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Zusammenfassung

Bi;_,Sb, Nanodréhte mit kontrolliertem Durchmesser (20 bis 200 nm) und kon-
trollierter Zusammensetzung von x = 0 bis 0.5 und z = 1 wurden elektrochemisch
in geatzten Ionenspurmembranen hergestellt. Diese Nanodriahte sind von Bedeu-
tung fiir die Untersuchung des Einflusses von sogenannten Quantum-Size-Effekten
auf die thermoelektrische Effizienz.

Der Einfluss des Elektrolyten und des Abscheidepotentials auf die elektrochemi-
sche Abscheidung von Bi;_,Sb, in Polymertemplaten aus Polycarbonat (PC) und
Polyethylenterephthalat (PET) wurde untersucht. Die Zusammensetzung, die
kristalline Orientierung und die Kristallitgrole wurden mit Hilfe von Rontgen-
diffraktion und Raster- und Transmissionselektronenmikroskopie gemessen. Die
Zusammensetzung der Drahte kann durch die Konzentrationen von Bismut und
Antimon im Elektrolyten und die Wahl des Abscheidepotentials festgelegt wer-
den. Nanodrahte, die in PET-Membranen hergestellt wurden, zeigten eine rauhere
Oberflache als Nanodrahte, die in PC-Membranen abgeschieden wurden. Dadurch
ergibt sich ein neuer Weg, die Oberflache von Nanodrahten zu strukturieren, um
die Oberflaichenstreuung von Phononen zu erhohen, und damit die thermoelek-
trische Effizienz zu vergréfern.

Der Seebeckkoeffizient und der Temperaturkoeffizient des Widerstandes von
Vieldrahtproben wurden in einem Kryostaten bis zu Temperaturen von etwa 30 K
gemessen. Der Betrag des Seebeckkoeffizienten nahm mit sinkender Temper-
ature ab und war niedriger als der Wert des entsprechenden makroskopischen
Festkorpers.



Abstract

Bi;_,Sb, nanowires with controlled diameter (20 to 200 nm) and composition over
a wide range from x = 0 to 0.5 and x = 1 were fabricated by electrochemical
deposition in etched ion-track templates. These nanowires are interesting for the
investigation of the influence of quantum-size effects on the thermoelectric effi-
ciency.

The influence of the electrolyte and the deposition potential on the electrochem-
ical deposition of Bi;_,Sb, nanowires in polymer templates made of polycarbon-
ate (PC) and poly(ethylene terephthalate) (PET) was investigated. Composition,
crystalline orientation, and crystallite size of the nanowires were measured us-
ing X-ray diffraction and scanning and transmission electron microscopy. It was
demonstrated that the composition of the nanowires can be adjusted by the concen-
trations of bismuth and antimony in the electrolyte and the deposition potential.
Nanowires grown in PET exhibited a pronounced surface roughness compared to
the nanowires deposited in PC and offer a novel possibility for the structuring
of the nanowire surface to increase the thermoelectrical efficiency by enhanced
phonon surface scattering.

Seebeck coefficient and temperature dependence of the resistance of nanowire
arrays were measured in a cryostat for temperatures down to ~ 30 K. The absolute
value of the Seebeck coefficient decreased with decreasing temperature and was
lower than the value of the respective bulk material.
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1 Introduction

1.1 Overview

Thermoelectric devices are employed for the direct conversion of heat by means
of a temperature difference into electrical energy and for the transfer of heat by
an electrical current. In 1826, T. J. Seebeck published his work “Ueber die mag-
netische Polarisation der Metalle und Erze durch Temperaturdifferenz” about his
observation that a temperature difference can create a voltage.! Decades later, also
the Peltier effect and the Kelvin relations were discovered.? A century later, in the
1950ies, adequate materials for thermoelectrics were found in compounds based on
Bi, Bi,Te;, (Bi,Sb)sTes, and Biy(Te,Se)s.? However the efficiency is still not high
enough for large scale applications. Thus, modules using thermoelectric effects are
niche products used, e.g., for portable refrigerators or radioisotope thermoelec-
tric generators for unmanned satellite missions where the temperature gradient is
created by the decay of radioactive substances.® The thermoelectric efficiency is
expressed by a figure of merit, which in the field of thermoelectrics is defined by

