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Abstract

Undoped Bismuth trioxides (Bi,Os3) thin films were prepared using the spray pyrolysis technique at 350°C on
glass substrates. Cu/ Bi,Os structures were obtained when deposited by means of the thermal evaporation of 10
nm of Cu metal onto Bi,Os sprayed thin films and then treated at 500°C using a thermal programmable oven
during 1h. First, obtained thin films of Cu doped Bi,O3 as well as undoped ones were characterized using X-ray
diffraction (XRD), Raman spectroscopy, ultraviolet-visible absorbance spectroscopy (UV-vis) and the
impedance spectroscopy. According to X-ray diffraction results undoped samples have two peaks related to
cubic phase of Bismuth trioxide (Bi,O3) while the doped ones crystallize in the same phase with a Copper oxide
(CuQ) as minority phase. Second, the band gap energy value decreases from 3.96 to 3.87 eV with Cu doping.
The impedance measurements indicate firstly that the conductivity increases with the increasing of both the
temperature and the frequency. On the other hand, calculated values of the activation energy increase in terms
of Cu doping. Also, the electrical conductivity is thermally activated well as the relaxation times distribution.
Finally, these doped films may be of interest for various applications as bio and gas sensors.
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I.  Introduction

The large-scale industrialization and rapid population augmentation are increasing the rate of fossil fuel
consumption, leading to a severe environmental pollution that has a detrimental cause on living beings.
Remediation of these environmental pollutants in water as well as in air by photo-catalytic process has attracted
great interest in recent two decades [1-3]. Many studies have focused on the efficiency of energy use to meet the
increasing demand for energy. The sun is a primary source of energy and the use of its energy is of critical
importance.

Among different photocatalysts such as titanium dioxide (TiO,), zinc oxide (Zn0O), zirconium oxide
(Zr0O,), cadmium sulfide (CdS), tungsten trioxide (WO3) and zinc sulfide (ZnS), TiO,, due to its low cost,
abundance, non-toxicity, high oxidation power and high resistance to photocorrosion, has been widely tested in
water purification systems [4].

However, bismuth-based semiconductors are receiving increased attention as photocatalysts that
degrade organic pollutants under UV-vis light [5-12]. In particular, bismuth oxide (Bi,Os) [13-15] has various
desirable properties including high band gap (2-3.96 eV), high refractive index and photoluminescence. This
oxide is used in many fields such as solid oxide fuel cells, gas sensors, high temperature superconducting
materials, functional ceramics, and catalysis [6,7].

It is worth noting to point out that Bi,Os is non-toxic and has high refractive index, dielectric
permittivity, and ionic and photonic conductivity, suggesting a candidate anode material for photo-induced
water splitting [16, 17]. The nanostructuring may reduce optical losses by improving reflection and optical
losses [18]. In addition, pillars composed of nanoparticles can significantly improve light absorption [18, 19].

Bismuth trioxide, Bi,Os, is widely used in industry, especially in solid electrolytes and fuel cells.
Recently, due to its wide band gap, semiconducting behavior, high ionic conductivity, high refractive index, gas
sensitivity, notable photoconductivity and photoluminescence, Bi,O;3 is gaining more attention. These physical
properties are making bismuth trioxide a candidate for applications in the domains of electronic circuits, coating
optics, UV radiation detection, photovoltaics and gas sensors [20, 21].

The spray pyrolysis technique has been used for thin films coating because it is a simple and cost-effective
process that leads to uniform film growth [22,24-25] as compared to other chemical techniques such as dip
coating, CVD or MOCVD [30,23,26,27].
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In parallel to the investigation of different substrates, emphasis was also placed on the use of visible
light for photocatalytic evaluation of the films. Tetragonal beta-bismuth oxide (B-Bi,O3) was chosen as the
immobilized photocatalyst because it is a very promising material for visible light [22, 28, 29]. On the other
hand, The investigation confirms that the novel ternary Bi,O;—CuO-CuBi,O, photocatalysts synthesized by the
solvothermal show wide application prospect in wastewater remediation [31]. So, new research is found to
indicate that a 2D ultrathin Cu-6-Bi,O3 nanosheets possess excellent photocatalytic nitrogen fixation without
any sacrificial agent [32].

