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Barium oxide have wide attention towards electronic device applications because of their 
exceptional structural, optical, electrical properties. Sol-gel process was used to prepare 
the nanocrystalline barium oxide. XRD investigation confirms that that the synthesized 
Barium oxide nanoparticles highly crystalline nature and have tetragonal structure. The 
crystal size measured by Scherrer formula and obtained values lies in the range (2.3-
6.7nm). The SEM micrographs revealed a reducing agglomeration and porosity with the 
enrichment in the doping content. IR analysis revealed that prepared samples have high 
purity while Raman spectra exhibited that the bands intensity of the synthesized 
nanoparticles was enhanced due to enhancement in force constant with the addition of 
doping content. UV-vis spectra analysis, performed to study the optical properties, 
revealed that optical band gap was decrease with increase of the doping content and 
obtained band gap results lies in the range (1.99-1.85 eV). Moreover, the conductivity of 
the prepared sample was observed increased from 7.28 × 10-5 Ʊ cm-1 to 1.79 × 10-3 Ʊ cm-
1, while the resistivity was decreased from 1.1 ×104 Ω cm to 5.58 ×102 Ω cm with the 
increasing of the doping content. The explored results exhibited that the doping iron 
content, enhanced the characteristics of prepared oxides. Such characteristics of BaO make 
a potential candidate for electronic device applications.  
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1. Introduction 
 
An increased demand for transience has emerged in recent years as electronics become 

increasingly incorporated into our daily lives. Nanoscience and nanotechnology play a vital role 
for applied materials research due to their considerable number of applications which depend on 
its shape and size [1]. The semiconductors are also widely used for optoelectronic related devices 
such as, solar cells, laser, non-linear optical devices, and photovoltaic devices [2]. Among various 
semiconductor oxide nanomaterials, barium oxide nanostructures have attained wide attention due 
to its direct band gap type, group II-VI semiconductor nanomaterial have exceptional importance 
because of their wide band gap, excellent properties and wide applications such as, electrical 
energy production, catalysts, self-cleaning devices, and sensors [3,4]. In the past decade, transition 
metal oxide semiconductors, such as Nickel oxide (NiO), Copper oxide (CuO), Zinc oxide (ZnO), 
and Barium oxide (BaO), etc are known as the unique semiconductor family because of their 
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increasing study and potential applications. Apart from this, the unique property of BaO is the 
special interest in the electron field emission, diagnostic imaging, gas sensors, solar energy 
conversion, catalysts, electronic device and optoelectronic device applications [5,6] due to its 
major use in the area for electronic devices. In current study, pure BaO and Fe-doped BaO NPs 
have been used for electronic device applications. The physical properties of the synthesized 
oxides are normally depending on the particle size, synthesis method, and microstructures such as, 
surface morphology, crystal defects, grain boundaries, in addition, also depends on doping content 
[7-9]. Several approaches have been used to prepare metal oxide such as Hydrothermal [10], 
chemical vapor deposition [11], co-precipitation [12], Sonochemical [13], and sol-gel [14] are 
examples of a chemical method, while sputter deposition [15] and thermal evaporation [16]. The 
role of dopants such as transition metals (i.e., Fe, Cu, Co, Ni, and Zn) assist in enhancing 
electronic, optical, structural and several other properties of the metal oxide. In current work, Fe-
doped of Barium oxide NPs have exhibited the electrical, vibrational mode, optical, and structural 
properties exceptional improvement in unique features, i.e., electrical conductivity, phase purity, 
and energy band. Barium oxide has lower electrical conductivity as compared to other transition 
metal oxides which hinder its electrical properties for electronic devices. In order to solve this 
major problem, the doping of iron (Fe) has been hosted into Barium oxide by sol-gel method. The 
novelty of this work is the band gap was very low as compared to the actual band gap of the 
Barium oxide and the electrical resistance was decreased with the enhancement in the dopant 
content while the electrical conductivity was highly increased, this may be due to the addition of 
iron (Fe) metal into Barium oxide which enhance the energy carriers. The present activity is 
supported to the electronic device applications and BaO nanoparticles doped with 4% Fe possess 
better performance for the electronic device applications. In this communication we have reported 
the effect of Fe+3 substitution (1 % and 4 %) on the physical, optical and electrical properties of 
mixed Barium oxide. 

