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Abstract: Boron-doped zinc oxide (BZO) thin films were prepared by a low-cost sol-gel spin-coating technique to investigate the
influence of boron incorporation on their structural, morphological, optical, and electrical properties. Undoped ZnO and BZO films with
1, 2, 3, and 5 weight percentage (Wt%) of boron were synthesized on glass substrates and annealed at 350 °C temperature for 30 min.
The films were analyzed using X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), energy-dispersive
X-ray spectroscopy (EDX), UV-Vis spectroscopy, and the van der Pauw technique. The film thickness varied from 30 to 500 nm with
increasing boron concentration. XRD confirmed the hexagonal wurtzite structure of undoped ZnO, while boron incorporation reduced
the crystallinity. SEM revealed a decrease in grain size and the surface morphology shifted toward an amorphous nature with increasing
boron concentration. EDX confirmed the presence of B, Zn, and O in the samples. The optical band gap decreased from 3.31 eV
for undoped ZnO to 2.73 eV for 5% BZO. Resistivity increased with B doping and varied non-monotonically from 29.525 x 10~4 to
62.276 x 10~* Q- cm for different concentrations of B. The results demonstrate that boron incorporation effectively tunes the properties

of ZnO thin films, indicating potential for photovoltaic and optoelectronic applications.

Keywords: Boron-doped ZnO; Sol—gel spin coating; TCO; Optoelectronics; Photovoltaic applications.

1 Introduction

Energy is the key driving force of today’s contemporary
society and the economic and scientific progress of the
society as well as nation depends upon it. The increas-
ing population growth and industrial expansion leading to
more energy consumption is driving a rise in energy de-
mand as time goes by [1] and the need for sustainable
and environmentally friendly energy sources is increasing.
Consequently, renewable energy technologies are receiv-
ing increasing global attention. Among the various renew-
able energy conversion systems, photovoltaic (PV) sys-
tems are considered one of the most promising technolo-
gies due to their ability to directly convert sunlight into
electricity without producing harmful emissions [2, 3].

In PV devices, Transparent conducting oxides (TCO)
materials serve as transparent electrodes that simulta-
neously provide high electrical conductivity and opti-
cal transparency, allowing light to reach the active ab-
sorber layer while efficiently collecting and transporting
charge carriers [4]. Polycrystalline ZnO-based thin films

are widely used not only in photovoltaic devices but also in
various optoelectronic applications, such as surface acous-
tic wave devices, chemical sensors, optical detectors and
field-effect transistors [4—6]. Unlike many other materials
of same applications, ZnO is inexpensive, found in abun-
dance, chemically and thermally stable, easy to synthesize
and a non-toxic semiconductor [7]. It has a high exciton
binding energy of ~ 60 meV and wide optical band gap of
around 3.37 eV at room temperature. ZnO thin films gen-
erally show n-type properties with low resistivity due to its
oxygen vacancies and zinc interstitials which make them
a great pick as TCO [5, 8]. Moreover, ZnO thin films can
be adjusted to have higher conductivity, transparency, in-
frared reflectance and better electron mobility by doping
them with convenient dopants, such as the group IIIA ele-
ments like Boron (B), Aluminium (Al), Gallium (Ga), and
Indium (In) [5,9, 10].

Boron (B) is the first member of these group IIIA earth
metals and because of its high electronegativity and Lewis
acid strength it can act as donor when incorporated into the
ZnO lattice to contribute extra free electrons, increasing
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the carrier concentration as well as conductivity without
significantly reducing the optical transmittance [11, 12].
Also, B3t ion has a much shorter cationic radius com-
pared to Zn>* ion and incorporating it in ZnO, in opti-
mized concentrations, could modify the lattice parameters
and improve the crystallite growth and reduce certain de-
fects in the film [13, 14]. And of course, boron can be
incorporated using inexpensive, abundant precursors like
boric acid and its compounds are globally abundant and
widely available. These features make Boron-doped ZnO
(BZO) an attractive candidate for transparent conducting
electrode applications in photovoltaic devices and opto-
electronic systems [15].

