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Abstract Composition modulated Biy(Te;_,Sey); thin
films were prepared on stainless steel substrates by cathodic
electrodeposition. The composition was dependent on the
deposition conditions. It was possible to obtain, in the same
electrolyte, films with either an excess or a deficiency of
bismuth in relation to stoichiometric Biy(TepoSep1); by
changing the deposition potential or the applied current
density. The excess of bismuth was reached at the highest
cathodic conditions. The variation of the crystallographic
axis and the morphology with a granular structure were
correlated with the presence of the Bi enrichment in the
ternary. The crystallographic texture of bismuth telluride
films was studied according to the electrodeposition
conditions. The films presented a fibre texture, and a main
orientation {11.0} was observed. Electrical and thermo-
electric properties of a Bij ggTe, 67S€g39 film were mea-
sured and showed an n-type behaviour.
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Introduction

Bismuth telluride alloys have a relevant importance for
modern solid state technology, owing to their peculiar
properties, such as thermoelectric power conversion. These
properties have made Bi,Tes-based compounds suitable for
a large range of applications, such as thermoelectric
generators [1], coolers [2] and optical storage systems [3].
Owing to their high figure-of-merit at room temperature,
the derivative selenide compounds are considered to be the
best n-type materials for use in thermoelectric refrigeration
at room temperature [4]. Single crystals are usually
fabricated by directional crystallisation techniques, while
films are obtained by chemical or physical vapour
deposition. These deposition techniques have the drawback
of a rather high production cost. On the other hand, bismuth
telluride alloy electroplating appears to be a promising and
low-cost growth method for obtaining films of high quality.
Several electrochemical processes have been developed,
leading to different compositions of Bi,Te; binary com-
pounds [5—11]. However, there are few studies concerning
the Bi-Se-Te ternary [12—14]. In our previous work [13] we
used an experimental design to define the chemical and
potentiostatic conditions [deposition potential=—55 mV per
saturated calomel electrode (SCE)] leading to Bi,Te, 7Seq 3
stoichiometry. The investigations described in this paper are
based on this previous work. The electroplating of Bi-Te-Se
ternaries was conducted using an electrolyte in the
same proportions (1072M Bi*™ + 61072 M HTeO +
6.65107*M H,SeO5 and 2 10> M Bi’" + 1.2 10° M
HTeO," + 1.23 10> M H,SeOs;, which correspond, in both
cases, to 60 % Bi**+36% HTeOF + 4% H,SeO; in
solution). The aim of this study was to investigate the
dependence of phase composition, crystallographic data,
surface morphology and crystallographic texture in electro-
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plated ternary films on the electrochemical conditions
(applied potential or current density).

Experimental procedures
Deposition conditions

Electrolytes were prepared in solution with deionised water.
To ensure the stability and the solubility of Bi"" solutions,
the selected electrolyte was 1 M aqueous HNO;. The Bi™
and Se'” solutions were obtained by dissolution of Bi
(NO3)3,5H,0 and Na,SeO; (analytical grade). The Te"
solutions were prepared from the reaction of nitric acid (2N)
on elemental tellurium. Two electrolytes having the same
proportions of elements (60% Bi*'+36% HT eOF + 4%
H,SeO; in solution) were used to obtain ternary films:
1072 M Bi*™+6 107 M HTeO5 + 6.65 10°* M H,SeOs and
2107 M Bi*'+1.2 10 > M HTeO5 + 1.23 10 M H,SeOs.
Stainless-steel discs were chosen as substrate for the
preparation of Biy(Te,Se;_y); films. The plates were
mechanically polished with SiC paper and with diamond
paste (1 um size). After being polished, the electrodes were
cleaned with distilled water followed by rinsing with p.a.
grade methanol. The working electrodes were located
horizontally in the bottom of a PTFE cell specially designed
in our laboratory. An area of 2 cm® was exposed for
deposition. The deposition, using a potentiostat/galvanostat
Radiometer PGP 201 driven by a computer, was carried out
at room temperature without stirring with a platinum disc
counter electrode facing the working plate and with a
saturated calomel electrode (SCE). The growth time was
fixed at 2 h. Deposition was conducted either at potentiostatic
polarisations ranging from —55 mV/SCE to —125 mV/SCE
or at cathodic current densities ranging from —0.07 A.dm >
to —0.40 A.dm 2. The electrochemical cell had an electrolyte
volume of 0.1 dm’. The electrolyte solution was de-acrated
by argon bubbling through it for 20 min prior to the
experiment, and this atmosphere was then kept constant.

