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ZnO:Al thin films were prepared on n-type (1 0 0)-oriented Si and glass slide substrates by chemical
solution deposition method. The effects of Al content, the annealing temperature in air, the annealing
temperature in reducing atmosphere and the solution concentration on the structural, morphological,
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electrical and optical characteristics have been investigated systematically. The results show that the
processing parameters play an important role in the microstructures as well as the properties. The lowest
resistivity value (0.091 � cm) was observed by optimization of the processing parameters.

© 2010 Elsevier B.V. All rights reserved.
nnealing temperature
ransparent conductive oxide

. Introduction

Transparent conducting oxide (TCO) thin films have received
onsiderable attention in recent years. Owing to their high conduc-
ivity and transparency in the visible wavelength region, they have
een used in optical and electronic devices such as surface acoustic
ave devices (SAW), display panels, solar cells, and ultraviolet (UV)

ight emitting diodes [1–6]. Indium tin oxide (ITO) is used for most
f the TCO applications [7]. However, due to the limited supply of
he metal indium, there are growing concerns with its future avail-
bility and cost. Thus, there is an urgent need to develop alternative
CO materials with similar or better properties.

Aluminum-doped zinc oxide (ZnO:Al) is considered as a poten-
ial candidate to replace ITO because of its higher thermal stability,
ood resistance against hydrogen plasma processing damage and
elatively low cost [8–10]. ZnO:Al has a wide band gap of 3.3 eV
nd large exciton binding energy of 60 meV. Various methods have
een employed to fabricate ZnO:Al thin films, such as pulsed laser
eposition [11], RF magnetron sputtering [12], chemical vapor
eposition [13], spray pyrolysis [14], and sol–gel process [15–19].
mong them, sol–gel process is not only simpler, but also it offers
he possibility of preparing a large-area coating at relatively low
emperature and low cost.

There are many factors that affect the properties of sol–gel
erived ZnO:Al thin films, such as the starting materials, the dopant

∗ Corresponding authors.
E-mail addresses: xbzhu@issp.ac.cn (X. Zhu), ypsun@issp.ac.cn (Y. Sun).
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concentration, the thermal treatment temperature, sol concen-
tration and so on. All these factors have distinct effects on the
properties of ZnO:Al thin films. In order to optimize the electri-
cal and optical properties, we will systematically investigate the
effects of various factors for sol–gel derived ZnO:Al thin films in
this work.

2. Experimental procedure

ZnO:Al thin films were prepared by sol–gel method. Zinc acetate dihy-
drate (Zn(CH3COO)2·2H2O), 2-methoxyethanol, monoethanolamine (MEA) and
aluminum nitrate nonahydrate (Al(NO3)3·9H2O) were used as starting precursor,
solvent, sol stabilizer and dopant sources, respectively. Zn(CH3COO)2·2H2O was first
added in a mixture of 2-methoxyethanol and MEA. The molar ratio of MEA to zinc
acetate was maintained at 1.0 and the concentration of zinc acetate was 0.2–0.6 M.
Then, Al(NO3)3·9H2O was added in the solution at a Al/Zn ratio of 0–2.0 at.%. The
solution was stirred at room temperature for around 5 h in order to get a well-mixed
precursor solution.

Before deposition, the substrates were successively cleaned with acetone,
ethanol and de-ionized water in an ultrasonic bath. The substrates include n-type
(1 0 0)-oriented Si and glass slide. The films were prepared by spin coating route with
a rotating speed of 3000–4000 rpm for 20 s. After each coating, the as-deposited films
were dried in air at 300 ◦C for 15 min. In order to increase the thickness, the proce-
dures from coating to drying were repeated five times. Then the dried films were
annealed in air at 400–700 ◦C for 1 h, followed by annealing in 4% H2–N2 atmosphere
at 500–650 ◦C for 1 h. In the following description, unless otherwise noted, the sol
concentration is 0.4 M, Al/Zn ratio is 0.5 at.%, the annealing temperature in air is
600 ◦C and the annealing temperature in reducing atmosphere is 500 ◦C. Preparing

conditions, resistivity values and optical bandgaps are shown in Table 1.