A variety of deposition techniques have been em-
ployed for the fabrication of undoped and boron-doped
ZnO thin films, including magnetron sputtering, chemical
vapor deposition (CVD), pulsed laser deposition (PLD),
spray pyrolysis, and sol-gel spin coating [14]. Among
these methods, sol—gel spin coating is particularly attrac-
tive because of its simplicity, cost-effectiveness, excellent
compositional control, low processing temperature, and
ability to coat large areas uniformly without requiring high
vacuum systems [10]. These advantages make the sol-
gel technique a viable approach for tailoring the physical
properties of metal oxide thin films for optoelectronic and
photovoltaic applications.

2 Materials and Methods

2.1 Film Preparation

Zinc acetate dihydrate (Zn(CH3COO); - 2H,0) was se-
lected as the zinc precursor and 2-Methoxyethanol was
used as the solvent. Monoethanolamine (MEA) served
as the stabilizer. Boric acid (H3BOs3) was utilized as the
boron dopant source. For undoped ZnO film preparation,
zinc acetate dihydrate was dissolved in 2-Methoxyethanol
to obtain a 0.5 M precursor solution. MEA was subse-
quently added to the solution such that the molar ratio of
MEA to zinc acetate was maintained at 1:1. The mixture
was stirred magnetically at 60 °C for 2 h to form a clear
and homogeneous solution. For boron doping, boric acid
was added to the precursor solution in appropriate amounts
to achieve 1, 2, 3, and 5 wt% boron concentrations. The re-
sulting solutions were aged at room temperature for 24 h
prior to film deposition.

Microscope glass slides were cut into 2.5 x 2.5 cm?
substrates and cleaned sequentially using detergent, ace-
tone, ethanol, and deionized water in an ultrasonic bath
for 15 min each, followed by drying in a hot air oven. The
aged precursor solution was dispensed onto the cleaned
glass substrate and spun at 3000 rpm for 30 s using a spin
coater. After each coating cycle, the film was preheated
on a hot plate at 150 °C for 10 min to evaporate the sol-
vent and eliminate organic residuals. This procedure was
repeated multiple times to achieve the desired film thick-
ness. Finally, the deposited films were annealed in a muffle

furnace at 350 °C for 30 min in air atmosphere and allowed
to cool slowly to room temperature. A schematic represen-
tation of the BZO thin film preparation steps is shown in
Fig. 1.
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Fig. 1: Steps of BZO film preparation.

2.2 Characterization Techniques

X-ray diffraction (XRD) analysis of the samples was per-
formed using a Rigaku SmartLab SE XRD system with
Cu-Ka radiation (A = 1.5406 A) in the 26 range of 10°—
40°. The surface morphology and microstructure of the
thin films were examined using Field Emission Scanning
Electron Microscopy (FESEM, JEOL JSM-7610F). The
elemental composition of the films was analyzed using
Energy Dispersive X-ray (EDX) spectroscopy attached to
the FESEM system. Film thickness was measured using
cross-sectional FESEM imaging and optical profilometry.
The optical transmittance and absorbance spectra were
recorded using a Shimadzu UV-2600 UV-Vis spectropho-
tometer in the wavelength range of 300-900 nm. The op-
tical bandgap (E,) of the films was determined from the
Tauc relation:

(ahv)" =A(hv —E,), (1)

where o denotes the absorption coefficient, 4V is the in-
cident photon energy, A is an energy-independent con-
stant, and n = 2 for direct allowed transitions [16, 17]. The
electrical resistivity and conductivity of the prepared thin
films were measured at room temperature using the van
der Pauw four-probe technique [18].

