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Abstract

Transparent and conductive high-preferential c-axis-oriented Al-doped zinc oxide (ZnO:Al, AZO) thin films have been prepared by the

sol–gel route. Film deposition was performed by spin-coating technique on Si(1 0 0) and glass substrate. Structural, electrical and optical

properties were performed by XRD, SEM, four-point probe, photoluminescence (PL) and UV-VIS spectrum measurements. The effects

of annealing temperature and dopant concentration on the structural and optical properties are well discussed. It was found that both

annealing temperature and doping concentration alter the microstructures of AZO films. Also, PL spectra show two main peaks centered

at about 380 nm (UV) and 520 nm (green). The variation of UV-to-green band emission was greatly influenced by annealing temperatures

and doping concentration. Reduction in intensity ratio of UV-to-green might possibly originate from the formation of Al–O bonds and

localized Al-impurity states. The minimum sheet resistance of 104O/& was obtained for the film doped with 1.6mol% Al, annealed at

750 1C. Meanwhile, all AZO films deposited on glass are very transparent, between 80% and 95% transmittance, within the visible

wavelength region. These results imply that the doping concentration did not have significant influence on transparent properties, but

improve the electrical conductivity and diversify emission features.

r 2005 Elsevier B.V. All rights reserved.

PACS: 70.; 73.61.Ga; 73.90+f; 68.60.�p

Keywords: B1. ZnO:Al; B2. semiconducting II–VI materials
1. Introduction

Zinc oxide (ZnO) is a wide-band gap II–VI semiconduc-
tor with very attractive properties such as high transpar-
ency in the 0.4–2 mm optical wavelength range, high
piezoelectric constant, large electro-optic coefficient, and
large exciton binding energy of �60meV at room
temperature [1–4]. In recent years, the fabrication of
ZnO-based films has attracted a considerable amount of
interest due to their potential application in solar cells, gas
sensors, optical waveguides, surface acoustic devices,
piezoelectric transducers and varistors [5–9]. In addition,
e front matter r 2005 Elsevier B.V. All rights reserved.
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doping of ZnO with various elements has been reported to
improve their electrical conductivity for use in optoelectric
devices. Therefore, doped ZnO films are alternative
materials to tin oxide and indium tin oxide, which have
been widely used as transparent conducting oxide (TCO)
because of their superior electrical and optical properties,
abundance in nature, nontoxicity, and the excellent
stability in hydrogen plasma, an unavoidable processing
ambient in silicon-related fields [10].
It is well known that the structural properties and

dopants may determine the electronic and photolumines-
cence (PL) properties of the materials. The typical dopants
that have been used to enhance the conductivities of ZnO
are the group III (B, Al, In, Ga) of the periodic table.
Among them, Al-doped ZnO films have been widely
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Fig. 1. (a) XRD patterns of 3mol% Al-doped ZnO films as a function of

the annealing temperature. (b) XRD patterns of 750 1C AZO films with 1,

1.6 and 3mol% aluminum-doping concentration.
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studied and are considered as candidate materials for
organic electroluminescence displays [11]. Several techni-
ques have been used for the preparation of ZnO thin films
such as spray pyrolysis [12], chemical vapor deposition [13],
sputtering [14], reactive evaporation [15], pulsed laser
ablation, filtered cathodic vacuum arc technique [16,17],
and hydrothermal method [18,19]. A number of reports
have also been published on sol–gel-derived undoped and
impurity-doped zinc oxide films [20–22]. Despite the
crystalline quality being inferior to other vacuum deposi-
tion techniques, the sol–gel technique still has distinct
advantages such as cost effectiveness, simplicity, excellent
compositional control, homogeneity and lower crystal-
lization temperature. Moreover, incorporation of dopants
is easier in this technique. Hence, this technique is suitable
for frontier researches.

In the present study, Al-doped ZnO (AZO) thin films
with 0–5% molar concentrations were prepared by sol–gel
method. Previous works mostly focused on the electrical
and optical properties influenced by either dopants or
thermal treatments. Different from their investigation, the
influences of dopant concentration and thermal treatment
on the structural, electrical and optical properties were
investigated.

