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Abstract

(Bi;xSby)>Te; thermoelectric thin films were deposited on stainless steel discs in 1 M perchloric acid and 0.1 M
tartaric acid by pulse electrodeposition in order to optimize the grain growth. The influence of the electrolyte
composition, the cathodic current density and the cathodic pulse time on film stoichiometry were studied. The
results show that it is necessary to increase the Sb content in the electrolyte to obtain the (Big,5Sbg 75),Tes film
stoichiometry. Pulse plating reduced the grain size and the roughness, compared with continuous plating. Ther-
moelectric and electrical properties were also studied and it was found that the Seebeck coefficient and electrical
resistivity were related to two parameters: the cathodic pulse current density and the films thickness.

1. Introduction

Considerable interest has developed in alternative refrig-
eration and cooling technologies. Thermoelectric cooling
devices based upon the Peltier effect have been used for
many years in many applications such as thermoelectric
generators [1, 2], coolers [3] and for optical storage
systems [4]. Bismuth telluride represents the parent
compound of a family of technologically important
semiconductor alloys that are used extensively in modern
thermoelectric coolers [5, 6]. These alloys possess a high
figure of merit ZT due to a high Seebeck coefficient
(), moderate electrical conductivity (¢) and low thermal
conductivity (4). In addition, increased use of thermo-
electric coolers for temperature stabilisation of electronic
components has led to miniaturisation of thermoelectric
coolers. The current tendency to miniaturisation has
provoked interest in thin film thermoelectric devices. The
electrochemical process is a particularly attractive route
for processing thin film semiconductor materials [7]. It
offers the advantages of a low synthesis temperature, a
simple and low cost preparation of thin or thick samples
and a large area deposition on a laboratory scale.
Electrodeposition has been successfully applied to the
production of bismuth telluride binaries [8—12] and Bi—
Te—Se ternaries [13] in 1 M nitric acid, for potentiostatic
and galvanostatic ways. Recently, the optimum condi-
tions for potentiostatic plating of Bi—Sb-Te were deter-
mined [14]. An electrolyte (HCIO4 1 M and C4H¢Ogq
0.1 M) was used to electrodeposit the ternary. By varying
the electrode potential and the electrolyte composition, it

was possible to achieve a large range of ternary film
compositions, in particular (Big,5Sbg75),Tes which
presents the best thermoelectric properties at room
temperature [15]. However, (Bi;_Sb,),Tes films obtained
by steady state methods present significant roughness.

In order to optimize the material morphology synthesis
by pulsed current electrodeposition was studied. This
technique is an advanced form of electrodeposition which
offers better control over deposit properties by control-
ling the interfacial electrochemical reaction. A number of
variables such as pulse waveform, cathodic/anodic pulses,
ON/OFF pulse time or duty cycle, applied and mean
current density, etc., offers effective ways to control
macroscopic properties such as better adhesion, crack free
hard deposits, fine grained films with uniformity and
lower porosity [16-20]. The present work concerns, in
particular, the definition of the optimum conditions for a
pulse electrodeposition of (Bij..Sby),Te;, through a
comparison of the different pulse parameter influences.
The morphology of these films was analysed in order to
obtain a higher rate of grain nucleation and a more refined
grain structure. Finally, pulsed parameters and the
thickness dependence of electrical and thermoelectric
properties of Bi—Sb—Te films were studied.

2. Experimental details
2.1. Deposition conditions

Pulsed electrodeposition refers to deposition where
a current density is rapidly alternated between two
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different values. In the simplest case, this is realized with
a series of pulses of equal amplitude, duration and
polarity. Each pulse consists of an “ON’* time T, during
which a cathodic current density J. is applied, and an
“OFF” time T,y during which zero current density
J,=0 A dm™ is applied (Figure 1). The average current
density J,, is defined as J, =JAT on/(Tont Tom)}.

