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Abstract: The Bi-doped zinc oxide (Bi-ZnO) nanostructured was elaborated on the indium-doped tin
oxide (ITO) substrate by electrodeposition. The bath temperature was performed at 70°C. The films
were cathodically electrodeposited in a bath containing 0.01mol.L* Zn(NOs),. 6H,0, while the source
of doping is Bi(NO3)s. 5H,0 and 0.1 mol.L-* KNO3 was used as supporting electrolyte. Our interest is
to study the influence of doping on the mechanism of electrodeposition and the structural and optical
properties of these layers. The cyclic voltammetry and chronoamperometry investigation shows that the
electrodeposition of ZnO and Bi ZnO doped at a negative potential around —1.1 V versus Ag/AgCl is a
quasi-reversible reaction controlled by the diffusion process. Current transient curves measured showed
that the nucleation mechanism of ZnO and Bi-doped ZnO is instantaneous with three-dimensional
growth of hemispherical nuclei. XRD patterns show that ZnO and Bi-doped ZnO on the ITO substrate
crystallizes in a hexagonal wirtzite-like structure. UV-Visible transmission spectrum affirms that good
transparent films of Bi-doped ZnO cannot be obtained. SEM analysis revealed that the morphology of
the obtained deposits depends on the type of electrodeposition mechanism.

Keywords: zinc oxide; bismuth; electrodeposition; cyclic voltammetry; chronoamperometry;
nucleation and growth.
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1. Introduction

Zinc oxide (ZnQ) is a semiconductor; it exhibits a wide band gap of 3.3 eV and a high
exciton binding energy of 60 meV [1] at ambient temperature, as well as excellent catalytic,
optical, electrical, optoelectronic, gas sensing, piezoelectric, and photoelectrochemical
properties [2,3]. Currently, ZnO is used in numerous applications, including solar cells [4],
light-emitting diodes [5], waveguides [6], and lasers [7]. On the other hand, zinc oxide (ZnO)
is a piezoelectric and moisture-sensitive material that has been explored as an active layer in
nanogenerators [8] and humidity sensors [9]. Several techniques are used to obtain ZnO and
Bi-doped ZnO films, such as sol-gel methods [10], spray pyrolysis [11], chemical vapor
deposition (CVD) [12], and electrodeposition [13]. Today, the electrodeposition technique is
an important method for preparing thin semiconductor films. The preparation of oxide films by
electrodeposition from an aqueous solution has several advantages over other techniques; this
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method is conducted at low temperatures. In this paper, ZnO and Bi-doped ZnO thin films were
electrodeposited from zinc nitrate hexahydrate solution while the doping source is bismuth
nitrate pentahydrate on the ITO substrate. ZnO is a group 11-VI semiconductor, and doping
certain minor elements in its matrix can significantly affect its properties. However, the
electrochemical technique used was a good choice, as indicated previously. In the literature,
people have used an electrochemical method to deposit ZnO films doped with elements such
as Al, Co, In, Bi... to improve the properties of thin ZnO films [14]. This work aims to study
the mechanism of electrodeposition and the effect of the doping rate by bismuth on the
structural and optical properties of ZnO films.

2. Materials and Methods

2.1. Electrochemical measurements.

Electrochemical measurements were performed using a three-electrodes cell
configuration connected to Versa STAT 3 potentiostat/galvanostat supported by a computer
using the versa studio software. ITO (tin (Sn) doped indium oxide (In203)) substrate with a
surface area of 1 cm? was used as a working electrode; the platinum electrode was used as a
counter electrode and Ag/AgCl as a reference electrode (all potentials are given versus
Ag/AgCl). The ZnO and Bi-doped ZnO nanostructures films were cathodically
electrodeposited from baths containing different molar ratios of Zn(NOz)36H20 in 0.01M,
while the source of doping is Bi(NO3)2. 5H20, the doping rate was varied from 0 to 10 % Bi,
and 0.1 M potassium nitrate (KNO3) as the supporting electrolyte. The solutions used were
freshly prepared with distilled water. The bath temperature was kept at 70 °C for all
measurements.

2.2. Films characterization and analysis.

The structure of the thin films of ZnO and Bi-doped ZnO has been determined by X-
ray diffraction (XRD) analysis using a Broker D8 Advance diffractometer equipped with a
graphite monochromator, a Lynx-Eye detector, and parallel beam optics Cu Ka radiation (A=
1.5411 A). The UV-visible transmittance spectra have been recorded with a Shimadzu UV-
1800 UV/visible Scanning Spectrophotometer. The scanning electron microscopy (SEM)
observations were performed using a Philips XL 30FEG.

