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Zusammenfassung
Die einzigartigen Eigenschaften von Bismut-Antimon (Bi1-xSbx) Nanostrukturen und die theoretische
Vorhersagen über ihre verbesserte Thermoeffizienz lösten vor zwei Jahrzehnten die Entwicklung einer
Vielzahl von Synthese und Charakterisierungsmethoden aus, die auf die Messungen der
thermoelektrische Eigenschaften von Bi1-xSbx Nanodrähten abzielten. Dennoch ist die experimentelle
Demonstration einer größenabhängigen Thermoeffizienz noch nicht aufgezeigt worden. Die
Schwierigkeiten beruhen auf der Herstellung von gut definierten Nanodraht-Systemen und der
Realisierung von zuverlässigen und stabilen elektrischen und thermischen Kontakten.
In dieser Arbeit wurden Bi1-xSbx Nanodraht- Arrays mit kontrollierter chemischer Zusammensetzung
(0 ≤ x ≤ 1) und Durchmessern (von ~ 750 bis ~ 40 nm) durch gepulste galvanische Abscheidung in
geätzten Ionenspurmembranen synthetisiert. Die thermoelektrischen Eigenschaften von Bi1-xSbx
Materialen werden stark durch die anisotrope Struktur beeinflusst. Aus diesem Grund wurde besondere
Aufmerksamkeit bei der Untersuchung des Einflusses der Abscheidebedingungen auf die
Kristallorientierung und Zusammensetzung der Drähte für verschiedene Durchmesser gelegt. Zur
Charakterisierung der Nanodrähten wurden unterschiedliche Methoden angewandt, einschließlich
Röntgenbeugung, Rasterelektronenmikroskopie (SEM) und Transmissionselektronenmikroskopie
(TEM).
Systematische Messungen des Seebeck-Koeffizienten und des elektrischen Widerstands von vorab
charakterisierten Bi1-xSbx Nanodrähten unterschiedlicher Zusammensetzung und Durchmessern wurde
im Temperaturbereich zwischen 300 und 20 K durchgeführt. Für abnehmende Drahtdurchmesser sind
die Seebeck-Koeffizienten nicht-monoton. Dieses Verhalten ist durch den Einfluss von
Oberflächenzuständen sowie Quanten- und klassische-Größen Effekte erklärbar.
Schließlich wurde die chemische und thermische Stabilität der Bi1-xSbx Nanodrähte in Luft sowohl bei
Raum- und bei mäßigen Temperaturen untersucht. Nach der Temperaturbehandlung zeigen die
Nanodrähte die rasche Bildung einer Metalloxidphase. Der Oxidationsprozess führt bereits bei
niedrigen Temperaturen zu einem Anstieg der Oberflächenrauigkeit und zur Bildung von
Protuberanzen bei 250° C. Diese Ergebnisse zur Oxidation erklären die häufig in der Literatur
berichteten hohen Widerstandswerte und die Schwierigkeiten, einzelne Bi1-xSbx Nanodrähte elektrisch
zu kontaktieren.

Abstract
The unique properties exhibited by bismuth antimony (Bi1-xSbx) nanostructures and the theoretical
predictions on their enhanced thermoelectric efficiency two decades ago triggered the development of
a wide variety of growth and characterization methods aiming at measuring the thermoelectric
properties of Bi1-xSbx nanowires. However, the experimental demonstration of a size-dependent
thermoelectric efficiency is still challenged by the difficulties to fabricate well-defined nanowire
systems and to achieve reliable and stable electrical and thermal contacts.
In this work, Bi1-xSbx nanowire arrays with controlled wire composition (0 ≤ x ≤ 1) and diameter (from
~ 750 to ~ 40 nm) were synthesized by pulsed electrodeposition in etched ion-track membranes. The
thermoelectric properties of Bi1-xSbx are strongly influenced by the anisotropic structure of the
material. Thus, special consideration was taken in studying the influence of the electrodeposition
conditions on the crystallographic orientation and composition of the wires for various diameters. To
characterize the wires several methods were applied, including X-ray diffraction and both scanning
(SEM) and transmission electron microscopy (TEM).
Using such pre-characterized Bi1-xSbx nanowires, measurements of the Seebeck coefficient and
electrical resistance were performed in the temperature between 300 and 20 K and for a systematic
variation of the composition and diameter of the wires. The Seebeck coefficient values show a nonmonotonic behavior when decreasing the wire diameter, which is explained by taking into account the
existence of surface states as well as quantum- and finite-size effects.
Finally, the chemical and thermal stability of the Bi1-xSbx nanowires was investigated in air both at
room and moderate temperatures, revealing the rapid formation of a metal oxide phase. The oxidation
process causes an increase of the nanowires surface roughness at low annealing temperatures, and the
formation of protuberances at 250°C. Our results on oxidation explain the diverse and high resistance
values available in literature and the difficulties to electrically contact single Bi1-xSbx nanowires
reported by other group.
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1. Introduction

The worldwide energy consumption is predicted to increase by 44% from 2006 to 2030 as both the
world population and the demand of energy per capita is continuously growing [IEO09]. In addition,
the unpredictability of the fuel market, as well as the negative effects on global warming have pointed
out the necessity to find alternative cleaner ways to produce and save energy [Ome08, Els14]. The
exploitation of natural renewable resources, like harvesting solar and wind energy [Xi07, Afs12,
Kal12], and the recovery of heat waste from industrial processes and automobiles, via thermoelectric
processes, are all under intensive investigation [Bel08, Szc11].
In fact, thermoelectric materials are able to convert thermal power into electrical energy and
conversely, supplying a current through a thermoelectric device will generate a temperature gradient
across the material to be used, e.g. for cooling applications [Vin10, Tri11]. Thermoelectric devices are
very reliable since they are composed by all-solid-state units, without any moving fluids or mechanical
parts. The pollution-free processes make them an attractive source of energy [Sny08, Tie13].
Today, ~ 70% of the energy is required for heating/cooling systems and electricity [Gmz12] and
more than 60% of the global power is dissipated as waste heat [Fan13]. If only 10% of the waste heat
could be recovered, the energy produced would be more than the sum of the most current renewable
energy sources, such as solar, geothermal, wind and hydro energy [Fan13]. In fact, thermoelectrics is
gaining interest because it can transform heat from power plants, factories, motor vehicles and even
human body into functional electric power [Zue09, Yad11, Shi12].
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1.1 Thermoelectrics
The field of thermoelectrics is known since the 19th century as a mean to convert thermal energy
into electrical energy and vice-versa. The term thermoelectrics encompasses three different effects,
namely, the Seebeck, Peltier and Thomson effects [Sel13]. The discovery of the thermoelectric effect
is dated back to ~1821, when Thomas Johann Seebeck made experiments on circuits made from two
dissimilar metals with junctions kept at different temperatures [See21]. He noticed a deflection on a
compass magnet caused by a current induced in the circuit by the existing gradient of temperature.
Since the velocity distribution of the electrons depends on the temperature, the electrons at the hot
junction possess a larger velocity than at the cold junction. Thus, the electrons diffuse thermally to the
cold end, causing the formation of an electric field inside the material.
Nowadays, the induction of voltage by a temperature gradient is known as Seebeck effect, and its
magnitude is measured by the Seebeck coefficient or thermopower. The dependency of the built up
electric field ( ) or voltage (

or

) by the temperature gradient (

) is given by the Seebeck

coefficient (S) as:
.

(1.1)

Around ~1834, the French physicist Jean Charles Peltier observed that at the junction of two
dissimilar metals, an applied current dissipated heat at one side and absorbed heat at the other side
[Kas01]. This effect is evaluated by the Peltier coefficient (П) which determines the rate of exchange
heat ( ) as a function of the applied current ( ), as:
.

(1.2)

In 1860, William Thomson, later known as Lord Kelvin, pointed out that these two effects are due
to the intrinsic properties of the given material [Tho51]. Thus, in addition to Joule heating, heat
absorption or emission occur proportional to the applied current and temperature gradient. The
proportionality is described by the Thomson coefficient ( ), defined as (

).

The three coefficients are interconnected by the Kelvin relation:
.

(1.3)

Figure 1.1 shows the scheme of thermoelectric devices based on the thermoelectric effect. The
modules consist of p- and an n-type semiconductor legs connected electrically in series and thermally
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in parallel. When a temperature difference is applied between the two ends of the legs, as in figure 1.1
(a), electrons and holes thermally diffuse and an electrical current is formed inside the circuit. This
simple device demonstrates thermoelectric energy harvesting exploiting the Seebeck effect.
Alternatively, by applying a current (figure 1.1 (b)), the Peltier effect causes a selective cooling or
heating at the ends of the legs, which depends on the charge flow direction.

Figure 1.1: Schematic of simple thermoelectric modules with p- and n-type semiconducting leg for (a) energy
generation applying a temperature gradient and (b) heating or cooling depending the on the direction of the
current.

In 1949, Abraham Ioffe developed the modern theory of thermoelectrics, defining the so-called
thermoelectric figure-of-merit ZT [Row06]. This figure of merit is a reference that allows to assess the
thermoelectric efficiency of a material and to compare it with other materials. The figure-of-merit at a
given temperature T is defined as:

(1.4)
κ being the sum of the contributions of the charge carriers (κe) and the lattice thermal (κL)
conductivity. For thermoelectric applications, materials with high ZT are desired.
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This quantity is related to the efficiency (η) of a thermoelectric generator with two legs, which is
given by [Row06]:

,

(1.5)

where the temperature of the hot side is given by Th and of the cold side by Tc, and the Seebeck
coefficient of the p- and n-type leg is defined by Sp and Sn, respectively. In fact, when a current I
passes through the two legs occurs a Peltier cooling effect equal to
opposed by both the heat conduction from the hot junction at rate
within the thermoelectric materials
power of the external load
Considering

. The cooling is
and the Joule heating

. Thus, the efficiency η corresponds to the ratio of the

and the heat flowing to the cold side of the device.
, the maximum efficiency at the mean temperature

is

derived from equation 1.5 as [Row06]:

.

(1.6)

In the limiting case ZTm → ∞, the total efficiency converges to the Carnot efficiency (
), which is the first term in equation 1.6.
Considering ZTm ~ 1, the maximum efficiency of commercial thermoelectric bulk material at room
temperature, at Th = 400 K and Tc = 300 K, the efficiency is only 4.8%. It decreases to 1.1%, if the
generator is working between Th = 320 K and Tc = 300 K. To increase these efficiencies materials with
higher ZT are required.
To achieve high ZT materials, the Seebeck coefficients should be high (to achieve large
thermovoltages even for small temperature gradients), the electrical conductivity should be large (to
minimize the Joule heating within the material), and the thermal conductivity should be low (to
minimize heat losses and maintain the temperature gradients) [Soo09, Dav11]. However, in bulk
materials, these quantities are interconnected. In figure 1.2 (a) the interplay of the contributions of S, σ,
κe and κL to the total ZT as a function of the charge carrier density (n) of the material is displayed. In
general, materials with large n are not suitable since S is low and κe has a high value. On the contrary,
enhance n results in a decrease of the thermopower with a decreasing of σ. The thermoelectric
materials with highest ZT are expected in the range of semimetals and semiconductors.
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Figure 1.2: Schematic of (a) properties S, σ, ke, kL and ZT as a function of the charge carrier density [Row06]
defining the different material phase: (ins) insulator, (sc) semiconductor, (sm) semimetal and (met) metal. (b)
thermoelectric figure-of-merit ZT of different semiconductor-semimetal materials as a function of temperature
[Som07]. The vertical line shows the room temperature.

The correlation between σ and κe was experimentally observed by Wiedemann and Franz in
different metals. Their ratio is given by [Wie53]:

,

(1.7)

where L is the Lorenz number and equals to 2.44 10-8 WΩK-2.
Figure 1.2 (b) reports the ZT of common semiconductor-semimetal alloys as a function of the
temperature. At room temperature, Bi2Te3 has the largest figure-of-merit. In Bi1-xSbx alloys the
maxima of ZT appears at lower temperatures [Iss06]. Figure 1.2 (b) clearly shows that bulk
thermoelectric materials do not achieve ZT > 1. The values are still too low to compete with traditional
fossil fuels (ZT > 2) [Bel08], vapor compression-based (ZT > 3) [Cas08] energy production or freon
based refrigeration systems (ZT > 2-4) [Row06]. For this reason, thermoelectric devices are nowadays
relegated to a range of niche applications, where the efficiency is not as important as the availability
and reliability of the power production [Dre07].
Thermoelectric generators are used because of their high reliability providing little amount of
electric power through small temperature gradient, for example, in remote earth locations [Bel08] or to
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charge small electric devices like mobile phones and laptops [TES11]. Radioisotope thermoelectric
generators are also present in space missions, exploiting for the production of electrical power the heat
released during the isotope decay [Dav11]. Moreover, thermoelectric coolers/heaters are used on cars
to control the temperature of the seats [Dav11] and on special suits to remove heat from the human
body [Che12]. Recently, the utilization of thermoelectric generators combined with advanced
photovoltaic cells has been proposed to increase the efficiency of the solar-to-electrical conversion
[Fis14, Su14].

1.2 Low-dimensional Thermoelectric Materials
The Wiedemann-Franz law (eq. 1.7) and the dependency of the Seebeck coefficient on the charge
carrier density cause an impasse in the pursuit of increasing the thermoelectric figure-of-merit in bulk
materials [Els14]. After almost four decades of relatively slow progress in the thermoelectric research,
a renewed interest began in the nineties due to predictions on how to enhance ZT [Ala13]. One of the
new approaches aims to reduce the lattice thermal conductivity of bulk materials by increasing phonon
scattering. Various methods are suggested including the introduction of mass fluctuation scattering
centers by mixing crystals of different compounds [Liu12] or increasing interface scattering in
multilayer systems [Wan12b]. Another approach to enhance ZT is to lower the dimensions of the
material, i.e. confining the bulk structure (3D) in one direction to thin films (2D), in two directions to
nanowires (1D), or in three directions to quantum dots (0D). Theoretical calculations by Hicks and
Dresselhaus in 1993 predicted an increase of the thermoelectric figure-of-merit for quantum-well
Bi2Te3 superlattice structures [Hic93b] and an even higher ZT for Bi2Te3 nanowires of very small
diameters (~ 1-10 nm) [Hic93a, Sin03, Bej08]. In this case, the ZT increase is due to the changes in the
material properties when the size of the low-dimensional structures becomes comparable to the Fermi
wavelength of the charge carriers and to the charge carrier and phonon mean free path of the material
[Far06].
In nanowire of diameter comparable to the electron Fermi wavelength, the charge carriers become
confined in two dimensions and have discrete energy levels in agreement with quantum mechanics
[Har05]. Thus, the density-of-states (D(E)) of the spatially confined material exhibits sub-bands
located at certain energy (E) [Lin00b] instead of the continuous D(E) function in the bulk. A schematic
of this transition is shown in figure 1.3, including also the other low-dimensional materials.
Quantization effects of the charge carrier density and the subsequent formation of sharp peak maxima
in D(E) are predicted to enhance the Seebeck coefficient of the material and the power factor (S2σ)
[Her05]. On the other hand, when the size of the structure is comparable to the phonon mean free path,
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the contribution of the lattice thermal conductivity to the total thermal conductivity is significantly
reduced due to the enhanced phonon boundary scattering at the nanowire surface [Li10, Hoc08]. A
reduction of the bulk thermal conductivity by a factor about 100 was reported for rough-surface Si
nanowires, and attributed to the increase of the phonon scattering [Bou06, Hoc08]. Moreover, current
studies question that for nanostructures the Wiedemann-Franz law (eq. 1.7) remains valid [Kum93].
Experiments on Pt [Völ09b] and Ag [Koj15] nanowires indicated a Lorenz number lower than the bulk
counterpart, which decreases with decreasing temperature.
Given by the theoretical predictions, considerable efforts focused on the synthesis and
thermoelectric characterization of low-dimensional structures. However, only in few cases the
measurements of the three thermoelectric properties, namely Seebeck coefficient, electrical and
thermal conductivity, were carried out on the same sample which would provide a comprehensive
result of the figure-of-merit. As an example, a high value of ZT ~ 2.4 at room temperature was
presented for p-type Bi2Te3/Sb2Te3 [Ven01], ZT > 1.5 for PbSeTe quantum dot superlattices [Har02]
and ZT ~ 1.35 for multilayered Bi2Te3 [Tan07], all values higher than ZT of bulk.

Figure 1.3: Schematic of the charge carrier density-of-states (D(E)) vs. energy (E) for bulk (black solid line),
quantum well (red dashed line), quantum wire (blue dashed line) and quantum dot (green dots) [Dre03].
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1.3 Properties of Bi1-xSbx Alloys
Bismuth (Bi), antimony (Sb) and bismuth-antimony (Bi1-xSbx) bulk compounds crystallize in the
rhombohedral structure belonging to the space group R3m. This is also called the A7 structure, with the
rhombohedral primitive cell containing two atoms per unit cell. The A7 structure is slightly deformed
with respect to the cubic structure. This small distortion induces that bismuth and antimony are
semimetals characterized by a small overlap between the conduction and the valence bands [Len96].
Equivalently, the hexagonal notation can be used to describe the structure. The hexagonal unit cell of
the material possesses six atoms per unit cell [Tan14b] and the lattice parameters almost follow
Vegard´s law, varying monotonically from a = 4.5465 Å and c = 11.8616 Å for pure Bi to a = 4.3085
Å and c = 11.2732 Å for pure Sb at room temperature [Cuc62, Dis68]. Such similarity of the lattice
parameters allows forming solid bismuth-antimony solutions over the whole composition range
[Len96].
The electronic band structure of the bismuth-antimony solution varies significantly as a function of
the stoichiometry [Tan14a], as reported in figure 1.4. To describe the structure three points of the
Brillouin zone are of special interest, namely the T-, H- and L-point.
In pure Bi, the holes fill pockets at the T-point and the electrons at the L-point [Her05]. The indirect
band overlap between the valence T-point and the conduction L-point band edge is estimated to be
around 40 meV at 0 K [Len96]. Moreover, a direct band gap of 10 meV is present at the L-point. The
dispersion relation is parabolic for the holes and non-parabolic at the L-point due to the strong
coupling between the charge carriers, described by the Lax two-band model [Lax60].
Adding antimony decreases the band overlap and the direct band gap of the electronic structure. At
x = 0.04, the structure is gapless and beyond this composition the bonding and antibonding bands at
the L-point is inverted. The band overlap vanishes at x = 0.07, leading to a transition to an indirect gap
semiconductor phase between the T- and L-point [Tan12]. At x > 0.09, the alloy presents a direct gap
semiconductor phase, since the T-point band possesses a lower energy than the L-point.
Simultaneously, the valence band edge at the H-point raises and crosses the L-point conduction band
edge at x = 0.15-0.17, modifying the structure into an indirect gap semiconductor [Tan12]. At x = 0.22
the valence band creates again an indirect band overlap and defines the semimetal phase [Len96].
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Figure 1.4: Schematic of band structure of Bi1-xSbx bulk alloy at 0 K as a function of the composition (x)
according to ref. [Len96].