2
=1
K

being S the Seebeck coefficient, o the electrical conductivity, x the thermal con-
ductivity, and T the absolute temperature. For a higher thermoelectric efficiency,
materials with reduced s and enhanced o and S are demanded. In 1993, Hicks
and Dresselhaus proposed a new route to efficient thermoelectric materials via
nanosized quantum-wells*® or nanowires. %7

Confinement Great efforts have been made to find low-dimensional materials as
thin films (2D), nanowires (1D), and quantum dots (0D) that exhibit enhanced
thermoelectric efficiencies. One material class comprises the group V semi-metals
and compounds related to Bi,Tes.

Due to its large de Broglie wavelength of 300 — 400 A,® quantum-size effects
are expected for nanostructures of Bi with comparably large sizes. Furthermore,
the mean free path of charge carriers is of the order of 100 pm, and therefore,
exceptionally large.1? Indeed, oscillations in the electrical conductivity due to
quantum-size effects were reported for Bi and Sb thin films already in the late
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1960ies ' 13 and later.'*!'® For a critical film thickness of 30 nm, a transition from
semi-metal to semi-conductor was observed in Bi films.!® A large magnetoresis-
tance was measured for epitaxially grown thin films.'” Thermoelectric properties
of thin films made of Bi and Sb,'® 20 as well as Bi;_,Sb, 2! were also reported in
the literature.

A confinement of the charge carriers in two dimensions leads to quantum wires.
Bi nanowires, i.e., wires with a diameter smaller than ~ 100 nm, may already be
called quantum wires because the conduction and valence bands are expected to
split up into sub-bands due to quantum-confinement.

In 2001, the theoretical modeling of Lin et al.?? showed promising results for
the thermoelectric performance of bismuth nanowires. Based on the same model,
Rabin et al. published theoretical calculations of Bi;_,Sb, nanowires.?3

However, recently, the calculations were refined, and more sub-bands were re-
garded.?* Still, at very low diameters (smaller than ~ 10 nm) quantum-size effects
beneficial for the thermoelectric efficiency were expected. Going to larger diam-
eters, the model predicted a minimum in the power factor S?c. A systematic
comparison of these calculations with measurements would help to understand
and optimize the transport properties of nanomaterials.

Those calculations predict also a semi-metal to semi-conductor transition due
to confinement of charge carriers for Bi and Bi;_,Sb, nanowires. For bismuth
nanowires, experimental findings support a semi-metal to semi-conductor tran-
sition.?® Additionally, bulk Bi;_,Sb, is already a semi-conductor for antimony
concentrations x from 0.07 to 0.22.25:27

Synthesis Thin films were prepared by various methods like electrodeposition?®
and molecular beam epitaxy.?! Textured Bi;_,Sb, alloys can easily be prepared
by electrodeposition, which for thin films was demonstrated by Besse et al.?%30
and Vereecken et al.?® Experimentally, systematic p- and n-doping of Big.g;Sbg o9
thin films with Te and Se and the influence of this doping on the thermoelectric
performance was shown by Cho et al.3! Del Frari et al. reported the preparation
of ternary systems of (Bi;_,Sb,),Tes thin films by pulsed electrodeposition®? and
Liao et al. a method to improve the thermoelectric properties of such thin films
by electric current stressing.3?

