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Abstract—In this work, cyclic voltammetry (CV) and chronoamperometry (CA) were used to study the elec-
trodeposition mechanism of red selenium on platinum and (ITO) substrates from aqueous solution contain-
ing (SeO,) and sodium citrate as support electrolyte with pH 4.3 at ambient temperature. The potentiostatic
current transients were analyzed according to Scharifker—Hills model. The morphological characterization
of the deposit was carried out by Scanning Electron Microscopy (SEM), whereas the optical one was realized
by UV-Visible spectroscopy. The results shown that the nucleation mechanism of Se on each substrate is
instantaneous with a three-dimensional growth of the hemispherical nuclei. The nucleation density (V) is
exponentially increased with the applied overpotential. Se thin film has an energy gap of about 2.4 eV.
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1. INTRODUCTION

Owing to its good semiconducting, optical, ther-
mal, electric and piezoelectric properties [1—3], sele-
nium has various physical, chemical, and biological
applications in our life [4—7], one of them in particu-
lar is the use in solar cells as photoactive thin film
[8, 9]. It appears in different phases. The amorphous
phase (red, brown and black) exhibits low electronic
conductivity. The crystalline phases, include several
solid allotropes, namely, the rhombohedral one, the
o, B and Y monoclinic ones and the trigonal (hexago-
nal) one. Hexagonal Se is gray and it is the densest and
the most stable of all phases [10]. Nowadays, various
methods are used to obtain selenium and its alloys films
such as sol—gel [11, 12], hydrothermal [13—15], spray
pyrolysis [16, 17], template method [18, 19], chemical
vapor deposition [20, 21] and electrodeposition meth-
ods [22—25]. The electrodeposition of thin films is
considered as one of the most promising ways due to
the ability to control the thickness, a large-area depo-
sition, a simple process, good adhesion, reproducibil-
ity and a low manufacturing process cost [9]. Several
studies have used the electrodeposition method to
make electrodeposited selenium, these studies focus
mainly on the morphology of the deposits and their
qualities [8, 22, 25—27] but are not interested to study
the formation mechanism of the selenium deposit and
the influences of the substrate on this mechanism, for

! The article is published in the original.

this reason our study is devoted on the determination
of the nucleation and growth mechanism of the germs
during the electrodeposition of selenium film on dif-
ferent substrates. The goal of this work is to study the
electrodeposition mechanism of the red selenium on
substrates (platinum and ITO) in acid medium
(pH 4.3) at ambient temperature starting from an
aqueous solution based on selenium dioxide SeO, in
the presence of sodium citrate as support electrolyte by
a model based on Scharifker—Hills calculations which
established to determine the nucleation and growth
mechanism [28, 29]. The nucleation density and the
energy gap were also investigated.

2. EXPERIMENTAL

Red selenium dioxide SeO, (Sigma-Aldrich, 99.99%)
and sodium citrate tribasic dihydrate C;HsNa;O; - 2H,0
(Fluka, 99%) powders used to prepare our electrode-
position bath. Stationary electrochemical measure-
ments (cyclic voltammetry (CV) and chronoamper-
ometry (CA)) were carried out using a system Voltalab
PGZ 301 controlled by a computer (software Volta-
Master4) with a cell of three electrodes; the saturated
calomel electrode (SCE) as reference electrode, the
platinum wire as counter electrode, the work electrode
was used as platinum and ITO (Indium Tin Oxide).
The platinum substrate was cleaned in the nitric acid
during 30 s, whereas the ITO substrate was first
cleaned in acetone for five minutes, then in ethanol for
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Fig. 1. Voltammograms of SeO, aqueous solution SSO mM) in medium of sodium citrate (0.15 M) (pH 4.3) on (a) platinum and

(b) ITO electrodes with scanning rate v=5mVs™ .

10 min, in the nitric acid (30%) during two minutes
and finally well rinsed with distilled water.