It is widely used in applications, such as microelectronics, and sensor and optical technology [33].

The use of bismuth oxide (Bi,Os) in industry is quite broad as it is an important semiconductor with
excellent optical and electrical properties such as high refractive index, high dielectric strength and good
photoconductivity. Bismuth oxide is found in six different polymorphic structures. Its most important
applications are therefore the manufacture of high quality optical fibers, doped bismuth oxide fibers,
photoelectric materials, transparent ceramic glass, oxide varistors, electrical sensors and high temperature doped
superconductors [34].

Il.  Experimental section

2.1 Deposition of Bi,Os films

The precursor solution for the Bi,O3 films was prepared by mixing 1.08 g of bismuth(lll) nitrate
pentahydrate (Bi(NO3);-5H,0, >98%, Sigma-Aldrich) in 10 mL acetic acid (CH;COOH, 99.7%, Samchun
Chemicals) at 25 °C (room temperature, RT) with stirring at 500 rpm for 30 min. The complete dissolution
of Bi(NOs); in CH3;COOH produced a transparent solution. The precursor solution was then deposited on a pre-
cleaned glass substrate measuring 1.5 x 1.5 cm?, by the spray process. This solution flow rate is approximately 4
ml/ min through a 0.5-mm-diameter nozzle. The nozzle-to-substrate distance was equal to 30 cm and the
substrate temperature was maintained at 350 °C. The spraying time of 30 was chosen. The as deposited Bi,O;
was white in color.

For the preparation of the Cu/Bi,0s structure, a high-purity Cu (Aldrich, 99.9%) was deposited by
thermal evaporation. The copper metallic was placed on a furnace-fired tantalum filament, evacuated to a
pressure of 4.8 x 10° mbar, and a current was applied to the crucibles for 1 min to evaporate the 110 variac
solid (1 = 150 A). After depositing 10 nm of copper on the Bi,O3 surface, the Cu/ Bi,O; bilayers were annealed
during 60 min in air at a temperature of 500 °C in a programmable oven. Indeed, during this annealing process,
the copper migrated inside Bi,Os layer giving rise to a Cu doped film.

2.2 Experimental Techniques

The structural properties were reached using a Philips X PertX-ray diffractometer with CuKa radiation
with A = 1.5405980°A (40 kV, 30 mA). Optical transmittance and reflectance were measured at room
temperature and at normal incidence with UV-vis—NIR Shimadzu 3100S spectrophotometer in the wavelength
range of 3001800 nm. Raman spectra recorded between 100 cm™ and 4000 cm™ of as prepared thin films were
measured in the backscattering configuration using a Labram single monochromator Raman spectrometer at
excitation wavelength A = 632.8 nm with a charge coupled device detector allowing a resolution of 1 cm ™.

The electrical measurements of real and imaginary components of impedance parameters (Z’ and Z”)
were made over a wide range of temperature (350-490 °C) and frequency (1 Hz-13 MHz) by means of a
Hewlett—Packard HP 4192 impedance analyzer.

I11.  Results and interpretations

3.1 Structural properties

Fig. 1a shows patterns of the undoped and Cu-doped Bi,O3sprayed thin films. As can be seen in Fig.
1a, the diffractions peaks at 31.30° and 66.13° indexed with (002) and (004) are the characteristic planes of the
fluorite-type cubic structure with space group (Fm3m). The sharp peak in XRD pattern indicates the high degree
of crystallinity of undoped Bi,Os. We note that after copper doping, the intensity of (002) peak decreases (Fig.
1b). It is worthy noted that the low intensity diffraction peak positioned at 11.84° corresponding to the CuO,
clearly proves that Cu doping to achieve a phase change in the bismuth oxide of Bi,Os. This trend was known as
Vergard’s law which stated that the lattice parameters depended on the composition [35].
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Fig. 1: X-ray diffractograms of a) Bi,Os, b) Cu: Bi,O5 sprayed at 350°C.
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Fig.2: Spectrum of Raman of a) Bi,O3 and b) Cu: Bi,O; sprayed at 350°C.