3 Results and Discussion
3.1 X-ray Diffraction (XRD) Analysis

The XRD patterns of undoped and boron-doped ZnO thin
films are shown in Fig. 2. The diffraction peaks of the un-
doped ZnO film correspond to the (100), (002), and (101)
reflection planes, confirming the formation of the hexag-
onal wurtzite crystal structure (JCPDS card no. 36-1451)
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[18,19]. With the introduction of boron dopant, the diffrac-
tion peak intensities decrease significantly, indicating that
boron incorporation suppresses crystalline grain growth
and promotes an amorphous phase [5]. For 2% BZO, only
a broadened (100) peak remains visible, while higher dop-
ing levels (3% and 5%) exhibit predominantly amorphous
patterns.

2% BZO
Undoped ZnO
[=—=JCPDS Card No. 36-1451

(100)

Intensity (a.u.)

[ | A ] [
10 20 30 40 50 60 70 80

20 (Degree)

Fig. 2: XRD Spectra of undoped and boron doped ZnO
Thin Films.

The structural parameters, including crystallite size
(D), micro-strain (£), and dislocation density (8), were cal-
culated from the XRD data. The average crystallite size
was estimated using Scherrer’s formula [20]:

0.9

- BcosO’ @

where B is the full width at half maximum (FWHM) in
radians and 6 is the Bragg diffraction angle. The micro-
strain (&) and dislocation density (8) were determined us-

ing:
B

€= 4tan @’ )
1

The calculated structural parameters are summarized in
Table 1. As the boron concentration increases, the crystal-
lite size decreases while the micro-strain and dislocation
density increase, which is attributed to the difference in
jonic radii between B3* (0.23 A) and Zn** (0.74 A) and
the resulting lattice distortion [21,22].

3.2 Scanning Electron Microscopy (SEM)

The FESEM images (Fig. 3) reveal a clear modifica-
tion in the surface morphology of the ZnO thin films

with increasing boron concentration. The undoped ZnO
film exhibits densely packed, well-defined spherical grains
with uniform grain distribution. Upon incorporation of 1%
B, smaller nanoparticles are formed with reduced grain
boundaries. For 2% and 3% BZO, the surface becomes
smoother and denser with diminished granularity. At 5%
B doping, the film displays a homogeneous, smooth, and
compact surface morphology indicative of an amorphous
structure, in agreement with the XRD findings [23,24].

Figure 4 shows the cross-sectional FESEM micro-
graphs of undoped, 1%, and 3% BZO thin films. The im-
ages confirm good adhesion of the deposited films to the
glass substrate without peeling or cracks, with uniform
thickness profiles across the substrates.

3.3 Energy Dispersive X-ray (EDX)
Spectroscopy

The EDX spectra of the BZO thin films (Fig. 5) confirm
the presence of the major constituent elements: zinc (Zn),
oxygen (0O), and boron (B). The appearance of the boron
peak confirms successful incorporation of the dopant into
the ZnO host matrix. Trace signals of silicon (Si), sodium
(Na), and calcium (Ca) originate from the underlying soda-
lime glass substrate [25,26].

3.4 Film Thickness

Figure 6 illustrates the thickness variation of the prepared
BZO thin films as a function of boron doping concen-
tration. The film thickness increases with boron content,
ranging from approximately 30 nm for undoped ZnO to
about 500 nm for 5% BZO. The observed increase in thick-
ness is attributed to the higher solution viscosity and modi-
fied sol rheology upon addition of boric acid, which yields
thicker layers during the spin-coating deposition process
[27].

3.5 Optical Properties
3.5.1 Transmittance and Absorbance

Figure 7(a) shows the optical transmittance spectra of un-
doped ZnO and BZO thin films in the UV-Vis range (300-
900 nm). All films exhibit high optical transparency in
the visible wavelength region (> 80%), which satisfies
the requirement for transparent conducting oxide applica-
tions. A sharp fundamental absorption edge is observed in
the near-UV region, corresponding to band-to-band transi-
tions. As the boron doping concentration increases, the ab-
sorption edge shifts toward longer wavelengths (red shift),
indicating bandgap narrowing.

Figure 7(b) displays the corresponding optical ab-
sorbance spectra. The absorbance is low in the visible re-
gion and increases sharply at wavelengths below 380 nm
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Table 1: Structural parameter values of ZnO thin films.

