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A B S T R A C T

Co/B co-doped ZnO (Zn0.93-xCoxB0.07O, x = 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05) nanoparticles were syn-
thesized by the hydrothermal method to investigate the effect of cobalt and boron on the structural, micro-
structural, and optoelectronic properties of ZnO nanoparticles. The X-ray diffraction method was used for the
structural analysis and single phases were found for all Co/B co-doped ZnO nanoparticles. Scanning Electron
Microscope (SEM) technique was used to determine the surface morphology, particle size, and the shapes of the
nanoparticles. LThe elemental compositions of the nanoparticles were obtained by electron dispersive spectro-
scopy (EDS). Hexagonal Wurtzite structure was proved by c/a ratios of the ZnCoBO nanoparticles. The Fourier
transform infrared (FTIR) studies were performed and explained. The energy band gaps of the samples were
calculated and the effects of dopant elements on optical properties were discussed. The maximum band gap
occurred for Zn0.93B0.07O with a band gap energy of Eg = 3.26 eV. The refractive index was calculated using the
energy band gap with five different models. The grain sizes and the band gap energies fluctuated as the doping
ratio increased. The results showed that the refractive index strongly depends on the Co concentration non-
linearly. It was found that doping cobalt increased the Urbach energy value of B-doped ZnO nanoparticles. The
increase in Eu indicates that the structural disorder and the number of defects in the Zn0.93-xCoxB0.07O structures
increased with increasing concentration of Co in the Zn0.93-xCoxB0.07O structures. The highest value of Urbach
energy was approximately found in the range of 1259 and 1469 meV for 3% Co. Moreover, for 3% Co the
concentration-dependent microstrain (Ɛ) values also reached the maximum, dislocation density δ had also the
maximum value.

1. Introduction

Optoelectronic and sensor industries require materials with the
properties of high refractive index n and wide band gap Eg since both
properties increase the performance of optical interference filters and
optical sensors. In 2019, Naccarato et al. [1] reported that how the
relation between the high refraction index and band gap was effected
by the chemistry and why certain classes of materials among 4000
semiconductors would perform better. They reviewed some of the re-
fractive index calculation models based on band gap values. These
models are Ravindra et al. [2], Moss [3], Hervé and Vandamme [4],
Reddy and Anjayenulu [5], and Kumar and Singh [6].

Zinc oxide (ZnO) is a good candidate for functional components of
devices and materials in photonic crystals [7,8], spintronics [9], gas
sensors [10], light-emitting diodes [11,12], microelectronics, solar cells

[13], lasers [14], varistors [15] and photoelectrochemical cells [16].
Moreover, ZnO is also one of the important and emerging semi-
conductor materials with the direct band gap of ~3.37 eV [9] and a
large exciton binding energy of ~60 meV [17] at room temperature
(RT).

It is crucial to decide which element or elements must be doped into
ZnO to control the band gap, electrical conductivity, and increase the
carrier concentration. In the last decades, many articles have been
published on the doping of transition metals (TMs) such as Co, Cr, Cu,
Er, Fe, Mg, Mn, Ni, and Tb into ZnO due to the potential applications
[18–29].

Since Co atoms have a radius (0.65 Å) and electronic shell similar to
those of Zn atoms (0.74 Å), the lattice constant does not change when
zinc oxide is doped by Co.

Thus, many researchers have been studying heavily the effects of Co
doping on the optoelectronic properties and magnetism of ZnO films
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which are prepared by hydrothermal method, pulsed laser deposition,
sol-gel processes, magnetron RF sputtering, magnetron DC sputtering,
and spray pyrolysis [30–37]. Several studies indicate that the addition
of Co in ZnO increases the ferromagnetic moment [35].

Recently, as a good conductor, non-toxic, low cost, and easily
available material, Boron has been chosen as dopant [38–43]. In ad-
dition, to improve the electronic conductivity, the n-type metal oxide is
produced upon doping metal oxide with boron. Moreover, it was shown
that the properties of thermal stability were improved by the addition
of B in ZnO films [44–47].

