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High Seebeck Coefficient BiSbTe Nanowires
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Bismuth antimony telluride (BiSbTe) nanowires were electrodeposited at constant potentials into polycarbonate templates from a
tartaric—nitric acid electrolyte. Optimum deposition potentials were obtained from polarization and compositional analysis. X-ray
diffraction analysis showed a preferential (015) orientation for the nanowires. The Bi,Sb 4Te; nanowire sample deposited at —150

mV showed a high Seebeck coefficient (S) of —630 wV/K.
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Concerns over the depleting fossil fuels and increasing global
warming threat stimulated the researchers to develop efficient ther-
moelectric materials, defined by the figure of merit as ZT
= S%6T/k, where S is the Seebeck coefficient, o is electrical conduc—
tivity, T is the absolute temperature, and k is thermal Conduct1v1ty
The ZT of the current bulk materials is limited to 1 however, a
value higher than 3 is required to compete with conventional energy
techniques. Increasing the thermoelectric power factor (S?¢) and
decreasing the thermal conductivity are the two main approaches to
increase Z7T. In superlattice BiyTe;/Sb,Te; thin films, a high ZT of
2.4 was obtained mainly by the decreased lattice thermal
conductivity3 Taking into account the improved density of states
resulting in higher power factors and decreased phonon thermal con-
ductivity due to surface scattering, Dresselhaus’s group 24 predicted
an even higher ZT for one- dimensional nanostructures. Also, experi-
mental results showed® that BiTe nanowires have lower thermal con-
ductivity than thelr bulk counterparts.

Stacy’s group was the first to report electrodeposition of BiSbTe
nanowires in porous alumina templates using a tartaric—nitric acid
based electrolyte and proposed different mechanisms for the reduc-
tion of BiSbTe alloys following the overall reaction

3HTeO, + 2(1 — x)Bi** + 2xSbO* + (9 + 4x)H* + 18e”
— (Bi;_,Sb,),Te; + (6 + 2x)H,0

Del Frari et al.”® studied the optimum conditions for electrodeposi-
tion of BiysSb; sTe; alloys from a tartarlc—perchlorlc a01d bath and
measured a thin-film power factor of 600 LWK™2 I Xiao et al.”
electrodeposited (Big3Sby7),Te; and Bil'gsbo_lTem nanowires in
polycarbonate template and described their semiconducting nature
from the temperature-dependent current—voltage plots. Although
few articles are available on the electrodeposition of BiSbTe
nanowires,®” there is a need for their thermoelectric characteriza-
tion. Our current research focuses on achieving higher Seebeck co-
efficients, by optimizing the alloy composition, using electrodepos-
ited of BiSbTe nanostructures. To the best of our knowledge, the
reported Seebeck coefficients here are the highest values among the
electrodeposited BiTe alloy family (BiSbTe and BiSeTe)
materials.'*'2

Experimental

BiSbTe nanowires were electrodeposited into polycarbonate
membranes using a Solartron 1287 function generator at constant
potentials and room temperature from a tartaric—nitric acid based
electrolyte. Being difficult to dissolve, Sb,O3 was treated with tar-
taric acid as a complexing agent to increase its solubility in water,
and the obtained solution was mixed with a separately prepared
Bi,O3 and TeO, electrolyte dissolved in HNO;, followed by the
addition of deionized (DI) water to make the final composition of
2.5 mM Bi**, 5 mM SbO*, 10 mM TeO,, 0.2 M tartaric acid, and 1
M HNO;. For the polarization analysis, the individual Bi** and
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HTeOj electrolytes were obtained by dissolving them in 1 M HNO;,
while SbO™* electrolyte was prepared using 0.2 M tartaric acid and 1
M HNOj. The reference and counter electrodes were saturated
calomel electrode (SCE) and a platinum (99.99%) mesh connected
to a platinum wire, respectively. A 60 nm thick Au layer was sput-
tered on commercially available 50 nm pore size polycarbonate
(Whatman) templates to deposit the nanostructures. Polycarbonate
membranes (6 wm thickness, 6 X 103 pores/cm?) had lower ther-
mal conductivity compared to alumina membranes which made
them ideal for nanowire-based thermoelectric devices. The obtained
electrodeposited nanostructures embedded in the template were
separated by dissolving the polycarbonate using dichloromethane
(Alfa Aesar) followed by rinsing with DI water several times before
imaging them with a scanning electron microscope (SEM, Hitachi
S4800). Qualitative and quantitative composition analysis was ob-
tained using an energy-dispersive spectroscope (Hitachi 4800). The
crystal structure of the nanowires was studied using an X-ray dif-
fractometer (Bruker D8 Discover, Cu Ka radiation). The microma-
nipulator 916776 electrical probe station with a tip contacting diam-
eter of 10 pm was used to make precise contacts on the samples for
electrical measurements.®> A Cu strip was used as a reference for
voltage measurements, while an Omega K-type thermocouple was
used to measure temperature. The measuring setup was verified by
measuring Seebeck coefficients of pure Bi nanowires and comparing
with the data available in literature. A room-temperature (300 K)
Seebeck coefficient of —106 wV/K was measured for 50 nm Bi
nanowires. To compare with the literature (Fig. 5), room-
temperature Seebeck coefficients of —80 wV/K were obtained for
150 nm Bi wires,'* while a value of approximately —102 pV/K was
measured for single crystal Bi."> Details about the measurement
setup were discussed previously. 13

