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ABSTRACT
In this study, the effect of modifying boron doping concentration on the optical properties, electrical
properties and microstructural images of TiO2 thin films was investigated by the sol-gel technique by
grinding TiO2 powder with a boron compound at a wavelength range of 250 nm to 850 nm. The SEM
micro-images revealed the homogenous, continuous and nanocrystalline surface morphology: 10%
is the tolerable amount of boron doping concentration into the TiO2 for achieving sphere-like
nanostructures materials with low agglomeration. The XRD spectra of the B-TiO2 films showed
anatase peaks of greater intensities when compared to the pure TiO2 film. All the films illustrate
extinction coefficient in the visible region of solar spectra corresponding to the low absorption, and
absorption peaks established in the ultraviolet region near 330nm with the optical transmittance
varied from over 52 - 96% in the UV-Vis wavelength range. Diffuse reflectance absorption spectra
analysis indicated that the incorporation of B into TiO2 material results in a substantial red shift and
the absorption extends significantly into the visible range. The optical band gap energy values of the
thin films were found to be 3.38, 3.35, 3.28, 3.26, and 3.36eV. This showed a low probability of
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raising the electron across the mobility gap with the photon energy in the visible region. The
refractive index values varied between 1.891 and 1.922 depending on the percentage content of
boron. Moreover, the imaginary part of the dielectric constant increase slowly, whereas the real part
increases sharply and the optical conductivity was found to increase with the increase in boron
addition.
Keywords: B-TiO2; Sol-gel; optical properties; refractive index; dielectric constant; thin films.
materials, decreasing band gap, increasing
surface area, extending the light absorption
range by incorporating foreign elements, metals
or non-metals into the TiO2 matrix, reducing
particle size, and creating a double phase
structure containing anatase and rutile [11].
Series of elements have been doped into various
semiconductor nanoparticles and establish a
great success in ameliorating their properties
over the pure nanoparticles. Doping TiO2 implies
the interstitial or substitutional insertion of other
atoms, cations or anions in the TiO2 crystalline
cell [12]. Different dopant (impurity) elements,
such as metals, metalloids, and non-metals have
been applied for modulating the properties of
nanoparticles. Modification of TiO2 by impurities
doping can produce a high Schottky barrier that
facilitates electron capture, which may produce
longer electron-hole pair separation lifetime and
reduce the recombination of electron-hole pair
separation [13]. Due to the high thermal stability
and low carrier recombination centres of nonmetals doped TiO2 nanostructures, there has
been an explosion of concern in TiO2 doping with
non-metal ions: N, C, S, F, P, I, and B, that has
been explored to boost and enhance separation
of photogenerated charges in TiO2 under
ultraviolet or visible light [4,11,14]. The use of
these anionic dopants leads to band gap
narrowing or formation of localised mid-band gap
states, which effectively extends the absorption
threshold of titania into the visible region and
causing physical and chemical changes in the
particles [15]. Doping TiO2 with B can extend the
spectral response of TiO2 to visible region and
thus can improve its visible light photocatalytic
activity, and promotes photogenerated electronhole separation [4,16-17]. When boron is doped
into the TiO2 lattice, boron atoms can occupy two
different positions (Interstitial and substitutional)
by filling up the oxygen vacancies [18]. The
stability of the doped TiO2 is far better when
boron occupies an interstitial position within the
TiO2 lattice compared to the substitutional boron,
which appears to be metastable and decompose
into boron oxide [19]. Various forms of
techniques have been used to prepare B-TiO2
thin films: Thermal evaporation, anodic oxidation,
chemical vapour deposition, pulsed laser