 
 
2. Materials and methods 
 
2.1. Samples preparation and equipment 
All chemicals utilized in the experiment are analytic reagent grade. Barium nitrate (Ba 

(NO3)2 (Sigma-Aldrich, India, 98%), iron (III) nitrate (Fe (NO3)3 9H2O, citric acid (CA) and 
ammonia (NH3) solution. An aqueous solution of Barium nitrate, citric acid and iron (III) nitrate 
were prepared into 100 ml deionized water. The chemical solution kept on continuous heating of 
magnetic stirrer at 100oC for 6 h. The ammonia solution was added drop by drop to this chemical 
solution to maintain pH 7. After a few hours, the chemical solution changed into transparent sol 
which on further heating changed into dry gel that was changed into powder after combustion on 
the further continuous heating. The prepared powder was fully grinded. The prepared powder was 
put into furnace to enhance crystallinity. The obtained final product was Barium oxide 
nanoparticles. Moreover, two samples Fe-doped (with the addition of 1 % and 4 %) Barium oxide 
nanoparticles synthesis following the similar procedure. The X-ray diffraction (XRD) patterns 
were obtained at room temperature by powder samples in an X-ray diffractometer (MSAL-XD2, 
Cu-Kα) to study the structural parameters. The surface morphology and microstructure of the 
samples were studied by scanning electron microscope (SEM) (HITACHI S-520). FT-IR spectrum 
was recorded using Perkin-Elmer infrared spectrometer Model C-783 in the range 500-4000 cm−1. 
In addition, Raman spectroscopy for the Raman active mode. UV–visible absorption spectra were 
recorded using a UV-Vis-Perkin Lambda 25 spectrometer and the I-V characteristic curve 
investigation was performed by a Keithley Electrometer to study the electrical properties. For 
examine the I-V characteristics, pellets of 2.5 mm width were developed by engaging the 3 tons’ 
pressure into a hydraulic press machine. 

 
 
2.2. Calculations 
The different structural parameters such as lattice constant, unit cell volume, X-ray density 

bulk density, porosity, micro strain, dislocation density and average crystallite size (D) nm was 
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determined by using the Scherer’s equations. All the parameters by using X-ray diffraction data 
were calculated using the following formula [17-21].  

 
                                                 1
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where βhkl is the full width at half maximum (FWHM) of the diffraction peak, ‘λ’ is the X-ray 
wavelength, ‘k is the Scherrer constant whose value is 0.94, and ‘θ’ is the diffraction angle. ‘Z’ is 
the constant reliant on the crystal structure of the synthesized specimen and is equal to the number 
of the lattice points per unit cell, in current study, the material has cubic crystal structure whose 
atomic number value is ‘8’, ‘M’ is known as molecular weight, (a3) is unit cell constant and NA is 
Avogadro’s number. 

 
 
3. Results and discussions  
 
3.1. Crystal structure analysis  
Phase and crystallinity of as-synthesized pure sample and Fe-doped BaO Barium oxide 

nanoparticles were conducted by the XRD with CuKα radiations (λ=.5406 Ao) in the 2θ range of 
15-65o.  Fig. 1 shows the diffraction peaks at 19.65o, 24.32o, 26.91o, 33.61o, 42.24o, 43.03o, 44.84o 
55.97o and 60.95o are assigned to (120), (101), (110), (112), (103), (211), (114) and (222) planes, 
respectively. All the peaks of three samples are well matched with the JCPDS card No. 89-8425, 
which has tetragonal structure. The observed patterns are also confirmed with the reported 
literature [22-24]. The represented Sample A (pure BaO), Sample B (1% addition of iron Fe0.01 
Ba0.09O) while Sample C (4% addition of iron Fe0.04 Ba0.96O) have been carried out by the Sol-gel 
method respectively. The intense and sharp peaks show that the prepared nanoparticles have a high 
crystalline nature. The effect of addition of iron observed, the intensity of diffraction peaks, 
increased that attributed to the enhancements in the growth of crystal which affirmed the synthesis 
metal oxides have crystallinity nature while the symmetry and crystal structure remains same as 
shown in Fig.1. 

