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Abstract. Al-doped ZnO (AZO) thin films have been deposited onto the glass substrate via sol–gel spin coating
method with different Al concentrations (0, 2, 4, 6, 8, 10 at.%). The growth orientation and crystalline structure
were investigated by studying the X-ray diffraction (XRD) pattern. The XRD results reveal that the thin films
show wurtzite phase with preferential orientation along the c-axis (002) plane for lower concentration of Al. The
diffraction peak gets weaker corresponding to plane (002) and the diffraction peaks of planes (101) and (100)
become stronger with higher concentration of Al content. The field emission scanning electron microscopy (FESEM) images confirm that thin films show wrinkle-type structure with a few minor cracks. The transmittance
spectra of thin films were recorded by UV–Vis spectrophotometer in the wavelength range 350–800 nm. The optical
transmittance of thin films was found to be above 85%. The band-gap energy of AZO films varies from 3.16 eV to
3.27 eV with increasing concentration of Al. The better conductivity and high optical transparency of AZO films
make them a more promising alternative to indium-doped tin oxide (ITO) for optoelectronic applications.
Keywords. Sol–gel; field emission scanning electron microscopy; Al-doped ZnO; figure of merit.
PACS Nos 47.54.Jk; 61.72.Vv; 77.55.hf; 79.60.Jv

1. Introduction
In the growing market of electronics, transparent conducting oxides (TCOs) have important applications in a
large number of modern devices like organic solar cells,
flexible displays, light emitting diodes, biochemical/
gas sensors, optical devices, portable electronic devices,
etc. [1–7]. The demand for these technologies is increasing rapidly in electronic field. The major use of TCO
in the latest electronic applications, the high cost associated with the current TCO materials and feasible
opportunities for future applications have prompted
intense research interest on several transparent conductors. TCOs are metal oxides with high optical
transmittance and high electrical conductivity. They are
also identified as wide-band-gap oxide semiconductors
(band gap > 3.2 eV). These materials show high conductivity which is almost equal to that of the conductors
and high optical transparency in the visible region [8,9],
which is often induced by doping with other elements.
The band-gap energy of these semiconductor materials lies in the ultraviolet region. So they barely absorb
visible light. This unique quality of TCOs makes them
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more attractive and widely applicable in optoelectronic
devices. Sn-doped indium tin oxide (ITO) is a good
candidate in comparison to other metal oxide materials
due to its outstanding properties including low operating
temperature, high thermal stability and better physical
and chemical adhesion with other materials. ITO is a
very promising TCO material but it is also a rare-earth
material and not easily available, which makes it more
expensive than other TCO materials [10,11].
In the TCO materials, zinc oxide (ZnO) gets much
attention. It is cheap, easily available, non-toxic and
shows better thermal and chemical stabilities [12].
Zinc oxide has some disadvantages like low electrical conductivity and charge concentration. To enhance
its optical and electrical properties, ZnO thin films can
be easily doped by boron (B), aluminium (Al), gallium
(Ga), indium (In), manganese (Mg), copper (Cu), cadmium (Cd) etc. [13–21]. Al is the most effective dopant
to serve as a donor in a ZnO lattice [22]. Al-doped ZnO
(AZO) thin films are very useful for fabricating optoelectronic devices.
Properties of the AZO thin films also depend upon
other fabrication parameters. AZO thin films can be
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Figure 1. A schematic diagram of the complete process to prepare AZO thin films by sol–gel spin coating method.

easily deposited by numerous deposition techniques
like sputtering deposition, chemical vapour deposition
(CVD), spray pyrolysis, atomic layer deposition (ALD),
molecular beam epitaxy (MBE), pulse laser deposition
(PLD) [23–30] etc. Among all the deposition techniques, sol–gel is the most effective because it is low
cost and applicable for the large area production as well
as it is an easy technique to control the doping level.
In the present study, AZO thin films were deposited
on the glass substrate using low-cost sol–gel method and
their electrical and optical properties were inspected for
further use in the CdTe-based solar cells.

