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1. Introduction
In optoelectronic devices, front and back 

contact electrodes serve to collect current or apply 
bias, with various types optimized for specific 
applications.  These electrodes can be  transparent, 
metallic, or conductive polymer-based, and their 
choice impacts device performance in terms 
of transparency, conductivity, and stability [1, 
2]. Recent advancements in opto-electronic 
applications and growing consumer interest in these 
products have generated substantial market demand 
for transparent conductive oxides (TCOs). TCOs 
are ideal for utilizing photovoltaic devices and flat 

panel displays due to their high optical transparency 
and electrical conductivity. One of the most popular 
TCO materials is indium tin oxide (ITO) because 
of its high optical transmittance and good electrical 
conductivity. Nevertheless, the limited supply of 
indium and the high cost of preparation drive 
researchers to investigate new alternatives. Some 
transparent TCOs, such as zinc oxide (ZnO) [3], 
titanium dioxide (TiO2) [4], and tin oxide (SnO2) 
[5], have been supposed as potential substitutes for 
ITO. Among these materials, ZnO has attracted 
considerable attention owing to its abundance, cost-
effectiveness, and non-toxicity. 

The current work demonstrates the growth of aluminum-doped ZnO (AZO) hexagonal rods vertically aligned on soda-
lime glass (SLG) via the chemical bath deposition (CBD) method. The controlling crystalline orientation was performed 
using hydrogen peroxide (H2O2) accompanied by C6H17N3O7 as growth controlling agents (CAs). The results showed that 
the presence of H2O2 significantly promoted (002) plane orientation and significantly improved structural, morphological, 
and optical properties of AZO. The as-fabricated AZO with H2O2 exhibited a layer thickness of 1.8 μm, optical transparency 
of 90.4 %, sheet resistance of 10 Ω □-1 and the resistivity of 1.8 × 10-3 Ω.cm. This approach provides an efficient route to 
alter the AZO morphology and properties for advanced optoelectronic applications.
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ZnO can function as either an n-type or a p-type 
semiconductor depending on the dopant used. 
N-type dopants typically include elements from 
the scandium (Sc) family (group 3), the boron (B) 
family (group 13), the carbon (C) family (group 
14), and the halogens (group 17).  For TCO based 
on ZnO, the process of n-type doping is more 
straightforward than that of p-type doping. For the 
TCO application, the doping of ZnO with group 13 
elements, e.g., B, aluminum (Al), gallium (Ga), and 
indium (In), was conducted to improve its electrical 
conductivity [6-9]. Among these elements, 
Al offers unique benefits compared to other 
doping materials owing to its low cost, non-toxic 
nature, low electrical resistivity, and exceptional 
transparency in both the visible and near-infrared 
spectral regions [10]. Hence, Al-doped ZnO (AZO) 
is considered as an attractive low-cost material for 
TCO applications. There are several techniques 
available for the fabrication of AZO films, including 
magnetron sputtering, spin coating, vacuum vapor 
deposition, sol-gel ultrasonic spray pyrolysis, 
atomic layer deposition (ALD), and chemical bath 
deposition (CBD) [11-14]. Among them, the CBD 
approach is preferred over other methods due to its 
advantages, such as low cost, simple application, 
and easy change of parameters (e.g., precursor 
concentration, deposition time, temperature, and 
pH), without the need for additional annealing 
[15]. Therefore, the development of fabrication 
methods effectively influences the tuning of AZO 
film structure, thereby affecting the properties of 
AZO, such as conductivity and transparency. In 
addition, adjusting the crystallographic orientation 
through controlling agents (CAs) is another 
critical variable to change the optical and electrical 
properties  [16]. So far, various CAs have been used 
for the synthesis of ZnO or AZO films, such as urea 
[17], ethylenediamine [18], dimethylamineborane 
(DMAB) [19], triethanolamine [20], etc. However, 
widespread research is focused on new CA for 
producing AZO films with high transparency and 
conductivity. 

The purpose of this study is to investigate the 
CA effects of H2O2 and C6H17N3O7 on the optical 
and electrical conductivity of AZO. Hence, we 
successfully deposited crystalline vertically 
aligned AZO rods using the CBD method on soda-
lime glass (SLG), and the structure, morphology, 
and optical characteristics of AZO films were 
studied. 

