consequently, the high
resistivity of these films can be attributed both, to the
reduced grain boundary area, which leads to few con-
tinuous electrical conductive ways, and to the boundary
carrier scattering due to the presence of adsorbed gas
species and segregation of Al for samples containing
high Al/Zn ratios (>3%).
4. Conclusions

The results of the structural analysis of Al doped ZnO
films prepared by the sol-gel dip-coating process evi-
dence that the nanostructure of films containing an
intermediate Al concentration (Al/Zn=3%) is clearly
different than those prepared with lower or higher
quantity of the dopant.
For the former films, the texturization along the (002)

c-axis (basis catalysis) and (100) direction (acidic cata-
lysis) has a significant influence on their electrical and
optical properties. The resistivity of these more compact
films is three orders of magnitude lower than for those
with other Al content. The optical band-gap of about
4.4 eV is considerably larger than that of monocrystal-
line ZnO and cannot be described by the standard the-
ories for band-gap widening.
The nanostructure of films with other Al content

consists of randomly orientated nanocrystals with grain
size increasing with the Al concentration. The high
electric resistivity of Al-doped ZnO films can be
explained by the high porosity of the material and the
high number of potential barriers and traps for con-
ducting electrons at the grain boundaries.
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