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ABSTRACT: We report the fabrication of Bi,Te; nanowires with diameters as small as
15 nm, which is comparable to the size theoretically estimated for the onset of improve-
ment of the thermoelectric figure of merit ZT by quantum-size effects. The versatility of
the template-assisted growth, combining self-prepared ion-track etched membranes and
electrochemical deposition, has been employed to synthesize Bi,Te; nanowires with
controlled diameters in 10, 30, and 60 um thick membranes and with large aspect ratios
(length over diameter) of up to 1000. SEM, HRTEM, and XRD investigations reveal how
morphology, surface roughness, and crystalline orientation of the Bi,Te; nanowires depend

on deposition potential, temperature, and channel diameter.

B INTRODUCTION

Tuning the thermal and electrical properties of bulk materials
via alloying and doping has been the most common approach
to raise their thermoelectric (TE) figure of merit ZT, and thus
to improve the device perforrnance.1 However, the increase
attained appears to be limited. Theoretical calculations in the
early 90s by Hicks and Dresselhaus™ proposed a very
promising route to bypass classical limitations on ZT, which
is described by Z-T = (S’¢/k)-T. The power factor (S’6), given
by the Seebeck coefficient (S) and the electrical conductivity
(0), can be selectively increased via quantum-size effects, while
the thermal conductivity () can be lowered through enhanced
phonon scattering. Theoretical investigations of the TE pro-
perties of Bi,Te; nanostructures’ ° predict a significant
improvement of ZT for wires with diameters below 30 nm.
The beneficial impact of low dimensionality on thermoelectric
properties has already been demonstrated experimentally on
superlattices” and nanostructured bulk Bi,Te;-based materi-
als.'*'* Measurements on nanowires have been scarcer due to
(i) the technological challenge of measuring the absolute values
of S, 6, and « of individual nanowires and (ii) the difficulty of
synthesizing Bi, Te; nanowires with the desired geometrical and
compositional characteristics, and subsequently handling them
while maintaining their chemical and mechanical stability.
Despite these difficulties, promising results have been presented
recently for single Bi,Te; nanowires' 1% as well as for Si
nanowires with varying surface roughness.'”'® In addition, the
thermal diffusivity of Bi,Te; nanowire arrays embedded in
anodized alumina (AAO) membranes had been previously
reported.'® More recently, Biswas et al. reported the thermal
conductance of bismuth telluride nanowire arrays in AAO and
demonstrated the minimization of the parasitic thermal
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conductance by replacing the AAO matrix with the epoxy
SU8.>°

A variety of different approaches have been pursued for the
fabrication of bismuth telluride based nanostructures and
nanostructured material.'®~**"** Methods for the preparation
of bismuth telluride based nanowires include the solvothermal

725 the On-Film growth technique,*®
27-37,40,41

synthesis of nanorods,
and the template-assisted electrochemical deposition.
Among these techniques, the latter one potentially enables
the tuning of geometrical, morphological, and crystallographic
properties of nanowires with the largest control and in an
independent manner. However, to our knowledge, most works
to date have reported the growth of bismuth telluride wires
with diameters larger than 40 nm and only few address the
impact of nanoporous membranes, nanochannel diameter, or
deposition conditions on the preferential crystalline orientation
of the nanowire arrays. Moreover, AAO membranes have been
by far the most commonly used templates for the electro-
chemical deposition of Bi,Te; nanowires, and only very few
experimental investigations have employed polymeric mem-
branes. For example, 60 nm diameter (Bi;_,Sb,),Te; wires were
grown in commercially available polycarbonate membranes
(thickness 6 ym),*” the wires displaying the so-called cigar-like
shape of the hosting pores.*®*® Additional works by
Koukharenko et al.** and Frantz et al.*' reported the growth
of 80 nm diameter Bi,Te; nanowires in 20 pm thick polyimide
(Kapton HN) and 60 nm diameter wires in 30 pm thick
polycarbonate membranes (Makrofol N), respectively.
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Figure 1. SEM images of nanowires grown in 10 ym thick polycarbonate membranes. Average nanowire diameters are (a) 14, (b) 19, and (c) 24 nm.
The inset in (a) shows a TEM image of nanowire sections with diameters of approximately 9 and 10 nm.

