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Abstract

Experimental and theoretical investigations of the structure and optical properties of Al-doped ZnO (AZO)
thin films produced by magnetron sputtering under different values of electric current were conducted. The
XRD results confirm the formation of the AZO thin films with hexagonal wurtzite structure, with preferential
orientation along the crystallographic plane (002), direction c. The increment of electric current allowed an
increase in average crystallite size. The FE-SEM and AFM images analyses of the AZO films revealed the
occurrence of nucleation on the substrate surface that formed films with granular and rough structure. The
higher substrate temperature caused by the higher value of electric current had influence on the grain size
and thickness (ranging from 974 to 1500 nm) of the formed thin films. Due to the high absorption of free
carriers, the optical transmittance of the AZO films was acceptable for the visible spectrum and limited to the
near infrared region. The energy band gap values for both AZO films, measured from the optical transmission
spectra, were ideal for semiconductor applications. The ab initio calculations using DFT and the method LSDA
+ U along with the correction of Hubbard were successfully applied to investigate the structural and optical
effects. The band structures of the pure ZnO and ZnO:Al, calculated in this work, presented Eg values close to
the experimental results. Therefore, these results imply that our methods are reliable and that the calculations
are in accordance with the experimental results.
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I. Introduction

Recently, new materials for semiconductor applica-
tions have been widely researched. These materials are
promising for the production of piezoelectric and opti-
cal devices, both triggered by electrical and magnetic
fields [1]. These materials have a multifunctional char-
acter with optical transparency and good electrical con-
ductivity, so they can be used in conductive electrodes
and solar cell surfaces, among others [2,3]. In this con-
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text, transparent conductive oxides (TCO) thin films are
alternatives that can satisfy certain demands according
to their electrical nature (presenting conductivity of p-
or n-type, depending on the doping chosen to be incor-
porated in the TCO lattice) [4], as well as its high optical
transparency, in relation to the range of the visible spec-
trum [2–5].

The transparent oxides that have been receiving great
attention are ZnO:Al (AZO) and SnO2:F (FTO), due to
their electrical and optical properties [6,7]. AZO is con-
stituted by elements of group II–VI from the periodic
table, with wide energy band gap value (3.34 eV) of di-
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rect nature, wurtzite structure and it has been success-
fully applied due to its photocatalytic properties [8,9].
In addition, high electrical conductivity and low toxi-
city of ZnO attract researchers’ attention since it is a
transparent conductive oxide [6,8–10].

AZO has been intensively studied in the form of
thin films, since it has a low electrical resistivity asso-
ciated with a high optical transmittance [11,12]. AZO
thin films are usually synthesized by spraying reactions
and the synthesis conditions have been reported as the
most important factor for the formation of the crys-
talline structure, going from Wurtzite (P63mc) to Rock
salt (Fm3m) at high pressures and from Rock salt to
Zincblende (F43m) through epitaxial growth synthesis
on a substrate with cubic crystalline structure [13]. Cur-
rent studies on AZO thin films have concentrated on
the verification of rules that can govern the doping and
synthesis processes, aiming to obtain a semiconductor
material [14]. The synthesis conditions determine the
atomic order of the sub-lattice and as a result, they also
affect the electrical and optical properties of AZO thin
films [15]. When Al3+ ions replace the Zn2+ ions, the
sites belonging to the wurtzite structure are contracted
since the Al–O bond is stronger than the Zn–O bond.
In addition, Al3+ with a smaller ionic radius, strongly
connected to the network, forces the contraction of the
site and promotes the decrease of the lattice parameters
a and c [16]. The Density Functional Theory (DFT) cal-
culations propose that AZO is an n-type semiconduc-
tor [17], generated by the ion-substitution in the crystal
structure, which causes possible distortions and defects
in crystalline lattice [16–18].

In the present study, the structure and optical proper-
ties of AZO thin films were investigated in an experi-
mental and theoretical way, aiming to better understand
the structural and optical ordering of this material.