X-ray diffraction (XRD) using a Philips X’pert Pro diffractometer with Cu K�
radiation operated at 40 kV, 40 mA was carried out to check up the crystalline struc-
ture. The surface morphology and microstructure of the films were characterized by
field-emission scanning electronic microscopy (FESEM, FEI Sirion 200 type) with a
5.0 kV acceleration voltage. The electrical resistance was obtained using a physical

dx.doi.org/10.1016/j.jallcom.2010.06.083
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Preparing conditions, RT resistivity values and optical bandgaps for ZnO:Al films.

Al/Zn ratio
(at.%)

Rotating speed
(rpm)

Sol concentration
(M)

Annealing temperature
in air (◦C)

Annealing temperature in
reducing atmosphere (◦C)

RT resistivity
(� cm)

Optical
bandgap (eV)

0 4000 0.4 600 500 7.713 3.2773
0.5 4000 0.4 600 500 0.091 3.2849
1.0 4000 0.4 600 500 0.504 3.2899
1.5 4000 0.4 600 500 0.690 3.2895
2.0 4000 0.4 600 500 2.672 3.2894
0.5 4000 0.4 400 500 0.431 3.2838
0.5 4000 0.4 500 500 0.219 3.2864
0.5 4000 0.4 700 500 8.662 –
0.5 3000 0.4 600 500 2.121 3.2763
0.5 3000 0.4 600 550 1.854 3.2789

600 2.157 3.2896
650 242.8 3.2945
500 2.033 3.2372
500 2.267 3.2847
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Fig. 1. XRD of sol–gel derived ZnO:Al films with different Al/Zn ratios at the rotating

F
0

0.5 3000 0.4 600
0.5 3000 0.4 600
0.5 3000 0.2 600
0.5 3000 0.6 600

roperties measurement system (PPMS, Quantum-designed) with a standard four-
oint probe method in the four-probe steady state mode. The room temperature (RT)
lectrical resistivity was obtained from the mathematical product of resistance and
hickness. Optical transmittance of the derived films was measured using an auto-

ated scanning monochromator (Varian-designed Cary-5E type). The measurement
as performed using air as reference in a wavelength range of 200–800 nm.

. Results and discussion

.1. The effects of the dopant concentration

Fig. 1 shows XRD patterns of ZnO:Al films with different Al/Zn
atios. All films can be indexed as ZnO hexagonal structure with
he space group of P63mc. Moreover, all films show predominant
0 0 2) peak. Increasing the dopant concentration results in a change
n preferred growth (0 0 2) direction. The 0.5 at.% aluminum-doped
lm is found to be the optimum condition for the deposition of
ood quality ZnO:Al films. The initial increase of (0 0 2) peak may
e due to the formation of new nucleating centers, which results
rom the dopant atoms [20]. The subsequent decrease of (0 0 2)
eak for the higher doping concentration could be affected by
he saturation of the newer nucleating centers [20] and the exis-

ence of interstitial aluminum atoms that cannot occupy the zinc
ites. Ohyama et al. [21] studied the effect of aluminum content
n the structure of ZnO:Al films, and also thought the decrease of
0 0 2) peak could be due to the segregation of aluminum compo-
ents at the grain boundary for the higher aluminum contents,

speed of 4000 rpm, the sol concentration of 0.4 M, the annealing temperature of
600 ◦C in air and the annealing temperature of 500 ◦C in reducing atmosphere.

ig. 2. FESEM images of the films for Al/Zn ratios of (a) 0 at.%, (b) 0.5 at.%, (c) 1.0 at.%, (d) 1.5 at.% and (e) 2.0 at.% at the rotating speed of 4000 rpm, the sol concentration of
.4 M, the annealing temperature of 600 ◦C in air and the annealing temperature of 500 ◦C in reducing atmosphere.
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Fig. 3. The RT electrical resistivity of ZnO:Al films as a function of Al/Zn ratio at the
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leading the optical bandgap to a constant value.
In this part, it is shown that the grain size of aluminum-doped

ZnO films is smaller than that of undoped film. The resistivity shows
a minimum value of 0.091 � cm with Al/Zn ratio of 0.5%. When
Al/Zn ratio is lower than 1%, the optical bandgap increases with
otating speed of 4000 rpm, the sol concentration of 0.4 M, the annealing tempera-
ure of 600 ◦C in air and the annealing temperature of 500 ◦C in reducing atmosphere.

espite no impurity phases were found from the XRD patterns
21].