1. INTRODUCTION
Metal oxide semiconductor materials play a vital
role in various areas of science and engineering.
Titanium (IV) oxide (TiO2) films has attracted lots
of
significance
attention,
among
many
semiconductor nanoparticles. This is attributed to
its practical applications, which extends from
common
products
to
the
advanced
technological
applications
such
as
photovoltaics,
solar
cells,
photocatalysis,
antireflective films coatings, optical coatings,
electrochromic display devices, bio-sensing,
hydrogen gas production, bactericidal action, and
so on [1-6]. It has been regarded as a
fantabulous
semiconductor
photocatalyst
because of its high performance, abundance, low
toxicity, low cost, outstanding thermal and
chemical stability, and photo-induced strong
oxidation activity properties [7-8]. Anatase,
brookite, rutile and amorphous are the four
polymorphic that constitutes crystal structures of
titania. TiO2 is a major actor in the emerging field
of oxide electronics and is regarded as the most
efficient
and
environmentally
friendly
photocatalyst but its application suffers some
drawbacks in visible light: ultraviolet activation
requirements due to its large band gap
energy (3.2eV for anatase and 3.06eV for
rutile) and low degradation kinetic [9]. It is
also well known that TiO 2 have high rate
recombination between the excited electron and
positive hole. Recombination of electron-hole
pairs has been described as the main factor
limiting photocatalytic reactions. Some of the
photogenerated pairs achieve charge separation
and diffuse to the TiO2 surface, reacting with air
or water and generate OH radicals, O anions,
which attack the organic compounds adsorbed
on the TiO2 surface causing their removal by
transforming into CO2 and H2O. Different
strategies have been employed in investigating
and improving the optical, electrical and
photocatalytic characteristics performances of
TiO2, which have necessitated the doping of the
material to extend the optical absorption within
the visible region and reduce the electrons or
holes recombination rate [4,10]. These strategies
include the generation of structured mesoporous
2
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deposition, electron beam evaporation, spray
pyrolysis, hydrothermal, sol-gel techniques, etc.
[5,20-23]. Amongst this technique the sol-gel
process, as a very promising method, has gained
particular attention due to its simplicity,
inexpensiveness, non-vacuum, ability to produce
thin and homogeneous films on large substrate
area and low temperature technique for
synthesising films using organic and inorganic
precursors. This process offers many benefits
like perfect control of the stoichiometry of
precursor solutions, ease of compositional
modifications, customizable microstructure, ease
of introducing various functional groups, requiring
relatively low annealing temperatures and the
possibility of coating over large area substrates
[21,24]. The main objective of this study,
therefore, is to establish the suitable synthesis
conditions of undoped TiO2 and B-TiO2 thin films
on the glass substrate by sol-gel technique to
obtain high quality transparent thin films for
optoelectronic and optical applications in the
wavelength range of 250 nm to 850 nm.

distilled water was added to the 25 ml of TiCl4
and moderately stirred at room temperature for 1
hour until a clear and uniform solution was
obtained. The resulting solution was kept in an
air tight beaker for 24 hours at room temperature,
to improve the homogeneity of the prepared
mixture and adapted for deposition. Then the
complex was hydrolysed by adding an aqueous
solution of ammonia drop-wise over a period of
30 minutes via an adjustable pipette until the pH
value of 10 was obtained, to precipitate
peroxotitanium
hydrate.
The
resultant
peroxotitanium hydrate precipitate was washed
several times with distilled water, rinsed with
absolute ethanol to remove chloride ion and
o
ammonia and dried in a vacuum oven at 60 C for
1 hour. Then the sol was prepared by adding
0.38 g of peroxotitanium hydrate into 11ml of
distilled water for hydrolysis polycondensation
reaction and mixed thoroughly with a magnetic
stirrer until yellow and transparent peroxotitanium
acid solution was formed. Homogeneous light
yellow and translucent peroxo-modified anatase
anhydrate solution obtained by heating the
solution at 80°C for 8 hours with consistent
stirring in order to crystallize anatase. Five
coatings of B-TiO2 at different boron doping
concentration of 0, 5, 10, 15 and 20% were
prepared on the ultrasonically cleaned glass
substrates by spin-coating process at a speed of
3000rpm. The B-TiO2 thin films were synthesized
by dissolving the peroxo-modified anatase
anhydrate in distilled water. The resulting
solution was spin-coated on the prepared glass
substrate at 3000 rpm for 30 seconds in an air,
leading to the procured of undoped TiO2 thin
films and annealed at 500°C for 45 minutes and
which were homogeneous, transparent, and
highly adherent across the whole length of the
glass substrates. The boron doped TiO2 thin
films were obtained by dissolving the peroxomodified anhydrate and boric acid in distilled
water with concentration of boric acid at
0.05mol/dm3 to obtain 5% B concentration. The
solution was spin-coated on the glass substrate
at 3000rpm for 30 seconds and annealed at
500oC for 45 minutes. This process was
repeated with a concentration of boric acid at
0.10, 0.15 and 0.20mol/dm3 to obtain 10, 15 and
20% doping concentration of boron.