Deposit characterisation

Samples were prepared after electrodeposition by being
thoroughly rinsed in three steps (nitric acid solution, pH=1,
deionised water, and methanol), followed by air drying. The
morphology was studied under a scanning electron micro-
scope (Hitachi model S 2500LB or Philips model XL 30).
X-ray diffraction data were obtained with an Inel diffrac-
tometer (curve detector INEL CPS 120, CoK, radiation).
The crystallographic texture was determined by X-ray
diffraction pole figure measurement using FeK, radiation.
The goniometer was equipped with a curve sensitive
detector INEL CPS 120 having a 120° angular aperture
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and configured to record simultaneously several pole
figures and their background. This method is called
multi-pole figure measurement. Although Biy(Te;—Sey)s
presents a thombohedral structure, a pseudo-hexagonal cell
was used [15]. Thus, all the crystallographic notations are
given according to the notation used for the hexagonal
structure (four indices notation). The {01.5}, {10.10},
{11.0} and {20.5} pole figures were measured on the
deposits removed from their substrate. These planes were
chosen because of their relatively high intensities. All the
measurements were corrected from background.

Elemental analyses were carried out using an electron
probe microanalyser (CAMECA SX 50) that had been
calibrated with Bi,Te; and Bi,Se; standards. The tellurium,
bismuth and selenium microanalyses were performed on ten
different sections of the samples. The stoichiometry was
assessed using the average of these ten values and assuming
an atomic composition of 5 in the sample. Analyses were
reproducible within + 1 atomic percentage (at%).

The electronic and transport properties of the electro-
deposited Bi,Te,Se, materials were determined by mea-
surement of the Seebeck coefficient, the electrical resistivity
and the carrier concentration. The sample was removed
from the substrate with an epoxy resin to ensure the
integrity of the film. The Seebeck coefficient was mea-
sured, at room temperature, using a Keithley 2700 multi-
meter. The voltage was measured between two probes,
which were held at a fixed distance of 2 cm from each
other. The hot probe was heated to a temperature 2 °C
higher than the other one. Electrical resistivity and carrier
concentration were determined by the Van Der Pauw
technique and Hall method, respectively, with a HEM-
2000 EGK system.

Results and discussion

Two alternative types (potentiostatic and galvanostatic) of
electroplating were explored in two electrolytes containing
60% Bi’", 36% HTeOy, 4% H,Se0; with [Bi*+]=10"7> M
or2 1072 M.

Chemical composition analyses

Figure 1 shows the variations in the Bi, Se and Te
percentages as a function of deposition potential and
electrolyte composition. For the [Bi*']=0.01 M, as the
potential decreases, the tellurium and selenium contents in
the electrodeposits continuously decrease, while a concom-
itant increase in the percentage of bismuth is observed. For
a solution having the same Bi/Se/Te proportions but twice
as concentrated, the behaviour is different. For the potential
ranging between —55 mV and —90 mV, the stoichiometry
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Fig. 1 Evolution of Bi, Te and Se atomic percentages in films vs the
deposition potential and the bismuth concentration in the electrolyte
containing 60% Bi**, 36% HTeO;, 4% H,SeO; with [Bi*']=107 M
(@) or 2.10 2 M (b). (The ternary stoichiometry is also indicated)

