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Aluminum-doped zinc oxide thin films (ZnO:Al) with different percentages (between 0 and
7 atomic percent (at.%)) were deposited on glass substrates at 350°C using the spray pyrolysis
technique. The effect of aluminum content on the structural and optical properties of ZnO:Al thin
films was investigated. Firstly, X-ray diffraction study showed that the undoped and Al-doped
ZnO:Al thin films crystallize in a hexagonal wurtzite structure, with the crystallites preferen-
tially oriented along the (002) direction. Secondly, optical analysis in transmission mode showed
that the average transmittance of the ZnO:Al thin films in the visible range is 75%. Moreover,
the band gap energy E_ decreased from 3.285 to 3.156 eV as the Al content increased.
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JocaiaKeHHA CTPYKTY PHUX TA OITUYHUX BJIACTUBOCTEM TOHKUX ILTIBOK ZnO jierosanux
Al 3 pisuoro koHUEHTpani€ew gerysanua. Achaichia Sarra, Hafdallah Abdelkader

Tonki rTiBKH® OKCHTY ITUHKY, JeroBasi aymomizieM (ZnO: Al) 3 PI3HUM BIJICOTKOBAM BMICTOM (B1]T
0 10 7 aTOMHUX BiJICOTKIB (aT %)), Oy HaHEeCeH] Ha CKJISHL mmcnamm npu 350°C 3a JIOIIOMOT010
MeTOJY PO3LHIIIOBAJIEHOTO mpomsy Byu1o mocimimpxeno Brius BMICTy AJIIOMIHIIO HA CTPYKTYPHI Ta
OIITWYHI BJIacTUBOCTI TOHKUX IIiBoK ZnO:Al. Ilo- Iepiie, peHTI‘eHIBCLRI/II/I nudpakIiiHuil aHaIi3
IOKAa3as, 10 HeseroBani Ta jsierosani Al Torki niBku ZnO:Al KpucTasi3yoThbCs B FeKCATOHAJIBHY
CTPYKTYPY BIOPIIUTY, IIPUYOMY KPHUCTAJITH IIEPEBAsKHO OpieHTOBaHI B3HoB:k HampaMky (002).
Ilo-npyre, onTruHmMii aHai3 3a JOIOMOIOKN BHUMIPIOBAHB IIPOIYCKAHHS IIOKA3aB, IO CEpPEeIHE
MPOIyCKAHHS TOHKUX ILUTBOK ZnO:Al y Bumumomy miamasoni cranoemiio 75%. Kpim toro, eneprist

3a00pPOHEHOI 30HUI Eg aMeHIIyBasiaca 3 3,285 mo 3,156 eB 31 30iabimenuaM smicty Al.

1. Introduction

Transparent conductive oxides (TCOs) are es-
sential materials widely used as transparent elec-
trodes 1n flat panel displays, touch panels [1,2],
photovoltaic cells, smart windows, and other
optoelectronic devices due to their combination
of high optical transparency and good electrical
conductivity [3,4]. These properties are typically
achieved in wide band gap oxides that are made
degenerate by doping. The performance of TCOs
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depends on multiple factors such as conductivity,
transparency, thermal and chemical stability, de-
position temperature, and cost [5].

Among various TCOs, indium tin oxide
(ITO) remains the most common; however, its
drawbacks, such as high cost, limited indium
availability, and toxicity, have motivated re-
search into alternative materials [6]. One of
the most promising alternatives to indium tin
oxide (ITO) is zinc oxide (ZnO), since the ele-
ments are easily available and are also safe and
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reliable throughout the process of designing
[7]. ZnO is a direct wide bandgap semiconduc-
tor compound. The exciton binding energy is 60
meV [8], the bandgap i1s 3.37 eV at room tem-
perature [9], and ZnO is non-toxic, inexpensive,
and resource-rich [10]. In recent years, ZnO has
been found to have quite a few uses in optics,
magnetism, and mechanics [11], such as light-
emitting diodes [12], laser direct structuring
[13], energy storage, catalysis, dyes, solar cells
[14], electronic devices, gas sensing, etc [15].
However, ZnO is insensitive to visible light due
to the wide band gap; it can just absorb ultra-
violet light [16], and the conductivity and car-
rier concentration of the original materials are
relatively low, which limits its application in
conductive materials or optoelectronic applica-
tions [17]. ZnO-based TCOs can be synthesized
using various low-cost and scalable techniques,
including pulsed laser deposition [18], atomic
layer deposition [19], magnetron sputtering
[20,21], chemical vapor deposition [22], sol-gel
dip coating [23], and sol-gel spin coating [24].