The FESEM morphologies of ZnO:Al films with different Al/Zn
atio are shown in Fig. 2. According to the micrographs, the films
how a dependence on the dopant level. It is observed that both
he grain size and the grain boundary porosity is decreased with
he increase of Al/Zn ratio, which means Al doping is an effective

ethod to densify ZnO films. The decrease in grain size is due to
he increase of the dopant atoms, which can exert a drag force on
oundary motion and grain growth [22].

The RT resistivity for all films with different Al content is shown
n Fig. 3. It can be seen that the resistivity of the film decreases with
l/Zn ratio up to 0.5 at.% and the resistivity of 0.5 at.% aluminum-
oped film shows the minimum value of 0.091 � cm. However,
he resistivity starts to increase with a further increase of dopant
oncentration.

As is known ZnO thin film is an n-type semiconductor with
harge carriers which are thermally excited from donor levels
ormed by zinc interstitial or oxygen vacancies. The conductivity
f ZnO:Al films is higher than that of pure ZnO, thanks to extra free
harge carriers from the substitution of Al3+ ions for Zn2+ ions. At
ow doping concentration, the substitution of aluminum atoms at
he zinc sites leads to an increase in the charge carrier concen-
ration, which decreases the resistivity. However, the resistivity
radually increases as the dopant level gets a further increase. This
ncrease can be attributed to two aspects: firstly, the increased alu-

inum atoms may not occupy the zinc sites, so the further increase
f the number of charge carriers in ZnO:Al film (Al/Zn > 0.5 at.%) is
ittle compare to that in 0.5 at.% aluminum-doped film; secondly,
igher level of aluminum incorporation leads to interstitial incor-
oration of aluminum that gives rise to greater electron scattering.
eanwhile, from Fig. 2, it is clear that the grain size decreases as

l/Zn ratio increases, which results in the increase of grain bound-
ry scattering. The aluminum atoms may also segregate at the
rain boundaries in the form of Al2O3, which will increase the
rain boundary barrier [23]. Thus, the mobility of charge carrier
ecreases as more scattering and grain boundary barrier effects
ccur.

Fig. 4 shows the optical transmission of ZnO:Al films on glass
ith different Al/Zn ratios. It is obvious that the optical transmis-

ion of all the films is over 80% in the visible region. In the UV region
he transmission decreases acutely at about 370–380 nm due to
andgap absorption of ZnO:Al films.
In order to show the effect of the dopant concentration, the
bsorption has been investigated for the film doped at different
luminum content. The optical absorption edge is analyzed through
Fig. 4. The transmission spectra of ZnO:Al films with different Al/Zn ratios at the
rotating speed of 4000 rpm, the sol concentration of 0.4 M, the annealing tempera-
ture of 600 ◦C in air and the annealing temperature of 500 ◦C in reducing atmosphere.
The inset shows the detail of the transmission spectra at absorption edge.

the following relationship [24]:

˛h� = A(h� − Eg)n

where ˛ is the optical absorption coefficient, hv is the photon
energy, Eg is the optical bandgap, A is a constant, and the exponent n
depends on the type of the transition. For direct allowed transition,
indirect allowed transition and direct forbidden transition, n is 1/2,
2 and 3/2, respectively. In the case of ZnO, the value of n is equal to
1/2. Fig. 5 shows the plot of (˛hv)2 versus hv of the films deposited
under different Al/Zn ratios. It can be seen that the optical absorp-
tion edge shifts to a short wavelength with increasing Al/Zn ratio
from 0 to 1 at.%. The blueshift is attributed to the Burstein–Moss
effect [25]. This results from the motion of Fermi level into the con-
duction band due to an increase in the charge carrier concentration
from aluminum dopant [26]. However, the optical bandgap has lit-
tle change after the Al/Zn ratio exceeds 1 at.%, which indicates that
some aluminum atoms not occupying the zinc sites cannot cre-
ate more charge carriers despite the further growth of Al content,
Fig. 5. (˛hv)2 versus hv plot of ZnO:Al films with different Al/Zn ratios at the rotating
speed of 4000 rpm, the sol concentration of 0.4 M, the annealing temperature of
600 ◦C in air and the annealing temperature of 500 ◦C in reducing atmosphere. The
inset shows bandgap energy as a function of Al/Zn ratio.
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Fig. 6. XRD of sol–gel derived ZnO:Al films on (a) n-type (1 0 0)-oriented Si and
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he raise of Al/Zn ratio. However, it tends to saturate with further
ncrease of Al/Zn ratio.

.2. The effects of the annealing temperature in air

The XRD patterns of ZnO:Al thin films at different annealing
emperatures in air are shown in Fig. 6. All the films exhibit only ZnO
0 0 2) peaks, and the peak intensity gradually increases as anneal-
ng temperature increases, which indicates that ZnO:Al thin films
ave preferential orientation along the c-axis. The c-axis orienta-
ion in ZnO:Al thin films is not affected by the crystallographic
tructure of substrate, because c-axis-oriented ZnO:Al films can
lso be grown on glass slides (Fig. 6(b)) in spite of their amorphous
ative surface, which is a result of self-ordering effect caused by
he minimization of the crystal surface free energy [27]. Nucleation
ith various orientations can be formed at the initial stage of the
eposition and each nucleus competes to grow but only nuclei hav-

ng the lowest surface free energy can survive, i.e., c-axis orientation
s achieved. No Al2O3 phase was found from the XRD patterns,

hich implies that aluminum atoms replace zinc in the hexagonal
attice and/or aluminum segregate to the non-crystalline region in
rain boundary.

The surface morphologies of ZnO:Al thin films with various
nnealing temperatures in air are shown in Fig. 7. It is seen that the
rains grow to larger size as annealing temperature in air increases
rom 400 ◦C to 700 ◦C, which is due to the improvement of atomic
iffusion [28]. However, these grains have a very large average size
ompared to that obtained by XRD analysis in the present study.
his observation suggests that the grains seen on the film surface
re rather clusters of crystallites [29]. Meanwhile, grain bound-
ry micropores become more obvious with increasing annealing
emperature in air from the micrographs.

Fig. 8 shows the RT resistivity of ZnO:Al thin films prepared with
ifferent annealing temperatures in air. The film annealed at 600 ◦C

emonstrates the minimum resistivity value of 0.091 � cm. How-
ver, the annealing temperature beyond 600 ◦C results in a drastic
ncrease in resistivity.

The decrease in resistivity can be attributed to the improve-
ent in crystallinity and the increase in grain size. When the

ig. 7. The FESEM images of the films for annealing temperatures of (a) 400 ◦C, (b) 500 ◦C, (c
f 0.4 M, Al/Zn ratio of 0.5 at.% and the annealing temperature of 500 ◦C in reducing atmo
(b) glass slide with different annealing temperatures in air at the rotating speed of
4000 rpm, the sol concentration of 0.4 M, Al/Zn ratio of 0.5 at.% and the annealing
temperature of 500 ◦C in reducing atmosphere.

grain size increases, the grain boundaries density decreases. Con-
sequently, the limitation of the charge carrier diffusion by the grain

boundaries is reduced. This results in a decrease in resistivity [29].
However, the resistivity increases as the annealing temperature
in air further increases up to 700 ◦C, whereas (0 0 2) peak inten-
sity of ZnO:Al film in the XRD pattern also increases. The same

) 600 ◦C and (d) 700 ◦C in air at the rotating speed of 4000 rpm, the sol concentration
sphere.
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Fig. 10. (˛hv)2 versus hv plot of ZnO:Al films with different annealing temperatures
ig. 8. The RT resistivity of ZnO:Al films as a function of annealing temperature in
ir at the rotating speed of 4000 rpm, the sol concentration of 0.4 M, Al/Zn ratio of
.5 at.% and the annealing temperature of 500 ◦C in reducing atmosphere.