In order to electrochemically fabricate nanowires, a template with nanochan-
nels, such as anodic alumina or ion-track etched polymers, can be employed.3*3
In 2002, Zhang et al. published the preparation of pure Sb nanowires with a pro-
nounced {110} texture.?® From the point of view of nanostructured nanowires,
Dou et al. published interesting results on the preparation of Bi/BiSb superlattice

nanowires. 3’
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Measurements Despite the promising theoretical calculations, comprehensive
and systematic measurements of S, o, and x on Bi;_,Sb, nanowires are scarce,
mainly due to the problem of contacting and control of the composition, tex-
ture, and structure. The problem of oxide layers inhibiting ohmic contacts to Bi
nanowires was addressed by Cronin et al.3® However, few platforms to contact
single nanowires and characterize thermoelectrical properties were presented for
InSb,? Bi0 4 or BiyTes. 4546

For Bi nanowires, finite- and quantum-size effects have been observed in the
electrical conductivity and in infrared spectra.?47 4% Thermoelectric transport
properties have been reported also for thicker Bi nano- and sub-pm wires. 551

Experimental data for bismuth nanowire arrays grown by the vapor-phase tech-
nique indicated an extremely large Seebeck coefficient of the order of 10° 1V /K for
9 nm diameter bismuth nanowires.? Nikolaeva et al. showed also a strong influence
of the wire diameter on the Seebeck coefficient of single sub-pm wires fabricated
with the Ulitovsky method.?3

Moore at al. presented a chip for the characterization of x for individual Bi
nanowires and reported reduced values compared to bulk material.>* Recently,
measurements of x of individual Bi nanowires were published by Roh et al.?® They
also found that x is decreasing with decreasing nanowire diameter which was at-
tributed to an enhanced scattering of electrons and phonons at boundaries. For Si
nanowires with a rough surface, it was shown that the thermal conductivity was
decreased significantly leading to an improved thermoelectric performance.®%57 It
is also of interest to investigate whether such an enhanced phonon surface scatter-
ing occurs in Bi;_,Sb, nanowires. Using PET as template material, the desired
surface roughness can be achieved.

Applications In spite of their poor efficiency, the possible applications of ther-
moelectric devices cover a wide range. They offer a long lifetime because they do
not consist of moving parts. They can salvage waste heat and turn it into electrical
energy, but they do not emit exhaust gas or dangerous by-products, which makes
them non-polluting during operation.

Microstructured infrared sensors based on thermoelectrics already exist,?® 6
and lowering their dimensions enables a higher integration density and a higher
efficiency and sensitivity.®! It might be possible to apply such structures as micro-
coolers or dew-point sensors.%? Micro-generators made of nanowire arrays have
already been proposed. %3

As early as 2003, Lindeberg and Hjort suggested a three-dimensional network for
the nanostructuring of thermoelectric devices employing polyimide as template.%!
Successful results with parallel nanowire arrays of Sb and Ni were presented by
Yousef et al.%> Koukharenko et al. followed the general idea depositing Bi;Tes in
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polyimide membranes. % For the microstructuring of a template, Razpet et al. have
transferred the regular pattern of anodic alumina onto SiOy by ion beam lithog-
raphy, %’ and also photolithographic methods have been proposed.®% Patterning
the substrate by electron beam was shown by Yun et al.®® An addressable struc-
ture of 25 electrodes, each of 10 pm diameter, was presented by Zoski et al.” They
were able to perform electrochemical experiments on each single electrode.

This Work In this work, Bi;_,Sb, nanowires were prepared via electrochemical
deposition in ion-track etched templates.™ As host template, polycarbonate (PC)
and poly(ethylene terephthalate) (PET) were employed. Wet chemical etching
allowed for an excellent control over the wire diameter over a wide range from
the micrometer regime down to ~ 20 nm for both polymers. Nanochannels etched
in PET exhibited a pronounced surface roughness in contrast to smooth channels
etched in PC. Nanowires grown in these PET membranes adopted the surface
roughness, thus a new parameter, interesting for nanostructured thermoelectrics,
was found for the fabrication of Bi;_,Sb, nanowires.

For the deposition of Bi, Sb, and Bi;_,Sb, alloy nanowires, miscible electrolytes
based on hydrochloric acid and Bi(III)- and Sb(III)-chloride, respectively, were
developed. Varying electrolyte concentrations and deposition potentials at room
temperature, alloy nanowires with compositions of 0 < x < 0.5 were prepared.
These nanowires were characterized by X-ray diffraction (XRD) to examine the
preferred crystallographic orientation and the composition of the wires. As comple-
mentary method to analyze the composition, energy dispersive X-ray spectroscopy
(EDX) in scanning and transmission electron microscopes (SEM and TEM) was
employed. Further information about the structure and morphology was obtained
from bright and dark field imaging (BF and DF'), high resolution TEM (HR-TEM),
and scanning transmission electron microscopy in an SEM (STEM-in-SEM).