2. Experimental section
2.1. chemicals

Zinc oxide (ZnO, Sigma-Aldrich 99 %), 
ammonia (NH3 (aq), Merck 99 %), hydrochloric 
acid (HCl, Merck 37 %), hydrogen peroxide 
(H2O2, Merck 30 %) isopropyl alcohol (C3H8O, 

Merck 99 %), triammonium citrate (C6H17N3O7, 
Merck 99%), ammonium nitrate (NH4NO3, Merck 
99 %), and aluminum hydroxide (Al(OH)3, Merck 
99 %), were used as received without any further 
purification.

2.2. Preparation of Seed Layer on SLG
Prior to the deposition of the seed layer, the 

glass surface was polished by a soft toothbrush. 
Subsequently, the glass was cleaned ultrasonically in 
a detergent solution, 0.1 M HCl, isopropyl alcohol, 
and deionized water (DI) water successively for 2, 
15, 15, and 2 minutes, respectively. Then, the pre-
cleaned glass substrate was dried with dry air and 
heated in the oven at 500 °C for 1 h to remove 
the remaining contaminants. Thereafter, the ZnO 
seed layer covered the substrate from the bath 
solution containing 50 mM ZnO and 5 M NH3 (aq) 
via the spin coating technique at a rotation speed 
of 3000 rpm for 30 s. After deposition, the sample 
was thoroughly rinsed with DI water to remove 
loosely adhered particles from the surface and 
dried at 100 °C for 5 min.

2.3. AZO Deposition   
AZO was prepared on the deposited seed layer/

SLG through the CBD technique. The solution 
of 50 mM ZnO, 50 mM C6H17N3O7, 50 mM 
NH4NO3, and 1 mM NH3 (named “A”) was stirred 
for 24 hours. The mixture was filtered to eliminate 
residual ZnO particles, resulting in a completely 
transparent solution. The as-prepared solution was 
heated at 85°C and stirred for 15 min. Thereafter, 
the as-fabricated substrate was soaked in the 
chemical bath for 40 min. Thus, the pristine ZnO 
was synthesized on the seed layer-coated SLG. To 
prepare the AZO films using H2O2, the solution 
containing “A”, 3 mM of Al(OH)3 precursor, and 
3 mM H2O2 was stirred for 3 h at 25°C and then 
stored in the refrigerator for 24 h. Then, a similar 
approach was performed for the deposition of 
AZO. After that, the AZO layer was immersed in 
an ultrasonic bath for 10 minutes to remove any 
agglomerate particles on its surface, followed by 
drying in an oven at 100 °C. The as-prepared layer 
was exposed to ultraviolet (UV) light from a 400 
W lamp inside a closed chamber for 20 min. As 
C6H17N3O7 is also a CA, for comparison, a similar 
approach was performed for the deposition of AZO 
without using C6H17N3O7 and H2O2.

2.4. Characterization techniques
The electric sheet resistance ( ρ ) was measured 

using a 4-point probe and calculated using the 
following equation:
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V denotes the voltage between the two inner 
probes, I represents the current through the initial 
and final probes, and π/Ln2 is the constant number 
of 4.53. Furthermore, the bulk resistivity of the film 
can also be calculated by multiplying ρ  by the 
film thickness (t) as shown by equation (2):
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The X-ray diffraction (XRD) patterns were 
obtained using a PANalytical X’Pert Pro MPD 
X-ray diffractometer with Cu Kα radiation (λ = 
1.54). Field emission scanning electron microscopy 
(FE-SEM: TESCAN MIRA3 XMU) was employed 
to investigate the morphology of the samples. 
The optical transmission and absorption spectra 
were recorded using a UV-Vis spectrophotometer 
(PerkinElmer Lambda 25).

3. Results and discussion
The schematic preparation of AZO thin film is 

illustrated in Fig.1a. To synthesize the vertically 
aligned AZO via the CBD approach, a ZnO seed 

layer is usually deposited on a cleaned substrate 
due to the reduction of the thermodynamic barrier 
(heterogeneous nucleation) and generation of 
nucleation centers . Hence, it was prepared by spin 
coating on SLG. The proposed reaction mechanism 
for the formation of the ZnO seed layer is:
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One of the important steps to achieve better 
transparency is the ultrasonic bath treatment 
process to remove the particles accumulated on the 
surface of the layer [21, 22]. Interestingly, these very 
large aggregates, as seen in Fig.2, are a combination 
of ZnO, which is doped with Al in higher amounts 
than the bulk layer. The presence of these aggregates 
has a significant effect on the transparency of the 
layers due to light scattering, while it does not have 
a significant effect on sheet resistance [23, 24].

