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Abstract

Bi,Se; compound was deposited catholically under potential control, from a mixture solution composed from equi-
molar SeO, and BiCl;. The concentration of selenium and bismuth precursors was about 5 - 102 M. The electro-
deposited films were grown on FTO substrates (Transparent Conductive Glass Fluorine-Doped Tin Oxide (FTO)-—
Coated Glass). Deposition potential was determined from cyclic voltammetry (CV) where the platinum mesh was
taken as working electrode. The growth kinetics depends on the applied potential. It was found, using EDS tech-
nique, that suitable ratio of Se/Bi corresponding to Bi,Se; was reached at —250 mV vs. SCE (saturated calomel
electrode). X-ray and grazing X-ray diffraction revealed that the obtained film at —250 and —200 mV/SCE consisted
a thombohedral Bi,Se; structure. Raman shift was employed to corroborate the X-ray results with the possibility of
formation of a rhombohedral Bi,Se; when the applied potential was —200 mV (vs. SCE). The Bi,Ses-obtained films

were an n-type semiconductor with a carrier charge concentration which depends on the applied potential.
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Introduction

Groups V-VI thin-film semiconductors based on sul-
fides, selenides, and tellurides have a narrow band
gap. Among them, the bismuth selenide (Bi,Se3) is a
direct gap semiconductor, and the gap energy noted E,
ranges from 0.16 to 0.35 eV [1]. Bismuth selenide has
been widely studied because of its non-toxicity [2] and
its potential applications in medical [3], photovoltaic
[4], infrared, and gas detection [5], and in thermoelec-
tric and optoelectronic devices applications fields [6—8].

Bismuth selenide (Bi,Se3) has a rhombohedral crystal
structure, integrated in a hexagonal lattice which allows
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to highlight the stacking of atomic layers, corresponding
to the basic quintet of the structure: Se(1)-Bi-Se(2)-Bi-
Se(1) [9]. The different atomic layers of the sequence
are arranged perpendicularly to the ternary axis of the
rhombohedral mesh, which is also the ¢ axis of the
hexagonal mesh. However, under particular preparation
conditions, the orthorhombic phase may appear [10, 11].
Several techniques can be used to obtain Bi,Se; thin
films, namely exfoliation [8], radio frequency sputtering
[12, 13], hydrothermal method [14, 15], co-reduction
[16], successive ionic layer adsorption and reaction
(SILAR) technique [17], potentiostatically controlled
electroplating in HNO; medium at different voltages and on
different substrates [10, 18-20], and electroplating under gal-
vanostatic control [21].

In this work, we prepared thin films of Bi,Se; by
potentiostatic electrodeposition on an FTO-coated glass
substrate in an acidic medium (HCI 1 M). The
voltammetric study allowed us to determine the range
of applied potential to obtain Bi,Se; films. Several tech-
niques are used for the characterization of the obtained
films such as X-ray diffraction, scanning electron mi-
croscopy coupled with the energy dispersive X-ray
(EDX) microanalysis. Vibration modes relative to the
Bi,Se; structure are determined by Raman spectroscopy.
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Experimental section

The study is carried out in a double-walled cell for tempera-
ture regulation. The selected temperature is 30 °C. The record-
ing of the cyclic voltammetry (CV) and the
chronoamperometric curves were carried out using a
potentiostat/galvanostat type PZC 301, with a conventional
three-electrode assembly. The cyclic voltammograms were
obtained with a scanning speed of 100 mV/s. The deposition
time is fixed at 1 h. The solution is a mixture of hydrochloric
acid and DMSO in a volume ratio (90:10) respectively, to
reach a concentration of HCI equal to 1 M. The bismuth pre-
cursor is BiCls, while the selenium oxide SeO, was the sele-
nium precursor. The concentration used for bismuth and sele-
nium is of the order of 5 - 10~ M. During electrochemical
study, the solution was aerated and moderately stirred. Film
deposition is obtained by applying a fixed potential. During
the electrodeposition process, the evolution of the current
against time was recorded. This deposition is grown on FTO
substrates (Transparent Conductive Glass Fluorine-Doped Tin
Oxide (FTO)—Coated Glass). Before electroplating, the FTO
substrates are washed with water and liquid soap and then
rinsed with water. Afterwards, the substrates are washed in
two baths consisting of water/ethanol and water/acetone in
an ultrasonic device. Afterwards, the FTO substrates are
rinsed with distilled water. The surface exposed to the solution
is 1 cm”. Impedance spectroscopy and the capacitance mea-
surements at a frequency of 1 kHz were carried out in Na,SO,4
10~" M solution. The characterization of the obtained films is
carried out by normal and grazing incidence X-ray diffraction
(Rigaku, Smart Lab SE). Raman spectroscopy is used for the
characterization of the films obtained using an excitation
source of the order of 532 nm (Confotec MR520). The com-
position and morphology of the obtained films are given using
scanning electron microscopy (TESCAN VEGA3 SEM)
coupled with an energy dispersive X-ray microanalysis sys-
tem (EDAX, EDX).