ehavior has been reported by Ohyama et al. [21]. According to
hem, the increase in resistivity at higher annealing temperature
robably can be attributed to the segregation of aluminum compo-
ents at the grain boundaries. The surface morphology, with large
icropores between the grains, is observed in the film annealed at

00 ◦C (Fig. 7(d)). It implies that the vaporization of ZnO probably
ccurs at higher temperature [21], which leads to an increase in
luminum concentration at the surface and the grain boundaries.
hus, the increased crystal orientation reduces the resistivity, while
he possibly increased aluminum segregation and the reduced grain
acking density increase the resistivity. These competitive effects
re thought to result in the minimum resistivity at 600 ◦C.

The influence of the annealing temperature in air on the opti-
al transmission of ZnO:Al films is shown in Fig. 9. As the glass
ubstrate happens to soften, the transmission of the ZnO:Al film
nnealed at 700 ◦C has not been shown. The average transmission
hrough both the ZnO:Al film and the glass substrate across the
isible spectrum is high (>80%), suggesting that the films are trans-
arent in the visible region. Inset of Fig. 9 shows the enlargement
f the transmission spectra of wavelength range from 340 nm to
00 nm. It can be found that the increase in annealing temperature

n air induces slope increase in the absorption edge. This indicates
he decrease in shallow-level trap concentration near the conduc-
ion band of ZnO:Al films [26]. Such decrease can be attributed to

he improvement in crystallinity and the increase in grain size as
hown in Figs. 6 and 7. Fig. 10 shows the plot of (˛hv)2 versus hv
f ZnO:Al films with different annealing temperatures in air. The
ptical bandgap varies very little with increasing the annealing

ig. 9. The transmission spectra of ZnO:Al films with different annealing tempera-
ures in air at the rotating speed of 4000 rpm, the sol concentration of 0.4 M, Al/Zn
atio of 0.5 at.% and the annealing temperature of 500 ◦C in reducing atmosphere.
he inset shows the detail of the transmission spectra at absorption edge.
in air at the rotating speed of 4000 rpm, the sol concentration of 0.4 M, Al/Zn ratio of
0.5 at.% and the annealing temperature of 500 ◦C in reducing atmosphere. The inset
shows bandgap energy as a function of annealing temperature in air.

temperature in air. Consequently, these results demonstrate that
the annealing temperature in air between 400 ◦C and 600 ◦C may
affect the charge carrier mobility while it has no significant impact
on the carrier concentration. Lin et al. [26] also reported low influ-
ence of annealing temperature in vacuum on the charge carrier
concentration, which leads to subtle change of the optical bandgap.

From this part, it can be seen that the increased annealing tem-
perature in air can improve crystal quality. The grain size increase
as the annealing temperature in air increases. The annealing tem-
perature in air presents a clear influence on the resistivity, but it
seems to have no effect on the optical bandgap.

3.3. The effects of the annealing temperature in reducing
atmosphere

Fig. 11 shows the XRD patterns of ZnO:Al thin films at different
annealing temperatures in reducing atmosphere. All the films show
a preferential crystal orientation, but the intensity of (0 0 2) peak is
influenced by the annealing temperature in reducing atmosphere.
The features of the (0 0 2) peak is analyzed by using the Lotgering
orientation factor:
f = P − P0

1 − P0

Fig. 11. XRD of sol–gel derived ZnO:Al films with different annealing temperatures
in reducing atmosphere at the rotating speed of 3000 rpm, the sol concentration of
0.4 M, Al/Zn ratio of 0.5 at.% and the annealing temperature of 600 ◦C in air.
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Table 2
Lotgering orientation factor calculated for the diffraction of (0 0 2) peak as a function
of the annealing temperature in reducing atmosphere.

