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Effects of Al doping on defect behaviors of ZnO thin film
as a photocatalyst
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Al doped ZnO (AZO) thin films were prepared on silica substrates by sol-gel method. The films showed a hexagonal
wurtzite structure with a preferred orientation along c-axis. Suitable Al doping dramatically improved the crystal quality com-
pared to the undoped ZnO films. Dependent on the Al dopant concentration, the diffraction peak of (0 0 2) plane in XRD
spectra showed at first right-shifting and then left-shifting, which was attributed to the change in defect concentration induced
by the Al dopant. Photocatalytic properties of the AZO film were characterized by degradation of methyl orange (MO) under
simulated solar light. The transmittance of the films was enhanced by the Al doping, and the maximum transmittance of 80 %
in the visible region was observed in the sample with Al concentration of 1.5 at.% (mole fraction). The film with 1.5 at.% Al
doping achieved also maximum photocatalytic activity of 68.6 % under solar light. The changes in the film parameters can be
attributed to the variation in defect concentration induced by different Al doping content.
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1. Introduction

ZnO is a transparent direct wide-band gap II-
VI compound semiconductor with a bandgap of
3.37 eV and exciton binding energy of 60 meV
at room temperature, which makes it an effi-
cient exciton emission material at room temper-
ature [1, 2]. The band gap engineering of ZnO
is essential for developing transparent photonic
devices, transparent electronic devices and trans-
parent conductive electrodes. Due to the excel-
lent properties, ZnO is furthermore considered
as a very promising functional material for elec-
tronics, optoelectronics, nanoelectronics and elec-
tronic devices, such as ultraviolet-visible (U-Vis)
lasers, light-emitting diodes, field emission de-
vices, high-performance sensors, solar cells, piezo-
electric nanogenerators [3–6].

Moreover, ZnO is an attractive material in pho-
tocatalytic field due to its unique properties [7].
However, two shortages affect the application of
ZnO as a photocatalyst: (1) the wide band gap
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limits its application to the ultraviolet region, and
(2) the high recombination rate of exitons short-
ens the exciton lifetime. The UV radiation ac-
counts for only 4 % of the incoming solar radi-
ation, while about 43 % of solar energy belongs
to the visible light (wavelength between 390 nm
to 760 nm). Thus, many researchers attempt to ex-
pand the photoresponse of ZnO to visible light re-
gion [8, 9]. In the studies, doping with the ele-
ments such as Al, In, Ga, is a typical method to im-
prove the properties of ZnO. Among the dopants,
Al has proven to be effective to obtain high quality
samples with the modified transparency and emis-
sion efficiency in the visible and ultraviolet/blue
regions [10–13]. Many studies showed that the Al
doped ZnO (AZO) thin film can improve the elec-
tric properties effectively compared with undoped
ZnO thin film [14]. Furthermore, AZO thin film has
many other advantages, such as rich resources, low
price, non-toxicity, excellent stability, etc. Many
methods have been adopted for the preparation of
AZO film, including sol-gel, chemical vapor de-
position, molecular beam epitaxy (MBE), mag-
netron sputtering [15–19], etc. Different techniques
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for the preparation of ZnO film have given
ZnO thin film with slightly differentiated prop-
erties. Among these techniques, sol-gel process
has distinct advantages over other approaches,
such as the simple process, uniform film quality,
and low cost [20].

The structural and optical properties of doped
ZnO thin film is also a valuable topic for the study
of ZnO thin films. In this paper, the effects of Al
doping on the structural and optical properties of
ZnO thin film have been studied to reveal the rela-
tionship between crystal structure, defects and opti-
cal properties. Furthermore, the photocatalytic be-
havior of AZO film in the degradation of MO solu-
tion have been investigated.

2. Experimental
The AZO samples were synthesized by sol-

gel method on silica substrates. Zinc acetate dihy-
drate [Zn(CH3COO)2 · 2H2O, purity > 99.99 %]
was selected as the precursor, and aluminum ni-
trate nonahydrate (Al(NO3)3 · 9H2O) was adopted
as a source material of Al dopant. A certain amount
of Zn(CH3COO)2 · 2H2O was dissolved in the
mixed solution of ethanol and monoethanolamine
(HO(CH2)2NH2, (MEA), purity > 99.0 %),
and the solution was stirred at room tempera-
ture for 30 minutes, then a certain amount of
Al(NO3)3·9H2O was added. The final solution was
stirred at 70 °for 2 hours, and the homogeneous
sol solution was obtained. Then the solution was
left for 48 hours to stabilize. The molar ratio of
MEA to Zn(CH3COO)2 · 2H2O was kept constant
at 1:1, where the concentration of Zn(CH3COO)2
was fixed at 0.6 mol/L, while the Al molar concen-
tration varied from 0 at.% to 2.0 at.%.