In this work, we explore the use of polymeric membranes for
growth of Bi,Te; nanowires in further detail. We demonstrate
that, by simultaneous tuning of all fabrication parameters,
electrodeposition in polymeric membranes can be optimized to
synthesize nanowires with sets of geometrical and crystallo-
graphic characteristics particulary interesting for both basic
investigations of low-dimensional Bi,Te; nanomaterials (diam-
eters below 20 nm,***® controlled morphology,® and crys-
tallographic structure®), as well as for thermoelectric model
systems and devices*** (long wires to achieve and maintain a
large enough temperature gradient, and possible integration to
devices). Self-fabricated etched ion-track membranes are
prepared from polycarbonate foils with a very low thermal
conductivity of approximately 0.2 W/mK,** offering an
adjustable number density of cylindrical nanochannels.
Combining direct electrodeposition and ion-track technology,
we report the fabrication of Bi,Te; nanowires with diameters
from 150 nm down to 10 nm, and lengths of up to 60 ym. Our
study shows how the parameters involved in the electro-
deposition process influence the morphology, the crystallinity,
and the preferred crystallographic orientation of nanowires
with various diameters and lengths interesting for both basic
research on TE nanomaterials and TE devices.

B EXPERIMENTAL METHODS

Etched ion-track membranes are fabricated by irradiation of
polycarbonate (PC) foils (10 pum thick Makrofol KG and 30
and 60 um thick Makrofol N, Bayer) with Au and U ions
(energy, 5.9 and 11.1 MeV/u; fluence, 10°-5 X 10° ions/cm?*)
at the linear accelerator (UNILAC) of the GSI Helmholtz
Centre for Heavy Ion Research. Symmetrical chemical etching
of the ion tracks in 6 mol/L NaOH at T = 50 °C yields
membranes with practically parallel and cylindrical pores and
aspect ratios up to 1000.* The nanochannel diameter increases
linearly with etching time.* Nanowire arrays are grown poten-
tiostatically with a Gamry REF600 potentiostat in a thermo-
stated three-electrode setup with a gold cathode (thin layer
sputtered onto one side of the membrane with an Edwards
S150 B sputter coater prior to deposition), a Pt counter elec-
trode, and a saturated calomel reference electrode (SCE). The
applied potentials U were 0 and —100 mV vs SCE. In addition,
two temperatures, 4 and 20 °C, were selected for electro-
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deposition. The constituents of the electrolyte were chosen as
described by Magri et al;* the ion concentration was adjusted
to obtain an aqueous solution consisting of 5 mmol/L bismuth
nitrate pentahydrate (98%, Alfa Aesar) and 7.5 mmol/L TeO,
(99.5+%, Merck KGaA) in 1 mol/L nitric acid. For a compar-
ative measurement, a Bi-rich electrolyte was prepared with
10 mmol/L bismuth nitrate pentahydrate, 5 mmol/L TeO,,
and 1 mol/L nitric acid.

For the analysis of nanowires and membranes, scanning
electron microscopy (SEM) was conducted with a JEOL JSM-
7401F electron microscope in the classical mode of operation
(detection of secondary and backscattered electrons), as well as
in transmission mode (STEM-in-SEM). The crystallinity of
single nanowires was further investigated by high-resolution
transmission electron microscopy (HRTEM) with a 400 kV
JEOL 4000EX, and a 200 kV JEOL 2010F. For TEM and
STEM-in-SEM investigations, a small piece of the nanowire—
polymer composite was immersed in dimethylformamide or
dichloromethane, and the nanowires were then transferred onto
a TEM grid via drop-casting. X-ray diffraction analysis (XRD)
on nanowire arrays was performed with Cu Ko radiation of a
Seifert X-ray generator and a HZG-4 four-circle goniometer.
Measurements were conducted in reflection geometry to deter-
mine the lattice planes parallel to the template surface, that is,
perpendicular to the wire axis. For analysis of the preferential
crystalline orientation of the arrays, the growth process was
stopped before an onset of overgrowth was evident in the
deposition curves. To avoid overlap of reflections from the
substrate or sample holder with signals from the Bi,Te; arrays,
the Au cathode was removed by means of a KI/1, solution prior
to diffraction analysis.