2. EXPERIMENTAL DETAILS
2.1 Materials
Titanium tetrachloride [TiCl4] (Merck), Boric acid
[H3BO3] (BDH) (≥ 99.9% purity, Aldrich),
Acetylacetone [CH3COCH2COCH3] (BDH) with ≥
99.9% purity (Aldrich), Ethanol (BDH) (99.7%
purity, Aldrich), Cleaning solution [sodium lauryl]
and Ammonia solution [NH4OH] (ca. 33%wt NH,
Merck) were purchased from Quality Control and
Testing Laboratories Ltd. Distilled water was
prepared in our laboratory with pH 5.8. All other
reagents and solvents used for this study were of
analytical grade and do not require any further
purification.

2.2 Synthesis of TiO2 and B Doped TiO2
Nanoparticles
Boron doped titanium dioxide (B-TiO2) and pure
TiO2 thin films were synthesised by the sol-gel
spin coating technique onto a glass substrate in
this work using TiCl4 and boric acid as source
materials. The optical glass substrates were
degreased and washed ultrasonically in a
cleaning solution containing sodium lauryl
detergent and subsequently rinsed with distilled
water and then with propanol, dried under
compressed air until observed fully dried and
kept in a dry petri dish. The percentage doping
concentration of B-TiO2 thin films was obtained
by adding suitable proportions (B / [B+Ti] = 5 20%) of TiCl4 in the starting solutions. 10 ml of

2.3 Microstructural Characterization
The morphology characterisation of the material
powders was analysed with an EVO Ι MA10
scanning electron microscope (SEM) at an
accelerating voltage of 20kV. The samples were
3
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mounted on carbon tape and sputter-coated with
gold.

determined in different parts of the film, scanning
the entire sample, and good reproducibility of the
respective samples was generally observed. The
absorbance of the sample was examined using
the Beer-Lambert law, which describes the
spectral transmission of the light beam through
an absorbing medium and is expressed as:

2.4 X-ray Diffraction (XRD) Characterization
The XRD patterns of the thin films were
measured using an XRD system (D8 Advance
Diffractometer, X’Pert’ Powder PANALYTICAL
Bruker) with a monochromatic Cu- Kα (λ =
1.5406Å) radiation, operating voltage of 42kV
and current of 40mA. The system was operated
in a scan rate of 0.040° increments with a
measuring time of 3.17s per step in the range of
2θ = 20° - 80°. The lattice parameter ‘a’ and ‘c’
values of B-TiO2 compared to the pure TiO2 with
respect to different doping concentration were
determined using the Bragg’s relations (1) and
the interplanar spacing (d) was evaluated using
the formula for a tetragonal structure (2) [25]:
2 sin
1

=

=

=

,

=

+

sin

= − log
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% =

× 100
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Where, is the intensity of the transmitted light,
is the intensity of the incident light at a given
wavelength, is the measured absorbance, and
is the measured transmittance. From the BeerLambert relations, if all the light passes through a
medium without any absorption, then absorbance
is zero, and percent transmittance is 100%, but if
all the light is absorbed, then percent
transmittance is zero, and absorption is infinite.
The reflectance (R) was computed from the
transmittance and absorbance using the
expression in equation (7):

(1)

4 ℎ +ℎ +
3
1
3

= − log

(2)
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Where, is the wavelength of the Cu-Kα X-rays
and
is the diffraction angle at which the
maximum intensity was observed.

−

(7)

2.5.1 Absorption coefficient ( )
The absorption coefficient ( ) determines how
far into a material light of a particular wavelength
can penetrate before it is absorbed. The
absorption coefficient ( ) of B-TiO2 thin films was
determined using the following relation [26]:

2.5 Optical Characterization
UV-Vis spectrophotometer is a valuable
technique that can be applied to examine the
electronic structure and band gap energies of
semiconductors. The optical properties of the
synthesised B-TiO2 thin films deposited on glass
substrates were analysed by using Axiom
Medicals
UV-Vis
752
spectrophotometer
equipped with an integrating sphere for diffuse
reflectance. Optical transmission measurements
were carried out within a wavelength range of
250nm to 850nm, although most cases are
performed within the range of 380nm to 850nm.
The spectrophotometer was set with a slit width
of 1nm and hence no slit correction was required.
As the light is transmitted, the sample disrupts
the path of the beam, a portion of light was
absorbed, a fraction was reflected, or scattered
from small particles suspended in the sample,
and the rest was transmitted through the sample.
The
transmission
measurements
were

=

2.303

(8)

Where, t is the thin film thickness, and A is the
absorbance.
2.5.2 Calculation of extinction coefficient (k)
The extinction coefficient (k) is a measure of the
fraction of light lost due to scattering and
absorption per unit distance of the penetration
medium. It describes the attenuation of light in a
medium and increase of k with the increase of ℎ
indicates the probability of raising the electron
transfers across the mobility gap with photon
energy. Therefore, the higher values of k are the
4
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representation of greater attenuation of light in a
thin films and also the higher probability of
raising the electron transfer across the mobility
gap with the photon energy. The extinction
coefficient of the films can be calculated from the
values of and using the relation [27]:
=

nm and lowest transmission (
380nm.