Stainless steel discs were chosen as substrate for the
pulsed deposition experiments. Plates were mechanically
polished with silicon paper followed by diamond paste
(1 um size). After being polished, the electrodes were
cleaned with distilled water followed by rinsing with
ethanol. The working electrodes were located horizon-
tally in the bottom of a polytetrafluoroethylene (PTFE)
cell which had an electrolyte volume of 0.1 dm?, under
an argon atmosphere. A 2 cm” area was exposed for
deposition, which was carried out at room temperature
without stirring. The electrochemical potentials of the
working electrode were measured and expressed by
reference to a saturated calomel electrode (SCE) and the
counter electrode was a platinum disc (1 cm?).
The experiments were realized using a Radiometer
PGZ 301 potentiostat, Voltamaster 4 software. The
electrolytic baths were prepared with Millipore™ water
(10 m Qm) and analytical grade reagents. To ensure the
stability and the solubility of bismuth(IIl), anti-
mony(IIT) and tellurium(IV) species in solution, the
selected solvent was a solution containing tartaric acid
(0.1 m) chosen for its chelating properties in relation to
antimony, and perchloric acid (1 M) for its acid prop-
erties. The solutions were respectively obtained by
dissolution of Bi,O3, Sb,O; and TeO,. According
to previous work using the continuous method [14],
the cation ratio ([Bi] +[Sb])/[Te] was fixed at 1, and the
value of the [Sb]/[Bi] ratio varied from 3 to 8. The
tellurite concentration was fixed at 107> m for all
the mixtures. Except for the study of the thickness
influence, all films were deposited with a thickness of
5 um, which corresponds to a total deposition time of
4100 s according to Faraday’s law.
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Fig. 1. Theoretical diagram of the pulse plating electrodeposition
process.

2.2. Deposition characterizations

Samples were prepared after electrodeposition by thor-
ough rinsing in three steps (nitric acid solution pH 1,
Millipore™ water and ethanol) followed by drying in
air. X-ray diffraction data were obtained with an Inel
diffractometer (XRG 2500 CPS 120, CoK, or Cuk,
radiation). The sample composition was obtained by
electron probe microanalysis (CAMECA SX 50 and SX
100). Ten different measures were performed and the
stoichiometry was assessed using the average of these 10
values. Analysis was reproducible within +1%. The
morphology was studied using a scanning electron
microscope SEM (HITACHI model S 2500 LB) and
the roughness was measured with a vertical scanning
interferometer (Wyko® NT1100 Optical Profiler).

The electrical properties of the electrodeposited
(Bi,.xSby),Te; materials were determined by measuring
the Seebeck coefficient and electrical resistivity. The
Seebeck coefficient was measured at room temperature
using a Keithley 2700 multimeter. The temperatures and
the differential potential of the film were measured using
0.1 mm diameter K type standard thermocouples. The
voltage was measured between two probes held at a
fixed distance of 2 cm from each other. The hot probe
was heated to a temperature of 2 °C above the other
one. Electrical resistivity was measured using the four
point technique, with an HEM-2000 EGK system at a
constant current of 1107 A. All annealings of 200 °C
were realized in a Thermolyne 21100 tube furnace under
primary vacuum.

3. Results and discussion

According to previous work [14] a tartaric—perchloric
electrolyte with a ([Bi] +[Sb])/[Te] cation ratio equal to
1, a [Sb]/[Bi] ratio equal to 3 and [Te]=10"> m, allows
(Bi;.xSby),Tes electroplating with a potentiostatic meth-
od. In particular, the (Big,5Sbg 75),Tes ternary, which is
considered to have the best thermoelectric properties at
room temperature, is obtained for a large potential
range from -0.15 to —0.25V vs. SCE. The surface
feature of a sample with this stoichiometry, obtained for
a deposition potential of —0.17 V vs. SCE, was exam-
ined by SEM. A representative micrograph is shown in
Figure 2. The film has significant roughness due to
heterogeneous grain growth. Indeed, the deposit has a
crystallized arborescent form in which 5 to 30 um grain
clusters were measured. A measurement by interfero-
metric microscopy gave a root mean square (RMS)
roughness of 8.61 um.