B RESULTS AND DISCUSSION

In this section, we describe how specific templates can be
designed to fabricate nanowires with controlled diameters and
lengths. We explore the observed dependence between wire
morphology and electrodeposition temperature and potential
and discuss in detail the microstructure of the wires, as inves-
tigated by TEM, and the preferred crystallographic orientation,
as studied by XRD, on nanowires with different sizes.
Controlled Growth of Nanowires with Very Small
Diameters. Wire diameter is one of the crucial parameters for
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Figure 2. STEM-in-SEM images of nanowires with larger surface roughness fabricated at =100 mV vs SCE in 30 ym thick templates with a
nanochannel diameter of 120 nm at (a) 20 °C and (b) 4 °C, as well as in (c) 60 um thick templates.

the enhancement of ZT by quantum-size effects and phonon
scattering.>”*'”~!? Figure 1 displays an overview of single
nanowires and bundles prepared in 10 ym thick PC templates.
By etching the polymer foils for short times between 40 and
60 s, templates with very small pores were fabricated. After elec-
trochemical deposition in the resulting nanopores and sub-
sequent dissolution of the membrane, a linear dependence be-
tween nanowire diameter and etching time was determined.
In Figure 1, Bi,Te; wires with average diameters of 14 + 3 nm
(Figure 1a), 19 + 2 nm (Figure 1b), and 24 + 3 nm (Figure 1c)
are shown. Both SEM and TEM measurements revealed wire
segments with diameters as small as 9 nm (Figure 13, inset). This
demonstrates that nanowires with diameters in the few-nano-
meter range, for which quantum-size effects are predicted, can be
efficiently fabricated by electrochemical methods in 10 ym thick
PC membranes.

Morphology of the Nanowires as a Function of the
Deposition Parameters. In addition to diameter, morphol-
ogy and surface roughness are also expected to influence
electron and phonon scattering, as well as the mechanical and
thermal stability of the nanostructure.'”'®*’ Using the
template method, we systematically investigated the influence
of the relevant parameters (pore diameter, deposition temper-
ature, and deposition potential) on the morphology of the
nanowires grown in ion-track etched PC membranes. For this,
we prepared 30 pm thick PC templates with pore diameters
between 25 and 120 nm by adjusting the etching times from
60 s to 6 min. Electrodeposition was conducted at both 20 and
4 °C, applying potentials of —100 and 0 mV vs SCE under
thermostated conditions. Figure 2 shows STEM-in-SEM
images of Bi,Te; nanowires grown at —100 mV vs SCE at 20
(Figure 2a) and 4 °C (Figure 2b) with average nanowire
diameters of 120 nm. All wires exhibited a pronounced surface
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roughness, which is visible as dents and constrictions of various
widths, and thickness-related changes in the absorption of the
electron beam in the SEM. The STEM-in-SEM images of a
29 um long nanowire, electrodeposited in a 60 pm thick
membrane, at 4 °C and —100 mV, are shown in Figure 2¢c. The
wire also exhibits pronounced diameter constrictions at various
points, and changes in electron beam transmission along the
wire are visible. An enlarged view of two regions (separated by
approximately 22 um) is presented in the insets. The respective
diameters at these positions are roughly 120 and 130 nm. At
the smaller end of the wire, the tip diameter is approximately
100 nm. Keeping in mind that the templates are prepared by
symmetrical etching from two sides, these results show that
wires with small diameter variations can be successfully pre-
pared in thicker ion-track etched templates.