The AZO samples were prepared by repeated
spin-coating with a rotational speed of 3000 rpm
to get an expected thickness. Before the depo-
sition, the silica substrates were ultrasonically
cleaned in distilled water, hydrochloric acid, ace-
tone, and ethanol in turn. The samples were pre-
heated at 400 °C for 1 hour after each gel layer
coating, which was repeated several times as re-
quired. Finally, the samples were annealed at
900 °C for 1 hour, and a layer of AZO thin film

Fig. 1. Schematic diagram of the photocatalysis system.

on the silica substrate with a thickness about
500 nm was formed. The final volume of the ZnO
film was 10 mm × 10 mm × 500 nm.

The formation mechanism of ZnO is as
follows [21]:

Zn(CH3OO)2→ Zn2++2CH3OO− (1)

C6H12N4 +6H2O→ 6HCHO+4NH3 (2)

NH3 +H2O→ NH+
4 +OH− (3)

Zn2++2OH−→ Zn(OH)2 (4)

Zn(OH)2→ ZnO+H2O (5)

To investigate the photocatalytic characteris-
tics of the AZO samples, 5 mL (0.02 mol/L) MO
(C14H14N3O3S·Na, AR) solution was prepared.
The AZO samples were dipped in the solution,
and the solution concentration was checked ev-
ery 30 minutes under irradiation of simulated so-
lar light. The power, current and voltage of the Xe
lamp (CEL-500/350) were 500 W, 20 A and 20 V,
respectively, and the distance between the Xe lamp
and the MO solution was about 15 cm. The change
in MO solution concentration during the photo-
catalytic degradation was measured by a UV-Vis
spectrometer.
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Fig. 1 shows a schematic diagram for the study
of photocatalytic activity of ZnO as a catalyst under
irradiation with simulated solar light.

The surface morphologies of the AZO sam-
ples were characterized by a field emission scan-
ning electron microscopy (FE-SEM), the structural
properties of the samples were investigated by an
X-ray diffractometer (XRD), and the optical prop-
erties were examined by UV-Vis spectroscopy and
photoluminescence (PL).

3. Results and discussion
The X-ray patterns presented in Fig. 2 confirm

the wurtzite structure of the AZO samples. Fig. 2a
describes the XRD patterns of ZnO films prepared
at different rotational speeds of spin-coating during
the sample preparation process. The characteristic
peaks indicate that the ZnO sample fabricated at a
low rotation speed of 60 rpm has a wurtzite struc-
ture. When the rotational speed was increased to
3000 rpm, only the (0 0 2) peak became distinct
while other peaks became fuzzy, which illustrates
a preferred orientation along the (0 0 2) plane of
the lattice at 2θ = 34.43°. The X-ray diffraction
patterns in Fig. 2b belong to the samples fabri-
cated at 3000 rpm and show a preferred orienta-
tion of hexagonal wurtzite structure. As shown in
Fig. 2b, the peak intensity of the XRD patterns in-
creases firstly, and then decreases, depending on Al
doping concentrations. The strongest (0 0 2) peak
appears in the AZO sample with Al concentration
of 1.5 at.%. Fig. 2c shows an enlarged image of
Fig. 2b, where a peak shifting can be observed
obviously. With increasing of Al content, right-
shifting of the peak followed by left-shifting can
be observed. This is caused by the difference in the
ions radii of Al3+ (0.54 Å), and Zn2+ (0.74 Å) [22].
At a low Al concentration, Al ions mainly occupy
substitutional positions of Zn ions more than other
positions in the lattice, which causes a shrinkage
of the crystal, thereby a reduction of lattice param-
eter which leads to a right-shifting of the (0 0 2)
peak in X-ray measurement. While at a high Al
concentration, exceeding 0.5 at.%, the Al amount
exceeds the solid solubility limit in ZnO crystal,
the excessive dopant atoms go into the interstitial

space of ZnO lattice which induces an expansion of
ZnO lattice. When the doping concentration of Al
approaches 2 at.%, a slight right-shifting appears
on the (0 0 2) peak which indicates a shrinkage
of the lattice. The heavy doping leads to the for-
mation of Al related second phase existing at grain
boundaries which stresses the lattice and results in
the lattice shrinkage. The amount of the second
phase is too low to be detected with X-ray mea-
surement, however, it is confirmed with the follow-
ing SEM measurement. Therefore, at the Al doping
concentration of 1.5 at.%, the distortion of lattice is
compensated by the substituted Al ions and the in-
terstitial Al atoms. Fig. 2d shows the relationship
between the full width at half maximum (FWHM)
and the grain size. With the increase of doping con-
centration, the FWHM decreases at first and then
increases, while the internal stress increases at first
and then decreases, which is caused by the doping
of Al ions as discussed above, coinciding with the
opinion of other researchers [21]. Grain size is usu-
ally calculated by Scherer equation [23]:

D = Kλ/(β cosθ) (6)

D is the grain size, K is a constant, λ is the wave-
length, β is FWHM, θ is diffraction angle. The cal-
culated grain sizes of the AZO samples varied from
30 nm to 50 nm.

Linear refractive index can be obtained through
the following equation [24]:

N = α +βEg (7)

N is the linear refractive index, α is absorption co-
efficient (α= 4.048), β is FWHM, Eg is a band gap
energy. The calculated linear refractive indexes for
undoped ZnO and 1.5 at.% Al doped ZnO samples
are 4.65497 and 4.61905 [25].

The surface morphologies of the ZnO film sam-
ples with different Al concentrations are presented
in Fig. 3. As shown in Fig. 3, with increasing of
Al concentration, the crystal quality of the AZO
film becomes better which is confirmed by the in-
crease in grain size, the decrease of surface defects,
as well as uniformity of the grains. It shows that a
proper amount of Al doping can improve the crys-
tal quality of ZnO sample. In contrast, the excess Al
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Fig. 2. X-ray measurements: (a) XRD patterns of ZnO
films prepared at the different rotational speeds;
(b) XRD patterns of the AZO samples with dif-
ferent Al content; (c) enlarged image of (b),
and (d) relationship between the FWHM and the
grain size.

Fig. 3. SEM images of AZO samples with different
Al content of 0.5 at.% (a, b), 1.0 at.% (c, d),
1.5 at.% (e, f), and 2.0 at.% (g, h); (i) distribution
of grain sizes on the surface of a sample doped
with 1.5 at.% Al.

Fig. 4. Energy dispersive X-ray spectrum (EDXS) of an
AZO sample doped with 1.5 at.% Al.
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doping leads to a loose morphology of the sample,
as shown in Fig. 3g and Fig. 3h, due to the forma-
tion of Al related second phase at the grain bound-
aries which can be easily observed as numerous
white dots in Fig. 3h. The results are well consistent
with the X-ray measurement. The grain sizes of the
sample doped with 1.5 at.% Al were examined by
the SEM at a magnification of ×30000, as shown in
Fig. 3i. Particles with the size in 1 nm to 200 nm
range cover 76.2 % of all particles. Fig. 4 shows
an energy dispersive X-ray spectrum (EDXS) for
the 1.5 at.% of Al doped ZnO sample. The atomic
ratio of O, Zn and Al is 42.90:46.45:1.72, which
indicates that Zn atoms are slightly in excess in the
sample due to escape of O atoms from the crystal
during the heat treatment process. The escape of O
atoms also brings an amount of O vacancies which
are favorable for utilization of visible light.

UV-Vis absorption spectra of the AZO samples
are shown in Fig. 5a, where the absorption peak
at 385 nm is an intrinsic peak of ZnO attributed
to the Al related defect energy level in ZnO lat-
tice. The peak intensity shows a decreasing ten-
dency with increasing Al content [26]. In the sam-
ple doped with 2.0 at.% Al, as discussed in X-ray
measurement, the formation of Al related precip-
itates at grain boundaries stresses the ZnO lattice
what leads to the reduction of intrinsic peak in-
tensity. Furthermore, with the increasing Al con-
centration, the absorption edge shifts towards the
high energy region, which can be explained by the
Burstein-Moss effect. The substitution of Al3+ ions
for Zn2+ ions induces a shift of Fermi level to-
wards the conduction band in ZnO crystal which
results in a slight increase of band-gap. Fig. 5b
shows the transmission spectra for all AZO and un-
doped ZnO samples, where the maximum transmit-
tance of 80 % in visible light region is observed in
the sample with 1.5 at.% Al doping. Depending on
Al doping concentration, the transmittance of the
samples increases firstly and then decreases in the
visible region which corresponds to the change in
the crystal quality due to the introduction of the
dopant. The optical band gap was evaluated from
the plot of (αhν)2 versus hν, by extrapolating the
vertical straight line to the intercept with energy

axis as shown in Fig. 5c. The following equation
was adopted for the calculation [27]:

(αhν)2 = B(hν−Eg), (8)

where hν is photon energy, B is a constant, Eg is
optical band gap, and α is absorption coefficient.
The α is absorption coefficient obtained from the
following equation:

α = (1/t) lnT (9)

where T is transmittance and t is film thickness.
As shown in the plot in Fig. 5c, the Al con-

tent dependent optical band gap energy Eg varies
from 3.232 eV to 3.256 eV. The maximum optical
band gap of 3.256 eV was obtained for the sam-
ple with 1.5 at.% Al doping which is attributed to
the growth of grain size due to Al doping in ZnO
lattice. The result is consistent with the XRD mea-
surements and SEM results.

Table 1. Band gap energies of different AZO samples.

Al [at.%] Eg [eV]

0 3.232
0.5 3.249
1.0 3.250
1.5 3.256
2.0 3.253

Photoluminescence (PL) measurements of the
AZO samples are displayed in Fig. 6a. A strong
light emission near 395 nm existing in all the sam-
ples is attributed to the free exciton recombina-
tion [27]. The two peaks of blue light emission at
about 420 nm and 430 nm are induced by inter-
stitial oxygen defects (Oi) and interstitial zinc de-
fects (Zni), respectively [28]. In addition, two sharp
peaks at about 465 nm and 510 nm correspond-
ing to cyan and green emission regions, respec-
tively, which are induced by oxygen vacancy de-
fects, are clearly visible for all the samples. Gen-
erally, there are three types of oxygen vacancies
in ZnO crystal: V++

o having two positive charges
without capturing any electrons, V+

o having one
positive charge with capturing of one electron, and
neutral Vo

o with capturing of two electrons [29].
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Fig. 5. UV-Vis spectra of AZO samples, (a) comparison
of absorption spectra of the AZO samples, (b)
comparison of transmission spectra of the AZO
samples, and (c) plots of (αhν)2 versus hν.

The defect energy levels in AZO energy band are
shown in Fig. 6b [30, 31] where the cyan light
emission around 465 nm is connected with elec-
tron transition from the neutral oxygen vacancy

Fig. 6. (a) PL spectra of AZO samples, (b) scheme of
light emission mechanism.

(Vo
o) to the valence band, and the green light around

510 nm is related to electron transition from the V+
o

to the valence band. The light emission correspond-
ing to electron transition from the conduction band
to the V++

o is about 620 nm which is out of the
measurement range.

The intensities of the peaks at about 465 nm
and 510 nm for AZO samples are obviously higher
than for undoped ZnO film, which is caused by the
electronegativity difference between Zn2+ ion and
Al3+ ion, where the electronegativity of the Al3+

ion and Zn2+ ion is 1.61 and 1.65, respectively. The
binding energy of Al3+ ion and O2− ion is weaker
than that of Zn2+ ion and O2− ion in ZnO lattice
which leads to an increase in oxygen vacancy con-
centration during the heat treatment process. The
intensity of these two peaks increases firstly, and
then decreases, with Al doping concentration in
the investigated range what reveals the oxygen va-
cancy concentration in ZnO lattice is dependent on
Al doping. At high Al doping of 2.0 at.%, the su-
persaturated solid solution state is broken which
causes a reduction of Al amount in the crystal,
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Fig. 7. Time dependence of MO concentration photo-
catalyzed by 1.5 at.% of Al doping ZnO sam-
ples.

moving of the excessive Al atoms to the grain
boundaries and forming Al related second phase
separated from the AZO crystal.

The photocatalytic activity of the AZO sample
with Al content of 1.5 at.% was evaluated by pho-
tocatalytic degradation of MO solution. The time
dependence of MO concentrations for the sample is
shown in Fig. 7. The intensity of the characteristic
absorption peak of MO solution at the wavelength
of 465 nm demonstrates a time dependent decrease
(from 0 min to 150 min) which indicates degrada-
tion of MO solution.

The photocatalytic activities of undoped ZnO
and AZO samples for MO solution are shown in
Fig. 8. The photocatalytic rate of the samples is ac-
celerated with increasing of Al doping from 0 at.%
to 1.5 at.%, and the highest photocatalytic effi-
ciency is observed in the sample with 1.5 at.% Al
doping. Further increase in Al concentration, above
1.5 at.% results in a decrease in the photocatalytic
efficiency. The excessive doping leads to crystal
quality degradation, as well as a decrease in oxygen
vacancy concentration, which is favorable to the
recombination of electrons and holes in the AZO
crystal and results in a reduction of hole and elec-
tron concentrations.