Annealing temperature in
reducing atmosphere (◦C)

Lotgering orientation
factor for (0 0 2) peak

500 0.6212

w
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Compared with as-deposited film, the first decrease in resistiv-

F
t

550 0.7097
600 0.6272
650 0.5532

here

= I(0 0 2)∑
NI(h k l)

, P0 =
I0
(0 0 2)∑
NI0

(h k l)

I(0 0 2) and I(h k l) is the measured intensity, I0
(0 0 2) and I0

(h k l) is the
ntensity of the standard powder diffraction pattern. Table 2 shows
he f values corresponding to the (0 0 2) peak as a function of the
nnealing temperature in reducing atmosphere. It is obtained that
he (0 0 2) orientation first increases yet decreases as the annealing
emperature in reducing atmosphere increases. In general, the ori-
ntation of ZnO:Al thin films should be improved with increase in
nnealing temperature, but the decrease from 550 ◦C to 650 ◦C may
e due to the reducing gas’s influence and the possible segregation
f aluminum components at the grain boundaries, which can be
een from the FESEM images later. It is clear that the crystalliza-
ion quality of ZnO:Al films degrades with the rise of the annealing
emperature in reducing atmosphere. This can be attributed to the
upture of bonds in ZnO:Al lattice, which results from the reaction
f hydrogen atoms and oxygen atoms.

Fig. 12 shows the FESEM images of ZnO:Al films, prepared at dif-
erent annealing temperatures in reducing atmosphere. Uniform
urfaces with densely packed grains are observed for the films
nnealed at 500 ◦C, 550 ◦C and 600 ◦C. In contrast, the surface of
he film annealed at 650 ◦C has irregular clusters composed of the

rains with multiple grain boundary micropores. It can be seen that
he grain size has no significant change as annealing temperature
n reducing atmosphere increases up to 600 ◦C. This variation of the
rain size may be affected by two factors: on the one hand, due to

ig. 12. The FESEM images of the films for annealing temperatures of (a) 500 ◦C, (b) 550 ◦C
he sol concentration of 0.4 M, Al/Zn ratio of 0.5 at.% and the annealing temperature of 60
Fig. 13. The RT resistivity of ZnO:Al films as a function of annealing temperature
in reducing atmosphere at the rotating speed of 3000 rpm, the sol concentration of
0.4 M, Al/Zn ratio of 0.5 at.% and the annealing temperature of 600 ◦C in air.

the improvement of atomic diffusion, the increased annealing tem-
perature leads to the increase in the grain size; on the other hand,
the increased temperature may enhance the reaction of hydrogen
atoms and oxygen atoms. It will bring about rupture of bonds result-
ing in the decrease of the grain size as oxygen atoms are gradually
pulled out from the ZnO:Al lattice. Besides, the nonuniform surface
of the film annealed at 650 ◦C may result from strong reduction,
which causes the degradation in the surface morphology of the
film.

The RT resistivity of ZnO:Al films with different annealing tem-
peratures in reducing atmosphere is shown in Fig. 13. The resistivity
of the film has little change as the annealing temperature increases
from 500 ◦C to 600 ◦C. However, the annealing temperature of
650 ◦C leads to a significant increase in resistivity. The resistiv-
ity of as-deposited film, which has not been annealed in reducing
atmosphere, is over 102 � cm (not shown in Fig. 13).
ity can be attributed to the increase in the number of charge carriers
due to the reduction reaction of hydrogen. And then the little vari-
ation of the resistivity with increasing annealing temperature from
500 ◦C to 600 ◦C may be due to the decrease in the orientation of

, (c) 600 ◦C and (d) 650 ◦C in reducing atmosphere at the rotating speed of 3000 rpm,
0 ◦C in air.
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ig. 14. The transmission spectra of ZnO:Al films with different annealing tem-
eratures in reducing atmosphere at the rotating speed of 3000 rpm, the sol
oncentration of 0.4 M, Al/Zn ratio of 0.5 at.% and the annealing temperature of
00 ◦C in air.