Where,
is the wavelength, and
absorption coefficient.
2.5.3 Band gap energy (

+2

+

+
2

+2

−
×

=

(9)
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+
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) at wavelength

−

(12)

(13)

Where,
is the total transmittance,
and
are the refractive index of air and glass
respectively.

is the

)

2.6 Dielectric Properties
It is well known that in the sol-gel process, the
organic products from the precursors would also
influence the crystallinity as well as the optical
properties of the thin films. The optical band gap
energy ( ) is the energy needed to move a
valence electron into conduction band.
of
TiO2 thin films was obtained in the extinction of
coefficient (k) [28,29]:
−

= (αℎ )

=

4

The real part of the dielectric constants reveals
how much it will reduce the speed of light in the
material, whereas the imaginary part reveals how
a dielectric material absorbs energy from an
electric field due to dipole motion. The
expression for the real and imaginary parts of the
dielectric constant has the following form [25]:
=

ℎ

(10)

=2

Where, ℎ is the plank’s constant, and
is the
frequency of the incident photons, ℎ is the
energy of the photon energy, is the wavelength
of the absorption edges in the UV-Vis spectrum,
C is a constant depending on the transition
probability and n is a number that determined the
type of the optical transition of the gap materials
( = 1 for direct gap materials and = 2 for an
indirect gap materials). Since TiO2 is direct gap
material therefore the above relation becomes:
−

=

4

ℎ

−

(14)
(15)

Where,
and
are the real and imaginary
parts of the dielectric constant.

2.7 Optical Conductivity
A QUADPRO-301-6 four-point probe system was
used to measure the sheet resistance and the
resistivity of the deposited thin films after which
the optical conductivity was determined from the
resistivity. The current value was gradually
increased from 0 to 100 μA with a 10 μA step. A
source meter was used as the current source
applied to the outer probes. The voltage on the
inner probes was determined by a VA
multimeter. The sheet resistance ( ) was
expressed as:

(11)

The value of the optical band gap energy ( ) is
computed by extrapolating the linear plot of
( ℎ ) against photon energy (ℎ ) of the films
known as Tauc’s plot for the direct optical band
gap materials and have been drawn for thin films
deposited with different concentration as
illustrated in Fig. 6 [30], this means that the mode
of transition in these films is of a direct nature.

= 4.53 ×

(16)

Where, V is the voltage measured on the internal
probes and
is the current applied to the
external probes. The optical conductivity was
computed from the relation:

2.5.4 Refractive index

=

The refractive index of the thin films obtained
from the transmission spectra using the
expression in equation (12) and considered
highest transmission (
) at wavelength 850

=
5

×

(17)
(18)
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percentage doping concentrations as illustrated
in Fig. 1(a - e).

Where,
is the thickness of the conducting
layer,
is the resistivity,
is the optical
conductivity, c is the speed of light, n is the
refractive index, and k is the extinction
coefficient.

It is clearly indicated from the above figures that,
all the thin films were well attached to the
substrates. SEM observations reassert the
existence of morphology discrepancies between
the boron doped titania. The SEM images of pure
TiO2 (0%) particles showed self-assembled and
sphere-like nanostructures (Fig. 1a). B doped
TiO2 at 5% doping concentration revealed
spherical shaped particles which show titania
constituted of large well-aggregate particles

3. RESULTS AND DISCUSSION
3.1 Surface Morphology
The morphological characteristics of the pure
TiO2 and B-TiO2 thin film deposited on glass
substrate were observed at various boron

Fig. 1. SEM images of (a) pure TiO2 (0%); (b) B doped TiO2 (5%); (c) B doped TiO2 (10%); (d) B
doped TiO2 (15%); and (e) B doped TiO2 (20%) thin films
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with sizes in the range of 500 nm – 290 nm (Fig.
1b), but at 10% boron doping concentration,
agglomeration tendency decreased by doping, in
which the film structure is in the form of clusters
of crystallites of titania (Fig. 1c). However, further
increased doping concentration to 15% and 20%
resulted in micrometre-sized agglomerations of
particles which is similar to the pure TiO2
microstructure (Fig. 1d,e). The titania micro
structure films were obtained from partially
reduced TiO2 where ordered light band assigned
to the polycrystalline TiO2, and bridges between
the strips bright spots to oxygen vacancies [31].

