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ABSTRACT 
This study investigates the structural properties of ZnO, ZnO:Al, ZnO:B, and 

ZnO:Al:B nanoparticles synthesized via the sol-gel method for potential 

application as window layers in solar cells. X-ray diffraction (XRD) analysis 

reveals the crystalline structure, phase composition, crystallite size, and lattice 
parameters of the synthesized materials. Doping with aluminum (Al) and boron 

(B) induces significant changes in the lattice parameters, crystallinity, and 

crystallite size. The XRD patterns demonstrate a hexagonal wurtzite structure 

for all samples, with shifts in peak positions and broadening indicating lattice 

distortions and defects. The findings provide valuable insights into the effects 

of Al and B doping on the structural properties of ZnO nanoparticles, 

contributing to the optimization of ZnO-based materials for photovoltaic 

applications.
 

INTRODUCTION 
The widespread use of photovoltaics (PV) to 

convert sunlight into electricity has proven to be effective 

in absorbing solar light. Solar cells, which are crucial to 

this, are used to achieve this. In the past, silicon (Si) was 

the preferred material for the absorber layer found in 

solar cells. On an industrial scale, this led to the creation 

of the first generation of solar cells. In spite of this, more 

advanced materials have been created, most notably 

copper indium gallium selenide (CIGSe) and cadmium 

telluride (CdTe), which are also more appealing 

substitutes for Si in terms of their essential 

characteristics (Regmi et al., 2023). Since there 
are materials other than silicon that can be used, one of 

the most important problems is figuring out how 

to maximize the amount of sunlight that reaches 

the absorber layer in order to 

quantify charge carriers, which are then used to 

reduce electrical energy. To perform this purpose, an 

efficient transparent conducting layer (TCO), typically 

composed of oxide materials, is needed (Jang et al., 

2023). The application of TCOs, or transparent 

conductive oxides, is very important. Because of their 

special combination of optical transparency and electrical 
conductivity, they are frequently used as electrical 

contacts for solar cells and light-emitting diodes (Speaks, 

2020). As a result, the most popular choices for industrial  

 

 

 

 

 

 

 

 

TCO are indium tin oxide (ITO) and fluorine-doped tin 
oxide (FTO). This is because of its very high 

transmission, high conductivity, low light absorption, 

low refractive index, high stability, and toughness 

(Chavan et al., 2023). However, alternative TCO 

materials have become necessary because of the high 

cost and possible health risks of indium, as well as 

the challenge of using fluorine in FTO deposition. The 

development of highly oriented and transparent ZnO 

thin films has attracted a lot of attention recently due to 

its potential uses in information technology, 

biosensors, field emitters, photodetectors, ultraviolet 

laser emission, field emitters, window layer for solar 
cells, piezoelectricity, and short wavelength light 

emitting diodes (Khan et al., 2011).  Zinc oxide films 

(ZnO) have become the focus of attention of 

researchers as promising materials that can replace 

popular TCOs in the PV market. It is a versatile 

material that finds applications in various products 

(Khantoul et al., 2018). Because of its many desirable 

qualities, such as its low cost, lack of 

toxicity, abundance of resources, superior chemical and 

thermal stability, and resistance to hydrogen 

plasma treatment, zinc oxide (ZnO) has become 
increasingly popular (Ibrahim et al., 2013). 

Technologically speaking, zinc oxide-based materials 

are the most intriguing due to their unique  
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characteristics, which include a broad direct band gap of 

approximately 3.37 eV, a semiconductor material with a 

high exciton binding energy of 60 meV at room 

temperature, and crystallization in the standard hexagonal 

wurtzite structure with lattice parameters of a = b = 0.325 
nm and c = 0.521 nm. Because of all these characteristics, 

they are used extensively in a variety of applications, 

including photovoltaic applications, solar cells, light-

emitting diodes, and photocatalysis(Lhimr et al., 2021). 