Results and discussion

Figure 1 shows the cyclic voltammetry curves of the different
solutions in 1 M HCI with 10% DMSO, obtained with a scan-
ning speed of 100 mV/s. An anodic activity is observed in the
case of a solution containing bismuth (E,; =—50 mV (vs.
SCE)). The CV curve of the mixture solution (bismuth and
selenium solution) presented an anodic peak at Ep, =235 mV
(vs. SCE).

In the case of the bismuth solution, it is possible to attribute
this anodic peak to the oxidation of bismuth to bismuth (IIT)
[22, 23] according to the following reaction (Eq. 1):

Bi s Bi*™ + 3¢ E=-50mV (vs.SCE) (1)
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Fig. 1 Cyclic voltammetry of bismuth, selenium and mixture bismuth-
selenium solutions (Vb = 100 mV/s)

This theoretical value coincides with that determined from
Fig. 1. During the reduction, it seems that from — 190 mV/
SCE, there is a reduction of Bi** into Bi, the diffusion step
extends from — 190 to —420 mV (vs. SCE) (Fig. 2).

In Fig. 3, we report the CV curve of selenium in acidic
solution. The reduction peak centered at +400 mV (vs.
SCE) may be attributed to the reduction of H,SeO; to seleni-
um (0) [22, 24] according to the following reaction:

H,SeO; +4H" +4e 5 Se(,) + 3H,0 (2)

A slight change in the curve is observed between — 270 and
60 mV (vs. SCE) and may be due to a pre-deposition of sele-
nium (0) on the substrate at the same time as the selenium
deposited from reaction (1) [25-27].

Once again, we are witnessing a change in the course of the
CV curve relative to selenium, and which may be due to the
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Fig. 2 Reduction of Bi** into Bi
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Fig. 3 The CV curve of selenium in acidic solution

reaction of direct reduction of H,SeO5 to H,Se. This reaction
(reaction 2) is obtained at a potential of the order of 30 mV (vs.
SCE) and which is approximately the potential where the CV
curve changes course for the second time (experimentally
60 mV (vs. SCE)) if a slight overvoltage of H,Se(,, on FTO
is accepted [27].

H,Se0; + 6H* +6¢” 5 HySe(q) + 3H,0 (3)

It is reported in the literature that a [26] reaction can take
place between selenium oxidation state + IV and — II.

H,SeO5 + Zste(g) s 3Se(s) + H,O (4)

Above —280 mV (vs. SCE), the contribution of hydrogen
reduction becomes important. From the above, it can be said
that the optimal range of applied potential to obtain Bi,Se;
films, extends from — 190 to —280 mV (vs. SCE). This po-
tential range is similar to that proposed by Xiao-long Li et al.
and others [28, 29]. Several co-deposition reactions of bis-
muth and selenium in the form of Bi,Se; have been proposed.
The main ones are as follows:

Selenium adsorbed on the substrate surface by reaction 5
reacts with Bi** as follows [28]:

2Bi*" +3Se + 6e"5  BisSes (5)

Based on studies on the electroplating of Bi,Te; [10], an-
other reaction seems plausible.

3H,Se0; + 2Bi*" + 12H' + 18¢'S  BiySe; + 9H,0 (6)

This type of reaction is widely proposed for the electrode-
position of other thermoelectric materials, such as Bi,Te; as
reported by Elyaagoubi et al. [30].