A setup for the measurement of the Seebeck coefficient of nanowire arrays at
cryogenic temperatures from room temperature down to temperatures of the order
of 30K was built up. The Seebeck voltage was measured with a nanovoltmeter
while the temperature difference over the sample was varied around a given set-
point. Additionally, I — U curves were obtained with a sourcemeter in order to
measure the resistance of the sample.

This work is divided into five parts: an introduction into the field, the fabrication
of the nanowire arrays from irradiation of polymer foils to electrodeposition, the
characterization of these nanowires (as arrays or individually) by various methods,
the measurement of transport properties, and a summary and outlook. At the
beginning of some sections a table of symbols is given for better orientation since
some symbols have a different meaning according to the context.

10



1.2 Thermoelectrics

1.2 Thermoelectrics

symbol quantity
E  electrical field
I, R current and resistance
5’, ¢ electrical and thermal current density
Ke,, thermal conductivity of charge carriers and lattice
n charge carrier density
I1, S, 7 Peltier, Seebeck, and Thomson coefficient
o electrical conductivity
ZT,n figure of merit, efficiency
T absolute temperature
x Sb concentration

In Figure 1.1, simple thermoelectric modules for the application of thermoelec-
tric effects are shown. The Seebeck effect can be applied to generate a voltage
by a temperature difference (Figure 1.1(a)). Using the Peltier effect, heating and
cooling is possible by applying a current (Figure 1.1(b)).

In general, the current density is given by

j=0o(E—-SVT), (1.1)

where E denotgs the electrical field and S the Seebeck coefficient. S is defined at
7 =0, hence F = SVT. Thus, a temperature gradient can be used to generate

heatflow
hot side N cooling
n-type n-type
[ [
cold side heating
load I

(a) (b)
Figure 1.1: Peltier module consisting of an n-type and a p-type leg to show the

basic principles. (a) Generation of power by temperature gradient and
(b) heating and cooling by Peltier effect.

11
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electrical power. The Peltier coefficient II describes the effect that heat is trans-
ported differently by the charge carriers in different materials, and the thermal
current density becomes

q=11j — kVT. (1.2)

In addition to Joule heating, the Thomson effect occurs if there is a temperature
gradient along the sample. Thus, there is a heat absorption or emission propor-
tional to current density and temperature gradient with a proportionality constant
7. The three coefficients are interconnected by the Kelvin relations:

ds
[M=STand 7 =T—. 1.3
and T T (1.3)
For an assessment of the thermoelectric efficiency of a material, a quantity called
thermoelectric figure of merit Z - T is introduced. ZT is a function of the Seebeck
coefficient S, the electrical and thermal conductivity ¢ and k, respectively, and
the absolute temperature 7', and defined by

2
27297, (1.4)
K

where x is the sum of contributions from the charge carriers k. and the lattice kp,
to the thermal conductivity.

For bulk material, these quantities are in general interconnected and a function
of the charge carrier density n as indicated in Figure 1.2(a). k. and o are connected
by the Wiedemann-Franz law

ke 1 (7kp

_:§<_—YT:Lﬂ (1.5)

o €

with the theoretical Lorenz number L = 2.44 - 1078 WQK~2. For nanomaterials,
L can be different from the bulk counterpart, as shown by Volklein et al. for Pt
nanowires. > However, &, still increases with increasing o. &7, is not a function of
the charge carrier density, and therefore, it can be used to independently optimize
ZT in nano-structured materials.* In general, S decreases for larger n. Thus,
thermoelectric materials with highest ZT" are expected in the range of semimetals
and semiconductors, as can be seen in Figure 1.2(a).

