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Two different amounts of boron, 2% and 4%, were added to zinc oxide 
(ZnO) films using the spray pyrolysis technique (SPT), in addition to 
un-doped ZnO films. Grain size increased from 11.14 nm to 12.29 nm as 
boron was added and its quantities were increased, according to structural 
research, indicating that the sample films are polycrystalline. According 
to the results of the X-ray diffraction analysis, the major crystallographic 
reflection is the (101) plane. The deposited film samples were examined 
using Atomic Force Microscopy (AFM). Nanostructured ZnO films with 
0% doping, 1% boron doped, and 4% boron doped had average particle 
sizes of around 78.70 nm, 67.78 nm, and 42.10 nm, respectively. Undoped 
ZnO had a root mean square roughness (Rrms) of 9.68 nm, whereas 
boron-doped ZnO had a Ra value of 4.79 nm and a Ra value of 3.34 nm. 
A visible-light transmittance of more than 65% was achieved. Optical 
bandgap values also decreased following boron addition, from 3.16 eV to 
3.04 eV. Additionally, the dopant concentration rose in tandem with the 
absorption coefficient, especially once the boron level hit 3%. The results 
also showed that the refractive index and extinction coefficient improved 
as the boron level rose.

INTRODUCTION 
As an earth element, boron (b) is not common. 

Metals are unique among elements due to their 
characteristics, such as their low brittleness 
and great hardness. Ceramics, metal alloys, and 
industrial plastic fibers are the main products 
that use boron as an insulator and reinforcement 
agent [1]. Metal oxides doped with boron have 
unique qualities that impact carrier mobility. 
These properties include a stable B3+ state, 
a high Lewis acid strength of 10.709, a strong 
dissociation energy of 8008.8 kJ mol−1, and a high 

energy required for the production of an oxygen 
vacancy of 8.374 eV. Based on the inherent bond 
strength and dissociation energy, boron (B) can be 
used as a dopant to improve metal (M) and oxygen 
(O) lattice sites. [2]. The use of SPT technology 
to create ZnO films has garnered considerable 
attention throughout the past ten years. Zinc 
oxide has sparked widespread interest because 
to its straight broad bandgap of 3.31 eV and 
hexagonal wurtzite structure [3]. The use of ZnO 
as TCO to replace conventional indium tin oxide in 
solar cells is a hot topic [4]. The insertion of boron 
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(B) dopants into ZnO has been shown to disrupt 
the crystal structure. Nonetheless, an optimization 
procedure resulted in an improvement in c-axis-
oriented crystal formation. [5]. The use of ZnO 
as TCO to replace traditional indium tin oxide in 
solar cells is one area of great interest. ZnO has 
gained importance in many applications, including 
solar cells, anti-reflective coating gas sensors, LED, 
heat mirrors, and SAWD [3–6]. It can be fabricated 
in many techniques like Sputtering [7], MBE [8], 
PLD [9], CVD [10], SPT [11, 12], and sol-gel [13, 
14]. The provided text discusses the impact of 
boron (B) doping on various characteristics of 
zinc oxide (ZnO) films. The studies, particularly 
one by T. Hurma, focused on how introducing 
boron into ZnO films affects their the optical, 
structural, and electrical characteristics. the 
Crystallization and Concentration of B Doping: 
T. Hurma’s study demonstrated Considering the 
boron concentration doping increased in ZnO 
sheets, the degree of crystallization decreased. To 
put it differently, elevated levels of boron doping 
caused a decline in the overall crystalline quality of 
the ZnO films. This phenomenon might stem from 
the disruptive influence of boron atoms within 
the regular zinc oxide lattice, introducing defects 
or distortions into the crystalline arrangement. 
Regarding surface roughness and boron doping, an 
increase in boron doping concentration resulted in 
rougher surfaces for the ZnO films. One possible 
explanation for the rise in surface roughness is 
the unequal boron atom integration that occurs 
throughout the film’s development [15]. For this 
study, the ZnO thin films were synthesized using 
the chemical spray pyrolysis technique. This 
research delves into the interplay between boron 
doping and ZnO thin films by examining its effects 
on their optical characteristics and nanostructure.