Bismuth bulk is known to possess better thermoelectric properties compared with Bi2Te3 at lowtemperatures [Len96b]. Both bulk bismuth and antimony have a large anisotropic electronic Fermi
surface. All thermoelectric transport properties depend thus strongly on the crystal direction [Iss79]. A
general enhancement of the thermoelectric figure-of-merit was observed when adding Sb to Bi,
yielding to a maximum of ZT of ~ 0.4 at 70 K and ~ 0.5 for x = 0.08 and 0.16, respectively [Iss06]. The
maxima lie in the semiconductor phase of the alloy, as visible in figure 1.4. The small band overlap in
pure bismuth leads to an equal number of electrons and holes in the electronic structure, which both
contribute oppositely to the total Seebeck coefficient of the material [Her99]. Alloying with antimony
and the creation of a bandgap create a transport structure with enhanced thermopower [Dre99].
Nanostructuring provides another benefit to further enhance the thermoelectric figure-of-merit of
Bi1-xSbx the alloy [Tan14a]. Because bismuth possesses at room temperature an extremely large
electron Fermi wavelength (λe ~ 40-70 nm) [Cor10] and a very low effective mass (m* ~ 0.001-0.26
me), quantization effects are expected already in wires of relatively large diameter [Cor06b].
Moreover, as a consequence of the energy bands splitting into sub-bands, the energies of the
conduction and valence band edges shift as a function of the structure dimension (figure 1.5). Thus,
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lowering the dimension of the material leads to the formation of a gap in the electronic band structure
[Lin02], causing the transition to semiconductor phase. Theoretical calculations for Bi wires predict
this transition for wire diameters below 50 nm [Rab01]. Electrical measurements reported this change
at such low wire diameter [Lin02].
Compared to bulk a reduction of the total thermal conductivity is expected in nanowires [Li10,
Hoc08]. Bismuth nanowires of diameter ~ 200 nm showed already a 6 times suppressed total thermal
conductivity with respect to bulk. This observation is ascribed to diffuse phonon-surface and phonon–
grain boundary scattering [Moo09].

Figure 1.5: Schematic of the band gap of bismuth nanowires when decreasing the structure dimensions.

Therefore, it was expected that Bi1-xSbx nanowires could potentially have a higher thermoelectric
efficiency compared to the bulk counterparts. Theoretical calculations based on semi-classical
Boltzmann transport equations supported this idea pointing out an enhanced ZT by decreasing wire
diameter and adjusting doping [Lin00, Tan14b]. In particular, in Bi0.87Sb0.13 a value of ZT around 1.5
was predicted for Bi nanowire with diameter ~ 15 nm, and around ZT ~ 2.5 for 40 nm nanowire
diameter [Rab01].
Despite the promising theoretical predictions, comprehensive and systematic measurements on the
thermoelectric properties of Bi1-xSbx alloy nanowires as a function of wire diameter and orientation are
scarce [Tan14a]. The difficulties are both in the synthesis of Bi1-xSbx alloy nanowires with the desired
geometrical, compositional, and structural characteristics and, subsequently, in contacting single
nanowires to measure the Seebeck coefficient as well as electrical and thermal conductivity.
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This work focuses on the synthesis of Bi1-xSbx (0 ≤ x ≤ 1) nanowires and the characterization of
their thermoelectric properties. Measurements of the Seebeck coefficient and electrical resistance of
Bi1-xSbx nanowire arrays were performed varying both wire diameter and composition. For the
interpretation of the data, a systematic investigation of the crystallographic orientation and
composition of the wire was performed.
The following chapter provides a detailed study of the influence of the deposition parameters on the
composition and on the crystallographic orientation of the nanowires of different diameters. The
production of the track-etched templates is described, including the irradiation with swift heavy-ion
and chemical track etching. The subsequent electrochemical deposition of the Bi1-xSbx alloy into the
pores by both pulsed and potentiostatic method is presented with a systematical change of the Bi:Sb
ratio concentration in the electrolyte and of the diameter of the pores. The influence of these
parameters on the composition and crystallographic orientation of the wire is investigated by X-ray
diffraction as well as by scanning and transmission electron microscopy. These characterization results
are essential for the comprehension of the successive thermoelectric measurements.
The third chapter reports measurements of the Seebeck coefficient and electrical resistance of Bi1xSbx

nanowire arrays. These experiments are performed in a setup specifically designed for nanowire

arrays where excellent thermal contacts to the sample were developed. The measurements were carried
out varying systematically composition (0 ≤ x ≤ 1) and diameter (from ~ 750 to ~ 40 nm) of the wires
in a temperature range between 300 and 20 K. The influence of both wire diameter and composition on
the Seebeck values was interpreted considering both quantum- and finite-size effects. However, also
the influence of the surface states is considered, employing a two-band theoretical model that describes
the interplay of both bulk and surface states on the total thermopower of the nanostructure.
Since the exposition to heat and air is a basic requirement for thermoelectric applications, in the
last chapter, the effects of the annealing on the composition and morphology of individual Bi1-xSbx
nanowires are investigated.
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2. Synthesis and Characterization
of Bi1-xSbx Nanowires

This chapter reports the synthesis of Bi1-xSbx alloy nanowires (0 ≤ x ≤ 1) by electrodeposition in the
channels of polycarbonate etched ion-track membranes. The nanowire arrays were subsequently
characterized by various techniques to study morphology, crystallography, and composition of the
wires as a function of the deposition conditions.
First, we introduce the ion-track technology to produce the templates in which the nanowires are
electrodeposited. The template fabrication process includes the irradiation of polymer foils with swift
heavy ions of MeV-GeV kinetic energy and subsequent chemical etching in a suitable solution to
dissolve selectively the ion tracks and form nanopores of tailored diameter. Finally, the nanowires
were electrochemically deposited in the cylindrical pores by using both potentiostatic and pulsed
voltage conditions.
The characterization of the nanowire arrays revealed the influence of the deposition conditions of
the wire growth rate over the whole sample area and over the nanowire diameter as well as of
elemental composition and crystallographic orientation. The first property is important to facilitate the
subsequent contact of the arrays between two macroscopic metal layers, used as electrode, and thus
measuring their thermoelectric properties, especially the Seebeck coefficient, whose evaluation is
presented in the next chapter.
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2.1 Experimental Details on Wire Synthesis and Characterization
The synthesis of Bi1-xSbx nanowires has been reported in literature using several different
techniques, such as solvothermal methods [Tan09], laser vaporization [Rep07], whiskering of Bi films
[Sta12], precipitation of Bi from molten Bi-Ga mixtures [Bhi05], Taylor process [Glo77], electron
beam writing [Chi04] and synthesis in aqueous solutions via a free-template route [Zho07]. With
respect to most of these methods, electrochemical deposition in templates is known to offer an
excellent control on the thermoelectrically relevant nanowire parameters, including wire diameter,
crystallographic orientation and crystallinity [Mar03, Lim15].
The growth of Bi1-xSbx nanowire arrays with uniform wire length was previously reported by
electrochemical deposition into the channels of porous alumina templates [Pri01, Li04]. However, the
use of polymer templates presents two main advantages: (i) polycarbonate membranes possess a lower
thermal conductivity (~ 0.19 W/mK) than alumina (~ 10-30 W/mK) [Mob12], allowing the proper
thermoelectric characterization of embedded nanowire arrays, (ii) polymer can be easily dissolved in
suitable organic solvents, like dichloromethane, without affecting the nanowire surface, while alumina
templates need to be dissolved by strong bases or acids that results in oxidized surface layers.
The synthesis of nanowires by electrochemical deposition in polycarbonate etched ion-track
templates includes the fabrication of the template and the electrodeposition process. Both steps are
explained in the sections below.

2.1.1. Production of Etched Ion-Track Membranes
Commercial polycarbonate (PC) foils (Makrofol N, Bayer AG, thickness 30 μm )[Mob12] were
irradiated with high energy heavy ions at the UNILAC linear accelerator of GSI Helmholtz Centre for
Heavy Ion Research (Darmstadt, Germany). On their way through the polymer foil, each heavy ion
(e.g. Au, Pb or Bi) creates a cylindrical track consisting of damaged material [Ang96, Tra10]. Along
their trajectories through the polymer, the ions loose energy due to the interaction with atoms (nuclear
energy loss) and with electrons (electronic energy loss) [Yao06]. The electronic energy loss (

) can

be described by the Bethe-Bloch Formula [Bet30, Blo33]:

,
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where dE is the energy loss per path length dx, β the ions velocity relative to the speed of light c, I
the averaged ionization energy of the target atoms, Zeff the effective charge of the ion passing through
matter, ne the electron density of the target material, me the free electron mass, e the elementary charge
and δ and U correction terms. The effective charge depends on the ion velocity. At a given velocity,
ions in matter lose and catch electrons until the equilibrium is achieved [Mei01].
The range of the ion in a given material (IRange) is given by:

,

(2.2)

assuming that the ion is stopped when the total energy, the integral of the nuclear and electronic
energy loss, is completely transferred to the target.
The irradiation of the polymer samples was performed with Au ions of ~ 2.2 GeV kinetic energies,
corresponding to a specific energy of ~ 11.1 MeV per nucleon (MeV/u). The energy losses and the
projected range of the Au ions in polycarbonate were calculated using the SRIM 2003 code [Zie04].
The results are displayed in figure 2.1 (a) and (b), respectively.
The penetration depth of gold ions accelerated to ~ 2.2 GeV is ~180 µm. After passing three 30 μm
thick polycarbonate foils, normally irradiated as a foil stack, the ions still possess a total energy of ~1.1
GeV, as reported in figure 2.1 (b). The total energy loss over the thickness of the three foils is almost
constant, as visible in figure 2.1 (a), leading to a homogenous modification of the physical and
chemical properties of the target along the ion path, the so-called latent ion track [Pet95, Ape98].
Two models describe the formation of tracks in solids by swift heavy ions: the thermal spike model,
which assumes a high temperature along the ions trajectory due to the deposited energy [Wan94], and
the Coulomb explosion model, which predicts first pronounced ionization of atoms along the trajectory
and a subsequent repulsion, leading to the formation of disorder [Fle65]. In polymers, the track core
has a typical diameter of less than 10 nm whereas the track halo may reach up to 1 μm, depending on
the deposited energy density, the radiation sensitivity and other parameters [Sun03, Deh03].
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Figure 2.1: SRIM calculations for Au ions passing through polycarbonate membranes providing: (a) nuclear
(dotted red line), electronic (dash green line) and total (solid blue line) energy loss of the ions and (b) the
projected ion range as function of the ions total energy. Blue dotted vertical lines indicate the ion energy at the
entrance of the first polymer of the stack and after passing the three foils (total thickness ~ 90 µm).
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Subsequent to the ion irradiation, the tracks are selectively dissolved and converted into
nanochannels by chemical etching [Fle75, Tra96]. The foils are introduced into a suitable etching
agent, which for PC is a concentrated sodium hydroxide solution [Cor10]. During the etching process,
the damaged zone of the latent tracks are preferentially removed and transformed into

hollow

channels. To form cylindrical nanochannels, the anisotropic track etch rate (vT) has to be much larger
than the isotropic bulk etch rate (vB). As visible from figure 2.2, the bulk-to-track etching ratio
determines the opening angle α of the pores by:
.

(2.3)

In practice a vT to vB ratio of the order of 103 can be achieved in PC foil [Tra96].
In this work, the irradiated polycarbonate foils were etched in 6 mol/l NaOH at 50°C yielding an
etching rate of ~ 22 nm/min. Selecting a certain etching time enables us to adjust the diameter of the
channels, and of the subsequent deposited nanowires [Fis83, Cor10].
Prior to etching, the samples were exposed to UV light (T-30M Vilber Lourmat lamp, 30 W, 312
nm) for one hour on each side, to increase the track-etch velocity vT [Tra95] and to improve the
homogeneity of the etching process. This treatment is known to result in a narrower pore diameter
distribution [Pep07, DeS79].

Figure 2.2: Schematic of the ion-track etching process with bulk and track velocities for etchant interaction with
the polycarbonate membrane.
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2.1.2 Electrochemical Deposition of Bi1-xSbx Nanowires
After etching, a thin conductive Au layer (thickness ~ 200 nm) was sputtered onto one side of the
etched ion-track membranes, using an Edwards Sputter Coater S150B (pressure 10-1 Torr, voltage 1.5
kV, current 15 mA, 5 minutes). The template was subsequently placed between two teflon
compartments as depicted in figure 2.3. The sputtered layer was reinforced by electrochemical
deposition of an approximately 1 µm thick Au layer (applying 1 V for 10 min to Au sulfide (AuSF)
solution by Metakem) using a two-electrodes setup, as reported in figure 2.3 (a). The conductive Au
layer acts as working electrode, while the Pt0.90Ir0.10 spiral and a saturated calomel electrode (SCE)
(Meinsberg) act as counter and reference electrode, respectively, in the three-electrodes setup, as
displayed in figure 2.3 (b). The deposition setup was built by extending a former two-electrodes setup
by the integration of a potentiostat and the SCE, in order to better control better the deposition
potential in a reproducible way. The potentiostat monitors the voltage at the reference electrode and,
by comparison with the desired deposition voltage, adjusts the voltage provided to the counter
electrode. The setup allows keeping the potential at the reference electrode equals to the selected
deposition potential [Mül12b]. Bismuth and antimony are deposited into the nanochannels at room
temperature using an electrolyte consisting of 1.95 mol/L HCl acid (≥ 37%, Merck KGaA), 1.09 mol/L
glycerol (≥ 99,5%, Merck KGaA), 0.2 mol/L NaCl (≥ 99,5%, LS Laborservice), 0.3 mol/L tartaric acid
(≥ 99,5%, Merck KGaA), Bi(III)-chloride (≥ 98%, Merck KGaA) as well as Sb(III)-chloride (≥
99%,Merck KGaA) in a total concentration of 0.1 mol/L. The material deposition takes place
according to the reaction [Cor05]:
.

(2.4)

The electrolyte is based on hydrochloric acid to allow the complete dissolution of Bi(III)- and
Sb(III)-chloride [Ver03]. The electrolyte was introduced into one of the Teflon compartments, as
indicated in figure 2.3, and left for thirty minutes before starting the deposition. This ensures sure that
the electrolyte has penetrated into the pores of the membrane.
For the deposition, six solutions with six different concentrations of Sb ions (c(Sb)), namely 0, 0.01,
0.015, 0.02, 0.03, and 0.1 mol/L were employed. The concentration of Bi ions (c(Bi)) was adjusted in
each case to achieve a total concentration of 0.1 mol/L of Bi and Sb ions in the electrolyte.
The different stages of the nanowires deposition was followed by recording the current as a function
of the deposition time. Figure 2.4 displays the four characteristic deposition phases occurring during
nanowire growth [Toi01]: (1) a sharp current increase followed by a decrease attributed to the charging
of the electrical double layer and to the formation of the diffusion layer. (2) a nearly constant current,
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occurring during the deposition of material in the channels. (3) an increase of the current as soon as the
cylindrical pores are completed filled and the deposition is no longer constricted by the pore geometry.
If the process continues, material grows on top of the nanowires forming so-called caps. (4) For
extended deposition times, the caps coalesce and form a continuous layer. When this is the case, the
deposition current reaches another plateau.

Figure 2.3: Schematic of experimental setup for the electrodeposition of (a) Au substrate on the sputtered Au
layer of the template and (b) nanowires in track-etched nanochannels of polycarbonate membrane.
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Figure 2.4: Representative chronoamperometric curve (I-t) for electrodeposition of nanowires in etched iontrack membrane illustrating the four different stages of the deposition process (1)-(4).

2.2. Characterization Techniques
The thermoelectric properties of Bi1-xSbx nanowires are known to be strongly dependent on both
nanowires composition and crystallographic orientation [Len96, Tan15]. Therefore, a detailed
investigation of composition, orientation, surface structure and crystalline size of the nanowires is
required to understand the properties of the material and the subsequent thermoelectric measurements
performed on both individual and array of nanowires [Lin00, Dre99].
The crystallographic orientation and composition of the Bi1-xSbx nanowire arrays embedded in the
polycarbonate template was investigated by X-ray diffraction (XRD). Moreover, the morphology and
geometry of single nanowires were investigated by high resolution scanning electron microscopy
(SEM). The composition was analyzed by energy dispersive X-ray analysis (EDX) and the crystalline
size and orientation of the grains inside the nanostructure were studied by transmission electron
microscopy (TEM).
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2.2.1 Scanning and Transmission Electron Microscopy

The surface morphology of the nanowire arrays was analyzed using a JEOL JSM-7401F highresolution scanning electron microscope. SEM images are produced by the signals generated from the
interaction of the finely focused electron beam with the sample surface. Figure 2.5 displays the
schematic of the excitation bulb formed by the incident electron beam interacting with the sample at
various depths [Rei85, Sal11]. Near the sample surface, this process leads to the emission of both
Auger (maximum depth ~ 5 nm) and secondary electrons (SE) (depth 5-50 nm) [Eve60].
Backscattering electrons (BSE) are emitted from a deeper region of the sample (up to ~ 200 nm)
[Oat72] and the emission of both Bremsstrahlung and fluorescence radiations occur in thick sample up
to ~ 450 and ~ 550 nm, respectively [Rei98]. Moreover, if the electron beam has a sufficient high
energy, characteristic X-rays are formed during the interaction in a depth up to ~ 350 nm, providing
quantitative information about the composition of the sample [Gol07].
In this work, mainly the SE detector was used to analyze the samples. Since this type of electrons
have a low energy (< 50 eV), only electrons from the surface of the samples reach the detector,
providing information about the morphology and surface of the nanowires.
Moreover, single nanowires on the TEM grids were analyzed by the integrated scanning electron
transmission in SEM (STEM-in-SEM) detector. The imaging of this method is based on the detection
of electrons transmitted through the samples.
The samples for SEM and TEM analysis were prepared as follow. The electrodeposition of Bi1-xSbx
nanowires was stopped after the growth of the caps (region 4 of figure 2.4). To observe the caps on the
surface of the membrane, a piece of the sample was placed directly on a SEM sample-holder and
analyzed. To study the shape and composition of single nanowires, a piece of the metal-filled
membrane was put on the base of a small funnel and drops of dichloromethane were used to dissolve
the polymer and release the wires. At the end of the funnel, Cu TEM grids with a lacey carbon film or
a small piece of silicon substrate collected the nanowires. After complete evaporation of the
dichloromethane, the samples were directly transferred into the microscope.
At the Institute of Applied Physics (Tübingen, Germany), single nanowires on Cu-lacey TEM grids
were analyzed by bright-field (BF) and dark-field (DF) imaging in a Zeiss 912 Ω transmission electron
microscope operated with an electron beam energy of 120 keV. In BF imaging the pictures are formed
from the unscattered electrons passed through the sample. Contrast in these images is due to
differences of the thickness or density of the sample. On the other hand, DF imaging uses the scattered
electrons to form the images. This makes the areas of the sample with different crystal orientation or
structure respect the sample zone producing the diffracted beam, appearing darker [Wil96].
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The samples for TEM investigations were prepared by transferring single nanowires onto Cu-lacey
TEM grids as for the SEM measurements previously reported. To obtain suitable signal from the
transmitted electrons, the sample thickness must be smaller than ~ 100 nm. For this reason the
nanowires analyzed in this work by TEM possess a diameter of ~ 80 nm.