Results and Discussion

Figure 1 shows the polarization curves of the individual Bi**
HTeOj3, SbO*, and their combined electrolyte. The goal of this
analysis is to identify suitable deposition potentials to obtain BiSbTe
alloys with different compositions. In the individual electrolytes,
Bi** and HTeO; limiting currents were reached at —115 and —90
mV, respectively, while SbO* has two minor limiting currents at
—170 and —225 mV and a major limiting current at —280 mV. This
is consistent with the ecarlier articles’ showing higher reduction po-
tentials for SbO*. The polarization plot of the combined electrolyte
can be divided into three reduction regions R; (0 to —70 mV), R,
(=70 to —180 mV), and R; (>-180 mV). For the lower deposit
potentials in the region R, the alloy current has a major contribution
from the more noble elements Bi** and HTeO}, which is justified by
the composition analysis shown in Fig. 2; therefore, stoichiometric
Bi,Te; alloy nanowires were then obtained at —20 mV. A two-step
reduction process, with the initial reduction of HTeO;r to Te, fol-
lowed by the further reduction of Te to the more stable Bi,Tes
characterizes this electrodeposition window.”!®

The reduction of all three elements was observed in the region R,
forming different BiSbTe alloy combinations. Indicating the indi-
vidual Bi** and HTeO} components, two limiting currents were ob-
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Figure 1. (Color online) Polarization plot of Bi**, HTeO?, SbO*, and the
combined BiSbTe solution.

served at —100 and —125 mV; however, the negative shift in the
reduction potentials in the combined electrolyte, compared to the
individual components, contradicts the positive shift observed in the
BiTe electrolytes.13 16 This behavior can be attributed to the forma-
tion of antimony-tartaric acid complex cations, which tend to shift
the reduction potentials to more negative values.® The concentration
of antimony in the deposited alloy remained relatively constant for
depositions in the R, region, obtaining stoichiometric Bi; ;Sby sgTes
and Bi,SbyeTe; at —100 and —150 mV, respectively. An overall
third limiting current was observed in the R; region, while the com-
position analysis of the nanowires sample deposited at —200 and
—250 mV shows a further increase in the antimony composition. In
the Rz region, reduction starts with the formation of H,Te from
HTeO3, followed by the electrochemical reaction of H,Te with Bi**
and SbO™*, to form BiSbTe alloys.6

Figure 3 shows the X-ray diffraction (XRD) analysis of the nano-
wires deposited in polycarbonate membranes at various potentials
—20, —150, and —150 mV. Te-rich nanowires deposited at lower
potentials have a preferential (015) orientation, while the Sb rich
nanowires have the preferential (110) orientation. Figure 4 shows
the corresponding SEM image of the nanowires deposited at —150
mV. Even though the specified pore diameter was 50 nm, the depos-
ited nanowires show an increasing pore diameter along their longi-
tudinal axis and an average diameter of 110 nm was measured for
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Figure 2. (Color online) Plot showing the stoichiometric Bi, Te, and Sb
ratios in the deposited alloy with respect to the deposition potential vs SCE.
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Figure 3. SEM image of the nanowires deposited in polycarbonate mem-
branes.

obtained nanowires. Fully grown nanowires having different alloy
compositions, deposited at —20, —100, —150, —200, and —250 mV
(Fig. 1 bullets), were chosen for thermoelectric characterization.
Figure 5 shows the Seebeck coefficients of BiSbTe nanowires.
All the measured samples showed a decreasing trend in Seebeck
coefficients with temperature and the negative values indicate their
n-type behavior. The highest Seebeck coefficient of —630 wV/K
was obtained at 300 K for the nanowire sample electrodeposited at a
potential of —150 mV. The antimony content in the BiSb alloys has
a major influence on the nanowire diameter at which a semimetal to
semiconductor transition can be observed, which is due to the in-
creased distance between the electron and hole sub-bands. Com-
pared to the pure bismuth nanowires (<50 nm), addition of anti-
mony increases the diameter at which this transition could be
observed, indicating that even the larger diameter BiSb alloy wires,
with an optimum antimony composition, can exhibit a semiconduct-
ing behavior resulting in higher Seebeck coefficients.'”'® The same
phenomenon can be attributed to the high Seebeck coefficients
achieved in Bi,Sb, ¢Te, 9 nanowires, which have the 11% antimony
and a diameter of 110 nm. These values are close to the optimum
antimony Eercentage and wire diameter predicted to for BiSb
nanowires.” Antimony rich (20-23%) nanowires deposited at poten-
tials —200 and —250 mV exhibited lower Seebeck coefficients of
—244 and -325 wV/K at 375 K, respectively, noting that even the
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Figure 4. (Color online) XRD of the nanowires deposited in polycarbonate
template.
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Figure 5. (Color online) Measurements of Seebeck coefficient of BiSbTe
nanowires with respect to temperature. Reference Seebeck measurements for
pure Bi nanowires of 50, 150,"* and single crystal Bi" are also shown.

counterparts.12 Increasing the Sb doping concentration (20-23%)
induced the extrinsic holes that nullify the electrons contribution,
resulting to an overall decrease in Seebeck coefficient for n-type
materials.

Conclusions

We have electrodeposited BiSbTe nanowires into polycarbonate
templates from a tartaric—nitric acid based electrolyte and identified
optimum potentials to deposit BiSbTe alloy nanowires. Composition
analysis showed that antimony concentration in the alloy increased
with the deposition potentials. The Seebeck coefficients of all the
nanowires decreased with temperature, and the highest value of
—-630 wV/K was measured at 300 K for the Bi,Sby¢Te; nanowire

sample deposited at —150 mV. To the best of our knowledge this is
the highest Seebeck coefficient reported for BiTe alloy materials.
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