The fact that ZnO films contain components that are 

abundant in soil and do not face the risk of depletion 

gives them a significant advantage over ITO (Gultepe & 

Atay, 2022). 

Transparent conductive oxide (TCO) thin films have 

become more efficient as a result of the development of 

low-cost, high-performance optoelectronic devices. These 

technologies have significant applications in the fields of 
solar cells, liquid crystal displays, heat mirrors, gas 

sensors, optical position sensors, photothermal conversion 

systems, and acoustic wave transducers (Chavan et al., 

2023). Zinc oxide (ZnO) has been one of the most 

promising TCO materials in recent years due to its natural 

availability, strong chemical and mechanical resilience, 

and good optical and electrical qualities. This reduces the 

material's cost in comparison to the most popular TCO 

materials (ITO, SnO2)(Naser et al., 2022). For figuring 

out the physical characteristics and uses of different 

materials, particularly semiconductors, doping is 
essential. Exceptionally successful applications in the 

semiconductor industry have validated this idea. The 

carrier concentrations and electrical conductivities of the 

materials are determined by minute amounts of 

impurities. Essentially, a good dopant should have a 

shallow defect level and reach optimal solubility in its 

host material(Zhang et al., 2016).  ZnO is doped by 

adding higher valence atoms from metals like gallium, 

indium, and aluminum in place of Zn2+ atoms. The 

effectiveness is determined by the electronegativity of the 

dopant element and the ionic radius difference of zinc 

(Potter et al., 2018). Owing to its elevated electrical 
resistance, ZnO exhibits worse competitiveness in 

comparison to ITO and has restricted use in photovoltaic 

solar cells. The conductivity and transparency of ZnO 

films have been significantly enhanced by IIIA, IIIB, 

IVA, and IVB cations or non-metal anions(Gultepe & 

Atay, 2022). One of the most effective ways to increase 

the electrical conductivity and potential use of pure-ZnO 

films in PV applications is to adopt the co-incorporating 

technique. Compared to single-cation doping, ZnO 

sample resistivity decreases more with both forms of co-

doping. Co-doping with metals including copper (Cu), 
manganese (Mn), cobalt (Co), and titanium (Ti) has been 

shown in several studies to improve the material's 

electrical and optical properties by controlling the Zn 

vacancies in the ZnO crystal structure(Jang et al., 2023). 

It has been shown that Al-doped ZnO exhibits increased 

optical and electrical conductivity, which makes it 

advantageous for use in transparent conductive 

electrodes and solar cells, among other 

applications(Badgujar et al., 2022). Typically, a B-

doping result in an increase in carrier density, which 
boosts the tunneling current in n-type semiconductors. 

The element boron has the highest electro negativity 

and the lowest ionic radius (0.23 Å). Furthermore, B3+ 

has a noticeably stronger Lewis acid (10.7) than Al3+ 

(3.04). Consequently, ZnO nanostructures physical 

characteristics may be effectively adjusted using boron 

doping(Pandey et al., 2017). The Al-B co-doping 

strategy significantly improves the optical, surface, and 

electrical properties of ZnO film as compared to simply 

the Al-incorporating process, which makes it highly 

suitable for TCO applications. The resistivity of ZnO 

film decreased from 6.12 × 102 Ωcm to 2.07 × 10–4 
Ωcm following Al–B co-doping treatment. 

Furthermore, the presence of Al and B components led 

to a considerable increase in the ZnO film's 

transmittance values, surface homogeneity, and figure 

of merit value. All of the research has demonstrated 

that Al–B co-incorporated ZnO films are a good 

alternative to ITO films in TCO applications because to 

their favorable physical characteristics.  But when 

compared to ITO, the preferred material for 

photovoltaic solar cell applications, the electrical 

conductivity of AZO and BZO samples created via the 
sol-gel method is still poor(Gultepe & Atay, 2022). By 

using the same amount of precursor concentration for 

both Al and B while maintaining a constant ZnO 

precursor concentration, the research aims to improve 

the window layer of the solar cell's current 

transmittance and carrier mobility. The sol-gel 

approach will be used in this work to generate undoped 

and Co-doped ZnO thin films on glass substrates using 

the dip-coating technique. In order to maximize the 

efficiency of solar cell collectors, the structural 

characteristics of the thin films will be examined. 