Figure 2.5: Schematic of the excitation bulb of the incident electron beam in the sample at different sample
depth. The interaction with the sample leads to Auger electrons, secondary (SE) and backscattered (BSE)
electrons, as well as characteristics X-ray, bremsstrahlung and fluorescence emission [Rei85, Sal11].

2.2.2 Energy Dispersive X-ray Analysis

Energy dispersive X-ray analysis (EDX) was employed to determine the nanowires composition.
The characteristic emitted X-ray is specific of the elements can be used to identify the chemical
composition of the samples. The measurements were performed on single nanowires placed onto Culacey TEM grids. The selected wires were positioned across a hole in the middle of the carbon film.
The usage of the TEM grids as substrate for the analysis enables not only the electrons transmission
through the specimen and their detection both into TEM and SEM, by the STEM-in-SEM detector, but
also the minimization of the background effects on the detected signals.
For quantitative EDX analysis of the nanowires a Bruker XFlash 5030 system in the SEM was used.
The electron beam energy was selected to 10 keV. This allows performing quantitative analysis by
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using the Sb-L (excitation energy EC 4.132 keV) and Bi-M (EC 2.580 keV) shell transition line series
[Bea67]. Information about the nanowire composition was obtained also by TEM-EDX in a JEM
ARM 200CF operated at 400 keV at the Max Planck Institute for Intelligent Systems (Stuttgart,
Germany). The results are presented in chapter 4.

2.2.3 X-ray Diffraction

The preferred crystallographic orientation of the grains inside the nanowires and the composition of
Bi1-xSbx nanowire arrays embedded in the PC template were investigated by X-ray diffraction (XRD).
The X-ray diffractograms were recorded using the Cu-Kα1 (λ = 0.15405 nm) and Cu-Kα2 (λ = 0.15444
nm) [Höl97] radiation of a Seifert X-ray generator and a HZG-4 goniometer in a Bragg-Brentano
geometry with a step size of 0.02° and acquisition time of 2 sec/step. The Cu-Kα2 radiations were
filtered out with a monochromator placed after the X-ray generator. Prior to diffraction analysis, the
Au cathode was removed from the PC membrane by KI/I2 solution to avoid reflections from the gold
substrate. Figure 2.6 shows the schematic of the geometrical arrangement used in this experiment.

Figure 2.6: Scheme of reflection geometry of (a) lattice planes inside the sample and (b) XRD setup with BraggBrentano geometry.
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The incident X-rays are diffracted by the sample lattice planes defined by the Miller indices hkl,
according to Bragg´s law:
,

(2.5)

where n is the order of diffraction, dhkl the spacing between the lattice planes and θ the diffraction
angle. Bi1-xSbx alloys belong to the same space group R3m and the symmetry rules of this group allow
values of hkl that fulfill

, with n being a positive integer [Hah05].

Comparing the relative peak intensities (I) of a 2θ scan diffractogram with standard powder
diffraction patterns (I0), reported for Bi and Sb [SPP], it is possible to calculate the texture coefficient
(TC) of a nanowire array and to evidence the preferred orientation of grains inside the nanowires. TC is
defined as [Har52]:

,

(2.6)

with n being the number of considered reflections with Miller indexes (hkl)j.
A texture coefficient of TC[(hkl)j] larger than one indicates a preferential orientation of the crystals
in the nanowire with the planes (hkl) perpendicular to the wire axis. On the contrary, if the TC[(hkl)j]
has a value ~ 1 for all the considered planes, the structure does not present any preferential orientation.
The position and shape of the peaks are also influenced by other effects, including defects like grain
boundaries, stacking faults, and chemical heterogeneities [Ung01]. In the case of Bi1-xSbx, Dismukes et
al. reported a monotonic decrease of the lattice parameters a and c with increasing Sb content in Bi1xSbx

alloys, with slight deviations from the values predicted by the Vegard´s law [Dis68]. For a given

set of planes, the reflection angle 2θ shifts to lower values for higher concentration of Sb. Thus, the
position of the reflections peaks in the XRD diffractograms supplies information about the x(Sb)
content in the wires.
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2.3 Synthesis and Characterization Results
In this section we present the results from the synthesis and characterization of Bi1-xSbx nanowires
grown both by potentiostatic and pulsed deposition.
We first studied the influence of the deposition conditions on the homogeneity of the wires growth
over the whole sample area (subsection 2.3.1). The higher homogeneity ensures a similar wire growth
process inside all the nanopores, reducing structural properties differences between wires of the same
array.
The second part presents the results on the investigations of the crystallographic orientation and
composition of the wires varying the Bi:Sb ratio concentration in the electrolyte (subsection 2.3.2).
Similar systematic investigations then focused on how the crystalline orientation is influenced by the
pore diameter for given compositions of the electrolyte (subsection 2.3.3).
These characterizations of the nanowire structure are essential to interpret the thermoelectric
measurements as a function of both wires composition and diameter (chapter 3).

2.3.1 Potentiostatic and Pulsed Deposition

In this subsection we apply two different deposition methods (potentiostatic and pulsed deposition)
to study the homogeneity of the wire growth over the whole sample. For this, we fabricated a series of
etched ion-track membranes with identical parameters (thickness 30 µm, pore diameter 79 ± 8 nm, and
pore density ~ 7×108 cm-2) and used them as templates for the growth of Bi1-xSbx nanowire arrays with
various electrolytes.
Figure 2.7 reports the chronoamperometric current vs. time (I-t) curves recorded during the
nanowire potentiostatic (a) and pulsed (c) deposition using five different electrolytes with Sb
concentrations between 0 and 0.1 mol/L. For the potentiostatic deposition, the potential U = -220 mV
vs. SCE was kept constant during the whole process. On the contrary, for pulsed deposition, the
potential was varied between U1 = -220 mV vs. SCE (t1 = 20 ms) and U2 = -150mV vs. SCE (t2 = 100
ms), as reported in figure 2.7 (b). As visible in figure 2.7 (b), the deposition current drops fast to zero
during t2 because no deposition takes place, allowing the replenishment of electrolyte ions close to the
cathode before the next reduction pulse is applied.
To compare the wires growth, all depositions were stopped when the current just started to increase,
i.e. when the deposited material had reached the top of the membrane. The absence of caps on top of
the metal-filled membrane is important for the subsequent XRD analysis.
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Figure 2.7 (a) shows the absolute values of the chronoamperometric current vs. time (I-t) curves
recorded during potentiostatic deposition using five electrolytes with different Sb concentrations,
namely 0 (black line), 0.01 (red), 0.02 (green), 0.03 (blue) and 0.1 (magenta) mol/L. The data show
that the deposition current is lower when the concentration of Sb ions in the electrolyte is higher.
Assuming that the deposition area is the same (the membranes were prepared under identical
conditions), a lower recorded current implies also a lower current density. On the other hand, the
deposition time increases then enhancing the Sb concentration, starting from ~ 20 sec for pure Bi to ~
390 sec for pure Sb wires.
Figure 2.7 (c) presents the deposition current (averaged every 10 consecutive pulses) vs. time for
nanowires deposited with pulsed potential using identical membranes and same electrolytes as for the
potentiostatic growth. The average I-t curves display the same qualitative behavior as for the
potentiostatic growth (figure 2.7 (a)), namely a higher Sb concentration results in a lower deposition
current and an increase of the deposition time.
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Figure 2.7: (a) Chronoamperometric curves (I-t) recorded by applying a potentiostatic voltage at U = -220 mV
vs. SCE with electrolytes containing different Sb concentrations c(Sb) 0 (black), 0.01 (red), 0.02 (green), 0.03
(blue), and 0.1 mol/L (magenta). (b) Selected applied voltage pulses U-t (red) and the corresponding recorded
current I-t (green) recorded during pulsed deposition. (c) Averaged current (IAV) vs. time of the pulsed
depositions of Bi1-xSbx nanowire arrays in nanopores membrane using electrolytes with various Sb
concentrations given in mol/L.
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To understand which deposition method yields more homogenous growth, the experimental charge
(Qexp), associated to the material deposited in the membrane channels, was estimated by integrating I-t
curves in zones 1 and 2 (see Fig. 2.4) until the time at which cap growth starts [Ham07]. For
potentiostatic and pulsed deposition Qexp as a function of c(Sb) is presented in figure 2.8. The
experimental charge for pulsed deposition is larger than for potentiostatic deposition for all Sb
concentrations. The larger deposited charge indicates that more channels were filled under pulsed
potential conditions. This result suggests that the ion concentration close to the nanoelectrodes (the
conductive layer at the bottom of each pore) is effectively increased during the second pulse t 2,
yielding a more homogeneous growth rate among all the nanopores in the membrane. In the case of
potentiostatic deposition, small variations of the growth rate among the wires in different channels get
more pronounced as the deposition proceeds leading to a less homogeneous filling of the pores.

Figure 2.8: Experimental charge (Qexp) measured after the growth of Bi1-xSbx nanowire arrays of samples
reported in figure 2.7 by (a) potentiostatic (red points) and (c) pulsed deposition (black points) as a function of
different concentration of antimony ions (c(Sb)) in the electrolyte.

The higher wire-growth homogeneity for pulsed deposition is also supported by SEM
investigations. Figure 2.9 shows the top view of a membrane surface after the growth of Bi nanowire
arrays by (a) potentiostatic and (b) pulsed deposition, respectively. Comparing the SEM images, it is
clearly noticed that the number of wires reaching the top at the same time is significantly higher in the
case of pulsed deposition due to the higher density of caps on the top surface, in agreement with the
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higher measured experimental deposited charge (Qexp) of figure 2.8. The figure insets show in both
cases single caps surrounded by pores (marked with red circles for clarity). During the deposition
process, some wires reach the template surface earlier than others and then quickly develop caps. The
early arrival of some of the wires is attributed to the micrometer-scale film roughness in the membrane
channel, causing fluctuations of the channel lenghts. A study by Wagner et al. revealed that only ~
60% of Sb wires (deposited under similar pulsed deposition) reached the top surface at the same time
[Wag15]. When, removing ~ 1 µm polycarbonate membrane for the top surface by reactive ion etching
technique, the filling percentage enhanced to over 95%. This increase is supposed to be due to the
roughness of the polymer foil. In our cases, the pronounced difference in Qexp (Fig. 2.8) indicates that
it is also possible that the deposition does not take place in some channels due to, e.g., insufficient
contact to the cathode or due to the presence of small air bubbles in the pores.

Figure 2.9: SEM images of the polymer surface displaying caps grown on top of Bi nanowires by (a)
potentiostatic and (b) pulsed conditions. Both insets show an individual cap surrounded by empty pores marked
in red circles.

In addition, the morphology of the caps of the two samples is different. In figure 2.9 (b) the caps
exhibit large facets and long edges, indicating larger grains and twins in the nanowires structure.
Whereas the caps in figure 2.9 (a) display a more irregular morphology and seem to consist of smaller
grains. Previous works on bismuth nanowires [Cor05, Toi04] reported that the cap morphology is an
indication of wire crystallinity. Faceted caps were found on top of single-crystalline wires or on wires
consisting of few large crystals, whereas irregular and round caps were grown on top of polycrystalline wires.
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From the calculation of experimental charge and the number and shape of the caps, we can
conclude that higher homogenous growth of Bi1-xSbx nanowire arrays can be obtained by pulsed
deposition.
However, increasing the Sb ions concentration in the electrolyte leads to a larger experimental
charge, as notable in figure 2.8, and at the same time to a lower deposition current and longer
deposition time (figure 2.7) for both growth conditions. This behavior can be explained by cyclic
voltammetry (CV) measurements performed with the same electrolytes used for the wires deposition.
CVs on planar Au electrodes were performed using a Gamry potentiostat at a scan rate of 50 mV/sec
for 5 cycles. Figure 2.10 reveals a shift in the main reduction peak from -312 mV vs. SCE for c(Sb) = 0
mol/L (magenta dashed line) to -396 mV vs. SCE for c(Sb) = 0.1 mol/L (black dashed line). This shift
towards a more negative potential for a higher Sb concentration in the electrolyte is associated with the
corresponding current decrease obtained in the deposition applying a deposition voltage of -220 mV
vs. SCE.

Figure 2.10: Cyclic voltammograms recorded on planar Au electrodes for different Sb ion concentrations of the
electrolyte. The scan rate was fixed at 50 mV/sec. The reduction potentials of Bi and Sb are marked in black and
magenta vertical line, respectively.
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2.3.2 Crystallographic Orientation and Composition

Figure 2.11 (a) presents X-ray diffractograms measured on Bi1-xSbx nanowire arrays synthesized
and studied in the previous section using pulsed deposition and electrolytes of different c(Sb). To avoid
the presence of caps on the top surface of the membrane, which influences the subsequent X-ray
diffraction analysis, the sample deposition was stopped as soon as the current started increasing (see
figure 2.7 (c)). In figure 2.11 (a), the employed Sb concentration in the electrolyte increases from the
bottom (c(Sb) = 0, black) to the top curve (c(Sb) = 0.1 mol/L, magenta). The vertical bars represent the
position and relative intensity of the reflections of standard Bi (black) and Au (orange) [SPP]. The
intensities of all diffractograms were normalized to the corresponding (012) reflection.
The diffraction pattern of pure Bi wires exhibits two main reflections at 2θ = 27.16° and 39.60°,
corresponding to the (012) and (110) planes oriented perpendicular to the wire axis [SPP]. This is also
the case for Bi1-xSbx nanowire arrays deposited with c(Sb) = 0.01 (red) and 0.02 mol/L (green).
Nanowire arrays deposited with higher Sb concentrations, namely c(Sb) = 0.03 and 0.1 mol/L, exhibit
both a preferred (012) orientation. In few cases, weak reflections appear at 2θ = 48.69° and 56.02°,
corresponding to the (202) and (024) orientation, respectively, and the presence of the Au is still
visible at 2θ = 38.29° and 44.49°, corresponding to the orientation (111) and (200) [SPP], despite
having dissolved most of the Au substrate with a KI/I2 solution. The Au dissolution was performed
because the Bi (104) peak partially overlaps with the Au (111) reflection. However, no (104)
reflections were detected in any of the samples for which the Au substrate had been removed totally.
Comparing these XRD diffractograms with previously reported data on Bi1-xSbx nanowire arrays
grown potentiostatically with the same electrolytes and deposition voltage U [Mül12], we notice that
arrays of wires deposited with c(Sb) = 0.01, 0.02 and 0.03 mol/L and similar nanowire diameter,
exhibited also preferred (110) and (012) reflection peaks. This indicates that both pulsed and
potentiostatic deposition yield to the same preferred crystallographic orientation.
Superior thermoelectric properties were predicted in nanowires with diameters below ~ 20 nm due
to quantum- and finite-size effects [Hic93a, Tan14]. To check possible differences in the
crystallographic orientation, series of 30 µm thick polycarbonate membranes with pore density ~
7×108 cm-2 were prepared with pore diameter of 18 ± 3 nm. The nanowires were deposited at room
temperature applying a slightly more negative deposition potential U1 = -250 mV vs. SCE for t1 = 20
ms and U2 = -150 mV vs. SCE for t2 = 100 ms, using different concentration of Sb ions. The
corresponding XRD diffractograms are presented in figure 2.11 (b). The diffractogram of pure Bi
nanowires (black) displays two reflections, namely (012) and (110), as present also in thicker
nanowires. However, when using Sb concentration 0.02 mol/L (green) or higher, all diffractograms
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exhibit a clear preferred (012) orientation and very small reflections for the (202) and (024)
orientations, which are not present for c(Sb) 0.1 mol/L. It is noticeable that the pattern recorded for the
array deposited with a Sb concentration of 0.015 mol/L (brown) exhibits, unlike any other in this
series, a distinct (110) preferred orientation. To further investigate this result, the crystallographic
orientation of nanowire arrays deposited with c(Sb) 0.015 mol/L was investigated as function of wire
diameter. The measurements are presented in the next section.

Figure 2.11: X-ray diffractograms measured on (a) arrays of Bi1-xSbx nanowires with diameter (79 ± 8) nm,
made by pulsed deposition with U1 = -220 mV vs. SCE for t1 = 20 ms and U2 = -150 mV vs. SCE for t2 = 100
ms and different c(Sb) in the electrolyte. (b) arrays of Bi1-xSbx nanowires with diameter 18 ± 3 nm deposited
applying U1 = -250 mV vs. SCE for t1 = 20 ms and U2 = -150 mV vs. SCE for t2 = 100 ms and different c(Sb) in
the electrolyte. Vertical lines in the bottom graph indicate the standard powder diffraction pattern of Bi (black)
and Au (orange), as provided in ref. [SPP]. Legend for (a) and (b) of different concentration of Sb ions in the
electrolyte used for the deposition, c(Sb) = 0 (black), 0.01 (red), 0.015(brown) 0.02 (green), 0.03 (blue), 0.1
(magenta) mol/L. The Sb content in the nanowires depends on the c(Sb) in the electrolyte. The calculations of
the composition x of Bi1-xSbx nanowires are presented in figure 2.12.
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From figure 2.11, we calculated the texture coefficients (TC), using Eq. 2.6, for all nanowire arrays
of ~ 79 nm and ~ 18 nm diameter, taking in consideration only two dominant reflections, namely (012)
and (110). For both wire diameters, an increase of the Sb concentration in the electrolyte results in an
increase of the crystals oriented with the (012) planes perpendicular to the wire axis (figure 2.12 (a)).
A similar dependency was reported for ~ 79 nm diameter Bi1-xSbx nanowire arrays deposited
potentiostatically increasing the Sb concentration in the electrolyte [Mül12a].
Thus, using pulsed deposition increases the growth uniformity and does not affect the preferred
orientation of the nanowires. However, the best orientation for thermoelectric application is along the
trigonal axis [Lin00] which was not detected in none of our nanowires.
The XRD patterns in figure 2.11 (a) and (b) exhibit a clear shift of the (012) and (110) reflection
peaks to larger angles for higher Sb concentration (see purple dashed boxes). The crystalline structure
of Bi and Sb belongs to the same space group and this shift confirms that the lattice parameters change
with increasing c(Sb) [Dis68]. This was also observed for Bi1-xSbx nanowires deposited
potentiostatically [Mül12a]. Using Bragg's law (Eq. 2.5), it is possible to determine the interplanar
distance d(hkl) for each set of planes. We compared out values with the unit cell data in ref. [Dis68] to
determine the Sb composition (x(Sb)) in the nanowire. Figure 2.12 (b) shows the x(Sb) values as a
function of the electrolyte composition obtained by both XRD and EDX in STEM-SEM mode. The
x(Sb) in the nanowires becomes larger with increasing the concentration of Sb ions c(Sb) in the
solution. This behavior was also reported for potentiostatic depositions [Mül12a]. The experimental
composition uncertainties in the plots are given by the standard deviation obtained by SEM-EDX
measurements on several single nanowires from the same array, and by the full width at half maximum
of the XRD diffractogram reflection peaks.
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Figure 2.12: (a) Texture coefficients TC for the (012) reflections calculated from the XRD diffractograms
reported in figure 2.11 for Bi1-xSbx nanowire arrays with nanowire diameter (79 ± 8) nm (black full square) and
(18 ± 3) nm (red open triangle) as a function of different c(Sb) in the electrolyte. (b) Composition x of Bi1-xSbx
nanowires with diameter 79 ± 8 nm as a function of c(Sb) comparing the evaluation of the XRD peak positions,
reported in figure 2.11 (a), with the data in ref. [Dis68], and SEM-EDX analysis.

