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Abstract:

This work shows the optimization of intrinsic
Si nanowire synthesis via VLS-process, as
well as the alteration of GaAs, intrinsic and
heavily doped Si nanowires by incorporat-
ing gold segments. These segments were
implemented using standard semiconductor
processing and a flash lamp annealing (FLA)
technique. It was shown that gold imple-
mentation worked best for GaAs which is at-
tributed to a lower melting point compared
to Si. Investigations of the semiconductor-
metal interface and void formation during the
annealing were carried out via TEM, EELS
and EDX analysis. Additionally, multiple
flashes were conducted on a single sam-
ple, revealing a shift and dissolution of gold
sections. These results indicate an overall
melting of the wire core during FLA. Further-
more, thermoelectric characterization was
realized for individual nanowire types yield-
ing the Seebeck coefficient and electrical
conductivity, respectively. Comparison of the
Power Factor for GaAs nanowires with and
without segments indicate an improvement
of « without degradation of o, suggesting a
very promising method to increase zT for
low dimensional semiconductor materials.







Preface

This thesis was written by Sandra Benter from September 2017 to June 2018. Asso-
ciate Professor Lars Diekhdner was the supervisor of the project. The experimental part
was carried out at the institute for solid state electronics of TU Vienna under supervision
of Associate Professor Alois Lugstein. The project will concern the alteration and ther-
moelectric characterization of intrinsic and heavily n-doped silicon nanowires, as well as
nanowires consisting of gallium arsenide.

The thesis will start with an introduction to thermoelectric parameters and theory of semi-
conductor properties, followed by advantages of low dimensional structures as thermo-
electric devices. Subsequently, a chapter will describe intrinsic silicon wire synthesis,
device fabrication and methods to determine the Seebeck coefficient of nanowires im-
plemented in the thermoelectric measurement module. Thereafter, the experimental out-
come obtained in this project will be presented, followed by a discussion regarding key
results. Finally, a conclusion to the project will be given.

Throughout this thesis, each chapter and section will have numbered titles. Furthermore,
all figures, significant equations, and tables will be numbered Arabian, and Roman for the
appendices. The reference system applied is the numerical system and every reference
is then represented by a [number] which refers directly to a specific source in the bibli-
ography. If the reference is placed before the period, it refers to the sentence, and if it is
placed after the period it refers to the paragraph(s) before. Figures with no reference are
composed by Sandra Benter.

Sandra Benter
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Notation

a Lattice constant

Co_> Substitutes for integrals in «, o, and «

Cv Specific heat per unit volume

E Energy of wave function, energy level of electric field

Ec Energy level of the conduction band

Er Fermi energy

Ey Energy level of the valence band

e Elementary electric charge

f(E) Fermi-Dirac probability function

G Reciprocal wave-vector

g Degeneracy factor

9(E) Density of states function

h Planck’s constant

h Reduced Planck's constant

/ Heat flux, electrical current

J Electric current density

J Bessel function

k Wave number

kg Boltzmann constant

L Lorentz factor

Ioh Mean free path for phonons

m* Effective mass

N Total number of atoms per unit volume

N, Total concentration of ionized atoms

Nz Total concentration of ionized acceptor atoms

N; Effective DOS function in conduction band

N3 Total concentration of ionized donor atoms

N, Effective DOS function in valence band

n Electron concentration

n; Number of particles in specific energy state and
mode

ng Number of modes with frequencies between w and
w+ dw

qi_3 Wave-vectors

R Radius of potential well, resistance
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Notation

Aalborg University

AT

AV

Cylindrical coordinate

Absolute temperature

Temperature difference between hot and cold side
Potential barrier, voltage

Voltage difference between hot and cold side
Figure of merit, cylindrical coordinate

Temperature coefficient of the resistance
Differential Seebeck coefficient

Seebeck coefficient of gold

Eigenvalues of Besselfunction

Seebeck coefficient of the nanowire

Energy eigenvalue

Reduced Fermi energy

Heaviside step function

Debye temperature

Cylindrical coordinate

Thermal conductivity

Electron contribution to thermal conductivity
Lattice contribution to thermal conductivity
Net mobility of charge carrier

Mobility of charge carrier with only phonon scattering
Mobility of charge carrier with only IS
Speed of sound

Phonon drag contribution to Peltier coefficient
Electrical conductivity

Velocity

Frequency

Upper frequency limit

Wave function
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1. Introduction

For the last 50 years, humanity’s total yearly consumption of energy exceeded Earth’s ca-
pacity to generate renewable resources more and more. The so-called Earth overshoot
day, the day which marks the point when we consumed all annually resources Earth
is providing, has moved from December to August in a rapid manner [1]. One way to
counteract, the heat loss of a variety of processes can be reduced by utilizing the waste
heat. As a result the degree of efficiency would increase and less resources would be
required to facilitate the same output. Whereas power plants started to use their waste
heat in form of district heating, equipment and processes operated by other industries
or an average person yield a high potential for improvements. As an example, a normal
combustion engine of a car uses only 35-45 % of its fuel for actual movement at peak
moments [2]. Additionally, just a part of daily driving is carried out under full throttle en-
abling highest efficiency. The average percentage of waste heat during driving can be as
large as 79 % [3].

A new public awareness of more efficient usage of the employed energy lead to a re-
vival of thermoelectric applications in the second half of the 20th century. Thermoelectric
materials create a link between thermal and electrical energy. By converting one into
the other one, they are capable of generating additional electricity from waste heat. This
effect is described by the Seebeck coefficient which determines how suitable a material
is for this energy conversion. Conventional thermoelectric materials include Bi,Te; and
PbTe [4]. Nowadays, interests are shifted towards materials which are abundant, less
toxic and less pricey than the commonly used tellurides. Silicon is a perfect candidate
to fulfill this role, with a high abundance and well established industrial infrastructure.
However, material properties of semiconductors are normally not very favorable for ther-
moelectric applications, with ~ 0.01 as figure of merit for Si [5]. The figure of merit (zT) is
a dimensionless quantity to estimate the thermoelectric performance of a particular ma-
terial, and is determined by %" T. Therefore, a high Seebeck coefficient («) and electrical
conductivity (o), as well as a low thermal conductivity () are desirable to implement a
zT as large as possible. But the requirements to facilitate a high figure of merit are
counteracting on the parameters, respectively.

Interestingly, latest research has shown that zT can be altered and improved for a variety
of semiconductors. The easiest way to enable a high figure of merit can be accomplished
by down-sizing [6H10]. The result is a significant reduction in thermal conductivity with-
out degrading the Seebeck coefficient and electrical conductivity too much [11]. Another
approach tackles the difficulties regarding interconnection of electrical conductivity and
Seebeck coefficient. Heavy doping as well as nanocrystalline structuring in low dimen-
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sional material is intended to have beneficial effects on both parameters |12, 13]. Boukai
et al. demonstrated an improved zT for Si of up to ~ 1 at room temperature [14]. These
achievements can keep up with commonly used materials like Bi;Te; with also zT ~ 1.
By further alteration of low dimensional structures even higher zT seem possible.

This thesis aims to investigate another alteration process. Theoretical studies predicted
that the implementation of potential barriers can yield higher Seebeck coefficients without
diminishing the electrical conductivity within certain boundaries [15-18]. Therefore, an
investigation of gold segment implementation into silicon and gallium arsenide wires will
be carried out. Subsequently, the thermoelectric characteristics of intrinsic and heavily-
doped Si, as well as GaAs nanowires, with and without segments will be studied.




2. Theory

2.1 Thermoelectric Effect

As the name suggests, the thermoelectric effect relates electric with thermal energy and
consists of three phenomena, all named after their discoverers: the Seebeck, the Peltier
and the Thomson effect.

Historically, the first person who described a thermoelectric effect was T. J. Seebeck in
1821. He observed the generation of an electromotive force by heating a junction be-
tween two different metal wires and detecting a voltage between the other ends of these
wires. This arrangement is called a thermocouple.

The Peltier effect, next to be found by J. Peltier in 1835, defines the reverse process.
Here, heating or cooling is introduced by an electrical current passing through the ther-
mocouple.

Twenty years later, W. Thomson identified the dependency between Seebeck and Peltier
effect by applying the theory of thermodynamics. Additionally, he found the third thermo-
electric phenomenon, which confirms the existence of heating and cooling in one homo-
geneous conductor when a temperature gradient and electric current are applied. [19]

The experimental work in this thesis is based on the Seebeck effect. Therefore, further
insight will be presented only for this particular phenomenon.

2.1.1 Seebeck Effect

As mentioned above, the Seebeck effect describes the transformation of thermal energy
into electric energy. By considering a simple thermocouple as shown in Fig. 2.7] the
relation can be explained. A conductor b is joined at both ends with a conductor a. The
prior one is interrupted to inset for example a voltmeter.

Figure 2.1: Sketch of a simple thermocouple consisting of two different materials.
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If heat is applied only at one junction and the rest of the setup is left in equilibrium, a
temperature gradient will form. On the hot side, charge carriers will become thermally
excited. For example, electrons will jump into higher energy states, leaving empty states
at lower energies. Subsequently, these hot carriers will diffuse towards the cold side
resulting in an nonuniform distribution of charge carriers. Due to the increasing amount
of electrons at the cold and the reduction of charge carriers at the hot side, an electric
field forms. Assuming that both loose ends of b are in equilibrium, a potential difference
V can then be detected between hot and cold side. The quantity connecting temperature
gradient and voltage is called differential Seebeck coefficient a5, (or thermo power) and
is defined as the ratio of induced voltage AV over temperature gradient AT. Accordingly,

AV

Due to the fact that the Seebeck coefficient (SC) only occurs at junctions between con-
ducting materials with differing properties, the measured[SC|will always be a combination
of both materials. To obtain the absolute Seebeck coefficient in a measurement, one part
of the thermocouple should have a[SC|of zero, ergo be a superconductor.

In this research, all nanowires are measured with respect to gold, which has a low
(vay = +3.4 pV/K, [20, p. 837]). Hence, Equation can be re-written [21]:

AV
ANW — Ay = AT
AV

aNw = AT CAu (2.2)

The energy transport through the material correlates with the Seebeck coefficient via
charge carriers. A positive indicates that the electric field and temperature gradient
point into the same direction. Consequently, the main charge carriers in this material are
holes. If electrons are the main charge carriers, the electric field opposes the temperature
gradient and the Seebeck coefficient becomes negative. [22]

2.1.2 Thermoelectric Properties of Semiconductors
Transport Parameters

Thermoelectric devices are usually made out of crystalline solids. In these, electric cur-
rent is based on quasi-free electrons which are carrying also thermal energy, additionally
to their charge. Another contribution to the thermal conductivity is given by the lattice
itself and will be discussed later.

Electrons interact in semiconductors with the periodic potential of the lattice atoms and
one another. One result is the splitting of a discrete energy level into a band. Further, the
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Pauli exclusion principle states that two electrons are not allowed to have the exact same
quantum number and must differ by at least one, e.g. the spin. Therefore, many energy
levels are located in a single band. As another result of the periodic lattice potential,
forbidden zones arise leading to gaps in the crystal band structure. Therefore, just certain
energy states can be occupied by electrons. The probability whether an energy state E
is occupied by an electron is given by the Fermi-Dirac probability:

fo(E) = [exp (EK;ITEF + 1”_1 (2.3)

which can be derived from the ratio of number of particles to the number of quantum
states, both per unit volume and unit energy. In this expression, Eg refers to the Fermi
level, the highest occupied state at T = 0 K, and kg is the Boltzmann constant. At T = 0K,
the Fermi-Dirac probability is a step function, see orange dashed line in Fig. This
indicates that for (E < Ef) the probability f,(E) is 1 and for (E > Ef) it becomes 0. No
states are occupied above the Fermi level.