remained stable. Higher cathodic potentials caused a rapid
increase of bismuth, an important decrease of tellurium and
a small fall of selenium content in the films. The current
density dependence of film composition is plotted in Fig. 2.
The curves have the same shape whatever the electrolyte
concentration, but, for the twice-as-concentrated solution,
Bi,Te; 7Seqg3 type compounds are obtained at higher
cathodic current densities. The same variation in the
element content can be noted as that observed in the
potentiostatic plating with a bismuth concentration of
0.02 M.
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Fig. 2 Evolution of Bi, Te and Se atomic percentages in films vs the
current density and the bismuth concentration in the electrolyte
containing 60% Bi**, 36% HTeO5, 4% H,SeO; with [Bi*']=10 M
(a) or 2.10 2 M (b). (The ternary stoichiometry is also indicated)

By controlling the electrode potential or the current
densities, it was possible to achieve a large range of ternary
film compositions. Higher cathodic conditions caused
bismuth enrichment, while lower cathodic conditions led
to chalcogenide (X=Set+Te)-rich alloys. This variation is
similar to that in our previous study relative to the
electroplating of bismuth telluride binary [10]. Decreasing
the potential resulted in increased deposition of Bi. The
explanation reported by Gonzales et al. [9] is that the
reduction potential of Bi*" is slightly more negative than
that of Bi,Tes or, in our case, the Bi-Se-Te ternary. The
experimental values leading to a transition between Bi-rich
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and X-rich ternary films were, for the potentiostatic plating,
Edeposition €qual to =55 mV for [Bi**]=0.01 M and —90 mV
for [Bi**]=0.02 M, and, for the galvanostatic plating, a
current density equal to —0.11 A/dm? for [Bi*']=0.01 M
and —0.30 A/dm’ for [Bi**]=0.02 M. A similar trend was
observed in the case of the binary electroplating.

The growth rate varies between 3 um h™' (for |Bi*"|=
102 M and E=—55 mV) and 6 um h™" (for |Bi|=2 10> M
and E=—105 mV) for potentiostatic plating. The galvano-
static growth rates were found to range between 3 pum h™!
and 10 um h™', according to the experimental conditions.
The electroplating efficiencies were close to 98+2% and

Fig. 4 Crystallographic struc-
ture of BiyTes. a Stacking of
hexagonal net of Bi and Te
atoms. b Enlargement of the
structure. The dotted lines cor-
respond to the dense directions.
¢ Evolution of the distance
between atoms when a Te atom
is substituted by a Bi atom

- = <501> direction

Substituted Te atom

@ Springer



J Solid State Electrochem (2008) 12:95-101

99

E=-55mV E=-70 mV
[Bi**] =10°M [Bi**] =10"M
Bi.05Tes.635€0.39 BiypoTers35€0.38

j=-0.1 A.dm
[Bi**]=10-2M
Bi73Tex51Se04

j=-0.12 A.dm™
[Bi**] =107 M
Bi, 13Tes sa5¢€0.33

E=-55mV E=-105mV
[Bi*"] =2.10°M [Bi**] =2.10°M
Bij.94Tes 665€0.40 Bis34Ter405€0.26

Fig. 5 SEM photographs of electrodeposited films obtained by a
potentiostatic or galvanostatic mode in an electrolyte containing 60%
Bi*', 36% HTeOy, 4% H,SeO;

did not change significantly with electrolyte concentration,
Egeposition» OF current density.
X-ray diffraction study

X-ray diffraction (XRD) was employed to control the
structure of films deposited at various potentials and current

densities. For all samples, the diffraction peaks were indexed
according to the crystallographic structure of Bi,Te; but
with a small shift in lattice parameters. Examination of the
diffraction patterns revealed that the electrodeposits were
not formed from the separate elements but corresponded to
a single phase closer to Bi,Te; than to Bi,Ses.

