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A B S T R A C T

In this work, we have studied the effect of aluminium dopant precursor type and doping concentration on the
structural, morphological, optical and electrical properties of Al and In co-doped zinc oxide (AIZO) thin films
deposited by ultrasonic spray pyrolysis. Zinc acetate dihydrate and indium acetate were used as zinc and indium
precursors, respectively. Aluminium chloride and aluminium sulphate were used as aluminium precursors. The
doping concentrations of Al (1 to 3 at%) and In (1 to 3 at%), were varied equally and the physical properties
were analyzed. X-ray diffraction examinations confirmed that AIZO films were poly crystalline and grown as a
hexagonal wurtzite structure. Scanning electron microscopy observations revealed that thin films were grown
with different types of hexagonal nanostructures. From the optical and electrical measurements, the figure of
merit was estimated. The values were 4.09 × 10−3/Ω and 0.75 × 10−3/Ω for the AIZO thin films deposited
using aluminium chloride and aluminium sulphate respectively.

1. Introduction

Zinc oxide (ZnO) is an interesting semiconductor material which
owns several special properties such as piezoelectric, pyroelectric,
magnetic, resistance to radiation, and electrically conductive with an
appropriate elemental doping [1–5]. In addition, ZnO is abundant, and
inexpensive [6,7]. This multi-functionality behavior helps researchers
to employ ZnO in various applications like actuators, memory devices,
chemical gas sensors, thin films transistors, photo catalysis, energy
storage devices and transparent conductive oxide (TCO) applications,
among others [8–14]. From recent reports, we found that co-doping
ZnO helps in improving the physical properties since undoped ZnO is
highly resistive [15–17]. The electrical properties of a polycrystalline
semiconductor are affected by different mechanisms such as free carrier
scattering caused by impurities located in the grain boundaries and the
value of the carrier concentration. In the literature, we found that,
when metal ions (Al3+/In3+/Ga3+) replaces Zn2+, in turn increases
the carrier concentration, thereby exhibits low resistivity provided that
the dopants concentrations are below the solubility limit [18–21]. If
doping is performed with excess concentrations, surplus atoms of

dopants occupy the grain boundaries and results in high resistivity. This
situation has been reported in Al doped ZnO thin films deposited by sol-
gel, where authors mentioned that Al incorporates as Al2O3 aggregates
at the ZnO grain boundaries [22]. Accordingly, under optimized de-
position conditions, co-doping can be successful to decrease resistivity
of ZnO thin films for TCO applications.

Though ZnO thin films can be prepared by many techniques such as
thermal evaporation [23], sputtering [24], molecular beam epitaxy
[25], pulsed laser deposition [26] etc., controlling the experimental
parameters to achieve co-doped films with these techniques is a chal-
lenging process. In this regard, we have followed a chemical approach,
ultrasonic spray pyrolysis (USP) to fabricate Al and In co-doped ZnO
(AIZO) thin films. This technique offers several advantages such as
simplicity, applicable for large-scale applications, cost and time effec-
tive [27–29]. The various experimental parameters involved in the
deposition of thin films by USP are substrate temperature, solution
concentration, dopants concentration, deposition time and solution
flow rate [30–34]. However, for USP technique, the type of precursor
salts may produce an impact in the properties of the material, but in the
literature, no research has been found to investigate the effect of
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precursor salts to produce AIZO thin films.
In this work, we have fabricated the AIZO thin films by varying the

co-dopants concentrations and the type of Al precursor and investigated
the physical characteristics such as structural, morphological, optical
and electrical.

