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Zinc oxide (ZnO) and aluminum doped zinc oxide (AZO) nanoparticles were synthesized by a typical
sol-gel method. The effect of the doping and the annealing temperatures were studied. The dopant
percentage of 4% was fixed. XRD patterns showed that ZnO and Al doped ZnO nanoparticles exhibit good
crystallization. The crystallite size was shown to decrease by doping and increase by increasing the
annealing temperature in the range 350–650 �C. The incorporation of aluminum atoms in the ZnO lattice
was confirmed by performing the FTIR spectra. However, the EDX analysis shows that only some alu-
minum atoms were incorporated.
� 2019 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Among semiconducting oxides, ZnO is one of the most studied
because of its unique physical properties. In fact, it exhibits high
carrier mobility, wide band gap (Eg = 3.3 eV), good stability (low
reactivity in the ambient air) and non toxicity, to name just a
few. These properties prompt it to be used in several technologies
such as gas sensors (Galstyan et al., 2015), photocatalysts (Shirdel
and Behnajady, 2017), thermal mirrors (Wang, 2004), optoelec-
tronic fields (Wang, 2004) and piezoelectric layers (Yan and
Chuan-sheng, 2009). This is why several studies were devoted to
study physical properties of undoped and doped ZnO nanoparticles
(Kumar et al., 2018; Kumar et al., 2017; Kumar et al., 2017; Straube
et al., 2017; Wang, 2015; Krstulović, 2018).
ZnO presents three crystalline structures, namely cubic zinc
blend, rocksalt and hexagonal wurtzite. The hexagonal wurtzite-
type structure is the most stable at room temperature and under
the ambient pressure, with lattice parameters of a = 0.32495 nm
and c = 0.52069 nm (Morkoç and Özgür, 2009).

ZnO is a n-type semiconductor material. Its conductance is due
to the stoichiometry deviation caused by the oxygen vacancies
and zinc interstices (Janotti and Van de Walle, 2009), so that the
exact chemical formula of the resulting compound is ZnO1-x (x is
the missing molar percentage to complete the stoichiometry of
the ZnO compound). However, this disadvantage can be reduced
by doping with selective group III ions such as Ga3+, B3+ and Al3+

(Claflin et al., 2006; Jood et al., 2011; Lin et al., 2009; Bhosle et al.,
2007). In particular, Al3+ is a preferred dopant because of the abun-
dance in nature of the used precursors for the synthesis and their
low cost. Al doped ZnO nanoparticles were used for highly sensitive
CO gas sensors (Hjiri et al., 2014), as catalyst support (Behrens et al.,
2013) and in optoelectronic devices (Rotella et al., 2017).

In Al doped ZnO (AZO), Al3+ ions substitute Zn2+ ions in the lat-
tice. Consequently, the number of electrons increases and this
enhances the electrical conductivity (Minami, 2005; Özgür et al.,
2005). However, the AZO phase has to be pure to avoid carrier scat-
terings on the disorder location and therefore ensure good carrier
mobility (Goswami et al., 2018). Study of structural properties is
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interesting as they affect the other physical properties (Kumar
et al., 2018; Kumar et al., 2017; Kumar et al., 2017).

In this paper, pure ZnO and AZO nanoparticles have been syn-
thesized by a typical sol-gel method followed by thermal annealing
at 350, 450, 550 and 650 �C. The prepared samples are destined to
study the thermoelectric properties of AZO powders. The optimum
aluminum molar percentage to have good thermoelectric figure of
merit is around 3–4% (Qu et al., 2011; Cheng et al., 2009; Jantrasee
et al., 2016). Taking into account the expected small loss of the alu-
minum content during the synthesis, the starting aluminum per-
centage was of 4% in the present study. Structural studies
showed that the prepared phases are pure with observed shifts
in peaks positions indicating the incorporation of the aluminum
atoms in the ZnO lattice. The crystallite size was shown to decrease
by doping and increase by increasing the annealing temperature.
2. Experimental detail

Aluminum nitrate (Al(NO3)39H2O) and zinc acetate (Zn(CH3-
COO)22H2O) aqueous solutions were used as precursors. The alu-
minum nitrate and zinc acetate solutions were separately
prepared in distilled water as a solvent. The volume of each solu-
tion was 100 mL with a concentration of 0.5 M. Then 50 mL of
the mixture were prepared while taking into account the alu-
minum percentage (drops of the aluminum nitrate were added
on the zinc acetate solution with magnetic stirring using bar mag-
nets). Then, 50 mL of citric acid (0.5 M) was slowly added as a cat-
alyst and a complex agent. The solution was stirred for 30 min and
then heated at 80 �C for 24 h. The obtained powder was washed
Fig. 1. Schematic of the synthesis of ZnO and AZO nanoparticles.
several times, subsequently by distilled water and acetone over fil-
ter paper. Samples were then annealed in a Nabertherm box fur-
nace for 5 h after heating at a rate of 15 �C/min. This duration
Fig. 2. XRD patterns of the ZnO and AZO nanopowders prepared by the sol-gel
method after annealing at various temperatures.