X-ray diffraction analysis illustrates that the thin
films structure composed of an amorphous
phase and anatase to rutile phase transformation
and that there was no observable structural
difference between undoped TiO2 and B-TiO2 as
indicated in Fig. 2(a-e). The peaks of the pure
TiO2 film depict that the film is nanocrystalline
with tetragonal structure and the preferred
orientation is along the (101) plane. The width of
the (101) plane diffraction peak (2θ = 25.50°) of
anatase phase shows wider, which reveals the
formation of fine crystallites in the thin films, due
to reduction in the particle size of B-TiO2 [32]. As
the temperature increase, the peak intensity of
the anatase phase increases and the width of the
(101) plane gradually becomes narrower, as a
result of the growth of crystallites and
improvement of crystallisation. The intensity of
(004), (200), (105), (204), and (116) planes
diminishes as the B concentration increases.
There is a slight variation in the lattice parameter
along the a-axis while the c-axis parameter
decreases as the doping concentration of boron
increases as shown in Table 1. The decrease in
c-axis parameter indicates that boron ion may be
present in the interstitials site of anatase phase,
which can balance the residual charge of titania
nanoparticles, rather than at the substituted site
of oxygen ion. This might be caused due to the
B2O3 phase separation which might be under the
XRD detection limit [33]. The interstitial boron is
extremely stable at all temperatures, indicating
that interstitial boron is the preferred and the
most stable site in TiO2 compared to the previous
report [34].

3.2 X-ray Diffraction
The XRD crystal structure of pure TiO2 and B
doped TiO2 phase deposited from the starting
solutions having 5, 10, 15, and 20% of (B /
[B+Ti]) ratio are presented in Fig. 2, indicating an
interstitial doping of the boron element, and the
lattice parameters ‘a’ and ‘c’ values are shown in
Table 1.
Table 1. The lattice parameters ‘a’ and ‘c’
values of pure TiO2 and B-TiO2 with different
doping concentrations
Sample doping
concentration
TiO2
5%B
10%B
15%B
20%B

‘a’ (nm)

‘c’ (nm)

0.37942
0.37915
0.37968
0.37920
0.37958

0.95286
0.95139
0.95158
0.95022
0.94957

Fig. 2. XRD patterns of pure TiO2 and B-TiO2 with different B concentrations: (a) 0%, (b) 5%,
(c) 10%, (d) 15%, and (e) 20%
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3.3 Optical Properties

3.3.2 Optical absorbance

3.3.1 Optical transmittance

The optical absorption spectra of undoped TiO2
and B-TiO2 nanoparticles was estimated using
UV-Vis spectroscopy and the spectrum are
shown in Fig. 4, in the wavelength range 300nm
– 850 nm. The figure illustrates the variation of
absorbance with the doping concentration of
boron.

The optical transmission spectra (%T) of light
photons that pass through the undoped TiO2 and
B-TiO2 {(B / [B+Ti]) = 5, 10, 15, 20%} thin films
are illustrated in Fig. 3 in the wavelength range
380nm to 850nm. The figure shows the variation
of transmittance with the doping concentration of
boron as a function of wavelength.

From the above figure, it is observed that the
optical absorption decreases with the increases
doping concentration of boron for the B-TiO2 thin
films. When boron occupies simultaneously both
positions within the TiO2 lattice, the absorbance
of ultraviolet light and also the absorbance in the
visible range of the spectra increased. These
spectra show high absorbance in the wavelength
range from about 320 nm – 380 nm (ultraviolet
region) and absorption peaks are found in the
ultraviolet region near the wavelength 330nm but
very low at the visible and infrared regions of
solar spectra because of higher transmittance of
the thin films in this region. With increasing the
numbers of boron concentration there was a red
shifting of the absorption peak for up to 1%,
which then shifted from higher visible region to
lower visible region. The higher concentration of
grain boundaries in this film resulted to the
broadening of the absorption band edge and
consequently shifts the optical band gap energy
of TiO2 in the presence of boron doping, this
could be attributed to the decrease of TiO2
crystal size. The boron doping may also result to
the formation of partial Ti 3+ that can lead to
limiting the recombination rate of charge carriers
[26]. These films can be used as ultraviolet
protected films for optoelectronic devices