1
f(E)

]

Figure 2.2: Fermi-Dirac probability function versus the energy for different temperatures. The
step function flattens with increasing T since more electrons have the energy to occupy higher
states

Electrons under the Fermi level gain more energy with rising temperature, and end up
jumping to higher levels. Therefore, the probability of occupied states above Efg is no
longer zero, and increases with a growing number of electrons carrying thermal energy.
The step function flattens and extends the point Eg, see Fig. This is a key factor
for electric conductivity in semiconductors, since conduction is not possible if a band is
completely empty or occupied with electrons, e.g. at T = 0 K. It is limited to the electrons
at partially filled energy states. The position of the Fermi level determines to which extend
a material is conductive. In a semiconductor the position of Eg is within the bang gap.
Compared to insulators the height of the forbidden zone is smaller, allowing a certain
amount of electrons to jump into the conduction band (CB). The consequence is a low
electric conductivity.
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The conduction and valence band have a parabolic character close to the bandgap.
Hence, the density of states (DOS) is smallest near the forbidden zone and is defined
as:

9(E) = T\/E (2.4)

It is dependent on the effective mass of electrons m* and the energy state E, as well as
Planck’s constant h. In Figure three different states of semiconductors are shown.
The left one depicts an intrinsic semiconductor with the Fermi-Dirac function reaching a
bit into the conduction as well as into the valence band (VB). The Fermi level is situated
around the midgap. Here, electrons and holes contribute equally to the conductivity. By
introducing impurities, the position of Er can be shifted towards the [CBl or VBl with addi-
tional donor or acceptor atoms, respectively. Figure shows the case for n- (middle)
and p-type (right) doped semiconductors (also called extrinsic). The notation n and p
refer each to electrons and holes as major charge carrier.

4 g

Ey— Ey Ey

N ;_gv(E) . . 8v(E) A gv(E)

Figure 2.3: Structure of Fermi-Dirac function and resulting charge density (orange area)
for intrinsic, n- and p-doping respectively. The shift of Fermi level is indicated by the blue dashed
line.

The main focus of the following paragraph is on n-type semiconductors. The same theory
can be applied for p-type material, taking into account the valence band and holes. The
electron concentration at thermal equilibrium in the conduction band can be calculated
by the density of allowed quantum states g(E) times the probability of occupation f(E)
over all possible energies:

n= Oog(E)f(E)dE (2.5)
Ec

Since the Fermi-Dirac function approaches zero fast above the edge of the [CBlthe upper

6
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limit can be put to co without making mistakes. By considering the velocity v and charge
of electrons e, the electric current density can be derived:

J=—evn= —/ evg(E)f(E)dE (2.6)
Ec

The minus sign is caused by the negative charge of the electrons. As discussed before,

electrons, which contribute to the electric conductivity, carry a certain amount of thermal

energy. In consequence they are contributing to the heat flux as well. The heat flux

density is

/= /OO o(E — EF)g(E)f(E)dE (2.7)
0

where g(E)f(E) is the concentration of electrons, v the velocity and (E — Ef) the energy
transferred by a single charge. It is now possible to derive the transport parameters
from Equation and by setting suitable boundary conditions. With respect to the
experimental nature of this work, a detailed calculation will not be presented here, and
just boundary conditions and general outcomes will be stated. The electrical conductivity
o is obtained by the ratio of J to the electric field in thermal equilibrium. By forming
the ratio of / to a negative temperature gradient without an electrical current flowing, the
electron contribution to the thermal conductivity x. is determined. At last, the Seebeck
coefficient « is gained by the ratio of electric field to temperature gradient, as well without
a current flowing.

62
1 C?
Re = ﬁ <Cz — d‘)) (29)
1 Cq

Parts of the equations have been re-written with Cy_» out of simplicity reasons, and in-
clude among other things Fermi-Dirac integrals. The three equations link the thermoelec-
tric figure of merit with specific material properties, like Fermi energy, effective mass of
charge carrier and scattering parameters (last two hidden in the terms Cy_»). It can also
be seen, that the Seebeck coefficient can be positive and negative, depending on the
type of main charge carrier. If a p-doped semiconductor is drastically heated up, even-
tually the intrinsic properties will dominate. This results from the fact that the and
electrical conductivity depend on the carrier type with higher mobility, which are electrons
in silicon, for example. This can lead to a negative « in the intrinsic/high temperature
regime for p-type material. [19, 22, 23]
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Thermal Conductivity by Phonons

There are two mechanisms to transfer heat through a solid: (a) via charge carrier trans-
port -discussed above- and (b) via lattice vibrations. In a semiconductor, the largest part
of heat conductivity is carried by the lattice, in contrast to metals where the major contri-
bution originates from the free electron gas. Therefore, the Wiedemann-Franz does not
apply for semiconductors:

K = Ke + Kph (2.11)
ke = oLT = neulT (2.12)

It relates the electrical conductivity o directly to the electronic contribution of the heat
transfer «, via Lorentz factor (2.4 - 10~8 J2/(K2C?) for free electrons).

In crystals, atoms are arranged in a fixed cluster with just a small degree of freedom. By
moving a single atom in any direction, a disturbance will be passed on to the nearest
neighbours and beyond. This is defined as lattice vibration and exists at all times, except
when the point of absolute zero temperature is reached. These motions can be de-
scribed as elastic, longitudinal and transverse waves with high frequencies, considering
heat conductivity. Debye was the first, who defined the crystal as an elastic continuum.
By introducing certain boundary conditions (like surface states), a quantization of the
vibrational modes is imposed (comparable to a potential well). Therefore, only certain
frequencies and directions satisfy the requirements.

The upper frequency limit is set by the atoms of the lattice, and is determined by the inter-
atomic distance in each material. Debye defined the total number of permitted vibrational
modes with 3N, where N is the total number of atoms per unit volume. Furthermore, his
theory states that the number of modes with frequencies between w and w + dw results
from

2rwldw

s (2.13)

ng =

where v is the speed of sound. If the total number of vibrational modes 3N is taking into
account, an upper frequency limit wp can be found:

3
_ 47er

3N (2.14)

3

Additionally, Debye managed to find the average energy E in a mode of frequency

E o hoexp () _1] (2.15)
—wg—w P ke .
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by applying the Bose-Einstein statistic (states the number of particles in a specific energy

—1
state and mode n; = g [exp (%) — 1} [24]). Furthermore, Equation[2.14|and [2.15|re-
sult into the internal energy of the crystal with regard to Equation|2.13| The differentiation
of the internal energy with respect to temperature leads to the specific heat at constant
volume

3
¢y = 9NKg <@TD> o <@TD) (2.16)

where @p, established as Debye temperature, is defined as

op= D (2.17)
ks
and
©p
Op\ _ [T x*exp(x)
o(F)=1 et 218

Although, Debye used a fairly simple model to define the specific heat of solids, it is
precise enough to predict the general behaviour of real materials. Conflicts between
theoretical curve and experimental data are justified by permitting ©p to be temperature
dependent.

For a more advanced analysis of lattice vibrations, it is necessary to make a couple of
differentiations. If the unit cell consists of more than a single type of atoms, two different
vibrational modes form, specified as optical and acoustical branch. Additionally, it is re-
quired to distinguish between longitudinal and transverse waves. The first one oscillates
parallel to the propagation direction of the wave, and the later perpendicular. Figure
shows exemplary the acoustical and optical branch as transverse waves. It can be seen
that in the optical branch the atoms follow an out-of-phase movement, inducing dipole
moments due to a deformation of the electron shell. In contrast, atoms move in phase in
the acoustical branch.

Acoustical mode Optical mode
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Figure 2.4: Transverse optical and acoustical branch




2. Theory

In general, if there are n atoms in the unit cell, there will be 3 acoustical branches (one
longitudinal and one transverse per polarization), and 3(n — 1) optical branches. The
number of both branch types increases if more than one atom is associated with a lattice
point. At last, it is necessary to differentiate between the phase Z’TT” and the group velocity
27;%“’ of waves (k is the wave number). At low frequencies, both velocities are similar
in the acoustical branch, but differ greatly at the end of the first Brillouin zone. The
coherence can be seen in the one-dimensional dispersion curve for a diatomic lattice,
see Fig. Since the group velocity relates to the rate of energy transported, it is of
special interest and determined by the slope of the graph. The dispersion curve clearly
states that the group velocity varies not only with wave number and frequency, but differs

greatly for each branch.
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Figure 2.5: Dispersion curve for a diatomic lattice with the optical and acoustical branch. ais the
lattice constant, w the frequency and k the wave number.

The gap between optical and acoustical branch depends on the mass ratio between the
atoms embedded in the lattice. Both branches touch at the end of the Brillouin zone when
the atoms become similar.

However, Debye‘s theory lacks accuracy for explanations of vibrational states in real crys-
tals. Due to the harmonic nature of his continuum model, the thermal conductivity is found
to be infinitive. Peierls was the first who took anharmonic vibrations of the lattice into ac-
count and introduced the idea of quantized vibrational wave packets, so called phonons.
They are the main energy carrier and accountable for heat conductivity. The limitation
to heat transfer is set by a collision of two phonons without momentum preservation. To
express the thermal lattice conductivity xpp, the kinetic theory of gases can be used,
regarding the mean free path /,, of phonons.
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2.1. Thermoelectric Effect Aalborg University

1
Kph = §Cvleh (2.19)

where ¢, is the prior discussed specific heat and v the speed of sound.
Considering a pure crystal at high temperature, the most important scattering mecha-
nisms involve solely phonons, and can be distinct into two types.

» normal or N-process: energy and momentum conservation

» Umklapp or U-process: momentum not conserved, since wave number alters
Figure demonstrates both mechanisms in the two dimensional representation of
wave-vector space. The squares illustrate the permitted values for the phonon wave-

vector due to the frequency limit wp, and are the Brillouin zone. The N-process can be
expressed as simple vector addition, two wave-vectors cﬁ and % result in a third c7§

9 +q =G (2.20)

However, a similar summation in the U-process would generate a wave-vector outside
the Brillouin zone. Therefore, a reciprocal wave-vector 8 needs to be included to place
q_3> within the permitted zone.

- = =
ol +C72=673+8 (2.21)
g, 1a,
d > G) —
q;
CE! 9 1 N
ay Ay

Figure 2.6: Scatter mechanisms: N-process and U-process represented in two dimensions. The
squares indicate the phonon wave-vector established by the frequency limit wp

Only U-processes induce thermal resistance and directly restrict the thermal conductivity
[25]. However, just at higher temperatures is the amount of large wave-vectors sufficient
enough to result in boundary violation when interacting. If T << ©p, almost no phonons
with a wave-vector exceeding half of the Brillouin zone occur. Hence, it is hard to detect
U-processes at low temperatures. Additionally, phonon-phonon scattering is covered by
scattering by external crystal boundaries and internal defects in real crystals at lower T.
[19, 26, 27]
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2. Theory

Scattering Mechanisms

a) for Charge Carrier

Scattering of charge carriers alters their velocity, and limits the electrical conductivity
overall. The two most dominant factors in a semiconductor are scattering by ionized
impurity atoms and lattice vibrations.