The anodic peak observed in the case of the mixture bis-
muth selenium solution (Fig. 1) can be attributed to the

dissolution of Bi,Se; formed during the bismuth and selenium
forward scan (Fig. 4) as reported in the literature [23, 26] or
according to the reaction [31] (Eq. 7).

Bi,Se;23Se + 2Bi*" + 6¢” (7)

It is reported in the literature that when the potential de-
creases (moves cathodically), the film became richer in bis-
muth [32]. Thus, for a voltage of — 150 mV (vs. SCE), the film
is found to be rich in selenium, and at a voltage below —
280 mV (vs. SCE), the film is rich in bismuth. Thus, we report
in the following Table 1 the proportions of bismuth and sele-
nium as a function of the deposition potential.

Therefore, theoretically, the range of applied potentials to
obtain a Bi,Se; composition can range between — 190 and —
280 mV (vs. SCE); for this, we have chosen the potentials —
200 mV (vs. SCE) and —250 mV (vs. SCE).

When the deposition potential is between —200 and —
250 mV (vs. SCE), the film adheres homogeneously and is
gray in color. Nevertheless, the films obtained at more nega-
tive potential than —250 mV (vs. SCE) are black and peel off
the substrate. In addition, in the exposed regions substrate
(FTO), from which the film peeled off, a gas (certainly H,)
across the formed films evolved.

The chronoamperometric curves obtained for a stoichio-
metric mixture of 5 -+ 10> M for 60 min under stirring and at
a temperature of 30 °C are summarized in Fig. 5.

A sharp drop of the current density with time is seen, when
the applied potential is —250 mV (vs. SCE), reaching a min-
imum value of —2 mA/cm?. This value was reached after
about 21 min of time recording. On the other hand, when we
applied a voltage at about — 200 mV (vs. SCE), there is a delay
of 7 min before the nucleation process began, and the current
decreases until reaching its low value of — 1.05 mA/cm? after
39.5 min.

\
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Fig. 4 The bismuth and selenium forward scan
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Table 1 Evolution of selenium bismuth ratio with applied potential
E,pp [mV vs. SCE] —150  —200 —250 —300 —350
*[Se)/[Bi] 7.9 1.65 1.58 1.38 1.0

*[Se]/[Bi] Is the ratio of atomic percentage found by EDX for both
elements

These chronoamperometric curves show two zones, the
first where a rapid drop in current occurs and reaches a min-
imum (i,,) which corresponds to the formation of the first
nuclei (zone I). The active surface is, at this moment, reduced
(surface coverage is maximal). A second zone (zone II) in
which there is a slight increase in the current and which may
correspond to the appearance of new nuclei and/or the growth
of nuclei already formed [33, 34].

Figure 6 shows a comparison between the experimental
and theoretical curves according to Sharifker et al. [35-37]
for applied potentials of —200 and — 250 mV (vs. SCE).

This nucleation is a mixture of two-dimensional progres-
sive nucleation, and three-dimensional progressive thickening
was observed in the case of —200 mV (vs. SCE), and thus is
expected to form layer on layer. Instantaneous and three-
dimensional nucleation in the case of —250 mV (vs. SCE)
deposition potential was revealed.

At —200 mV (vs. SCE) (Fig. 7a), the substrate surface is
homogeneous, completely covered yet granular, with multi-
layer formation in the Z-direction. This finding corroborates
the results of the growth kinetics of the formed films.

However, when the voltage is —250 mV (vs. SCE), the
film is compact and the grain size is larger compared with
those obtained for —200 mV (vs. SCE) (Fig. 7b). At high
magnification, each grain randomly initiates nucleation.
These nuclei are of the nanometric order (<200 nm)

0.5

—8—E,,, =-250 mV vs.SCE
—6— E,,=-200mV vs.SCE

0.0 1

-0.5 4

i (mA/cm?)
5

-1.5 4

-2.0 4

¢ (min)

Fig. 5 The chronoamperometric curves obtained for a stoichiometric
mixture of 5 - 10 ° M
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Fig. 6 Comparison between the experimental and theoretical curves
according to Sharifker et al.

(Fig. 7¢). The morphology of the films obtained is shown in
Fig. 7.