According to the findings of Senol et al. [41], the impurity scat-
tering mechanism was more dominant in the range of 0–7% B content
region; thus, in this paper, the boron concentration was taken as 7%. In
order to have lower resistivity and broader optical band gap, deposited
or annealed B-doped ZnO films were preferred to pure ZnO film
[48,49]. Since boron has a small ion radius (0.23 Å), it can act as either
interstitial boron or substituted one in ZnO lattice [45,48,49]. However,
excessive doping can damage the crystal quality. Thus, it is important to
investigate how much doping must be added.

According to Pawar et al. [49], the BnZnO electrodes could be used
instead of indium- or fluorine-doped tin oxide as a substrate.

In 2013, Kim et al. [50] reported that BZO nanorods can help to
improve photonic and optoelectronic devices since a red-shift of the
emission energies occurred when the temperature was increased.
Moreover, B3+ has a remarkably higher Lewis acid strength (10.7) than
that of Al3+ (3.04) [51]. In addition, Jana et al. also reported that
boron doping could improve the physical properties of ZnO thin films
[52].

In this study, Zn0.93-xCoxB0.07O nanoparticles were synthesized
using the hydrothermal method by varying the dopant ratio from
x = 0.01 to 0.05 with an increment of 0.01. The structural and op-
toelectronic properties such as refractive index, band gap and re-
flectance spectra of the samples were calculated by using five different
models, namely, Ravindra et al. [2], Moss [3], Hervé and Vandamme
[4], Reddy and Anjayenulu [5], Kumar and Singh [6]. The Urbach
energy values were calculated using finite difference methods.

2. Experimental procedure

2.1. Preparation of Zn0.93−xCoxB0.07O nanoparticles

Zn0.93−xCoxB0.07O (x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05) powders
were synthesized using hydrothermal synthesis process by highly pure
chemicals (> 99% purity) Zinc acetate dehydrate (Zn(CH3CO2)22H2O),
cobalt(II)acetate tetrahydrate (Co(CH3CO2)24H2O), boric acid (H3BO3),
and hexamethylenetetramine (HMT). Aqueous solutions in equal mo-
larities were prepared by means of magnetic stirring for 10 min using
appropriate amounts of zinc acetate, boric acid, and HMT. Then, Co
(CH3CO2)24H2O was poured into the solution and stirred for 2 h to
yield a clear and homogeneous solution at room temperature. These
solutions were kept into the Teflon-lined autoclave. During 12 h and
using an electric oven, the reaction was conducted at 95 °C. Then At
room temperature, the as-formed precipitates were filtered, washed by
distilled water and dried in air. The calcination procedure was applied
to the dried powders for 2 h at 750 °C under air atmosphere and fol-
lowed by furnace cooling as shown in (Fig. 1).

2.2. Characterization techniques

The phase study of Zn0.93−xCoxB0.07O (x = 0.0, 0.01, 0.02, 0.03,
0.04, 0.05) nanoparticles were done by powder X-ray diffraction. XRD
patterns were obtained by means of Rigaku Multiflex diffractometer
using Cu Kα radiation (λ = 1.5408 Å), in the scan range of 2θ between
20° and 80° with a scan speed of 3°/min and with a step increment of
0.02. To detail the optical properties of the samples, double beam
Shimadzu 2600 UV-Spectrometer was used with an integrating sphere

in the wavelength range of 200–900 nm. By the PerkinElmer Spectrum
Two FTIR-ATR spectrophotometer, the Fourier transform infrared
(FTIR) spectra of all samples were recorded in the range of 4000 -
400 cm−1.