Phonon scattering is induced by the displacement of lattice atoms from their original lo-
cation due to thermal energy. Therefore, the perfect periodicity of the potential function
is disrupted. The charge carriers are forced to interact with vibrating atoms. The high-
est impact is caused by the acoustical mode. Since lattice vibrations are temperature
dependent, the rate of this scatter mechanism is also a function of temperature. It is
common to relate the mobility of electrons ; to the temperature by considering only
phonon scattering with

o T3 (2.22)

defined by first-order scattering theory. It can be seen, that the mobility rises with de-
creasing temperature. This indicates that the probability for lattice vibration, and hence
for phonon scattering, reduces for lower temperatures.

The second mechanism is called ionized impurity scattering ([IS). To increase the elec-
trical conductivity o donor and acceptor atoms are introduced in the lattice of semicon-
ductors. They are ionized at room temperature, causing coulomb interactions of charge
carriers. The result is scattering of electrons and holes, ergo altering of their mobility and
conductivity. This mechanism is as well temperature dependent

T+2
1y X N, (2.23)

with N = N} + N as the total concentration of ionized impurity atoms in the material,
and 4, as mobility with only ionized impurity scattering considered. Figure [2.7] sketches
the correlation between charge carrier mobility and temperature. It can be seen, that
both scattering mechanisms dominate in different temperature ranges. Coming from low
T, has the biggest influence. Due to the rising temperature, the mobility increases
steadily. With more thermal energy, charge carriers accelerate faster and spend less
time in the vicinity of ionized atoms. Hence, the influence of the coulomb force vanishes,
causing less scattering by impurities and an ascending mobility. This process continues
until phonon scattering becomes predominant.
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Figure 2.7: Sketch of charge carrier mobility vs. temperature with dominating scattering mecha-
nisms

The net mobility x is defined as

LR (2.24)
U

and decreases when additional, independent scattering mechanisms appear. [23]

b) for Phonons

Figure presents the experimental data for thermal conductivity of silicon against tem-
perature, as well as theoretical values for specific scattering mechanisms. Generally, the
thermal conductivity rises for temperatures below ambient conditions towards a maxi-
mum. At a certain temperature, the mean free path of phonons becomes larger than
the dimensions of the crystal itself. From that point on, a new scattering mechanisms
is introduced by the boundaries of the material. This is caused by imperfections in the
crystal boundaries (no scattering would occur for edges with perfect mirroring character).
Therefore, xpp falls towards zero at 0 K after exceeding the high point. At temperatures
below 5 K, x « T2 applies, which is the same dependency as for the specific heat ¢,.

Even with careful engineering, a real crystal exhibits always a certain amount of point
defects. These could be a variation of density and elasticity introduced by vacancies or
impurity atoms, for example, and result in isotope scattering (= [IS). This mechanism
becomes more important with rising temperature.

Additionally, Umklapp scattering is the driving force for an increase in thermal resistance
at higher temperatures, as discussed in section [2.1.2] The data in Figure [2.8| shows that
only by considering all three scattering mechanisms a characterization of the experimen-
tal results is possible. Casimir states that improvements of the theory are possible by
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2. Theory

including longitudinal and transverse waves as well as considering phonon dispersion
[28]. Nevertheless, it has to be pointed out that for T < 300 K phonons are the main
contributor to thermal conductivity. [27) 29, [30]
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Figure 2.8: Comparison of experimental data for thermal conductivity vs. absolute temperature
with theory of divers scattering mechanisms for Si, adapted from [29].

Phonon Drag

In the sections above, the flow of charge carriers and phonon propagation was examined
independently. However, early experiments showed that this assumption is not com-
pletely valid [31], 32|, especially in the low temperature regime. The experimentally de-
termined Seebeck coefficient of germanium for T < 100 K was significantly higher than
predicted by theory. Herring found out, that the measured Seebeck voltage was too large
to be carried solely by charge carriers. He stated that scattering of charge carriers by
lattice vibration in direction of the current increases the amplitude of these phonons. In
contrast, the amplitude of opposing waves is decreased. The result is a net energy trans-
port in the transport direction of carriers. [33]

In the presence of an electric field E, charge carriers receive a momentum at the rate of
+neE per unit volume, which will be forwarded when collisions appear. If charge carriers
engage with defects or impurities, the momentum will be lost due to random thermal
vibrations. It can also be passed on to phonons and kept until non-momentum-collisions
appear. By defining x as fraction of interactions of charge carriers with phonons and 74
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as relaxation time for momentum-loss from phonons, the excess momentum of phonons
can be presented as

Ap = +xneryE (2.25)

It is essential to understand that 74 is not related to the relaxation time of heat conductivity,
and can be much larger. Usually, charge carriers in semiconductors are scattered by
low-energy phonons, which are not participating in the heat transfer and less frequently
colliding than high-energy ones. The phonon drag contribution to the Seebeck coefficient
can be expressed by calculating the contribution to the Peltier coefficient and applying
the Kelvin relation 7p = aygT. Therefore, it is necessary to determine the ratio between
the rate of heat flow per unit cross-section area w and electric current density J,

J = neuE (2.26)
w=12Ap (2.27)
2
rg= 22T (2.28)
o
2
Td XV=Tq
= Td _ 2.2
ag=-F =% T (2.29)

The phonon drag operates reinforcing on thermoelectric coefficients, since they have the
same sign, and is heavily dependent on temperature. The charge carrier concentration n
is cancelled out, but it should be noted that the phonon drag effect decreases with larger
n. If a sufficient high density of charge carrier exists, the amount interactions with low-
energy phonons will increase. This results in a decreasing thermal conduction current
by these phonons, causing less drag on the charge carriers than without disturbance by
collisions with electrons or holes. [19] 27, [33]

2.1.3 Figure of Merit

A figure of merit is a unitless quantity which characterizes the performance of a device.
For thermoelectric applications the figure of merit zT is determined by:

O'Oé2

zT=—T (2.30)

K
To gain a maximum zT, a high electrical conductivity o, large absolute Seebeck coef-
ficient o and low thermal conductivity x are required. A commonly used expression for
performance validation is also oa?, referred to as the power factor (PE). Since all these
properties are defined by interdependent material characteristics, a maximum zT can

only be achieve by careful optimization of certain factors.
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2. Theory

Carrier concentration

The electrical conductivity and the Seebeck coefficient are parameters which most heav-
ily dependent on the carrier concentration in the material. In contrast, the thermal con-
ductivity is stronger related to the atomic lattice. Accordingly, the carrier concentration
yielding the highest [PEl typically results in the maximum figure of merit.

The largest Seebeck coefficient is gained with only one type of charge carriers, either
electrons or holes. Otherwise, both types move towards the cold end of the material,
neutralizing the induced Seebeck voltage. Insulators and semiconductors provide usu-
ally a high[SC], but suffer from low electrical conductivity [34]. It is important to notice, that
the concentration of charge carrier is counteracting on Seebeck coefficient and electrical
conductivity [13}[34], as can be seen in Figure[2.9] Taking non-degenerated semiconduc-
tors into account, the Seebeck coefficient varies linearly with the position of Ex. On the
other hand, the electrical conductivity rises exponentially, becoming the dominant factor
when the reduced Fermi level is n = ,g—’} < 0. By entering the metallic region and n > 0,
the ratio of thermal and electrical conductivity fulfills eventually the Wiedemann-Franz
law. If n is further increased, the Seebeck coefficient will drop without compensation
through other parameters. This implies a Fermi level where zT maxes out, and therefore
an optimum for the charge carrier concentration.

1

zT

0.5

0 l
1018 101 102 1021

Carrier concentration (cm—3)

Figure 2.9: Overall figure of merit over carrier concentration in dependency on Seebeck coeffi-
cient (o plotted on y axis from 0 to 500 pV/K), electrical conductivity (o: 0 to 5,000 (£2cm)~') and
thermal conductivity (x: 0 to 10 W/(mK)). The power factor oo is additionally shown. Trends are
modelled from Bi,Te;, adapted from [26].

The maximum of the often consulted power factor is usually at a carrier concentration of
109 — 102" per cm3, that correlates to a heavily doped semiconductor. [19, [26]
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2.1. Thermoelectric Effect Aalborg University

Effective Mass

The next contradicting factor is the effective mass m*, considering that a large effec-
tive mass yields a high Seebeck coefficient but low electrical conductivity. The depen-
dency is rather complex and relies on a variety of factors, e.g. scattering mechanism and
anisotropy. m* increases for flat, narrow bands with high density of states at the Fermi
surface. However, it is not evident which effective mass favours a large figure of merit,
since good thermoelectric materials can be found with high and low m*. [26]

Thermal conductivity

To gain a maximum thermoelectric efficiency, a low thermal conductivity is required.
Equation [2.11]shows the two contributions to the heat transfer by electrons and phonons.
The electronic component is related to the electrical conductivity by the Wiedemann-
Franz law (Equ.[2.12). This reveals a fundamental material conflict in order to acquire a
large figure of merit. For materials with very low «,, or high electrical conductivity (metals
or heavily doped semiconductors), zT is dominated by the Seebeck coefficient

a?

zT (2.31)

= @
To minimize the lattice contribution for the heat transfer, the directed movement of phonons
from hot to cold needs to be disturbed and randomized. Glass is know to have a very low
thermal conductivity [35]. Here, the mean free path of phonons is of the order of inter-
atomic spacing, due to its amorphous nature. Since the electronic character of crystals
is essential for a good thermoelectric material, a high density of amorphous states is not
favorable. But the semiconductor can be influenced to obtain minimum thermal conduc-
tivity by a high mean atomic weight, high difference of effective masses for compounds

and random atomic substitution, among other factors. [19, 26, 27, 36|

Effect of Temperature

No thermoelectric material is performing sufficiently in a wide temperature range. At
higher temperatures materials become chemically unstable and melt eventually. Before
that, semiconductors experience additional problems. When moving to higher tempera-
tures, the excitation rate of electron-hole pairs over the bandgap increases, causing the
Seebeck coefficient to drop and the thermal conductivity to rise, respectively. The intrinsic
character of the semiconductor becomes predominant. This can be opposed by installing
a material with a larger bandgap energy and a melting point at higher temperatures.

As long as minority carrier conduction is negligible and the material stable, zT increases
with rising temperature. [19]
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2. Theory

2.2 Silicon and Gallium Arsenide

Silicon became the most commonly material for electronic devices due to its abundance
on earth and convenience in fabrication and modulation. It has several advantages com-
pared to other semiconductors e.g. germanium, which legitimate its large range of appli-
cations and tailored industry.

On the other hand, gallium arsenide is more expensive and complicated in processing.
But compared to Si, it has a higher electron mobility and a direct bandgap which is more
convenient in high-speed and optoelectronic devices. Both materials and their charac-
teristics will be discussed in this section. It should be noted that the main focus is on
properties relevant for thermoelectric applications. Table shows a brief overview of
the most important features of intrinsic Si and GaAs.