The obtained films are characterized by X-ray diffraction.
The DRX spectra of the two samples obtained at —200 and —
250 mV (vs. SCE) for 1 h are shown in Fig. 8. It can be said
that as the voltage decreases, the film thickness increases be-
cause of peaks relative to FTO disappeared.

Four new peaks that were not present in the substrate spec-
trum (FTO) can be observed. Two large peaks respectively
centered at 24.2° and 43.9° may be attributed to the (101)
and (110) reticular planes. Two intense peaks at 29.6° and
30.8°, both of which can be attributed to the (015) reticular
plane, can be observed. The shape of the RDX spectra showed
poor crystallinity of the formed films. The overlapping of the
peaks relative to the substrate and those of the formed film,
makes it difficult to pronounce on the nature of the formed
film. For this reason, characterization of the formed film was
carried out using grazing incidence X-ray diffraction. Figure 9
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Fig. 7 Morphology of the films

presents the grazing X-ray diffraction spectrum of a samples

obtained at —200 mV and —250 mV (vs. SCE) for 1 h.
Three peaks can be distinguished at 24.3°, 29.57°, and at

43.6 degrees which are characteristic of the Bi,Se;
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Fig. 8 DRX spectra of the two samples obtained at — 200 and —250 mV
(vs. SCE)
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Rhombohedral phase according to the standard JCPDS sheet
(00-033-0214 and 01-89-2008). These results are in perfect
agreement with those reported in the literature [17, 38—40].
At the same figure (Fig. 9), we note the presence of peaks at
30.2° and 50.3° for sample obtained at —200 mV vs. SCE,
which seems to be due according to Ahmed Rasin et al. to the

30.2
(212)

50.3

@15 200 mV vs. SCE

Intensity (a.u.)

-250 mV vs. SCE

T
40 45 50 55 60
20 (degree)

Fig. 9 The grazing X-ray diffraction spectrum of a samples obtained at —
200 mV and —250 mV (vs. SCE)

20 25 30 35

@ Springer



484

J Solid State Electrochem (2021) 25:479-487

presence of the orthorhombic metastable phase of Bi2Se3 [10,
17, 27].

The Raman spectrum for the samples obtained at — 200 and
—250 mV (vs. SCE) is shown in Fig. 10. The film obtained at
—250 mV (vs. SCE) has three distinct bands, while the film
obtained at —200 mV (vs. SCE) has more than six bands.

The bands observed in the case of —250 mV (vs. SCE) are
73.3,132,and 177 cm™ ' which may be attributed respectively

to the vibration modes A(lfg); Eg), and Aéz) and which are
characteristic of the rhombohedral phase. Moreover, the
Raman spectrum of the film obtained at —200 mV (vs. SCE)
reveals the presence of three peaks and three shoulders: the
three peaks are centered at 73.3; 130.6, and 158.9 cmﬁl, and
shoulders centered at 63.6, 80.7, and 170.3 cm L.

Peaks at 73.3, 130.6, and the shoulder at 170.3 can be

1 2
0 D,

A(gz)‘ The peak centered at 158.9 cm™ ' is assigned to the vi-

bration mode A(13>. This vibration mode is relative to the or-
thorhombic phase of the metastable Bi,Se; or to the nano-
structured surface reasoning. The shoulders of low intensities
observed at 63 and 80.7 were respectively attributed to the

attributed respectively to the vibration modes A and

A(ll) and E,(1) vibration modes. The presence of shoulders
and the Raman shift to low values is certainly due to the co-
presence of the two orthorhombic (O-Bi,Ses) and rhombohe-
dral phases (r-Bi,Ses). This conclusion is corroborated by the
presence of the band at 160 cm ™' which is characteristic of the
orthorhombic phase of Bi,Se;. We summarized in the Table 2
below the different wavenumbers of the bands emerging from
the Raman spectra, and their modes of vibration. Results given
by the Raman analysis are in good agreement with those ob-
tained by grazing X-ray diffraction.

l — £, =-250 mV vs.SCE

== E,;,=-200 mV vs.SCE

Intensity (a.u.)