 

MATERIALS AND METHODS 

3g of  Zinc acetate dihydrate (Zn(CH3CO2)2.2H2O)  

was dissolved in 50 ml of 2-methoxyethanol 

((CH3)2CHOH, Aldrich, 99.8%), and  rapidly agitated 

with a magnetic stirrer at room temperature for 15 

minutes according to (Bouacheria et al., 2022). As a 

stabilizer, monoethanolamine (MEA: H2NCH2CH2OH, 

Aldrich, 99.5%,) was added drop-wise while stirring 

continuously at a molar ratio of 1:1 in the MEA 

mixture as adopted by Saleem et al., (2012). After an 

hour of stirring at 60˚C, the resulting solution became 
clear and uniform, ready for coating. To guarantee that 

a homogenous, transparent solution is produced, the 

resultant mixture was further agitated for 40 minutes. 

After that, the mixture was centrifuged at 3500 rpm to 

get rid of the unreacted components. (Musleh et al., 
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2018) and then filtrated by using the standard 0.45µm 

filter paper as adopted by(Alsaad et al., 2020).  The next 

stage was the  Preparation of Al – doped ZnO (A:ZnO) 

and B- doped ZnO ( B:ZnO) Solutions  The process 

involved incorporating 2g of boric acid (H3BO3) into the 
ZnO solution to create B:ZnO and 2g of aluminum nitrate 

(Al(NO3)39H2O) into the ZnO solution  to create A:ZnO 

accordingly. Using a magnetic stirrer for two hours at 60 
OC, a transparent solution for each of the doped systems 

was created.  Lastly, 0.45µm filter paper was used to filter 

the resultant solution.  At room temperature, the 

corresponding solution was swirled for two hours at 60 
OC. To allow for aging, the colorless, transparent, 

homogenous solution was left at room temperature for 24 

hours respectively.  This procedure was followed strictly 

to ensure the creation of solutions that can maintain a high 

degree of transparency.  To prepare the A: B: ZnO both 
solutions were combined. For hydrolysis and 

condensation, the corresponding solution was stirred for 

two hours at room temperature at 60 OC. To allow for the 

aging process, the colorless, transparent, homogenous 

solution was being kept at room temperature for a full 

day. Following the preparation of the solutions with the 

required characteristics, the glass substrate was dipped in 

the sol and removed using the dip-coating process at the 

rate of 0.9cm/min in room temperature for three 

hours.This method enabled the production of thin films 

with an average thickness of 300 nm. After that, the 
produced films were dried in an oven for 15-20 minutes at 

200 to 300 OC in order to remove the solvent and any 

polluted organic residues. For the organics to completely 

evaporate and for the ZnO film to begin forming and 

crystallizing, the temperature of the preheat treatment is 

very necessary. This process was followed by annealing 

in air at a temperature of 500 OC for three hours(Stroescu 

et al., 2023). 

 

RESULTS AND DISCUSSION 
 

XRD of ZnO, ZnO/Al, ZnO/B and ZnO/Al/B 

One of the method most frequently used to characterize 

nanoparticles NPs is X-ray diffraction (XRD). XRD 
typically yields data on the crystalline grain size, lattice 

parameters, phase nature, and crystalline structure. The 

lattice parameter is determined for a given sample using 

the Scherrer equation and the broadening of the 

measurement's most intense peak from XRD analysis 

(Tatjana et al., 2022). The position and strength of the 

peaks can be compared to reference patterns obtained 

from the database of the International Centre for 

Diffraction Data (ICDD, formerly known as the Joint 

Committee on Powder Diffraction Standards, JCPDS) to 

ascertain the composition of the particles (Mourdikoudis 

et al., 2018). The XRD patterns of ZnO, ZnO:Al, ZnO:B, 
and ZnO:Al:B as shown in Fig. 1 were carried out to 