2. Experimental
2.1 Chemicals and preparation of AZO thin films
Zinc acetate dehydrate [Zn(CH3 COO)2 ·2H2 O] (99.5%,
Sigma Aldrich) and aluminum nitrate [Al(NO3 )3 ·
9H2 O)] (99.5%, Alfa Aesar) were used as the source
of Zn and Al respectively. Zinc acetate dehydrate was
first dissolved in 2-methoxy ethanol (99%, Alfa Aesar)
[(CH3 )2 CHOH] and 2-3 drops of monoethanolamine
(MEA) (99%, Alfa Aesar) [H2 NCH2 CH2 OH] mixed in
the solution as a stabiliser to enhance the stability of
solutions. To study the influence of Al-doped ZnO thin
films, the concentration of Al was varied as 0, 2, 4, 6, 8
and 10 at.% and coded as AZ0, AZ2, AZ4, AZ6, AZ8
and AZ10, respectively. All solutions were stirred at
room temperature for 4 h . Thereafter, all solutions were
kept for 24 h to yield a homogeneous and clear solution.
The glass substrates were cleaned by using ultrasonic
cleaner, methanol and acetone sequentially. AZO thin
films were deposited on the glass substrate by sol–gel
spin coating method. The spin coating was performed

with a speed of 2500 rpm at room temperature for 30
s. The thin films were preheated in the microprocessorcontrolled furnace at 200◦ C for 10 min and this process
was repeated 10 times for the deposition of uniform
thin films on the substrate. The films were post heated
in the furnace at 480◦ C for 2 h to evaporate the solvent
and remove the organic impurities. All thin films were
deposited on the glass substrate in the same manner. Figure 1 shows the complete process for the preparation of
AZO thin film by sol–gel spin coating technique.
The crystalline structures of the thin films were
investigated by using X-ray diffraction (X’pert Pro
Diffractometer) pattern. The surface morphology was
observed by using field emission electron scanning
microscopy (EVO-40 ZEISS). To determine the transmittance and the energy band gap of the thin film
samples, transmittance spectra were collected in the
wavelength range 350–800 nm by UV–Vis spectrophotometer (Shimadzu UV-3600). The electrical properties
of the thin films were characterised by the two-probe
electrometer (Keithley SCS-4200). To determine the UV
photoresponse of the thin films, an additional ultraviolet lamp of 100 mW/cm2 power density and 365 nm
wavelength was used with two-probe electrometer.

3. Results and discussion
3.1 Structural properties
The XRD patterns of the undoped and Al-doped ZnO
(AZO) thin films with different concentrations of Al
(2, 4, 6, 8, 10 at.%) are shown in figure 2. The XRD
pattern reveals that the films are polycrystalline and
have wurtzite hexagonal crystal structure. These data
coincide with the peaks JCPDS card no 89-7102. No
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additional peak was detected in the XRD pattern of Al,
showing that the Al ions are easily embedded in the sites
of ZnO crystal lattice. Samples AZ0, AZ2, AZ4 and
AZ6 exhibit intense peak corresponding to the (002)
plane but samples AZ8 and AZ10 are dominated by
the growth corresponding to the (101) and (100) planes,
respectively. In addition, a small peak was also observed
corresponding to the (110) plane for all the samples.
The pure ZnO film shows an intense diffraction peak
corresponding to the (002) plane, preferentially orienting along the c-axis [31]. The AZO films also exhibit
wurtzite structure but the intensity of diffraction peaks
corresponding to the (101) and (100) planes is enhanced
whereas the diffraction peak of (002) plane is reduced
as the concentration of Al in ZnO increases. The diffraction peak of the (002) plane gets weaker and both (101)
and (100) diffraction peaks become intense for the AZ10
sample. The changes in the XRD patterns of AZO thin
films confirm that structural degradation and multiorientation growth are induced with higher concentration
of Al. It means that the higher content of Al suppresses
the crystallinity of thin films corresponding to the (002)
plane and allows growth corresponding to the (100) and
(101) planes. The undoped ZnO thin film shows diffraction peak with sharper and stronger intensity, indicating
large crystallite size. The diffraction peaks of AZO films
became broader with higher concentration of Al, which
agrees with the decreasing average crystallite size. The
crystallite size of all the thin films can be calculated
using the Scherrer’s formula [32],
D=

kλ
,
β cos θ

(1)

where k is a constant, λ is the wavelength of X-ray
source, β is the full width half maxima (FWHM) in
radians and θ is half of the Bragg diffraction angle. The
residual stress on thin films influences mechanical stability and the electrical properties of the thin films. The
in-plane stress (σ film
 ) of AZO film is calculated from
XRD analysis using the biaxial stress of the films, for
the hexagonal structure of ZnO.