In order to optimize the material morphology syn-
thesis by pulsed current electrodeposition was studied.

3.1. Influence of pulsed deposition parameters

The pulsed deposition process allows control of the
cation concentration at the cathode/solution interface
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Fig. 2. SE micrograph of a (Big,5Sbg 75)>Tes electrodeposited film —
Egeposition==0.17 V_vs. SCE, [Bi"""]+[Sb™ " ]=[Te" "]=107% m,
[Sb™*]/[ Bi'™*]=3, Thickness=5 um.

by independently changing the pulse parameters, such as
cathodic current density J., cathodic pulse duration 7T,
and time between pulses 7.

Initially, the electrolyte giving the (Big,5Sbg.75)>Te;
ternary, that is ([Bi] +[Sb])/[Te]= 1 and [Sb]/[Bi] = 3, was
chosen and the influence of cathodic current density J.
and on-time T,, were studied. Previous voltammetric
studies allow T, to be fixed at 10 s to ensure that the
interfacial species concentrations at the electrode
returned to their initial values. Figure 3 shows the
cathodic current density dependence of the film compo-
sition for an on-time of 3 s. The dotted lines represent
the expected stoichiometry. For all the range studied the
curves show that the bismuth and tellurium contents
increase with decreasing cathodic current density, in
contrast to the antimony content which decreases
strongly. In addition, the morphology evolves from a
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Fig. 3. Cathodic intensity dependence of Bi,Sb,Te, stoichiometry —
B+ [SbT ] =[Te'V *1=1072 m, [SB"*]/[Bi""*]=3 — T,,=3s,
Tor = 10's, J,=0 A dm™2, Thickness=35 yum.
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powdery to a metallic aspect when the cathodic current
density decreases. From a less cathodic current density
than —1.3x10"" A dm™2, the film peels off the substrate
during synthesis. This phenomenon is probably due to
strong internal stress resulting from hydrogen genera-
tion on the electrode.

In order to investigate the influence of the on-time on
the stoichiometry the cathodic current density was fixed
at =2.15x107" A dm™2 This value represents a current
density for which the film does not peel off and is not
powdery. The results are presented in Figure 4. It was
observed that bismuth and tellurium stoichiometries
decrease with increasing cathodic pulse time, in contrast
with the antimony content which increases strongly.

For deposition times lower than 3 s the films contain
little antimony and they peel off during synthesis. When
To, is more than 7 s, the stoichiometry is close to
(Big.25Sbg 75)>Tes, but the films have a powdery mor-
phology which is equivalent to that obtained with the
continuous method [14]. For an on-time of 5s, the
electrodeposit has a much less disturbed morphology
than in the case of continuous synthesis (Figure 5). The
roughness measurement of 2.24 um confirms this result.
On the other hand, the Sb content in the film is not
sufficient. Pulse current synthesis allows optimization of
the film morphology by choosing a high cathodic
current density J. or a short on-time. But, it seems that
the roughness improvement is accompanied by a
decrease in the Sb content in the film. This phenomenon
was already observed by Fleurial et al. [11].

In order to get closer to (Big,5Sbg.75)>Tes, the [Sb]
concentration in the solution was increased. Two ratios
were chosen: [Sb]/[Bi]=6 and [Sb]/[Bi]=8, whereas the
([Bi] +[Sb])/[Te] ratio was kept at 1. As before, J. was
fixed at —2.15x107" A dm 2, the evolution of the
stoichiometry of films vs. the on-time is represented on
Figures 6 and 7 for the two ratios. The other parameters
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Fig. 4. Cathodic pulse time dependence of Bi,SbyTe, stoichiometry —
[BiIII+] +[Sblll+]:[TeIV+] — 10—2 M, [SbIII+]/[BiIII+]:3 _ Toff =10 s,
J.=-2.15%10"" A dm™2, J,=0 A dm™2 Thickness=5 um.
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Fig. 5. SE micrograph of a (Biys4Sbg46)14Te360 eclectrodeposited
film — [BiM*]+[SbM ] =[Te'Y " ]=10"2 m, [SHI*][ Bi*]=3 —
Ton =55, Top = 10s, J,=-2.15x10"" A dm™, J,=0 A dm™,
Thickness =5 um.