Even though the pure form of ZnO found
huge advantages in different aspects, it is well
established that the doping of metal oxides will
develop the physical and chemical properties
of ZnO films. For transparent conducting oxide
(TCO) application, group 13 elements such as
boron (B), aluminum (Al), gallium (Ga) and in-
dium (In) were used for ZnO doping in order
to improve its electrical conductivity. Among
these elements, aluminum (Al) is considered
as the best doping element to enhance opto-
electronic and detector properties, which repre-
sents distinct advantages over the other doping
materials due to its low cost, non-toxicity, and
most importantly, its high transparency in the
visible and near-infrared spectral region, as
well as its low electrical resistivity [25,26].

The spray pyrolysis technique has been em-
ployed for the fabrication of thin films, due to
its simplicity, rapidity, scalability, and ability
to generate nanopowders in a single-step pro-
cess. This method allows for precise control
over the molarity of the precursor solution, and
enables the production of doped thin films with
good structural stability and reproducibility.
Its additional advantages, such as low cost,
non-toxicity, and the abundant availability of
raw materials, make it particularly appealing
for environmentally friendly applications. In
this work, we have utilized spray pyrolysis to
develop nanostructured ZnO thin films, both
undoped and doped with aluminum. The films
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were prepared by varying doping levels with
aluminum to achieve optimized structural and
optical properties [27,28].

2. Experimental

The samples were deposited using a home-
made spray pyrolysis system. The starting so-
lution was prepared by dissolving 0.1 M zinc
acetate (C,H;0,Zn2H,0) in methanol. Alu-
minum doping was achieved by adding a small
amount of aluminum nitrate (AI(NOg)4 9H,0)
to the precursor solution. The weight of the
added dopant is calculated as a function of the
desired Al/Zn ratio. The latter was varied in
the range of 0-7 at.%.

The solution was atomized into fine droplets
by the pyrolysis system and deposited onto glass
substrates placed on a holder maintained at a
fixed temperature of 350 °C. The X-ray diffrac-
tion data on ZnO:Al thin films were obtained by
a copper-source diffractometer (SIEMENS D8
Advance, Bruker AXS) with the CuKa radia-
tion (A = 1.54056 A); the optical measurements
in the UV-visible region were carried out using
a double-beam spectrophotometer (Shimadzu
UV 1700) within 190-1100 nm wavelength
range; the distance to the substrate was main-
tained constant at 20 cm, and the deposition
time was 5 min.

3. Results and discussion

Structural properties

The X-ray diffraction patterns of undoped
and aluminum-doped ZnO thin films prepared
at a substrate temperature of 350°C are depict-
ed in Figure 1. It is important to note that all
the diffraction patterns showed a polycrystal-
line nature, with a dominant peak at around
34.5°, which indicates a primary growth orien-
tation along the crystallographic c-axis (002)
perpendicular to the substrate. Other peaks
correspond to the (100), (101), (103) and (102)
planes, characteristic of the hexagonal wurtzite
structure of ZnO thin films (reference: JCPDS
089-7102). This indicates that the wurtzite
structure of ZnO thin films is preserved upon
doping. It can be seen that as the amount of Al
dopant increases, the intensities of the peaks
decrease. This may be due to the segregation of
aluminum impurities at grain boundaries. The
(100) and (101) peaks begin to appear, and the
(002) peak becomes smaller, as the aluminum
concentration increases [29].
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Figure 1. X-ray diffraction patterns of ZnO:Al
thin films with various Al doping.

