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Abstract

Al-doped ZnO (AZO) thin films are deposited on glass substrate by sol-gel spin coating using zinc acetate dihydrate as
a precursor with different molar concentrations varying from 0.35 to 0.75 mol/L. To investigate the structural, electrical,
optical and morphological properties of AZO films, XRD, four-point probes, HE measurement, UV—-Vis spectrometry and
SEM with EDX are used. Thickness of the thin film is measured by a surface profilometer. The structural characteristics
show a hexagonal wurtzite structure with a (002)-preferred orientation. Optical study reveals that transmittance is very
high (up to 90%) within the visible region and optical band gap, E, varies from 3.25 to 3.29 eV with Zn concentration. The
carrier concentration increases and resistivity decreases with the increase in Zn concentration. Thin films fabricated with
0.75 mol/L of Zn concentration exhibit the best electrical property. SEM study shows non-uniform surface of the films where
EDX confirms the formation of AZO. The results revealed by this study prompt a high interest to use AZO as transparent

conductive oxide for advanced applications such as displays, solar cells and optoelectronic devices.
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Introduction

ZnO has achieved a significant interest of the research com-
munity over the last decade because of its widespread and
potential application. This material is being used in biomedi-
cal science, ceramic industry, cosmetics, concrete manufac-
turing and even in food products. ZnO is prominently used
as transparent electrode in solar cells, touch screens, LCDs,
plasma display panels (PDPs) and OLEDs which are grow-
ing in demand [1, 2]. Impurity-doped ZnO [2, 3] is an amaz-
ing candidate for the transparent conducting oxide (TCO)
which has replaced ITO and FTO with its unique electrical
and optical features. TCO works as a window layer of a
photovoltaic cell that has greater than 80% transmittance of
incident light. Other versatile application of ZnO includes
quantum-dot LED [4], lithium-ion battery anodes [5], piezo-
electric devices such as surface acoustic wave (SAW) and
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piezoelectric sensors, anti-reflection coatings, field-effect
transistors, voltage-dependent resistor (VDR), chemical and
biological sensors and gas sensors in electronic noses [6].
n-Type ZnO possesses a large exciton binding energy of
60 meV with excellent chemical and thermal stability [7]
and has a wide gap (E,=3.37 eV). So it can be doped or co-
doped to improve its optical properties. When Al is doped
into ZnO, it elevates the free charge carriers and broadens
the optical band gap [8]. The elements of Group 3 (e.g., Al,
Ga) are used as doping material to increase the number of
carriers which decreases the resistivity. Impurity-doped ZnO
attracts much attention as it revealed both low resistivity
and high transmittance which are mostly expected for the
window layer of a solar cell. In addition, AZO consists of
non-toxic and earth abundant element and has low growth
temperature [9], which make it suitable for low-cost large-
scale coating. Thus, AZO has become the material of choice
of solar cell technology though ITO has been studied over
50 years and possesses most beneficial properties as TCO.
Thin films of AZO can be prepared by various tech-
niques such as spray pyrolysis [10], chemical vapor dep-
osition (CVD) [11], sputtering [12], laser ablation [13],
plasma-enhanced CVD (PECVD) [14], single-source CVD
(SSCVD) [15], metal-organic CVD (MOCVD) [16], pulsed
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laser deposition (PLD) [16], molecular beam epitaxy (MBE)
[16], thermal oxidation of Zn or ZnS [17, 18] and atomic
layer deposition (ALD) [19]. Yang et al. [20] reported high-
quality transparent and conducting room-temperature depo-
sition of AZO films by magnetron sputtering and studied the
effect of thermal annealing in different atmospheres. Tabas-
sum et al. [21] reported a comparative study of sputtered
and sol-gel processed AZO films with their oxidation kinet-
ics. Most of these deposition processes such as physical or
chemical vapor deposition require high temperature yielding
high-quality films which are not always suitable for lift-off
fabrication technology. The process complexity needs to be
overcome and manufacturing cost is low. The method such
as sol-gel [22, 23] process is not only inexpensive, but also
a simple and smooth process for synthesizing large-area thin
films of any material which is done at room temperature.
It allows excellent compositional control, a high degree of
homogeneity on the molecular level and a low crystallization
temperature. Highly oriented and transparent ZnO thin films
have been reported by Khan et al. [24] using the sol—gel
technique. Tonny et al. [25] investigated the optical, electri-
cal and structural properties of AZO film with varying film
thicknesses deposited by sol—gel spin coating method.
Effect of Al doping on optical and structural properties of
Al-ZnO is studied by Lee et al. [26] using vacuum evapo-
ration method and by Tabassum et al. [27] using sol-gel
method. The resistivity increased for 3—4 wt% Al concentra-
tion. Another study [28] investigated the electrical stability
of AZO film for different annealing temperatures and time
durations. It concludes that annealing duration does not
have any significant effect and high-temperature annealed
film shows better stability. Several studies also have been
reported on AZO thin film with varying thickness [25, 29]
and annealing atmosphere [29-33]. Controlling of crystal-
lite size, shape and crystallinity along with these various
parameters still needs to be inquired. Material stoichiom-
etry (metallic precursor with compositional uniformity) is
one of the vital factors to obtain high-quality transparent
AZO films. A very few study is reported on the effect of
Zn concentration on the properties of AZO till date. Taking
these under consideration, a simple and low-cost technique
such as sol—gel spin coating method is employed here to
fabricate AZO thin films for a systematic investigation. The
purpose of this work is to fabricate a high-quality transparent
AZO thin film and to reconnoiter the area of enhancing the
properties of the thin film as TCO. A higher knowledge of
the interrelation between different properties of a thin film
is essential in order to achieve better understanding of film
stoichiometry. The influence of film thickness on different
properties of AZO has been reported to find out an optimum
thickness for AZO film. Secondly, the influence of molar
concentration of Zn precursor is also studied for the investi-
gation of electro-optical quality of AZO film as a transparent