2. Experimental procedure

Zinc acetate-2-hydrate [Zn(CH3COO)2 �H2O] and alu-
minum nitrate nonahydrate [Al(NO3)3 � 9H2O] were chosen
as the starting materials, and alcoholic solution were used
as solvent. The details of the preparation method are
similar to those described in earlier literatures. The
concentration of zinc acetate was chosen to be 1mol l�1,
and the precursor solution has been mixed thoroughly by a
magnetic stirrer. Appropriate amounts of aluminum
doping were achieved by adding aluminum nitrate to the
precursor solution. In our experiment, the dopant level,
determined by 100� [Al]/[Al+Zn], was varied from 0 to
5mol%. The resultant solution was stirred at 80 1C for 2 h
to yield a clear and homogeneous solution, which served as
the coating solution after cooling down to room tempera-
ture. The coating was usually made 3 days after the
solution was prepared.

The solution was spinning-coating onto fused quartz and
Si(1 0 0) wafer substrates, which were rotated at 3000 rpm
for 30 s. After each layer deposition, the gel layers were pre-
heated at 350 1C for 20min over a hot plate to evaporate
the solvent and remove organic residuals. The process was
repeated several times to obtain a desired thickness. After
the deposition of the last layer, the films were inserted into
a furnace and annealed in ambient atmosphere at several
temperatures from 450–850 1C for 1 h.

X-ray diffraction (XRD, Siemens D5000) analyses were
conducted using Cu-Ka radiation to determine the crystal-
linity of the AZO films. Surface and cross-section
morphology were examined by a Hitachi S-4300 scanning
electron microscope (SEM). The electrical resistance was
measured by a four-point probe method. Optical transmit-
tance measurements were carried out using a UV–VIS–
NIR spectrophotometer. The PL spectra were recorded at
room temperature using a He–Cd laser at the wavelength
of 325 nm as excitation source.

3. Results and discussions

Typical XRD patterns of the 3mol% AZO thin films
annealed at various temperatures are shown in Fig. 1(a).
XRD spectra in Fig. 1(a) show that the sol–gel-derived
ZnO:Al films developed without the formation of secondary
phases and clusters such as Al2O3 and amorphous ZnO. All
films exhibit only the (0 0 2) peak, indicating that they have
c-axis preferred orientation due to self-texturing phenom-
enon. From Fig. 1(a), it is readily observed that the intensity
of the (0 0 2) diffraction peak increases when the annealing
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temperature rises up to 850 1C, and the crystallinity of the
films determined from the full-width at half-maximum
(FWHM) values shows the same trend. Both tendencies
indicate a common representative of the improvement in
crystalline quality with raising annealing temperature.
Usually, it is suggested that the crystallinity can be enhanced
while one increases the annealing temperatures, consistent
with the XRD results of Fig. 1(a). To calculate the average
grain size of the samples, the Scherrer’s equation [23],

d ¼
0:9l

B cos yB
, (1)
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Fig. 2. (a) and (b) Plots of ðahnÞ2 against hn for ZnO films with different Al-do

linear absorption edge part. (b) The optical transmittance spectrum of undop
is employed. Where l is the x-ray wavelength of 1.54 Å, yB is
Bragg diffraction angle, and B is the FWHM of yB. The
calculated average crystallite sizes of pure ZnO thin films
annealed at 450, 550, 650 and 750 1C are 10, 11, 11.5 and
13nm, respectively. The results imply that the grain size of
sol–gel-derived films enlarge with the increasing annealing
temperatures, which can be understood by considering the
merging process induced from thermal treatment. For ZnO
nanoparticles, there are many dangling bonds related to the
zinc of oxygen defects at the grain boundaries. As a result,
these defects are favorable to the merging process to form
larger grains while increasing the annealing temperature.
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Fig. 3. (a) Planar SEM micrographs of undoped and 5mol% Al-doped

ZnO thin films annealed at various temperatures from 450 to 850 1C. (b)

Cross-sectional SEM images of 5mol% Al-doped ZnO film annealed at

750 1C, and the presence of two-layer can be observed. Ta represents the

annealing temperature and the scale bar is 500 nm.
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Moreover, the (0 0 2) diffraction peak intensities of AZO
films decreased with increased doping concentrations more
than 1.6mol% as shown in Fig. 1(b). This indicates that an
excess increase in doping concentration deteriorates the
crystallinity of films, which may be due to the formation of
stresses by the difference in ion size between zinc and the
dopant and the segregation of dopants in grain boundaries
for high doping concentrations.