Table 2.1: Key properties of intrinsic Si and GaAs at T = 300 K, adapted from [23, |37]

Property Si GaAs
Atoms per cm3 5.10% 4.42 .10%
Crystal structure diamond  zincblende
Density (g/cm?) 2.33 5.32
Lattice constant (A) 5.43 5.65
Melting point (°C) 1415 1238
Dielectric constant 11.7 13.1
Bandgap energy (eV) 1.12 1.42
Effective DOS]in [CB, N, (cm~3) 2.8-10"  4.7.10"
Effective DOSlin VBl N, (cm~—3) 1.04-10"° 7-10'8
Intrinsic carrier concentration (cm=3) 1.5.100 1.8-108
Mobility (cm?(Vs))

Electrons pe 1350 8500

Holes up 480 400
Effective mass (%)

Electrons m; =0.98 0.067

m; =0.19
Holes mi, =0.16 m}, = 0.082
mp, =0.49  mj, =0.45

Thermal conductivity ((W/(cmK)) 1.56 0.46

mj longitudinal, mj tranverse
1 *
mj,, light hole, my, heavy hole

2.2.1 Atomic and Band Structure

The crystal structure of silicon is defined as diamond structure, and characterized by
a high melting point (1415 °C) due to strong covalent bonding. The diamond crystal
consists of two face-centered cubic lattices, with the second one shifted by (% %, %) a.
a represents the unit cell length with 5.43 A. Each atom is arranged in a tetrahedral
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configuration with a bonding angle of 109.5° to its neighbours. Figure shows, that
18 atoms participate in the diamond structure. However, several atoms contribute to
more than one unit cell, leading to a low packing density of 0.34 compared to 0.74 for
hexagonal closed-package. It can be seen, that different planes in the lattice experience
a divers number of atoms and structures. The result is anisotropic characteristics for
certain manufacturing processes, like etching.

Figure 2.10: Diamond structure of silicon. [38]

Gallium arsenide is a compound semiconductor which crystallizes in a zincblende struc-
ture (ZnS). Compared to the diamond structure, the lattice consists of alternating Ga
and As atoms also tetrahedrally ordered. Figure [2.71] shows that one gallium atom is
connected to four As atoms, respectively. It also displays the wurtzite structure which
is typical for GaAs nanowires as well [39]. The wurtzite crystal structure, also called
hexagonal consists of a hexagonal close-packed lattice.

o NA

S
Jla

Figure 2.11: Left: zincblende structure, and right: wurtzite structure. White and black dots
represent Ga and As atoms, respectively. [40]
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A result of the diatomic nature is the reduced symmetry compared to a diamond lattice.
As consequence, two different (111) plans exist solely with gallium and arsenide atoms,
respectively.

Even though GaAs and Si exhibit a similar crystal structure, essential characteristics orig-
inate from differences in the band structure. GaAs is a direct semiconductor in contrast
to Si with an indirect bandgap. This means that the lowest point of the is directly
positioned above the highest point of the VBl see point I" in Fig. The result is
the possibility for a direct recombination of electrons and holes, giving way for optoelec-
tronic applications. Furthermore, the effective mass of electrons in the conduction band
is inversely proportional to the band curvature. Due to the larger curvature for GaAs,
the effective mass of electrons is considerably smaller leading to a higher mobility for
electrons compared to silicon.

Silicon GaAs
4 >\ \ <\ N
4L ]
o} I, /\/\’//\
5 5
=0 > 0f
20 o0
L%'z B T 5-2 —/\\/ ]
72 <U// |
_6L[111] r [100] X UK][110] T _6L[lll] I [100] XUKT[I10] T

Figure 2.12: The graphs show the band structure of Si and GaAs, respectively. It can be seen
that Si is an indirect and GaAs a direct semiconductor at I", as well as the larger curvature of the
conduction band in this point for GaAs, resulting in a smaller effective mass of electrons, adapted
from [41].

Both band structures indicate several valence bands. This split-off arises from spin-orbital
interaction and degeneracy due to heavy and light holes, see Table 2.1]

Close to the edges of the bandgap, the conduction and valence band can be approxi-
mated with parabolic functions, and the energy E of the particular charge carrier can be
calculated from

h?k?

= 2.32

E=E;+ oms for electrons (2.32)
2,2

E=Ey— f k* for holes (2.33)
2my

where k is the wave number, 7 the reduced Planck’s constant, E¢,y the energy level of
each band and m* the effective mass for the charge carrier. By inserting mj,, and mj), for
GaAs and Si, respectively, different valence bands can be calculated.

20



2.2. Silicon and Gallium Arsenide Aalborg University

Influence of Temperature on Band Structure

It should be noted that the bandgap energy for Si and GaAs with 1.12 eV and 1.42 eV de-
creases with rising temperature. This is a result of changes in the lattice, since the bonds
between atoms are temperature dependent. Additionally, different electron-phonon inter-
actions influence the bandgap. [22, 23| |42, 43

2.2.2 Doping

To gain a high electrical conductivity, it is necessary to introduce impurities into the lattice.
Elements of group V in the periodic table function as donors and of group |ll as acceptors
for silicon inserting an electron or hole, respectively. A majority charge carrier type devel-
ops. Since GaAs is a lll-V-semiconductor, donor and acceptor atoms can occur in every
sublattice, subsequently represented by different impurities. Not every element from the
desired group is suitable, and is normally chosen by taking into account its segregation
coefficient and solubility in the lattice. Therefore, an upper limit for dopant concentration
is set by the solubility of the impurity atoms in the lattice and a lower limit by the material
purity itself. There are three commonly used methods to introduce crystal impurities: in-
corporation during crystallization, diffusion and implantation. This yields a homogeneous
dopant concentration in the bulk, a gradient with relatively smooth transition towards in-
trinsic bulk and very sharp sections with high dopant concentration, respectively. Further
explanations on doping will mainly regard silicon, since gallium arsenide was not impuri-
fied for the experimental part.

Typically, silicon is doped with boron (holes) and/or phosphorous (electrons). The follow-
ing rise in charge carrier concentration alters the specific resistivity p of the material, ergo
the electrical conductivity (a = %) Hence, the resistivity can change over a large scale
from 10* £2cm for intrinsic to 10~* £2cm for heavily doped silicon, see Figure[2.13]

By forcing impurity atoms to be part of the lattice and form bonds with adjacent atoms
(also called activation), the structure of the crystal will be changed. At high doping levels,
like 10'° per cm3, almost every 17th atom is substituted. This can lead to a change in the
lattice constant. Typically, a increases with n-doping and becomes smaller with p-doping.

The elements, chosen to be implemented, usually have an electronic level close to the
edge of either the conduction or valence band. This causes a shift in the position of the
Fermi level compared to the intrinsic state. Er depends on the doping concentration (Ny
or N) and temperature, accordingly:

EC — EFr=kgTIn (IVC> (234)
Nqg
Ny

Er —Ey=hkgTin (-~ (2.35)
Nz
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Figure 2.13: Resistivity vs. carrier concentration in silicon for doping with boron and phosphorus,
respectively, adapted from [44].
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Figure 2.14: Dependency of Fermi energy level on temperature and dopant concentration for

silicon.

It can be seen that the extrinsic Fermi level shifts towards the intrinsic Fermi level E;.

A result of the predominating intrinsic character in semiconductors at high temperatures. The
influence of temperature on the overall bandgap is also displayed, adapted from .
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The Fermi energy level is determined with respect to the conduction or valence band.
Therefore, the upper equation represents doping with phosphorous or arsenide, intro-
ducing additional electrons, and the lower equation for boron with additional holes. If
the temperature regime changes drastically from ambient conditions (extrinsic region),
both equations have to be adapted, subsequently. Figure [2.14] displays the influence of
temperature on the extrinsic Fermi level and overall bandgap. The Fermi level shifts for
both doping types towards the intrinsic Fermi energy, respectively. This indicates that for
high temperatures intrinsic characteristics of silicon start to dominate. Furthermore, the
bandgap shrinks overall with rising temperature (see Section[2.2.1).

Additionally, this holds for non-degenerate semiconductor with the Fermi level still inside
of the bandgap. Although, the measured silicon nanowires in this thesis are partially
heavily n-doped, they are expected to show characteristics of a non-degenerated semi-
conductor.

Heavily doping

If the number of impurity atoms in the solid is low enough, there will be no interactions
between them. But with increasing concentration, the doping atoms start to see each
other, and their wavefunctions overlap and form a band. For concentrations higher than
10" per cm? in Si, the impurity band edges broadens and the bandgap shrinks. Both
effects finally lead to an overlap of impurity band and either conduction or valence band.
A result is a more metal like behaviour.

Exceeding a certain doping concentration, Ef is situated within the conduction or valence
band. A semiconductor with this characteristic is called degenerated semiconductor or
degenerately doped. [22, 23, 42, 43, |46

2.2.3 Semiconductor Oxide

When silicon or gallium arsenide is exposed to atmosphere it tends to form a native oxide
layer on the surface in less than 30 min.

Silicon dioxide, also referred to as silica, is one of the key points why silicon became so
successful and important in the semiconductor industry. SiO, is chemical stable, and
by adjusting the process parameters its characteristics can be influenced towards the
desired outcome in e.g. density, porosity or electrical breakdown properties. In general,
silicon oxide is an amorphous material with a tetrahedral structure, centering one Si atom
with four adjacent O atoms. There are two main techniques to obtain a sufficient silicon
oxide layer: thermal growth and chemical vapour deposition (CVD). The fundamental
difference is that the first method desires Si as bulk material since the gaseous oxide
molecules will be incorporated into the crystal structure. In contrast, processes
deposit a silica layer on top of any stable material, as long as suitable precursors are
provided. Typically, SiO, is used as insulator or passivation layer or as mask material for
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divers processes like etching or ion implanting. Table shows some of the important
properties for thermally grown silica. The characteristics of oxide from processes
can vary. Usually it exhibits a lower density for example. [47]

Table 2.2: Properties of thermally grown SiO,, adapted from [47]]

Bandgap energy (eV) ~9
Density (g/cm?) 2.27
Dielectric constant 3.9
Melting point (°C) ~ 1700
Thermal conductivity ((W/(cmK))  0.014
Breakdown field (MV/cm) ~ 6

It is important to notice that in compound semiconductors, as GaAs, each compound
forms its own oxide, Ga,O5; and As,O3. This oxide is chemical rather unstable. Therefore,
its relevancy is low for the industry. [48]
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2.3 Potential of Nanowires for Thermoelectric Applications

Nanowires are quasi one dimensional materials, confining electrons in two dimensions.
Usually, these relate to the radial directions, considering a cylindrical nanowire (NW).
Charge carriers are free to move along the wire axis.

To understand the influence of low-dimensional wires on thermoelectric characteristics,
a brief overview of the relevant theoretical background will be given.

2.3.1 Band Structure and Density of States

To obtain the band structure and energy levels, the time-independent Schrédinger Equa-
tion needs to be solved. The following information refer to a nanowire with cylindrical
cross-section. Therefore, the Laplace operator 57 can be expressed in cylindrical coordi-
nates (r, 6, z). The z dependence can be excluded, assuming plane wave solutions in z
direction,

—iz 24V Y =Evy (2.36)
2m v - .
R (2 10 1 82
[_2m (arz trort e aez> + Vi, ">] W(r, 6) = eg(r, ) (2.37)
22
e=E- Znﬁz (2.38)

The cross-section of the nanowire is a 2-D quantum well in polar coordinates with the
radius R, represented by Equation In order for wave functions to vanish outside of
the well, the potential is assumed to be zero inside and infinite outside the well.

0 for r<R
V(r,0) =
oo for r>R

Furthermore, ¥(r,0 = 0) = ¢(r,0 = 27) has to apply. Equation can be reduced to
the radial part only, since 6 is merely present in the second derivative, causing e’ to be
a solution of the radial part (/ € Z due to boundary conditions). Eventually, the result
of Equation are the Bessel-function J; and Y. Y; will be neglected, as this solution
cannot be normalized due to divergence at the origin. By considering the eigenvalues
oy p of the Jj, the wave function and energy eigenvalues can be determined

0(r,6) = Jy (220 ) " (2.39)
h2 2
= (2.40)
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oy p is the square of the nth root of the corresponding Bessel function with quantum num-
ber /.