The following formula was used for the calcu-
lation of photocatalytic efficiency [32, 33]:

η = (Co−C)/Co)×100%, (10)

Fig. 8. Sketch of MO degradation efficiency with time
for ZnO and different Al concentrations in AZO
samples.

where, η is the photocatalytic efficiency, Co is the
initial concentration of MO, and C is the actual
concentration of the MO solution. The optimum
photocatalytic efficiency of about 68.6 % was ob-
tained for the 1.5 at.% of Al doped ZnO sample
after 150 minutes photocatalytic action.

Fig. 9. Sketch of MO degradation vs. time under visible
light irradiation.

A plot of time dependent ln(Co/C) for the
photodegradation behavior of MO is shown in
Fig. 9. The relationship obeys pseudo-first-order
kinetics [34, 35].

ln(Co/C) = kt (11)
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where Co/C is the normalized MO concentration,
t is the reaction time, and k is the reaction rate
constant.

The degradation rate constants k of MO solu-
tion under the presence of ZnO and AZO samples
are given in Table 2. The highest degradation rate
of 7.9 × 10−3 ·min−1 was achieved for the sample
with 1.5 at.% Al doping.

Table 2. Degradation rate constants of MO solution in
the presence of AZO samples.

Sample k [min−1]

Undoped-ZnO 1.3 × 10−3

Al (0.5 at.%)-doped ZnO 4.1 × 10−3

Al (1.0 at.%)-doped ZnO 6.5 × 10−3

Al (1.5 at.%)-doped ZnO 7.9 × 10−3

Al (2.0 at.%)-doped ZnO 1.4 × 10−3

Fig. 10. Schematic illustration of the photocatalytic
mechanism for organic pollutants degenerated
by ZnO catalyst.

In Fig. 10, the photocatalytic mechanism of un-
doped ZnO and AZO samples is illustrated. When
a ZnO semiconductor is irradiated by photons with
energy no less than its energy band gap, the elec-
trons are excited from the valence band to the con-
duction band, leaving holes in the valence band.
However, in case of the relative wide band gap
semiconductor, such as ZnO, the excited electrons
would drop rapidly to the dopant energy levels, or
to the valence band and recombine with the holes,

which is accompanied by emitting light of differ-
ent wavelengths. The Al doping not only increases
the number of electrons transported to the conduc-
tion band, but also inhibits the recombination rate
of the electrons and holes in the valence band. Al
doping leads to an increase in oxygen vacancy con-
centration (V+

o and V++
o ) in the forbidden band,

and the electrons dropping from the conduction
band are partly captured by the oxygen vacancies,
thereby the amount of electrons reaching the va-
lence band is significantly reduced which makes a
lot of holes reserved in the valence band. The Al
content dependent oxygen vacancy concentration
coincides with the XRD and PL measurement re-
sults. The holes interact with water molecules or
hydroxyls absorbed on the sample surface and the
reactive hydroxyl radicals are created. The elec-
trons act on the O2 adsorbed on the semiconduc-
tor surface and form reactive superoxide radicals.
These radicals react with organic dyes and produce
CO2 and H2O, so as to achieve photocatalysis [36].
The reaction processes can be understood with the
following chemical equations [34–37]:

ZnO+hν → ZnO(e−)CB +ZnO(h+)V B (12)

ZnO(e−)CB +O2→ ·O−2 (13)

ZnO(h+)V B +OH−→ ·OH (14)

·O−2 +H+→ HO2 · (15)

HO2 · → O2 +H2O2 (16)

H2O2 + ·O−2 → ·OH +OH−+O2 (17)

·OH +Dye(MO)→ products (18)
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4. Conclusions
AZO samples with satisfying optical perfor-

mance have been fabricated by sol-gel method. The
transmittance of the samples in visible light region
first increases with increasing Al content, reaches
a maximum of 80 % for the sample with 1.5 at.%
Al fraction, and then decreases. The photocatalytic
activity of AZO samples is well corresponding to
the transmittance of the samples, and the maxi-
mum photocatalytic activity of 68.6 % under the
simulated solar light is also observed in the sam-
ple with 1.5 at.% Al doping. The doping of Al in-
creases the defect (Zni, Vo

o and V+
o ) concentration

which provides more electrons to the conduction
band of ZnO crystal. Furthermore, the defect levels
inhibit direct jumping of electrons from the con-
duction band to the valence band, and increase the
numbers of effective holes and electrons, thereby
the photocatalytic efficiency is improved greatly.
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