  It is also attributed that the incorporation of different ionic radius of dopant Fe2+ (0.78 Å) 
forms an interstitial substitution in the host Ba2+ (1.35 Å) lattice locations [25, 26]. The crystallite 
size was determined by Scherer’s formula, and obtained values lies in the range (2.3-6.7 nm). The 
Sample C have higher crystallite size as compared to Sample A and Sample B. The reason of 
increasing crystallite size, it may be more minor ionic radii of dopant as compared to that of parent 
Ba2+, it will form the shrinking impact in strain on the lattice sites of BaO. The other factors to 
increase the crystallite size, due to some behind mechanisms. Firstly, because dopants' lower 
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affinity for interacting with O2- may promote the formation of heterogeneous nucleation spots in 
the reaction media. It consequently continues to grow close to the BaO lattice. Secondly, the 
energy of grain boundaries through its interaction with surface boundaries or surface energy may 
be affected by the presence of dopant which may lead to the formation of more surface boundaries 
[27]. In other words, the lattice strain might be decreased by minor ionic radii dopants and 
conversely enhanced the crystallite size [28]. 

 
 

 
 

Fig.1. X-ray diffraction patterns of (a) pure BaO, (b) Fe0.01Ba0.09O, and (c) Fe0.04Ba0.96O samples. 
 

    
It is observed that the lattice constant and unit cell volume were decreased due to the 

addition of dopant content which obey the Vergard’s law. The reason is that the larger ionic radii 
of parent Ba2+ (0.73 Å) may be replaced with smaller ionic radii of (1.31 Å). X-ray density was 
measured by Eq.3 and obtained values lies in the range (6.1-4.9 g/cm3) the reduction in X-ray 
density is related to the fact that the lattice volume decreases with the increasing of Fe-content 
[29]. The bulk density is determined using Eq.4. It has been noted that bulk density was decreased 
from (5.5-4.7 g/cm3) with the enhancement in the iron metal doping content from pure Sample A 
to Sample C.  

In a microstructure, porosity is the presence of microscopic voids within a material, either 
between the grains or trapped within them. Materials with pores can absorb liquid or moisture, 
which leads to corrosion. Porosity was calculated by Eq 5. The calculated values show that 
porosity decreases with the increase in doping content. Porosity in any material gives information 
about its morphology and optical properties. The sample doped with 4 % iron doping content 
exhibited least porosity 3.1 %. The presence of porosity in the microstructures can be seen from 
the SEM micrographs in Fig.5. The observations revealed that the synthesized material shows a 
highly crystalline nature and become a potential candidate for the electronic devices. 

It is determined from the square of reciprocal of crystallite size which is given in Eq.6. 
The dislocations are the imperfections in crystals that result from lattice mismatches between 
different crystallographic regions. In current study, the number of dislocations decreases with the 
substitution of doping ion into parent crystal system of BaO. It means that the addition of dopant 
ions causes to reduce the crystal imperfections or lattice defects which confirmed that Sample A 
pure BaO at Sample-C revealed the better crystallinity. The decrease in number of dislocations 
may be attributed to the decrease in FWHM and increase in peak intensity enhance the crystallite 
size; consequently, the decline in dislocation density occurs with 4 % addition of Fe dopant into 
BaO crystal system. The reduction in dislocations may be due to the movement of Fe ions from 
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crystallite to grain boundary. It can be concluded from the above discussion that BaO nanoparticle 
at 4 % Fe substitution content shows better crystallinity. The microstrain of the prepared samples 
are calculated using Eq 7. Atomic variations from the reference lattice position during the 
formation of nanoparticles lead to stress, which causes the microstrain [30]. Moreover, the 
Sherrer’s relation only gives data about the average crystallite size, but it ignores the consequences 
of the microstrain in BaO, Fe0.01BaO, Fe0.04BaO NPs. Hence, the William-Hall equation is used to 
calculate the microstrain and crystallite size of each samples [31].  Plotting βhklcosθ versus 4sinθ 
(Fig.2) using the William-Hall term results in a straight line, with the intercept (0.9/DWH) 
representing the crystalline size and the slope (ε) representing the microstrain [32]. Different 
crystalline sizes were observed in the computed values from the Scherrer's and William-Hall 
methods, dislocation densities and microstrain of pure BaO, Fe0.01Ba1-0.01O, Fe0.04Ba1-0.04O NPs. 
 