In this study, we used for all handling an aqueous
solution of (50 mM) selenium dioxide SeO, (which

dissolves in water and gives (HSeOy5)) and (0.15 M)
sodium citrate. The pH 4.3 was fixed by addition of
some drops of hydrochloric acid (HC1). For each sub-
strate, cyclic voltammogram has been traced to deter-
mine the electrodeposition potentials of selenium,
after that these potentials were applied in chronoamper-
ometry method. The surface morphology of electrode-
posited selenium film on I'TO substrate was investigated
using a JSM-7001F (SEM). The UV-Visible transmit-
tance spectra have been recorded with a Shimadzu
UV-1800 UV-Visible scanning spectrophotometer.

3. RESULTS AND DISCUSSION

The voltammetry was performed in order to iden-
tify the presence of electrodeposition processes and to
verify the electrochemical behavior of electrodes in the
electrodeposition bath. Figure 1 represents linear vol-
tammograms of the cathodic part for our solution
traced on platinum (a) and ITO (b) electrodes with a
scanning rate of v=5mV s~!. We can observe from the
curve (a), during cathodic scan from the abandon-
ment potential, two cathodic peaks (C,; at —0.82 Vand
C, at —0.97 V vs. SCE) relating respectively to forma-
tion of elemental Se, and release of H,Se gas [30, 31].

In curve (b), we observe also two cathodic peaks
(C, and C,). The peak C1 locates at —0.82 V vs. SCE
relates to formation of selenium thin film on the elec-
trode surface, the peak C, locates at —1.02 V vs. SCE
corresponds to release of H,Se gas [9]. In other part
the irreversible electroreduction of the tin oxide can
also take place [32].
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Scharifker and Hills have developed theoretical
models to describe the nucleation process during the
initial few seconds of electrodeposition using chrono-
amperometric curves. According to the three-dimen-
sional (3D) nucleation model, two limiting cases
referring to instantaneous and progressive nucleation
modes have been considered. Instantaneous nucle-
ation corresponds to fast growth of nuclei on many
active sites, all activated during the electroreduction
step, whereas, progressive nucleation describe a slower
growth of nuclei on a small number of active sites, all
activated at the same time [28, 29].

In order to determine the nucleation and growth
mechanism of the selenium deposited on each sub-
strate, chronoamperograms corresponding to electro-
deposition potentials has been recorded. Figure 2 rep-
resents the variation of the current density (i) accord-
ing to the time (¢¥) traced for the two substrates with
different imposted potentials. We observe an abrupt
decreases in absolute value of the current density at the
beginning which is related to double layer charging
and the necessary time for the formation of the first
germs on the active sites of the electrode surface, after
that the current density increases gradually until a
maximum value (i,,) corresponds a maximum time
(¢,,) follows to the growth of the germs which results to
the boost of active sites number in the surface of the
electrode, in the last step the current reduces and tends
towards a constant value (limit current), that leads to a
diffusion mode which limits the process [33, 34]. It’s
clear that the i, increases with increasing the imposed
potential but 7,, decrease; this shows that the accelera-
tion of electrocrystallization phenomena is more
favored while the imposed potential is sufficiently
cathodic. This is a typical response of the current tran-
sients for a nucleation and growth three dimensional
(3D) under diffusional control [28, 35].

It’s possible to analyze the first stages of electrode-
position to determine the corresponding nucleation
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Fig. 2. Current transients for selenium electrodeposition on (a) platinum and (b) ITO electrodes at different applied potentials.

mechanism using the first parts of the chronoampero-
grams i.e. before the diffusion step limit established, in
this case, from Scharifker—Hills model, there is a lin-
ear variation of the current density (i) with #/2 (i vs.
(#'/?) is a straight line) for instantaneous nucleation
and a linear variation of i vs. (#/?) for progressive
nucleation according to equations (1) and (2) [28, 29].

1/2
i = zFD’C'PN ki, K = (—SRCM) , (D
p

1/2
i = 2FD’C P AN K1, K = ‘g‘(wy , @
p

where zF'is the molar charge of electrodepositing spe-
cies, D is the diffusion coefficient, C the bulk concen-
tration of the electroactive species, N, the nucleation
density (i.e. the number of active sites per area unit),
tis the time, M is the atomic weight and p is the den-
sity of the deposit. Figure 3 shows the curves i vs. (#'/?)
and i vs. (/%) from the first stages of the chrono-
amperograms obtained previously where we observe
an ideal linearity for the curves i vs. (#/?) and nonlin-
earity for the curves i vs. (#/?) which shows that the
selenium electrodeposition on these substrates follows
the instantaneous nucleation type.