The efficiency of a thermoelectric generator operating between the temperatures
T3, and T, was derived to be

RI?
Sp — Sn>ITh + /Q(Th — TC) — %R[27

=1 (1.6)

12
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where R denotes the resistance of the device and I the electrical current.™ Then,
the maximal thermoelectrical efficiency (dn/dl = 0) is given by

=T VTFZTa-1 e T=Te
o =0 Tt 2T 1 T/ Th L, e

Here, the figure of merit Z7T,, is taken at the mean temperature 7}, = %(Th + 7).
The limit for Z7T,, — oo is given by a term similar to the Carnot efficiency 7..
For ZT,, = 1, which is about the maximum value for commercial generators at
room temperature today, and 7. = 300 and 7}, = 400 K the maximum theoretical
efficiency is 4.8 %, and if the generator is working between 300 and 320 K, it only
amounts to 1.1%. Because of these low efficiencies, materials with larger ZT
values are desirable.

Using a thermopile as a sensor, the maximum specific sensitivity was shown to
be proportional to v/ ZT, and the response time is proportional to the square of the
length of a leg.™ Because of parasitic thermal conductance, it is also important to
regard the medium surrounding the thermopile to optimize the sensitivity.*®

Figure 1.2(b) shows common materials used in modules. At room temperature,
BisTes has a large ZT" and by doping it can be fabricated as n- and p-type material.
At liquid nitrogen temperatures, Bi;_,Sb, has maxima in ZT at Sb concentrations
of x = 0.08 and 0.16.” Therefore, in this work Bi;_,Sb, nanowires were prepared
with emphasis on Bi-rich alloys.

(1.7)

I " " " " 1.0k room temperature
—~| & 5 3 < ’
S 28 | % £ _ PbTe
$ | = = = g BiSh
g1 518 | &
= A @ SosL
% g 805
C K
=ls | T
RL
""" = ’Z' SSSS T T 0 1 1 >
- 3 > 0 600 1200
charge carrier density n temperature T’

(a) (b)
Figure 1.2: (a) Thermoelectrical properties as a function of charge carrier density

according to Rowe.™ (b) Figure of merit ZT for different bulk materials
as function of T according to Sommerlatte et al.”®
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1.3 Properties of Bismuth and Bismuth-Antimony

symbol quantity

a,c,u lattice parameters and atom position in the unit cell
d interplanar lattice spacing
hkl Miller indices
0 diffraction angle
x Sb concentration

1.3.1 Crystalline Structure

Bismuth, antimony, and their alloys belong to the rhombohedral space group 166
(R3m), which is sometimes also called A7 structure. In this work, hexagonal indices
are used for simplicity and all vectors refer to the hexagonal base. In Figure 1.3,
the rhombohedral primitive unit cell, the a- and c-axis, and the two atoms of the
base placed at (0,0, +u) are shown. The hexagonal unit cell contains six atoms at
(0,0, £u), (2/3,1/3,1/3 £ u), and (1/3,2/3,2/3 £ u). u was measured with high
accuracy by Cucka et al. up to x = 0.3 for a large temperature range, and amounts
to about 0.234.77 In Figure 1.3, also an orthogonal right-handed base of binary,
bisectrix, and trigonal axes is indicated. Due to space group symmetry, tensors
of rank 2 describing physical properties of the crystal have only two independent
components, parallel and perpendicular to the trigonal axis.™

trigonal

- (0.0,u)

J (0,0, —u)

Figure 1.3: Primitive rhombohedral unit cell and the atoms of the base.

14



1.3 Properties of Bismuth and Bismuth-Antimony

Bi B105Sb05 Sb

dipo (nm) 0227 0.221  0.215
doiz (nm) 0.328  0.320  0.311
doos (nm) 0.395  0.387  0.376

Table 1.1: d-spacings for Bi, Big5Sbgs, and Sb calculated from the unit cell data
in Dismukes et al.™

The lattice parameters of Bi;_,Sb, alloys almost follow Vegard’s law from a =
4.5465A and ¢ = 11.8616 A for pure Bi to a = 4.3085A and ¢ = 11.2732 A for
pure Sb at room temperature. ™ This is in excellent agreement with Cucka et al.,””
where also values for T = 78 K are provided: a = (4.534 — 21.92-10~* 2) A and
¢=(11.814 — 48.57-10~* z) A for < 0.3.