2. Experimental

Fabrication of Al and In co-doped zinc oxide thin films were per-
formed on glass substrates by ultrasonic spray pyrolysis. Zn precursor
solution of 0.2 M concentration was prepared from zinc acetate dihy-
drate (Zn(OOCCH3)2·2H2O, Alfa Aesar), using three solvents specifi-
cally acetic acid (5 ml), deionized water (5 ml) and methanol (90 ml).
Aluminium dopant precursor solution was prepared using aluminium
chloride (AlCl3·6H2O, Alfa Aesar) of 0.1 M using methanol as a solvent
and named as ALCL. One more aluminium dopant solution of 0.1 M was
prepared by dissolving aluminium sulphate (AlSO4·18H2O, Alfa Aesar)
in methanol and named as ALS. Indium dopant solution of 0.2 M was
prepared in an equal mixture of deionized water and acetic acid using
indium acetate (In(OOCCH3)3, Alfa Aesar). Certain concentration of Al
and In dopants were added in the Zn precursor solutions and growth of
AIZO thin films were carried out by the deposition conditions as de-
tailed in Table 1. In addition, an undoped ZnO thin film was prepared at
450 °C for 10 min using the Zn precursor solution to compare the figure
of merit with co-doped films.

The structural characterization of the AIZO films was carried out
with an X-ray diffractometer (PANalytical) with Cu K-alpha radiation.
Thicknesses of the films were measured with a Bruker (Dektak) profil-
ometer. High resolution morphologies were obtained by a Zeiss Auriga
scanning electron microscope. Transmittance spectra were measured
with a Shimadzu (Model no: 2401 PC) spectrophotometer. Sheet re-
sistance values were gathered from a 4-point probe (Veeco) instrument.
Thermogravimetric analysis (TGA) of aluminium salts was obtained
using SDT Q600 V8.3 thermal analyzer. The existence of co-dopants
was confirmed by depth analysis performed with ION TOF Secondary
Ion Mass Spectroscopy (SIMS).

3. Results and discussion

3.1. Structural properties

The Fig. 1(a) shows the XRD patterns of thin films prepared using
aluminium chloride precursor. Here we can observe that all the films
are polycrystalline. The films ALCL-1 and ALCL-2 present (002) pre-
ferential orientation confirmed from texture co-efficient [35] estima-
tions. In contrast, the film ALCL-3 show texture co-efficient near to 1 for
many planes confirms that ALCL-3 is randomly oriented. Portillo-Vélez
et al. also obtained ZnO thin films by spray pyrolysis with random or-
ientation, when using a zinc acetate precursor [36].

The Fig. 1(b) shows the XRD diffraction patterns of the Al and In co-
doped ZnO thin films fabricated using aluminium sulphate as Al pre-
cursor. No other notable peaks are found apart from (002) plane peak.
All the ALS films show (002) as preferential orientation, in addition
confirms the growth of hexagonal wurtzite structure [37,38]. The peaks

of the samples are slightly shifted from the undoped ZnO peak as well as
the reference JCPDS file (01-089-0510). This shift might be attributed
to tensile stress in the films [39]. In addition, peaks belonging to Al and
In are not observed in the patterns, which confirms that the dopants are
incorporated into the lattice of ZnO. Identically, Sin et al. reported that
the absence of indium compounds in the indium doped ZnO thin films
[40]. Further, films show a dominating peak along (002) plane in-
dicating that AIZO thin films are grown along c-direction of wurtzite
structure. However, there are variations in full width at half maximum
(FWHM) with modifications in dopants concentration, which is a result
of variation in thickness (t) (Table 2). Hence, the films ALCL-1 and ALS-
1 show higher crystallinity than other films, since the films deposited
with low dopants concentrations show low values of FWHM. The
crystallite size and FWHM of the films are given in Table 2. The crys-
tallite sizes (L) of the AIZO films (for the plane (002)) are estimated
using Scherrer's formula L = 0.9λ/βcosθ [41]

λ =wavelength, nm
β = FWHM, radians
θ = angle of diffraction, radians.

Table 1
AIZO thin film growth conditions.