The non-dimensional plots of (i/i,,)? vs. (#/t,,) are
usually used to distinguish between instantaneous and
progressive nucleation processes, by comparing theo-
retical and experimental curves. To confirm the nucle-
ation type and growth we have converted the curves i
vs. t into adimensional form according to Scharifker—
Hills model as shown the two equations (3) and (4)
[28, 29].

For instantaneous nucleation followed by three-
dimensional diffusion-limited growth we have:

- 2 2
(;) =1.9542(%‘“)[1—exp(—l.2564%ﬂ Q)
lm m
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And for progressive nucleation followed by three-
dimensional diffusion-limited growth:

- 2 2
L] =1.2254(m |1 - exp 233671 || @
i t ’31

Figure 4 presents the curves (i/i,,)* vs. (¢/t,) corre-
spond to the preceding chronoamperograms traced
with the theoretical curves correspond to equations (3)
and (4) for instantaneous (full line) and progressive
(dotted line) nucleation, it’s clear that selenium
adopts an instantaneous nucleation on the platinum
substrate as per Fig. 4a (the experimental curves com-
pletely follow the theoretical curve describe the
instantaneous nucleation with an except of very small
divergence starting from the value #/7,, > 2.5), this
divergence was explained by several auteurs and
reported to the parasitic reaction of hydrogen [36, 37].
For the Fig. 4b we observe a significant divergence
compared with the theoretical curve of instantaneous
nucleation; may reflect the hydrogen reaction on the
surface of the working electrode which influences
directly on the number of nucleation sites. Generally
selenium adopts also instantaneous nucleation on the
ITO substrate (Figs. 3b and 4b).

After the determination of the electrocrystalliza-
tion mechanism, we can also determine other parame-
ters such as the diffusion coefficient (D) and the nucle-
ation density (N,) correspond this nucleation model;
therefore we have for an instantaneous nucleation:

-1/2 2
N, = 0.065(—8“@” ) (ﬂ) : (5)
p

im tm

f
p=— >l (©6)
0.1629(zFC)

m
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Fig. 3. Dependence of transition current according to /2 and /2 for the first stages of nucleation of electrodeposited selenium
on (a, a') platinum and (b, b") ITO substrates.
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Fig. 4. Dimensionless curves (i/im)2 vs. (1/ tm)2 for instantaneous and progressive 3D nucleation from Egs. (3) and (4) respectively,
along with experimental data of selenium electrodeposition on (a) platinum and (b) ITO substrates.

and for a progressive nucleation type:

AN, = 0.2898(
p

.2
lmtm

©0.2598(zFC)*
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Where A is the nucleation rate constant. The values of
in, t, and N, for the different applied potentials are
gathered in the table.

(7
Figure 5 shows the relation between the density of
active sites N, and the imposed potential £. The N,
(8) values are quite typical for an instantaneous type of
nucleation, which is characterized by a small number
Vol.53 No.2 2017
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Values of the nucleation density according to the imposed
potential

EV iy, MA cm ™2 I'ms S Ny % 1076, cm™2
Se/Pt
—0.76 2.23 5.95 1
—0.80 2.88 412 1.13
—0.84 4.96 1.98 1.64
—0.88 6.07 1.31 2.51
—0.92 8.08 0.83 3.52
—0.96 13.37 0.38 6.15
Se/ITO
—0.70 0.09 82.31 2.9
—0.74 0.21 34.60 3
—0.78 0.53 13.55 3.1
—0.82 0.68 10.19 3.30
—0.86 01.17 05.75 3.50
—0.90 01.59 04.05 3.82

of active sites. In this figure we observe an exponential
increase of V, with the increase of applied overpoten-
tial on the system, This exponential increase is gener-
ally understood as the increased activation of more
nucleation sites with higher overpotentials, which is
consistent with classical nucleation models [38, 39].
Where:

N o< exp (ﬂ)

kT

Figure 6 presents the SEM (Scanning Electron
Microscopy) image of electrodeposited selenium on
ITO substrate at —0.74 V vs. SCE applied potential for
10 min, the goal of the morphological characterization
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is to see the morphology of the germs formed on the
electrode surface. From this image we observe that the
obtained thin layer is very dense with tubular form of
grains.