If the hexagonal description is used, the d-spacings between lattice planes (hkl)
are given by

1 4 h2+hk+k:2+ 12
2, 3 a? 2

In HR-TEM the lattice planes (012), (110), and (003) are mostly observed due
to their large reflecting power. The corresponding d-spacings are given in Table
1.1, for Bi, Sb, and Big5Sbgs. In Table 1.2, intensities in powder diffraction and
d-spacings of a Bi standard powder are presented. Furthermore, diffraction angles
are calculated for Bi, Sb, and Big5Sbg 5 for Cu-K,, radiation. The difference in 26
between Bi and Sb is already 1.5° for {012} reflections. In addition, the minimal
angles of the {hkl} planes to the c-axis are also listed for Bi. The angle to the
trigonal axis is of interest for thermoelectrical properties.

(1.8)

1.3.2 Band Structure

symbol quantity

d nanowire diameter
D density of states
EA  characteristic band structure parameters for Bi
Er 1 dispersion relations at L- and T-point
k  wave vector
m* effective mass
fte.r, mobilities of electrons and holes
p Tesistivity

15



1 Introduction

20 (°)
{hkl} dpa (A) Io  Bi  BigsSbos Sb min(Z({hki},[001])) (°)
{012} 3.2800 100 27.16 27.88 28.67 56.4
{110} 2.2730 29 39.61 40.76 41.90 90.0
{113} 1.9711 6 46.02 47.30 48.68 45.1
{202} 1.8686 13 48.69 50.10 51.56 71.6
{024}  1.6505 7 56.02 57.61 59.36 56.4
(122} 14436 10 6450  66.49  68.53 69.0
{214} 1.3303 5 70.78 72.95 75.29 52.5

Table 1.2: d-spacings and intensities I of reflections of equivalent lattice planes
{hkl} in a powder diffraction pattern of pure Bi normalized to 100
(selection from JCPDS-44-1246 PDF-2 Sets 1-89 of those observed in
the experimental part). Furthermore, the 20 values expected for XRD
were calculated for Cu-K,; radiation.

For a theoretical description of the transport properties of Bi;_,Sb,, three points
of the Brillouin zone are of special interest, namely the T, H, and L points. For
pure bismuth, the dispersion relation is parabolic for holes, and it is strongly non-
parabolic for electrons due to strong coupling bet_\yeen the L-point electrons. The

two dispersion relations Er(k) for holes and Ey (k) for electrons are given by the
Lax two-band model:®

A e O

Erp(k) = 1.
T( ) 2my + me + 2m, ( 9)
- E 2h2 [ k2 k2 k2
Ep (k) = =& 1+ — =4+ L4+ =)-1]. 1.1
L(k) 5 \/ +Eg (mz+my+mz) ] (1.10)

The band overlap Fa and the direct band gap E, at the L-point are expressed
according to the empirical formulae

EA(T) = [384+44-1072- (T —80) —4.58-10~* - (T — 80)*
+7.39-107° - (T — 80)°] meV (1.11)
Epp(T) = (13.6+21-107°-T+2.5-107*-T?) meV (1.12)

taken from Lin et al.®! The former equation applies for temperatures above 80 K.
Below 80 K, EA is assumed to be 38 meV.

16



1.3 Properties of Bismuth and Bismuth-Antimony

Furthermore, an important property of the band structure is the mobility of
charge carriers. In bulk bismuth, the mobilities are also given by empirical formulas
according to Sun:®2

1.05- 106 . 77222 0 0
pe(T) = 0 6.91-10*- 7724 —1.09-10°.- 7723 | |
0 —1.09-10° - 7233 1.74.106 . 7247
2.27-10° . T—227 0 0
pun(T) = 0 2.27-10° . T-227 0
0 0 3.10- 102 .- 7115

in m®V~1s7!. Here, T is the value of the absolute temperature. For Bi,_,Sbh,, a
schematic of the changes of the band structure due to alloying is given in Figure
1.4. In pure Bi, the holes are located at the T point and the electrons at the L
point. However, the band overlap decreases when alloying with Sb until the alloy
becomes a semiconductor at x = 0.07. Simultaneously, the band edge of the H
point increases, so at x = 0.22 the alloy will be a semimetal again.