Thin film ID Al precursor ID Al concentration
(at%)

In concentration
(at%)

Deposition time
(min)

Deposition temperature
(°C)

ALCL-1 ALCL 1 1 10 450
ALCL-2 ALCL 2 2 10 450
ALCL-3 ALCL 3 3 10 450
ALS-1 ALS 1 1 20 425
ALS-2 ALS 2 2 20 425
ALS-3 ALS 3 3 20 425

Fig. 1. (a). XRD of the AIZO thin films prepared using aluminium chloride as aluminium
precursor and undoped ZnO thin film.
(b). XRD of the AIZO thin films prepared using aluminium sulphate as aluminium pre-
cursor and undoped ZnO thin film.
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3.2. Morphological properties

The surface morphologies of the AIZO thin films and undoped ZnO
obtained via scanning electron microscopy are shown in Fig. 2(a–h).

ALCL-1 film presents grains with hexagonal plate shape morphology

that tends to pile up (Fig. 2a). The sizes of the structures vary in be-
tween ~50 to 350 nm. However, when dopants concentration in-
creases, ALCL-2 (Fig. 2b) shows a surface with isolated hexagonal plates
with a size distribution of ~100–400 nm. Further increase in dopants
concentration (Fig. 2c) destroys the hexagonal shape and results in
compact leaves-like structures. Fig. 2(a,b,c) clearly shows that as co-
dopants concentrations increases, compactness also increases in film
surface.

When AIZO films are prepared using aluminium sulphate, the film
morphologies are appeared as in Fig. 2(d,e,f). Hexagonal plate struc-
tures over which screwed pyramidal structures are formed when the co-
dopants concentration is very low (1 at%) of size ~200 to 400 nm.
Inclusion of 2 at% of co-dopants results in the formation of either
hexagonal plates or irregular features. Addition of 3 at% of co-dopants
leads to the growth of hexagonal flakes and few triangles of different
sizes from ~180 nm to 400 nm. The undoped ZnO thin films showed a
morphology with irregular hexagons (Fig. 2(g–h)). The size distribution

Table 2
Thickness and structural characteristics of the deposited films.

Thin film ID Thickness (nm) FWHM (deg) Crystallite size (nm)

ALCL-1 690 0.1683 49.41
ALCL-2 447 0.2356 35.2
ALCL-3 461 0.2357 35.45 (for the plane (101))
ALS-1 763 0.1851 44.93
ALS-2 451 0.2019 41.19
ALS-3 265 0.3029 27.45
Undoped ZnO 439 0.1596 52.11

Fig. 2. Thin film morphologies of (a) ALCL-1, (b) ALCL-2,
(c) ALCL-3, (d) ALS-1, (e) ALS-2, (f) ALS-3, (g) Undoped
ZnO at 50 KX magnification, and (h) Undoped ZnO at 25 KX
magnification.
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of the hexagons is found to be in between 100 and 210 nm.

3.3. Optical and electrical properties

Fig. 3a shows the transmittance of deposited undoped and co-doped
thin films prepared using aluminium chloride as an aluminium pre-
cursor. From the Table 3 we can observe that there is a drastic change in
transmittance values, which is a result of change in thickness (Table 2).

Fig. 3b shows the transmittance of undoped ZnO, ALS-1, ALS-2 and
ALS-3 films. ALS-3 presents the lower transmittance than ALS-2, though
the thickness is low for ALS-3. This behavior could be due to type of
nanostructure formed on the thin film surface.

When we compare Fig. 3a and b following discussions can be con-
cluded:

a) Films doped with low concentration result in very low transmit-
tances.

b) In both cases, films co-doped with 2 at% show high transmittances
(> 80%).

c) The bandgap (Eg) values are found to be oscillating between 3.41
and 3.48 eV. However, Eg is slightly upwards shifted from the

undoped ZnO (Eg = 3.31 eV), this can be due to an increase in
carrier concentration, which is called Burstein-Moss effect [42].

In addition, when we observe electrical characteristics from Table 3,
all the films show resistivity (ρ =Rs ∗ t) in the order of 10−3Ω-cm,
lower than undoped ZnO resistivity which in turn assures that co-do-
pants are well-substituted into the Zn lattice, in turn would have in-
creased the carrier concentration.