By implementing Equation [2.40]in Equation [2.38] the total energy E is determined. E in-
cludes the transport along z and generates parabolic sub-bands in the conduction band.

h2k?
Einlkz) =¢+ ij (2.41)
The density of states in nanowires can be determined by using Equation |2.41
E)=" 1| 2" oE-E,) (2.42)
gip\E) = o th E_E., I,n .

where @ is the Heaviside step function. It can be seen that g;p(E) depends on differ-
ent material properties. Figure [2.75] shows the modelled density of states function for a
silicon nanowire with 3 nm (a) and 14 nm (c) diameter. The graphs emphasize the quan-
tization effects for low dimensional structures. The energy difference between sub-bands
is largest for smaller diameter. By increasing the nanowire cross-section, this difference
decreases and sub-bands start to merge. Therefore, the quasi 1-D characteristics vanish
for large diameters, since the radial confinement of electrons is erased. Figure (b)
shows the transition from 3 nm diameter to 14 nm. [49, 50]
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Figure 2.15: Calculated density of states of a Si nanowire with diameter of 3 nm (a) and 14 nm
(c), respectively. (b) displays the sub-band energy level as a function of diameter. Sub-bands
start to merge for increasing diameter. In all cases Ef = 0 eV applies and the total number of
electrons per unit length is 107 per cm with(solid line) and without (dashed line) non-parabolic
correction, adapted from [51].

26



2.3. Potential of Nanowires for Thermoelectric Applications Aalborg University

The charge carrier density is the ratio of number of carriers to cross-section. When the
area decreases but the amount of carrier is stable, the Fermi level has to shift away from
the conduction or valence band to reduce the amount of carrier. Therefore, the distance
between Er and the edge of the bandgap is increasing, see Figure [2.16|(a). [52]

2.3.2 Impact on the Figure of Merit

Hicks and Dresselhaus were the first to provide a theoretical study for an improved zT
in one dimensional quantum wires [34]. They considered a general, anisotropic, single-
band material and found a strong dependence of the figure of merit on the radius. Smaller
nanowire cross-sections yield the highest zT, which can exceed the one of 2-D and
bulk materials. The big impact was attributed to the change of and a reduced
lattice thermal conductivity via phonon scattering. However, this theory is only valid for
very small [NWk with a radius < 20 nm. Since the sub-bands move closer to each other
with increasing diameter, it is necessary to take this growing number into account. By
studying nanowires with ideal doping level (impact of doping will be discussed below), it
can be shown that the power factor exhibits a non-monotonic radius dependency. The [PEl
decreases moderately with shrinking radius up to ~20 nm and rises drastically after that
point. This can be explained by taking two opposing effects into account. On one hand,
the discretization of energy levels caused by extreme confinement for small r causing
the [PEl to increase. On the other hand, the rising number of nearly-degenerated levels
close to Er leads to a larger DOS] for bigger r. It seems that they cancel each other at
r ~ 20 nm resulting in a minimum [PEL [53]

Generally, the amount of sub-bands in a nanowire determines the power factor, ergo
a and o. Various studies showed that the power factor is orientation dependent for
anisotropic materials, since a different amount of sub-bands contributes. [54, 55]

The Seebeck coefficient follows the trend of Eg; — Ef, and increases with shifting Fermi
level, as can be seen in Figure (a) and (b) for very small nanowires [52].

0.06 n-type [100] 0.35
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" constant < 03
L) > 70%
1,0.03
w” E increase
»
EF 0.25
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Figure 2.16: (a) Reduced Fermi energy versus nanowire diameter, and (b) Seebeck coefficient
for a Si nanowire with a carrier concentration of 10'® per cm3, adapted from [52)].
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However, the electrical conductivity decreases more drastically compared to the rising
Seebeck coefficient for radii smaller than 10 nm. Overall, the [PEl does not benefit from
low dimensional structures. Nevertheless, especially Si channels can be influenced with
regard to transport and confinement orientation, for example. This can alter the [PElin a
significant way. [52]

Electrical Conductivity

The concentration of charge carrier (here electrons) can be expressed by

n= h gip(E)f(E)dE (2.43)
Ec
and is linear proportional to the electrical conductivity. By considering the change in
it can be shown that o decreases with shrinking [NW| diameter. This effect can be
attributed to the quantum confinement, since it reduces the charge carrier density and
thus the electrical conductivity. [49, 50]

Additionally, the electrical conductivity is proportional to the Fermi level. Therefore, the
shift away from bandgap edges yields a lower o [52]. A serious of scatter mechanism
decrease the conductivity further: electron-phonon interactions increases with shrinking
cross-section. By introducing impurities to yield a higher o, the probability of ionized
impurity scattering rises accordingly above a carrier concentration of 10'® per cm3. Fur-
thermore, charge carriers are usually pushed into the bulk and away from the surface in
larger structures. With smaller diameter a higher tendency for surface roughness scat-
tering occurs. [25, 52]

Thermal Conductivity

The thermal conductivity is expected to decrease in low dimensional materials due to an
increase in phonon scattering, especially at the surface [34]. Experimental data reveals
that « falls strongly with decreasing diameter [14]. This effect can be connected to the
mean free path of phonons, which becomes larger than the dimensions of the nanowire.
A result is an increase in phonon-boundary scattering, diffusive phonon scattering and
an overall lower group velocity [53] [56, 57]. However, [11] states that only boundary
scattering is truly diameter dependent.

Additionally, Umklapp, impurity and isotop scattering are limiting the thermal conductivity
further. The contribution of each factor is material dependent. For example, GaAs expe-
riences a stronger Umklapp scattering than Si. Silicon, however, exhibits heavier surface
roughness scattering. This effect is strongest for nanowires with a diameter smaller than
50 nm. [25]

If the surface of a small nanowire is very rough, its phonon contribution to x can ap-
proach the amorphous limit. This overall reduction of thermal conductivity leads to an
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increase in the figure of merit for nanowires with values close to 1 at room temperature
with kpp =1 —2 W/mK. [§]

Nonetheless, the anisotropic character of the material is essential (also for the heat trans-
fer) and needs to be considered. [56]

2.3.3 Enhancement of the Power Factor

Section [2.3.2] showed the difficulties in achieving a sufficient power factor due to the
inverse dependency of electrical conductivity and Seebeck coefficient. Different methods
were recently investigated to enable a separate tuning of o and «, like band structure
engineering [58, 59]. The following paragraphs discuss the effect of a doped and gated
nanowire, as well as the impact of energy filtering.

Doped and Gated Nanowires

The power factor maxes out for a carrier concentration of 10'® — 102° per cms3 as result
of the exponentially rise of ¢ and the linear drop of a. When these concentrations are
introduced by doping, another scatter mechanism develops. lonized impurity scattering
limits the mobility of charge carrier and therefore the electrical conductivity, subsequently.
This effect can be avoided with modulation doped nanowires. Here, the high carrier den-
sity evolves from an all-around gate, and the mobility is just limited by interactions with
phonons. Figure [2.17]displays the calculated mobility for a p-type SilNWIwith [111] orien-
tation with (solid line) and without[IS] (dashed line) as a function of the carrier concentra-
tion. Limitation due to phonon scattering were taken into account each time. The mobility
for holes decreases drastically with carrier densities above 10'° per cm? due to the addi-
tional scatter mechanism. Hence, the power factor and figure of merit are lowered by a
factor of ~ 4. [55]
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Figure 2.17: Comparison of carrier mobility with and without ionized impurity scattering for a p-
type Si nanowire with [111] orientation and 12 nm diameter. Dashed line: limitation due to phonon
scattering. Solid line: limitation due to phonon and ionized impurity scattering, adapted from [15].
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Remote doping was experimentally induced either by an all-around gate or the intro-
duction of dopant islands in intrinsic bulk material. However, the results revealed just a
modest increase in the [PEl so far [60-62]. Therefore, an experimental prove of an effec-
tive enhancement is still inconclusive.

Nonetheless, when the nanowire is gated an accumulation of charge carriers forms near
the surface. Due to the fact that the electric field from gating can stretch far into the
channel volume, a high carrier mobility is enabled in the accumulation layer. A result is a
lower sensitivity towards surface roughness scattering (SBS). The extent of contributing
bulk volume to the power factor decreases with larger diameters, since the gate field gets
screened by surface charges. Therefore, the core can become inactive for very large
diameters. [55]
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Figure 2.18: (a) the electrical conductivity, (b) the Seebeck coefficient and (c) the power factor
a for gated [NWW with phonon scattering limitation (green solid line), a gated [NW| with phonon and
surface roughness scattering (green dashed line), and a doped [NW with phonon, and
mechanism in dependency of the carrier concentration. [NWE p-type, 12 nm diameter and [111]
orientation, adapted from [15].

Figure [2.18| displays three different channel situations in dependency on the charge car-
rier concentration (here holes): a gated [NW| with phonon scattering (green solid line);
a gated [NWI with phonon scattering and [SRS} as well as a doped [NW| with the impact
of phonon scattering, [IS and The overall power factor is maximal ~ 5x larger for
gated nanowires compared to doped ones. This is resulting from the missing ionized im-
purity atoms, which have a large impact on the electrical conductivity for concentrations
above ~ 10'% per cms. Here, [lIS] dictates the overall mean free path of carriers (~ 1 nm)
[12,[13]. It can be seen that even though the Seebeck coefficient is squared in the [PE| the
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exponential increase of o overpowers the decrease in «. Additionally, surface roughness
influences the [PEl just slightly at very high carrier concentrations. is weak since
small electric fields (~0.2 MV/cm) are sufficient enough to enable an accumulation layer,
and [SRS] gains significant impact not before 0.4 MV/cm. [15]

Energy Filtering

To enhance the [PH further, energy filtering is considered to be beneficial. Here, carri-
ers are no longer in equilibrium since their average velocity changes while passing over
potential barriers in the material. These barriers can be implemented as superlattices in
nanowires or 2-D structures, and as nanocomposites in bulk material.

Although it has not been proven experimentally, theoretical studies indicate an enhance-
ment of up to ~ 40 % for the [PEI[15]. In practice, several design elements have to be
optimized and controlled, considering that energy barriers usually decrease o drastically.
Researchers determined specific parameters regarding the geometry of the superlattice
and shape of wells and barriers: (i) within the well, the carrier energy has to be semi-
relaxed. Too large wells result in diffusive transport and reduce the capability of the
barrier to increase the Seebeck coefficient, since the barrier volume is just a small part
of the total volume. If the wells are too short, on the other hand, electrical conductivity
degrades since too many interfaces need to be overcome. (ii) barrier widths have to be
short enough for a low channel resistance, but wide enough to prevent tunneling, and
furthermore (iii) EF needs to be placed high enough in the bands to enable high electrical
conductivity and ~ kg T below the barrier maximum. For common semiconductor, e.g.
Si, a barrier thickness of a few nm seems desirable. For larger barriers, the risk of carrier
relaxation on top (at lower energies), and therefore a degrading of o, is increasing. [12,
15,16, 59]

Figure[2.79|demonstrates the impact of a superlattice structure implemented in a nanowire.
Although ¢ and « follow the same trend compared to bulk material, the power factor can
still be enhanced (compare magenta dashed line for bulk material with black lines for
superlattice - dashed for smoothed barrier and solid line for sharp barrier). The over-
all carrier energy in the superlattice is higher than in bulk material, since wells locally
increase o and barriers locally increase « without decreasing the electrical conductivity
significantly. If Eg is sensible placed with regard to the barrier height, high energy carriers
can still overcome the potential. [15]