σfilm =

2 − c (c + c )
c13
33 11
12
film
· ε⊥
,
2c13

(2)

where ci j are the components of single crystal elastic
stiffness constant and having values c11 = 208.8 ×
109 N/m2 , c12 = 119.7 × 109 N/m2 , c13 = 104.2 ×
film is the out109 N/m2 , c33 = 213.8×109 N/m2 and ε⊥
of-plane strain in the deposited film. The value of the
out-of-plane strain can be calculated by using the variation of c-axis lattice parameter of the thin film (cfilm )

Figure 2. (a) X-ray patterns of pure ZnO and AZO films
with various doping concentrations and (b) influence of Al
concentration on the crystal size and the residual stress of the
thin films.

and the standard value of (cbulk) ZnO powder [33],
film
=
ε⊥

cfilm − cbulk
,
cbulk

(3)

where cbulk = 5.206 Å. The value of cfilm is determined
by using interplanar spacing formula in the hexagonal
lattice [34],
1
2
dhkl

=

(h 2 + hk + k 2 ) l 2
+ 2,
c
3a 2

(4)

where h, k, l are the Miller indices. d is the lattice spacing where



4 sin θ 2
1
.
=
d2
λ2
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Table 1. The structural properties of AZO thin films.
Sample

2θ (◦ )

β (rad.)

Lattice parameter (a) (Å)

Lattice parameter (c) (Å)

Crystallite
size (nm)

Strain

Stress
(109 N/m2 )

AZ0
AZ2
AZ4
AZ6
AZ8
AZ10

34.54
34.82
34.55
34.66
34.60
34.54

0.0040840
0.0091451
0.0104889
0.0105468
0.0119874
0.0115980

3.235
3.146
3.228
3.223
3.232
3.234

5.189
5.149
5.187
5.171
5.180
5.189

35.12
15.88
13.84
13.77
12.15
12.51

0.003265
0.010948
0.003649
0.006723
0.004994
0.003265

0.930
3.119
1.039
1.915
1.422
0.930

Figure 3. (a)–(h) FE-SEM images of AZ0, AZ4, AZ6, AZ10 thin film samples at 5 μm and 500 nm resolution and (i) EDX
of sample AZ6.
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The calculated structural values of lattice constants,
crystallite size and residual stress of the films are given
in table 1.

3.2 Surface morphology
Figures 3a–3h show the surface morphology of AZO
thin films with different Al doping concentrations (0,
4, 6 and 10 at.%). From the micrographs, it was confirmed that pure ZnO and AZO thin films have shown
similar wrinkle-type morphology [35]. The density of
microstructures was enhanced with higher dopant concentration of Al. Higher concentration of Al created
some minor cracks on the surface of AZO films. Further, increasing number of nucleation contributed in the
formation of small grains, during incorporation of the
dopant into the host material as well as disturbance in
the grain growth by stress. Therefore, the morphology
of thin films was deformed with higher concentration
of Al, and as a result some minor cracks were induced
on the surface of thin films [36]. The calculated average grain sizes of samples AZ0, AZ2, AZ4, AZ6, AZ8,
AZ10 are 84.32 nm, 54.8 nm, 57.57 nm, 51.21 nm, 41.56
nm, 46.23 nm, 58.43 nm, respectively. The EDX data
were collected to analyse the quantitative and qualitative nature of AZO thin films. Figure 3i shows the EDX
of AZ6 thin film samples. The EDX data indicate clearly
the presence of Zn, O and Al content only, which further confirm that no other impurities are included in the
formation of AZO thin films.

3.3 Optical properties
To determine the optical parameters of AZO films, the
transmittance spectra of thin films were collected in the
wavelength range 350–800 nm. The optical transmittance spectra of AZO films are depicted in figure 4a.
The transmittance of all thin films was found within
85 to 95% in the visible region with a sharp absorption edge. The average transmittance of AZO films
decreases remarkably for higher doping concentration
of Al. From X-ray analysis of AZO films, the higher
doping concentration of Al shows polycrystalline and
weak crystalline structure. Moreover, small fluctuation
occurs due to the interference phenomenon between
the layer of the thin film. This fact may be due to
the optical scattering of light by the grain boundary.
The optical absorbance of AZO films as a function
of the doping concentration of Al is shown in figure 4b. It is observed that the absorption edge shifts

Figure 4. (a) Transmittance spectra of ZnO and AZO thin
films in the wavelength range 350–800 nm, (b) absorbance
spectra of ZnO and AZO thin films, (c) plot of (αhν)1/2 vs.
hν for ZnO and AZO thin films.

toward lower wavelength by increasing the doping concentration of Al, which indicates the widening of the
band gap.

87

Page 6 of 9

Pramana – J. Phys.