MATERIALS AND METHODS
Thin ZnO and ZnO: B films were fabricated 

using the Chemical Spray Pyrolysis technique. The 
matrix solution was prepared by diluting aqueous 
0.05 M zinc hydrate (Zn(CH3COO)2.2H2O) from 
BDH Chemicals, England, in 100 mL of deionized 
water. For doping, Boron at 0.1M concentration 
(B(NO3)2.3H2O) was dissolved in deionized water 
to create 2% and 4% volumetric ratios. During 
deposition, the substrate temperature was set 
to 450°C. Nitrogen (N2) served as the carrier 
gas, and the separation between the nozzle 
along with maintaining the base at 29 cm. The 

spraying process involved a 9-second spraying 
duration, an average spraying rate of 5 mL/min, 
and a 2-minute interval between successive spray 
applications. The gravimetric method determined 
the film thickness, yielding a measurement of 
around 300±25 nm. Structural properties were 
analyzed through X-ray diffraction (XRD) utilizing 
a Shimadzu XRD-6000 instrument from Japan. 
Surface morphology was investigated using an 
Atomic Force Microscope (AFM), specifically the 
AA 3000 Scanning Probe Microscope, also from 
Japan. Transmittance evaluation was executed 
using a spectrophotometer, specifically the 
Shimadzu UV-probe 1640, originating from Japan.  

RESULTS AND DISCUSSIONS
The X-ray diffraction (XRD) patterns of the 

grown films are depicted in Fig. 1. These spectra 
clearly indicate due to the films’ polycrystalline 
nature, showcasing three primary peaks that 
correspond to the (100), (101), (102), and (103) 
planes at 31.71°, 36.62°, 47.51°, and 62.76°, 
respectively. The peak at 36.62° corresponds to 
the (101) plane and conforms to a value of 36.62° 
(ICDD No. 36-1451) [16].

The crystallite size (D) of the films is determined 
using Scherrer’s equation [17, 18]:

D = 0.9λ
βcosθ      

  

                                                                 
(1)

θ, the incidence wavelength (λ), and FWHM 
(Full Width at Half Maximum) are described here. 
D value decreased from 11.14 nm to 12.29 nm 
when boron doping into ZnO increased. In order 
to calculate the dislocation density (δ), a formula 
is utilized. [19, 20]:

δ = 1
D2           

  

  

                                                                        
(2)

The lattice strain (ε) was calculated using the 
tangent formula [21, 22]:

ε = βcosθ
4π     

 

  

  

                                                 
(3)

With increased boron doping, both calculated 
dislocation density values and strain displayed 
an upward trend [23]. The interplay between 
D, lattice parameters, and boron content was 
explored, and the results are presented in Table 
1. The relationship between FWHM, D, and boron 
content is shown in Fig. 2. Notably, the structural 
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parameters Sp and D exhibit an inverse relationship.
The AFM images presented in Fig. 3 offer a 

visual representation of the deposited films, 
while Table 2 provides quantitative data in terms 
of average roughness (Ra) or root mean square 
(Rrms) for these films. The images depict films that 
are uniformly distributed in microscale granules, 
exhibiting a seamless distribution without 
noticeable gaps between them, as evident in Fig. 
3 (a3, b3, and c3). The calculated average particle 
size (Pav) for the nanostructured ZnO films falls 
within the range of approximately 78.70 nm, 
67.78 nm, and 42.10 nm for un doped ZnO, ZnO 
doped with 2% boron, and ZnO doped with 4% 
boron, respectively. This indicates a systematic 

decrease in particle size with increasing boron 
doping concentration. The Ra values for un doped 
ZnO and ZnO doped with boron are measured 
as 9.68 nm, 4.79 nm, and 3.34 nm, respectively, 
while the Rrms values are 11. These values signify 
that the surface roughness decreases with boron 
doping, suggesting a smoothing effect on the film 
surfaces. Furthermore, the data suggests a clear 
impact of boron content on both Ra and Rrms, 
demonstrating the influence of boron doping 
concentration on the surface characteristics of the 
ZnO films. The detailed values of AFM parameters 
(PAFM) can be found in Table 2, providing 
a comprehensive overview of the surface 
morphology and roughness for each film.

 

  

Sample  2 
)o( 

(hkl) 
Plane 

FWHM 
)o( 

 gE
(eV) 

D 
(nm) 

)41(× 10δ 
)2(lines/m  

ε 
)4-(× 10 

Un doped 
ZnO 36.22 101 0.75 3.16 11.14 80.58 31.09 

ZnO: 2% B 3.18 101 0.72 3.10 11.61 74.18 29.85 
ZnO: 4% B 36.15 101 0.68 3.04 12.29 66.20 28.20 

        
 

  

Table 1. Presents the values of D (crystallite size) and Sp (optical bandgap) for the studied films. 

Fig. 1. Illustrates the fabricated films’ X-ray diffraction (XRD) patterns.
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Through measuring their transmittance in 
the UV-Vis range of 300 to 900 nm, the films’ 
optical properties were investigated. A typical 
way to communicate experimental results is as a 
percentage transmittance, or T, which is defined as 
[24, 25]:

T% = I
Io

%                                                                       (4)

Io represents the beginning light intensity and 
(I) represents the light intensity after passing 

through the sample.
Pictured in Fig. 4 are the corresponding 

film transmittance values. Surprisingly, the 
visible spectrum has a transmittance of above 
65%. Transmittance increased with decreasing 
dopant concentration, particularly at boron 
concentrations up to 3%. The absorption that 
impurities cause might account for this pattern, 
as their ionization energies are close to the energy 
gap of the incoming photons. [26, 27].