Fig. 3 indicated that all the thin films deposited
have high transmittance values in the range of 90
- 96% within the visible spectra region but with a
minimum transmittance of 52% observed for the
undoped TiO2 thin films. The transmittance
increases with the increase of B concentration up
to 15% concentration and then decreases for (B /
[B + Ti]) = 20% doping concentration, but still
higher than that of undoped TiO2 with the
increase of annealing temperature and with the
number of dipping. This is as a result of the
formation stage of anatase phase due to the
increase in the grain size. This shows that the
values of transmittance are high in the visible
and near-infrared region and it is minimum in the
ultraviolet region. The films have exhibited higher
transmission in the solar spectral range. The
increase in transmittance value can be attributed
to the decrease in free carrier absorption due to
the elevated carrier mobility of the films [35].
Slightly shift of transmittance curves to higher
wavelengths is observed for B-TiO2 thin films in
comparison with undoped TiO2. The overall
transmittance behaviour of the undoped TiO2 and
B-TiO2 thin films indicate uniformity of the thin
film thickness and less absorbing nature of the
surface.

%Transmittance

100
80
60
40
20
0
380
TiO2

480
5%B

580
680
780
Wavelength (nm)
10 % B
15 % B
20 % B

Fig. 3. Optical transmission spectra of undoped TiO2 and B-TiO2 thin films deposited at 0, 5, 10,
15 and 20%
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0.70

Absorbance (a.u)

0.60
0.50
0.40
0.30
0.20
0.10
0.00
300

400
TiO2

500
600
700
Wavelength (nm)
5%B
10 % B
15 % B

800
20 % B

Fig. 4. Absorption spectra of undoped TiO2 and B-TiO2 with different B concentration at 0, 5,
10, 15 and 20%
because it has less than 45% transmittance in
the ultraviolet region. The absorption edges
indicate the transformation from absorption to
transmittance
regions.
The
average
transmittance of all the thin films in the visible
region is approximately 96%. The variations in
the transmittance and absorption edge
wavelength of titania thin films can be ascribed to
the difference in surface morphologies, phase

structure, crystallite size, and compositions within
the thin films.
3.3.3 Optical reflectance
The extrapolation of the diffuse reflectance
absorption spectra versus wavelength curves of
the undoped TiO2 and B-TiO2 at different B
doping concentrations are shown in Fig. 5.

0.25

Reflectance

0.2

0.15

0.1

0.05

0
330 360 391 422 450 481 511 542 572 603 634 664 695 725 756 787 815 846

TiO2

5%B

Wavelength (nm)
10%B
15%B

20%B

Fig. 5. Diffuse reflectance spectra of pure TiO2 and B-TiO2 with various B concentration at 0, 5,
10, 15, and 20%
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It is clearly revealed that the incorporation of B
into TiO2 material results in a substantial redshift,
and the absorption extends significantly into the
visible region, with the (B / [B+Ti]) = 5% indicate
large scattering component. The doped films
behave like metals in the infrared region, having
high reflectance, while in the visible region, it
behaves like a dielectrics and is highly
transparent. The suppression of the reflection is
enhanced accompanying with the increase of
doping contents of boron, which displays
broadband and high antireflection performance
over the solar spectrum.

3.3.4 Optical band gap energy
Optical band gap energy ( ) of the undoped
TiO2 and B-TiO2 thin films in the wavelength
range 300nm - 850nm, were determined from the
Tauc’s relation (equation 11) using the extinction
coefficient as presented in Fig. 6 (a-e). This plots
has two regions: one is high absorption region
( ≥ 330 ) and the other is high transmittance
region( ≥ 658 ). Both obtained experimental
values for the band gap energy are very close to
each other for the pure TiO2 and B-TiO2.

(b)
60
40
20
0
2.20

2.60

3.00
hv (eV)

80
60
40
20
0
2.20

3.40

3.00

3.40

3.80

(d 12

9

(eV/cm)2

6

6

x

12

4

3
0
2.20

2.60

hv (eV)

10-12]