A comparison of the images a and b in Figure 2 shows that a
reduction of the deposition temperature from 20 to 4 °C has no
significant impact on the nanowire morphology, even though
the growth process is slowed significantly, namely, by approxi-
mately 40—50%. The maximum growth rate is estimated by the
time needed for the complete filling of the first pores, which is
visible as an increase in the deposition current during fabri-
cation.”® Similar reduction of the growth rate (5.5 to
2.7 um/h) was reported for electrodeposition of Bi,Te; nano-
wires in AAO membranes by Trahey et al.>* The change from
30 to 60 ym thick membranes also shows no significant impact
on the surface morphology (Figure 2c). However, a strong
influence of deposition potential on nanowire morphology is
evidenced by comparison of Figures 2 and 3. Figure 3 shows
SEM images of nanowires deposited in 30 ym membranes with
pores with similar diameters of 110—120 nm at 0 mV vs SCE
at both 20 °C (Figure 3a) and 4 °C (Figure 3b). In addition,
nanowires deposited under identical conditions in a 60 pum
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Figure 3. STEM-in-SEM images of nanowires with smoother surface contours fabricated at 0 mV vs SCE in 30 ym thick templates with nanochannel
diameters of ~120 nm at (a) 20 °C and (b) 4 °C, as well as (c) in 60 ym thick templates with pore diameters of ~140 nm at 20 °C.
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Figure 4. (a) A representative STEM/EDS spectrum collected from a Bi,Te; nanowire is shown. (b) The ratio of atomic fraction of Bi to Te along
the length of two nanowires deposited at 0 mV vs SCE and 4 °C is shown to demonstrate the compositional homogeneity along the length of the

nanowires.

template are included for comparison (Figure 3c). All wires
exhibit smoother surface contours than their counterparts
deposited with —100 mV vs SCE.

Variations of the transmitted electron beam intensity are
visible at positions of nanowire overlap, and only a few sharp
edges and constrictions were found along the wires electro-
deposited in 30 and 60 ym membranes. For thinner wires with
diameters of the order of 50 nm, a similar dependence of
surface roughness on deposition potential and temperature was
observed in most cases. No clear determination of the surface
contour modification by variation of the deposition potential
was possible for nanowires with diameters < 40 nm.

Investigation of Compositional Uniformity by STEM-
EDS. Because of the important influence of the Bi and Te
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concentration on ZT of Bi,Te;*" we wanted to confirm
that our deposition conditions yield a nanowire composi-
tion that is close to stoichiometric Bi,Te; and that the
nanowires are compositionally homogeneous along their
lengths. STEM-EDS indicates that these nanowires grown
at 0 and —100 mV vs SCE are consistent with Bi,Te;.
Figure 4a shows a representative EDS spectrum collected in
STEM mode from a nanowire deposited at 0 mV vs SCE at
4 °C, the Bi M and L lines and Te L lines are clearly
observed. The Cu K lines are present as a result of the high
Cu background from the Cu support grid. For two
arbritrary nanowires, the determined Bi/Te ratios are
presented in Figure 4b and plotted with respect to the
measurement positions along the nanowires, demonstrating
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Figure S. TEM and electron diffraction from segments of polycrystalline nanowires with diameters of (a) 13 and 17 nm and (b) 44 nm. The
nanowires were grown at 0 mV vs SCE and 4 °C in (a) 10 and (b) 30 ym thick membranes. Electron diffraction shows {205}-type planes oriented
perpendicular to the wire axis (the (205) and (225) planes are both in the equivalent {205} family of planes).