The lattice parameters of the hexagonal structure for all
electrodeposits were determined from the observed reticular
distances, using a least-squares method. Figure 3 shows the
relationship between the refined lattice parameters of the
films and the bismuth atomic percentage for potentiostatic
deposits. It can be noticed that, for the sample with 40 at%
Bi, apex and cpe are lower than the Biyte; cell parameters
(Fig. 3a and b). This is probably due to the presence of a
small quantity of Se and its lower atomic radius. Never-
theless, the Se quantity did not change with the cathodic
potential or intensity; consequently, the cell parameters can
be exclusively expressed according to the Bi stoichiometry.
As for the Bi,Te; compounds [8, 10], when the cathodic
potential is increased, so increasing the amount of bismuth,
the apex parameter (Fig. 3a) increases while the cjex
parameter decreases (Fig. 3b). The same general observa-
tions were noted for the a-axis and c-axis lengths of
galvanostatic deposits.

To understand these variations, one must remember the
particular crystallographic structure of Biy(Teg9Sey 1)s,
which can be described with the Bi,Tes structure, where
some Te atoms are statistically replaced by Se atoms. The
Bi,Tes structure is formed by a layered periodic arrange-
ment of atoms. In a layer the atoms form a hexagonal net.
These layers were aligned perpendicularly to the trigonal ¢
axis in a stacking ABCABC..., characteristic of a face-
centred cubic crystal. The change in atomic species and
spacing distinguishes this structure from fcc. The layers of
atoms could get together to form a quintet composed of five
atomic planes arranged according to the following pattern:
TeV-Bi-Te®-Bi-Te'". In the quintet, the Bi-Te" and Bi-Te®
bonds are mainly covalent and the quintets are bonded by
Van der Waals interactions. According to the atomic
positions of Bi and Te given by Wyckoff [16] Fig. 4a shows
the structure of BiyTe;. In the basal plane (hexagonal net)
of the structure, the distance between neighbouring atoms
(equal to the ay, lattice parameter) is larger than the atomic
size of the atoms. Crystallographic analysis shows that the
shorter distances between neighbouring atoms (covalent
bonds Bi-Te® and Bi-Te'") are close to the same directions
and are along the (50.T) directions (dotted line in Fig. 4b).
Therefore, in a quintet along one of these dense directions the
pattern is only described by the covalent bonds.

If the the atomic radii of Bi (1.54 A), Te (1.43 A) and Se
(1.16 A) are taken into account, the replacement of a Te or
an Se atom by a Bi atom increases the distance between the
substituted Te atom and the neighbouring atoms along the
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Fig. 6 Radial pole figure (inten-
sity integrated along azimuth
angle in multiple of random unit
versus tilt angle) of the
Bi,(TeSe); films obtained with
deposition potentials equal

to =90 mV/SCE, electrolyte:
107 M Bi*™+6.10° M
HTeOF+6.65.10 % M H,SeO;

Bix(TeSe)s
(10.10)

Bix(TeSe)s
(11.0)

min : 0
max : 3.28
levels : 0.6 -1.3-2.0-2.7

min : 0
max : 16.49
levels : 2.0 -6.0-10.0 - 14.0

Bix(TeSe);
(01.5)

Bix(TeSe);
(20.5)

min : 0
max : 4.29
levels : 0.8 —1.8-2.8-3.8

dense direction. The substitution of a Te atom (marked by
an arrow in Fig. 4b) induces a modification in the position
of the Bi atoms in the next plane. This leads to an increase
in the distance between these Bi atoms in the stacking plane
(anex lattice parameter) and to an increase in the distance
between the plane containing the substituted atoms and the
next Bi planes. As the distance between the atoms in
the basal plane increases, the distance between the Bi and
the Te non-substituted planes decreases, leading to a
decrease in the ¢y, lattice parameter. These modifications
are summarised in Fig. 4c.