Films Miller Indices Bragg’s Angle Interplanar Spacing FWHM B Size D Dislocation Density & Micro-strain €
(hkl) ©) d(A) (x1073 rad) (nm) (x10" m=2) (x1073)

ZnO (100) 16.09 278 0.42 20.40 2.40 0.364

ZnO (002) 17.42 2.57 0.73 11.90 7.06 0.581

ZnO (101) 18.36 2.44 0.55 16.00 3.90 0414

2% BZO (100) 16.06 2.78 1.57 91.90 0.11 1.360

M) 1% BZO [ o Eo iR (¢) 2% BZO

(d) 3% BZO [ ZAhi iEne i (e) 5% BZO
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Fig. 4: FESEM images of (a) undoped ZnO, (b) 1%, and (c) 3% thin films showing the variation in film thickness.
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Fig. 6: (a) Thickness of 3% BZO, and (b) Thickness variation of the BZO thin films with doping concentrations.
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due to electron excitation from the valence band to the con-
duction band [28].

3.5.2 Optical Bandgap

The optical bandgap (E,) of the films was determined by
extrapolating the linear region of (athv)? versus photon
energy (hv) plots to (ahv)? = 0, as depicted in Fig. 8. For
undoped ZnO, the direct bandgap is found to be 3.31 eV.
With increasing boron doping concentration, the bandgap
progressively decreases to 3.24 eV (1% BZO), 2.97 eV
(2% BZ0), 2.88 eV (3% BZO), and 2.73 eV (5% BZO).
The bandgap narrowing can be understood in terms of
many-body effects, donor-level merging, and structural
disorder induced by the incorporation of B3* ions into the
ZnO lattice [28,29].

The optical bandgap values as a function of boron con-
centration are listed in Table 2 and plotted in Fig. 9.

Table 2: Optical band gap of BZO at different doping con-
centrations.

Boron doping concentrations [%] Optical Band Gap [eV]

0 3.31
1 3.24
2 2.97
3 2.88
5 2.73
3.4
E 324
g
O
T 304
-3
=
E
£
& 281
26 r r r
0 2 4 6

Boron doping concentrations [%o]

Fig. 9: Optical Band Gap Variations of BZO at different
doping concentrations.

3.6 Electrical Properties

The electrical conductivity (o) and electrical resistivity
(p) of the prepared ZnO and BZO thin films are illustrated
in Fig. 10. The resistivity varies non-monotonically be-
tween 29.525 x 10~* and 62.276 x 10~* Q - cm across the
investigated doping levels. The minimum resistivity and
corresponding highest conductivity are observed at 1% B
doping, where effective substitution of Zn>* by B3* re-
leases free electrons and enhances the carrier concentra-
tion. At higher doping levels (> 1%), excess boron atoms
tend to segregate at grain boundaries or form neutral de-
fect complexes, which act as carrier traps and scattering
centers, leading to an increase in resistivity [29,30].

4 Conclusion

Boron-doped ZnO (BZO) thin films with different boron
concentrations (0, 1, 2, 3, and 5 wt%) were successfully
prepared on glass substrates via a low-cost sol-gel spin
coating technique followed by annealing at 350 °C. XRD
analysis confirmed the polycrystalline hexagonal wurtzite
structure for undoped ZnO, while boron doping resulted in
reduced crystallinity and predominantly amorphous films
at higher concentrations. FESEM micrographs showed
smooth, compact surfaces with decreasing grain size as
boron was incorporated. EDX spectra confirmed the pres-
ence of B, Zn, and O throughout the deposited films. Op-
tical characterization revealed high visible transmittance
(> 80%) and a systematically decreasing band gap from
3.31 eV (undoped) down to 2.73 eV (5% BZO). Electrical
measurements demonstrated optimal electrical conductiv-
ity at 1% B doping. These findings demonstrate that boron
doping is an effective method for tuning the structural,
optical, and electrical properties of spin-coated ZnO thin
films, making them promising candidates for photovoltaic
devices and transparent conducting electrodes.
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