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Electrodeposition of Thermoelectric Superlattice Nanowires**
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and Nosang V. Myung*

There is a renewed interest in the field of thermoelectrics
because of the remarkable efficiency improvement that can
be achieved in nanostructured materials,!! for example, super-
lattice thin films>?! and quantum dots.!! Theoretical calcula-
tions predict that further enhancement of the thermoelectric
figure of merit can be achieved in superlattice nanowires
(zero-dimensional) P! rather than conventional nanowires
(1D) or superlattice thin-films (2D). In superlattice nano-
wires, a reduction of the thermal conductivity, which is related
to phonon scattering at the interfaces between periodically al-
ternating materials, could be achieved by controlling the di-
ameter and length of the individual segments of the nano-
wires.! In addition, the band offset between segments
provides both higher quantum confinement as well as a sharp-
er density of electronic states compared to nanowires.

Recently, superlattice nanowires have been fabricated by a
variety of methods.” For example, Si/SiGe!”! and GaAs/
GaP®! superlattice nanowires were synthesized by a laser-as-
sisted catalytic growth method. Electrodeposition is a promis-
ing alternative technique for the fabrication of superlattice
nanowires because it is simple, inexpensive, fast, operates at
near room-temperature, and is able to tailor the properties of
the deposit by adjusting the deposition conditions. For exam-
ple, Fert et al.'” fabricated Co/Cu superlattice nanowires
from a single sulfate bath containing both metal ions by using
a template-directed method that utilized the different deposi-
tion potentials of Co and Cu. By alternating the deposition
potentials and deposition times, superlattice nanowires with
controlled compositions and lengths were fabricated. Using a
similar method, Co/Pt superlattice nanowires were also re-
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ported."!] Even though there are several studies on the elec-
trodeposition of thermoelectric nanowires,'>'% thermoelec-
tric superlattice nanowires have not yet been reported.

In this study, we electrodeposited Bi,Tes/(Big3Sbg7).Tes
superlattice nanowires by using a template-directed method,
where the composition of the segments was controlled by ma-
nipulation of the deposition potential. BiTe/BiSbTe superlat-
tice nanowires were chosen because BiTe and its derivative
compounds are considered to be the best materials for ther-
moelectric refrigeration at room temperature. In the electro-
chemical deposition of alloys from aqueous electrolytes, the
composition of the deposit can be manipulated by varying the
applied potential, because the reduction potential of each ion
in the solution is different. Therefore, a periodically modu-
lated composition can be obtained, with two different phases
forming the nanowire (e.g., Sb-rich BiSbTe and BiTe with
minimal incorporation of Sb), by applying an alternating po-
tential. Characterization of the composition and microstruc-
ture was performed to verify the synthesis of Bi,Tes/
(Bip3Sbg.7),Tes superlattice nanowires.

Based on previous work, BiSbTe ternary alloys can be de-
posited from various acidic baths with the use of complexing
agents such as tartaric acid*'"! or ethylenediaminetetraacetic
acid (EDTA)!"! to solubilize Sb in water. In this study, tartaric
acid (33 mMm) was used as a complexing agent. Because of the
low-pH operating conditions, the effect of tartaric acid on the
electrodeposition was minimal. To successfully achieve com-
positional modulation in the BiTe/BiSbTe nanowires, the com-
position as a function of applied potential was first studied in
order to determine the deposition potential necessary for ob-
taining BiSbTe alloys with different compositions. Initially,
linear-sweep voltammetry (LSV) was performed to determine
the deposition potential range. As shown in Figure 1a, three
reduction waves were observed. The first reduction wave (Cy)
extends from 100 mV to -40 mV (versus the saturated calo-
mel electrode (SCE)), and it involved the reduction of HTeO*
to Te® as well as the deposition of Bi, Te;.""! This is expected
because electrodeposition of Te’ and Bi,Te; is more noble
than reduction of other possible products, such as Sb,Te,, Bi,
and BibeyTez.[m] The composition of the electrodeposit ob-
tained at <20 mV could be evidence that the formation of Te”
and Bi, Te, was the preferred reaction in this potential range.
(Fig. 1b) The intermediate reduction wave (C,) extends from
—40 mV to -100 mV, and involved the formation of Bi,Sb,Tes
ternary alloys. The third reduction wave (C;) extends from
-100 mV to -280 mV, and involved the formation of
(Big3Sbg7),Tes. As shown in Figure 1b, the amount of Sb in
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Figure 1. A) Linear-sweep voltammogram and B) film composition of BiSbTe thin film as a function of applied potential. C,D) Scanning electron
microscopy (SEM) images of BiSbTe thin films deposited at —20 mV (C) and =100 mV (D). The film composition was Bi, ¢Sbg 3Te;; (approximately
Bi,Teg) at —20 mV, and Big 4Sby ¢Te; at =100 mV, respectively. Inset images show cross-sectional views of the thin films.