As high transparency is the most important factor in the
application of ZnO:Al films to TCOs, the optical transmit-
tance was determined by a spectrophotometer within the
wavelength from 350 to 850 nm. Regardless of the Al
contents in the films, AZO films annealed above 450 1C
demonstrate transmittance of above 80% in the range of
the visible spectrum. Band gap energies estimated from the
absorption edges of 750 1C annealed AZO films were
shown in Fig. 2(a). Similar to the structure of ZnO, the
ZnO:Al film has a direct band gap. The absorption edge for
direct interband transition is given by [24]:

ahn ¼ Cðhn� EgÞ
1=2, (2)

where C is a constant for a direct transition, and a is the
optical absorption coefficient. The optical energy gap Eg

can then be obtained from the intercept of ðahnÞ2 vs. hn for
direct transitions. Better linearity for ðahnÞ2 vs. hn was
observed as shown in Fig. 2(a), and the energy gap was
obtained by extrapolating the linear absorption edge part
of the curve using Eq. (2). Fig. 2(b) plots the transmittance
of pure ZnO film. The sharp absorption edge revealed at
wavelength of about 375 nm, which is very close to the
intrinsic band gap of ZnO (3.3 eV), implies the films possess
good crystal quality. It is noteworthy that a significant
blue-shift in optical energy gap was examined while we
raised the Al contents to 3mol%. At the annealing
temperature of 750 1C, the ZnO film doped with 3mol%
aluminum shows the largest optical band gap correspond-
ing to the highest carrier concentration of the films. The
observation might be due to the Burstein–Moss effect
which described the blue-shifting of the absorption edge of
a degenerate semiconductor with an increasing carrier
concentration. On the other hand, the decrease of Eg for
the ZnO films doped with 5mol% Al suggests that excess
Al atoms do not activate due to segregation at the grain
boundaries.

Fig. 3 shows SEM micrographs of pure and 5mol%
AZO thin films annealed at various temperatures. The
microstructure of the films consists of many round-shaped
particles. With increasing annealing temperatures, the
surface morphologies of the films reveal a noticeable
transformation. At annealing temperature of 450 1C, the
film contains fine grains and the particle size is about 50
and 20 nm for undoped and 5mol% AZO films, respec-
tively. Once annealing temperature increases, the grains
become larger and densely packed. As expected, XRD
analysis underestimates the mean grain size. Cracks are
also observed in the films, and the formation of cracks
probably originates from the different thermal expansion
coefficients of the ZnO film and the substrate. In particular,
the particle size of the films doped with aluminum became
smaller with increasing doping concentration. This is
because grain growth was disturbed by compression
stresses due to the difference in ionic radii between zinc
and aluminum (rZn2þ ¼ 0:074 nm and rAl3þ ¼ 0:054 nm).
Cross-sectional SEM image of 5% AZO thin film is shown
in Fig. 3(b). The presence of two-layer can be observed
from the SEM image, where grains near the substrate were
round and a columnar structure was seen over the grains.
During the nucleation process on lattice-mismatch sub-
strates, a random orientation of the crystallites is obtained.
Later, the crystallites are oriented with their fastest growth
(0 0 1) planes during film growth, thus leading to axial
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Fig. 4. (a) PL spectra of the undoped and 5mol% Al-doped ZnO films annealed at various temperatures. (b) The UV-to-green emission ratio of 850 1C

annealed undoped and 5mol% Al-doped ZnO samples. The intense UV emission at 380 nm and the weak emission at approximate 520 nm, as indicated by

arrows, are attributed to excitonic and defect-related recombination.

S.-Y. Kuo et al. / Journal of Crystal Growth 287 (2006) 78–8482
texture. Similar result has also been reported in other
literature [25].

To investigate the effect of the annealing temperature on
film quality, the room-temperature PL spectra of AZO thin
films are plotted in Fig. 4. As shown in Fig. 4, the PL
spectra of AZO show two distinct peaks: one narrow peak
in the UV region and one broad green band. The UV
emission centered at about 380 nm might originate from
excitonic recombination corresponding to the band-edge
emission. The defect-related green band is believed to relate
to oxygen vacancies. It can be seen from Fig. 4 that the
peak intensity of UV emission varies with annealing
temperatures. In particular, all AZO films annealed at
450 1C shows the local maximum UV emission, and the UV
emission intensity monotonically increases from 550 to
750 1C. Our observation is contrary to the common
comprehension about the influence of thermal treatment
on crystallinity. This behavior can be understood phenom-
enally by considering the formation of defects. As the ZnO
film was annealed at low temperature of 450 1C, the rate of
formation point defects is low. Accordingly, efficient
excitonic emission can be easily achieved. For the
temperature higher than 450 1C, more defects responsible
for the nonradiative transition will be introduced into the
films. This is why film annealed at around 550 1C show
poor UV emission than that annealed at 450 1C. Further-
more, higher annealing temperatures (between 550–750 1C)
facilitate the migration of grain boundaries and promote
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the coalescence of small crystals, and thus favor a decrease
of the concentration of nonradiative recombination
centers. In addition to thermal treatment, dopant concen-
tration plays an important role in the mechanism
responsible for the luminescence as well. It is notable that
the UV-to-green emission ratio decreases with increasing
doping concentration. The intensity ratios of UV emission
to green emission are 3 and 12.5 for the 850 1C annealed
undoped and 5mol% AZO films, respectively. One cause is
most likely due to the formation of Al–O bonds in
AZO films. It is known that the enthalpies of formation
for Al2O3 ðDG0