3. Results and discussions

3.1. Structural characterization

The powder patterns of all Zn0.93−xCoxB0.07O (x = 0.0, 0.01, 0.02,
0.03, 0.04, 0.05) nanoparticles were obtained in the range of
20°≤2θ ≤ 80° and shown in Fig. 2. The peak position of all Co-doped
samples presented no variation when compared with Zn0.93B0.07O
sample and the highest peak was indexed as (101), this means that ZnO
nanoparticles had a preferential crystallographic (101) orientation.
Moreover, as seen in all XRD patterns, there is no observed secondary
peak and this is the indication of the quality of sample preparation. The
concentration-dependent particle sizes, lattice parameters, volume of
the unit cell, microstrain (ε), stress (σ), dislocation density (δ) (the
amount of defect in the sample), the locality of the atoms and their
displacement (u), and bond length L were calculated and listed in
Tables 1 and 2 using XRD analysis of all samples. The detailed eva-
luations of ε, σ, δ, D, u, V, and L parameters were given below. ZnO
bond length is calculated by the following equation [18,19];

= +L a u c
3
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2 2

where a and c are lattice constants of ZnO and u is the wurtzite struc-
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The particle size was calculated from the XRD peak width of (101)
based on the Debye–Scherrer equation [18],

=D K
cos( )hkl

where hkl is the integral half-width, K is a constant equal to 0.90, λ is
the wavelength of the incident X-ray (λ = 0.1540 nm), D is the particle
size, and θ is the Bragg angle.

The particle size calculated for synthesized ZnO nanoparticles was
in the range of 22.95–26.43 nm.

Figs. 3–5 were presented to figure out the behavior of microstrain
(ε), stress (σ) (given in Table 1) in different Co concentrations in
Zn0.93−xCoxB0.07O for x = 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05. As can
be seen from Table 1, the lattice parameters a and c are slightly the
same which means that there is no any change in the crystal structure
by Co-content, in agreement with the literature [28].

It is known that in an ideal wurtzite structure = = 1.633c a 8 3 ,
however, our experimentally observed c/a ratios (in the range of
1.602–1.603) are smaller than ideal; this is probably due to lattice
stability. The maximum values in c/a, unit cell volume and bond length
(L) were obtained in undoped Zn0.93B0.07O sample. In addition, as seen
in Table 1, the c/a values did not change and they were in the range of
1.602–1.603 which showed that the obtained structure had a good
quality.

As seen in Table 2, concentration-dependent microstrain (Ɛ) and
dislocation density δ values reached to the maximum at the con-
centration rate of x = 0.03 for Zn0.90Co0.03B0.07O sample. The stress (σ)
and bond lengths were maximum and minimum at 2% Co
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concentration, respectively. Table 2, Figs. 3 and 5 depicted that the
stress (σ) values were negative, a sign of compressive stress. Since none
of the stress (σ) values had a positive sign, there was no tensile stress in
the structures. The atomic locality and their displacements exhibited
almost stable behavior (without variation) with the increment of Co
concentrations in the samples so we conclude that increasing the
amount of Co rates in the structure does not affect the locality of atoms
in the structure. As seen in Table 2, and bond
length (L) in Zn0.93−xCoxB0.07O structures presented the maximum and
minimum values at x = 0.00 and x = 0.02 concentration rates,

respectively.

3.2. The morphology characteristics of Zn0.93−xCoxB0.07O nanoparticles

The morphology of all Zn0.93−xCoxB0.07O nanoparticles was studied
by the SEM technique in the range 1 and 2 μm magnifications. As seen
in Figs. 6–11, the particle distribution is random and is dominated by
particle agglomeration. Moreover, all the SEM images showed the same
pattern. The mapping and elemental composition of all
Zn0.93−xCoxB0.07O nanoparticles were provided by EDX analysis ex-
hibited in Figs. 6 b-c, Figs. 7 b-c, Figs. 8 b-c, Figs. 9 b-c, Figs. 10 b-c, and
Figs. 11 b-c. All peaks in EDX analysis belong to the intended compo-
sition without any other unwanted extra elemental peak contributions.

Fig. 1. Flow-chart showing the procedure of preparing the Zn0.93−xCoxB0.07O (x = 0.0, 0.01, 0.02, 0.03, 0.04, 0.05) nanoparticles.