The determination of the transition type direct or
indirect, as well as the evaluation of the energy gap for
a semiconductor can be carried out by UV-Visible
spectrophotometry. A semiconductor absorbs the light
at a certain wavelength kg which can be related to the
gap through the following equation [40]:

_ 1240

g

A, (nm) (V). (10)

The extinction of corresponding light follows an
exponential law:
I = I,exp(—al). (11)
Where [ is the penetration length of the light and o is
the reverse of the absorption length (the optical
absorption coefficient) which is a function with the
thickness d, the transmittance 7 and the reflection
coefficient of the semiconductor R, it’s given by the
following formula [41—44]:

2 4 1/2
] o

where the reflection coefficient is given by the follow-
ing equation:

R = (nx _1)2

, 13
(ng +1)2 )

ng is the refractive index.
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Fig. 5. Dependence of In(Ny) with E for Se deposited onto (a) Pt and (b) ITO electrodes. Line corresponds to the linear

adjustment.
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Fig. 6. SEM image of Se deposited on ITO with applied
potential —0.74 V vs. SCE during (10 min).

On the other hand the absorption coefficient is a
function to the energy of incident photons (4v) and the
energy gap E,, it’s given by the following formula [45]:

ahv = A(hv-E,)". (14)

A is a constant which also depends on the refractive
index of the material, the reduced mass and the light
speed in the vacuum. The exponent n depends to the
transition type: for a direct gap (rutile) » = 0.5 and for
an indirect gap (anatase) n = 2. So it’s possible, for
each type of particles, to plot the curve:

(ahv)!" = £ (hv). (15)

95

mEF=-074V
= F=-086V

85

N
W

Transmittance, %
(@)Y
(93}

55F

Near the absorption edge, include an affine function.
The intersection of the affine part of the curve and the
horizontal axis corresponds to the energy gap E,.

The transmittance spectra UV-Visible for the elec-
trodeposited red selenium (amorphous) on the ITO
substrate at —0.74 and —0.86 V vs. SCE potentials, and

the plot (ochv)2 vs. (hv) are represented on the Fig. 7;
the thicknesses of selenium films obtained at these
potentials were estimated using faraday’s law as 2.1
and 2.4 um, respectively. This figure shows that the
selenium film is photoactive in the UV-Visible range
which translates by the transmission bands at about

435 nm, the plot (ochv)2 vs. (Av) is valid to estimate the
gap energy value according to equation (15) (n = 0.5
for the red and gray selenium thin layers [46]), from
this equation when o/4v tends towards zero Av tends
towards E,, which leads that extrapolation on the axis
(hv) gives us directly the energy gap, in our curve
extrapolation gives a value of energy gap for red sele-
nium equal E, = 2.4 eV.

4. CONCLUSIONS

In this study, we present the substrate’s influence
on the electrodeposition mechanism of red selenium
in an acid medium with the sodium citrate (pH 4.3) at
ambient temperature using the Scharifker—Hills
model. From our research, selenium adopts an instan-
taneous nucleation 3D under diffusional control on
the two substrates: the platinum and the ITO, the
nucleation density is exponentially dependent with the
imposed potential. From the UV-Visible spectropho-

1.5 2.5 3.5 4.5
hv, eV

45

300 400 500

600 700 800

Wavelength, nm

Fig. 7. UV-Visible transmittance spectra for Se electrodeposited film on the ITO during 10 min with the plot (ochv)2 vs. (hv).
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tometry of the selenium deposit we found that it’s
photoactive and has an energy gap of about 2.4 eV.
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