A series of theoretical studies investigated the dependency of the [PE| enhancement on
construction differences of barriers and wells. It is important to stress out that reasonable
variations in barrier width and height do not degrade the power factor severely. However,
barriers allowing either tunneling or large energy relaxation for carriers could degrade the
power factor below bulk values, as mentioned above. A variation of 10 % in height already
eliminates the gained benefits from a superlattice structure and the overall power factor
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Figure 2.19: Calculated (a) electrical conductivity, (b) Seebeck coefficient, and (c) power factor
versus the reduced Fermi energy for a barrier height of 0.16 eV. Magenta dashed line: optimal
[PH of single barrier material (usually bulk), and black dashed line: optimal [PEl for superlattice with
smoothed barriers. Insets in (c): potential profile in channel for sharp and smoothed barriers,
adapted from [15].

is restricted by the highest barrier. Interestingly, a smoothed barrier enhances more than
a sharp one which introduces stronger quantum reflections, thus diffusive carrier trans-
port and a limitation to o. On the other hand, the shape of wells seems to be irrelevant.
However, smaller wells result in larger heat resistance, suitable for thermoelectric appli-
cations. [17, 63, 64]

Barriers can be implemented in various ways, e.g combining different materials or due to
grain boundaries in nanocrystalline systems. Regarding different materials within the su-
perlattice, the Seebeck coefficient can improve further if the thermal conductivity differs
for barrier and well. Thesberg et al. showed that the region with lower ~ dominates the
overall Seebeck coefficient. [17]

A detailed study of nanocrystalline materials, where barriers are introduced by grain
boundaries, was carried out by Neophytou et al. and can be seen in [12}[13].
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3. Methods

This chapter focuses on the description of device fabrication and employed measurement
techniques. Key points are the silicon nanowire synthesis and implementation of gold
segments. Furthermore, the thermoelectric characterization will be explained. All work
was carried out in the cleanroom and laboratories of the institute of solid state electronics
(TU Vienna), except for the transmission electron microscopy (TEM) analysis. Additional
information on the equipment can be found in appendix A.

3.1 Synthesis of Nanowires

While GaAs and heavily doped Si (Si n**) nanowire substrates were provided by project
partners, intrinsic SilNWI (i-Si) substrates were self-manufactured. Possible process tech-
niques can be divided into two main methods: top-down and bottom-up. The difference
between these two is that for a top-down process material has to be removed, by e.g.
etching or ion beam milling, in order to form the nanowire structure. For bottom-up, how-
ever, material needs to be added and aggregate. The later technique is utilized in this
thesis.

The employed growth process is based on the vapour-liquid-solid (VLS) method, see
Figure [3.1] Accordingly, the [111] silicon substrates had to be prepared to ensure a [NWH
quality as best as possible. Typical for a[VLS}process is the presence of a catalyst in form
of droplets, which is mostly gold for silicon nanowire synthesis. To position these droplets
onto the substrate two methods were used: sputtering of a gold target or the dispensation
of colloids with certain size. To ensure an intimate contact between gold and silicon and
therefore epitaxial growth, the substrates were dipped into buffered hydrofluoric acid (HF)
to remove the native silicon oxide layer. Due to the fact, that Si tends to diffuse through
the Au over time and forms again a native oxide layer on top, an additional HF-Dip is
required promptly before the growth process.

The [VLS] process was first introduced by Wagner and Ellis in 1964 [65]. During the pro-
cess, the silicon substrate with Au clusters is heated up above 363°C. This is the eutectic
temperature considering the silicon-gold-phase-system [66]. At higher temperatures, lig-
uid Au-Si alloy droplets form on the substrate surface. The gaseous precursor (here
silane) will then be adsorbed and interact with these liquid clusters. SiH, bonds break
and the Si atom is integrated into the Au-Si alloy, leaving two volatile H, molecules behind.
At a certain point, the droplet will be saturated with Si atoms and epitaxial silicon layers
will form at the substrate-catalyst interface. With regards to an ongoing process, the Au
alloy will be lifted from the substrate surface enabling the nanowire growth. Figure (3.1
displays the key steps. [67]
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Au cluster
SiH,
A\ H,

Si atom

Figure 3.1: Sketch of Si nanowire synthesis via VLS process: (a) Si substrate after Au deposition
via sputtering or colloids, (b) heating up of substrate and gas inlet of SiH, and H,, (c) adsorption
and diffusion of Si atoms at Au droplet and growth of [Nl

Due to the disuse of the [NW}oven over several months, a reestablishment of the former
process had to be realized. Therefore, several tests were necessary to ensure good
quality of the NWk. Required were wires at least 2 um in length and with diameters
ranging from around 20 up to 100 nm, as well as a low surface roughness.

Table[3.1]displays the chosen settings for growth-experiments resulting in nanowires. The
parameters were chosen after inspecting results of each previous sample via scanning
electron microscopy (SEM).

The applied gas flow was always at 10 sccm for H, and 100 sccm for SiH, during the
heating-up, growing and cooling-down phase, if not stated differently. To eliminate para-
sitic influences, the glass tube was flooded with He for 5 min at 3 mbar with a gas flow
of 70 sccm after reaching the minimum pressure and before heating-up. Several colloid
sizes indicate the number of different samples treated the same way additional to the
sample, which was sputtered. To enable a better distribution of colloids on the surface
isopropanol ([sq) was mixed with the colloid solution.
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Table 3.1: Process parameters for growing experiments

Temperature Pressure Time Comments Colloid size Sputt_er-
duration
in °C inmbar  inmin in nm ins
550 3 10
1 530 6 60 3
2 550 3 10 heating-up 3
530 6 60 without SiH,
550 3 10 heating-up
3 530 6 80 without SiH, 80 3
cooling-down
4 550 3 80 without H, & SiH, 30, 50, 80 2
cooling-down
5 550 15 80 without H, & SiH, 30, 50, 80 2
cooling-down
6 550 15 80 without H,, & SiH, 30 & Iso 2
7 550 50 30 cooling-down 30 & Iso 2

without H, & SiH,

(2 rows per experiment for pressure and time indicate the different process phases, which were
run successively. Each colloid size and sputter duration was deposited on a separate sample.)

3.1.1 Implementation of Gold Segments

By introducing gold segments into the [NW] crystal structure, the thermoelectric perfor-
mance of Si and GaAs nanowires shall be improved accordingly. First, the native oxide
layer on the sidewalls of the nanowires had to be removed. Hence, small pieces of sub-
strates covered with the i-Si, Si n** and GaAs[NWis were cleaved and dipped in buffered
HF and a 1:1 mixture of HCI and H,O, respectively. Subsequently, 4 nm of Au were sput-
tered onto the samples and an oxide shell of approx. 20 nm was deposited via plasma
enhanced chemical vapour deposition (PECVD). By applying flash lamp annealing (ELA),
the core of the nanowire liquidates and recrystallizes whereas the oxide layer stays solid
and keeps the shape of nanowire. Starting [ELAl process parameters originated from the
work of [68] and were changed subsequently depending on the experimental results.
The substrates were preheated for 10 min to enable a temperature equilibrium within the
whole process chamber and afterwards exposed to halogen lamps for 20 ms. The pro-
cess parameters for Si and GaAs NWs are shown in Table [3.2] respectively. Sample i-Si
and Si n** were processed together for identical process parameters.
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Table 3.2: Parameters for [ELAl process

Preheating Energy

Sample Temperature Impact
in °C 4,

i-Si 600 80
70

60

without 70

80

90

350 90

80

Sin** 600 80
70

without 70

80

90

350 90

80

GaAs 300 35
40

without 40

60

The applied energy was realized for 20 ms. Temperature settings for preheating apply for rows
below until a different parameter is stated.

Thereafter, the samples were examined via wherefore the oxide shell was partly
thinned using buffered hydrofluoric acid. To analyze the semiconductor-metal interface,
GaAs nanowires were additionally inspected with a [TEM by M. Stéger-Pollach (TU Vi-
enna) providing also electron energy loss spectroscopy (EELS) and energy-dispersive

X-ray spectroscopy (EDX).

Since smaller diameters are desirable for thermoelectric application, a GaAs NW sample
with gold segments was again wet-etched, first in HF and thereafter in HCL:H,O (1:1)
solution.

Multiple [FLAF experiments

Multiple [ELAlexperiments were carried out with GaAs nanowires. Therefore, a GaAs-
[NWilsample was flashed eight times and six distinctive wires were inspected after each
flash with For the first 7 runs, the sample was heated up to 300°C for 10 min
and exposed to an energy impact of 40 J/cm?2 for 20 ms. The last flash was processed
accordingly with an energy of 60 J/cm?2.
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3.2 Manufacturing of Measurement Substrates

In order to determine the thermoelectric properties, nanowires had to be implemented
into measurement structures providing three important features: enabling one-sided heat-
ing of the [NW|, determination of electric characteristics and temperature on every wire
edge. Figure[3.3[shows an overview of the measurement structure with attached nanowire.
A silicon wafer with a 100 nm thick oxide passivation layer was used as a substrate.
First of all, backgate contacts and markers, required for the following e-beam lithography,
were fabricated via optical lithography, followed by an HF-etching process. Subsequently,
these features were established by sputtering 130 nm of gold on top of 6 nm titanium
(serves as bonding agent) and an over night lift-off in acetone (Ace). In a following step,
nanowires were deposited onto the substrate. Figure [3.2illustrates the subsequent pro-
cedure. E-beam lithography provides the possibility to select specific nanowires and
fabricate circuit paths to facilitate measurements with a needle prober. Hence, PMMA
was spinned-on the sample, and subsequently measurement features, contacting one
wire each, were exposed to an electron-beam. After resist developing and HF-Dip, 6 nm
Ti and 140 nm Au were evaporated to get a higher yield for the lift-off due to minimum
feature sizes and distances of about 1 — 2 um. A total of six measurement samples was
fabricated in this manner with i-Si, Si n** and GaAs nanowires, as well as the correspond-
ing wire-type with implemented gold segments, respectively.

The overall layout of the structure with dimensions can be seen in appendix B.
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Figure 3.2: Schematic of fabrication of measurement structures: (a) deposition of NWk on Si
wafer mit SiO,-layer, (b) spin on of PMMA resist, (c) e-beam lithography of measurement struc-
ture, (d) after developing resist, (e) Ti & Au evaporation for contacts, and (f) finished sample after
Lift-off in[Acel backgate contacts not sketched.
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3.3 Evaluation of Thermoelectric Properties

The measurement technique is based on the work of [69]. For this work, the layout
of the structure was modified to save space and process time. The design consists of
a heater structure and a resistive thermometer, mirrored at the middle of the nanowire
(see Figure[3.3). This system enables to measure the Seebeck coefficient and electrical
conductivity for different temperature gradients over the NWL

Figure 3.3: Detail of the measurement structure with an additional zoom of the pinned nanowire.
The labelling of the different circuit paths explains the measurement procedure. Black continuous
line: heating circuit; grey dashed line: determination of temperature at resistive thermometer;
green dashed line: |-V characteristic line; orange dashed line: thermovoltage.

3.3.1 Electrical Characteristics

If not stated differently, all measurements were carried out as 2-point measurements due
to the design of the overall structure. The measurements were realized by using the
semiconductor analyzer and overall six needle probes in a black box.