 

 
 

Fig. 2. W-H plot of (a) pure BaO, (b) Fe0.01Ba0.09O, and (c) Fe0.04Ba0.96O samples. 
  
 
The inclusion of strain in the synthesized samples is mostly responsible for the variance in 

crystalline size, and their calculated strain values are acceptable. The observation shows that the 
microstrain is inversely associated to the crystalline size i.e., the crystalline size of synthesized 
samples with the addition of doping content increases with the increase of the microstrain and vice 
versa. From these analyzed different structural parameters, it can be concluded that Fe metal 
doping improves the structural properties of BaO NPs by enhancing the reducing crystallographic 
defects and microstrain, and increasing crystallinity of that material. 

 
3.2. FTIR spectra studies 
The IR characterization tool provides information about the positions of functional groups 

molecules, crystals, crystal vibration modes, and interaction of molecules [33]. The most effective 
technique which identifies the possible functional groups involved in the as-synthesized BaO 
samples. Fig.3 shows, FTIR spectra of Fe-doped Barium oxide samples were recorded in the range 
of 500-4000 cm-1 at the room temperature. 

 IR spectrum exhibited the strong band found in the range of 670-720 cm-1 correspond to 
the Ba-O bond formation. The Ba-O stretching vibration is exhibited by a weaker absorption band 
obtained in the range 610-650 cm-1. The O-H stretching vibration mode observed in the range 
1730-1780 cm-1. The peak between 1380 cm-1 and 1440 cm-1 may be caused by the creation of 
barium carbonate, which is due to BaO NPs absorbing ambient CO2. The O-O stretching modes 
vibration found between ~1030-1090 cm-1 [34]. The peak found between 840-880 cm-1 related 
with the asymmetric vibration mode of NO3

-1 ions [35]. The obtained similar results reported in the 
literatures [36,37].  
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Fig. 3. IR spectra of (a) pure BaO, (b) Fe0.01Ba0.09O, and (c) 6Fe0.04Ba0.9O samples. 
 
 
3.3. Raman analysis 
Raman spectra for all synthesized, Fe-doped BaO samples are shown in Fig.4.  It is 

evident from the graph that the peaks of pure BaO and Fe-doped BaO samples have nearly the 
same positions. The most significant mode of vibration in BaO powder is connected to the peaks at 
398 cm-1, 427 cm-1, and 443 cm-1 respectively.  The Raman spectra showed an increase in its 
intensity and a red shift to 398 cm-1, 427 cm-1, and 443 cm-1, which revealed structural alterations 
because of the mechanical activation. The strong peaks observed at 759 cm-1, 769 cm-1, 777 cm-1   
in the graph which confirmed the perfect substitution of Fe content. 

In this work, the absence of any additional peaks reveals the purity of the prepared 
specimens. Moreover, it is also noted that the peaks intensity of all the samples increases which 
confirmed the crystallinity. The volume expansion occurred in the BaO NPs due to the doping of 1 
% Fe, consequently the force constantly decreases because of the rising inter-atomic distances. 
While the doping of 4 % Fe causes the further volume expansion in the BaO NPs, as a result the 
force constant decreases because of the further increasing inter-atomic distances, this factor 
increases the bands intensity of the BaO nanoparticles.  

 
 

 
 

Fig. 4. Raman spectra of (a) pure BaO, (b) Fe0.01Ba0.09O, and (c) Fe0.04Ba0.96O samples. 
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The variation in wavenumber during vibration transitions is proportional to K1/2, where K 

is referred to as the force constant. the higher force constant becomes a cause to shift the Raman 
bands to a high wavenumber. Secondly, materials shape and grain size of NPs play vital role. 
Hence, the synthesis samples shown strong intensity and sharp band spectra with higher intensity.  