investigate their crystalline structures, phase composition, 

crystallite size, and the effects of doping with 

aluminum (Al), boron (B), and a combination of Al 

and B. The XRD pattern of ZnO shows several distinct 

peaks, which correspond to the crystalline planes of 

ZnO in a hexagonal wurtzite structure, in line with the 
JCPDS card No. 36-1451. The prominent peaks are 

located at 2θ values of approximately 31.7°, 34.4°, 

36.2°, 47.5°, 56.6°, 62.8°, and 67.9°. These peaks 

correspond to the (100), (002), (101), (102), (110), 

(103), and (112) planes, respectively. The sharpness 

and intensity of these peaks indicate that the ZnO 

nanoparticles are highly crystalline. Furhan and 

Ramesan (2022) reported similar diffraction peaks, 

corresponding to the same crystal planes. This 

alignment with the indexed planes confirms the 

structural integrity and crystallinity of the synthesized 

ZnO nanoparticles. Additionally, Bahtoun et al. (2023) 
emphasized that the sharpness and intensity of these 

peaks are crucial indicators of high crystallinity, which 

is essential for applications such as photocatalysis and 

optoelectronics. 

 

The lattice spacing of undoped ZnO,  Al doped ZnO  

and B doped ZnO thin films were calculated using the 

Bragg’s formula (Saliha, 2010). 

      2dhkI sinθ  = nλ                                                      (1) 

Where (h k l) are Miller indices; dhkl is the lattice 

spacing; θ is half of Bragg angle; and λ is the 
wavelength of the target XRD. Further, the lattice 

parameters (a,c) values calculated from the spectra 

obtained, determined from relation (Bouacheria et al., 

2022). 
1

𝑑ℎ𝑘𝐿
2    =     

ℎ2  +   𝑘2

𝑎2   +   
1

𝑐2                                           (2) 

 
The Debye-Scherrer formula as expressed in Equ. 4 is 

employed to estimate the crystallite size from the XRD 

peak broadening. The crystallite size is 20.4 nm, 

confirming the nanoscale nature of the synthesized 

particles.  

D =
kλ

βcosθ
                (3) 

where D is the crystallite size (nm), k is a constant 

(0.94 for spherical particles), λ is the wavelength of the 

X-ray radiation (CuKa𝛼 = 0.1541 nm), β is the full 

width at half maximum (FWHM) of the XRD peak (in 

radians) and θ is the Bragg’s or diffraction angle (in 

degree) (Bouacheria et al., 2022). 

Using the Scherrer formula of equation 3 

Average crystallite size: 20.4 nm 

Lattice parameters: a ≈ 0.325 nm, c ≈ 0.521 nm 
Aspect ratio: c/a ≈ 1.6 

The estimated crystallite size agrees with the diameters 

of the ZnO nanoparticles. Lattice characteristics match 

the wurtzite structure of ZnO, XRD examination 

confirmed that ZnO has a hexagonal structure. A 
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crystalline size of 20.4 nm is suitable for solar cells' 

window layer (Amjad et al., 2022). The XRD pattern of 

ZnO/Al, which represents ZnO doped with aluminum, is 

presented in Fig. 1(c). While the pattern remains similar 

to that of pure ZnO, there are noticeable changes. There is 
a slight shift in the 2θ values of the peaks to higher 

angles, especially for the (101) and (002) planes. This 

shift suggests a contraction of the unit cell as a result of 

Al doping. The observed shift is consistent with Vegard’s 

law, which states that the substitution of smaller ions in a 

host lattice leads to a decrease in lattice parameters. Ijaz 

(2024). demonstrated that in Al-doped hexaferrites, the 

lattice parameters 'a' and 'c' decreased with increasing Al 

content, aligning with the expectations set by Vegard's 

law. Similarly, Ashour et al. (2022) investigated Al-doped 

zinc oxide thin films and reported a contraction in the 

crystalline structure as the Al doping concentration 
increased, further validating the assertion that smaller ions 