II. Experimental procedure

2.1. Deposition of thin films

The ZnO:Al thin films were prepared by physical
vapour deposition (DC magnetron sputtering) [19] on
a glass substrate. The design of the deposition sys-
tem was based on the theory and configurations pre-
sented in the literature [20]. The substrates were im-
mersed in acetone, distilled water and isopropyl alco-
hol using an ultrasonic bat and dried with an air jet.
The base pressure in the deposition chamber was main-
tained at ∼1 × 10−4 mbar with a diffusion pump and the
gas used in the process was argon (purity of 99.999%)
at a flow rate of 10 cm3/min. The gas flow was ma-
nipulated through a mass flow controller (MKS Instru-
ments model). The target-substrate distance was con-
stant and equal to 4 cm. The ceramic target (99.99% pu-
rity, ZnO:Al2O3 = 98:2 wt.%) with diameter of 50.8 mm
and thickness of 6.35 mm, purchased from ACI AL-
LOYS, was used. Two Al-doped zinc oxide thin films
were produced, AZO-1 and AZO-2, using working cur-

rent of 0.3 and 0.4 A, respectively. The deposition time
of 0.5 h and temperature of 90 °C were used in both
cases. To apply the potential difference and maintain the
active plasma, a square wave pulsed current source was
employed. In order to remove the oxide layer and possi-
ble impurities present on the surface of the AZO target,
it was subjected to a pre-sputtering process, for 30 min,
at a pressure of 4 × 10−3 mbar and air gas flow rate of
20 cm3/min.

2.2. Characterization

The microstructure and crystallographic phases,
present in the AZO films, were analysed by X-ray
diffraction equipment (BRUKER, D2 PHASER), using
CuKα radiation (λ = 0.15406 nm). The crystallite sizes
(D) were calculated using the Debye-Sherrer equation
[21]:

D =
k · λ

β · cos θ
(1)

where k is the Scherrer constant (0.90), λ represents the
wavelength of X-rays (0.15406 nm), β is the full-width
at half-height of the X-ray diffraction peak (FWHM)
and θ is the Bragg diffraction angle.

The surface morphology and the topographic profile
of the samples were measured by scanning electron mi-
croscope with field emission gun (EGF-Inspect F50)
and an atomic force microscope (SHIMADZU) using
the intermittent contact mode.

The optical characterization of the deposited films
was performed in the range from 300 to 1100 nm using
a spectrophotometer (Genesys). Optical transmittance
measurements were used to estimate the band gap en-
ergy of the AZO thin films.

2.3. Procedure for the first principle calculations

The calculations of the electronic structure of the
AZO thin films, under ambient conditions of temper-
ature and pressure, were made using a 2 × 2 × 2 su-
per cell, generated from the experimental unit cell of
ZnO (wurtzite). The software Quantum Espresso 6.2
was used for the calculation [22,23] based on the Den-
sity Functional Theory (DFT) [24], using the general-
ized gradient approximation (GGA) with the Perdewe-
Burke-Ernzerhof (PBE) [25] functional being consid-
ered for the Exchange-correlation effects. The electron-
ion interactions were described by Projector Augmented
Wave (PAW). The cut for the kinetic energy was 50 Ry
and for the charge density it was 500 Ry. The set of
points on the irreducible Brillouin zone (BZ) was 328
k-points distributed on dimension grade FFT (60, 60,
81) using the Monkhorst-Pack scheme [26]. The pseu-
dopotentials used to describe the interaction between
nucleus and valence electrons were from the norm-
conserving (NCPP) Troullier-Martins method [27]. For
the Zn, Al and O elements, the pseudopotentials Zn.pbe-
mt_fhi.UPF, Al.pbe-mt_fhi.UPF and O.pbe-mt_fhi.UPF
were used, respectively. The BFGS algorithm was ap-
plied to relax the whole crystal in order to reach the
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ground state configuration. For the convergence toler-
ance of the calculation, the authors used: energy of
5.0 × 10−6 eV/atom, maximum force on each atom of
0.01 eV/Å, applied pressure of 0.05 GPa and maximum
atomic displacement of 5.0 × 10−4 Å. To generate the
unit cell and the electronic density images, the group
used the software package Burai 1.3 from Satomichi
Nishihara and VESTA 3 [28].