This indicates that an increase in alumi-
num concentration leads to randomization of
crystal orientation and a slight decrease in film
crystallinity, reflecting a significant increase in
defect density, as well as a loss of periodicity.
The positions of the (0 0 2) peaks are given in
Table 1. It can be seen that the (0 0 2) peak
shifts gradually to higher angles with the rise
of dopant concentration from 26 = 34.37° in un-
doped ZnO film to higher angles as Al content
increases (20 = 34.61° for ZnO:Al with an Al
content of 1 at.%). This slight shift may be due
to residual stresses in the film due to the differ-
ence in ionic radius between Zn?* (72 pm) and
AIP* (53 pm) [30]. At higher Al dopant levels
(>1at.%), a gradual shift of the (002) diffrac-
tion peak toward lower 20 values is observed,
which can be attributed to the formation of an
amorphous Al,O5 phase and the segregation of
excess aluminum at grain boundaries, as well
as to an increase in lattice imperfections and
microstrains [31].

The average crystallite size was inferred
from 20 and the full width at half maximum
(FWHM) of the (h k 1) peaks, using the Debye—
Scherrer equation [4,5]:

D= k—}“e (1)
ﬁ% cos
Where k£ = 0.90 is the Scherer constant, B,
represents tohe FWHM of the (002) peak, and
A = 1.5406 A denotes the wavelength of Cu-K
radiation.
The strains (e) of the crystal lattice can be
calculated by the following formula [34]:

B
_ 'k
&= 4tand @
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Texture coefficient (7TC) of the doped ZnO
thin films (Table 2) were calculated from XRD
data using the following formula [35]:

1 (k) / Io(hkl)

TC = 3

1
N 2 I(hkl) / Io(hkl)

where I(;,,;) is the measured observed intensity
of the peak, I (j,,;) is the standard intensity of
the respective peak according to the JCPDS
data card (79-2205), and N is the number of dif-
fraction peaks presented. The lattice constants
a and ¢ were calculated from the lattice geom-
etry equation [36]:

a

Ay = 1 2
\/3(h2 +k + hk)+ 1 Z—z

Where d is the interplanar distance, a and c are

lattice constants, and A, k, [ are Miller indices.

Table 1 lists the computed structural pa-
rameters of the produced thin films, including
the texture coefficient, strain, dislocation den-
sity, crystallite size, and lattice constants. The
strain created in the nanocrystal is responsible
for the observed change in the average size of
the crystallites. The point defects (vacancies,
site disorder), dislocations, and extended de-
fects in the crystal structures cause strain and
affect the shape of the crystallites. In this case,
strain variations are also influenced by compo-
sitional variations [36].

The disorder of lattice planes in the crystal
structure is generally measured by the dislo-
cation density (6). Furthermore, the texture
coefficient (TC), which shows the film’s high-
est preferred orientation along the diffraction
plane, suggests that an increase in the number
of grains along that plane was linked to an in-
crease in the preferred orientation.

We observe from Table 2 that the texture co-
efficient (T'C) corresponding to the (002) plane
is very high, indicating that for both undoped
and Al-doped ZnO thin films, the crystallites
are primarily perpendicular to the substrate
plane (parallel to the c-axis). The texture coef-
ficient (T'C) for the desired orientation (002) is
significant, suggesting higher structural film
quality.

Table 3 summarizes the calculated values of
the different interplanar spacing d(hkl) of ZnO:
Al thin films. The lattice parameters of ZnO:Al
thin films are computed and grouped in Table
4. We note that the interplanar spacing d(hkl)
and the lattice parameter are clearly depen-

(4)
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Table 1. Position of (002) peak and values of crystallite size, microstrain and dislocation density

mosay | Pion @00 | Mot | gy s | Costalliosie | Py
(10** m™=)
Zn0:0%Al 34.371 01.667 0.476 17.46 32.76
Zn0:1%Al 34.607 14.172 0.470 17.70 31.90
Zn0:3%Al 34.332 24.580 0.487 17.05 34.36
Zn0:5%Al 34.300 33.567 0.417 19.91 25.20
ZnO:T%Al 34.371 13.681 0.377 22.01 20.64
Table 2. Texture coefficient TC(hkl) values of ZnO:Al thin films
ZnO: Al To02) TC(lOO) TC(lOl)
Zn0:0%Al 2.381 0.953 0.674
Zn0:1%Al 3.012 1.083 0.902
Zn0:3%Al 4.087 1.033 0.874
Zn0:5%Al 4.037 1.021 0.931
Zn0:7%Al 4.013 1.031 0.949