177 meV

semiconductor
40 meV

10 meV 200 meV

=/

|
0 (Bi) 0.070.09 0.15-0.17 0.22 1 (Sh)

X

Figure 1.4: Band structure of Bi;_,Sb, at 0 K as a function of x according to Lenoir
et al. (energies not to scale).?®
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1 10%
10 :_ 50 _ -
10t
0 S
X <z g 10°
g = |2
ST SRC R I
% [ wn QU B
2 1071 |
=50 E
102
—100L
-1
0= L 1073 L
10° 10! 102
T (K)

Figure 1.5: Overview over thermoelectric properties, p = ¢!, S, and &, of bulk Bi
and Sb as functions of temperature and orientation. Data taken from
the review paper by Issi.®3

1.3.3 Transport Properties of Bismuth and Antimony

In Figure 1.5, thermoelectric properties of bulk Bi and Sb are summarized for the
temperature regime relevant for this work. The data for p = o~ %, S, and k were
collected from the review paper about group V semimetals by Issi.®? For S and p,
it is distinguished between values with respect to the a- and c-axis (indices 7j = 11
and 33, respectively).

As we have seen from Figure 1.2(b), the maximum Z7T value for bulk Bi;_,Sbh,
is at low temperatures. At 70 K, there are two maxima in the Z7T', namely 0.4 and
0.5 for x = 0.08 and z = 0.16.™

18



1.4 Size Effects

1.4 Size Effects

symbol quantity

E, Er energy, Fermi energy
f  Fermi-Dirac distribution
lo electron mean free path
K;, L; special functions to represent the transport properties
q electrical charge
T average scattering time

1.4.1 Finite-Size Effects

The electrical conductivity of nanowires can be decreased by additional scattering
of charge carriers at grain boundaries and surface. Two models describe these
effects, namely the model of Dingle for scattering at the surface,®* and the model
of Mayadas and Shatzkes for scattering at grain boundaries.

In 1937, Fuchs calculated the influence of additional scattering of charge carriers
at the surface of thin films. % Twenty-two years later, Dingle applied the theoretical
considerations to thin wires with a circular cross-section and a spherical Fermi
surface.®* He concluded that the effect of the scattering events on o is a function
of two parameters, the specularity p, with 0 < p < 1, and the ratio of the wire
diameter d and the electron mean free path [,.

For p = 1, all scattering processes at the surface are specular, i. e. totally elastic.
This implies that the scattering process does not influence the conductivity. For
p < 1, the electrons are scattered inelastically with a probability of (1 — p). This
leads to a decrease of the conductivity. For p = 0, when all electrons are scattered
diffusely, the conductivity reaches its lower bound.

The model of Mayadas and Shatzkes describes the scattering of charge carriers
at grain boundaries introduced as potential barriers. A simple approximation to
this problem is the assumption of a potential barrier V{, at the positions x; where
the grain boundaries are located. Thus, the total potential is given by

Viz) =V, Z 8(x — ),

where § denotes the Dirac distribution. Then, the influence of grain boundary
scattering on the conductivity is a function of three parameters, namely the mean
grain size Dgyain, the mean free path of the electrons I, and the probability pgrain
of an electron being scattered at a grain boundary. The correction factor then
turns out to be

3 1
2 —1-2a+30% 3% (1+—), (1.13)
oNy) 2 (0%
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with the value for bulk oy and

le Pgrain
a= : (1.14)
Dgrain 11— Pgrain

Here, the ratio o/0q is a monotonically decreasing function of the parameter «
(for @ < 1000). For the limit & — 0, 0/ converges to 1, whereas for large « the
ratio o/0y approaches 0. This behavior is comprehensible, if one takes a closer
look at equation 1.14. At fixed pgrain, @ is larger for smaller grain sizes Dygain, i. €.
the electrons encounter more boundaries and the conductivity is more reduced.
On the other hand, an increase of pgrain also leads to an increase of o because the
electrons are scattered with a higher probability.