lead to reduced lattice dimensions. The intensity of the 

diffraction peaks decreases, indicating a reduction in 

crystallinity upon Al doping (Ashour et al., 2022). This 

phenomenon can be attributed to the substitution of Zn²⁺ 

ions by Al³⁺ ions, which introduces lattice distortions due 

to the smaller ionic radius of Al3+ (0.54 Å) compared to 

Zn2+ (0.74 Å). This substitution creates strain in the ZnO 

lattice, which affects the crystallite size and peak 

broadening. The crystallite size (31.4 nm) calculated for 
ZnO:Al is larger than that of pure ZnO (Urakawa, 2024).  

The XRD pattern of ZnO:B, representing ZnO doped with 

boron shown in Fig.1 b, indicate a more significant 

reduction in peak intensity compared to both pure ZnO 

and ZnO:Al. This observation indicates a more 

pronounced reduction in crystallinity, which could be due 

to the larger ionic radius of B³⁺ (0.58 Å) compared to 

Al³⁺, though still smaller than Zn²⁺. Boron doping 

introduces greater disorder into the ZnO lattice, leading to 

lattice distortions and defects. There is a noticeable shift 
in the peak positions toward lower 2θ values, especially in 

the (101), (002), and (100) planes. This shift is indicative 

of an expansion of the unit cell, which can be attributed to 

the incorporation of B³⁺ ions. This is corroborated by 

studies that report similar shifts in diffraction peaks with 

the introduction of various dopants, including boron, 

which alters the lattice parameters of ZnO (Özel and 

Atilgan, 2023; Al-Qadasy, 2024; Oeba and Mosiori, 

2022). The substitution of Zn²⁺ by B³⁺ creates oxygen 

vacancies and lattice strain, resulting in peak 

broadening. The degree of broadening is more 

significant in ZnO:B compared to ZnO:Al, indicating 

that B doping induces greater disorder in the ZnO 

structure. The crystallite size (22.6 nm) for ZnO:B is 
also reduced compared to ZnO:A. This reduction in 

crystallite size, coupled with the increase in surface 

defects, can improve the photocatalytic properties of 

ZnO:B by providing more active sites for catalytic 

reactions. 

The XRD pattern of ZnO:Al:B, which represents ZnO 

co-doped with aluminum and boron, shows a 

combination of the effects observed in ZnO:Al and 

ZnO:B (Fig. 1d). The diffraction peaks exhibit 

significant broadening and reduced intensity, indicating 

a substantial reduction in crystallinity. The XRD 

pattern also confirms that the reduced grain size value 
is a sign of the damaged crystal structure. The 

deteriorating crystal structure is shown by the 

decreasing grain size value, which the XRD pattern 

also confirms. By decreasing ZnO diffusion, Al3+ ions 

create a retarding force that prevents ZnO from 

forming at the grain boundary surface defects and 

smaller ion radius of element B. We believe that this 

may be the cause of this(Gultepe & Atay, 2022). The 

peak positions show a slight shift to higher 2θ values 

compared to pure ZnO, similar to ZnO:Al, but the 

broadening is more pronounced due to the combined 
effects of Al and B doping. The shift in 2θ values 

suggests that the co-doping of Al and B leads to a 

complex interplay between lattice contraction and 

expansion. The smaller Al³⁺ ions reduce the lattice 

parameters, while the larger B³⁺ ions tend to expand 

the lattice. The overall effect is a slight contraction, as 

evidenced by the shift toward higher angles, but the 

increased peak broadening indicates that co-doping 

introduces significant lattice strain and defects. The 

effect of larger ions, such as B³⁺, on lattice expansion 

is evident in studies of Khoreem (2023), which noted 

that the substitution of lower ionic radius ions with 

larger ions results in an increase in lattice parameters. 