3. Results and Discussion

3.1. Cyclic voltammetry.

The investigation of the electrodeposition kinetics of ZnO and Bi-doped ZnO on ITO
substrate was performed mainly using the cyclic voltammetry (CV) method for a different
doping rate. The cyclic voltammetry in Figures 1(a) and (b) show the electrodeposition
chemical behavior during ZnO and Bi-doped ZnO electrodeposition on ITO substrate. The CV
curves recorded between 0 and -1.4V versus Ag/AgCI are related to the deposition and
dissolution of metals.

The thin films were electrodeposited from two electrolyte baths; the first contained
Zn(NO3),. 6H20 (0.01M) with potassium nitrate KNO3 (0.1 M) for electrodeposited of ZnO on
ITO substrate, the second one contains Zn(NOs).. 6H20 (0.01 M), while the source of doping
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is Bi(NOz3)s. 5H20, the doping rate was varied from 0 to 10 % Bi and potassium nitrate KNO3
(0.1M) for electrodeposition of Bi-doped ZnO on ITO substrate.

0.0 @ e==Zn0 non doped (b) ZnO doped 10% Bi

14 12 10 08 06 04 02 0.0 14 12 1.0 -08 -0.6 -04 02 00
E/V E/V

Figure 1. Cyclic voltammograms:(a) ZnO alone and (b) ZnO doped 5 % Bi electrodeposited on ITO substrate at
50 mV. s?,

Cyclic voltammetry (CV) in Figure 1(a) was performed to study the electrochemical
reduction of ZnO. During the forward scan, the reduction of Zn," leads to a metallic deposition
of Zn at the potential (E= -0.3 V vs. Ag/AgCl) following equation (1). Furthermore, the
electrochemical formation mechanism of ZnO is known to initiate by the reduction of nitrate
ions (NO*) at potential (E= -0.8 V vs. Ag/AgCl), which produces hydroxide ions (OH),
followed by the precipitation of Zn(OH)2. The conversion of Zn(OH)2to ZnO happens in an
ultimate step due to the effect of temperature [15]. The ZnO deposition sequence can be
summarized by the following equations (2, 3, and 4):

Zny" +2e° s Zn (1)
NO3z + H,0 + 2e-5 NO? + 2HO 2
Zny" + 2 OH—% Zn(OH): 3)
Zn(OH)2%= ZnO + H20 4)
Corresponding to the overall reaction:

NO* + Zn?" + 2e- — NO% + ZnO (5)

Based on Figure 1(a), it is evident that the cathodic reduction system observed at the
potential (E=-1.3 V vs. Ag/AgCI) corresponds to the reduction of water according to equation
(6).

HsO" +1e-51/2 H, + H,0 (6)

Figure 1(b) shows the CV electrodeposition of Bi-doped ZnO. We observed the same
peaks as in Figure 1(a). Moreover, when scanning forward, the reduction of Bi** leads to a
metallic Bi deposit at potential (E= -0.7VVversus Ag/AgCl) according to equation (7), and when
scanning back, the oxidation of Bi to Bi®* at potential (E= -0.2Vversus Ag/AgCl) according to
equation (8):
Bi** + 3e—5 Bi @)
Bi < Bi®* + 3e- (8)
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Moreover, the electrochemical formation mechanism of Bi.Oz is known to be initiated
by the reduction of nitrate ions (NO3z") that produce hydroxide ions (OH-), followed by the
precipitation of Bi(OH)s. The conversion of Bi(OH)z into Bi-O3z. ZnO deposition sequence can
be summarized by the following equations (2, 9, and 10):

Bi** + 2 OH—5 Bi(OH)3 )
2 Bi(OH).= Bi>03 + 3H20 (10)

Each curve displays a crossover. The presence of this crossover gives rise to what has
been called the "nucleation loop” which indicates the formation of ZnO nucleation on ITO
substrate in Figure 1(a) and the formation of Bi-doped ZnO nucleation on ITO substrate in
Figure 1(b) [16].

Zn0 doped 2% Bi
Zn0 doped 5% Bi
s 7010 doped 7% Bi
-4.8 1 e Zn0 doped 10% Bi

-4 12 -1'.0 -0‘.8 —0..6 -0'.4 -0'.2 0.0
E/V
Figure 2. Cyclic voltammograms of co-deposition ZnO-Bi at different doping rates (2% Bi, 5% Bi, 7% Bi and
10%Bi) electrodeposited on ITO substrate.