 
3.4. Morphology analysis 
Fig.5 shows the micrograph of the synthesized  BaO, Fe0.01Ba0.09O, Fe0.04Ba0.96O samples 

while Fig.6 shows the histograms of the respective micrographs, and also determined grain size by 
imagej sotware. The obtained average grain size lies in the range of 3.4-5.2 µm. Fig.5 it is cleared 
that, images of the composed material is different such as agglomerated flower like shape, porous 
shape, and cloud like shape, respectivelly.  It is concluded from the Fig.5 grain boundries were not 
clear and showed non uniform distribution of the particles, but with the addition of Fe doping 
element grain boundries slightly become clear. BaO nanoparticles doped with 4 % Fe ions showed 
more clear boundries as compared to pure BaO and 1 % Fe doped BaO. It is observed from the 
Fig.5  that, in the case of pure BaO sample agglomeration is maxium and then gradually decreases 
with increase in doping content of  Fe minimum agglomeration is seen at 4 % Fe doped BaO. 
Agglomiration decreases gradually with the enhancement in doping content, this is because of the 
reduction in force of attraction among atoms as a result  particle size increases. Therefore BaO 
doped with 4 % of  Fe,shows higher particle size of 5.2 µm. This increasing prticle size also 
reduces the energy band gap between the valence and conduction bands, which in turn, makes the 
electrons to conduct between valence and conduction bands. In other wors, it can be said that the 
doping effect reduces the agglomeration among particles, which in turn, improves the optical and 
electrical characteristics with morphotology. It has found that the porosity   of the material 
gradually reduces, with enhancement in dopant content as BaO doped with 4% Fe showed lower 
porosity. The reduction poroisty means enhances the physical properties of BaO nanoparciles. 

 
 

 

 
 

Fig. 5. SEM micrographs of (a) pure BaO, (b) Fe0.01Ba0.09O, and (c) Fe0.04Ba0.96O samples. 
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Fig. 6. Histograms of the (a) pure BaO, (b) Fe0.01Ba0.09O, and (c) Fe0.04Ba0.96O samples. 
   
 
3.5. Optical properties 
 
The optical properties including the optical band gap and electronic transitions of 

produced BaO nanoparticles were determined by analyzing with the optical absorption spectrum. 
The photons having energy more than band gap of semiconductor are absorbed by this 
semiconductor, consequently, the electrons transmit from the valence band to the conduction band. 
Consequently, there is rise in wavelength absorbency of the material corresponding to the band 
gap energy. The kind of electronic transitions determines how the absorption relates to the incident 
photon energy; if momentum is conserved, the transition is direct; otherwise, it is indirect [38].  

 
 

 
 

Fig. 7. UV-Vis absorption spectra of (a) pure BaO, (b) Fe0.01Ba0.09O, and (c) Fe0.04Ba0.96O samples. 
 

 
 

Fig. 8. Tauc plot for band gap of (a) pure BaO, (b) Fe0.01Ba0.09O, and (c) Fe0.04Ba0.96O samples. 
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The absorption spectra of produced specimens are given in Fig.7. Maximum absorption is 
seen in the UV band between 300 and 400 nm as a result of the charge transfer between the O2- 2p 
and Ba 4f states. According to the spectral profile, the charge transfer transition of Ba2+ and the 4f1 
5d1 of Ba1+ transition overlap. There is no absorption was seen above the wavelength of 500 nm. 
With increasing iron (Fe) dopant content, which is connected to BaO powder data, the absorption 
edge can be seen to shift toward shorter wavelengths (blue-shift) in the spectra.  Fig.8 shows the 
Tauc plot of pure and Fe-doped BaO NPs samples was determined by this relation: 

 
αhν = B (hν-Eg)1/2                                              (10) 

 
where ‘Eg’ is the direct band gap, ‘α’ is the optical absorption coefficient, ‘B’ is a constant, and 
‘hν’ is the photon energy [39]. The obtained band gaps are 1.99 eV, 1.85 eV, and 1.37 eV, 
respectively. Fig.8 exhibits that the rise in dopant content outcomes in the decrease of band gap. In 
the case of the 4% Fe-doped BaO nanoparticles, band gap has lowest value. This decline of band 
gap energy with the addition of dopant content may be due to a reason that this doping element 
forms the localized states that are nearer to the conduction band, so the band gap falls. Fe ion 
doping results in the production of interstitial sites, which in turn creates new energy states 
between the valence and conduction bands, explaining why performance is improved in the case of 
4%-doped BaO nanoparticles. Under the visible light area, the impurity energy levels enable 
intrinsic band gap excitation. This shows that the conduction band of BaO can be stimulated to the 
high state of 3d-electrons from Fe-cation dopants, so improving its electronic performance. 
Another reason is that the lower band gap is due to the lower energy of conduction band minimum. 
The similar results are reported in the literature [40]. Moreover, the obtained band gap revealed 
that the BaO semiconductor has electronic properties in the range of conventional semiconductors. 
The narrow band gap gives the ability to electronic devices to operate at lower temperatures.  
 