1.4.2 Quantum-Size Effects

When the size of the nanowires is comparable to the Fermi wavelength, quantum-
size effects are expected. Hicks and Dresselhaus proposed a semi-classical approach
using the Boltzmann transport equation

%+6-V;f+%ﬁ-v,;f= % R (1.15)
with the velocity v, the Fermi-Dirac distribution
foll) = ——t (1.16)
exp(E(ZL_TEF) +1

and quantized energy levels for the charge carriers.*® The properties o, S, and &
derived by regarding two bands can be represented by a set of functions K;, which
can be defined as follows:?

2T <
K, =— ET'D(E)T(E
o | ETDEE)

0fo(E)
oF

dE, (1.17)

being N the dimensionality of the system, D the density of states, and 7 the
average scattering time. With these K;, o, S, and k. can be written as

2

q
= 1K, 1.1
o T 05 ( 8)
1 K

S=—— | Er— — d 1.19
(B ) (1.19)

1 K2
Re = ﬁ (K - ?0) . (120)
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The density of states D(FE) appearing in Equation 1.17 is defined by

1 dN
D(F)=— — 1.21
where N and V denote the number of states and the volume, respectively. For
bulk Bi, D(E) can be derived as®”

2
Dr(E) = V2 \/m;Tm;Tm;T\/E (1.22)

m2h3
V2 —— | E? 2F
DL(E) = E 273 \/mx,L m%L msz Fg + I (fg + 1) . (123)
L-points

However, for a nanowire with sufficiently small diameter d, the charge carriers
are confined in two dimensions, having discrete energy levels F;; in these directions
according to quantum mechanics. Thus, D(F) will have a different form:®!

V2m* 1
Thd®> \/E —E;;

If we consider a nanowire with wire axis along the z-axis and a square cross-
section, the charge carriers are confined normal to the wire direction in a two-
dimensional square box with an edge length d. At the T-point, these levels are

given by the eigenvalues
g, - L (™Y g (1.25)
Y2 \d m:  m* )’ '

x Y

D(E) =

(1.24)

with natural numbers 7 and j. Due to the low effective masses of bismuth, ap-
pearing here in the denominator, quantum size effects are more pronounced. At
the L-point, these levels have a different form due to the dispersion relation in

Equation 1.10:
E,. 4F;;
Ej; = gp( 1+——1>. (1.26)

2 E

gap

The comparison of both cases, bulk material and quantum wire, is illustrated
in Figure 1.6. For the quantum wire, the bands split up into subbands. The
L and T point bands overlap for bulk material, but for nanowires with small
diameters there is a gap. The critical diameter for the semimetal to semiconductor
transition is a function of the temperature, the diameter, and, in Bi;_,Sb, alloys,
the concentration of Sbh.%
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With these quantized energy levels, we also obtain individual properties o;;, Sij,
and k;;. In general, the current densities for each subband ij are

jij = Uij(E_SijVFT) (1.27)
jQﬂ'j = Sz'jsz'j—fﬂjVFT, (1.28)

taking into account the contributions from the Seebeck effect and the Peltier effect,
respectively. Then, with j = > j;; and jo = > jg.j, the calculations can be
generalized to multiple subbands leading to

o= oy (1.29)
ij
S = (Z SijO'ij O'_1 (130)
ij
[ 2
K = Z liij -+ T Z S%-O'ij - (Z Sijaij) 0'71 . (131)
ij ij ij

Obviously, the total Seebeck coefficient is the sum of the individual coefficients
weighted by their individual conductivities, and the total thermal conductivity
becomes a function of the individual conductivities and Seebeck coefficients. With
equations 1.18, 1.19, and 1.20, one obtains

A

T 1 overlap /b

|

|
>

I

density of states D

Figure 1.6: Schematic of the density of states for thin Bi nanowi