(2021) 95:87

Table 2. Band-gap energy, sheet resistance, thickness and figure of merit of AZO thin films.
SI. No.
1
2
3
4
5
6

Samples

Band gap (E g ) (eV)

Sheet resistance ( )

Thickness of the films (nm)

AZ0
AZ2
AZ4
AZ6
AZ8
AZ10

3.27
3.28
3.29
3.30
3.35
3.36

3810
35
29
16
659
2066

175
148
166
152
164
192

The optical band-gap energy (E g ) of AZO thin films
can be obtained by the following relation [37]:
1

αhν = (hν − E g ) 2 ,

(5)

where hν and α are the photon energy and absorption
coefficient respectively. We consider that the absorption
coefficient (α) can be derived by the following formula:
 
1
1
α = In
,
(6)
d
T
where T and d are the transmittance and thickness of thin
films respectively. The optical band gap of films may be
calculated by extrapolating the corresponding straight
line downwards to the photon energy axis in the Tauc’s
plot. The optical band gap varies from 3.17 to 3.25 eV
as can be seen in figure 4c. According to Burstein–Moss
theory [38,39], Al dopants generate extra free electrons
that acquire lowest energy states; hence valance electrons need additional energies to jump in the higher
energy states within the conduction band. Therefore,
higher concentration of Al allows blue shift of the
absorption edge (table 2).
3.4 Electrical properties
3.4.1 Resistivity (ρ). The electrical properties of AZO
films were investigated with the help of two-probe
electrometer. The variation in the current density with
respect to bias voltage is shown in figure 5a. These
results confirm that there is a reduction in resistance
of the AZO films with increasing doping concentration
of Al for a certain value. The minimum sheet resistance
was obtained around 16.6 Ohm for the sample AZ6.
For higher concentration of Al, sheet resistance again
increases and it may be due to the induced minor cracks
on the surface of the thin film samples which was already
confirmed by the FE-SEM micrograph. The following
relation can be used to determine the resistivity of thinfilm samples [40]:
ρ = Rs × d,

(7)

where Rs is the resistance and d is the thickness of the
thin film samples. The obtained thickness of the thin

Figure of merit (φm ) (

−1 )

0.024
2.657
3.285
5.375
0.132
0.042

films was nearly same. The sheet resistance of the samples was different, which plays the dominant role to
calculate the value of resistivity of thin film samples.
The variations in resistivity with doping concentration
of Al in AZO thin films are shown in figure 6.
3.4.2 UV photoresponse. To determine the photoresponse of all the thin film samples, an additional set-up
consisting of visible and UV light lamp (365 nm) is
arranged. This set-up is interconnected with the twoprobe electrometer as shown in figure 5c. In the presence
of visible light, all thin films exhibit no response which
may be due to the energy band gap of AZO thin films
that does not lie in the range of excitation energy of electron. Thin film placed in the presence of UV light shows
high photoresponse. The photoresponse of all the films
can be measured by the relation [41]
Responsivity =

Iph
,
Pinc

(8)

where Iph is the photocurrent and Pinc is the incident optical power of the UV lamp. During exposer
of the UV light (365 nm), electrons and holes (e- and
h+ ) are generated in the conduction band and valance
band, respectively [42]. As a result, the value of current
increases instantly to its maximum value and tends to
saturate. After switching off the UV lamp, it decays to
the initial value. It was observed that sample AZ0 did
not respond instantly and it showed low photoresponse
and high recovery time because of low conductivity
and undesirable optical band-gap range. By increment
of Al concentration, the conductivity and optical band
gap were enhanced resulting in the improved values
of photocurrent and the photoresponse were obtained
under UV irradiation. The optimised photoresponse was
attained for the sample AZ6 which is shown in figure 5b.
It was also concluded that the amplitude of photoresponse curve for each on-off cycle was constant for AZ6
in comparison to other samples, which implies that it
represents good performance and stability. The maximum value of photoresponse was obtained (3.12 A/W)
for AZ6 sample under the constant illumination power
density of 100 mW/cm2 .
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Figure 5. (a) I −V characteristics of pure ZnO and Al-doped ZnO thin films in dark, (b) UV photoresponse of samples AZ0,
AZ4, AZ6 and AZ10 under an optical power density of 100 mW/cm2 and (c) a set-up to measure the UV photoresponse.
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sample AZ6 exhibits fast photoresponse with better stability. The AZO thin films can be a promising alternative
of ITO for optoelectronic applications.
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