Table 3. Interplanar spacing d(hkl) of ZnO:Al thin films

ZnO-Al d(1 00) [nm] d(002) [nm] d(1 01) [nm] d(l 09 [nm] d(1 03) [nm]
+4% 4% +4% +4% +4%
Zn0:0%Al 0.2809 0.2607 0.2475 0.1918 0,1479
Zn0:1%Al 0.2804 0.2804 0.2467 0.1922 0,1471
Zn0:3%Al 0.2816 0.2609 0.2495 0.1910 0,1478
Zn0:5%Al 0.2816 0.2612 0.2482 0.1919 0,1483
Zn0:7%Al 0.2802 0.2607 0.2477 0.1905 0,1479

dent on Al doping. In comparison with undoped
ZnO thin films, a slight decrease in the lattice
parameters a and ¢ related to Al substitution
in the ZnO matrix is observed. At low concen-
trations of the dopant Al from 1 to 4 at.%, no
significant changes are observed.

The bond length is the distance between
two atoms (here, Zn—0) and is inversely pro-
portional to bond strength and dissociation en-
ergy. The Zn—0 bond length (L) was calculated
using the following formula [37]:

L =\/a—32+(0,5—u)202 (5)

where |1 = (@2/3¢2) + 0.25 is the potential param-
eter of the hexagonal structure. The calculated
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L values are listed in Table 5, which announces
that the bond strength and dissociation energy
are improved. The unit cell volume (V) of the
hexagonal system was calculated using the
equation [37]:

V=0.866xa?xc (6)

The replacement of the Al?* ion in the ZnO
lattice was confirmed by the observed chang-
es in d-spacing, crystallite size, peak position
shift, lattice constants, volume, and texture co-
efficient.

As the percentage of aluminum in the start-
ing solutions increased, the grain sizes in-
creased from 17.46 nm to 22.01 nm, according
to the results shown in Figure 2. A decrease in
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Table 4. Values of lattice parameter of ZnO:Al thin films

Zn0:Al 002t 71073 [A] a0y £ 5%107 [A] ¢/a+ 3x103
Zn0:0%Al 5.214 3.244 1.607
Zn0:1%Al 5.209 3.238 1.608
Zn0:3%Al 5.219 3.252 1.604
Zn0:5%Al 5.224 3.252 1.606
Zn0:7%Al 5.214 3.235 1.611

Table 5. Structural parameters of ZnO:Al thin films

. Zn-0 bond length,
Zn0O:Al V(A3) . Stress (GPa)
L@A)
Zn0:0%Al 47.530 1.9764 0.3360
Zn0:1%Al 47.308 1.9733 0.5621
Zn0:3%Al 47.812 1.9804 0.9012
Zn0:5%Al 47.858 1.9810 0.7994
Zn0:7%Al 47.273 1.9728 0.3364
30 T T T T T T T T m 0,50 120
—®— Grain size(nm) Zn0:7% Al
28 —A—FWHM (°) < 0’48 100 §:g;§:2 :;
e Z110:1% Al
2 | i 0,46 8 Zn0:0% Al B
£ ~ =
E “r 1% s s 60 -
7] = 3
£ 2t Jo042 E =
§ 8 «
20 b 40,40 E
20 -
18 | Ho.38
o .
16 1 1 1 1 1 1 1 1 1 0136
o 1 2 3 4 5 6 7 8 . . . .
Doping level(%) 400 600 800 1000 1200

Figure 2. The variation of crystallite size of ZnO:
Al and full width at half maximum (FWHM) of
thin films with different Al doping.

the FWHM of the XRD peaks correlates with
the grain size increase.