III. Results and discussion

3.1. Structure of AZO films

Figure 1 shows XRD patterns of the AZO thin films.
The diffractograms confirm the formation of Al-doped
ZnO (Al:ZnO) by the presence of the peak at 2θ = 34.0°
for the AZO-1 film and 2θ = 33.6° for the AZO-2
film that are indexed to the hexagonal wurtzite structure
according to the crystallographic chart 1537875 of the
Crystallography Open Database (COD). The absence of
diffraction peaks related to Al and Al2O3 phases sug-
gests a deposition process with a high AZO degree of
purity, for current and voltage variations. Thus, the ions
of Al3+ replace the Zn2+ ions in the structure of the
hexagonal wurtzite and they can also occupy the inter-
stices or segregate in the grain boundary region [29].
The X-ray diffraction patterns are dominated by intense
peaks related to the crystallographic plane (002) indi-
cating the formation of the doped ZnO with high texture
along the direction [001] [30].

Table 1 reports the values of the deposition rate,
FWHM and crystallite size for the AZO thin films. The
increase in the value of the deposition current results in

Figure 1. XRD spectra of ZnO:Al thin films grown under
different sputtering electric currents

Table 1. Result of deposition rate, FWHM and crystallite size
(D) of AZO films deposited using: a) 0.3 A and 10 cm3/min

and b) 0.4 A and 10 cm3/min

Film Deposition rate [nm/min] FWHM [°] D [nm]
AZO-1 18.2 0.315 20.6
AZO-2 22.5 0.240 40.3

the increase of the crystallite size, which promotes the
decrease in the number of grains and, consequently, an
increase in the grains oriented along the direction [001].
This elevates the degree of crystallinity for the AZO
films [31]. The reduction of the FWHM value (from
0.315° to 0.241°) indicates an improvement in the crys-
tallinity and increase in crystallite sizes (from 20.55 to
40.32 nm).

FE-SEM images of the AZO thin films, deposited
with current values of 0.3 A (AZO-1) and 0.4 A (AZO-
2), are shown in Fig. 2. During the deposition process,
nucleation occurs on the surface of the substrate, result-
ing in the formation of small crystals. The set of crystals
forms a granular and rough structure and the presence of
ZnO nanoparticles with irregular topographic profile for
both deposition conditions characterize the AZO films,
which is in accordance with literature data [32–34].

Figure 2. FE-SEM micrographs of: a) AZO-1 and b) AZO-2
thin films

From Fig. 2, it can be observed that the increase in
the electric current caused an increase in the substrate
temperature which, in turn, allowed the formation of the
films with larger grain sizes due to the high diffusion en-
ergy [35]. Thin films with larger grain size decrease the
influence of grain boundaries on the scattering of radia-
tion and still contribute to the significant improvements
in electrical properties [36].

Figure 3 presents FE-SEM images of the cross-
sectional structure of the AZO thin films. It is possible to
notice a columnar growth perpendicular to the glass sub-
strate, characteristic of the polycrystalline AZO struc-
ture. The AZO-2 film has the thickness values of ap-
proximately 1500 nm while the AZO-1 film has lower
thickness values. The electric current used to produce
the AZO thin films promoted a high degree of thermal
energy to the substrate, responsible for the coalescence
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Figure 3. Transverse FE-SEM images of: a) AZO-1 and
b) AZO-2 thin films with thickness measurements

along the structure of the films

of the grains and crystallinity of the films. The AZO-2
film, deposited with the current of 0.4 A, has higher av-
erage thickness, due to the high deposition rate, high de-
gree of crystallinity, as confirmed by X-ray diffraction,
and better optical transmittance.