Fig. 1- The deposition of AZO films via the CBD method, followed by three post-deposition treatments: sonication, drying, 
and UV irradiation.
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O K series 23.01 54.88
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Fig. 2- (a) The FESEM of deposited AZO layer and agglomerated particulates on the surface (b,c) The chemical 
composition in cross section of deposited AZO layer and agglomerated particulate on the AZO surface.



258

P. Asen, J Ultrafine Grained Nanostruct Mater, 58(2), 2025, 255-263

The XRD patterns of prepared AZO without CAs, 
and with C6H17N3O7, as well as C6H17N3O7+H2O2, 
are shown in Fig.3a. The XRD pattern of prepared 
AZO without CAs indicated a sharp peak at ~ 35°, 
implying the directional growth of AZO, which 
confirms the columnar rod growth. As can be 
observed, the crystallinity of AZO changes slightly 
after adding the C6H17N3O7 to the bath solution. 
However, the C6H17N3O7 +H2O2 greatly increases 
the degree of crystallinity. To calculate the micro-
strain and crystallite size related to diffraction peak 
broadening, the Williamson-Hall method was 
employed. The integral breadth of an XRD peak is 
determined by the integrated intensity divided by 
the maximum intensity. Hence, the observed peak 
broadening, denoted as Bo, can be expressed as [25]:
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where Bo, Bi, and Br are the observed peak broadening 
(in radians), the instrumental broadening (in 
radians), and the broadening because of the small 
crystallite size and lattice strain, respectively. The 
broadening associated with small particle size can 
be described according to the Debye-Scherrer 
equation as [25]: 
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Bc represents the broadening, which is caused only 
by the small size of the crystallites. k denotes a 
constant whose value is determined by the shape 
of the particle, and it is generally considered to be 
equal to one. The t, θ, and λ are the crystallite size, 
the Bragg angle, and the wavelength of the incident 

X-ray beam (1.54 Å), respectively. According to the 
Williamson-Hall method, the broadening caused 
by lattice strain is expressed as follows [25]:
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where Bs, ε, and θ signify the peak broadening 
resulting from the lattice strain, the strain 
distribution throughout the material, and the 
Bragg angle, respectively. Therefore, the overall 
broadening of the peak is represented by the 
combination of Equations (6) and (7), excluding 
the instrumental broadening, which can be defined 
as [25]: 
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For the observed diffraction peaks, plots with 
4sinθ on the horizontal axis and βcosθ values on the 
vertical axis are drawn (Fig.3(b-d)). In the plot, the 
y-intercept corresponds to the crystallite size, and the 
slope of the linear fit reflects the lattice strain, which 
is shown in Fig.3e. As can be observed, the crystallite 
size increases by the addition of C6H17N3O7+H2O2 
to the bath solution. Regarding the lattice strain, 
an enhancement is observed in comparison with 
two other conditions (without (W/O) CAs and 
C6H17N3O7-asisted growth). The increase in strain 
can be due to the narrow vertical rods that are tightly 
packed together (compared to the sample without 
the CAs) and to the higher thickness (compared 
to the C6H17N3O7-asisted growth). Also, the data 
obtained from Fig.3e are shown in Table 1. These 
issues will be discussed in the section on topography 
and microstructure examination by FESEM analysis.
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Fig. 3- (a) XRD patterns of the AZO layers (W/O CAs and with C6H17N3O7 as well as C6H17N3O7 +H2O2), (b-d) the Williamson-Hall plots, 
and (e) the corresponding micro strain and the crystallite size extracted from the Williamson-Hall method.
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The light transmission spectra of the as-prepared 
AZO layers without CAs and with C6H17N3O7, as well 
as C6H17N3O7 +H2O2, are shown in Fig.4a. The inset 
in this figure displays light transmission of ~80% 
for SLG for comparison. In addition, AZO prepared 
with C6H17N3O7 +H2O2 indicates higher light 
transmission than AZO fabricated with and without 
C6H17N3O7. Fig.4b displays the band gap of the as-
prepared AZO layers. It can be seen that the AZO 
layers fabricated with C6H17N3O7 +H2O2, C6H17N3O7, 
and without C6H17N3O7 indicate a band gap of 3.45, 
3.42, and 3.39 eV, respectively. It seems that altering 
the degree of crystallinity results in a change in the 
bandgap. Additionally, the Burstein–Moss shift 
occurs when an increased carrier concentration fills 
the lower states of the conduction band, thereby 
forcing optical transitions to higher energy levels. 