Optical properties

Figure 3 shows the optical transmission
spectra of zinc oxide films prepared on glass
substrates at a temperature of 350°C for dif-
ferent aluminum dopant concentrations. All
films, irrespective of the dopant concentration
employed, are highly transparent in the vis-
ible range (400-750 nm) of the optical spec-
trum, reaching values up to 85% at 550 nm. It
is worth noting here that the obtained layers
will give a satisfactory optical window in the
visible range for optical applications. The de-
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wavelenght A(nm)

Figure3. Transmission spectra of doped ZnO:Al
thin films.

crease of transmittance at higher doping lev-
els (>2 at.%) after 700 nm may be attributed to
the increased scattering of photons by crystal
defects created by doping [38]. The free carrier
absorption of the photons may also contribute
to the observed reduction in the optical trans-
mission of heavily doped films.

The transmission spectra allow us to de-
termine the absorption coefficient (o) and the
band gap energy. The absorption coefficient is

given by [39]:
S [i} ™
d T

Functional Materials, 33, 2, 2026
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Figure 4. Plots of (ahv)? versus photon energy
(hv).

Furthermore, in the case of direct transmis-
sion, the absorption coefficient can be expressed
by [40]:

(ahvo)’ = A(hv - E,) (8)
where A is a constant, hv i1s the photon en-
ergy, and Eg represents the optical band gap
energy. The optical absorption method, which
is the most direct and simplest technique to
calculate some optical parameters, was used
to determine the optical band gap of the thin
films. Figure 4 shows the plots of (adhu) 2 versus
the photon energy (hv) for undoped and doped
ZnO:Al thin films. The band gap energy was
determined by extrapolation the straight-line
section to the zero absorption coefficient (a=0).
The linear regime indicated the existence of a
direct band gap for undoped and doped ZnO:Al
thin films.

The logarithmic variation of (¢) with photon
energy (hv), at 1at.% of Al content (just below
the fundamental absorption edge), is shown in
Figure 5. A linear dependence at each molar
ratio is observed over a wide range of (hv) in
these plots.

The incorporation of impurity into the semi-
conductor often reveals the formation of band
tailing in the band gap, the interactions with
phonons and the presence of a tail absorption
profile which follows the empirical Urbach law
[41]:

infa)=n(a,)+ 2. (©)
da "
. =a(g o (10)

where a(hv) represents the experimentally de-
duced optical absorption profile, and a; is a con-
stant.

Functional Materials, 33, 2, 2026

E“=388,58meV|

2,0 25 30 35 4,0
Photon energie(hv)(eV)
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Figure 6. Variation of optical band gap and Ur-
bach energy with doping level.

It is important to note that the degree of
structural disorder inside the ZnO network is
closely correlated with the Urbach tail energy
(E,), in Figure 6. The substitution of Zn by Al
in the lattice results in local strain and distor-
tion, because the ionic radius <°)f Zn?* (0.74 A) is
larger than that of AI3* (0.53 A) [42]. This may
initially minimize the quantity of defects at low
doping levels, which would lower E,. However,
excessive integration of Al ions at higher dop-
ing levels results in microstructural instability
and lattice defects, which increase the Urbach
energy and slightly reduce the optical band
gap. Similar correlations between increased
disorder and band gap narrowing have been re-
ported in Al-doped ZnO thin films by Dghoughi
et al [43], and Thirumoorthi et al [44].

Conclusion

High-quality ZnO:Al thin films were pre-
pared by spray pyrolysis, starting from zinc
acetate and aluminum nitrate as sources of
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ZnO and Al, respectively. From the results, the
transmittance in the visible range was found to
be above 80%.

X-ray diffraction studies showed that the
films grown at optimum conditions are poly-
crystalline with preferred (002) orientation,
and the peaks fit well to the hexagonal wurtzite
structure. There was a rise in grain size, from
17.46 nm to 22.01 nm.

In all cases, the lattice parameters were
found to be less than the bulk values due to
stress in the films. The optical band gap de-
creased with doping concentration, from 3.285
to 3.156 eV. The properties of the films produced
at optimum conditions are suitable for optical
and electrical applications, owing to their low
resistivity, high optical transmittance in the
visible range, and very low transmittance in
the UV region.
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