On the other hand, several details on the microstructure and crystallographic defects are provided by
Raman spectroscopy. Indeed, Fig. 2 depicts Raman spectra of undoped and Cu-doped Bi,Os3 thin films. At a first
glance, we can see an intense peak located at 1272 cm™* at the two spectrum corresponds to Bi—O vibration, the
only difference is the intensity of this peak as reported by Feng He et al [36].
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3.2 Optical properties

UV-visible spectroscopy was used to characterize the optical transmittance and reflexion of undoped
and Cu-doped Bi,O3 thin films in the wavelength region of 300—1800 nm. The spectra are shown in Fig.3. All
films are a thickness of the order of 100 nm. It can be seen that the interference fringe patterns are absent in all
transmittance spectra due to weak multiple reflections at the interface. These two films show a relatively high
transparency. Indeed, the transmission in visible region is found to be minimum for undoped Bi,O; film (50 %)
and increased with Cu content to reach 75 %.
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Fig. 3: Spectrum of Transmittance of Bi,Osand Cu: Bi,O3 sprayed at 350°C.

The UV-vis absorption spectra of the prepared thin films as well as band gap energy measurements are shown
in Fig.4 and 5, respectively. The absorbance edges of the prepared samples were located approximately at the
wavelength range from 400 to 500 nm.

In order to determine the optical band gap for such glasses, the absorption coefficient (o)) below and near the
fundamental absorption edge can be calculated from the formula [37]:

2
PP I Clullid
d T Eq.1
Here T is the transmittance; R is the reflectance and d is the film thickness (d = 1 pum).
The absorption edge of Cu-doped Bi,Os films to a larger wavelength. This phenomenon indicates that the
optical energy gap decreases with doping, which it was determined using this formula:
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Fig.4: Spectrums of « (cm ) of Bi,0sand Cu: Bi,Os sprayed at 350°C.
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All the samples showed an improvement in the photo absorbance properties in the visible region up to
1800 nm, as shown in Fig. 4. The sharpness of the absorption edges indicated the good crystalline nature of the
prepared samples [38].

The band gap energies (Eg values) of the samples could thus be estimated from the plot of (¢hv)’

1
versus photon energy (ho) for the direct transition or the plot of (ah U)A versus photon energy (hv) for the

indirect transition. Both band gap values of as-prepared Bi,Os; and Cu: Bi,Os films were 3.96 and 3.87 eV,
respectively ( Fig. 5). It is found that these band gap values are significantly similar to the result obtained by Z.
Hamid and T. R. Das et al. such as a wide energy gap change (from 2 to 3.96 eV) [39,40]. But, it is higher than
the KLE-templated films can readily produce phase-pure B-Bi,Os; with an optical band gap of about 3.4 eV
obtained by Brezesinski et al. [41]. Thus, in other research the band gaps for Bi/Bi,Oz; and rGO@Bi/Bi,Ozwere
3.5 and 3 eV, respectively obtained by Merfat Algethami [42]. While, K. B. Kusuma et al. Found an energy
bandgap (Eg) value of 3.3 eV [43].

These variations in band gap energy values depended on the preparation technologies, preparation
conditions, micro-structure and particle size of the prepared thin films. It was clear that there was an
improvement following Cu®* doping in the Bi,O; crystal lattice, leading to a decrease in particle size, and
modification of the energy gap as previously reported [44].

It is known that the narrower band gap of Bi,Os; permits absorbance of more visible light to generate
charge carriers. As-deposited film without doping is white in color, but is transformed to beige with doping by
copper. This change is due to the transformation in the composition of Bi,O; and it seems consistent with
previous works [45].

3.3 Electrical properties

The electrical responses thin films were studied using the complex impedance technique in a wide
frequency range from 100 Hz to 13 MHz and at temperatures between 350°C and 490 °C. The curves (Z" vs Z’)
extracted from the impedance spectroscopy measurements is given in Fig. 6.