Consequently, the measured optical band gap 
appears larger than the material’s intrinsic band 
gap [26]. The sheet resistance variation, as another 
important property of transparent conductive layers, 
is shown in Fig. 4c. As can be seen, the presence of the 
growth CAs has a significant effect on this parameter. 
The regular growth of hexagonal rods compared to 
the irregular growth leads to an increase in mobility 
and a decrease in electrical resistance. Calculating 
the carrier concentration or mobility by Hall effect 
measurements would greatly strengthen the claims 
regarding improved conductivity. However, due to 
limited access to this technique, it was not possible 
to examine the conductivity changes more closely. 
Fig.4d shows the camera picture of the AZO film 
prepared by C6H17N3O7 +H2O2, which exhibits 
remarkable transparency.

2 
 

 

 ∓ 0.5 ∓ 1.8𝑒𝑒 − 4

 ∓ 0.5  ∓ 1.0𝑒𝑒 − 4

∓ 0.5 ∓ 2.0𝑒𝑒 − 4

Table 1- Micro-strain and crystalline size obtained by the Williamson-Hall method
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Fig. 4- (a) Light transmission spectra, (b) Tauc plot, (c) sheet resistance of AZO layers (without CAs, with C6H17N3O7 
and C6H17N3O7+H2O2), and (d) the digital photos of AZO prepared with C6H17N3O7+H2O2.
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Different possible growth conditions of AZO on 
the substrate are shown in Fig.5a. The form of the 
rods changes as the growing conditions change. In 
the first case, separate rods are seen in the structure 
and have a lower density, which is not suitable for 
AZO as a TCO. For the second item, the irregular, 
tangled, and tilted rod structures scatter the light 
and charge carriers, making it inappropriate in 
terms of the electro-optical properties required 
for TCO. In the third case, the rods are completely 
compact. In addition, they have a large width, 
which is not suitable in terms of transparency. 
Therefore, the thickness and orientation can change 
with changing growth conditions. In the latter 
item, by adding CAs, rods with a regular, dense, 
and thin structure are observed, which are very 
suitable for the optical and electrical properties of 
a TCO. As shown in Fig.5b, the irregular growth 
of AZO without CAs can be observed from the 
FESEM image. Adding C6H17N3O7 to the chemical 
bath leads to controlled and regular growth of rods 
(Fig.5c). Also, the increase in thickness of AZO 
structure is probably due to the binding of Al(OH)4

- 

ions around the formed rods. Furthermore, the 
diameter of the rods decreases, and the thickness 
decreases. Fig.5d indicates the cross-sectional 
FESEM image of the prepared AZO layer with 
C6H17N3O7 +H2O2 as CAs. Very regular and packed 
growth of AZO rods is observed. In addition, the 
diameter of the rods decreases in comparison with 
CAs free growth, and the thickness increases in 
comparison with C6H17N3O7-assisted growth. The 
thickness, optical transparency, sheet resistance, 

and resistivity of the fabricated AZO layers were 
compared in Table 2.

 The possible growth mechanism of vertically 
aligned AZO can be suggested (Fig.5e) based on 
the previous study [27]. The AZO crystal typically 
possesses polar faces, such as the (002) plane, 
and non-polar faces, which include the (100) 
and (101) planes. Polar faces with surface dipoles 
exhibit lower thermodynamic stability compared 
to nonpolar surfaces, which typically undergo 
rearrangement to reduce surface energy. Hence, 
the growth rate along the (002) plane is more 
rapid compared to that in other directions. As a 
consequence of this polarity, the (002) face of the 
crystal can exhibit either a positive or a negative 
charge. In either case, the surface will attract ions 
with opposite charges, e.g., citrate ions. Also, the 
H2O2 is an oxidizing agent used as the source of 
oxygen. It seems that H2O2 is easily decomposed 
on the (002) AZO surface into H2O and O2. 
Then, O2 is adsorbed on the catalyst surface, 
and the double bond between the oxygens is 
broken. In the final, chemisorption of oxygen 
with the AZO occurs, resulting in the growth of 
the crystallites along the polar (002) plane [27]. 
This newly ion-coated surface will subsequently 
attract additional ions of opposite charges, which 
will lead to the formation of AZO rods through 
a reactive process [27]. These results agree with 
XRD patterns.

Additionally, a comparison of other TCOs and 
their typical properties with as-prepared AZO with 
C6H17N3O7 +H2O2 is provided in Table 3. 