@ Springer

conductive electrode. Moreover, applying low-cost sol-gel
method to obtain AZO thin film as an alternative of expen-
sive ITO or FTO is the outstanding aspect of this research.

Materials and methods
Specimen preparation

Zinc acetate dihydrate (Zn(CH;COO),-2H,0) and Alu-
minum nitrate nonahydrate (AI(NO;);-9H,0) were used
as the precursor of ZnO and dopant precursor, respectively
to prepare the sol-gel [27]. Precursor concentration was
varied from 0.35 to 0.75 mol/L. At first, Zinc acetate dihy-
drate and Aluminum nitrate nonahydrate were dissolved
in 2-methoxyethanol (solvent). A few drops of monoetha-
nolamine (MEA) were added. MEA to Zinc acetate molar
ratio was set to 1. Here, MEA acts as a complexing agent.
The solution was stirred at 60 °C for 1 h by a magnetic stir-
rer to get a clean and homogeneous solution. The precursor
solution was left for 15-20 h for aging. The substrates of
soda lime glass (SLG) were cleaned by methanol, ethanol,
again methanol for 10 min each and with DI water in an
ultrasonic bath for 15 min [34]. A spin coater (SPS SPIN
150) is employed for deposition with 3000 rpm for 30 s
at room temperature. Synthesized films were preheated
with an oven (Binder, ED 53) at 300 °C for 5 min after
each coating. It was dried and cooled naturally. This pro-
cedure was repeated 5, 10, 15 and 20 times to increase the
thickness. So samples of four different thicknesses were
prepared for each concentration with the Sth, 10th, 15th
and 20th layers. The films were subsequently heated up to
500 °C for 1 h in a closed N, atmosphere in order to obtain
crystallized AZO.

Characterization

The thickness of the film was measured with a surface pro-
filometer (Dektak, Bruker). X-ray diffractometer (GBC,
eMMA) was used to study the structural characteristics of
the sol—gel derived Al-doped ZnO thin film. The system
with Cu-Ka radiation and wavelength of 1.5406 A was oper-
ated at 35 kV and 28 mA. A UV-visible spectrophotometer
(UH4150, Hitachi) was used to study optical transmittance
in the visible wavelength. The electrical properties of Al-
doped ZnO thin films were measured using a Hall effect
measurement system (HT55T3, Ecopia) employing the van
der Pauw technique. A scanning electron microscope (SEM,
Zeiss, EVO 18) was used to study surface topography, and
EDX (EDAX, AMETEK) was used to obtain quantitative
compositional information.
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Fig.2 X-ray diffraction spectra of AZO film with Zn concentration of
0.75 mol/L

Results and discussion

The thickness with the number of coated layers of sol-gel
processed AZO thin film is shown in Fig. 1 with error bars.
It increases linearly with the increase in coating numbers
ranging from 295 to 1039 nm.