Figure 6. (a) TEM image of a representative nanowire grown at 4 °C and —100 mV vs SCE. (b, d) TEM images displaying the polycrystalline wire
structure and surface dents along the nanowire surface. (c, e) Electron diffraction patterns corresponding to the images in (b) and (d).

that both nanowires have an appropriate Bi/Te ratio for Bi,Te; and Investigation of the Nanowire Crystallinity by TEM.
that the composition does not vary systematically along the Besides wire diameter, morphology, and composition, two addi-
nanowire axis. tional factors strongly influence the thermoelectric properties of
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Figure 7. Four sets of X-ray diffractograms of Bi,Te; nanowires with diameters of 130, 120, 50, and <30 nm embedded in 30 ym (green, blue, and
orange lines) and 60 ym (red line) membranes. Standard powder diffraction data are shown at the bottom. Within each set of diffractograms, all
samples are fabricated with the same deposition potential, temperature, and time. Parameters for the electrochemical growth were (a) —100 mV vs
SCE and 20 °C, (b) =100 mV vs SCE and 4 °C, (c) 0 mV vs SCE and 20 °C, and (d) 0 mV vs SCE and 4 °C.

nanowires, namely, crystallinity and crystallographic orienta-
tion. The crystal symmetry of Bi,Te; is given by the rhom-
bohedral space group R3m.>>*" In the literature, Bi,Te; is often
described by a hexagonal unit cell consisting of three quintets
of alternating Te and Bi layers stacked along the c¢ axis,
with reported lattice parameters close to a = 4.38 A and
¢ = 30.5 A% Because of its highly anisotropic crystalline
structure, the thermoelectric properties of Bi,Te; and other
bismuth compounds are known to depend strongly on crys-
tallographic orientation.*”*~>% As demonstrated, for example,
in the case of Bi, Cu, and Au nanowires, grain size and nano-
wire diameter can significantly influence the electrical
conductivity.**~*

By TEM, we investigated the grain structure and orientation
of nanowires with small diameters (<S0 nm) prepared under
various deposition conditions. In all of our measurements, we
found polycrystalline microstructures with grains that could
be indexed to the expected Bi,Te; crystal structure. However,
we did note some changes in preferential orientation with the
deposition potential. We first consider the nanowires deposited
at 0 mV vs SCE and 4 °C, in both 10 and 30 ym thick tem-
plates (Figure S). As illustrated by the two electron diffraction
(ED) patterns collected from these wires (Figure S, insets), we
commonly find grains that are oriented with {205}-type planes
perpendicular to the wire axis (note: (205) and (225) are
equivalent, both falling in the {205} family of planes).
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In comparison, TEM and ED measurements of nanowires of
a similar diameter (50 nm) deposited at —100 mV vs SCE and
at 4 °C indicate that both {015} and {205} planes are found
to be perpendicular to the wire axis, as shown in Figure 6.
The results for deposition at 0 mV, as well as —100 mV vs SCE,
are consistent with the XRD results on embedded nanowire
arrays, as described below. Furthermore, the TEM images
(Figure 6b,d) and their corresponding electron diffraction
patterns (Figure 6¢,e, respectively) reveal that both orientations
can be present within an individual nanowire.

The crystallinity of the nanowires was investigated by dark-
field TEM and ED for nanowires grown at both 0 and
—100 mV vs SCE. In both cases, nanowires are polycrystalline,
with grain sizes ranging from 10 nm to larger than 100 nm.
This indicates that, for the employed deposition conditions, the
variation in the applied potential does not affect the crystallinity
and grain size. However, as indicated by the representative
ED patterns in Figures S and 6, the preferential orientation of
the nanowires does vary when increasing or decreasing the
potential.

Investigation of the Preferred Crystallographic Ori-
entation of Wire Arrays as a Function of Nanopore Size
and Deposition Conditions. To complement the informa-
tion obtained by TEM on individual nanowires, the preferential
crystallographic orientation of different arrays (area ~ 1 cm?®) of
nanowires with various diameters was investigated by 4-circle
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X-ray diffractometry. The geometrical arrangement of the XRD
studies on nanowire arrays embedded in the polymer mem-
brane provides information of the average preferred orientation
of the crystals along the wire axis.