The film’s measured absorbance (A) is 
connected to its transmittance (T) by means of the 

 

  

Samples avP 

nm (nm) aR R. M. S. 
(nm) 

Un doped ZnO 78.70 9.68 11.56 
ZnO: 2% B 67.78 4.79 10.45 
ZnO: 4% B 42.10 3.32 3.34 

 

Table 2. Presents the values of PAFM (parameters obtained from AFM analysis) for the targeted films.

Fig. 2. Depicts the FWHM, D, δ, and ε of the intended films.
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Eq. 5: [28, 29]:

A = log (1T) = ( I
Io
)     

                                                   (5)

in where (I) is the amount of light that escapes 
the system and (Io) is the amount of light that 
enters it. The absorption and transition spectra of 

thin films of B-doped ZnO are shown in Fig. 5. One 
thing that stands out from these spectra is that the 
absorbance values for transitions go lower as the 
amount of Boron gets higher. It may be deduced 
that indium doping resulted in greater optical 
density in ZnO films since the transition level 
represents optical density [27].

 

  

  

 

  

Fig. 3. Displays the AFM outcomes for the films under investigation.

Fig. 4. Transmittance as a Function of Wavelength for the Studied Films.
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The absorption coefficient (α) is determined 
using Eq. 6 [20, 31]:

α = ln (1 T)⁄
d                                                                       

(6)

where d represents the film thickness. Fig. 6 
illustrates the relationship between the absorption 

coefficient (α) and the studied films. It is evident 
that the absorption coefficient increases as the 
dopant concentration rises, particularly up to 4% 
of the boron content. This observation suggests 
that the transition is likely associated with a direct 
electronic transition, and the characteristics of this 
state are crucial as they contribute to electrical 
conduction [32].

 

  

  

 

  

  

Fig. 5. Absorption of Pure and ZnO:B Films at Different Dopant Levels.

Fig. 6. Absorption Coefficient (α) of the Prepared Films.
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The bandgap energy Eg is determined using 
Tauc’s relation [33,34]:

αhv = A(hv − Eg)12                                                         (7)

where A is a constant. From Fig. 7, it can be 
deduced that the bandgap of un doped ZnO 
is influenced by the boron content, and as the 
doping concentration increases Eg decreases. 

Specifically, the bandgap values for the synthesized 
nanocrystalline un doped ZnO and ZnO doped 
with 4% boron thin films are measured as 3.16 
eV and 3.04 eV, respectively. which is due to the 
increased crystallization increasing the particle 
size and reducing the areas of defects in the grid 
[35]. 

To determine the extinction coefficient (k), the 
following relation was utilized [35, 36]:

 

  

  

 

  

  

Fig. 7. Photon energy of the intended films.

Fig. 8. Extinction coefficient of the intended films.
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k = αλ
4π   

  

                                                                       
(8)

Where λ is the wavelength. Fig. 7 presents the 
variation of the extinction coefficient of chiaund 
oped ZnO and ZnO:B films in relation to the 
wavelength. Fig. 8 demonstrates that K increases 
with the augmentation of boron content [15].

Utilizing the reflectance (R) spectra serve as a 
means to Establish the refractive index (n) [37, 38]:

R = (n−1n+1)
2

                                                                    (9)

To determine n, the following formula was 
utilized [39, 40]:

n = 1 + √R
1 − √R

  
                                                             

(10)

Fig. 9 depicts the relationship between n and 
λ variations. The refractive index spectra of all 
films showed a similar pattern of activity. After 
increasing the dopant concentration up to 4 
percent of the Boron content in the films, there is 
a slight drop in the refractive index values of the 

films [41].

CONCLUSION
The synthesis of ZnO and ZnO.B films on glass 

substrates has been conducted. The results 
indicate that the inclusion of boron in the structure 
significantly affects the attributes examined. The 
XRD signals of the produced films validate their 
polycrystalline characteristics. Notably, the average 
dislocation density values were found to escalate 
with increasing boron doping content. The surface 
topography of the produced films decreases as 
the boron content in the film rises. In line with 
this, the transmittance within the visible range 
surpasses 65% as the boron content increases. 
The absorption coefficient experiences a slight 
increase, while the refractive index and extinction 
coefficient exhibit a decrease. Furthermore, the 
optical bandgap of un doped ZnO and ZnO doped 
with Boron (ZnO:B) films, pertaining to direct 
allowed transitions, has been reduced from 3.16 
eV to 3.04 eV.
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 Fig. 9. Refractive index of intended films.
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