The three-dimensional AFM images with height pro-
file are shown in Fig. 4, which compares the surface
morphology of AZO thin films. The variation of the
film roughness was attributed to the different deposi-
tion current. The surface of the AZO-2 film has higher

roughness due to the formation of columnar structures,
originated from the growth of the grains oriented along
the direction [001]. One can observe a variation in the
roughness of the AZO-1 film with formation of peaks,
but in smaller quantity. The roughness variation of the
AZO-1 and AZO-2 films can be associated with the dif-
ferent values of electric current used in the deposition
process.

3.2. Optical properties

Optical transmittance spectra of the films as well as
the values of the absorption coefficient as a function of
photons energy are shown in Fig. 5. The films exhibit
high average transmittance (∼75%) in the visible re-
gion. The AZO-2 film has higher optical transmittance
(>80%) in the visible range as well as a low optical
absorption coefficient in relation to the sample AZO-
1. This optical behaviour suggests that the AZO thin
films present relevant optical quality due to the low loss
of radiation by dispersion or absorption [37]. The high
values of optical transmittance are consistent with the
results of the grain size, presented in Table 1. The crys-
talline structure of the film has direct influence on the
interaction between the radiation and matter, since the
grain boundary absorbs incident visible light, decreas-
ing the percentage of the light that is transmitted through
the structure of the film [38,39].

Thus, in order to calculate the band gap energy (Eg)
of the AZO thin films, the values of optical absorption
coefficient, presented in Fig. 5, were used, since it can
be calculated by the following equation:

α =
1
d
· ln

1
T

(2)

where T is the transmittance and d is the thickness of
the thin film layer. The relationship between the optical
absorption coefficient and the energy of the photon for

Figure 4. Three dimensional AFM images of ZnO:Al thin films: a) AZO-1 and b) AZO-2
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Figure 5. Optical transmittance spectra for deposited AZO
thin films

Figure 6. Tauc plots for deposited ZnO:Al thin films

the direct transition of the AZO is determined by the
Tauc equation [40]:

α · h · ν = A
(

h · ν − Eg

)n
(3)

where h · ν is the photon energy, α is the absorption co-
efficient and A is the constant. The energy of the band
gap can be obtained by extrapolating the linear part of
the curve to α · h · ν = 0. The exponent n characterizes
the type of transition between the energy bands and it
can assume the values: 2, 3, 1/2, and 3/2 for prohibited
electronic transitions either direct or indirect type.

Figure 6 presents the Tauc graphic, (α ·h · ν)2 in func-
tion of h ·ν, with the band gap energy values of the AZO
thin films deposited with different electric currents. The
ZnO doped with Al was considered a direct band gap
material and the experimental values of optical absorp-
tion were measured considering n = 2. Thus, it is possi-
ble to conclude that the electronic transitions are direct.

The value of the optical band gap energy interval suf-
fered a slight decrease with the increase of the deposi-
tion electric current, from 0.3 to 0.4 A. The increase in

thin film thickness leaves the margin of the spectrum of
optical transmittance more accentuated, indicating the
formation of a structure with the low concentration of
structural defects [41].

3.3. Theoretical result

Crystal structure

From the experimentally determined lattice parame-
ters for the ZnO unit cell with hexagonal P63mc spatial
group (wurtzite), calculations for geometrical optimiza-
tion were carried out and resulted in the unit cell shown
in Fig. 7. In order to perform the calculations, experi-
mental values of the AZO-2 structure were taken as ref-
erence since it presented better results in the analyses
compared to the AZO-1.