nO:Al films and little change of the grain size, though the num-
er of charge carriers should increase as a result of the reduced
bsorbed oxygen. The obvious increase of the resistivity at anneal-
ng temperature of 650 ◦C is in relation to poor morphology, which
an be seen from Fig. 12. The mobility of charge carriers is greatly
ecreased because of large micropores between the grains. In addi-
ion, the enhancement of the reduction reaction of hydrogen at high
nnealing temperature can result in the segregation of amorphous
inc and aluminum components at the grain boundaries, which
ay also decrease the mobility of charge carriers. Besides, from

he result of the XRD patterns, it is visible that the crystallization
uality degrades severely with the rise of annealing temperature

n reducing atmosphere.
Fig. 14 shows the optical transmission of ZnO:Al films with

ifferent annealing temperatures in reducing atmosphere. The
verage transmission through both the ZnO:Al film and the glass
ubstrate across the visible spectrum is above 80%. The influence of
he annealing temperature in reducing atmosphere on the opti-
al transmission of the films is not apparent. Fig. 15 shows the
lot of (˛hv)2 versus hv of ZnO:Al films with different annealing
emperatures in reducing atmosphere. It is obvious that the opti-
al absorption edge exhibits a blueshift with increasing annealing

emperature in reducing atmosphere, which is attributed to the
urstein–Moss effect [25]. Sufficient reduction causes the increase

n the charge carrier concentration as the annealing temperature
ncreases. It indicates that the annealing step in reducing atmo-
phere dominates the generation of conduction carriers.

ig. 15. (˛hv)2 versus hv plot of ZnO:Al films with different annealing temperatures
n reducing atmosphere at the rotating speed of 3000 rpm, the sol concentration
f 0.4 M, Al/Zn ratio of 0.5 at.% and the annealing temperature of 600 ◦C in air. The
nset shows bandgap energy as a function of annealing temperature in reducing
tmosphere.
Fig. 16. XRD of sol–gel derived ZnO:Al films with different sol concentrations at
the rotating speed of 3000 rpm, Al/Zn ratio of 0.5 at.%, the annealing temperature of
600 ◦C in air and the annealing temperature of 500 ◦C in reducing atmosphere.

It is clear that the increased annealing temperature in reduc-
ing atmosphere can result in the degradation of the crystallization
quality, which is opposite to the effect of the annealing temperature
in air. There is little change in the grain size and resistivity when
ZnO:Al films are annealed at 500–600 ◦C in reducing atmosphere,
but the rise of the annealing temperature in reducing atmosphere
can induce the increase of the optical bandgap.

3.4. The effects of the sol concentration

The XRD patterns for ZnO:Al thin films with different sol concen-
trations are shown in Fig. 16. All the peaks related to wurtzite ZnO
structure are identified to exhibit (0 0 2) preferential orientation.
Table 3 shows the Lotgering orientation factor f values correspond-
ing to the (0 0 2) peak as a function of the sol concentration. It can be
seen that the (0 0 2) orientation decreases with the increase in sol
concentration. As already reported [30], the degree of orientation
is closely linked with the amount of reactant available to form the
oxide: the most diluted solution leads to the highest oriented film.
When the concentration of the solution increases, the nucleation is
enhanced. Meanwhile, thicker films growth is less governed by the
minimization of surface energy, so less oriented films are produced.

The surface morphologies of ZnO:Al thin film with various sol
concentrations are shown in Fig. 17. There is a little increase in
the grain size of the films as the sol concentration increases. Uni-
form surfaces with densely packed grains are observed for the films
prepared from 0.2 M and 0.4 M solutions. But when the sol con-
centration increases to 0.6 M, grain boundary micropores become
apparent.

Fig. 18 shows the RT resistivity of ZnO:Al films with different sol
concentrations. It seems that sol concentration plays a trivial role in
determination of resistivity. In fact, the resistivity is determined by
charge carrier concentration and mobility. On the one hand, it has
been calculated that the strain value in ZnO:Al films increases with
the increase of sol concentration. According to Dutta et al. [31], the

increased strain in the film leads to the increase in the number of
defect, which further caused an increase of the charge carrier con-
centration. Meanwhile, the film with larger grain size has higher
charge carrier concentration, which result from the grain bound-
ary barrier effect [32]. Therefore, the charge carrier concentration

Table 3
Lotgering orientation factor calculated for the diffraction of (0 0 2) peak as a function
of sol concentration.