Structural properties

The X-ray diffraction pattern for the AZO thin film
annealed at 500 °C is shown in Fig. 2. Below 500 °C,
AZO does not show any strong peak. In this study, AZO
crystallites have a hexagonal wurtzite structure (ICDD-00-
051-0037). The spectra shows a dominant peak at 34.60°
reflecting the preferential orientation along the crystal-
lographic axis (002). Other peaks at 31.80° and 36.30°
with less intensity are observed at axes (100) and (101),

respectively. All sample shows c-plane preferred orienta-
tion. It can be observed that the peak intensity and sharp-
ness increase with film thickness. Peak sharpness suggests
increasing crystallite size with increasing thickness [25,
35].

To compare the structure features of AZO film, the full
width at half maximum (FWHM) of XRD (002) peak,
d-spacing (A), crystallite size (D), dislocation density (&)
and strain (¢) are listed in Table 1. The crystallite size, D,
is measured from Scherrer’s formula [24]

kA
= BCoso 1)

where D is the crystallite size, 4 is the wavelength of XRD,
p is the value of full width at half maximum (FWHM) in
radians and @ is the angle of diffraction.

The dislocation density, §, is the number of disloca-
tions in a unit volume of a crystalline material which is
calculated from [24]

1
= @)
Regular pattern of a crystal is disrupted by dislocation
[36]. Strain, &, of the thin film is measured by the equa-

tion [24]

pCoso
£ =
4

The smaller FWHM (f) and larger crystallite size (D)
indicate better crystallization of AZO thin film. From
Table 1, it is observed that crystallite size (D) increases
with increasing thickness and varies from 9.25 to 9.81 nm.
Crystallite size (D) mainly depends on annealing tempera-
ture and annealing atmosphere [20]. No drastic change in
crystallite size is observed here as this study is carried out
with a constant annealing temperature. In addition, the
effect of defects is not considered for calculating crystal-
lite size. Dislocation density, d, decreases with increasing
thickness, which indicates lower lattice imperfections and
lower strain of the AZO film. It can be observed from
Table 1 that an increase in thickness of the films reduces
the crystal defects.

3

Table 1 MicrfOStrucmr,al No. of layers d-spacing A (A) FWHM g (°) Crystallite Dislocation den- Strain, £ 1073
paramt?ters of AZO thm, size D (nm) sity, 0 (Lines/m?)
film with Zn concentration
0.75 mol/L 5th 2.69 0.8912 9.25 1.16 3.89
10th 2.70 0.8792 9.55 1.09 3.63
15th 2.71 0.8660 9.67 1.06 3.60
20th 2.69 0.7940 9.81 1.01 3.30
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Electric properties: effect of Zn concentration

Figures 3, 4 and 5 depict the electrical properties of AZO
thin films as a function of film thickness with different Zn
concentrations of 0.35, 0.50 and 0.75 m/L, respectively.
From Fig. 3, it is observed that resistivity (p) decreases
gradually whereas sheet concentration (n) increases with a
film thickness. These phenomena can be attributed due to
an increase in sheet concentration (n) as a result of the for-
mation of free electrons and due to an increase in mobility
(1). Sheet carrier concentration/sheet concentration is the

Fig. 3 Variance of electric
properties with thickness AZO
thin films with Zn concentration

number of carriers per unit square. And bulk carrier concen-
tration/bulk concentration is the number of carriers per unit
volume. If the thickness of the film is known

ng= ny % h “
where n,=sheet carrier concentration, n, =bulk carrier
concentration and s =thickness of the films. Yang et al.
[20] reported room-temperature deposition of AZO in 2010
which explained the dependence of electric property on
carrier concentration, contribution from AI’* on substitu-
tional sites of Zn** ions, oxygen vacancies and Zn interstitial
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atoms. Annealing atmosphere has an important effect on car-
rier concentration [37]. For this study, annealing atmosphere
is same for all samples and 2 wt% Al doping is chosen as it
shows the lowest resistivity and optimum electrical stability
compared to 1, 3 and 4 wt% Al [27]. It is reported that excess
Al doping creates non-conducting Al,O,. It behaves like a
carrier trap; consequently, there is an increase in resistivity
[38]. So it can be concluded that the decrease in resistivity
(p) is attributed to the change in Zn concentration which
enhances the creation of free electron as shown in Figs. 3,
4 and 5.