T T T
50 100 150 200 250
Ramam shift (cm ™)

Fig. 10 The Raman spectrum for the samples obtained at —200 and —
250 mV (vs. SCE)
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Table 2 Raman active vibration mode attribution

Vibrational frequency (cm ') Attribution Ref

63 Al [41]

74 Al) [11,42-45]

84 E® [46]

130-132 ES) [11,41, 43, 44, 47]
160 AP andior A5, [11,17, 41]

177 AP [11, 41,43, 44]

The presence of vibration mode, like A, and E, Raman
inactive modes, can be explained by missing of the crystallin-
ity of Bi,Ses [47].

The conductive behavior of the formed films was studied
by plotting the variation of 1/C* as a function of the voltage
applied in 0.1 M Na,SOy at a frequency of 1 kHz. Indeed, the
measured capacitance C can be considered a series combina-
tion of two contributions:

1/C= 1/Csc+ 1/Ca (8)

where Cg. is the space charge capacitance of the film and Cy; is
the capacitance of the double layer, which is usually orders of
magnitude higher than Cg. given by the Mott-Schottky rela-
tionship:

Lo 2 (e + ™ (9)
Cscz B g£0eNg4 o e

where ¢, is the dielectric constant of the formed film, & is the
permittivity of the vacuum (8.854 x 10™'* F cm ™), e is the
absolute charge, Ep, is the flat-band potential, K is the
Boltzmann constant (1.38 x 10723 J/K), Ny is the donor

2.5x10"
7 E =250 mV vs.SCE

—{+F app™ -200 mV vs.SCE
2.0x10'2

1 1.5x10"2

(cm*

) 1.0x10%2
5.0x10"" -

0.0

L] L] L] L] L]
-0.25 0.00 0.25 0.50 0.75 1.00 1.25
E (mV vs. SCE)

Fig. 11 The shapes of the variation of 1/C> against potential, for the films
obtained at —200 and —250 mV (vs. SCE)
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Table 3 Evolution of charge . - ]
carriers and flat band with applied ~ Permittivity Applied potential (vs. SCE)
potential
-02V -025V

29 Charge carriers (Ng X 10'7 em™) 6 11

163 10 20

29 Flat-band potential (V vs. SCE) 0.95 0.94

16.3 0.95 0.94

concentration in the case of an n-type semiconductor, and 7'is
the absolute temperature.

The variation of 1/C* as a function of potential referenced
to saturated calomel electrode (SCE) allows therefore the de-
termination of N4, which is also equal to the charge carrier
density room temperature, and also the flat-band potential
from the linear part of this curve. The latter parameter is the
potential required to counterbalance the potential drop origi-
nating from the space charge in the semiconductor that results
from the semiconductor/electrolyte junction. The space
charge, which is responsible for the band bending, occurs as
a result of the charge-transfer between the semiconductor and
the electrolyte redox couple that is required to align the Fermi
levels.

The shapes of the variation of 1/C* against potential, for the
films obtained at — 200 and — 250 mV (vs. SCE) are shown in
Fig. 11.

From these curves, we can say that the formed films are n-
type semiconductors. The exploitation of these curves allowed
us to determine the density of the charge carriers and also the
flat-band potential. In order to do this, we need to know the
permittivity of the formed film.

A value between 16.3 and 29 has been reported in the
literature [48, 49]. With this range of values, the table below
(Table 3) shows the values for the potential of the flat band
and the number of charge carriers:

From these results, it can be concluded that the number of
charge carriers doubles from —200 to —250 mV (vs. SCE).
Moreover, these values remain of the same order of magnitude
as those related from the literature [50]. The values of flat-
band potentials seem to be higher than those reported in the
literature [51, 52]. This may be due to the fact that we have
neglected the contribution of the double-layer capacitance in
the overall capacitance.

Conclusion

The study of the electrodeposition of bismuth and selenium
films reveals that the desired Bi,Se; stoichiometry is obtained
when the imposed potential is about —250 mV (vs. SCE).
Indeed, the stoichiometry depends on the imposed potential.

The more cathodic is the potential, the richer the formed film
is in bismuth. This conclusion was supported by X-ray dif-
fraction analysis, which shows the presence of a rhombohe-
dral phase of Bi,Se;, Raman spectroscopy supports this sug-
gestion, since the peaks found are those of r-Bi,Ses. The pos-
sibility of the formation of O-Bi,Se; is also considered. The
films obtained are n-type semiconductors, and the number of
charge carriers is in the order of 10'® cm ™.
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