298 ¼ �1492 kJ=molÞ are much smaller than
that for ZnO ðDG0

298 ¼ �324 kJ=molÞ. Thus the addition of
Al dopants might prevent oxygen desorption from contain-
ing oxygen vacancies, which relates to the deep-level
defects. This high intensity ratio manifests the addition of
aluminum dopant modifies the intensity of green emission
due to oxygen-deficient, which have been extensively
discussed. Another possibility of the variation in intensity
ratio can be ascribed to localized Al-impurity states [26].
The electron charge transfer from localized impurity states
to the conducting states is reduced due to potential
fluctuation of Al impurities formed in AZO films. We
might speculate that an increase of localization energy due
to high Al-doping induces an increase in nonradiative
transition rate. Both probable mechanisms have contrib-
uted to the reduction in green-band emission. Further
investigations are needed to verify the physical mechanism
underlying.

Electrical resistivity variation of the films annealed at
750 1C as a function of doping concentration is plotted in
Fig. 5. At 1.6mol% aluminum doping, the lowest electrical
resistivity values of film was obtained, which is approxi-
mately one order of magnitude smaller than others.
It is well known that the n-type conductivity in non-
stoichiometric ZnO is due to the presence of oxygen
vacancies and interstitial zinc. Because the electrical
conductivity of ZnO is directly related to the number
of electrons, electrons formed by the ionization of
the interstitial zinc and the oxygen vacancies will affect
the electrical conductivity of ZnO. Comparing Al-doped
with undoped ZnO films, the decrease in electrical
resistivity at initial doping concentration might result
from the increase in carrier concentration. However,
the increase in the electrical resistivity with further
increase in doping concentration may be due to a
decrease in mobility of carriers caused by segregation
of dopants at the grain boundary. In AZO films,
aluminum was acting as an electrical dopant at
initial doping concentration but as an impurity at higher
doping concentrations. Also, the inset of Fig. 5 indicates
that the electrical properties of AZO are modified by
thermal treatments. Consequently, we can conclude that
the doping concentration and thermal treatment are
important factors in intrinsic and extrinsic defects of
sol–gel-derived AZO films, and thus affects its electrical
conductivity.
4. Conclusion

In conclusion, highly c-axis-oriented Al-doped ZnO thin
films have been prepared by the well-established sol–gel
technique under suitable thermal treatment. Structural,
electrical, and optical properties were investigated to
explore a possibility of producing TCO films through
low-cost process. The impacts of the doping concentration
and annealing temperatures on the structural and optical
properties of the films were studied in detail. XRD results
indicate that the crystallinity was enhanced as increasing
annealing temperature. Meanwhile, the reduction in (0 0 2)
diffraction peak reveals that an increase in doping
concentration deteriorates the crystallinity quality, which
may be due to the formation of stresses by the difference in
ion size between zinc and the dopant and the segregation of
dopants in grain boundaries. The evolution of grain size
and texture due to aluminum dopant was characterized by
SEM images. Particularly, the variation in UV emission
intensity was attributed to the probability of formation of
defects dominated by the annealing temperatures. In
addition, dopant concentration also plays an important
role in the mechanism responsible for the variation in
intensity ratio of UV-to-green emission. The minimum
sheet resistance of 1.54� 104O/& was obtained for the film
doped with 1.6mol% Al, annealed at 750 1C. These results
indicate that suitable doping and thermal treatment cannot
only improve the crystalline and electrical properties of
AZO films, but also modify its luminescent characteristic.
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Therefore, Al-doped ZnO films might be a promising
candidate for further photonic applications.
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