Figure 7. ZnO unit cell with optimized structure

Figure 8a presents the 2 × 2 × 2 super cell with spa-
tial group triclinic P1, generated from the unit cell of
the ZnO with optimized structure, while Fig. 8b shows
the 2 × 2 × 2 ZnO super cell doped with 2% of the Al
(ZnO:Al) that corresponds to the stoichiometric values
of Zn(0.9375), Al(0.0625) and O.

In order to investigate the doping effect on the crys-
talline structure, the total energies (E), formation en-
ergy (E f ) of impurities and lattice parameters for the
pure ZnO and ZnO:Al with optimized geometry, were
calculated and the results are given in Table 2. Accord-
ing to the results, the optimized lattice parameters of the
pure ZnO are in accordance with the experimental val-
ues from the literature [22–24].

The calculations reveal that the lattice parameters and
equivalent volumes of the crystal cell decrease slightly
after doping. The ionic radius of Al3+ (0.53 Å) is smaller
than the ionic radius of Zn2+ (0.74 Å), thus when Zn2+

is replaced by Al3+ it leads to a decrease in the Al–O
bond length that causes a decrease in the lattice and vol-
ume parameters. The difficulty in the doping process of
ZnO (wurtzite), in relation to different ions, can be anal-
ysed by comparing the formation energies of impurities
added in the structure. The doping process would be effi-
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Figure 8. 2×2×2 supercell of ZnO (a) and doped ZnO:Al (b)

Table 2. Total (E) and formation (E f ) energy values and
lattice parameters of the pure ZnO and ZnO:Al

Experimental Theoretical Theoretical
ZnO:Al ZnO ZnO:Al

E [eV] −4294.64 −4090.48
E f [eV] 3.341 3.223

a = b [Å] 3.2493 3.2832 3.2545
c [Å] 5.2054 5.2989 5.2056
c/a 1.6020 1.6139 1.5995

α = β [°] 90 90 90
γ [°] 120 120 120

V [Å3] 47.5948 49.4675 49.2864

cient and result in a stable structure if the formation and
total energies are not very different from the pure ZnO
energies, otherwise the structure may not form due to in-
stability. According to the results, the formation energy
of the ZnO:Al decreases in relation to the pure ZnO,
suggesting a certain easiness in the Al-doping process.
However, this causes a substantial increase in the total
energy of the ZnO:Al, indicating that it becomes less
stable than the pure ZnO.

Mulliken bond populations

The Mulliken bonding population provides an objec-
tive criterion for the bonding between atoms. The over-
lapping population can be used to assess the covalent
or ionic nature of a bond. High in the bond population
indicates a predominantly covalent bond, while a low
value indicates a predominantly ionic interaction. An-
other measure of ionic character can be obtained from
the effective ionic valence, which is defined as the dif-
ference between the formal ionic load and Mulliken’s
load on the anionic species. A zero value indicates a per-
fectly ionic bond, while values greater than zero indicate
increasing covalent levels [23].

The Mulliken bonding population is an important
method used to analyse the situation of the bond, load
distribution and load transfer. The Mulliken bonding
population and bond length of ZnO and ZnO:Al are
shown in Table 3. For the ZnO the Mulliken bond popu-