Figure 2 illustrates a series of cyclic voltammograms for Bi-doped ZnO at different
doping rates (2% Bi, 6% Bi, 7% Bi and 10% Bi) electrodeposited on ITO substrate. When
scanning towards the cathodic potentials, we observe an increase in the peak intensity attributed
to the electrodeposition of ZnO according to the doping rate and its displacement towards the
most cathodic potential. During the return scan towards the anodic potentials, an increase in
the peak intensity attributed to the oxidation of Bi according to the doping rate and its
displacement towards the most anodic potential.

3.2. Chronoamperometry.

Chronoamperometry is an electrochemical technique to study the early stages of
electrodeposition [17]. The study by chronoamperometry is carried out at -1.1V versus
Ag/AgCl for electrodeposition of ZnO alone and doped ZnO with different doping rates of Bi.
The series of current density time transients are shown in Figure 3 for different doping rates of

Bi (0% Bi, 2% Bi, 6% Bi, 7% Bi, and 10% Bi).
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Figure 3. Current transients of ZnO alone and Bi-doped ZnO electrodeposited on ITO substrate.

Figure 3 shows a series of current transients for ZnO alone and Bi-doped ZnO at a
different doping rate (2% Bi, 5% Bi, 7% Bi and 10% Bi) electrodeposited on ITO substrate at
potential (E= -1.1V versus Ag/AgCl). The transients' current density-time obtained show the
typical shape of a three-dimensional (3D) nucleation mechanism for ZnO alone and co-
deposition Bi-ZnO. The transients present an ascending part between 0 s and 3s, corresponding
to the growth of germs, followed by a part in which the current density remains constant for
the electrodeposition of ZnO alone. For t > 3s the current density in the transients of different
doping rates of Bi is not constant, but we observe an increase and a decrease of the current
density with time; this behavior could be explained by the fact that the co-deposition
mechanism of Bi-ZnO is done layer by layer.

3.2.1. Exploitation of the ascending part.

Scharifker and Hills have developed theoretical models describing the 3D nucleation
mechanism. For instantaneous nucleation, nuclei are formed at the beginning of the pulse, but
for the progressive one, the nuclei are continuously formed during the crystal growth. The
variation of the current density in the ascending part on the current transients can be described
by the following equations (11 and 12) [18-27].

For instantaneous 3D nucleation: j(©) = nFr(2DC)*2(M/p)Y°Nt¥2  (11)
For progressive 3D nucleation: jit) = g nFr(2DC)¥?(M/p)Y2ANt3? (12)

With j(t) represents the current density (Acm2), C represents the concentration of
electroactive ions (mol.cm-3), D is the diffusion coefficient (cm?.s™), F is the Faraday constant
(96500 C. mol™Y), n is the number of electrons transferred in the electrodeposition process, M
is the molar mass of the deposit (g.mol™), p is the density of the deposit (g.cm?), A is the
nucleation rate constant (s*), and N is the number density of nuclei (cm).
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Figure 4. (a) j(t) vs. t“2 plots at different doping rates of Bi and (b) j(t) vs. t*2 plots at different doping rates of

Bi.

In accordance with equations (11) and (12), for all the transients presented in Figure 3,
the experimental currents density of the ascending part of the transients were plotted versus t*?
and t*2 in Figures 4(a) and (b). As seen on all the different doping rates of Bi at potential -1.1V
versus Ag/AgCl, the plots j(t) vs. t¥ display a good linear relationship with higher correlation
factors values than the ones of j(t) vs. t%2 plots. This suggests that the mechanism of ZnO and
Bi-doped ZnO electrodeposited under these conditions follows instantaneous 3D nucleation
[20].

3.3. Crystal structure determination.

The X-ray diffraction patterns of the elaborated sample with the electrodeposition
method at E = -1.2V versus Ag/AgCl, are presented in Figure 5 for ZnO alone and Bi-doped
ZnO at different doping rates (2% Bi, 6% Bi, 10% Bi) electrodeposited on ITO substrate. As
can be seen, the diffraction peaks at 260 =34.43°, 47.26°, 63.52°, and 72.45° are characteristic
of ZnO alone with a hexagonal structure which orientations have been preferred (002), (102),
(103) and (004). For the diffractograms of Bi-doped ZnO, we observe the same peak of ZnO.
Moreover, we observe new peaks that attributed to the Bi at 26 = 31.69°, 34.43°, and 72.45°
with preferred orientations (101), (210), and (43-2).