It can be clearly speculated from Figs. 3, 4 and 5 that
the range of resistivity (p) decreases (i.e., conductiv-
ity increases) gradually with Zn concentration from 0.35
to 0.75 mol/L. And it is comparatively lowest for the Zn
concentration of 0.75 mol/L. The lowest resistivity among
12 samples is obtained as 1.3 x 10°Qcm for 20th layer
(1039 nm) although it can be improved by changing the
annealing atmosphere [37] and ensuring controlled doping
concentration [27].

However, the mobility (x) increases gradually with
film thickness up to 15th layer and then starts to decrease
(Fig. 3). Guillen et al. [37] reported that mobility is mainly
influenced by layer thickness. Mobility (u) increases up to
a certain value with thickness until there is a sufficient car-
rier concentration. When carrier concentration reaches to a
certain level, it opposes the mobility of the carrier. So there
is a decrease in mobility (¢). Figures 4 and 5 show similar
characteristics with increasing thickness. In Fig. 4, mobil-
ity (u) shows increasing tendency with film thickness up
to 10th layer (591 nm) and then starts to decrease toward
20th layer (1039 nm). The highest mobility is shown as
1.81x 10°cm?/V, for 10th layer (591 nm) for Zn concentra-
tion of 0.75 mol/L in Fig. 5.

T e T T
200 300 400 500

T . T T T = T =
600 700 800 900 1000 1100
Thickness (nm)

The electric property is measured at room temperature
by a Hall effect measurement system. Phenomena such as
adsorption of oxygen and water molecule by AZO film at
the annealing atmosphere can lower the carrier concentra-
tion and thus might affect the conductivity of the sample
[39]. Annealing (post heat treatment) with argon (Ar) or
pure hydrogen (H,) flow shows better and stable electric
properties [27]. The number of O, vacancies directly affects
the electrical property of AZO thin film. As annealing in
H, causes O, annihilation, O, vacancies are formed in the
film. This vacancy, which acts as a carrier, consequently
decreases the resistivity (p). The report shows that resistiv-
ity of AZO film decreases significantly for pure H, than for
Ar+5% H, annealing atmosphere [28].

Optical properties: effect of Zn concentration

The optical transmittance spectra for different layers (5th,
10th, 15th and 20th layers) of the AZO thin film grown on
SLG are shown in Figs. 6, 7 and 8 for the concentration of
0.35, 0.50 and 0.75 mol/L, respectively. A sharp ultravio-
let cutoff is observed approximately at 380 nm. It can be
observed from Fig. 6 that average value of transmittance
(%T) is 90-92% for five layers (295 nm). And transmission
decreases gradually with increasing thickness and lowest for
20 layers. A comparison of Figs. 6, 7 and 8 depicts that aver-
age transmittance (%7) decreases gradually with increasing
Zn concentration which is fairly reflected by a band gap cal-
culation. The absorption coefficient is calculated by

(ahv)? = A(hv - E,) " (5)
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Fig.6 Optical transparency of
AZO films with Zn concentra-
tion of 0.35 mol/L

Fig. 7 Optical transparency of
AZO films with Zn concentra-
tion of 0.50 mol/L

Fig.8 Optical transparency of
AZO films with Zn concentra-
tion of 0.75 mol/L
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Table2 Optical dielectric constant (&,) and optical high-frequency
dielectric constant (&) values for AZO film

Zn concentra- Band gap High-frequency elec- Static dielec-

tion (mol/L)  energy E, trostatic constant tric constant
(eV)
0.35 3.25 8.51 5.76
0.50 3.28 8.42 5.73
0.75 3.29 8.39 5.72
2.402
w? 3.29 - - 2.400 :
& - 2398 &
2 328 2
S - 239% o
o 3.27 - £
o - 2.394 o
T 3.26 - ko
< L2392 2
@
3.25 2.390
0.35 0.5 0.75

Zn Concentration (mol/L)

Fig.9 Variation of band gap energy, E, (eV), and refractive index, n,
with Zn concentration

Here, E, is the band gap, v is the frequency of incident
radiation, # is the Plank’s constant and A is a constant. The
Tauc plot is drawn for each concentration shown inset of
Figs. 6, 7 and 8. The optical band gap increases from 3.25
to 3.29 eV (listed in Table 2) with increasing Zn concentra-
tion. Band gap widening is also related to carrier concentra-
tion increase. Moreover, it directly affects the transmittance
of a film. Burstein—-Moss theory explains the phenomena
of increase in transmittance with the widening of the band
gap [40, 41]. The relation between band gap energy, E,, and
refractive index, n, with molar concentration is shown in
Fig. 9.