Table 3. Mulliken bond populations and bond lengths of the
pure ZnO and ZnO:Al

Bond Population
Bond length

[nm]
ZnO Zn–O (‖ c) 0.45 0.1992

Al–O (⊥ c) 0.45 0.1974
Zn–O around Al (‖ c) 0.32 0.2004

ZnO:Al Zn–O (⊥ c) 0.28 0.2059
Al–O (‖ c) 0.50 1.7914
Al–O (⊥ c) 0.50 1.8132

lation and the Zn–O bond length parallel to the c-axis di-
rection are 0.4400 and 0.1991 nm, respectively. For the
Zn–O bond perpendicular to the c-axis those same pa-
rameters are 0.4100 and 0.1974 nm, respectively. This
indicates that the covalent character of the Zn–O bonds
parallel to the c-axis direction is stronger than for the
bonds perpendicular to the c-axis. In the case of ZnO:Al,
according to the results, the population of Zn–O bonds
becomes lower, while the bond length increases signif-
icantly. This can be associated with the difference in
atomic radii between Zn2+ and Al3+. The atomic radius
of the Zn2+ is greater than the Al3+, resulting in the in-
crease in the number of O atoms most distant from the
Zn atom, thus, forming longer Zn–O bonds. At the same
time, the population of Zn–O bonds decreases, indicat-
ing that their covalent character has become weaker. On
the other hand, the Al–O bonding population becomes
large, indicating that their covalent character became
stronger while the ionic bond became weaker. These
results corroborate with the results obtained by X-ray
diffraction, which show the growth of the crystals in di-
rection of c-axis for the unit cell.

Energy band structure

The band structure is the model that makes it possi-
ble to explain the primary physical properties and the
design of high-performance devices in semiconductors
and other materials. Figure 9 shows the results of the
calculations for the electronic structure of the pure ZnO
and ZnO:Al doped samples. The Fermi energy level
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Figure 9. Band structure of: a) ZnO and b) ZnO:Al

(EF) is the reference for zero energy, represented by
the dashed black line. The band structures of the pure
ZnO and ZnO:Al are presented in Figs. 9a and 9b, re-
spectively, in which Eg indicates the band gap, dividing
the energies between the valence bands (VB) and con-
duction bands (CB), respectively. As it can be seen in
Fig. 9a, for the pure ZnO, a direct band gap in gamma
(Γ) equal to 3.40 eV was obtained, a value close to the
experimental result, 3.37 eV [42]. Also, Fig. 9b shows
that the ZnO:Al has obtained a direct band gap in Γ
equal to 2.70 eV, a value close to the experimental re-
sult, 3.07 eV.

These results show that the distance between the va-
lence band and the conduction band has been decreased
rapidly as the ZnO is doped, so it is entirely possible to
use ZnO:Al for application in solar panels. Furthermore,
it confirms that the doping process is efficient, since the
values of the formation energies are not very different
from the energy values of the pure ZnO, allowing to
obtain a stable structure. These results imply that the
methods applied are reliable and the calculations are in
accordance with the experimental results.

IV. Conclusions

The transparent conductive thin films were deposited
with success by the magnetron sputtering technique on
glass substrates. The technique allowed the incorpora-
tion of aluminium in the ZnO lattice in an assertive way.
The control over the surface morphology, crystallinity
and optical transmission of the films was dependent on
the values of the deposition current. The computational

analyses were performed in order to highlight the effect
of structural and electronic changes induced by the Al
doping in ZnO and they showed that the lattice param-
eters and super cell are close to the experimental values
of this and other studies. Also, it was possible to ob-
serve that with the substitution of Zn2+ by Al3+, there
is a decrease in the Al–O bond length causing the de-
crease in the lattice and volume parameters. This causes
a decrease in the formation energy after doping, indicat-
ing that ZnO:Al doping becomes easier. However, it in-
creases the equivalent total energy, pointing out that the
doping model becomes less stable than the pure ZnO.
In addition, doping allows the electrons of the ZnO:Al
to have better transport behaviour and lower ionization
energy, due to the decrease of the ionic character of the
bonds and an increase in their covalent character. All
of these results are reflected in the calculations of the
band structure, since the band gap of the pure ZnO of
3.40 eV shifted to 2.70 eV in the ZnO:Al with only 2%
of Al substitution. These properties make AZO films de-
posited by magnetron sputtering suitable for many op-
toelectronic applications, such as transparent conduc-
tive oxides for electronic devices and solar cells. There-
fore, the results reported in this work highlight a new
approach for future studies that aim to optimize low
temperature deposition processes compatible with heat
sensitive substrates, preferentially for flexible solar cell
platforms or other electronic applications.
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