Fig. 2. The powder XRD patterns of all Zn0.93−xCoxB0.07O (x = 0.0, 0.01, 0.02,
0.03, 0.04, 0.05) nanoparticles prepared by hydrothermal method.

Table 1
Concentration-dependent particle sizes, lattice parameters, atomic packing
factor (c/a) and volume of the unit cell.

Sample Name D (nm) a(Å) c(Å) c/a Volume, V (Å3)

Zn0.93 B0.07O 26.00 3.240 5.192 1.602 46.873
Zn0.92Co0.01B0.07O 26.43 3.236 5.188 1.603 46.721
Zn0.91Co0.02B0.07O 25.42 3.232 5.180 1.602 46.534
Zn0.90Co0.03B0.07O 22.95 3.237 5.190 1.603 46.768
Zn0.89Co0.04B0.07O 25.06 3.235 5.186 1.603 46.674
Zn0.88Co0.05B0.07O 24.74 3.236 5.186 1.602 46.703

Table 2
The varying of concentration-dependent microstrain (Ɛ), stress (σ), dislocation
density (δ) (the amount of defect in the sample), the locality of the atoms and
their displacement (u), and bond length (L) in Zn0.93−xCoxB0.07O structures.

Sample Name Ɛ σ*109 (N/
m2)

δ (nm−2) u L (Å) Eg

Zn0.93B0.07O 0.091 −1.132 1.479 × 10−3 0.380 1.972 3.257
Zn0.92Co0.01B0.07O 0.094 −1.481 1.431 × 10−3 0.380 1.971 3.243
Zn0.91Co0.02B0.07O 0.097 −2.178 1.547 × 10−3 0.380 1.967 3.229
Zn0.90Co0.03B0.07O 0.107 −1.307 1.898 × 10−3 0.380 1.971 3.217
Zn0.89Co0.04B0.07O 0.096 −1.655 1.592 × 10−3 0.380 1.969 3.247
Zn0.88Co0.05B0.07O 0.097 −1.655 1.633 × 10−3 0.380 1.970 3.204

Fig. 3. Concentration-dependent microstrain (ε) and stress (σ) values in Zn0.93-
xCoxB0.07O structures (x = 0.00, 0.01, 0.02, 0.03, 0.04, 0.05).
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3.3. The Fourier transform infrared (FTIR) studies

The band positions and the number of absorption peaks depend on
chemical composition, morphology, and on the crystalline structure
[53]. The ZnO infrared band values obtained by different methods vary
in the literature [29,33,54,55]. According to Kansal et al. synthesized
ZnO nanoparticles by means of the hydrothermal procedure and the
corresponding FT-IR spectrum displayed an IR band positioned at
478 cm−1 [56].

The obtained typical FTIR spectra of Zn0.93-xCoxB0.070 nanoparticles
for Co = 0%, 1%, 2%, 3%, 4%, and 5% are shown in Fig. 12. The
obtained peak at 509 cm−1 is assigned to Zn–O stretching frequency for
Zn0.93B0.07O without Co concentration which shifted to 496 cm−1 for
Zn0.92Co0.01B0.07O; 489 cm−1 for Zn0.91Co0.02B0.07O; 496 for
Zn0.90Co0.03B0.07O; for Zn0.89Co0.04B0.07O 496 cm−1; and for
Zn0.88Co0.05B0.07O 502 cm−1. The absorption peaks observed between
2300 and 2400 cm−1 is due to the existence of CO2 molecule in air.
There is no absorption band for water absorbed on the ZnO surface.
Also, the FTIR spectra do not reveal any band for CoO and CoO4. The
change in the characteristic frequency for Co–O and Zn–O bands re-
flects that the Zn–O–B network is perturbed by the presence of Co in its
environment.