were fixed at Tog=5 s and J,=0 A dm™> In each case
two distinct areas can be observed. For short deposition
times film stoichiometries present a high Te content and
a very low Sb one. When T, increases the Te content
rapidly decreases until it reaches a value of 3 and the Bi
content slowly decreases, while the Sb stoichiometry
increases. This is especially observed in the case of [Sb]/
[Bi]=8. When the on-time was more than 4 s the
stoichiometry was close to (Big,s5Sbg7s),Tes and re-
mained almost constant whatever the on-time.

The films present a different morphology, in spite of
their similar stoichiometries. The SEM observation
confirmed the same evolution as previously. When T,
increased the electrodeposits became increasingly pow-
dery. Figure 8 shows a micrograph of the film obtained
at Ton: 5, [Sb]/[Bl] =8 with a (Bi0A17Sb0_83)2T62.99
stoichiometry. The film is constituted of small 3 ym
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Fig. 6. Cathodic pulse time dependence of Bi,Sb,Te, stoichiometry —
[BiIII+] 4 [SbIII+] — [TeIV+] — 10_2M, [SbIII+]/[BiIII+] =6 — Toff =5 s,
Jo=-2.15%10"" A dm™2 J,=0 A dm2, Thickness=>5 um.
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Fig. 7. Cathodic pulse time dependence of Bi,SbyTe, stoichiometry —
[BiHH]Jr[SbHH]=[Telv+]= 1072 M, [SbIII+]/[BiIII+]=8 C Tg=5s,
Jo==2.15x10"" A dm™2, J,=0 A dm™2, Thickness=5 um.

diameter spherical grains. However, Figure 9 presents
the electrodeposit surface obtained with a 9 s on-time.
The surface is strongly disturbed and presents the same
non-homogeneous growth and unpredictable arbores-
cent form as observed in continuous electrodeposition.
The evolution of the morphology is illustrated in
Figure 10 with the RMS measurements. The value of
the RMS decreases strongly from 10 to 1 um as the
cathodic pulse time decreases. This reduction in grain
size, already observed [18], can be explained by the
reduction of on-time with a consequent increase in the
number of new grains nucleated, producing a more
compact deposit and a more refined grain structure.

However, a too strong decrease of the on-time leads to
modification of the stoichiometry and the morphology
optimization is associated with a significant decrease in
the Sb stoichiometry in the film.

Fig. 8. SE micrograph of a (Biy 17Sbg g3)>Tes.99 electrodeposited film —
[BiIII+] + [SbIII+] — [TeIV+] — 10—2 M, [SbIII+]/[BiIII+] — 8 _ Ton — 5 s,
Togr = 55, J.==2.15x10"" A dm™, J,=0 A dm2, Thickness=5 um.
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Fig. 9. SE micrograph of a (Big ;5Sbggs)i00Te€s.09 electrodeposited
flm — [BiIII+]+[Sblll+]=[TCIV+]=10_2 M, [SbIII+]/[ BiHH]=8 -
Ton=9s, Tog = 55, Jo==2.15x10"" A dm™, J,=0 A dm™>, Thick-
ness=>5 um.

3.2. Thermoelectric properties

Thermoelectric properties were studied for films ob-
tained by pulse plating in order to assess the influence of
the pulse parameters. The Seebeck coefficient « and the
electrical resistivity p were measured, so the power
factor «’/p could be determined. The optimal cation
ratios and pulse parameters defined previously were
chosen to study the on-time dependence of the thermo-
electric properties.