I/V Characteristic

Current-voltage-measurements were carried out with a floating backgate contact and one
needle set on each side of the nanowire, later referred to as source and drain contact (see
Figure [3.3]circuit 2). Depending on the NWitype, different voltages needed to be applied
to facilitate a sufficient signal. While one contact was forced to ground level, the other
one was swept from [—5; +5] and [-10; +10] for i-Si, [-0.5;+0.5] and [—1; +1] for Si n**,
as well as [-0.5;+0.5] and [-2.5;+2.5] for GaAs. All values were set in volt and the
source-drain-current was measured, accordingly. The resistivity for each wire can then
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be determined by the slope of the I/V characteristic line close to Ipg = 0 A and the specific
dimensions of the NW]|

p=R-

>

(3.1)

where A is the cross-section and / the overall length. When the relation o = % is taken
into account, the electrical conductivity can then be calculated.

Transfer Characteristic

To ensure that the self-grown intrinsic silicon nanowires are truly intrinsic, transfer charac-
teristics were recorded. Thereby, the drain voltage was set to 5 V and the source contact
grounded. The silicon substrate served as backgate with the oxide layer as gate electric,
and the backgate voltage was swept from —10 Vto +10 V.

3.3.2 Determination of the Thermal Offset
Resistive Thermometer

Since thermoelectric parameters are strongly dependent on the temperature, an accurate
determination of the thermal bias over the nanowire is required. This was realized by
implementing a resistive thermometer on each side of the wire. In order to calibrate the
temperature coefficient, the sample was analysed with the Keithley 4200 needle prober.
Therefore, the whole sample was heated up from approximately 298 K to 373 K in steps
of 5 K. A 4-point measurement was performed to eliminate parasitic resistances, see
Figure circuit 1. For the measurement, a current of 100 pA was forced into the
structure at Iyign. liow Was set as ground and the backgate was floating. The voltage drop
over Vhign and Vi, was taken to measure the resistance

Ry = Viow ~ Vrigh (32

I/ow

R-Ro=a-(T—T,)Ro (3.3)

Equation [3.3|describes the dependency of resistance on temperature and gives the tem-
perature coefficient « of this set-up as slope in a resistance-temperature-diagram. During
these measurements the heat was applied on the whole sample via the chuck.
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Temperature Gradient over Nanowires

The temperature gradient over the nanowire was obtained by implementing a heater
structure on each side of the wire (Figure [3.3). A voltage was only supplied to one
heater structure, leaving the other one floating (Vyear = 0). Measurements on the resis-
tive thermometer were then carried out at each side for 3 min to reduce the influence of
disturbances.

3.3.3 Determination of the Seebeck Coefficient

Two different measurement methods were employed to determine the Seebeck coeffi-
cient. By comparing both outcomes, flaws in the fabricated structure, the nanowire pin-
ning or during the measurement could be evaluated and the results can be interpreted
more reliable.

via I/V shift

A very smart method determines the thermovoltage from the shift of the I/V character-
istic line. Therefore, data is collected at equilibrium state and under thermal bias, as
explained in section This technique was successfully employed by [70, |71]. Fig-
ure demonstrates that the intersection at /pg = 0 shifts with increasing temperature
gradient.
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Figure 3.4: Determination of thermovoltage via I/V characteristic line. The intersection shifts at
Ips = 0 due to the applied thermal bias. The difference to equilibrium state is Vjy,.

via Voltage Measurement

Another technique measures the thermovoltage directly as indicated in Figure [3.3]in cir-
cuit 3. Therefore, no current is conducted through both contacts and solely the voltage is
measured at each end of the nanowire. The resolution limit for voltages of the analyzer
is 250 pV which is sufficient enough to permit reliable measurements. If the voltage dif-
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ference over the wire is taken for every temperature regime, the thermovoltage can be
calculated with regard to Vpg for no heating

Vin = Vpsav — Vbsov (3.4)

Both methods lead to the thermovoltage which can be inserted into Equation [2.7]to cal-
culate the Seebeck coefficient for known temperature differences.

3.3.4 General Measurement Procedure

A complete run included several separate measurements: By adjusting the heating volt-
age Vyea in 1V steps from 0—4 V on one side of the and leaving the other one
floating, the framework requirements were set. For every Vi, four measurements were
needed, see Figure 3.3}

+ voltage difference for both resistive thermometers (grey dashed line):
to determine the temperature gradient over the NW

* I/V characteristic curve with variable voltage supply (green dashed line):
to determine the resistivity and thermovoltage of the NW

+ voltage difference over NW without applying current (orange dashed line):
to determine the thermovoltage of the [NWI

For I/V characteristics and V;, measurements, the electrode alongside the employed
heater was always set as source Vg = 0 V. Therefore, possible leakage currents which
would alter the measurements can be avoided.
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4. Results

This chapter presents all important results combining synthesis, gold segment imple-
mentation and thermoelectric characterization. Although several gold segments were
introduced in all wire-types, the determination of o was not successful for both silicon
[NWHtypes, and therefore will not be displayed here.

4.1 Synthesis of intrinsic Silicon Nanowires

Requirements for the nanowire shape arise from the design of the measurement struc-
ture and thermoelectric favorable characteristics. Therefore, a length of at least 2 um,
diameters ranging from 20 up to 100 nm and a low surface roughness are desired.
Figure [4.1] displays the overall progress by showing the results of experiment 1, 4, 5 and
7, respectively.

For sample 1-3, the growing procedure consisted of two parts. During the first one,
the sample was heated up to 550 °C for 10 min at a total pressure of 3 mbar. Subse-
quently, the temperature was reduced to 530 °C. The pressure was increased to 6 mbar
for another 60 and 80 min, respectively. Sample 1 showed sporadically nanowires with
a maximum length of 5 um (Figure (a)). The [NWs displayed a very rough surface
covered with whiskers. The minimum diameter of the NWiks was around 120 nm. Addi-
tionally, the majority was distorted and spiral. To decrease the surface roughness and the
diameter of the NWs, the silane gas flow was first activated when 550 °C were reached
and colloids with a diameter of 80 nm were used. These modifications were carried out
in experiment 2 and 3, respectively. The analysis showed a higher density of NWk. How-
ever, the appearance was still spiral with whiskers covering the whole NW| surface. To
prevent the growth of whiskers while cooling-down, the process gases were disabled for
experiment 4. The sputter duration was decreased to 2 sec and smaller colloids were
used to implement the required diameter sizes. Furthermore, the second temperature
phase was neglected and the first extended. Thereby, a higher density of NWks could
be achieved along with an increase in length of straight sections up to 4 um. However,
Figure (b) displays that the nanowires were strongly tapered and possessed still too
many whiskers. Further, the diameters differed wildly in particular on the sputtered sam-
ple. A rise of the process pressure achieved the favoured appearance of long NWk up
to 25 pm without any whiskers, in experiment 5. Nonetheless, Figure [4.1] (c) shows that
the nanowires are formed by several sections converging under varying angles, which is
unfavorable for reliable measurements. Additionally, large cluster of gold colloids were
observed on former samples, due to the surface tension of the carrying solution. This
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caused minimum diameters of only 80 nm even for the 30 nm colloids. Hence, the colloid
solution was mixed with [[sal before dispensing it onto the substrate in experiment 6. This
resulted in a minimum diameter of around 60 nm. The process pressure was increased
to 50 mbar due to the fact that a higher pressure results in thinner nanowires. Subse-
quently, the desired diameter range from 20 to 100 nm could be achieved in experiment
7, see Figure [4.7](d). The samples showed a high density of very long and straight NWis
with a sufficient amount of different diameters.

9 g

*
¥

(c) Experiment 5

Figure 4.1: SEMimages of the experiments (a) 1, (b) 4, (c) 5 and (d) 7 after the growth-process.
The progress from sporadic coverage and unshaped nanowires towards long, straight ones with-
out whiskers is evident.
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4.2 Implementation of Gold Segments

Independent of nanowire type, all experiments were reproducible with yielding roughly
the same amount of segments per wire each time. The parameters for first flash lamp
experiments were chosen with regard to the work of [68], respectively.

4.2.1 Intrinsic Silicon

For the first 3[ELAl processes, all samples were preheated for 10 min at 600 °C to enable
thermal equilibrium during the annealing process. In all three experiments, the samples
showed molten masses at the edges and a high density of newly formed clusters, combin-
ing several nanowires (see Figure[4.2] (a)). Gold segments were sporadically distributed
and only found in very thin [NWs, marked by orange circles in the figures. However, the
sample were unsuitable for device fabrication due to the high cluster formation tendency.
To decrease the energy impact, three additional experiments were carried out without
preheating and respective flash energy, see Table [3.2] Additionally, growth samples from
colloids were chosen because of a lower wire density. With rising energy impact in-
creased the amount of implemented segments. However, cluster formation still appeared
and white dots in Figure [4.2 (b) indicate that not all gold is incorporated and molten dur-
ing the annealing process. A final attempt was made by increasing the energy impact on
the nanowires slightly via low preheating (350 °C). The amount of gold segments within
a single wire increased greatly, and by reducing the lamp energy slightly to 80 J/cm?
destruction of the shell could be avoided (see Figure (c) blue circled area). Conse-
quently, Figure [4.2] (d) displays the process yielding the best result with a high amount of
segments in single wires with different diameters, including a heating of 350 °C for 10 min
and a flash energy of 80 J/cm? for 20 ms.

[P ¥ % i [ Gy
(a) preheating for 10 min @ 600 °C, flash: 70 J/cm2  (b) without preheating, flash
for 20 ms

1 90 J/cmz for 20 ms
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b o87% ./ 05" 4 3pm o b am
(c) preheating for 10 min @ 350 °C, flash: 90 J/cm2 (d) preheating for 10 min @ 350 °C, flash: 80 J/cm?
for 20 ms for 20 ms

Figure 4.2: images of the Au implementation experiments (a) strong cluster formation and
destruction of NWk due to high energy impact, (b) lower energy impact leaving a high amount
of gold unincorporated (white dots on the nanowire surface), (c) local destruction of nanowire
shell (blue circles) and (d) high amount of segments within a single nanowire. Gold segments are
indicated by orange circles. The oxide layer was thinned via 10 s HF-dip.

4.2.2 Heavily doped Silicon

The provided growth substrates appeared very differently due to a lower nanowire den-
sity compared to the self-grown i-Si substrates. Additionally, several nanowires originated
from the same surface spot forming a bunch of wires with wildly differing diameters, dis-
played in Figure (a). The surface was rather rough due to agglomerations in form of
round clusters and irregular bending.

Generally, the trend of gold implementation into heavily n-type silicon is similar to the
intrinsic silicon samples, although no cluster formation was detected. With a preheat-
ing temperature of 600 °C segments were only implemented in wires with a diame-
ter < 70 nm for high energy impact, and into smaller NWss for decreasing energy. The
majority of wires with segments exhibited only one segment each. Furthermore, Fig-
ure [4.3| (b) indicates that gold tended to form a surface layer instead of diffusing into the
silicon structure.The experiments without preheating did not yield improvements regard-
ing the implementation into thicker wires. However, the amount of segments per [NW|
was increased. By heating the sample with 350 °C and a high energy impact, several
segments in wires with diameters up to ~ 100 nm were realized. Figure (c) visual-
izes the improved outcome. It should be noted that the inverse colouring displays gold in
black. Additionally, no oxide thinning was done before this analysis, therefore the
segments appear dot like.

Au-Si interfaces appear less sharp compared to intrinsic silicon samples, which makes
the determination of segments difficult.
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(b) preheating for 10 min @ 600 °C, flash: 80 .J/cm2
for 20 ms

Figure 4.3: images of the Au
implementation experiments (a) Si n**
as grown before processing, (b) inverse
colouring: gold forming a surface layer on
the wire (black region), (c) inverse colour-
ing: high amount of segments (black area
in NW) within a single nanowire (oxide
layer was not thinned before this
analysis).