This is consistent with the findings of (Hunize et al., 

2022), who observed that the introduction of Nd³⁺ ions, 

which have a larger ionic radius compared to the ions 

they replace, leads to an increase in lattice dimensions. 
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TABLE 1: Lattice Parameters 

NANOPARTICLES LATTICE PARAMETERS( 

CONSTANT) 

AVERAGE CRYSTALINE SIZE 

ZNO a ≈ 3.25 Å 

b ≈ 3.25 Å 

c ≈ 5.21 Å 

 

20.4nm 

ZNO:A  a ≈ 3.25Å 

  b ≈ 3.25 Å 

c ≈ 5.21 Å 

 

31.4nm 

ZNO:B a ≈ 3.21Å 

b ≈ 3.21 Å 

c ≈ 4.844Å 

 

22.6 nm 

ZNO:A:B  a ≈ 3.21Å 
b ≈ 3.21 Å 

 c ≈ 4.844Å 

 

16.7 nm 

 

The ZnO co-doped with Al and B has substantial 

advantages for use as a window layer in solar cells 

according to the results of the XRD study. The co-doped 

ZnO sample's contracted crystal lattice and smaller 

crystallite size (16.7 nm) may result in increased 

conductivity and transparency, two qualities necessary for 

a window layer in solar cells (Ellmer, 2000). Lattice 

contraction and decreased crystallite size can also lead to 

increased carrier mobility, which is essential for 

effective charge transfer in solar cells (Kim et al., 

2013). According to Lee et al. (2014), the co-doped 

ZnO's reduced crystallite size and changed lattice 

characteristics may result in higher UV-Vis 

transmittance, which would let more sunlight into the 

absorber layer and boost the solar cell's overall 

efficiency. 
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Figure 1: XRD patterns of (a) ZnO (b) ZnO:Al (c) ZnO:B (d) ZnO:Al:B 
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High- resolution Scanning Electron Microscope and 

Energy- Dispersive X-ray Spectroscopy ( 

HRSEM/EDX) of ZnO, ZnO:Al, ZnO:B and 

ZnO:Al:B 

The HRSEM images of the synthesized ZnO, ZnO:Al, 
ZnO:B, and ZnO:Al:B samples as presented in Fig.2 give 

information about the morphological features and surface 

characteristics of these materials. The HRSEM image of 

pure ZnO nanoparticles shows a predominantly spherical 

morphology, which is consistent with the well-

documented crystal growth patterns of ZnO (Fig. 2(a). 

The spherical particles tend to cluster together, forming 

aggregated structures, likely due to the high surface 

energy of ZnO, which drives particle interaction and 

agglomeration. The average particle size of the 

synthesized ZnO nanoparticles is 32.17 nm. The spherical 

nature of ZnO observed in the HRSEM images indicates a 
high surface-to-volume ratio, a desirable feature for 

photovoltaic applications (Shaba et al., 2023). Moreover, 

the absence of any significant defects in the surface 

morphology suggests that the ZnO synthesis process was 

successful, yielding high-quality nanoparticles. 

Incorporating aluminum (Al) into ZnO leads to significant 

morphological changes, as evidenced by the HRSEM 

images of ZnO:Al nanoparticles shown in Fig. 2(b). The 

ZnO:Al nanopaticles shows a more spherical particles-

like structure, indicating that Al doping alters the 

nucleation and growth patterns of ZnO during synthesis. 
The presence of Al modifies the surface energy of ZnO, 

facilitating anisotropic growth along specific crystal 

facets, resulting in the formation of more spherical shape 

particles. The structure offers an increased aspect ratio, 

which can enhance the material's surface reactivity in 

applications like window layers of solar cells. This aligns 

with the assertion that Al modifies the surface energy, 

which in turn affects the anisotropic growth of ZnO 

(Sugihartono et al., 2023). Furthermore, Zhao et al. 