 

 

500 nm

(b) (c) (d)

(a)

O2-
O2-O2-

(e)

(002)O2-
O2-O2-

O2-

500 nm 500 nm

Fig. 5- (a) Schematic illustration of the different possible growth modes of AZO on the substrate during the CBD process, 
the cross-sectional FESEM images of AZO films (b) without CAs, (c) with C6H17N3O7, and (d) C6H17N3O7+H2O, (e) the proposed 

formation mechanism of columnar growth of AZO with C6H17N3O7+H2O2.
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Table 2- The thickness, optical transparency, sheet resistance, and resistivity of the fabricated AZO layers

Table 3- The optical transparency and sheet resistance of TCO materials retrieved from the literature in comparison with 
the as-prepared AZO

 

 

 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
  

  

sample 
Thickness  

(𝜇𝜇𝜇𝜇m) 

Optical Transparency at 380 – 740  

(%) 

Sheet resistance  

( Ω □-1) 

Resistivity  

(𝜴𝜴. 𝒄𝒄𝒄𝒄) 

W/O CAs 1.9 84.7 180 3.4  ×10-2 

C6H17N3O7 1.2 87.9 72 8.6  ×10-3 

C6H17N3O7 + H2O2 1.8 90.4 10 1.8  ×10-3 

2 
 

 

Samples Optical Transmittance (%) sheet resistance ( Ω □-1) Ref. 

ITO (Indium Tin Oxide) 85-92 7-62 [28] 

FTO (Fluorine-doped SnO₂)  80-91 7-164 [29-31] 

AZO (Al-doped ZnO) 80-95 2-3×105 [32-34] 

This work 90.4 10 - 

To compare this research with other literature, 
Iwantono et al. [35] prepared AZO rods via seed-
mediated hydrothermal method at 90oC for 8 h. 
At different concentrations of Al(NO3)3 precursor, 
the thickness of AZO changed. At 2% of Al, the 
thickness of 1.903 μm was obtained. However, the 
AZO rods exhibited irregular growth. Fuchs et al. 
[36] fabricated AZO thin films at 100 0C via the CBD 
approach at various concentrations of Al(NO3)3 
from 0.5-10 mM. Compact films with columnar 
grains were obtained using low concentrations 
of Al precursor. However, disturbance of the 
columnar growth occurred at concentrations 
of ~ 2mM Al(NO3)3. At higher concentrations, 
a platelet-like structure was formed instead of 
columnar growth, which resulted in increased 
resistivity (ρ > 20 Ω.cm).  Affiqah Arzaee [37] et al. 
prepared AZO layer by the spin coating technique. 
The film thickness was controlled by changing the 
spin speed (3000 rpm) and the number of layers 
(3 layers). The as-prepared AZO layer showed 
transparency of 90% and the resistivity of 3.22 
× 103 Ω.cm. Nevertheless, the optimized AZO 
layer showed a rougher surface than other as-
fabricated layers. Henni et al. [38] prepared AZO 
via the electrodeposition method at different 
Al(NO3)3 precursors. The results showed that as Al 
concentration increased, the optical band gap also 
increased from 3.31 to 3.45 eV. In addition, the 

crystallinity of AZO films decreased by enhancing 
the dopant concentration. Furthermore, the 
structure of the AZO rods also grew irregularly, 
which affects the optical properties and electrical 
resistivity. In this work, employing CBD via 
H2O2 and C6H17N3O7 as CAs, accompanied by 
using Al(OH)3 precursor, can effectively alter the 
morphology of AZO layers and their physical 
properties, which paves the way for their more 
efficient utilization in optoelectronic devices.

4. Conclusion  
In summary, the vertically aligned AZO rods 

were grown onto an SLG substrate using the 
CBD technique with C6H17N3O7 and H2O2 as 
CAs. It is important to note that this approach is 
straightforward and allows for easy control of 
growth parameters.  In general, the presence of 
C6H17N3O7 and H2O2 in the bath solution causes the 
under-growth rods to align predominantly along 
the (002) plane, resulting in the vertical growth 
of AZO. Therefore, the results showed that the 
simultaneous presence of C6H17N3O7 and H2O2 in 
the bath solution strongly affected the structural, 
morphological, and optical properties. The as-
prepared AZO with C6H17N3O7 and H2O2 exhibited 
a layer thickness of 1.8 μm, optical transparency 
of 90.4 %, sheet resistance of 10 Ω □-1, and the 
resistivity of 1.8 × 10-3 Ω.cm.
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