Characterisation by scanning electron microscope
Scanning electron microscope (SEM) images present the

surface morphology of ternary samples with equivalent
compositions and elaborated under potentiostatic and
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min : 0
max : 4.38
levels : 0.8 —1.8-2.8-3.8

galvanostatic conditions (Fig. 5). The figure evidences that
potentiostatic films are totally covered by a large number of
agglomerated nodules, in contrast to the binary, where the
surfaces are covered by agglomerated needles. The size of
nodules depends on the synthesis conditions and the
stoichiometric composition. For films presenting a chalco-
gen excess (Fig. 5a and c) obtained from an electrolyte with
[Bi**]=0.01 M, a little roughness and a fine granular
microstructure were observed, whereas the Bi-rich ternary
films presented a larger granular structure (Fig. 5b and d).
The electrochemical mode did not seem to induce an
important difference for the morphology, even if the
smallest nodules were obtained in the galvanostatic mode.
The morphology was rather fixed by the film stoichiometry.
For [Bi**1=0.02 M (Fig. 5e¢ and f), the films presented a
granular structure, whatever the composition. The deposit
structure was coarser, with larger nodules.
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Characterisation of crystallographic texture

The effect of the potential deposition or current density on
the crystallographic texture of the electrodeposit was also
investigated. The deposition was carried out for the two
electrolyte concentrations. The films presented a fibre
texture with the normal direction of the deposit as fibre
axis. The {01.5}, {10.10}, {11.0} and {20.5} pole figures
were measured on samples obtained for =70 mV/SCE with
[Bi**1=0.01 M (Fig. 6). Similar results were found for
potentiostatic or galvanostatic depositions. A single pre-
ferred orientation {11.0} was always observed for deposits
obtained with an electrolyte having a | Bi**| concentration
of 0.01 M, whatever the electroplating mode. This
orientation was also mainly obtained for depositions
obtained with electrolyte having a [Bi*'] concentration of
0.02 M. Nevertheless, for the most cathodic potential
(E=—125 mV), the dominant {11.0} orientation was still
observed, but a concomitant {10.10} preferential orienta-
tion appeared. This texture and its evolution with the
stoichiometry were similar to that already studied in our
previous work on bismuth telluride [17]. The substitution of
tellurium atoms by selenium atoms in the crystallographic
structure did not change the film growth mechanism. The
orientation {11.0} was the main one observed. This {11.0}
orientation indicates that the crystallites of the deposits are
such that the basal planes are perpendicular to the electrode
surface, with the position of the c axis parallel to the
surface. This orientation is favourable to the transfer of
electrons from the electrode and thus to the electrochemical
process.

Electrical and Seebeck characterisation

Some electrical measurements were made at room temper-
ature directly on five films with a composition equal to that
of Bi; ggTe, ¢7Seg 39, corresponding to the best stoichiom-
etry for thermoelectric applications. The carrier concentra-
tion reached 4.5 10°° cm™, the electron mobility was
10.8 cm?V 's™'. The observed values of Seebeck coeffi-
cients and the Hall effect were all negative, and these
results indicate that all samples exhibited n-type features,
with similar values of approximately —70 uV K except
for one, a Seebeck coefficient equal to—150 pV K.
Although the electrodeposited ternary has levels of carrier
concentration similar to those of bulk material, the Seebeck
coefficients, as well as the Hall mobility, are lower than that
in a single crystal, respectively around —240 puV K™ and
45 cm®V's™". This can be due to the microstructure of the
films. Defaults and cracks, and grain boundaries in the
films probably caused the strong decrease of electron
mobility and Seebeck coefficient. A more detailed study

of the thermoelectric properties of electrodeposited Bi,
(Te1—«Sey)3 films has been submitted [18].

Conclusion

Biy(TeSe); films were obtained by potentiostatic and
galvanostatic electrodeposition. The composition of the
films was studied as a function of the deposition potential
and of the current density. The films had a wide range of
compositions accessible by electrochemical deposition,
showing the possibility of the preparation of Bi-rich or
Te-rich Biy(Tey 9Seq.1)3. All samples were single phase and
polycrystalline. The morphology of the alloy deposits was
not directly influenced by the electrochemical condition
but, on the whole, by their chemical composition. Electro-
deposition always led to a preferential orientation. {11.0} is
the dominant orientation, corresponding to the presence of
the basal planes perpendicular to the electrode surface.
Bismuth seleno-telluride showed a semi-conducting nature,
with n-type electrical conductivity.
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