3.4. Optical properties

In analyzing the optical properties of semiconducting nanoparticles,
UV-diffuse reflectance spectroscopy (UV-DRS) is one of the useful
techniques. The reflectance is expected to depend on factors like oxygen
deficiency, the band gap, impurity centers, and surface roughness.
Fig. 13 depicts wavelength-dependent the UV-diffuse reflectance
spectra of synthesized Zn0.93−xCoxB0.07O nanoparticles using different
Co doping in the range of 300–700 nm.

In the visible light region, increasing Co doping gave rise to de-
crease the reflectance intensity. The absorption of Zn0.93B0.07O

Fig. 4. Concentration-dependent particle size (D) values and microstrain (Ɛ)
variation in Zn0.93-xCoxB0.07O structures (x = 0.00, 0.01, 0.02, 0.03, 0.04,
0.05).

Fig. 5. Concentration-dependent particle size (D) values and stress (σ) variation
in.

Fig. 6. SEM images of Zn0.93B0.07O composition for 1 μm (a), the EDX mapping images (b), and the EDX graph of Zn0.93B0.07O sample in (c).
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Fig. 7. SEM images of Zn0.92Co0.01B0.07O composition for 2 μm (a), the EDX mapping images (b), and the EDX graph of Zn0.92Co0.01B0.07O sample in (c).

Fig. 8. SEM images of Zn0.91Co0.02B0.07O composition for 1 μm (a), the EDX mapping images (b), and the EDX graph of Zn0.91Co0.02B0.07O sample in (c).
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Fig. 9. SEM images of Zn0.90Co0.03B0.07O composition for 1 μm (a), the EDX mapping images (b), and the EDX graph of Zn0.90Co0.03B0.07O sample in (c).

Fig. 10. SEM images of Zn0.89Co0.04B0.07O composition for 1 μm (a), the EDX mapping images (b), and the EDX graph of Zn0.89Co0.04B0.07O sample in (c).
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nanoparticles is higher than Zn0.93−xCoxB0.07O (x = 0.01, 0.02, 0.03,
0.04, 0.05). As shown in Fig. 13, the Zn0.93B0.07O samples have an
absorbance band value at 381.80 nm. This value is consistent with our
previous work [41].

The increment of Co concentrations leads to a decrease in absorp-
tion and this may be attributed to the created charge carries by Co
introduced into Zn–B–O lattice. Moreover, in all cobalt doped ZnBO
samples, the spectra include three sub-band absorption bands located at
568, 615 and 659 nm for the Co-doped ZnBO samples. These peaks are
related to the d-d transitions of the tetrahedral-coordinated Co2+ ions.
The three absorption bands could be attributed to 4A2(F)→ 2A1(G),
4A2(F) → 4T1(P) and 4A2(F) →2E(G) field transitions, respectively.
These observed absorption bands are in good agreement with Co-doped

ZnBO nanoparticles by different methods in the literature [57–60].

3.4.1. Band gap calculation
The optical band gap Eg can be determined using the following

equation between the absorption coefficient (α) and the photon energy
(hν):

=h Ek(h )g
n1/ (1)

In Eq. (1), Eg and k are the optical band gap and energy-independent
constants, respectively. Since F R( ) is proportional to α and ZnO has
direct allowed transitions, n is taken as 1/2. Thus, Eq. (1) can be
transformed to:

Fig. 11. SEM images of Zn0.88Co0.05B0.07O composition for 1 μm (a), the EDX mapping images (b), and the EDX graph of Zn0.88Co0.05B0.07O sample in (c).

Fig. 12. FTIR spectra of Zn0.93−xCoxB0.07O nanoparticles for different Co con-
centrations from 0% to 5% in the wavenumber range from 450 to 4000 cm−1.

Fig. 13. The reflectance spectra of the Zn0.93−xCoxB0.07O (x = 0.0, 0.01, 0.02,
0.03, 0.04, 0.05) nanoparticles.
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=F R h E( ) k(h )g
1/2 (2)

in other words, =F R h k E( ( ) ) (h ).g
2 2 The slope of the graph of

F R h( ( ) )2 was approximated by using a linear fit = × +y h A h B( )
in the least-squares sense between 350 and 400 nm. To do this, the
following error formula given in Eq. (3) was minimized for A and B

= × +
=

E A B A h B F R h( , ) [ ( ) (( ( ) ) ) ]
i

N

i i
1

2 2

(3)

and A B, , the relative error values for these data set were listed in
Table 3 where N is the number of data points.