[(αhv)2 x 10-12] (eV/cm)2
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The extrapolations of the linear portion to the
intercept of energy axis at ( h ) → 0 are used
to find out the
of the undoped TiO2 and B-TiO2
thin films. The band gap energy ( ) values of
the thin films is found to be 3.38, 3.35, 3.28,
3.26, and 3.36eV for (B / [B+Ti]) = 0, 5, 10, 15,
and
20%
boron
doping
concentration
respectively, with the undoped TiO2 having the
highest optical band gap energy of 3.38eV. The
decrease in the optical band gap energy is as a
result of the increases in boron doping
concentration, and then it increases with further
increasing the doping percentage, which also
induces crystallinity. This implies by adding TiO2
material into B material, the band gap of B
become decrease and ameliorate the minimum
energy needed for electron excitation from
valence band to conduction band which connote
the light with photon energy required to be equal
or greater than optical band gap energy
absorbed by the semiconductor, the electron will
have enough energy to shift from the valence
band to the conduction band. The shifting of the
anatase peak and the phase change might be
due to the doping concentration of the boron to
TiO2, leads to the transformation of the
amorphous structure into anatase [22,36]. The
obtained results are close to literature data
obtained for nanostructured boron doped TiO2
thin films deposited onto the glass substrate by
using sol-gel dip coating method under different
deposition conditions [24,36-37]. The variation of
optical bandgaps with boron concentrations in
TiO2 thin films are illustrated in Fig. 7.

whereas the band gap only revealed a slight
decrease in energy and the reduction of
recombination rates for photoexcited electronsholes [37]. Thus, the valence electrons require
an additional energy to be excited to the higher
energy states in the conduction band to conserve
linear momentum, due to the slight band gap
energy shifted. The obtained band gap energies
for the thin films are larger than the band gap
energies of anatase and rutile titania, which
might be due to the thermal stress in the thin film
as a result of the difference in the thermal
expansion coefficients between the substrate
and the titania films.
3.3.5 Extinction coefficient (k)
The values of extinction coefficient spectra of
TiO2 and B-TiO2 are shown in Fig. 8 as a function
of wavelength.
The dependence of the extinction coefficient on
the wavelength for the deposited thin films are
indicated in Fig. 8. All the thin films show
extinction coefficient (k) in the visible region of
solar spectra corresponding to the low absorption
and absorption peaks are found in the ultraviolet
region near the wavelength 330nm. Extinction
coefficient gradually increases with the decrease
of
wavelength
as
the
boron
doping
concentrations decreases and sharply increase
at the fundamental absorption edges where the
wavelength threshold corresponds to the band
gap of TiO2 bulk crystal [40]. Moreover, as the
wavelength increase, the extinction coefficient
decreases, this revealed that the fraction of light
lost due to scattering and absorbance decreases.
All the B-TiO2 thin films exhibit low values of k
since the transmittance values are high.

The band gap energy value decreases from
3.38eV to 3.26eV as boron doping concentration
increases (between 0 and 15%) which maybe
due to sp-d exchange interactions and big
crystallite size ( > 15 ) which could be
theoretically explained using the second-order
perturbation theory [24,38]. This behaviour has
been observed and reported by Begum et al. [39]
on boron-doped TiO2 thin films prepared by liquid
phase deposition technique. However, the
increased to 3.36eV when boron concentration is
increased from 15 to 20%. The increase of
value at 20% of boron concentration may be
attributed to the Burstein-Moss effect [24]. The
undoped TiO2 films exhibit higher optical band
gap energy and blue shift as a consequence of
exciton confinement due to decreased grain size
and increased pore volume. The enhancement of
absorbance in the ultraviolet region increases the
number of photogenerated electrons-holes to
participate in the photocatalytic reaction, which
can enhance the photocatalytic activity of TiO2,

3.4 Refractive Index
The variations of the refractive index of deposited
samples are listed in Table 2 and Fig. 9 gives the
graphical representation of the refractive index.
The refractive index revealed the direct effect of
crystalline structure of the thin films.
Table 2. Average refractive indices of pure
TiO2 and B-TiO2 thin films at different
concentrations
Sample code
TiO2
5%B
10%B
15%B
20%B
11

Refractive index (n)
1.910
1.913
1.922
1.904
1.891

Energy Bandgap, Eg, (eV)
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0%
3.36
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Fig. 7. Variation of optical band gaps energy with boron concentrations in TiO2 thin films
deposited at 0, 5, 10, 15 and 20%

Extinction coefficient, k
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Fig. 8. Variation of extinction coefficient (k) as a function of wavelength for pure TiO2 and BTiO2 thin films at different doping concentration
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Fig. 9. Variation of refractive indices of pure TiO2 and B-TiO2 thin films at 0, 5, 10, 15, and 20%
concentrations
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From the above figure, the refractive index of the
film significantly changes with the deposition
parameter. It shows that the refractive index
increases
with
increasing
B
doping
concentrations up to 10% from 1.910 to 1.922.
As B doping concentrations increased above (B /
[B+Ti]) = 10%, the refractive index of the thin
films drastically decreased from 1.922 to 1.891
{(B / [B+Ti]) = 15 and 20%}. This rapid changes
in refractive index of the thin films might due to
the thermal induced growth of the grains which
lead to an increase in the packing density of TiO2

thin film by boron, because the ion radius of TiO2
is larger than that of the boron, which leads to
the formation of a high ratio of metal-oxygenmetal frame in boron doped titania, resulting in a
dense film.