Fig.6a shows that the Bi,O3 thin film exhibits two compressed semicircles that depict data taken at
different temperatures in all compositions that exhibit both grain effects (bulk property) and grain boundary
effects. The contribution positioned at a low frequency corresponds to the grain boundary response; at the high
frequency, it corresponds to the specific bulk property. All the semicircles depict a degree of depression instead
of a real Z" axis which is centred on the semicircle that may be due to a relaxation time distribution. The
depression of the semicircle is considered to further pressure evidence for polarization phenomena along with a
relaxation time distribution (non-Debye type relaxation). Such non-ideal behavior can be assigned to several
factors such as grain orientation, grains boundaries, stress-strain phenomena as well as atomic defect
distribution.

But this attitude disappears in Bi,Os; doped with Cu (Fig.6b). Indeed, these traces are composed of a
semicircle moved with respect to the origin and are not focused on the real axis. Their radius reduces with
increasing temperature because of the several types of dipoles present in the material. These observations allow
us to conclude that the electrical conductivity is activated thermally as well as the distribution of the relaxation
times.
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Fig.6: Complex impedance spectra at different temperatures of a) Bi,Osand b) Cu: Bi,O; sprayed at

350°C.

In order to study the relaxation time as a function of temperature, we plot Z” versus frequency at
different. Indeed, Fig.7 shows the plot of the imaginary part Z" as a function of frequency at different
temperatures that increase monotonously with increasing frequency. These curves are characterized by a

maximum peak at a particular frequency. It is known that Z” passes through a maximum atew =z = 1. This peak
has a tendency to move towards high frequencies with an asymmetrical expansion suggesting the existence of a

distributed relaxation process [46].

This phenomenon reveals that the peak frequency indicating Arrhenius behavior and then we can determine the
activation energy. The relaxation time s of these samples obeys to the well-known Arrhenius law (Eq. 3) [47]:

@ =

m

e

a

k, T

Eq.3

where E,is the activation energy, and o, is a distinctive frequency .
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The fit of the Ln (@, ) vs (1000/T) (as seen in Fig. 8) leads to the calculation of the activation energies

E.(eV) which are recapitulated in Table 1. The calculated values of the activation energy increase after doping.
Also the thin film undoped Bi,O5 has two activation energies following the depression of the semicircle and the
existence of grain and grain boundaries.
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Table.1: Calculated values of E, of a) Bi,O; and b) Cu: Bi,O; sprayed at 350°C.
Activation Energy (E,) (10™ eV)

Bi,O;
1.599 2.743

Cu: Bi203
3.586

The global conductivity of the films can be governed by Jonscher’s law of universal power [47]:

o, =0 + o

t DC AC Eq4
where is the dc conductivity, which is calculated by extrapolating the curves of o, at zero frequency for

different temperatures. In the higher frequency range, the conductivity increases linearly with increasing
frequency.

Fig. 9 stands for the typical plot of In(o, ) as a function of In(w) at different temperatures for both undoped

and doped Cu Bi,0; films. In the high-frequency range, the conductivity increases linearly in terms of the
frequency for all samples. On the contrary, at low frequencies, the conductivity is almost independent of
frequency, which could be attributed to the DC contribution.

As the conductivity increases with the rise of the temperature, the AC conductivity turns to a higher frequency
with the temperature. This is consistent with the shift in relaxation frequency. From the result regarding the
jump frequency and DC conductivity, it can be assumed that the conduction path is related to a similar transport

mechanism.
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IV.  Conclusion:

This work addresses the protocol of the preparation of Cu-doped Bi,O3 thin films by both methods such
as the spray pyrolysis and the thermal evaporation. Various techniques are used to analyze their physical
properties. The XRD study indicates a cubic phase with the crystallites oriented in the (002) direction. Further,
the addition of copper leads to the emergence of the secondary phase of CuO. Cu-doped layers exhibited an
average optical transmittance of 75% in the visible range. It was observed that obtained Cu/Bi,Oj structure may
be used in photocatalysis. On the other hand, the study of the mechanism of electrical conduction inside that in
the high frequency range, the conductivity increases linearly with frequency for all samples, while at low
frequencies it is almost independent with frequency, which might be ascribed to the contribution of direct
current that it makes Bi,O; a good conductor to be used in the manufacture of of various devices such as
electrical sensors and high temperature doped superconductors. Further studies are in progress to test these
doped films as gas sensors, as photocatalysts and so on.
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