Fig. 4. Crystallite size as function of the annealing temperature for ZnO and AZO
nanoparticles.
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was chosen to be so long to ensure good crystallinity and was dic-
tated from previous works (Aberkouks et al., 2018; Binner et al.,
2008). The final annealing temperatures were 350, 450, 550 and
650 �C. The schematic of synthesis route is displayed in Fig. 1.
The XRD patterns were taken using an XPERT-3 diffractometer
with a copper anticathode. The KBr method was employed to take
the FTIR spectra using a Bruker vertex70 DTGS and a Shimadzu UV-
PC spectrophotometer, respectively. An amount of 0.001 g of each
powder was diluted in 0.099 g of KBr powder. The mixtures were
pressed to form circular pellets to realize the FTIR analysis. The
Scanning Electron Microscopy (SEM) and the EDX Spectroscopy
were performed using a VEGA3 TESCAN.

3. Results and discussion

Fig. 2 shows the XRD patterns of the synthesized ZnO and AZO
nanoparticles. According to pure ZnO reference (00-036-1451), all
peaks correspond to the hexagonal wurzite structure of ZnO. The
obtained phase is pure and no peak was observed to correspond
to aluminum, which may indicate that aluminum atoms were suc-
cessfully incorporated in the ZnO lattice.

Qualitative study of the crystallite size was performed using the
Debye-Scherrer equation:
Fig. 3. W-H plots.

Table 1
Crystallite size, strain and lattice parameters for the synthesized ZnO and AZO samples.

Annealing
temperature (�C)

ZnO

Sample Crystallite size (nm) Strain Lattice paramete

350 ZnO350 16.6 ± 0.2 0.048 a = 3.25
c = 5.21

450 ZnO450 33.8 ± 0.6 0.029 a = 3.25
c = 5.21

550 ZnO550 48.0 ± 0.8 0.029 a = 3.25
c = 5.21

650 ZnO650 73.0 ± 1.7 0.029 a = 3.25
c = 5.21
D ¼ Kk
bcosðhÞ ð1Þ

where K = 0.9 is a constant, k = 1.5406 Å is the wavelength of the
used radiation Cu(Ka). b is the Full Width at the Half Maximum
and h is the Bragg diffraction angle.

XRD patterns also offer the possibility to study the strain (e) in
the Williamson-Hall (W-H) analysis. The strain is a measure of the
dislocation-induced a given distribution of lattice constants.
Assuming that the strain is uniform in all directions, the FWHM
is related to the Brag angle as following:

bcosðhÞ ¼ Kk
D

þ 4esinðhÞ ð2Þ

The W-H plots are shown in Fig. 3 (only the linear part is con-
sidered). The crystallite sizes and strain for each sample summa-
rized in Table 1. The variation of crystallite size with the
annealing temperature for pure and doped ZnO is also shown in
Fig. 4. The obtained values are comparable to that found by
Goswami et al. (2018). It is observed that the crystallite size
decreases by doping. This is due to the fact that the ionic Al radius
is smaller than the ionic zinc radius and the Al-O covalent bond is
shorter than the Zn-O bond. By doping, the sintering slows down
AZO

rs (Å) Sample Crystallite size (nm) Strain Lattice parameters (Å)

AZO350 14.0 ± 0.6 0.029 a = 3.25
c = 5.22

AZO450 24.6 ± 0.4 0.029 a = 3.25
c = 5.21

AZO550 30.0 ± 0.5 0.029 a = 3.25
c = 5.20

AZO650 38.3 ± 0.8 0.029 a = 3.24
c = 5.20



Fig. 5. FTIR spectra of nanoparticles of: (a) AZO and (b) pure ZnO and AZO.
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during the sol-gel process (Mazaheri et al., 2008). On the other
hand, the crystallite size increases by increasing the annealing
temperature. This was previously explained by assuming that
small crystallites merge into the larger ones at high temperature
(Omri et al., 2014; Mathew et al., 2012; Mhlongo et al., 2014). On
the other hand, the strain is observed to be constant, at least for
the annealing temperature range 450–650 �C. This is an indication
that the observed shifts in XRD peaks are due to the incorporation
of aluminum atoms in the ZnO lattice.