Nanowires synthesized by pulsed deposition (figure 2.7 (c)) were further analyzed by TEM. The
orientation of the crystal c axis with respect to the nanowire axis was determined from electron
diffraction patterns acquired at various selected regions of the nanowires , using an electron beam spot
of ~ 750 nm [Per07]. The crystallite sizes were determined by TEM dark-field images in two-beam
diffraction conditions [Eyi01, Per12]. Figure 2.13 reports the images of nanowires electrodeposited
with c(Sb) = 0.02 mol/L in the electrolyte. Figure 2.13 (a) shows a collage of bright-field TEM images
of a wire with ~ 21 μm in length and ~ 88 nm in diameter. Along the wire, several selected area
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electron diffraction (SAED) patterns were acquired at positions indicated by blue marks in the brightfield image. The black-white contrast of the SAEDs was inverted for better visibility. The SAED data
clearly shows the (00l) reflections and an angle of about 82° between the 00l direction and the wire
axis in the central part of the nanowire. At outer sections, the inclination angles are slightly smaller
between 67° and 80°. The SAED data provide evidence of single crystallinity for segments up to 10
µm long, which yields almost perfect electronic transport along the basal plane.
Dark-field TEM imaging of the same nanowire, presented in figure 2.13 (b), shows a ~ 2 µm long
single-crystalline segments interrupted by 30 nm short crystallites (indicated by red arrows) and
dislocations (D) oriented perpendicular to the wire axis. In comparison, wires deposited
potentiostatically with the same electrolyte exhibited a polycrystalline structure with crystallite size of
100 nm in length [Mül12a].
In conclusion, our results reveal that Bi1-xSbx nanowire arrays synthesized by both pulsed and
potentiostatic deposition exhibit a similar preferential orientation of the grains in the wire, texture
coefficient and a controlled linear increase of the Sb concentration as a function of the Sb
concentration in the electrolyte. However, TEM SAED data and dark-field imaging of pulseddeposited nanowires evidence larger single-crystalline sections for pulsed deposition compared to
potentiostatic deposition, in agreement with the corresponding cap morphologies observed by SEM on
top of the membranes (figure 2.10).
The larger single-crystallinity and the higher growth homogeneity make the pulsed deposited
samples suitable for the study of the thermoelectric properties of Bi1-xSbx nanowires [Cas15a]. In order
to understand subsequent measurements of the thermoelectric properties, the crystallographic
orientation and composition of the wires need to be studied as function of the wire diameter. This is
described below.
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Figure 2.13: TEM investigation of Bi1-xSbx nanowires with diameter (79 ± 8) nm synthesized by pulsed
deposition and with c(Sb) = 0.02 mol/L in the electrolyte. (a) collage of bright- field TEM images (left) and
diffraction patterns (right) acquired at blue marks. The dotted lines indicate the nanowire axis. (b) Collage of
TEM dark-field images of a nanowire grown under the same deposition conditions showing an ~ 2 µm long
single-crystalline segment. Presence of dislocations perpendicular to the wire axis (D) and short crystallites (red
arrows) are indicated.
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The investigation of the thermoelectric properties of nanowires as a function of size is interesting
because theoretical predictions have pointed out an enhancement of these properties due to the
presence of finite- and quantum-size effects [Hic93a, Tan14]. In principle this requires to fabricate
structures with various diameters but keeping all the other relevant parameters, including preferred
orientation, composition and crystallinity, constant. However, for most synthesis methods, including
the template electrodeposition, the resulting crystallographic characteristics may vary as a function of
wire size.
We studied the influence of the channel diameter on the resulting nanowire array characteristics by
electrodepositing Bi1-xSbx in a series of membranes with same channel characteristics as in the two
previous sections, namely channel density ~ 7×108 cm-2 and length 30 µm, but different channel
diameters, namely (130 ± 10) nm, (79 ± 8) nm, (30 ± 4) nm, and (18 ± 3) nm. Three series of nanowire
arrays were deposited at room temperature applying U1 = -250 mV vs. SCE for t1 = 20 ms and U2 = 150 mV vs. SCE for t2 = 100 ms, each using a different electrolyte composition, namely c(Sb) = 0,
0.015, and 0.1 mol/L.
Figure 2.14 presents the corresponding XRD spectra measured on wires (a) Sb (c(Sb) = 0.1 mol/L,
(b) Bi1-xSbx (c(Sb) = 0.015 mol/L) and (c) Bi (c(Sb) = 0 mol/L). The pure Bi nanowire arrays in figure
2.15 (c) display two main reflections for all wire diameters, namely (012) and (110). The ratio between
both reflections is similar to the ratio measured for the Bi nanowires with diameter ~ 79 and ~ 18 nm
applying a slightly less negative reduction potential (black curves in Figs. 2.11 (a) and (b),
respectively). The XRD patterns of pure Sb nanowire arrays (Fig. 2.14 (a)) exhibit only a (012)
reflection for all nanowire diameters and smaller reflections for (202) and (024) directions, detected at
2θ = 51.57° and 59.37°, respectively, for thicker wires. All patterns are in agreement with data in
figure 2.11. In turn, XRD performed on Bi1-xSbx nanowire arrays (figure 2.14 (b)), with intensities
normalized to the (110) reflection, display a preferential (110) orientation, which is more pronounced
for smaller wire diameters. These results show that under pulsed deposition conditions, the
nanochannel size does not influence the crystalline orientation of the deposited material in the case of
pure Bi and pure Sb wires, whereas it affects the preferred orientation of the deposited Bi1-xSbx alloy.
Since Bi1-xSbx alloy presents large anisotropy properties [Len98], this must be taken into careful
consideration when analyzing thermoelectric properties of alloy nanowire arrays.
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Finally, figure 2.15 shows the composition of Bi1-xSbx nanowire arrays deposited with an electrolyte
containing c(Sb) = 0.015 mol/L as function of the wire diameter. The analysis was performed by XRD
and SEM-EDX as discussed in the previous section. For both methods, the results indicate a slightly
increase of the Sb concentration x(Sb) in thinner wires, but in good agreement with c(Sb) in the
electrolyte.

Figure 2.14: (a) X-ray diffractograms measured on Bi1-xSbx nanowire arrays grown by pulsed deposition with
electrolytes of different c(Sb): (a) 0.1, (b) 0.015, and (c) 0 mol/L. Legend for (a), (b), and (c) of different
nanowire diameter: 131 ± 10 nm (magenta), 79 ± 8 nm (green), 30 ± 4 nm (blue), and 18 ± 3 nm (red). The
vertical lines in the bottom of the graph indicate standard powder diffraction pattern of Bi (black) and Au
(orange), according to Ref. [SPP].
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Figure 2.15: Sb content x(Sb) of Bi1-xSbx nanowire as a function of nanowire diameter (DNW) obtained from
XRD and SEM-EDX analysis. The wires were deposited with c(Sb) = 0.015 mol/L. The corresponding XRD
diffractograms are reported in figure 2.14 (b).

2.4 Resume of Nanowire Analysis
Summarizing the obtained results regarding the crystallographic characteristics of Bi1-xSbx
nanowires synthesized both by potentiostatic and pulsed deposition in etched ion-track membranes, we
can clearly state that pulsed depositions lead to a more uniform nanowire growth rate of nanowires,
and to a more homogeneous filling of the template nanochannels. In addition, pulsing the applied
reduction potential does not affect significantly the preferred crystallographic orientation and the
composition of the nanowires, but yields larger grain sizes. Additional TEM analysis reveals several
µm long, single-crystalline wire sections. Both X-ray diffraction and SEM-EDX analysis indicate that
the Sb concentration in the wires can be adjusted by varying the concentration of Sb ions in the
electrolyte, as for potentiostatic conditions. The composition and the crystallographic orientation of
pulsed-deposited nanowires show only a weak dependence on the wire size.
To conclude, pulsed electrochemical deposition of Bi1-xSbx nanowires in the pores of polycarbonate
membranes yields excellent control over composition, size and crystallographic orientation of
nanowires [Cas15a]. The obtained narrow length distribution is a mandatory requirement for
thermoelectric characterization of nanowires and for the development of nanowire-based sensors.
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3. Seebeck Coefficient and
Resistance Measurements of
Bi1-xSbx Nanowire Arrays

The Seebeck coefficient, or thermopower, is a property of the material that gauges the magnitude of
the induced thermovoltage in response to a gradient of temperature applied across the material
[Gold10, Row06]. This number manifests the presence of the Seebeck effect within the material, due
to thermal diffusion of the charge carriers (electrons or holes) towards the cold side of the system
[Ala13, Szc11]. As presented in the introduction, for thermoelectric applications, i.e. thermoelectric
power generators or as thermoelectric coolers, high Seebeck coefficients are necessary in order to
produce significant amount of electrical power when applying small gradients of temperature or viceversa [Dav11, Kas01].
In general, Bi1-xSbx alloy nanowires are expected to exhibit different thermoelectric properties
compared to bulk materials if the wire diameter is small enough for quantum- and finite-size effects
[Dre99, Hic93a]. Theoretical calculations based on semi-classical Boltzmann transport equations
support this idea suggesting a higher thermoelectric figure-of-merit ZT (defined in equation 1.4) when
decreasing the wire diameter and adjusting doping [Lin00, Tan14b]. A value of ZT around 1.5 is
predicted for Bi nanowires with diameter ~ 15 nm, and even ZT ~ 2.5 for ~ 40 nm diameter Bi1-xSbx
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alloy nanowires with x = 0.13 [Rab01], while for bulk Bi1-xSbx with x = 0.16 a ZT ~ 0.5 was measured
at 70 K [Iss79].
Despite these promising theoretical predictions, comprehensive and systematic measurements of the
thermoelectric properties, namely Seebeck coefficient, and thermal and electrical conductivity of Bi1xSbx

alloy nanowires as a function of wire diameter and composition are scarce [Tan14].

The difficulties concern the synthesis of Bi1-xSbx alloy nanowires with the desired geometrical and
compositional characteristics as well as contacting single nanowires to measure the value of the
thermoelectric properties without affecting the chemical and mechanical properties.
Although special chips were already developed to obtain reliable thermoelectric measurements of
individual nanowires [Völ09, Zho05, Wha12], the electrical contacting is still challenging. At present,
only few measurements of the electrical resistance and thermopower of single Bi nanowires are
available [i.e., Bou06, Has09] and only recently, the ZT of single Bi nanowires synthesized by the onfilm formation method were presented for wire diameters between 180 and 20 nm [Kim15]. The
advantage of our template synthesis is the fact that the measurements of the Seebeck coefficient can be
performed on nanowire arrays embedded in the polymer matrix. The Seebeck coefficient is
independent of the number of wires connected, making the measurement on nanowire array as
informative as on single nanowires [Dre03, Her99].
Heremans et al. reported measurements of the electrical resistance of both Bi [Her00] and Sb
[Her01] nanowire arrays with wire diameters decreasing from 200 to 10 nm. The measured nanowire
arrays were deposited in porous alumina templates through vapor-deposition technique. However, the
authors showed only measurements of the Seebeck coefficient of a Bi nanowire array with wire
diameter of 200 nm testing different solutions to find suitable thermal contacts for the experiment
[Her99]. In particular, the measured thermopower for such large wire diameter was reported to be
lower than the value expected for bulk Bi, although the authors used both silver paint and Wood’s
metal to enhance the thermal contact between sample and measuring unit [Her99]. The fact that the
thermal conductivity of the alumina template is relatively high may have influenced the results.
The measurements of the electrical resistance for various wire compositions was reported by Lin et
al. for Bi1-xSbx nanowire arrays with diameter of 65 [Lin02] and 45 nm [Lin01, Zha99] with x = 0, 0.05
and 0.15. Here, the nanowire arrays were synthesized by pressure injection of molten alloys into the
nanopores of anodic alumina membranes. In this case, the Seebeck coefficient was measured on
samples with only x = 0 and 0.05, yielding respective room temperature values of -50 and -55 µV/K,
for 65 nm wide wires [Lin02b].
The thermopower and electrical resistance of a Bi nanowire arrays deposited in porous anodic
alumina templates by pressure injection was also measured by Huber et al. for wire diameters between
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200 and 20 nm [Hub11]. In this case, the thermal contact to the sample was obtained by inserting a
thin indium foil. The results showed a non-monotonic decrease of the thermopower as a function of the
temperature for the different wire diameters. 200-nm thick Bi wires exhibited a Seebeck coefficient of
-20 µV/K at room temperature. This value is much lower than the expected Bi bulk thermopower,
which is ~ 60 µV/K [Yam02, Her02]. This difference may again underline the need of improving the
thermal contacts.
Comparing the results from different groups is challenging or, actually, not possible. One reason is
the usage of rather different setups, which yields different results depending on the thermal contact
between the nanowire arrays and the metal contacts. A second reason is that the wires are synthesized
using different methods leading to different crystallographic orientations, which strongly influences
the highly anisotropic thermoelectric transport properties of Bi1-xSbx [Iss79]. Moreover, as described in
the previous section, Bi and Bi1-xSbx nanowires electrodeposited in templates under identical
conditions but in pores of different diameter exhibit different crystallographic orientations. When
performing thermoelectric measurements the structure and composition of the nanowires should be
well defined.
In this chapter, we present measurements of the Seebeck coefficient and electrical resistance of
template-embedded Bi1-xSbx nanowire arrays. Using a custom-made experimental setup and after
optimizing the thermal contacts to the nanowire arrays, we performed systematic measurements on Bi1xSbx

nanowire arrays varying both the wire diameter (between ~ 750 and ~ 40 nm) and composition (0

≤ x ≤ 1) in an independent controlled manner. The wires for these measurements were previously
characterized by X-ray diffraction and scanning and transmission electron microscopy (chapter 2), and
their preferential crystallographic orientation and composition is taken into account during the data
evaluation. We observed small variations of both crystallographic orientation and composition with
decreasing wire diameter. This allows comparing the measurements of the Seebeck coefficient and
electrical resistivity of the nanowire arrays as function of the wire size.
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3.1 Experimental Details on Thermoelectric Measurements
In this section, we present the experimental setup for the measurements of the Seebeck coefficient
and electrical resistance of our nanowire arrays. The design was previously specifically developed to
perform the measurements on template-embedded nanowire arrays [Mül12b]. During this work, the
setup was tested and optimized.
The measurements of the electrical resistance and of the Seebeck coefficient were performed on
nanowires still embedded in polycarbonate membranes which are electrically insulating and possess a
low thermal conductivity of ~ 0.19 W m-1 K-1 [Mob12]. The nanowire arrays were grown as described
in chapter 2 [Cas15a]. To ensure electrical contact to the nanowire arrays, the electrodeposition of the
wires was continued until small individual caps were formed on the membrane surface. Subsequently,
a thin Au layer (~ 400 nm thickness) was sputtered onto the upper membrane surface covering the caps
(and the pores in which the wires have not yet reached the top), forming a homogenous continuous top
contact layer.
To investigate the influence of the caps on the top of the array on both electrical and thermal
contacts, series of samples were produced with different average cap size by varying the deposition
time. To study the influence of nanowire diameter and composition on both electrical resistance and
Seebeck coefficient, series of nanowire arrays with wire diameters between 753 ± 37 nm and 41 ± 5
nm and compositions of the Bi1-xSbx nanowires between 0 ≤ x ≤ 1 were synthesized and characterized.
Figure 3.1 (a) depicts the schematic of the setup employed for the Seebeck measurements. A
nanowire array embedded in the polycarbonate membrane (1) is placed between two massive copper
blocks (2). On each block two gold-plated electrical contacts (3) and one Si diode (4) are attached. The
embedded sample and the copper blocks are fixed in between two stainless steel frames (5), held
together by thermally insulating nylon screws (6) and covered with a metal shield (9), consisting of
many layers of thin thermal isolation material. This setup was mounted onto a cooling finger (7), with
a heating wire coiled around (8).
The measurements were performed in a vacuum chamber at a pressure of 10-6 mbar (attained by a
pre-vacuum and a turbomolecular pump). The cryostat COOLPAK 6000 with helium evaporation
cooler allows the cooling of the setup down to 20 K. The temperature of the system is regulated by a
LakeShore 336 temperature controller, which heats up the wire, coiled around the cooling finger.
Electrical measurements were performed using a Keithley 2182A Nanovoltmeter and a Keithley 2400
Sourcemeter. Figure 3.1 (b) shows a photograph of the sample holder mounted on the cooling finger
and inside the chamber. First, the resistance of the nanowire array was measured as a function of the
temperature. Afterwards, high grade thermal compound (fig. 3.1(a) – (10)) by Prolimatech, composed

3.

Seebeck Coefficient and Resistance Measurements of Bi1-xSbx Nanowire Arrays

42

of about 80% Al, was applied on both sides of the nanowire array to improve the thermal contact
between the sample and the copper blocks.
Figure 3.1 (c) presents schematically the connections and measuring devices of the setup, as well as
the different temperatures defined for the evaluation of the results. The temperatures on the Cu blocks
at the bottom, near the cooling finger, and at the top are named TA and TB and are measured by the
diodes A and B, respectively. To improve the thermal contact, thin layers of indium were inserted
between the copper and the Si diodes. The diode A was used as calibrated by LakeShore, providing an
absolute accuracy of 0.25 K. Diode B was self-calibrated to diode A, reducing the resulting error TA-TB
to 0.02 K. TA and TB were recorded using the LakeShore 336 temperature controller, with which we
also adjusted the power of the heating wire and so, the rate at which the set temperature was reached
during the measurements.
The voltage at zero current U(0) and the I-U curves were measured with the Keithley 2182A
Nanovoltmeter and the Keithley 2400 Sourcemeter, respectively. Leads to contacts and sensors were
made by a non-magnetic phospor bronze by LakesShore, which exhibits low thermal conductivity and
Seebeck coefficient over the whole temperature range (< 1 µV/K) [Sha08].
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Figure 3.1: (a) Schematic of sample holder: (1) nanowire array sample, (2) copper blocks, (3) electrical contacts,
(4) Si diode A and B, (5) stainless steel frames, (6) nylon screws, (7) cooling finger, (8) heating wire, (9) metal
shield, (10) thermal paste. (b) Photograph of sample holder on the cooling finger mounted in the chamber. (c)
Schematic of sample between two copper blocks. The temperatures and electrical contacts are indicated.