The factors that affect the electro-optical characteristics are type of
dopant, composition of elements and the deposition environment. To
evaluate the figure of merit (ΦTC), Haacke's formula (ΦTC = T10/Rs,
where T is the transmittance at 550 nm and Rs is the sheet resistance) is
employed [43]. The film ALCL-2 appears to be the best since it shows
the highest figure of merit (4.09 × 10−3/Ω), could be due to the better
decomposition of aluminium chloride than aluminium sulphate, which
was confirmed from TGA plots. Fig. 4 shows the TGA plots of the alu-
minium precursors, where 77% of weight loss occurs for aluminium
chloride at 425 °C, whereas it is only 45% for aluminium sulphate at
450 °C. It is worth to mention that we performed several preliminary
studies on deposition times and temperatures (between 400 and 475 °C)
to obtain high values of figure of merit. We found that 10 min deposi-
tion at 425 °C is the excellent condition while using aluminium chloride
and 20 min deposition at 450 °C is the optimum condition while using
aluminium sulphate as aluminium precursor. In addition, the achieved
FOM is quite competitive with the reported FOM in the literature (in
between 1.74 × 10−6 and 8.47 × 10−3/Ω) for the extrinsic ZnO thin
films deposited by ultrasonic spray pyrolysis [44–47].

Fig. 5(a) & (b) shows the depth profile of the samples ALCL-2 and
ALS-2 obtained by SIMS, where the thin films contain the elements Zn,
O, In and Al. The average atomic concentration of Zn, O, In, and Al for
ALCL-2 film are 1.50 × 1022, 1.68 × 1022, 4.64 × 1020, and
3.62 × 1019 atoms/cm3 respectively. Similarly, for ALS-2 the obtained
concentration values of Zn, O, In, and Al are 1.98 × 1022, 1.87 × 1022,
5.29 × 1020, and 2.30 × 1018 atoms/cm3 respectively.

4. Conclusions

Aluminium and indium co-doped zinc oxide (AIZO) thin films were
grown on glass substrates by ultrasonic spray pyrolysis. The structural,
morphological, optical and electrical properties were investigated with
changes in precursor type and co-dopants concentration in the spraying
solution. Investigation on structural properties showed that films were
crystalline and no evidence of Al2O3 or In2O3 were observed.
Morphological studies showed that AIZO films result in different mor-
phological when there were changes in the experimental conditions.
Optical and electrical measurements indicated that films grown using
aluminium chloride as an Al dopant precursor exhibited the highest
figure of merit ~4.09 × 10−3/Ω. Thus, our results prove that choosing
an appropriate precursor and doping concentration are important fac-
tors in obtaining films for the suitability of transparent conductive
oxide applications.

Fig. 3. (a). Optical transmittance of the AIZO thin films prepared using aluminium
chloride as aluminium precursor and undoped ZnO thin film.
(b). Optical transmittance of the AIZO thin films prepared using aluminium sulphate as
aluminium precursor and undoped ZnO thin film.

Table 3
Optical and electrical parameters of undoped ZnO and AIZO thin films.

Thin film ID T550 (%) Eg (eV) Rs (Ω/
□)

ρ (×10−3Ω-
cm)

Figure of Merit
(FOM) (10−3/Ω)

ALCL-1 59.96 3.42 79 5.45 0.07
ALCL-2 89.10 3.41 77 3.44 4.09
ALCL-3 77.85 3.41 152 7.00 0.53
ALS-1 61.58 3.48 72 5.49 0.11
ALS-2 81.17 3.44 164 7.39 0.75
ALS-3 78.79 3.41 309 8.18 0.29
Undoped ZnO 86.17 3.31 38 K 1668.20 0.006

Fig. 4. Thermogravimetric analysis of aluminium precursors.
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