the electrodeposit increased as the cathode character of the
applied potential increased. The reductions of SbO* and Sb**
to Sb” were expected to take place at more negative poten-
tial;"" therefore, an increase in the Sb content of the electro-
deposit in this potential range (from —40 to —100 mV) can be
explained by the formation of a BiSbTe ternary alloy with in-
creased Sb content. Figure 1c and d show scanning electron
microscopy (SEM) images of BiTe and BiSbTe thin-films elec-
trodeposited at —20 mV and -100 mV, respectively. The sur-
face morphology of the thin films was independent of the de-
position potential. At the applied potentials, the deposition
rate was determined to be 0.37 nms” at —20 mV and
1.7 nms™ at =100 mV. A cross-sectional image shows that co-
lumnar dense deposits were formed in these conditions.

From the above studies, two deposition potentials (i.e.,
20 mV and -100 mV) were selected to deposit BiTes,
(Bip3Sbg.7)>Tes, and their superlattice nanowires. Prior to fab-
rication of the superlattice, the deposition rate was determined
by dividing the average length of the nanowires by the corre-
sponding deposition times. The average length of the nano-
wires was confirmed from SEM images. To avoid inaccuracies
in the average length of the nanowires (e.g., by breaking), the
nanowires that were used for measuring the deposition rate
were grown no longer than 1 um. Interestingly, the deposition
rate increased when the deposition was performed in a tem-
plate. (0.6 nms™ at 20 mV, 2.6 nms™ at =100 mV) This dis-
crepancy must have been caused by a change of mass transfer
conditions inside the pores. Based on these results, superlattice
nanowires with controlled compositions and length were fabri-
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cated by manipulating the applied-potential waveforms and
pulse times. Typical applied-potential waveforms and their cor-
responding currents are shown in Figure 2.

Figure 3 shows SEM and transmission electron microscopy
(TEM) images of the nanowires after removal of the polycar-
bonate template. The average diameter of the nanowires is ap-
proximately 50 nm, which is predetermined by the pore size of
the polycarbonate membrane. Because SEM imaging cannot
distinguish segments, TEM measurements were preformed to
verify the structure of the superlattice nanowire (inset image
in Fig. 2). As shown in the inset, bright field (BF) mass-con-
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Figure 2. Applied rectangular potential pulse (top) and corresponding
current response (bottom) during electrodeposition of superlattice
BiSbTe nanowires.
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Figure 3. Microstructure of the superlattice BiSbTe nanowires after re-
moval of the polycarbonate template. The topological image was taken
by SEM, and the inset image was obtained by transmission electron mi-
croscopy (TEM). The lengths of the BiTe segments (darker regime) and
BiSbTe segments (brighter regime) in the TEM image were 90 and
60 nm, respectively.

trast imaging by TEM clearly distinguishes the two segments
of different composition by contrast. The BiTe segment, with a
length of ca. 90 nm, appears darker in the TEM image,
whereas the BiSbTe segment, with a length of ca. 60 nm, ap-
pears relatively lighter. The compositional modulation within
the nanowires was examined by electron dispersive X-ray
spectroscopy (EDS) with the line-scanning method, where the
intensity of the characteristic Bi La and Sb Ka peaks is plotted
as a function of distance (Fig. 4). The intensity of each charac-
teristic peak is proportional to the concentration, because the
nanowires have a relatively constant thickness. From the EDS
intensity profiles it was clearly confirmed that Bi and Sb are ef-
fectively modulated with precise periods. The composition of
each phase in the superlattice nanowire was determined to be
Te-rich Bi,Te; and (Big3Sbg7),Tes, showing that the Bi con-
centration in the nanowires was increased, compared to the
thin-film results from Figure 1 at the same potential condi-
tions, and that there is a discrepancy in deposition rate be-
tween the nanowires and the thin film. The differences in com-
position and rate of deposition between nanowires and thin
films might be attributed to different mass-transport phenom-
ena at the deposition interface.

The microstructure of the superlattice BiSbTe nanowires
was investigated by electron diffraction and diffraction con-
trast in the TEM. Figure 5a and b shows a BF image of super-
lattice nanowire and a selected-area electron diffraction pat-
tern, respectively. In the SAED pattern, ring patterns were
observed, along with several strong diffraction spots, suggest-
ing that crystals with a variety of sizes were present. The
microstructure of the nanowire was revealed clearly by dif-
fraction-contrast imaging. Figure 5c-e shows the formed
TEM-centered dark-field (DF) images, with the reflections
marked df1, df2, and df3, respectively.
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Figure 4. Energy dispersive X-ray spectrometry (EDS) line scan, showing
compositional oscillations of Sb and Bi in a BiSbTe superlattice nano-
wire.