The general equation for the evaluation of both electrical resistance and Seebeck coefficient is given
by:
(3.1)
The equation points out that the resistance of the nanowire array R can be obtained from the slope
of the I-U curves. During the data acquisition the current was swept between –IMAX and IMAX to
determine R. IMAX was kept low (maximum ~ mA) to minimize the Joule heating and the heat transfer
by Peltier effect between the two sides of the sample [Wan13]. Subsequently, the voltage at zero
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current, U(0), as well as the temperatures TA and TB are measured and used to calculate the Seebeck
coefficient, as reported in equation 3.2.
Figure 3.2 displays a representative set of data, recorded and employed for the evaluation of the
Seebeck coefficient and the electrical resistance of a Bi nanowire array with wire diameter 130 ± 10
nm and length 30 µm. Figure 3.2 (a) shows the temperatures TA (red) and TB (blue) recorded at various
temperatures from 300 K down to 30 K. The temperature set point was varied every 60 minutes in
steps of 30 K and the temperature was let oscillating around the set points. As notable in the inset of
figure 3.2 (a), TA oscillates around the set point, in this case 300 K. TB follows the change of
temperature but with a certain time delay, since the upper copper block is thermally separated by the
nanowire array embedded in the polycarbonate membrane and the nylon screws, as visible in the inset
of figure 3.2 (a). The magnitude of the temperature oscillations above and below the set points can be
adjusted by PID (proportional, integral and derivative) control system of the LakeShore 336. These
oscillations create a temperature gradient between the two sides of the sample, which in turn induces a
thermal voltage U(0) as a function of the temperature difference ΔT = TA-TB for all ten selected set
temperature points.
The related induced voltage U(0) values are displayed in figure 3.2 (b). The voltage varies between
+10 µV and -10 µV during the temperature oscillations around the set point and presents higher
voltage values due to a larger temperature gradient during the transition to the next set temperature
point. The data during the transitions were not used for the subsequent evaluation of the thermopower.
The Seebeck coefficient is obtained from the slope of the linear fit:

.

(3.2)

The voltage U(0) and the temperature gradient ΔT include contributions from the copper blocks,
thermal compound, and the leads of the setup.
Using linear approximations, the value U(0) can be defined as:
,

(3.3)

with SNW, SCu, SComp and SLea being the Seebeck coefficient of the nanowire array, thermal
compound layer, copper blocks and leads, respectively, and ΔT = TA – TB , ΔTC = T2 – T1 and ΔTR =
TR2 – TR1, as shown in figure 3.1(c). The Seebeck coefficient of the leads (SLea < 1 µV/K) [Sha08],
copper blocks (SCu ~ 1.83 µV/K [Cus58]) and of the thermal paste (SAl ~ -1.8 µV/K) [Saf01] has
negligible magnitude compared to Bi and Sb. Thus, the measured U(0) is mainly given from the
voltage created between both sides of the nanowire array.
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To avoid underestimation of the thermopower, the measured ΔT needs to be as similar as possible to
ΔTR [Her99, Wer09]. In our setup, the copper blocks are ideal heat sinks due to their high thermal
conductivity [Li92], making ΔT ≈ ΔTC. Adding a layer of thermal compound on both sides of the
sample improves the thermal contact between the sample surface and the copper blocks, yielding ΔTR
≈ ΔTC ≈ ΔT. Such thermal contacts allow a reliable evaluation of the Seebeck coefficient.
In some cases, U(0) had a small voltage offset of few µV for null temperature gradient (few μV).
The values remained constant while decreasing the temperature, and thus did not influence the
measured Seebeck coefficient [Deb13].

Figure 3.2: Experimental data evaluation of the Seebeck coefficient of Bi nanowire array with wire diameter of
(130 ± 10) nm. (a) Measured temperature TA (red) and TB (blue) as a function of time during the oscillations. (b)
Recorded voltage U(0) created by the temperature different between the two side of the sample as a function of
time. (c) Voltage U(0) versus temperature gradient for ten different set temperature points. (d) Seebeck
coefficient resulting from the linear fit of the slope reported in (c) for different set temperatures points as a
function of the temperature averaged during the oscillations.
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3.2 Optimization of Thermal Contacts
Here, we discuss the importance of optimizing the thermal contacts between the sample and the
adjacent copper blocks to systematically and reliably investigate the Seebeck coefficient. For this, we
performed different tests using arrays of Bi nanowires with wire diameter ~ 130 nm. For such a large
wire diameter a thermopower value similar to the bulk material is expected.
Figure 3.3 (a) shows SEM images of the top surfaces (investigated area ~ 0.04 mm2) of samples at
different time of caps growth. From the time at which the current started to increase (phase 3 of figure
2.4 in chapter 2), the deposition was continued for 5 (blue), 15 (green), 30 (red) and 60 (black)
minutes, respectively. After 5 minutes, the top surface exhibits a low number of small caps (5-15 µm).
After 15 minutes of growth, the size and density of the caps increased, and the caps started to
coalescence (phase 4 of figure 2.4). Density and size continue to increase after 30 minutes of growth
and at 60 minutes the surface is almost totally covered by overlapping of caps.
All four samples were prepared and mounted identically for the thermopower measurements
without applying the thermal compound. Figure 3.3 (b) presents their corresponding measured Seebeck
coefficients. The thermopower for the Bi nanowire arrays at room temperature increases as enhancing
the caps density on the top of the membrane, from ~ -13 μV/K for 5 minutes caps growth (blue data) to
~ -43 μV/K for 60 minutes (black data).
Since the nanowire arrays characteristics of all four samples are identical (same deposition
conditions, same diameter, same orientation), the increase of the measured Seebeck coefficient for
longer caps deposition times indicates a smaller gradient of temperature caused by an improved
thermal contact between the top surface and the Cu block. This also means that the lower measured
values of Seebeck coefficient for samples with lower caps density is due to suboptimal thermal
contact. This might be due to large spaces between caps and membrane and Cu block. On the other
hand, the presence of overlapping caps is similar to a Bi thin film on the top of membrane. To avoid
caps contribution to the measured thermopower, the cap growth needs to be interrupted for small cap
sizes and before start to coalescence, i.e. after 5 minutes of growth. This condition was set for all
samples subsequently measured.
To reduce heat losses, the thermal compound was applied on the top of the membrane to fill the
space between the caps and form a homogenous contact layer to the copper block. This arrangement
allowed us to improve the accuracy of the detected temperature on the surface of the sample.
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Figure 3.3: Seebeck coefficient of Bi nanowire arrays with wire diameter of 130 ± 10 nm as a function of
temperature and cap size and density. (a) SEM images of the top surface of the membrane with caps grown for 5
(blue), 15 (green), 30 (red) and 60 (black) minutes. (b) the corresponding measured Seebeck coefficient.

Also the accuracy of the measured Seebeck coefficients values depends strongly on a precise
determination of the temperatures detected on the two sides of the sample [Wer09, Her00]. As visible
by Eq. 3.2, an overestimation of the calculated temperature difference leads to an underestimation of
the corresponding thermopower.
The thermal compound has a high thermal conductivity (~ 10.2 W m-1 K-1) [Pro], making it possible
to decrease the difference between the temperatures detected by the two Si diodes (TA and TB) and the
actual temperature of the sample surfaces (TR1 and TR2). The optimal amount of thermal paste should
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be such that it just fills the space between the caps and that the creation of high thermal resistances
film at the contacts between the individual caps and the copper block is avoided. We found that the
best thermal contacts were achieved by adding ~ 34 mg to the sample surfaces (~ 12 cm2), leading to
the highest value of Seebeck coefficient for each samples. Applying this procedure, the resulting
temperature gradient decreased significantly to values < 1 K.
To investigate the influence of the temperature gradient on the Seebeck coefficient values, we
performed additional measurements on Bi nanowire arrays by mounting a second heating wire on the
upper block near the sample surface, as schematically presented in figure 3.4 (a). In this way we were
able to create larger temperature gradients (up to 3 K) by heating up the upper sample surface stronger
than the lower surface. Figure 3.4 (b) reports the temperatures measured around the set point at 270 K,
using the two heating wires. The temperature TB is higher than TA and the difference is about 2
degrees, thus larger than the one reported for one heating wire (inset of figure 3.2 (a)).

Figure 3.4: (a) Schematic of sample holder setup with second heating wire placed on the top cooper block
electrode. (b) Measured temperature TA (red) and TB (blue) as a function of time during the oscillations of
temperature caused by the two heating wires, causing a large temperature gradient between the two sides of the
sample.

Figure 3.5 (a) and (b) present the U(0)-ΔT data at 300 and 240 K, respectively. As expected the
temperature gradient increases from ~ 0.5 K for measurements with one heating wire, to ~ 3 K using
also the second wire. The resulting Seebeck coefficients are very similar for both settings. At 300 K,
we calculated a thermopower of -40 ± 4 μV/K for one and -38 ± 3 μV/K for two heating wires,
respectively. At 240 K, the corresponding evaluated values are -36 ± 3 μV/K and -35 ± 3 μV/K. The
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good agreement demonstrates that the determination of the Seebeck coefficient can also be undertaken
with one heating wire.

Figure 3.5: Thermovoltage as a function of temperature gradient of a Bi nanowire array with wire diameter of
(79 ± 8) nm at (a) 300 K and (b) 240 K, using one heating wire (green) and two heating wires (red).

Finally, to test the accuracy of the measurements, we evaluated the Seebeck coefficient of a Cu
nanowire array with wire diameter ~ 130 nm and compared the data with values reported for bulk Cu.
Copper is a good model system to test the accuracy of our setup since metal elements possess a very
low Seebeck coefficient (for bulk Cu ~ 1.83 µV/K at 300 K [Cus58]) and neither finite- nor quantumsize effects are expected. Thus, this allows us to test the sensitivity of the system at various
temperature points with metal nanowire arrays which present the same geometry and both thermal and
electrical contacts as the Bi-based sample that will be investigated afterwards.
Cu nanowires were electrodeposited in the pores of polycarbonate membranes under the same
conditions as reported in [Toi03]. The measured wire array has caps on the top surface. After applying
the right amount of thermal compound, the measurements were carried out and the evaluations are
presented in figure 3.6.
The thermopower values of thick Cu wire (figure 3.6) are similar to experimental data reported for
bulk Cu [Cus58, Bla76, Okr11]. This demonstrates that our experimental setup possesses a high
sensitivity with respect to small voltage changes as function of thee temperature gradient between the
two sides of the sample.
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Figure 3.6: Experimental Seebeck coefficients of a Cu nanowire array with wire diameter of (130 ± 10) nm.

3.3 Seebeck Coefficient of Bi1-xSbx Nanowire Arrays
In this section the thermovoltage measurements of Bi1-xSbx alloy nanowires array with 0 ≤ x ≤ 1 are
presented. The wire diameter ranged from 753 ± 37 nm to 41 ± 5 nm and the temperatures varied
between 300 and 20 K.
The nanowires were grown as discussed in detail in chapter 2. As revealed through X-ray
diffraction and both transmission and electron microscopy investigations, the composition and the
preferential orientation of the nanowires vary weakly as a function of nanowire size. In particular, for
Bi0.85Sb0.15 nanowire arrays electrochemically deposited with a concentration of Sb (c(Sb)) in the
electrolyte of 0.015 mol/L, compositional analysis revealed a slightly increase of the amount of Sb
(x(Sb)) in the nanowire from 0.12 to 0.16 when lowering the wire diameter from ~ 130 nm to ~ 30 nm.
X-ray analysis showed a preferential orientation along the (012) and (110) direction for Sb and
Bi0.85Sb0.15 nanowire arrays, respectively. On the other hand, Bi nanowires X-ray diffractogramms
displayed peaks along both the (110) and (012) direction [Cas15a].
Moreover, as presented in chapter 2, pulsed electrodeposition resulted in a more homogenous wire
growth rate over the whole area (diameter ~ 10 mm) than in the potentiostatic case [Cas15a]. Although
the Seebeck coefficient value is independent of the number of wires contacted during the
measurements [Dre03, Lin02], homogenous growth of the nanowire array allows more wires to reach
the top of the channel simultaneously, forming caps of similar size and being homogeneously
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distributed over the membrane surface when the process is continued for a short time. This enhanced
the chance for optimal electrical contacts of the sample within our setup.
Figure 3.7 (a) presents the experimental evaluations of the Seebeck coefficient of different nanowire
arrays. For Bi nanowires we noticed a negative value of the thermopower within the experimental
temperature range, ascribable to Bi n-type [Con14], and a monotonic decrease of its absolute value as
the temperature decreases. In particular, the Seebeck coefficient detected at 300 K varies between -(61
± 6) μV/K for (431 ± 29) nm, and -(30 ± 3) μV/K for wire diameter (58 ± 6) nm. Between room
temperature and 30 K, the Seebeck coeffiicent decreases linearly to values within -(3 ± 2) μV/K,
measured for (130 ± 10) nm, and -(0.4 ± 0.6) μV/K for (79 ± 8) nm wire diameter.
A monotonic decrease of the absolute value of the Seebeck coefficient was also measured in
Bi0.85Sb0.15 and Sb nanowire arrays, presented in figure 3.7 (b) and (c), respectively. In contrast to Bibased samples, the thermovoltage of Sb nanowires has positive values, caused by thermal diffusion of
holes in the system instead of electrons, ascribable to Sb p-type [Bra72, Nab13].
The monotonic decreasing of the thermopower was measured in a similar temperature range for
bulk Bi and Sb [Iss06]. An analog behavior was reported for individual Bi nanowires [Bou06],
defining the thermovoltage as the entropy per electric charge, which must decrease to zero at 0 K.
Figure 3.7 (d) presents the evaluated Seebeck coefficient of Bi, Bi0.85Sb0.15 and Sb nanowire arrays
at 300 K as a function of wire diameter. For all the three materials, the data reveal a non-monotonic
behavior of the thermopower for all the materials as a function of the wire diameter.
For Bi nanowires (black squares), we can distinguish three different regimes: (i) for wire diameters
above (130 ± 10 nm) (red background area) all experimental Seebeck coefficients are similar to the
values reported for bulk Bi, namely ~ -60 µV/K [Yam02, Her02] independently on the wire diameter.
(ii) With wire diameter decreasing from (130 ± 10 nm) to (58 ± 6 nm) (green area), the Seebeck
coefficient of the nanowire arrays decreases monotonically. (iii) For nanowires with diameter smaller
than ~ 60 nm, the absolute value of the Seebeck coefficient increases (blue background area).

3.

Seebeck Coefficient and Resistance Measurements of Bi1-xSbx Nanowire Arrays

52

Figure 3.7: Seebeck coefficient of nanowire arrays with different wire diameters as a function of temperature.
The wire diameters are: (753 ± 37) (black), (431 ± 29) (red), (130 ± 10) (light green), (113 ± 11) (blue), (79 ± 8)
(magenta), (58 ± 6) (brown), (48 ± 7) (green) and (41 ± 5) (orange) nm, and the different wire composition: (a)
Bi, (b) Bi0.85Sb0.15 and (c) Sb nanowire arrays. (d) Seebeck coefficient of nanowire arrays measured at 300 K as
a function of the wire diameter for the different compositions: (black) Bi, (red) Bi 0.85Sb0.15 and (blue) Sb.

We tentatively attribute the monotonic decreasing behavior in region (ii) to the opposite
contributions of the bulk and surface states to the total thermopower of Bi nanowires. Since the
discovery of the topological insulator nature in Bi1-xSbx, research efforts are focused on studying the
surface states properties of this alloy [Hsi08]. As a consequence of the higher surface-to-volume ratio
of nanostructures, the influence of surface states on transport properties increases with decreasing the
wire diameter [Kim14]. Previous measurements performed on both individual Bi2Te3 [Ham13] and
ternary BiSbTe [Bäß13] nanowires as well as theoretical studies [Goo15] pointed out a monotonic
reduction of the thermopower when decreasing wire diameter, due to the increasing contribution of the
metal-like surface states to the transport properties.
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In this regime, the Seebeck coefficient can be calculated using a two-channel model, considering
the simultaneous contribution of bulk and surface states, as [Nol01]:

,

(3.4)

with S and σ being the Seebeck coefficient and electrical conductivity of the bulk states (BS) and
surface states (SS), respectively, L the thickness of the surface states layer and d the diameter of the
wires.
Figure 3.8 (a) presents the experimental (black) and estimated (blue) values of the Seebeck
coefficient as a function of the wire diameter at 300 K for Bi nanowires. The data were calculated with
equation 3.4 considering at room temperature a SBS = -63 μV/K [Has09], σBS = 0.867∙106 S/m [Cor10b]
and assuming L = 0.6 nm, corresponding to ~ 1.5 layer of atoms for Bi. In this case, the fit is optimized
for a thermopower and electrical conductivity at room temperature of the surface states of SSS = 360
μV/K and σSS = 1.11∙106 S/m, respectively. Since the surface states possess metallic properties [Kim15,
Kim14, Hub11], the electrical conductivity of the surface is expected to be higher than the bulk states
of semimetal Bi. In addition, the value of the surface-state thermopower has a reverse sign (positive)
compared to the Seebeck coefficient of the bulk states (negative). This would means that the transport
properties of the surface states are due to holes and conversely, to electrons in the bulk states.
To better understand the influence of the different parameters on the values obtained by the twochannel model, we plotted various set of data using equation 3.4 and changing one value per time
respect to the best fit values reported for figure 3.8 (a), namely SBS = -63 μV/K, σBS = 0.867∙106 S/m,
SSS = 360 μV/K, σSS = 1.11∙106 S/m and L = 0.6 nm. This study is reported in figure 3.8 (b).
First, we varied the SBS using two different values reported in literature for Bi bulk at room
temperature, namely ~ -45 µV/K by [Lin02] and ~ -72 µV/K by [Nak11b]. However, the best value fits
to our experimental data is obtained for SBS = -63 μV/K [Has09]. Subsequently, we modified SSS using
nominal values of 600 µV/K and 100 µV/K, respectively. A fit value of 600 µV/K better follows the
data. Lastly, we showed the influence of the thickness of the surface-state layer on the total
thermopower, considering values of L = 0.3 nm and 1.2 nm. The best fit was obtained with the thicker
L.
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Thus, considering higher values of SSS and L, the estimated data still fit quite accurately the
experimental points. This underlines that the values estimated using equation 3.4 need to be considered
within a certain range of magnitude.