Sol concentration (M) Lotgering orientation factor for (0 0 2) peak

0.2 0.7990
0.4 0.6212
0.6 0.5562
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Fig. 17. The FESEM images of the films for sol concentrations of (a) 0.2 M, (b) 0.4 M and (c) 0.6 M at the rotating speed of 3000 rpm, Al/Zn ratio of 0.5 at.%, the annealing
temperature of 600 ◦C in air and the annealing temperature of 500 ◦C in reducing atmosphere.
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ig. 18. The RT resistivity of ZnO:Al films as a function of sol concentration at the
otating speed of 3000 rpm, Al/Zn ratio of 0.5 at.%, the annealing temperature of
00 ◦C in air and the annealing temperature of 500 ◦C in reducing atmosphere.

hould increase with the sol concentration. On the other hand, due
o the decreased crystal orientation and the gradually deteriorative

orphology, the mobility of charge carriers is diminished by the
ncrease of electron scattering. Therefore, these two factors result in
ittle variation of resistivity with variant sol concentrations. A high
egree of orientation is expected to favor the decrease in resistivity.
owever, there are other results showing that there is no inevitable

elation between the orientation and the resistivity. Ohya et al. [33]
bserved columnar grains by TEM, whereas the resistivity was as
igh as 3.6 � cm. Tahar et al. [34] reported ZnO films with very low

esistivity, nevertheless, the degree of orientation was not high.

Fig. 19 shows the effect of sol concentration on the optical
ransmission of ZnO:Al films. In the visible region the optical trans-

ission of all the films is over 80%. In the UV region the transmission
ecreases sharply at approximately 375–385 nm. The plot of (˛hv)2

ig. 19. The transmission spectra of ZnO:Al films with different sol concentrations
t the rotating speed of 3000 rpm, Al/Zn ratio of 0.5 at.%, the annealing temperature
f 600 ◦C in air and the annealing temperature of 500 ◦C in reducing atmosphere.
Fig. 20. (˛hv)2 versus hv plot of ZnO:Al films with different sol concentrations at
the rotating speed of 3000 rpm, Al/Zn ratio of 0.5 at.%, the annealing temperature of
600 ◦C in air and the annealing temperature of 500 ◦C in reducing atmosphere. The
inset shows bandgap energy as a function of sol concentration.

versus hv of the films with different sol concentrations is shown in
Fig. 20. The optical absorption edge shifts to a short wavelength
with increasing sol concentration from 0.2 M to 0.6 M, which sug-
gests the increase of the carrier concentration. It is visible that the
morphology was degraded as the sol concentration increases. The
films prepared from higher concentration solutions contain much
more defects such as oxygen vacancies, which constitute an impor-
tant source of the charge carriers [29,31].

In conclusion, as sol concentration increases, the degree of ori-
entation in ZnO:Al films decreases, whereas the grain size and
the optical bandgap increase. However, sol concentration seems
to have little influence on the resistivity.

4. Conclusion

ZnO:Al films were prepared by sol–gel method. In this study,
the influences of Al/Zn ratio, the annealing temperature in air, the
annealing temperature in reducing atmosphere and the sol con-
centration on the structural, morphological, electrical and optical
characteristics have been reported. The results observed are sum-
marized as follows:

(1) The grain size of aluminum-doped films is smaller than that of
undoped film. Al/Zn ratio of 0.5 at.% causes a minimum resistiv-
ity of 0.091 � cm. The optical bandgap increases to saturation
as Al/Zn ratio increases to 1 at.%.

(2) The functions of the annealing steps in air are different from that
in reducing atmosphere. The increased annealing temperature

in air can improve crystal quality, while the annealing step in
reducing atmosphere results in the increase of charge carrier
concentration by releasing localized electrons. The excessively
elevated annealing temperature in reducing atmosphere can
degrade the film morphology.
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3) The increasing sol concentration brings about the increase of
the grain size and optical bandgap, but the sol concentration
seems to have little effect on the resistivity.
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