The FTIR spectra of the AZO nanoparticles are displayed in
Fig. 5-a. Several bonds are shown, including Zn-O, Al-O and O-H.
The C-O and O-H bands can be due to the sol-gel process and some
organic residues. The absorption band around 2300 cm�1 is associ-
ated to the atmospheric air. For comparison, the FTIR spectra of the
ZnO nanoparticles are shown along with that of the AZO nanopar-
ticles (Fig. 5-b). The Al-O formation confirms the incorporation of
the aluminum atoms in the ZnO lattice. It is observed that the
annealing at 650 �C results in an intense inflection in the transmis-
sion around the Al-O bond frequency, which implies that this
annealing is suitable for ensuring the good incorporation of alu-
minum atoms.

The SEM images of the AZO nanoparticles are displayed in Fig. 6.
Also shown are SEM images of the ZnO nanoparticles for the
annealing temperatures of 350 and 450 �C. All samples exhibit sim-
ilar grain shape. Similar to Singh et al. (2016), the distribution of
particles size are shown in Fig. 7 We notice that the grains are
micro-sized with a size in the order of 2 lm and it is not affected
by the annealing or by the doping (shown in Table 2). The obtained
grains are bigger than these previously obtained in the literature
(Wang, 2015; Jun and Koh, 2013; Kondratiev et al., 2013; Nafees
et al., 2013). This may be due to the long annealing duration.

EDS analyses of the so synthesized nanoparticles are shown
in Table 2. It is shown that all samples exhibit almost the
expected stoichiometry, expect the sample ZnO350. In fact, it
is shown that stoichiometry is improved with annealing. How-
ever, the aluminum percentage in the AZO nanoparticles did
not reach the starting composition (4%) as shown in Fig. 8, indi-
cating that some aluminum atoms do not successfully substitute
into the ZnO lattice. This observation was also observed by
Akdağ et al. (2016).

Controlling the crystallite size by annealing is an interesting
finding as it leads to an easy way of controlling of the importance
of the ZnO power in several technologies. In photocatalysts, the
power depends upon the ability of the material to generate elec-
trons and holes by light irradiation. This can be achieved by reach-
ing an available energy band gap. The latter depends on the
crystallite size (Tyagi and Vedeshwar, 2001; Marotti et al., 2006).
Indeed, at the nanoscale, as the crystallite size increases, the num-
ber of atoms increases, the number of overlapping of energy levels
increases and consequently the gap between the valence band and
the conductance band decreases. Improving photocatalytic perfor-
mance of ZnO nanostructure was achieved by Ye et al. (2006). Fur-
thermore, ZnO is a good candidate for solar cells (Pietruszk et al.,
2015; Nkhaili et al., 2015; Vittal and Ho, 2017) and controlling
its band gap leads to enhancing its performance in term of
electron-holes generation. The crystallite size also influences the
gas sensing, which is due to the increase in surface to volume ratio
and therefore results in the increasing of the gas molecules at the
surface. Enhancement in alcohol vapor sensitivity of Cr doped ZnO
gas sensor was observed in reference (Mehdi Hassan et al., 2017).
Also, optimizing the crystallite size of polypropylene/zinc oxide
nanocomposites was shown to enhance their mechanical, thermal
and flow properties (Esthappan et al., 2015).
4. Conclusion

Pure ZnO and Al-doped ZnO nanoparticles were successfully
synthesized by the sol-gel method using aluminum nitrate and
zinc acetate as precursors. It was shown that the annealing lead
to good crystallization. The crystallite size decreased by doping,
which is ascribable to the difference between the ionic radii of zinc
and aluminum, and increases by increasing the annealing temper-
ature because of the merging of the smaller crystallites into the lar-
ger ones. The FTIR spectra revealed the formation of several bonds,
including the Zn-O bond in all samples and the Al-O bond in the
AZO samples, especially for the annealing at 650 �C. However,
The atomic EDS analyses showed that only some aluminum atoms
successfully substitute the Zn atoms. This substitution can be
improved by a suitable annealing.



Fig. 6. SEM images for various samples.
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Fig. 7. Gaussian fit to obtain the distribution of the particle size.

Table 2
EDS atomic percentages in the synthesized AZO samples.

Sample Mean grain size (lm) Zinc percentage Oxygen percentage (%) Aluminum percentage (%)

ZnO350 2 78.71 21.29 –
ZnO450 2.1 56.52 43.48 –
AZO350 2 51.21 45.92 2.86
AZO450 2.1 40.91 56.17 2.92
AZO550 2 32.44 63.97 3.59
AZO650 2.2 47.28 49.92 2.80
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Fig. 8. EDS atomic percentage of aluminum in the AZO samples as a function of
annealing temperature.
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