Figure 3.8: (a) Seebeck coefficient of Bi nanowire array measured (black squares) at 300 K as a function of the
wire diameter and estimated Seebeck coefficient (blue line) from a two-channel model (equation 3.4) (b)
Measured Seebeck coefficient (black squares) and thermopower calculations using eq. 3.4 considering SBS = -63
μV/K, σBS = 0.867∙106 S/m, SSS = 360 μV/K, σSS = 1.11∙106 S/m and L = 0.6 nm and varying respectively: SBS = 72 µV/K (red dash line) and -45 µV/K (purple dash line), SSS = 600 µV/K (green dotted line) and 100 µV/K
(dark green dotted line), and L = 1.2 nm (orange dash-dot line) and 0.3 nm (magenta dash-dot line).
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The increasing contribution of the surface states to the total thermopower can be explained also by
calculating the charge carrier density of Bi nanowires. The carrier concentration (n) in the
nanostructure from the evaluated Seebeck coefficients is estimated using the Mott relation [Mot71]:

,

(3.5)

where kB is the Boltzmann constant, ħ Planck´s constant, e the electric charge, m* the charge
effective mass, S the thermopower and T the temperature.
In recent experiments [Hub09] carried out on thin trigonal-oriented Bi nanowires, m* of both bulk
and surface states was deduced independently as ~ 0.06 me and ~ 0.3 me, respectively. Considering this
m* for the bulk states, the charge carrier density at room temperature for bulk-like Bi nanowires (red
area in figure 3.7 (d)) is ~ 3 x 1018 cm-3, a value similar to n detected in bulk Bi [Jai59].
For thinner nanowires (green area in figure 3.7 (d)) we expect a lower bulk charge carrier density
due to the decrease of the band overlap of semimetal Bi [Dre03]. This influences strongly the transport
properties of thin nanostructures. For such small diameters (region (iii)), the appearance of quantum
size effects are discussed for Bi nanowires, since the nanowire diameter is comparable to the Fermi
wavelength of the electrons in Bi [Cor10b], and the semimetal-to-semiconductor transition, creates a
bandgap in the electronic structure [Lin00]. Both these effects lead theoretically to an enhancement of
the absolute value of the thermopower [Her02]. Moreover, it was also reported that in thin
nanostructures the metallic surface states can hybridize, creating a bandgap in their electronic
structure, similar to a narrow-gap semiconductor [Tak12, Gha10]. Thus, also the surface states may
contribute to enhance the total thermopower in small nanowires. In general, for nanowire diameter
below 60 nm, the increase of the Seebeck coefficient is attributed to modifications of the electronic
structure of both bulk and surface states of Bi nanowires and additional measurements with other
experimental techniques are required to investigate this in more detail.
In general, the charge carriers of the surface states possess a specific wavelength (λSS) which,
depending on its magnitude, interacts with the charge carrier of the bulk states. This characteristic was
reported to define the effective spatial range of the surface states [Hub11]. Thus, we reconsidered
equation 3.4 by approximating L ~ λSS.
If we estimate that for wire diameters below 58 nm the possible hybridization of the surface starts
[Tak12, Gha10], we can consider λSS ~ 29 nm. This λSS values is similar to values reported by Huber et
al. for Bi nanowires synthesized by melting pressure injection [Hub11].
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In this case, the transport properties in the thinner wires are dominated by the surface-states charge
carriers [Kim15], and SSS can be estimated equal to the value measured for Bi nanowires at ~ 58 nm,
namely -29.6 μV/K. Thus, contrarily to the first considerations (see above), this assumption defines the
carriers at the surface of the wire as electrons.
Figure 3.9 reports the new set of data calculated using equation 3.4, considering at room
temperature SSS = -29.6 μV/K, SBS = -63 μV/K [Has09] and σBS = 0.867∙106 S/m [Cor10b]. The graph
was developed varying λSS and σSS to understand the influence of these parameters on the estimated
thermopower. In particular, we have decided to define σSS as equal to σBS and two times σBS. This two
values were selected since in literature are reported estimation of both surface-state charge carrier
density (~ 3 x 1018 cm-3) [Kim15] and mobility (~ 2 m2 V-1 sec-1) [Hub11] for 60 nm Bi nanowires,
allowing to presume that σSS ~ 1.1∙106 S/m. This value lies inside the chosen range.
The expected data reported in figure 3.9, using λSS = 29 nm and σSS = 0.867∙106 S/m (red line),
interpolate the experimental points with similar accuracy as the fit in figure 3.8 (a). However,
increasing σSS (blue line) reduces the accuracy of the fit. Furthermore, we consider λSS = 17 nm, value
estimated by [Hub11] for other Bi nanowires, and obtain the best fit for a higher value of σSS. To fit the
experimental data, we notice that considering higher values of σSS requires lower λSS and vice-versa.
In general, the calculations reported in figure 3.8 and 3.9 help us understanding quantitatively the
complex interplay of the surface and bulk states. In the first case, the fit states that the surface states
are made of holes, which supply opposite contribution to the total wire thermopower with respect to
the electrons present in the bulk states. On the contrary, by replacing L with λSS in the two-channel
model equation, we estimated that electrons are the carriers present at the wire surface. However, these
carriers render the surface lower SSS and slightly higher σSS than the electrons in semimetal bulk states.
Thus, since surface dominates the transport properties in thin wires, the total Seebeck coefficient
decreases until it achieves the value equal to SSS.
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Figure 3.9: Seebeck coefficient of Bi nanowire array measured (black squares) at 300 K as a function of the wire
diameter and estimated Seebeck coefficient from the two-channel model (equation 3.4) considering SBS = -63
μV/K, σBS = 0.867∙106 S/m, SSS = -29.6 μV/K and varying contemporary λSS and σSS as reported in the graph.

Figure 3.7 shows in addition, the Seebeck coefficient of nanowire arrays of Bi0.85Sb0.15 (red circles)
and Sb (blue triangles). The Seebeck coefficient as a function of the wire diameter at room temperature
for both materials exhibits a non-monotonic outline similar to Bi nanowire arrays. In fact, although a
smaller critical diameter for the transition to the semiconductor phase for Sb nanowires was predicted
[Her05], a decrease of its band overlap is expected beginning at around 60 nm [Her05] and the electron
Fermi wavelength possesses a similar value as Bi [Zha06]. For Bi0.85Sb0.15 nanowires, we expect a
similar long electron Fermi wavelength as in the case of Bi and Sb. However, theoretical studies
pointed out a larger critical diameter of the semiconductor transition than in pure Bi nanowires [Rab01,
Lin02]. In addition, the presence of surface states in Bi1-xSbx alloy and pure Sb with similar properties
as pure Bi [Hsi08] allows us to discuss the thermopower behavior of the two materials with lowering
wire diameter (figure 3.8) due to similar processes as considered for Bi nanowires.
Finally, the data in figure 3.7 (d) exhibits a lower Seebeck coefficient for Bi0.85Sb0.15 nanowires
compared to pure Bi for all diameters. This was unexpected since Lin et al. reported higher values of
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the thermopower of Bi0.95Sb0.05 nanowires compared to Bi [Tan14a, Lin02]. To better understand their
behavior, we have measured the thermopower of a series of nanowire array presenting the same wire
diameter but with different amount of Sb in the alloy. The results are presented in the next section.
The non-monotonic size dependence of the nanowires thermopower was studied at different
temperatures. Figure 3.10 reports the thermopower of the three nanowire alloys as function of the wire
diameter registered at 300 K (black squares), 150 K (red circles) and 60 K (blue triangles). We notice
that for Bi0.85Sb0.15 (figure 3.10 (b)) and Sb (figure 3.10 (c)) nanowire arrays, the minimum of the
deduced Seebeck coefficient is always measured for the (58 ± 6) nm diameter wires. However, for Bi
nanowire arrays (figure 3.10 (a)) the thermopower minimum is observed for slightly larger values of
wire diameter within a range between (58 ± 6) nm and (79 ± 8) nm at 150 and 60 K.
This slight shift is probably related to the higher sensibility of the band-structure parameters on the
temperature [Vec74, Gal63], compared to the other alloys. In particular, semimetal Bi possesses a
lower overlap between the valence and conduction band than Sb at room temperature [Zha06]. The
overlap is reported to decrease when lowering the temperature [Gal63], inducing the semimetal-tosemiconductor transition in Bi at higher temperature than in Sb [Zha06].
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Figure 3.10: Seebeck coefficient of nanowire arrays with different wire diameters and compositions: (a) Bi, (b)
Bi0.85Sb0.15 and (c) Sb, measured detected at different temperatures: (black squares) ~ 300 K, (red circles) ~ 150
K, (blue triangles) ~ 60 K.
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3.4 Electrical Resistance vs. Temperature and Nanowire Diameter
Figure 3.11 (a) displays the non-monotonic behavior of the normalized resistance R/R(300 K) of Bi
nanowire arrays between 300 and 20 K. The maximum in resistivity shifts to higher temperatures with
decreasing wire diameter, from 90 K for wire size of (753 ± 37) nm to 180 K for wire size of (58 ± 6)
nm. Similar behavior was detected before for the resistance of single-crystalline Bi nanowires and
ascribed to the influence of finite quantum size effect [Cor06]. It was explained as a consequence of
the influence of the nanowire size on the opposite contributions of the carrier charge density and
mobility to the resistivity. In fact, in bulk Bi the increase of the charge mobility with decreasing
temperature is larger than the decrease in the carrier density, resulting in a metal-like resistance
behavior. The gain in mobility is limited for nanowires due to the limited diameter and grain size. Both
limit the increase of the charge mean free path with decreasing temperature. Moreover, decreasing the
wire size is reported to decrease the number of grain boundaries. This allows a stronger increase of the
charge carrier mobility already for higher temperature than in bulk or in wires of larger diameter,
shifting the maximum in the resistivity as presented in (figure 3.11).
Moreover, a transition from semimetal to semiconductor phase was predicted for Bi nanowires with
diameter ~ 40 nm, depending on the wire orientation and temperature [Lin00]. This transition effect
may influence the resistivity ratio of Bi nanowire arrays with wire size 48 ± 7 nm and 41 ± 5 nm,
leading to an increase of the resistivity ratio compared to wires with larger diameters, as demonstrated
in figure 3.11 (b).
Figure 3.11 (b) and (c) display the resistivity ratio measured for Bi0.85Sb0.15 and Sb nanowire arrays
with different wire diameter. Sb nanowire arrays exhibit a metal-like behavior with decreasing
resistivity ratio from value ~ 1.1 at 300 K to ~ 0.7 at 30 K for all considered wire diameters. These
results are not unexpected, because Sb is a semimetal with a lower electron mean free path and a
higher energy overlap [Zha06] compared to Bi. The detection of both finite size and transition from
semimetal to semiconductor phase effects on the resistivity is only possible for lower wire diameters.
On the other hand, the resistivity ratio of Bi0.85Sb0.15 nanowire arrays shows a smaller decrease within
the temperature range compared to pure Sb array, varying from ~ 1.05 at 300 K to ~ 0.8 K at 30 K for
wire diameter between ~ 753 and ~ 58 nm. Alloying Bi and Sb probably leads to a larger charge carrier
mean free path than in pure Sb and thus, the gain of the carrier mobility by the nanowire boundaries is
limited. Our experiments show that this effect is stronger in Bi0.85Sb0.15 nanowire arrays with smaller
diameter, namely (48 ± 7) nm and (41 ± 5) nm, where the resistivity ratio is less dependent on
temperature, varying from ~1.0 at 300 K to ~ 0.9 at 30 K.
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However, theoretical predictions pointed out that for such composition and range of wire diameters,
the nanowires are expected to consist of a semiconductor phase [Tan14a]. Based on our data, we
cannot confirm this prediction. To better understand, we measured the resistance ratio on a series of
nanowire arrays with same diameter, but slightly increasing the c(Sb) in the electrolyte used for the
deposition. The results are presented in the next section.

Figure 3.11: Electrical resistance ratio as a function of temperature of nanowire arrays of different composition:
(a) Bi, (b) Bi0.85Sb0.15 and (c) Sb nanowire arrays. The wire diameters are: (753 ± 37) (black), (431 ± 29) (red),
(130 ± 10) (light green), (113 ± 11) (blue), (79 ± 8) (magenta), (58 ± 6) (brown), (48 ± 7) (green) and (41 ± 5)
(orange) nm.
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3.5 Seebeck Coefficient and Resistance as a Function of Wire Composition
Being a semimetal material, bulk Bi thermoelectric performance is lower than that of semiconductor
material, because of the opposite contributions from electrons and holes to the total Seebeck
coefficient [Dre03, Her05].
As discussed earlier, one strategy to enhance the thermoelectric properties is to nanostructure Bi,
which induces a transition to semiconductor phase below a critical wire diameter [Lin00]. Another
option is to add Sb. It was reported that the addition of Sb to the Bi structure can transform the alloy
into a semiconductor material for a narrow range of Sb concentrations [Jai59]. Moreover, it was
predicted that Bi1-xSbx alloy nanowires possess a higher critical diameter than pure Bi nanowires,
showing a semiconductor phase already in thicker nanowires [Rab01]. Previous experiments, carried
out on nanowire arrays, reported higher values for the thermopower of Bi0.95Sb0.05 compared to pure Bi
nanowires with same diameter. The presence of Sb is expected to reduce the Bi semimetallic band
overlap [Tan14a, Lin02]. However, in our measurements, the measured Bi0.85Sb0.15 thermopower is
lower compared to pure Bi for all diameters, as visible in fig. 3.7 (d).
To investigate this behavior, we measured the Seebeck coefficient of nanowire array with diameter
of (79 ± 8) nm and with different amount of x(Sb). The nanowires were electrodeposited using six
different amounts of Sb ions (c(Sb))in the electrolyte, namely: 0, 0.01, 0.015, 0.02, 0.03 and 0.1 mol/L.
Their composition and orientation were investigated by X-ray diffraction, transmission and electron
microscope, as reported in chapter 2 [Cas15a]. The nanowires exhibit a composition x(Sb) of 0.10,
0.12, 0.18 and 0.33, respectively, and a preferential orientation along {110} for low composition of Sb
and {012} for x(Sb) = 0.33 and 1 [Cas15a].
The thermopower for all samples is displayed in figure 3.12 (a). All materials exhibit a monotonic
decrease of the absolute value of the Seebeck coefficient as decreasing the temperature. Figure 3.12 (b)
displays the measured Seebeck coefficient Bi1-xSbx alloy nanowires array as a function of x(Sb) at 300
K. The thermopower increases from a value of -(44 ± 4) μV/K for pure Bi to +(10 ± 2) μV/K for pure
Sb. These measurements show that electrons dominate the transport in pure Bi and Bi1-xSbx (x ≤ 0.33)
alloy nanowires, leading to a negative value of the thermopower. On the contrary, pure Sb shows a
higher hole contribution, exhibiting a positive Seebeck coefficient [Iss79]. However, no enhancement
of the Seebeck coefficient due to alloying Bi and Sb was measured at room temperature. Similar
behavior was measured by Yim et. Al for Bi1-xSbx alloy single crystals at room temperature with
orientation parallel to the trigonal axis [Yim72]. On the other hand, the authors found an increase of
the thermopower towards negative magnitude up to x(Sb) = 0.12 and then a decrease for further
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addition of Sb for sample oriented perpendicular to the trigonal axis [Yim72]. This was also reported
by the measurements of Dutta er al. on Bi1-xSbx alloy polycrystals at room temperature [Dut09].
Figure 3.13 displays the electrical resistance ratio measurements on different Bi1-xSbx alloy
nanowires. The different data evolution can be explained by the shorter charge mean free path of Sb
compared to Bi [Cor10b, Zha06]. In fact, pure Bi and Bi0.90Sb0.10 nanowires present a non-monotonic
behavior of the resistance ratio as decreasing the temperature due to finite size effects on the chargecarrier mean free path, as described in the previous section [Cor06]. On the other hand, higher x(Sb)
leads to a lower carrier mean free path, which makes their mobility being less influenced by the
nanowire boundary, resulting in a metal-like behavior.

Figure 3.12: (a) Experimental Seebeck coefficient of Bi1-xSbx alloy nanowires arrays with 0 ≤ x ≤ 1 for wires of
diameter of (79 ± 8) nm. In the wires was detected an Sb content x(Sb) of: 0 (black), 0.01 (red), 0.012 (green),
0.018 (blue), 0.033 (magenta), 0.1 (violet) mol/L. (b) Seebeck coefficients detected at 300 K as different wire
composition and as a function of x(Sb).
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Figure 3.13: Electrical resistance ratio of Bi1-xSbx alloy nanowires array with 0 ≤ x ≤ 1 as a function of different
temperatures. In the wires was detected an Sb content x(Sb) of: 0 (black), 0.01 (red), 0.012 (green), 0.018
(blue), 0.033 (magenta), 0.1 (violet) mol/L.

3.6 Resume of Thermoelectric Characterization
Systematic and comprehensive measurements of the Seebeck coefficient and electrical resistance of
Bi1-xSbx (0 ≤ x ≤ 1) nanowire arrays within the temperature range from 300 to 20 K and wire diameters
between ~ 750 and ~ 40 allows us to better understand the thermoelectric properties of nanowires. A
prerequisite of reliable measurements is the optimal thermal contacts between the sample and the
setup.
The thermopower coefficient of all different Bi1-xSbx (0 ≤ x ≤ 1) nanowire arrays presents a linear
decrease as lowering the temperature. The thermopower of Bi, Bi0.85Sb0.15 and Sb nanowire arrays
exhibits a non-monotonic behavior lowering the wire diameter.
Theoretical calculations of Hicks & Dresselhaus [Hic93a, Hic93b] predicted a monotonic increase
of the Seebeck coefficient of the material for small enough nanowire [Lin02]. This theory had not
taken in consideration the presence of surface states on the materials, which has a major role in the
explanations of our measurements. In fact, in wires thicker than ~ 130 nm, the surface states do not
have any influences on the transport properties. This is supported by our measurements showing
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thermopower values similar than for bulk. Lowering the wire diameter enhanced the opposite
contribution of the surface states with respect to the bulk states to the total Seebeck coefficient, leading
to an overall decrease of the thermopower of the nanostructure. Only in wires thinner than ~ 60 nm the
thermopower raised possibly due to quantum effects on both the surface and bulk states of the
nanowires, supporting the idea of superior thermoelectric properties in small nanostructures [Dre03].
The resistance of Bi0.85Sb0.15 and Sb nanowire arrays displays bulk-like behavior as a function of the
temperature. However, a non-monotonic tendency was detected for pure Bi nanowires. We ascribed
this to the appearance of finite-size effects, confirming longer mean free path of the Bi electron than in
the other two materials.
Finally, adding Sb to the composition of Bi nanowires is expected to increase the thermopower of
the nanostructures [Tan14a, Lin02]. However, the measurements did not show any gain of the total
Seebeck coefficient due to alloying. This may be related to slightly differences detected in the wire
orientation as a function of composition which are reported to have a large influence the electronic
band structure of the nanowires [Tan14a].
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4. Annealing Effect on Nanowire
Composition and Stability

Metallic and semiconductor nanowires are expected to be key components of future nanoscale
devices. Among other physical properties, the nanowires thermal stability is a crucial parameter to
achieve reliable performance of a given nanowire-based module.
Previous experiments demonstrated that metallic nanowires exhibit, at temperatures far below the
bulk melting point, the so-called Rayleigh instability, which causes the fragmentation of the cylindrical
wires into chains of nanospheres under volume conservation [Zha05, Kar06, Kar07, Rau12, Dal12,
Wan15, Vol15]. In particular, for Cu nanowires [Toi04] with diameters below 50 nm, the decay occurs
at temperatures between 400-600°C, much lower than the bulk melting temperature (1085°C).
Bi and Sb bulk melting point temperatures are relatively low, 271 and 630°C, respectively. Thus,
the possible effect of the Rayleigh instability on the nanowires stability should be studied to assess
optimum conditions for the implementation in thermoelectric devices and systems, where the
exposition to heat is a fundamental requirement. Another issue relevant for their application is surface
oxidation, which leads to high contact resistances and unreliable electrical contacts with the
nanostructure [Cro01]. This is the main reason why experimental data are still scarce, although specific
chips have already been developed to perform measurements of the thermal and electrical conductivity
on individual wires [Völ09, Wha12, Zho05].
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The difficulties to electrically contact single Bi1-xSbx nanowires constitute a clear challenge for a
reliable thermoelectrical characterization of the nanostructure. In particular, it is important to clarify if
an oxide layer is formed before and/or after contacting or even during electrical measurements, favored
by the increased temperatures produced by Joule heating and by exposure to atmosphere.
In this chapter, we present the study of the influence of the annealing process on the morphology
and composition of Bi, Bi0.85Sb0.15 and Sb nanowires [Cas15b]. The nanostructures were analyzed by
SEM, TEM and Raman spectroscopy before and after the annealing process. The stability of single
nanowires was investigated for different annealing temperatures and times [Cas15b].