3.5 Dielectric Constant
The real and imaginary parts of the dielectric
constant with respect to the boron doping levels
are shown in Figs. 10 and 11.

Real part of dielectrc constant (εr)

12.5
12
11.5
11
10.5
10
9.5
9
0

5

10
15
Boron doping levels (%)

20

Imaginary part of dielectrc constant (εim)

Fig. 10. Variation of real part of dielectric constant of pure TiO2 and B-TiO2 thin films at 0, 5, 10,
15, and 20% concentrations
3.5
3
2.5
2
1.5
1
0.5
0
0

5

10
15
Boron doping levels (%)

20

Fig. 11. Variation of imaginary part of dielectric constant of pure TiO2 and B-TiO2 thin films at 0,
5, 10, 15, and 20% concentrations
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Optical Conductivity, σ (Ωcm)-1
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4.00E+14
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0.00E+00
0

5

10
15
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20

Fig. 12. Variation of optical conductivity for the pure TiO2 and B-TiO2 thin films
Figs 10 and 11 clearly revealed that both the real
and imaginary parts of the dielectric constant
increase with increase in boron doping
concentration. The imaginary part increases
slowly as the B concentration increases, whereas
the real part of the dielectric constant increases
sharply with increase in boron concentration,
which shows that the loss factor of the thin films
increases
with
increase
in
B
doping
concentration.

15, and 20% B-TiO2 thin films prepared by the
sol-gel technique using spin coating method
were investigated in this present study. The
microstructural analysis revealed that (B / [B+Ti])
= 10% is the tolerable amount of boron doping
concentration into the TiO2 for achieving
spherical
shaped
materials
with
low
agglomeration, indicating that the thin films have
a uniform, well disperse particles and high
surface area. The obtained results illustrated that
all the thin films deposited have high optical
transmittance values in the range of 90-96% in
the visible spectra region but with minimum
transmittance of 52% observed for the pure TiO2
thin films. This shows that the values of
transmittance are high in the visible and nearinfrared region and it is minimum in the ultraviolet
region. The value of the optical band gap energy
are desirably wide and range from 3.38eV to
about 3.35eV, 3.28eV, 3.26eV, and it reached
3.36eV for (B / [B+Ti]) = 0, 5, 10, 15, and 20%
boron doping concentration. The absorption
threshold shifted in the wavelength range from
about 320 nm to 380 nm and absorption peaks
are found in the ultraviolet region near the
wavelength 330 nm but very low at the visible
and infrared regions of solar spectra because of
higher transmittance of the thin films in this
region. The shifting of the anatase peak and the
phase change was due to the doping
concentration of the boron to TiO2, lead to
decreased anatase crystal, particle sizes, and
increased pore volume and surface area. The
refractive index increases from 1.910 to 1.922 as
B doping concentrations increases above 10%,
and drastically decreased to 1.891. The
imaginary part of the dielectric constant increase

3.6 Optical Conductivity
The variations of optical conductivity of the films
with concentration was determined from fourpoint probe measurement as illustrated in Fig.
12.
The above results shows that the optical
conductivity increases with the increase in boron
doping concentration and this might be due to
the increase in absorption coefficient. The
influence from grain boundary scattering
decreases as the boron addition increases, but at
0% the crystallite size is small and the grain
boundary scattering is dominant, which limits the
film conductivity. The low free electron density of
the undoped TiO2 film makes the conductivity
close to zero. As boron doping concentrations
increased above (B / [B+Ti]) = 5%, the optical
conductivity of the thin films increases rapidly
with 20% having the highest optical conductivity
due to the increase in free electron density.

4. CONCLUSION
The optical properties, electrical properties and
microstructural images of undoped TiO2, 5, 10,
14
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slowly, whereas the real part increases sharply
and the optical conductivity was found to
increase with the increase in boron addition and
this might be due to the increase in absorption
coefficient. The present work shows that by
controlling the particle size, it is possible to attain
almost 99% transmission in the visible range.
The achieved parameters are critical for
developing photovoltaic cells and other
optoelectronic applications.
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