A:ITO E=-12V
- ZnO non doped
/nO ZnO doped 2% Bi
ZnO doped 6% Bi
7 Bi ZnO doped 10% Bi

Intensity (u.a)

L] L] L] L] L] L]
10 20 30 40 50 6 70 80
26(°)

Figure 5. X-ray diffraction patterns of ZnO alone and Bi-doped ZnO at different doping rates.
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The diffractograms of Bi-doped ZnO indicate a new secondary crystal phase of oxide
of bismuth (Bi»Oz) formed during electrodeposition processes at 2 8= 34.43°, whose preferred
orientation was (200). The film obtained from ZnO alone is polycrystalline with a hexagonal
wurtzite structure. The specter's XRD indicated that the bismuth doping does not change the
wurtzite structure of ZnO. We can see that the intensity of the peak at 26=34.43° increases with
the increase in the percentage of bismuth. The peak intensity (002) increases proportionally
with the doping rates of Bi up to the achievement of the maximum, which is 10 % of Bi. The
ionic radius of Zn," is about 0.74 A, and Bi®* is about 0.96 A. Layer parameters for pure ZnO
are a=3.242 A and c = 5.176 A. In the case of Bi-doped ZnO, these parameters are a = 3.258
A and ¢ = 5.200 A, which can be explained by the fact that the larger Bi ion is substituted in
the ZnO lattice.

3.4. Optical proprieties.

UV-Visible Spectrophotometry is an optical characterization technique. It provides
information on the optical effects of doping rates properties of the sample to be analyzed, such
as the transmission and absorption of light and estimation of the optical gap. It can also inform
us, in some cases, about the thickness of the sample.

In order to examine the properties of Bi-doped ZnO layers, we studied the evolution of
the transmission spectra and the optical gap as a function of doping rate (2, 6, and 10% Bi).

80

|

300 400

500 600 700 800
A (nm)

Figure 6. Transmission spectra of ZnO alone and Bi-doped ZnO prepared at different doping rates.

Figure 6 shows the transmittance spectra for Bi-doped ZnO electrodeposited on ITO
substrate at 70 °C. As can be seen, all the films are transparent with a transmittance in the
visible domain, which is important for the ZnO applications.

From to band theory, the relationship between the absorption coefficient aop and the
energy of the incident light hv provides access to the gap energy of a semiconductor as given
by the Tauc's:

(aophv)? = B.(hv-EQ) (13)
where B is a constant, Eg is the band gap, aop IS the absorption coefficient, hv is the photon
energy, and the plots of (aophv)? with photon energy hv are shown in Figure 7; it found to be
linear over a wide range of photon energies indicating the indirect type of transition. The band
gap of Bi-doped ZnO electrodeposition on ITO substrate has been calculated from the intercept
of the plot on the energy axis. We see that the gap decreases with the percentage of Bi, contrary
to what we found with cobalt doping [15]. This result is due to the fact that Bi is a group 111B
element, which is generally n donors.
https://biointerfaceresearch.com/  70f11
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Figure 7. Plot of (aophv)? versus (hv).

3.4.1. Scanning Electron Microscopy.

Scanning electron microscopy (SEM) is a microscopy technique for obtaining relief
images of the surface of samples with high resolution, ranging from 0.4 nm to 10 nm and
greatly exceeding that of optical microscopy. Figures 8 and 9 represent a morphological study
for samples, one for ZnO alone and the others for Bi-doped ZnO at different doping rates
electrodeposited on ITO substrate at -1.2V versus SCE during 30 min.

Figure 9. SEM image of Bi-doped ZnO (2% Bi, 6% Bi, and 10% Bi) electrodeposited for 30 min on ITO
substrate at a potential of 1.2V/SCE.
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Figures 8 and 9 demonstrate that the deposit of ZnO and Bi-doped ZnO at different
doping rates is heterogeneous over the entire surface of the substrate, and the grains are all of
different sizes and shapes. We can say that the morphology depends on the bismuth doping
rates. We notice that the substrate surface is not completely covered by the deposit of ZnO and
Bi-doped ZnO, which confers that the nucleation mechanism is progressive 3D.

4. Conclusions

In this paper, Bi-doped ZnO nanorod films were synthesized by electrodeposition
method on ITO substrate. Effects of doping rates on the electrodeposition mechanism and
structural, optical, and morphological properties are studied. The cyclic voltammetry
investigation showed that the ZnO-doped Bi electrodeposition on the ITO substrate process is
quasi-reversible and controlled by diffusion. The chronoamperometry method indicated that
the electrodeposition nucleation and growth mechanism of ZnO and Bi-doped ZnO is achieved
through a 3D progressive nucleation process. The X-ray diffraction characterization indicated
that the ZnO and Bi-doped ZnO electrodeposition crystallized with a wurtzite structure. Band
gap measurements using transmission spectra indicate that the ZnO films have a band gap of
3.9 eV, and when doping with Bi, the transmission spectra show a decrease in gap energy with
increasing Bi rates.
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