All samples present a p-type behaviour immediately
after synthesis, which is consistent with the literature
[15]. Before the measurement of Seebeck coefficient and
electrical resistivity, all films were annealed at 200 °C for
1 h under argon. Indeed, it was proved that thermo-
electric properties are improved with annealing [21],
without modifying the film composition. Figure 11
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Fig. 10. Cathodic pulse time dependence of roughness — [Bi''! "]+
[SbIII+]:[TeIV+]:10—2 M, [SbHH]/[ BiIII+]:8 ~ Tg=5s,
Jo=-2.15%10"" A dm™2 J,=0 A dm2, Thickness=>5 um.
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Fig. 11. Evolution of power factor and electrical resistivity with
cathodic pulse time — B 1+ [Sb™M )=[TeV *1=1072 ™, [Sb"*y)
Bi'*]=8 - T,r =55, J.=-2.15x10"" Adm™>, J,=0A dm™>,
Thickness =5 um.

shows the variation of the power factor o?/p vs. the
on-time. Two areas can be defined and are similar to
those observed for the stoichiometry. In the first one
ranging between 3 and 5 s, pulse plating films have a
high power factor of about 600 uW K> m~'. At an
on-time of 5s, the power factor decreases to
100 W K> m™" and evolves to 50 uW K> m™!
as the on-time increases. In fact, the very small
value of o?/p s directly related to the evolution of p,
whereas the Seebeck coefficient remained constant at
180 uV K~'. This value can be compared with the
40-300 uV K™!' range measured by Fleurial et al. [11]
for (Big5Sbg.75)2Tes electrodeposited films. However,
other techniques such as flash evaporation [22] or
MOCVD [23] allows a Seebeck coefficient value of
240 uV K™! to be obtained for the same film composi-
tion. The evolution of p must be correlated with the
roughness of the films (Figure 10). The figure shows that
a high on-time leads to a film with a high degree of
roughness and such a morphology implies a very high
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Fig. 12. Evolution of power factor and electrical resistivity with film
thickness — [Bi'™ "]+ [Sb™ " ]=[Te!Y "1=1072 m, [Sb™")/[Bi'' *]=8
—Ton=5s, Tog = 55, Jo==2.15x10"" A dm™ J, = 0 A dm™>.
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Fig. 13. Thickness dependence of roughness — [Bi''*]+[Sb'!!"]=
[Te™V*1=102m, [SO™FYBIM*]=8 — To,=5s, Tox = 5s, J.=
—2.15x107" A dm™, J,=0 A dm™2.

electrical resistivity. Consequently, in this case the
evolution of the power factor is directly dependent on
the roughness of the film and its influence on the
electrical resistivity.

The same conclusion can be made concerning the
evolution of the power factor with the thickness of the film
(Figure 12). Several electrodepositions were conducted
with the following parameters: J,=-2.15x10"" A dm™,
Ton=5s,Tox=5s,J,=0 A dm™, for appropriate num-
bers of cycles to obtain different thicknesses. Each film
presents the same (Big »5Sbg 75)>,Tes stoichiometry what-
ever the thickness. These alloys crystallize with rhombo-
hedral structure (R-3 m) and the grain size, which was
calculated with the Scherrer equation, is between 500 and
600 A whatever the film thicknesses. Figure 13 shows a
linear evolution of roughness with thickness, which leads
to a strong decrease in the power factor when the
thickness is over 5 um. For smaller thicknesses
(e £5 um), films have excellent electrical resistivity
which is inferior to 150 uQ m, and consequently a power
factor around 190 uW K2 m™".

4. Conclusion

An electrolyte (HCIO4 1 M and C4H¢Og 0.1 M) has been
used to electrodeposit Bi-Sb-Te ternaries by pulse
plating. Study of the different parameters has estab-
lished their influence on the film stoichiometry. The
grain size decreases with decrease in on-time and a high
compactness is achieved. Pulsed electrodeposition al-
lows deposits with a substantial thickness of 10 um to be
obtained showing better thermoelectric and electrical
properties than films obtained in continuous plating,
with a power factor which increases from 52 [21] to

100 uW K> m™'. The best synthesis parameters are a
[Sb]/[Bi] ratio of 8, a cathodic current density J. of
-2.15x107" A dm~2 and an on-time value of 5 s, equal
to the off-time.
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