To investigate as well the influence of the membrane thickness
on the crystal growth, we fabricated 60 ym thick polycarbonate
membranes with channel diameters of approximately 130 nm,
choosing the same nominal fluence (10° cm™) and same
deposition conditions (electrolyte, voltage, temperature, and
deposition times) as for the thicker nanowires grown in 30 ym
templates. Under the same deposition conditions, currents
measured in 60 ym membranes were significantly lower than
those in the 30 ym counterparts. Thus, for identical deposition
times, the measured charge (ideally correlated with the mass by
Faraday’s law) during the growth in 60 ym thick templates was
less than 50% of the measured value for growth in 30 ym
membranes. The smaller amount of material deposited inside
the 60 ym long nanochannels led to reduced peak intensities,
even for an identical preferential crystallographic orientation of
the nanowires.

The @-26 scans shown in Figure 7 indicate that the nanowire
arrays are strongly textured for each sample. Additionally, they
elucidate the dependence of nanowire orientation on nanowire
diameter, temperature, and deposition potential.

In general, two main reflections are visible in the diffracto-
grams of Figure 7a, originating from X-ray diffraction at the
{015} and {205} planes of Bi,Te;. In the case of large wire
diameters (120 nm), small 110 and 02.10 reflections are also
visible. The intensity I(hkl) of these reflections and the absence
of other orientations with similar or higher intensity than the
205 peak (i.e., reflections from {006}, {10.10}, {00.15}, {11.15}
planes)*"*?*° indicate that the arrays are strongly textured with
preferential orientation of the {015} and {205} planes per-
pendicular to the wire axis. Despite the lower signal intensity
measured for the sample with a wire diameter of 130 nm
electrodeposited in 60 ym PC membranes (red) in comparison
to its counterpart in 30 gm membranes (orange), the relative
intensity of the two observed peaks is similar for the two
samples. The diffractograms further show that the smaller the
nanowire diameter, the larger the ratio I(015)/I(20S) for
samples fabricated at room temperature. For nanowire arrays
with diameters below 30 nm, only the 015 reflection is
measured. Assuming that there is no large variation in the
nanowire length distribution in our set of samples, the ratio
1(015)/I(205) increases also with decreasing deposition
temperature, which is influencing the ion transport to the
cathode during the electrochemical growth process. The
influence of temperature is visible by comparison of panels a
and b in Figure 7. In Figure 7b, @-26 scans of wires grown
at —100 mV vs SCE and 4 °C are presented. At lower
temperatures, the nanowire arrays are also preferentially ori-
ented with the {015} and {205} planes perpendicular to
the nanowire axis. However, in the case of larger diameters
(>30 nm), the ratio I(015)/I(20S) increases considerably. This
change is more pronounced than shown in the work of Sander
et al,*® where only a small change in the additional {300} peak
was observed. The preferential orientation of crystallites within
the nanowires is also modified by variation of the deposition
potential. This is demonstrated in Figure 7c (0 mV, 20 °C) and
Figure 7d (0 mV, 4 °C). The change in potential brings about
the appearance of {110} and {101} reflections in arrays with
larger wire diameters in both cases. The appearance of these
two orientations and the absence of the 015 peak for
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depositions at more positive potentials are in agreement with
previous results on thin films®" and nanowires with a diameter of
200 nm.*>* For variation from —100 to 0 mV vs SCE for nano-
wires with diameters of 40—60 nm, the preferential orientation of
the grains in the nanowires shifts from {015} and {205} planes
to mostly {205} planes perpendicular to the wire axis. This is in
excellent agreement with our TEM investigations on individual
nanowires (Figures 5 and 6). Interestingly, with further reduction
of the nanowire diameter below 30 nm, 015 peaks become
dominant again.