4.1 Experimental Details on Thermal Annealing
The Bi, Bi0.85Sb0.15 and Sb nanowires used in this experiment were fabricated following the steps
described in chapter 2. The wires were electrochemical grown at room temperature in the channels of
polycarbonate membranes (thick 30 μm and with ~ 7×108 cm-2) by pulsed deposition applying U1 = 250 mV vs. SCE for t1 = 20ms and U2 = -150 mV vs. SCE for t2 = 100 ms [Cas15a]. The average
diameter of the channels was (79 ± 8), (30 ± 4), and (18 ± 3) nm. Subsequently, the polymer matrix
was dissolved, using dichloromethane, and the nanowires were transferred either onto Si wafers or,
alternatively, onto Cu-lacey grids for SEM and TEM investigations. The dissolution process caused
the nanowires to break into segments with lengths ranging from 1 to 20 μm.
For the annealing, the substrates (Si wafers and TEM grids) with the wires on top were introduced
in a tube furnace (Carbolite HST 12/300) at room temperature. To ensure similar conditions during the
annealing for the two different substrates, the TEM grids were first placed onto Si substrates and then
inserted in the furnace. Then, the furnace was warmed up with a heating rate of 9°C/min. Once the set
temperature was achieved, the temperature was kept constant for different annealing times ta, varying
between 30 min and 100 h. At the end of the process, the furnace was let cooling down. At room
temperature the sample was removed from the furnace and analyzed. Moreover, to understand the
influence of oxygen on the thermal stability, additional annealing experiments were performed in an
evacuated chamber at a pressure of 10-6 mbar.
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4.2 Annealing Effects on Nanowires Morphology
The SEM image of an as-prepared Bi nanowire with initial diameter ~ 30 nm is displayed in figure
4.1 (a). After the dissolution from the polycarbonate membrane and transfer onto the Si substrate, the
wire exhibited a cylindrical shape and smooth surface. Figures 4.1 (b-d) display the SEM images of Bi
nanowires after annealing in air at 100, 150, and 200°C for ta = 30 minutes, respectively. The
morphology of the nanowires annealed at 100°C does not present any significant changes (figure 4.1
(b)). A slight increase of the surface roughness is visible for the wires annealed at 150°C (figure 4.1
(c)) and 200°C (figure 4.1 (d)). In both cases, the nanowires are still continuous, maintaining their
cylindrical shape and structural stability

Figure 4.1: SEM images displaying sections of (a) cylindrical Bi nanowires on Si substrate with initial diameter
(30 ± 4) nm, nanowires after annealing in air for 30 minutes at (b) 100, (c) 150, and (d) 200°C. The scale bar
applies to all images.

This is in contrast to previous annealing experiments carried out on Cu [Toi04], Pt [Rau12] and Au
[Kar06, Kar07] nanowires with diameter between ~ 30 and ~ 50 nm, which exhibited Rayleigh
instabilities at temperatures far below the bulk melting point.
In a next step, we increased the annealing temperature to 250°C, a temperature very close to the Bi
bulk melting point (271.5°C). Figure 4.2 presents SEM images of nanowires annealed at 250°C for (b)
2, (c) 20 and (d) 100 hours, showing evident changes of the morphology in all cases with respect to the
as-prepared wire. After 20 hours annealing, the nanowires surface does not any longer exhibit a
complete smooth profile. Instead, numerous protuberances are visible along the entire wire length.
Both density and size of these protuberances increase significantly with increasing annealing time.
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Figure 4.2: SEM images displaying sections of Bi nanowires on Si substrate with initial diameter (30 ± 4) nm
(a) before and after annealing in air at 250°C for (a) 2 (b) 20 and (c) 100 hours. The scale bar applies to all
images.

To check the possible influence of the substrate on the nanowire stability during annealing, Bi
nanowires with initial diameter of ~ 30 nm were transferred onto thin carbon films of Cu-lacey TEM
grids and then annealed at 250°C for the same annealing times, as the wires presented in figure 4.2.
Similar increasing of the surface roughness as a function of the annealing time was detected (figure
4.3). This suggests that the changes in the nanowires surface do not depend on the substrate on which
they are annealed. Note that contrast of SEM images on TEM grids is inverted, since in this case the
STEM-in-SEM detector was used [Gol07].

Figure 4.3: SEM images of Bi nanowires on Cu-lacey TEM grids with (a) initial diameter (30 ± 4) nm and after
annealing in air at 250°C for (b) 2 and (c) 20 hours. The scale bar applies to all images.

The thermal stability of Bi0.85Sb0.15 nanowires was investigated by transferring wires with initial
diameter ~ 30 nm onto TEM grids. The annealing was performed under the same conditions as for Bi
nanowires reported in figure 4.3. In figure 4.4 (a) we can notice that the as-prepared Bi0.85Sb0.15 wires
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possess a smooth surface. After 2 hours annealing at 250°C, few protuberances were detected on the
nanostructures. Similar to Bi nanowires, the density of these instabilities increases as the annealing
time proceeds to 20 hours, finally leading to a structure with a rough surface.
Although the bulk melting temperature of Sb (631°C) is significantly higher than that of bulk Bi,
the morphological changes of Bi0.85Sb0.15 nanowires were comparable to those in Bi pure wires. Thus,
the high percentage of Bi in the wires composition influences strongly the annealing behavior of the
alloyed nanostructure.

Figure 4.4: SEM images of Bi0.85Sb0.15 nanowires on TEM grids with (a) initial diameter (30 ± 4) nm and after
annealing in air at 250°C for (b) 2 and (c) 20 hours. The scale bar applies to all images.

We also examined the thermal stability of pure Sb nanowires. The annealing experiments were
performed at 600°C, near the melting point of bulk Sb (631°C). We used only Si substrate, since the
TEM grids are not stable at such elevated temperatures. As for Bi and Bi0.85Sb0.15 wires, as-prepared
Sb nanowires exhibit a cylindrical shape with a smooth surface (figure 4.5 (a)). After 2 hours
annealing at 600°C, the surface shows a slightly increase in roughness. Even after 20 hours of
annealing Sb nanowires do not display clear protuberances along the nanostructure, in contrast with
results obtained for Bi and Bi0.85Sb0.15 nanowires. However, the morphological undulations presented
along the nanowire axis are similar in this case to those appearing in the initials stage of the Rayleigh
instability reported for Cu [Toi04] and Au [Kar06, Kar07] nanowires.
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Figure 4.5: SEM images of Sb nanowires on Si substrate with (a) initial diameter (30 ± 4) nm and after
annealing in air at 600°C for (b) 2 and (c) 20 hours. The scale bar applies to all images.

In summary, the thermal annealing of pure Bi, Bi0.85Sb0.15 and pure Sb nanowires with initial
diameter of ~ 30 nm shows no evidence of Rayleigh instabilities. In fact, all the wires maintained their
cylindrical continuous shape also after annealing at temperatures near the bulk melting temperature.
After annealing at ~ 250°C for 30 minutes, Bi and Bi0.85Sb0.15 nanowires show similar protuberances,
whose size and density increase with the annealing time. Pure Sb wires did not exhibit any
morphological changes at ~ 600°C after 30 minutes of annealing, but small diameter undulations
appear after 20 hours at 600°C.
To understand the possible influence of oxygen on the morphology evolution, Bi nanowires on a
TEM grid were inserted in a furnace evacuated to a pressure of 10-6 mbar. The duration between the
start of the evacuation and the start of the annealing was about 30 minutes. The annealing was
performed at 250°C for 2 and 20 hours. As illustrated in figure 4.6, the wires do not exhibit any
Rayleigh instability or protuberances, which on contrary are present in Bi wires annealed in air. Only a
slight increase of the roughness appears for the annealed wires.
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Figure 4.6: SEM images of Bi nanowires on Cu-lacey TEM grids with (a) initial diameter (30 ± 4) nm and after
annealing in vacuum (P ~ 10-6 mbar) at 250°C for (b) 2 and (c) 20 hours. The scale bar applies to all images.

4.3 Annealing Effects depending on Wire Diameter
Previous experiments on the thermal behavior of both Pt [Rau12] and Cu [Toi04] nanowires gave
clear evidence that the critical temperature of the Rayleigh instability depends on the wire diameter.
Thus, after the investigation of the thermal stability as a function of the composition at temperatures
near the bulk melting point, we also studied annealing effects varying the diameter of our wires.
Figure 4.7 shows SEM images of Bi nanowires of diameter (a) ~ 18, (b) ~ 30 and (c) ~ 79 nm after
annealing at 250°C for 20 hours. Qualitatively, similar formation of protuberances for all nanowire
diameters is observed. The relative average size of these protuberances with respect to the initial wire
diameter is in all cases ~ 0.4. However, the number of protuberances decreases with increasing wire
diameter, leading to few but large protuberances in bigger wires.
Similar morphological changes, including the formation of protuberances, were previously reported
by Kolmakov et al. for Sn nanowires annealed in air [Kol03]. There, the authors ascribed the origin of
the formation of these protuberances to the unevenness of the oxide layer on the nanowire surface. In
particular, they assumed that the highest oxidation rate was present along the grain boundaries and
other crystal defects, forming the protuberances at those positions, while maintaining the integrity and
shape of the wire.
The arguments of Kolmakov et al. [Kol03] do not explain the behavior of our Bi nanowires which
show a smaller number of protuberances along the wire axis (figure 4.7) for thicker wires. As
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described in chapter 2, we expect the number of grain boundaries and crystal defects in the nanowires
to be either similar or to decrease with decreasing the wire diameter [Cor06c].

Figure 4.7: SEM images of Bi nanowires on Si substrate with initial diameters (a) (18 ± 3) nm, (b) (30 ± 4) nm
and (c) (79 ± 8) nm annealed in air at 250°C for 20 hours. The scale bar applies for to images.

Figure 4.8: SEM images of Bi0.85Sb0.15 nanowires on TEM grids with initial diameters (a) (18 ± 3) nm, (b) (30 ±
4) nm and (c) (79 ± 8) nm annealed in air at 250°C for 20 hours. The scale bar applies to all images.
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Figure 4.8 shows the thermal stability of Bi0.85Sb0.15 nanowires with different diameters annealed on
TEM grids at 250°C for 20 hours. The initial diameters of the wires are the same as the Bi nanowires
reported in figure 4.7: (a) ~ 18, (b) ~ 30 and (c) ~ 79 nm. The annealed wires presented bigger
protuberances on the surface with increasing wire diameter, similar as the Bi nanowires. However, in
this case the density of the instabilities along the wire axis is clearly higher than in Bi nanowires. The
wires are in general rougher and lost their uniform cylindrical shape. The wire reported in figure 4.8
(b) exhibits pronounced constrictions between two protuberances. This behavior was not observed in
Bi nanowires.
Figure 4.9 shows SEM images of Sb nanowires with average diameter, (a) ~ 18, (b) ~ 30 and (c) ~
79 nm, after annealing in air at 600°C for 20 hours. The quality of the SEM images is low due to the
increase amount of impurities present on the Si substrate after the annealing in air, impeding the
focusing of the images. However, we clearly observed that the wire contour presents small
undulations. This effect is similar for Sb wires of ~ 18 and ~ 30 nm in diameter, whereas Sb nanowires
with ~ 79 nm diameter exhibit a rough surface with few small protuberances. The density and
dimension of these instabilities are smaller than in Bi and Bi0.85Sb0.15 nanowires.

Figure 4.9: SEM images of Sb nanowires on Si substrate with initial diameters (a) (18 ± 3) nm, (b) (30 ± 4) nm
and (c) (79 ± 8) nm annealed in air at 600°C for 20 hours. The scale bar applies to all images.

In summary, SEM investigations on annealed Bi, Bi0.85Sb0.15, and Sb nanowires with decreasing
diameter have revealed no Rayleigh instability at temperatures near Bi and Sb bulk melting point,
respectively. Instead, we observed the formation of protuberances in the case of Bi and Bi0.85Sb0.15
nanowires and diameter contour undulations for pure Sb wires. We attribute this behavior to the
presence of an oxide layer and/or wire oxidation during the annealing in air. Since the melting point of
bulk oxide metals is significantly higher than that of the corresponding semimetals (bulk
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bismuth(III)oxide (Bi2O3) is 817°C and Bi bulk 271.5°C, antimony is 630°C and antimony(III)oxide
(Sb2O3) 655°C). Oxidation explains the absence of Rayleigh instability at 250 and 600°C.
To confirm this explanation, we investigated the presence of an oxide phase on the wires by TEM
combined with TEM-EDX and by Raman spectroscopy. The results are presented in the following
section.

4.4 Annealing Effects on Nanowires Composition
The composition of Bi (diameter ~ 18 nm) and of Bi0.85Sb0.15 (diameter ~ 30 nm) nanowires before
and after annealing in air was studied by TEM-EDX, in a JEM ARM 200CF operated at 400 keV at the
Max Planck Institute for Intelligent systems (Stuttgart, Germany).
Figure 4.10 shows the TEM images (left) and the corresponding EDX line scans (right) measured
across individual Bi nanowires (a) as-prepared and after annealing at 250°C for (b, c) 2 and (d) 20
hours. The blue background on the EDX line scans indicates the wire position.
The line scans provide information on the atomic percentage of Bi and oxygen (O) in the wires. The
oxygen content across the nanowires is about 30% in the as-prepared nanowires (figure 4.10 (a)). In
addition, the oxygen concentration increases up to ~ 60% towards the edges of the wire (edge of the
blue area on the scan). This indicates that the oxidation process occurs already during the time between
drop-casting and TEM analysis of the nanowire (in this case ~ 50 hours).
Figure 4.10 (b) presents the EDX line scan measured across a wire annealed for 2 hours at 250°C.
The atomic composition is ~ 60% O and ~ 40% Bi. It remains almost constant across the
nanostructure, indicating the complete and homogenous transformation of the Bi nanowire into Bi2O3
nanowire. In figure 4.10 (c) the line scan was performed on a protuberance, resulting in the same
composition (Bi2O3). Figure 4.10 (d) presents the line scan across a wire annealed for 20 hours at
250°C, confirming that the annealed nanowires are fully oxidized to Bi2O3. The composition is
maintained independently of the annealing time.
Figure 4.11 reports the TEM images (left) and the corresponding results of the line scan EDX
measurements performed on Bi0.85Sb0.15 wires with initial diameter of ~ 30 nm before and after the
annealing process. The line scan presents the atomic percentage of Bi, Sb and O recorded across the
nanostructures. As in the case of Bi, the as-prepared alloy nanowires (figure 4.11 (a)) present already a
high percentage of O (~ 40%), confirming that the oxidation process started even before the annealing.
In this case, the wires were analyzed 25 hours after the membrane dissolution. During this time, the
samples were exposed to air. Figure 4.11 (b) and (c) presents the measurements on wires annealed at
250 °C for 2 and 20 hours, respectively. Compared to the as-prepared nanowires, the atomic
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percentage of Bi and Sb decreased and the O percentage reached a value of ~ 70%, confirming that, as
in the case of pure Bi nanowires, the Bi0.85Sb0.15 nanowires are also strongly oxidized during
annealing. The composition of a protuberance (figure 4.11 (d)) shows a higher percentage of Bi with
respect to the other part of the annealed wire (figure 4.11 (c)). Moreover, for all analyzed wires, we
noticed a small increase of the Sb percentage accompanied by a decrease of Bi towards the wire
surface. This is an indication of a thin Sb oxide shell on the wire surface.
To investigate deeper the probable presence of a Sb-rich shell on the edge of the nanostructure and
the precise composition of the analyzed nanowire, the TEM-EDX line scans of figure 4.11 were
recalculated only taking in account Bi and Sb signals (figure 4.12). The as-prepared Bi0.85Sb0.15
nanowire line scan in figure 4.12 (a) exhibits a Bi-Sb ratio of 70% to 30% on the left edge, in the
central area of the wire the average ratio is 86% to 14%, decreasing on the right edge to 60% to 40%.
The higher concentration of Sb with respect to Bi on the edges is an indication of a possible Sb-rich
shell on the wire surface. The average composition in the central area is similar to the concentration of
Bi and Sb in the electrolyte. After 2 hours (figure 4.12 (b)) and 20 hours (figure 4.12 (c)) of annealing,
both analyzed Bi0.85Sb0.15 nanowires display both on the edges a Bi-Sb ratio of 60%-40% (b)), while in
the central part the average composition is 88%-12%, confirming a higher relative contents of Sb on
the nanostructure edges. Although on the protuberance (figure 4.12 (d)) the line scan reveals in the
central part an amount of Bi ~ 94%, an increase of Sb is still visible on the right edge of the
nanostructure.
The nanowire composition after annealing was also investigated performing a TEM-EDX line scan
along the nanowire axis showing the atomic percentage of Bi, Sb and O in the center of the
nanostructures (figure 4.13). Taking into account the uncertaintes, the oxygen content varies along the
nanostructure between ~ 65% and ~ 76%. The high percentage of oxygen indicates that the wire is
completed oxidized. The same line scan was used to deduce the atomic percentage of Bi and Sb and
the results are reported in figure 4.13 (b). The plot shows the Bi content varying from 93% to 78%
along the wire axis, with an average value (~ 88%), slightly higher than the concentration used in the
electrolyte (~85%).
The TEM-EDX measurements demonstrate that Bi and Bi0.85Sb0.15 nanowires are complete oxidized
during annealing in air at 250°C for 2 and 20 hours. The as-prepared wires show that the oxidation
process occurs already during the time between the wire release from the polymer matrix and the TEM
analysis. However, since the waiting time between the wire release and the subsequent TEM analysis
was about 50 hours (Bi) and 25 hours (Bi0.85Sb0.15), this makes difficult to conclude at which stage the
oxide layer was formed. For this reason, we performed additional Raman spectroscopy on nanowires
only few minutes after the membrane dissolution. The results are explained in the follow section.
4.