(2023) demonstrate that Al decoration on ZnO 

nanoflower matrices enhances their gas sensing 

properties, suggesting that the structural modifications 
imparted by Al doping can lead to improved surface 

reactivity, a crucial factor in photocatalytic applications. 

Furthermore, the HRSEM images reveal a reduction in 

the degree of agglomeration compared to pure ZnO. This 

is likely due to the presence of Al, which may hinder the 

strong van der Waals forces that typically lead to 

nanoparticle agglomeration, thereby promoting a more 

dispersed morphology. 

When boron (B) is introduced into the ZnO lattice, the 

HRSEM images reveal a further shift in morphology 

compared to pure ZnO and ZnO:Al (see Fig. 2c). The 

ZnO:B nanoparticles exhibit a mixed morphology of 

both spherical and sheet-like structures. The spherical 

particles are similar in size to those observed in pure 

ZnO, but the presence of B induces the formation of 
nanoparticles, which suggests that B alters the crystal 

growth mechanisms during synthesis. The 

nanoparticles structure could be the result of boron 

doping, which is known to promote layered growth, 

inhibiting crystal growth along specific 

crystallographic planes. The HRSEM images also 

show less aggregation in ZnO:B than in pure ZnO, 

which could be attributed to the influence of boron on 

particle. The incorporation of boron has been linked to 

the formation of B—O bonds, which contribute to the 

distinct vibrational modes observed in the doped ZnO, 

further supporting the claim that boron influences the 
structural characteristics of these nanoparticles (Khalid 

et al., 2022). 

The HRSEM images of ZnO:Al:B nanoparticles 

display the most complex morphology among the 

synthesized materials, reflecting the combined 

influence of both Al and B doping. The ZnO:Al:B 

sample exhibits a mixture of spherical particles. The 

spherical particles resemble those observed in pure 

ZnO, while the smaller particles are similar to those 

seen in ZnO:Al, and ZnO:B. 

The hierarchical structure of ZnO:Al:B suggests that 
the simultaneous incorporation of Al and B creates a 

synergistic effect on the crystal growth and 

morphology of ZnO as shown in Fig 2(d). The 

presence of Al appears to promote anisotropic growth, 

leading to spherical-like structures, while B induces the 

formation of more spherical-like particles, resulting in 

hybrid morphology. The HRSEM image reveals that 

the ZnO/Al/B nanoparticles exhibit the least amount of 

particle agglomeration among the samples. This 

reduced agglomeration can be attributed to the 

combined effects of Al and B, which likely modify the 

surface chemistry of ZnO in a way that prevents strong 
particle interactions. The work of Al-Farsi et al. (2022) 

demonstrated that Al-doped ZnO nanorods exhibit 

altered optical properties and enhanced surface area, 

which can contribute to reduced agglomeration by 

minimizing particle interactions through improved 

surface passivation. The well-dispersed particles and 

the complex morphology of ZnO:Al:B suggest that this 

material could have superior optoelectronics properties 

compared to pure ZnO. 
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Figure 2: HRSEM images of (a) ZnO (b) ZnO:Al (c) ZnO:B (d) ZnO:Al:B 
The elemental compositions of ZnO, ZnO:Al, ZnO:B, and 

ZnO:Al:B as presented in Fig. 3 were analyzed using 

EDX, revealing the doping of aluminum (Al) and boron 

(B) into ZnO. The EDX spectra of the ZnO sample 

revealed the presence of two major elements: zinc (Zn) 

and oxygen (O) (Fig. 3a). In this case, Zn was found to be 

the dominant element, constituting a significant portion of 

the composition, while oxygen was present in 

stoichiometric proportions relative to Zn. The observed 

Zn ratio closely matches the expected stoichiometry of 

ZnO, which is 1:1. The elemental analysis confirms the 
successful synthesis of pure ZnO without any significant 

impurities. The absence of other elements in the EDX 

spectrum further supports the high purity of the 

synthesized ZnO, making it a suitable candidate for 

comparison with doped materials. 