These results demonstrate that electrodeposition in poly-
meric templates yields textured nanowire arrays with various
preferential orientations and that it is possible to tune the
preferred crystallographic orientation of nanowire arrays by
varying the deposition potential for nanowires with both larger
(120 nm) and smaller (50 nm) diameters. It further shows
that the crystallographic orientation of the grains inside the
nanowires not only depends on the electrochemical deposition
conditions, that is, temperature, electrolyte, and potential, but
also is influenced by either the diameter of the nanochannel or,
as a consequence of the diameter variation, a change in the
overall active area of deposition. The data in particular shows
that, for selective changes in the preferential orientation in very
thin nanowires (<30 nm) embedded in polymer membranes,
deposition conditions need additional adjustment and para-
meters obtained from the growth of thin films or larger nano-
channel diameters are not transferrable.

Influence of Electrolyte Concentration on Preferred
Crystallographic Orientation. Figure 8 shows two w-260
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Figure 8. X-ray diffractograms of nanowire arrays embedded in 60 ym
thick membranes, deposited at 0 mV vs SCE and 20 °C, using two
electrolytes with different ion concentrations: S mM Bi and 7.5 mM
Te (red) and 10 mM Bi and 5 mM Te (black). The asterisk ()
corresponds to the reflection from the undissolved Au layer.

diffractograms nanowire arrays that were deposited in 60 um
templates with a pore diameter of 120 nm and a pore density of
10°/cm?. The electrodeposition was conducted at 0 mV vs SCE
at 20 °C, which allows for direct comparison with the results
shown in Figure 7c for templates with 10° pores/cm” and
pore diameters of 120—130 nm. As for deposition in 30 ym
membranes, reflections from {101}, {110}, and {205} planes
are visible. However, the signal intensity of the 205 reflection is
significantly higher than in the other samples, underlining the
existence of preferential growth with {205} planes perpendic-
ular to the wire axis and suggesting that increased membrane
thickness and/or larger active areas might be advantageous for
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the preparation of nanowire arrays with enhanced texture.
Thus, the influence of both parameters should be taken into
account when studying the deposition process. In addition, in
the case of longer nanowires grown in thicker templates,
the concentration of the different components may vary along
the nanowires, as indicated by Wang et al,*® and thus should be
also carefully analyzed. To exemplarily demonstrate the
influence of the electrolyte and the possibility of obtaining a
third preferential growth direction in PC membranes, that is,
next to alignment of the {205} and {015} planes perpendicular
to the wire axis, we include the diffractogram of a sample
grown from a Bi-rich electrolyte, while all other parameters for
synthesis, that is, membrane properties and electrodeposition
conditions, were kept fixed. Under these conditions, it is
possible to electrochemically grow a nanowire array at 0 mV vs
SCE with preferential growth of {110} planes perpendicular to
the nanowire axis. These results open up the possibility to
investigate the thermoelectric properties of nanowires with the
same size and three different preferential crystalline orienta-
tions.

B CONCLUSIONS

We demonstrate the electrodeposition of Bi,Te; nanowires in
etched ion-track membranes with thicknesses of 10, 30, and
60 pm. Specific membranes have been fabricated at GSI by
heavy-ion irradiation and chemical etching, to facilitate the
growth of both, very thin nanowires with average diameters close
to 10 nm, as well as long wires with average diameters around
130 nm and maximum lengths of 60 ym. Our systematic studies
demonstrate the influence of deposition temperature and volt-
age influence on the growth conditions and, thus, the resulting
surface morphology and crystallographic orientation of nano-
wires. Furthermore, TEM/EDS showed that nanowires depos-
ited at 0 mV vs SCE are close to the stoichiometric composition
of Bi,Te;, While TEM and XRD analyses show that the
nanowires are polycrystalline, their preferential crystallographic
orientation is adjustable by deposition potential, temperature,
and electrolyte concentration. Our results show that the versa-
tility of electrochemical deposition in ion-track etched
membranes can be an asset to the formation of well-controlled
thermoelectric model systems and improve the basic under-
standing of template-assisted nanowire growth.
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