The band gap energy Eg, as shown in Table 3 and Figs. 14 a-f, is
calculated by the linear approximation of the slope of the graph of

Table 3
Fitting curve function = × +y h A h B( ) , band gap energies, and variances
for different Co doping ratios.

Co % A B Eg Relative Error

0.00 25.48 −83.00 3.26 ×6.7 10 4

0.01 34.80 −112.86 3.24 ×2.6 10 4

0.02 1.85 −5.97 3.23 ×1.3 10 5

0.03 81.51 −262.20 3.22 ×1.9 10 3

0.04 109.21 −354.11 3.25 ×4.9 10 4

0.05 3.96 −12.70 3.20 ×2.2 10 4

Fig. 14a. The plots of F R( ( )h )2 as a function of photon energy (hν) and the
linear fit for the Zn0.93-xCoxB0.07O x = 0.00 nanoparticles, the optical band gap
Eg = 3.26 eV.

Fig. 14b. The plots of F R( ( )h )2 as a function of photon energy (hν) and the
linear fit for the Zn0.93-xCoxB0.07O x = 0.01 nanoparticles, the optical band gap
Eg = 3.24 eV.

Fig. 14c. The plots of F R( ( )h )2 as a function of photon energy (hν) and the
linear fit for the Zn0.93-xCoxB0.07O x = 0.02 nanoparticles, the optical band gap
Eg = 3.23 eV.

Fig. 14d. The plots of F R( ( )h )2 as a function of photon energy (hν) and the
linear fit for the Zn0.93-xCoxB0.07O x = 0.03 nanoparticles, the optical band gap
Eg = 3.22 eV.

Fig. 14e. The plots of F R( ( )h )2 as a function of photon energy (hν) and the
linear fit for the Zn0.93-xCoxB0.07O x = 0.04 nanoparticles, the optical band gap
Eg = 3.25 eV.

Fig. 14f. The plots of F R( ( )h )2 as a function of photon energy (hν) and the
linear fit for the Zn0.93-xCoxB0.07O x = 0.05 nanoparticles, the optical band gap
Eg = 3.20 eV.
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F R h( ( ) )2 to the photon energy axis where =F R( ) 0, namely,
= =E h ,g

B
A as plotted in Figs. 14 a-f. In other words, the inter-

section between the linear fit and the photon energy axis gives the value
to Eg. From Figs. 14 a-f, the band gap energies of the Co/B-doped ZnO
nanoparticles samples were observed to be 3.22 ± 0.03 eV. For the
Zn0.93B0.07O sample, the optical energy band gap is found to be about
3.26 eV which is close (3.29 eV) to the reported value in the literature
[41]. The band gap energy value is 3.26 eV for Zn0.93B0.07O; it de-
creases to 3.24 eV for Zn0.92Co0.01B0.07O and to 3.23 eV for
Zn0.91Co0.02B0.07O respectively. The band gap energy became a
minimum at 5% Co concentration with a value of 3.20 eV and max-
imum at 0% Co concentration with a value of 3.26 eV.

As seen in Fig. 15, there is an inverse relationship between the
energy band gap and cell volume. The maximum band gap occurs at 0%
Co concentration with a value of 3.26 eV and the maximum cell volume
occurs at 0% Co concentration with a value of 46.87 Å3. Similarly, there
is also an inverse relationship between energy band gap and particle
size as shown in Fig. 16. The particle size obtained its minimum and
maximum at 3% and 1% Co concentrations with the values of 22.95 nm
and 26.43 nm, respectively.