Annealing Effect on Nanowire Composition and Stability

77

Figure 4.10: TEM images (left) of Bi nanowires with initial diameter (18 ± 3) nm drop-casted on TEM grids (a)
as-prepared and after annealing in air at 250°C for (b,c) 2 and (d) 20 hours and the corresponding TEM-EDX
line scans (right) measured across the wire diameter (red-yellow arrow), displaying the Bi and O atomic %
content. The blue background areas on the scan represent the position of the wire.
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Figure 4.11: TEM images (left) of Bi0.85Sb0.15 nanowires with initial diameter of (30 ± 4) nm drop-casted on
TEM grids (a) as-prepared, after annealing in air at 250°C for (b) 2 and (c, d) 20 hours and the corresponding
TEM-EDX line scans (right) measured across the wires (red-yellow arrow), displaying the Bi, Sb and O atomic
% content. The blue background area on the scan represents the experimental points ascribed to the
nanostructure.
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Figure 4.12: TEM images (left) of Bi0.85Sb0.15 nanowires with initial diameter of (30 ± 4) nm drop-casted on
TEM grids (a) as-prepared, after annealing in air at 250°C for (b) 2 and (c,d) 20 hours and the corresponding
TEM-EDX line scans (right) measured across the wires (red-yellow arrow), displaying only Bi and Sb atomic %
content. The blue background areas on the scans represent the experimental points ascribed to the nanostructure,
the blue dashed line is the nominal composition of Sb 15%.
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Figure 4.13: TEM images (right) of Bi0.85Sb0.15 nanowires with initial diameter of (30 ± 4) nm after annealing in
air at 250°C for 2 hours and the corresponding TEM-EDX line scans (red-yellow arrow) along the wire axis
(left) considering the (a) Bi, Sb and O , and (b) only Bi and Sb atomic % content. The blue dashed line indicates
the nominal composition of Sb 15%.

4.5 Raman Spectroscopy Measurements on Nanowires
Raman spectroscopy is a powerful in-situ and non-destructive technique to probe the local atomic
arrangements and vibrations of a given materials [Cho09, Cao07]. Raman spectroscopy was performed
on Bi, Bi0.85Sb0.15 and Sb nanowires with diameter of ~ 79 nm using a commercial Horiba Jobin Yvon
LabRam HR800 system with He-Ne laser of wavelength λ = 632.82 nm and power P = 0.96 mW. This
wavelength is suitable to analyze both the semimetal and oxide phase of bismuth [Don09, Wan12].
The sample exposition time was 30 sec in all cases. Laser power and sample exposition times were
kept low to avoid heating of the wires.
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To understand the possible presence of oxide layers on the nanostructure before the annealing
process, the nanowires were drop casted onto Si wafers and Raman spectra were recorded few minutes
after the nanowires had been released from the polymer matrix. Thus, the analyzed samples represent
the nanowires in the same condition as when they are inserted in the tube furnace for the annealing.
Figure 4.14 shows the Raman spectrum of the as-prepared Bi nanowires (red). The spectrum
exhibits five different peaks ascribed to: (i) the A1g first order vibration mode of Bi atoms (98 cm-1)
[Tre09, Lan75], (ii) the Bg displacement mode of both Bi and O atoms in α-Bi2O3 phase (108 cm-1)
[Nar94], (iii) and (iv) displacements in the Ag mode of α-Bi2O3 (184 cm-1 and 228 cm-1) [Den97,
Kuz96], and (v) silicon substrate (304 cm-1) [Yan08]. This latter peak was used to normalize the
spectra of the different nanowire.
As expected, the Bi peak at 98 cm-1 is the highest for Bi nanowires right after the membrane
dissolution. However, the detected peaks, assigned to α-Bi2O3 vibrations atoms, indicate that the
oxidation process in the nanostructure starts after the PC dissolution, most probably at the nanowire
surface as indicated by the TEM measurements. In particular, Bi2O3 has four different polymorphism,
namely α, β, γ and δ phase [In11]. However, the α-phase is the only thermodynamically stable at room
temperature [Sam99, Har79]. This result reveals that the semimetal nanowire presents already a small
contribution of the α-phase of Bi oxide even before the annealing process.
In order to simulate conditions under which wires would operate during normal device usage, we
annealed Bi wires in air at 100 °C for 30 days (i.e. 720 h). The spectrum (figure 4.14 (green)) displays
a band at 98 cm-1 ascribed to the vibration of Bi atoms in the rhombohedral structure [Tre09, Lan75].
This peak remains the strongest band, but peaks ascribed to the oxide phase are clearly visible at 108
cm-1 (same as detected in the as-prepared nanowires), 144 cm-1 (Bg mode of α-Bi2O3) [Nar94], 184 cm1

and 228 cm-1 (Bu mode of α-Bi2O3)[Den97, Nar94]. Compared to the as-prepared nanowires, the

annealed nanostructures present a larger presence of α-Bi2O3. Finally, Raman spectrum of Bi nanowire
annealed at 250°C for 2 hours (blue spectrum in figure 4.14) is dominated by the band at 144 cm-1.
There is no band visible at 98 cm-1 is not visible, indicating that the Bi nanowires are completely
oxidized after annealing at 250°C for 2 hours, in full agreement with the TEM-EDX composition
measurements presented in figure 4.10.
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We noticed that only few Bi oxide bands are detected and that they exhibit very low intensities
compared to other Raman measurements carried on Bi oxide wires of similar diameter [In11]. Thus,
we additionally analyzed ~ 10 µm large Bi caps grown on top of our Bi nanowires. The caps were
exposed to air for longer than 1 year (i.e. 9600 h) at room temperature. Their Raman spectrum
(magenta in figure 4.14) confirms the position of the bands ascribed to the vibration of Bi atoms at 98
cm-1 [Tre09, Lan75], and to the Bi alpha oxide phase at 108, 144, 184 and at 204 cm-1 [Den97, Kuz96,
Nar94], as well as the absence of additional Bi2O3 bands for this material up to 700 cm-1. The absence
of the peak at 304 cm-1 confirms that we correctly assigned the band to Si (the laser spot is smaller
than the cap size, thus excluding a signal from the Si substrate).

Figure 4.14: Raman spectra of Bi nanowires with diameter ~79 nm on Si substrate: (red plot) as-prepared,
(green plot) after annealing at 100°C for 720 hours and (blue plot) after annealing at 250°C for 2 hours. The
vertical dashed lines indicate the Raman bands assigned to Bi (red at 98 cm-1), Bi and O atoms in α-Bi2O3 phase
(light blue, at 108, 144, 184 and 228 cm-1) and Si atoms (violet at 304 cm-1).

Raman spectroscopy was also performed on Bi0.85Sb0.15 and pure Sb nanowires. The spectra,
normalized to the Si peak at 304 cm-1, are reported in figure 4.15. Before the annealing (magenta plot)
the spectrum of Sb nanowires displays two peaks which are assigned to the displacements of Sb atoms
in the Eg mode (at 114 cm-1) and in the Ag mode, (150 cm-1) [Deg07, Ban86].
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Also a small band was detected at 189 cm-1 that is ascribed to the presence of a small amount of
Sb2O3 [Den06] in the nanostructure. As-prepared Bi0.85Sb0.15 nanowires show four different peaks in
the spectra (blue plot) ascribed to the A1g first order vibrations mode of Bi atoms (at 98 cm-1) [Tre09,
Lan75], to the vibrations of Sb2O3 atoms (peaks at 121 and at 140 cm-1) [Cod79], and to the Bu mode
of α-Bi2O3 (at 184 cm-1)[Nar94]. Finally, the spectrum of Bi0.85Sb0.15 after annealing presents an
intense peak at 144 cm-1 ascribable to the Bg mode of α-Bi2O3 [Nar94] as well as to a possible
contribution of Sb2O3 atom oscillations, since also this material has a Raman band at this wavenumber
[Den06]. Small bands were also detected at 206 and 228 cm-1, ascribed to atom displacements in αBi2O3 in the Au [Nar94] and Ag [Den97] mode, respectively.

Figure 4.15: Raman spectra of Bi0.85Sb0.15 and Sb nanowires with diameter ~79 nm on Si substrate: (magenta
plot) as-prepared Sb nanowire, (blue plot) as-prepared Bi0.85Sb0.15 nanowire and (green plot) Bi0.85Sb0.15
nanowire after annealing at 250°C for 2 hours. The vertical dashed lines indicate the wavenumber at which the
peaks of the various atom vibrations are found: Bi atoms (dark red at 98 cm-1), Sb atoms (grey at 114 and 150
cm-1), Bi and O atoms in α-Bi2O3 (light blue at 144, 184, 206 and 226 cm-1), Sb and O atoms in Sb2O3 (brown at
124, 144 and 189 cm-1) and Si atoms (violet at 304 cm-1).
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In conclusion, Raman results give clear evidence that the oxidation process of Bi, Bi0.85Sb0.15 and
Sb nanowires starts during or shortly after the dissolution of the polymer matrix. The presence of the
Bi oxide phase explains the reported difficulties to provide good electrical contacts for single Bi
nanowires [Cas15b, Cro01]. On the other hand, our Raman spectroscopy results together with the
TEM-EDX results presented in section 4.5 indicate an interesting route to fabricate Bi2O3 nanowires
by the oxidation of Bi nanowires under controlled annealing conditions. This allows us to study the
annealing effects on the oxide wires. The results are presented in the next section.

4.6 Annealing Effects on Bi2O3 and Sb2O3 Nanowires
Bi2O3 is a semiconductor material characterized by a large bandgap (Eg ~ 2.85 eV for the α-phase),
high refractive index (n ~ 2.9) and high dielectric permittivity (εr = 190) as well as marked
photoconductivity and photoluminescence [Qiu11, Qiu06]. These properties make Bi oxide suitable
for a large range of applications, such as sensors, optical coating, photovoltaic cells and microwave
integrated circuits [Fu97, Kan01]. Recently, the possible usage of interconnected photovoltaic and
thermoelectric devices was discussed based on theoretical predictions pointing out an increase of the
thermoelectric figure-of-merit of the system [Pen14].
Here, we present first studies on the thermal stability of Bi2O3 nanowires fabricated by controlled
oxidation of Bi nanowires. Bi nanowires with initial diameter of ~ 30 nm were transferred onto a Si
substrate and annealed for 20 hours at 250°C in air to completely transform them to Bi2O3. Several
samples of oxidized Bi nanowires were then each further annealed for 20 hours at different
temperatures near the Bi2O3 bulk melting point, reported to be 817°C [Cas15b].
Figure 4.16 displays sections of Bi2O3 nanowires fabricated by annealing of a Bi wire for 20 hours
at 250°C before (a) and after annealing for 20 hours at (b) 700, (c) 750 and (d) 800°C in air. The wires
in figure (b) and (c) exhibit a continuous structure, but the surfaces are rough and have few small
protuberances. The roughness seems to increase with increasing annealing time. The annealing at
800°C results in the wires decay into chains of small spheres (figure 4.16 (d)). This disintegration is
known as Rayleigh effect and has previously been reported for metallic nanowires (such as Ag
[Vol15], Cu [Toi04a], Pt [Rau12] and Au [Kar06, Kar07]).
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Figure 4.16: SEM images of section of (a) Bi2O3 nanowire produced by annealing of Bi nanowires with initial
diameter 30 ± 4 nm for 20 hours at 250°C. The Bi2O3 nanowires were then subsequently annealed for 20 hours
at (b) 700, (c) 750 and (d) 800°C. The scale bar is 100 nm for (a-c) and 500 nm for (d).

Also, Sb2O3 is considered as an interesting metal-oxide semiconductor material [Lou99] that was
widely used in the past century as enclosure of electric devices [Sat98, Cha91].
To check the annealing behavior of this material, Sb nanowires with initial diameter of ~ 30 nm on
a Si substrate were first oxidized by annealing for 20 hours at 600°C (temperature near Sb melting
point (630°C) and then for 20 hours at 650°C. The final temperature is close to the melting point of
bulk Sb2O3 (655°C). Due to the Si substrate, it was not possible to investigate the exact composition of
the nanowire by means of SEM-EDX, because the signal from the wires was too low compared to the
Si signal.
After 20 hours 600°C, the annealed Sb nanowires with initial diameter ~ 30 nm display undulations
on the wire surface (figure 4.17 (a))). The absence of protuberances of the nanostructure underlines the
different annealing effects with respect to Bi nanowires. After a further annealing of 20 hours at
650°C, the nanowires exhibit the formation of spherical features on the wire surface (figure 4.17 (b)))
and, for some wires, the complete decomposition into a chain of spheres (figure 4.17 (c)). These wires
obviously decayed according to the Rayleigh instability, similar to Bi2O3 nanowires. It is important to
note that such long annealing times (20 + 20 hours) in air increases the amount of impurities on the Si
substrate, making the focus of the image in the SEM difficult.
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Figure 4.17: SEM images of section of Sb wires with initial diameter of 30 ± 4 nm annealed (a) first for 20
hours at 600°C for oxidation and then followed by (b, c) 20 hours at 650°C.

4.7 Resume of Thermal Annealing
Thermal annealing of electrodeposited Bi, Bi1-xSbx and Sb nanowires reveals several unexpected
observations. In contrast to other metal wires, Bi1-xSbx nanowires, no evidences of Rayleigh instability
at temperature near the melting point of Bi and Sb bulk material are detected.
The surface of Bi wires becomes rough after annealing at T < 200°C. Large protuberances develop
at 250°C, which increase as the annealing time proceeds from 2 to 100 hours. TEM-EDX and Raman
spectroscopy measurements provide clear evidence that oxidation started before annealing at the Bi
wire surface and continues until the wires are fully transformed into Bi2O3.
The same morphological instabilities and oxidation appear for Bi0.85Sb0.15 wires. TEM-EDX
measurements on annealed Bi0.85Sb0.15 show a homogenous presence of oxygen, Bi and Sb along the
wire axis. At the wire surface, the Sb content is slightly higher, suggesting the existence of a thin Sbrich shell (< 5 nm). The atomic percentage of Bi detected along the wire axis was found to be slightly
higher (~ 88%) than the composition of the electrolyte (~ 85%) used for the wires growth.
Pure Sb nanowires display no protuberances after annealing. However, thin wires (~ 30 nm) show
diameter fluctuations after annealing.
Pronounced oxidation effects of metallic Bi, Bi1-xSbx and Sb nanowires explain the reported
difficulties for the electrical contacting of these wires. Moreover, our experiments reveal an interesting
new approach to produce α-Bi2O3 under controlled annealing of metallic Bi nanowires. The nanowire
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oxidation process starts at the surface and continues towards the inner part of the wire with longer
annealing times.
The Rayleigh instability of fully oxidized Bi and Sb nanowires occurs at temperatures close the
melting point of the oxide bulk material, specifically 800°C for Bi2O3 and 650°C for Sb2O3 wires,
respectively.
Our results on oxidation and thermal stability need to be taken in consideration for possible future
applications and implementation of Bi1-xSbx nanowires in thermoelectric systems and devices, since
the exposition to ambient condition and heat is a fundamental requirement for such applications.
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Summary
Bi1-xSbx nanowires are an excellent model system to study the influence of size effects on the
thermoelectric efficiency of the material. Given by the long Fermi wavelength of the electrons,
quantization effects can be measured in Bi1-xSbx wires of relatively large diameter. Nanowires are also
expected to be suitable to unravel contributions of the recently discovered metallic surface states of
crystalline Bi in confined geometries to the thermoelectric properties. However this requires nanowires
of well-defined structure and composition, because the thermoelectric properties of Bi1-xSbx are
anisotropic and strongly depend on both parameters. The objective of this thesis was to fabricate
nanostructures with tailored diameter, crystallographic orientation, crystallinity and composition and
investigate the influence of the different wire parameters on the thermoelectric behavior.
In the first part of this thesis, Bi1-xSbx nanowires were synthesized by both potentiostatic and pulsed
deposition in etched ion-track membranes. The influence of the deposition conditions on both wire
composition and crystallographic orientation was studied. A more homogenous growth and larger
single-crystalline segments within the nanostructure were obtained for samples grown by pulsed
deposition. Systematic XRD and SEM-EDX analysis revealed that the preferential crystallographic
orientation and the composition of the wires depend on the Bi:Sb ratio concentration in the electrolyte
and to a smaller extend on the pore diameter. Based on this knowledge, it was possible to tailor the
wire composition by varying the Sb concentration in the electrolyte.
For Seebeck coefficient and electrical resistance measurements, excellent thermal contacts are
mandatory in order to reduce heat losses. Nanowires of defined structure and composition were
mounted and thermally contacted in a special setup that was optimized for thermoelectric
measurements. Bi, Bi0.85Sb0.15 and Sb nanowire arrays were characterized varying systematically the
wire diameter from ~ 750 to ~ 40 nm. For all three compositions the Seebeck coefficients exhibit a
non-monotonic behavior when decreasing the wire diameter. The data suggests three different regimes:
(i) wires of diameters between ~ 750 and ~ 130 nm, with thermopower values similar to bulk material;
(ii) wires of diameters between ~ 130 and ~ 60 nm, whose Seebeck coefficients decrease with
decreasing diameter; (iii) thinnest wires of diameter below 60 nm, whose thermopower increases with
decreasing wire diameter due to surface and/or inner states influences. These results are interpreted
considering the contributions to the total thermopower from both surface and bulk states as well as
from quantum-size effects. Our measurements provide the first systematic results of Seebeck
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coefficients of Bi1-xSbx nanowire arrays as a function of wire diameter and composition, while
maintaining all other parameters (wire length, measuring set up, surface) constant.
Finally, the chemical and thermal stability in air both at room and moderate temperatures of Bi,
Bi0.85Sb0.15 and Sb nanowires were investigated, revealing the rapid formation of a metal-oxide phase
layer after dissolution of the polymer template. During annealing the oxidation proceeds from the
surface towards the center of the wires, causing an increase of the surface roughness at low annealing
temperatures and the formation of protuberances at 250°C. Wire oxidation can explain the difficulties
reported by other groups to electrically contact single Bi1-xSbx nanowires as well as the disparate and
high values of the electrical resistance available in literature. The positive aspect of this finding is that
annealing of Bi nanowires provides a well-controllable route for the synthesis of Bi2O3 nanowires
under defined conditions. Bi2O3 is an interesting semiconductor material suitable for applications in
many fields, such as sensors, photovoltaic cells and microwave integrated circuits.
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