In the EDX spectrum of ZnO:Al (Fig. 3b), in addition to 

the Zn and O peaks, a distinct peak corresponding to Al 

was observed, confirming the successful incorporation of 

Al into the ZnO lattice. The presence of Al in ZnO:Al is 

significant as it suggests that Al has been successfully 

doped into the ZnO structure, potentially substituting 

for Zn in the crystal lattice due to the similar ionic radii 

of Al³⁺ (0.54 Å) and Zn²⁺ (0.74 Å) (Raship et al., 2022; 

Ashour et al., 2022). The atomic percentage of Al in 

the ZnO:Al sample was relatively low, indicating that 

Al was present as a dopant rather than as a major 

constituent. This is expected, as doping typically 

involves the introduction of small quantities of foreign 

atoms to modify the host material’s properties. The 

ratio of Zn to O in the doped sample remained close to 
1:1, suggesting that the doping process did not 

significantly disrupt the stoichiometry of the ZnO 

lattice. The presence of Al could introduce additional 

defect sites and oxygen vacancies in the ZnO structure, 

which could enhance photocatalytic performance by 

promoting charge separation and increasing the number 

of active sites for redox reactions. Furthermore, Al 

doping could also lead to a reduction in the bandgap 

energy, improving the material's ability to absorb 

visible light. 
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The EDX spectrum of ZnO:B revealed the successful 

incorporation of boron into the ZnO matrix, as evidenced 

by the presence of a distinct B peak alongside the Zn and 

O peaks (Fig. 3c). The atomic percentage of B in the 

doped sample was also relatively low, consistent with the 
expected behaviour of B as a dopant. Boron atoms are 

much smaller than Zn atoms, with an ionic radius of B³⁺ 

(0.23 Å) significantly smaller than that of Zn²⁺. This 

difference in size suggests that B is more likely to occupy 

interstitial sites in the ZnO lattice rather than substituting 

directly for Zn. As a result, B doping could introduce 

structural distortions and create oxygen vacancies, which 

could influence the material's properties significantly 

(Yüksel et al., 2022; Üzar, 2024). 

The ZnO:Al:B sample represents a dual-doped system, 
where both Al and B have been incorporated into the ZnO 

lattice. The EDX spectrum of ZnO:Al:B sample 

showed the presence of peaks corresponding to Zn, O, 

Al, and B, confirming the successful co-doping of Al 

and B into the ZnO structure. The atomic percentages 

of Al and B were both relatively low, consistent with 
their roles as dopants. The co-doping of Al and B is 

expected to introduce a synergistic effect, where the 

individual benefits of Al and B doping are combined to 

enhance the material's overall performance. The Zn 

ratio in the ZnO:Al:B sample was similar to that of the 

other samples, indicating that the co-doping process 

did not significantly disrupt the stoichiometry of the 

ZnO lattice. However, the presence of both Al and B is 

expected to introduce more defect sites and oxygen 

vacancies than single-doped systems, potentially 

leading to improved photocatalytic properties. 
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CONCLUSION 

In conclusion, this research demonstrates the significant 

impact of Al and B doping on the structural properties of 

ZnO nanoparticles synthesized via the sol-gel method. 

HRSEM analysis reveals distinct morphological changes, 
including variations in particle shape, size, and 

agglomeration, upon incorporation of Al and B. The 

simultaneous doping of Al and B in ZnO:Al:B 

nanoparticles creates a synergistic effect, resulting in a 

complex hierarchical structure with reduced particle 

agglomeration. These structural modifications are 

expected to enhance the surface reactivity and 

optoelectronic properties of ZnO, making ZnO:Al:B a 

promising material for window layers in solar cells. The 

findings of this study contribute to the optimization of 

ZnO-based nanostructures for photovoltaic applications 

and provide a foundation for further investigation into the 
effects of doping on ZnO's electronic and optical 

properties. Further research can be carried by varying the 

precursor concentration of Al and B for better efficiency 

of window layer of solar cells. 
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