3.4.2. Refractive index calculation
There has been a great interest in high refractive index n and wide

band gap Eg because of their applications in optoelectronic and sensor
industries. To increase the performance of optical interference filters,
optical sensors (e.g. anti-reflection coatings), there is a need not only
for the high refractive index but also for wide band gap materials.
Lately, Naccarato et al. [1] in 2019 published an article to relate the
high refraction index and band gap, they evaluated more than 4000
semiconductors and investigated how the chemistry influences this in-
verse relationship between refraction index and band gap and ratio-
nalized why certain classes of materials would perform better. Nac-
carato et al. [1] reviewed some of the refractive index calculation
models, namely, Ravindra et al. [2], Moss [3], Hervé and Vandamme
[4], Reddy and Anjayenulu [5], Kumar and Singh [6].

Fig. 17 a - b exhibited the refractive index varying by Co con-
centration based on these five models and the calculated values were
listed in Table 4. According to the findings of Naccarato et al. [1] (See
Fig. 5 therein), our material with (n > 2 and Eg > 3) considered in
this research is classified as Transition Metals (TMs) with empty d shell
(e.g. V5+).

We calculated the refraction index based on the following five
models:

Model Refractive Index n( ) Formula

Hervé and Vandamme [4]
+ +1 Eg

13.6
3.47

2

Kumar and Singh [6] E3.3668 ( )g 0.32234

Moss [3]

Eg
95

1
4

Ravindra et al. [2] E4.084 0.62 g
Reddy and Anjayenulu [5]

Eg
154

0.365

1
4

Fig. 15. Concentration-dependent band gap values and cell volume in Zn0.93-
xCoxB0.07O structures.

Fig. 16. Concentration-dependent band gap values and particle sizes in Zn0.93-
xCoxB0.07O structures.

Fig. 17a. Refractive index as a function of Co concentration (x) of Zn0.93-
xCoxB0.07O structures using all five different models.

Fig. 17b. Refractive index and band gap as a function of Co concentration (x) of
Zn0.93-xCoxB0.07O structures using all five different models.

Table 4
Refractive indices calculated by different methods using band gap energies with
Co concentration.

%Co
concentration

Ravindra
et al.

Moss Hervé and
Vandamme

Reddy and
Anjayenulu

Kumar
and
Singh

Eg

0 2.06 2.32 2.26 2.70 2.30 3.26
1 2.07 2.33 2.26 2.71 2.30 3.24
2 2.08 2.33 2.26 2.71 2.31 3.23
3 2.09 2.33 2.27 2.71 2.31 3.22
4 2.07 2.33 2.26 2.70 2.30 3.25
5 2.10 2.33 2.27 2.71 2.31 3.20
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Notice that the high and low refractive indices occurred at Co
concentrations 5% and 0%, respectively. As shown in Figs. 17 a - b, the
refractive index heavily depends on the Co concentration. The highest
refractive index values were obtained at 5% Co doping and the
minimum values were obtained at 0% Co doping. In all Figs. 17 a – b,
all five models show the same pattern between the energy band gap and
refractive index. Among all these five models, Moss and Kumar and
Singh give similar results in the range of 2.30–2.34. In 2015, Tripathy
[61] gave the following reliability ranges for the energy band gaps
based on these five models and these values were listed in Table 5.

As shown in Table 4, our energy band gap values are in the range of
3.20 eV and 3.26 eV, thus refractive index values based on these models
are valid.

3.4.3. The Urbach energy calculation
In Fig. 18, the logarithm of the absorption coefficient was plotted

versus the photon energy eV (h ) for Zn0.93-xCoxB0.07O structures. The
Urbach law states that the absorption coefficient (α) near band edges is
having an exponential dependence on photon energy (hν), as given by
the following relation:

= eh
E0 u

where Eu is the Urbach energy indicating the effect of all possible

defects and 0 is a constant [62]. The Urbach energy Eu values can be
related to the width of the localized states in the band gap and are
evaluated by using the following relation:

=E d
d h
(ln )
( )u

1

where is the absorption coefficient and is the photon energy [63, and
the references therein].