The band gap (E,), refractive index (n) and dielectric
constant (&) of semiconducting materials are essential for
designing heterostructure laser in optoelectronic devices as
well as solar cell applications [42]. The efficiency of organic
solar cells still lags behind inorganic solar cells due to their
low dielectric constant.

The refractive index (n) or index of refraction of a mate-
rial is a dimensionless number that describes how fast
light propagates through that medium. In a solar cell, the

refractive index is more suppressed by adding i-ZnO (anti-
reflection coating) between absorber and window layer [43].
Refractive index is defined as

n=cfv 6)
where c is the speed of light in vacuum and v is the phase
velocity of light in the medium. It is directly related to band
gap by Moss relation as

En*=k 7

Here, k is a constant with a value of 108 eV. The dielec-
tric constant is a quantity measuring the ability of a sub-
stance to store electrical energy in an electric field. It is the
ratio of the permittivity of a substance to the permittivity
of free space. Control on the medium dielectric constant
can reduce the V__ loss toward device efficiency improve-
ment in solar cells. The high-frequency dielectric constant
(¢4,) 1s measured from the relation

e, =n ®)
The static dielectric constant (g,) of the film is calcu-
lated as

g, =18.52 - 3.08 E, 9)

The value of optical dielectric constant (g,) and optical
high-frequency dielectric constant (g,) of AZO film is
given in Table 2.

Morphological properties

SEM images are given in Fig. 10a—d showing the surface
topography of the films with the 5th, 10th, 15th and 20th
layers. The film has covered the substrate surface but seems
rough most of the places. Some places look wrinkled and
voids are observed. The voids are the preferable diffusion
path for oxygen and water molecule to enter into the film.
The phenomena increase the resistance of the AZO film
[21]. The unsymmetrical AZO rod is shown in Fig. 10d.
Similar type of pattern is also observed by Khan et al. [22]
and Znaidi et al. [44]. Figure 11 shows the EDX graph of the
relative abundance of the material versus X-ray energy. EDX
measurement confirms the formation of AZO with 57.7%
of 0,, 41.9% of Zn and 0.4% of Al. Uniform composition is
important to enhance the performance of AZO films [43].
The achieved composition of AZO film is in good agreement
with the values reported by Lee et al. [26].
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Conclusion

ZnO nanoparticle is being used in a self-cleaning coating on
a metal panel [45] and even in anti-corrosion nanocoating of
carbon steel [46] in recent time. For its exquisite electric and
optical properties, AZO has become the most promising can-
didate of transparent electrode for both photovoltaic [47] and
plasmonic solar cell [48]. In this study, highly transparent
AZO thin film is successfully deposited on SLG by a novel
sol—gel spin coating technique at room temperature. Differ-
ent properties of AZO film are methodically inquired. The
XRD analysis revealed that AZO film has a c-axis (002)-ori-
ented hexagonal crystal structure. The grain size (D) of the
film is observed to increase and strain (¢) decreases with
increasing film thickness. The effect of Zn concentrations
on optical and electrical properties of Al-doped ZnO thin
film has been studied. The transmittance (%7) of AZO films
was greater than 90% in the visible region which gradually
decreases with film thickness as well as with Zn concentra-
tion. The electrical property of AZO is mostly affected by
carrier concentration, mobility and doping concentration.
This study was performed for a particular doping concentra-
tion. So a change in Zn concentration has preceded the crea-
tion of more free electron, which implies that the increase in
Zn concentration is efficacious to boost the electric property
of AZO. Film with 1039 nm thickness exhibits lowest resis-
tivity (p) and film with 595 nm thickness shows the high-
est mobility () for 0.75 mol/L Zn concentration. The band
energy (E,) is broadened (3.25-3.29 eV) and refractive index
(n) decreased as the Zn concentration is increased. Consider-
ing the facts revealed by electrical and optical properties, it
can be concluded that Zn concentration of 0.75 mol/L is the
most suitable for AZO film as transparent conduction oxide
for photovoltaic application. Moreover, EDX study provides
both qualitative and quantitative analyses of AZO thin films.
1039-nm-thick film shows fewer voids with better coverage
than others.
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