3.6. Electrical measurement 
The electrical characteristics of the synthesized samples shows semiconductor behavior. 

At room temperature, I-V curves of the synthesized samples with potential ranges of -20 to 20 V 
were measured. It is observed that the graphs exhibited a high current value for the terminal 
voltages. The Eq.11 was used to determine the electric current flow from the circuit: 

 
   N= Q

KB  T
  x  dv

d In Is 
                                                                         (11) 

 
where KB is the Boltzmann constant, Q is the electric charge, T is the absolute temperature, Is is 
the saturation current, and V is voltage. In the present work, the linear curves of all synthesized 
samples confirm the ohmic quality (α=1) while α >1 in the case of non-ohmic nature material as 
per relation: 
 

                   I α Vα
                                                                                                              (12) 

 
The following relation was determining the electrical conductivity of the synthesized 

samples, while the reciprocal (1/σ) of this relation gives the resistivity of that material [41]: 
 

σ = IxL
  VxA

                                                             (13) 
 
where V is denoted by applied voltage, I is current, ‘A’ represent cross-sectional area of the 
pellets, L is the thickness of the pellets. The calculated values of the conductivities of the 
synthesized samples lies in the range 7.3 × 10-5 to 1.8 × 10-3 Ʊ cm-1, while electrical resistivity was 
observed 1.1 ×104 to 5.6 × 102 Ω cm, Application of the material base on, ohmic nature, in this 
way, the prepared samples act as a potential candidate for electronic devices. Moreover, the 
electrical conductivity can be explained on the basis of band gap and charge carriers. In the present 
work, it is observed that band gap decreases as concentration of dopant increased while 
conductions between valence and conduction bands of the semiconductor NPs increase and 
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resistivity decreases. Few factors which increase the electrical conductivity of the nanoparticles by 
the insertion of Fe ions [42]. In this way, a large amount of electric current is produced in the 
circuit, consequently, the material becomes a best candidate for electronic device applications. 

 
 

 
 

Fig. 9. I-V curves of (a) pure BaO, (b) Fe0.01Ba0.09O, and (c) Fe0.04Ba0.96O samples. 
 
 
4. Conclusions  
 
In this study, Fe-doped BaO nanoparticles were prepared by sol-gel method and analyzed 

the impact of Fe doping on the structural, morphology vibrational mode, optical, and electrical 
characteristics of BaO NPs for electronic device applications. The structural properties analysis by 
XRD and observed tetragonal crystalline structure. The crystal size measured by Scherrer formula 
and obtained values lies in the range (2.3-6.7nm) while lattice parameters, unit cell volume, 
porosity exhibit decreasing behavior. The dislocation density which indicates the lattice defects 
was decreased due to increasing doping content. SEM micrographs reveal that agglomeration and 
porosity decrease with the increase in the Fe content. IR spectra revealed that the absorption band, 
purity of the prepared samples and the perfect incorporation of Fe ions in the BaO NPs. Raman 
spectra exhibited that the intensity of bands is improved with the increase in the force constant 
which also reveals the high crystallinity of the samples. Band gap was found in the range of 1.99 e 
V to 1.85 eV by Tauc plot and observed band gap decrease with the increase in the Fe content. The 
conductivity in the synthesized samples was observed increased from 7.28 × 10-5 Ʊ cm-1 to 1.79 × 
10-3 Ʊ cm-1 while resistivity decreased from 1.1 ×104 Ω cm to 5.58 ×102 Ω cm-1 with the increasing 
doping content. Such characteristics of these materials may be suitable for potential applications 
such as electronic devices applications 
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