However, since we only know the tabulated values of the absorption
coefficient, there is a need to approximate the first derivative of ln
with respect to the photon energy (h ). This was done with two dif-
ferent finite difference methods, namely, 3-point central and 5-point
formulas. The error in these approximations is of order 2 and 4, re-
spectively. The Urbach energy values Eu were evaluated at =h 3.26
and plotted in Fig. 19 with band gap values as a function of Co con-
centration (x) of Zn0.93-xCoxB0.07O structures, listed in Table 6. Bindu
and Thomas [64] found out that the Eu value was 490 meV for undoped
ZnO nanoparticles. This tells us that doping cobalt increases the Urbach
energy value of B-doped ZnO nanoparticles. The increase in Eu indicates
that the structural disorder and the number of defects in the Zn0.93-
xCoxB0.07O structures increased with increasing concentration of Co in
the Zn0.93-xCoxB0.07O structures. The formation of more interbands in
between conduction and valence bands can be explained by the high
value of Urbach energy.

The highest value of Urbach energy was approximately found in the
range of 1259 and 1469 meV for 3% Co. As shown in Fig. 20 and
Table 6, the Urbach energy decreased as the particle size (D) increased,
signifying a decrement of the structural disorder [64].

4. Conclusion

Zn0.93-xCoxB0.07O (x = 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05) na-
noparticles were prepared by the hydrothermal method. Its structural,
microstructural, and optoelectronic properties were analyzed based on
their concentration dependence. The maximum microstrain ε occurred
at x = 0.03. X-ray diffraction analysis exhibited a single phase of Cobalt
and Boron doped ZnO nanoparticles. Moreover, the fluctuations in the

Table 5
Reliability ranges for the energy band gaps based on the five models.

Model Reliability Ranges of Band Gaps

Hervé and Vandamme [4] 2.00 eV < Eg < 4.00 eV
Kumar and Singh [6] 2.00 eV < Eg < 4.00 eV
Moss [3] 0.17 eV < Eg < 3.68 eV
Ravindra et al. [2] 1.50 eV < Eg < 3.50 eV
Reddy and Anjayenulu [5] 1.10 eV < Eg < 6.20 eV

Fig. 18. ln versus photon energy (eV) of Zn0.93-xCoxB0.07O structures.

Fig. 19. Band gap Eg as a function of Co concentration (x) and Urbach energy
(Eu) values approximated by two different finite difference methods, namely, 3-
point central and 5-point finite difference methods (FDM) of Zn0.93-xCoxB0.07O
structures.

Table 6
The Urbach energy values Eu in meV calculated at Eg by different finite dif-
ference methods (F.D.M.) for the Zn0.93-xCoxB0.07O structures.

% Co concentration 3-point Central F.D.M. 5-point F.D.M.

0 217.42 209.04
1 485.43 597.35
2 843.14 722.69
3 1469.12 1259.04
4 1163.37 1158.27
5 1435.90 1230.78

Fig. 20. Particle size (D) as a function of Co concentration (x) and Urbach
energy (Eu) values approximated by two different finite difference methods,
namely, 3-point central and 5-point finite difference methods (FDM) of Zn0.93-
xCoxB0.07O structures.
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strain and stress values might reveal many physical defects and dis-
locations in the host lattice structure. The maximum particle size
(26.43 nm) occurred at x = 0.01. At x = 0.03, dislocation density (δ)
had the maximum value of 1.9 × 10−3. The maximum band gap oc-
curred for Zn0.93B0.07O with a band gap energy of Eg = 3.26 eV. The
highest value of Urbach energy was approximately found in the range
of 1259 and 1469 meV for 3% Co. This high value of Urbach energy can
explain why the formation of more interbands in between conduction
and valence bands occurs.

The grain sizes and the band gap energies fluctuated as the doping
ratio increased. It was found that the refractive index strongly depends
on the Co concentration. At x = 0.00 and x = 0.05, the minimum and
maximum refractive index values were obtained, respectively.
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