The reflections dfl and df2 (Fig. 5a) belong to the BiyTe;
phase, as evident from the DF images formed with these
reflections (Fig. 5S¢ and d), which indicated that the Bi,Tes
segments were composed of larger grains than the
(Bi3Sbg7),Te; segments. The slightly diffuse ring pattern ap-
parently resulted from the finer grains of the (Bip3Sbg7).Tes
phase, which is demonstrated in the DF image on Figure Se,
formed with a portion of the ring intensity marked as df3. The
fact that the crystal sizes of the BiTe and BiSbTe phases are
substantially different (even though the BiSbTe alloy exists as
a solid solution of BiTe and SbTe,? both of which have the
same rhombohedral (R3m) lattice structure) and the fact that
both phases were obtained from the same bath at the same
pH and temperature strongly implied that the applied poten-
tial was the critical parameter for determining the crystal size.
In electrodeposition, the nucleation rate increases exponen-
tially with an increase in cathodic overpotential. Therefore, a
higher applied potential could result in an increased nuclea-
tion rate, enhancing grain-size refinement.?!! As shown in Fig-
ure 1, the (Big3Sby7).Tes segment was deposited at an ap-
plied potential of —100 mV, which is 80 mV lower than the
applied potential for the Bi,Te; segment. Such a high cathodic
potential can lead to reduction of the crystal sizes of the
BiSbTe phase.

In conclusion, we demonstrated for the first time, a facile
technique to synthesize superlattice Bi,Tes/(Big3Sbg7).Tes
nanowires. The composition and length of each segment were
precisely controlled by adjusting deposition potentials and
times. Electrodeposition is a promising cost-effective tech-
nique to fabricate zero-dimensional thermoelectric superlat-
tice nanowires with controlled dimensions. Thermoelectric
properties of superlattice nanowires are currently under in-
vestigation.
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Figure 5. A,B) Selected-area elec-
tron diffraction (SAED) pattern
(A) and BF TEM image (B) of a
superlattice BiSbTe nanowire.
C-E) Dark-field (DF) TEM im-
ages formed with reflections
marked in (A) as dfl (C), df2
(D), and df3 (E).

Experimental

A tartaric—nitric electrolyte was prepared by first dissolving TeO,
and Bi(NOs3);3-5 H,O in concentrated nitric acid. Next, Sb,O3 was dis-
solved in a separate beaker by using 0.33 M tartaric acid as a complex-
ing agent to improve the solubility of Sb in water through the forma-
tion of a Sb-tartaric complex. Once the solids were dissolved, the
solutions were mixed and water was added to reach the final volume.
The final electrolyte composition was 0.1 mm of Bi**, 1.6 mm SbO",
0.7 mM HTeO,", and 33 mM tartaric acid in 1M HNOj.

Prior to electrodeposition, LSV measurements were performed to de-
termine the deposition-potential range. Voltammetric experiments were
conducted in a conventional three-electrode cell configuration at room
temperature. Evaporated gold/chromium (3000 A/300 A thick) on a sili-
con substrate was used as a working electrode. Pt-coated titanium and a
SCE were used as a counter and reference electrode, respectively. The
scan rate was fixed at 10 mV s™. The solution was unstirred. After elec-
troanalytical studies, the influence of the deposition potential on deposi-
tion rate, film composition, and film morphology was studied to deter-
mine the optimum deposition conditions for each segment.

Based on thin-film studies, superlattice BiTe/BiSbTe nanowires were
fabricated by using a template-directed method, with polycarbonate
membranes as nanotemplates (Nuclepore, Tracketch membrane,
Whatman, diameter 13 mm). The actual pore diameter of the nano-
templates was approximately 50 nm (nominal pore size 30 nm) [22].
Prior to electrodeposition, a thin gold layer was sputtered onto one side
of the membrane to serve as a seed layer. Subsequently, conducting
copper tapes were attached to the nanotemplates to create electrodes.
After assembly, the electrodes were covered with an insulator (Micro-
stop, Pyramid Plastics, Inc.), except for the deposition area. Electrode-
position of superlattice nanowires was also performed in three-elec-
trode cell configuration at room temperature. To fabricate the
superlattice nanowires, the deposition potential was modulated be-
tween —20 and =100 mV (vs. SCE) using a computer-aided potentiostat
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(Princeton Applied Research Potentionstat,
VMP2) with a total deposition time of
30 min. After deposition, the polycarbonate
membranes were selectively dissolved in di-
chloromethane (99.9 %, Acroseal) for 2 h at
40°C. Suspended nanowires were collected
by centrifuging. The nanowires were resus-
pended in isopropyl alcohol after rinsing with
deionized water for several days.

The composition of the deposit was deter-
mined by using atomic absorption spectrosco-
py (AAS, Perkin-Elmer, Analyst 800) for the
thin films and by electron dispersive spectros-
copy (EDS, Phoenix, EDAX) for the nano-
wires. The lengths and diameters of the nano-
wires were determined by SEM (LEO 1550
VP FESEM). The microstructure of nanowires
was investigated by TEM (FEI CM300), using
electron diffraction and diffraction contrast.
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