(c) preheating for 10 min @ 350 °C, flash: 90 J/cm?
for 20 ms

4.2.3 Gallium Arsenide

The provided GaAs [NWk were fabricated via molecular beam epitaxy, resulting in a sub-
strate of single standing wires. Due to attractive forces they tend to form haystack like
structures (Figure (a)). Generally, a significant higher density of segments per wire
was introduced in GaAs compared to Si. Again the results show that with increasing
temperature gradient during the process the amount of segments rises, compare Fig-
ure (b) with (c). Further, nanowires with larger diameter are more likely to implement
segments. However, a process without preheating and flash energy of 40 J/cm? yielded
fake segments as well. At first sight, they appear like real segments but turning the wire
reveals an interrupted nature, as can be seen in Figure [4.4](d).
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(b) preheating for 10 min @ 300 °C, flash:
35 J/cmz for 20 ms

3 B
(c) without preheating, flash: 60 J/cm?2 for 20 ms (d) without preheating, flash: 40 J/cm?2 for
20 ms

Figure 4.4:[SEM/images of the Au implementation experiments (a) GaAs sample as grown before
processing, (b) and (c) comparison of temperature difference during the process on the amount
of implemented gold segments, and (d) turned wire reveals fake segments. Gold segments are
indicated by orange circles. The oxide layer was thinned via 10 s HF-dip.

Since GaAs wires generated the best results regarding the implementation of gold seg-
ments, further analysis of these wires was carried out. It focused on the behaviour of
segments after multiple flashes, as well as Au-GaAs interfaces and void investigations

via[TEM.

Multiple Flashes

To get a deeper inside on segment formation, multiple flashes were carried out on the
same substrate. Six distinctive nanowires were investigated after every process. 50 % of
the wires changed their appearance detectable via during the first 7 flashes. The
process parameter included preheating for 10 min at 350 °C and an energy impact of
40 J/cmz for 20 ms. Figure shows exemplary the change during the first flashes. The
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pictures were taken in inverse colouring, illustrating gold as darker phase. Segments
positioned in the middle of the wire vanished and a larger one formed on the left end
with differing interface after several [ELA| steps. With additional flashes more segments
dissolved, forming a larger phase at the end of the NWL The last flash had a higher
energy impact with 60 J/cm2. This resulted in two effects. On one hand, the nanowire
consisted afterwards of one single phase with a void at the right end (bright point). On
the other hand, the background differs strongly from the previous experiments, indicating
that gold is no longer present.

" BN

(a) after 1. flash

- 3 .‘} - ‘l . :

ppi~ )

Ay B T AL R

3¢ e‘g "”3;‘-."\; g\i‘ -

s P i %
RN

(e) after 8. Flash

Figure 4.5: [SEMimages of the Au implementation experiments (a) GaAs sample as grown before
processing, (b) and (c) comparison of temperature difference on the amount of implemented gold
segments, and (d) turned wire reveals fake segments. Gold segments are indicated by orange
circles. The oxide layer was thinned via 10 s HF-dip.

49



4. Results

TEM Analysis

[SEMlimages of silicon and gallium arsenide wires often revealed a third phase within the
nanowire which could not be assigned to gold or the semiconductor material. In order to
identify this phase, [TEM analysis in combination with EELS] and [EDX| was carried out at
the wires displayed in Figure 4.6

Figure 4.6: image of wires for [EMl analysis with voids. (1) indicates the postion for EELS|
to determine the phase. [TEMI closeup (left) of 2. void. This image corresponds to position and
size of the EDX] analysis. The phases adjacent to the void are gold.

Two techniques, and were employed to determine the third phase. (1) in
Figure [4.6] indicates the position where electron energy loss spectroscopy was realized
in the middle and at the edge of the wire, respectively. The gained spectra are shown
in Figure By extracting the background signal (red lines), the green signal close to
the x-axis is obtained, revealing only SiO, as material in the border region. The second
spectrum in (b) can be related to noise and a very low SiO, signal for the middle position.

Due to the high electron intensity during the analysis, the oxide shell collapsed at point
(1). Therefore, EDXl analysis was done at point (2) in Figure [4.6] The resulting spectrum
is shown in Figure The signals of C, Cu, Fe and Co can be neglected since they
originate from the substrate holder and the X-ray source. Considering the excitation spot
being larger than the void area, silicon oxide and gold are detected as well. It can be seen
in Figure (2) that two Au segments adjacent the void. Interestingly, a small amount
of gallium is still left in the gap, detected by [EDX| and also visualized by [TEM imaging.
However, no arsenide was found.

The oxide shell around the wire was found as continuum.
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Figure 4.7: [EELS| spectra of void region (1) in Figure [4.6]at the edge (a) and in the middle (b) of
the wire. Except for the deposited SiO, shell was no element detected. y-axis displays counts.
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Figure 4.8: [EDX spectrum of void area: C, Cu, Fe and Co signals can be attributed to the
sample holder and X-ray source, respectively. Interestingly, no arsenide was detected although

the semiconductor material is still visible in the void.
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Furthermore, Au-GaAs interfaces were analyzed. Key factors were the semiconductor
material in front and after a segment, as well as the nature of the interface itself. Two
segments at the left end of the nanowire in Figure (d) were inspected. Exemplary,
Figure [4.9] (a) and (b) display both sides of the first segment. It can be seen that the
interface is not atomic sharp as suspected for GaAs [68]. To gain the orientation of
GaAs, Fourier transformation was applied extracting the wire signal from the background
noise (induced by the carbon membrane). Therefore, the distance between single atoms
could be measured. To minimize measurement errors, the whole distance between 10
atomic layers was taken and divided by 10. This technique was carried out for four
different regions within the nanowire. Distances from 3.20 to 3.22 A were determined. By
assuming a zincblende structure, the lattice plane distance dy,, can be calculated from
the lattice constant a and the specific Miller indices

g2

h? + k2 + |2 (4.1)

Ok =
with a = 5.65 A for GaAs the distance between neighbouring planes for [111] orientation
is 3.26 A. Therefore, with a maximum error of ~ 1.8 % it can be assumed that all regions
were [111] orientated. However, further analysis with convergent beam electron diffrac-
tion showed that although the orientation is the same, areas separated by segments
are rotated against each other. A complete melting of the core material is necessary to
facilitate this result.

(a) left interface at first segment (b) right interface at first segment
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Figure 4.9: [TEM images of the in-
terfaces left (a) and right (b) of the
first right segment of the NWI in Fig-
urel4.4{(d). (c) displays the structure of
this gold segment and reveals stacking
faults and grain boundaries. The back-
ground noise especially in (a) and (b)
is caused by the substrate holder (car-
bon membrane).

(c) structure of first gold segment

An inside of the first gold segment reveals grain boundaries and stacking faults (see
Figure [4.9). Via diffraction analysis it was found that gold is as well [111] orientated.

Additional wet-etching after Segment-Implementation

The thermal conductivity can be influenced by decreasing the diameter of the nanowire,
as explained in Section Therefore, GaAs nanowires were wet-etched once more
after implementing gold segments. First, the substrate containing wires was dipped for
32 s in HF. Usually, metal-catalytic etching appears for silicon in HF with Au atoms, and
was expected here. However, after removing the SiO, shell GaAs was etch rather slowly
and no significant reduction of the diameter was detected. Accordingly, after formation of
a native oxide around the GaAs segments another etch process was carried out, involving
5 s in HCI:H,O (1:1) solution. A thinning of the material was detected via [SEM analysis
as can be seen in Figure With regard to the displayed nanowire, a thinning of
~ 35.5 % was implemented, assuming that the gold segments are not effected (mean
diameter: GaAs ~ 24.5 nm, Au ~ 38.0 nm). However, this high influence was only
detected for [NWs with small diameters of around 40 nm, as shown in Figure [4.10]

Figure 4.10: Thinning of GaAs [NWI after implementing gold segments via wet-etching with HF
and HCL:H,O (1:1) solution. The diameter of GaAs segments was reduced by 35.5 % assuming
no influence on the gold parts.
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4.3 Determination of the Thermal Offset

The key element to determine the Seebeck coefficient is a sufficient method to detect
the temperature at both ends of the nanowire. Therefore, calibration of the resistive
thermometer and temperature measurements during the experiments were carried out
as described in section

4.3.1 Calibration of the Resistive Thermometer

Figure [4.11] shows the resulting resistance of a resistive thermometer in dependency on
the overall temperature. Each value was determined by sampling for 5 min to ensure
equilibrium, resulting in the displayed standard deviation. The slope is determined by
0.01623 2/°C and by taking Equation into account

R=RO<1 +a-(T—To)>

a comparison with values from the literature is possible. R, is the reference resistance
at T, and can be calculated from R = pﬁ. The dimensions of the resistive thermometer
are: | =325 pym, w = 1 ym and d = 140 pym, respectively (see Figure [l in appendix B).
The resistivity of gold at T, = 20 °C depends slightly on the literature [73]. But by consid-
ering aa, = 0.0034 per °C ([20, p. 837]), a slope of 0.01736 or 0.01926 (2/K is obtained.
These results indicate a deviation of 6.5 or 16 % from the measured value.

10.0 4

slope = 0.01623%

9.5

R(Q)

9.0 4

T T T T T T T —T
20 30 40 50 60 70 80 20 100
T (°C)

Figure 4.11: Linear dependency of Au-thermometer resistivity on temperature with standard de-
viation. The slope determines the temperature coefficient with 16.23 m(2/K. Stronger deviations
in the temperature range of 70-80 °C are introduced by self-movements of the needles over the
contact pads.
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The stronger discrepancy from 70 to 80 °C have to be appointed to the self-movements
of the needles over the contact pads, resulting in a different contact compared to other
measurement points. It was not possible to prevent these flaws.

4.3.2 Temperature Gradient over the Nanowire

In Figure [4.12] the temperature profile for a complete measurement procedure is shown,
exemplary. The four stages of applied voltage to the heater are illustrated (0-4 V), as
well as the corresponding change in resistance of the resistive thermometer and the
temperature at each [NWI edge, respectively. Each measurement was carried out for
3 min to decrease the risk of parasitic effects. It is evident that the overall temperature of
the system rises with increasing voltage supply. However, AT over the NW]is sufficient
high to be detected and to enable the determination of the Seebeck coefficient, as can be
seen by the inserted values in Figure [4.12] The standard deviation in Figure [4.12)for an
applied heating voltage of 4 V is 0.85 K and 1.30 K for the hot and cold side, respectively.
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Figure 4.12: Temperature and resistance for each nanowire end by applying a voltage to one
heater in 1 V steps from 0—4 V, respectively. The values are taken with respect to the values at
Vheat = 0 V. The inset numbers display the achieved average temperature difference for every
Vheat- Although T rises at both sides, the increase in AT over the [NW|rises sufficiently as well.

The achieved temperature gradient over each nanowire is critically dependent on the
device geometry and manufacturing outcome. Therefore, the facilitated gradient varied
from 3,3 K to 16, 8 K considering all measured [NW.
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4.4 Determination of the Seebeck Coefficient

As described in section the Seebeck coefficient was measured in two different
ways. One is direct recording of the open circuit thermovoltage i.e. without current flow
through the wire. The other one is an indirect method by determining V4, via shift of the
intersection at Ip = 0 A in the I/V characteristic line. Both data sets will be displayed for
each nanowire type.

To facilitate the same contact properties over all samples, 600 s plasma ashing in oxygen
was carried out prior to any measurement.

Figure [4.13 shows exemplary how the thermovoltage is determined from the I/V charac-
teristic of a heavily doped silicon nanowire. Therefore, the applied heating voltage was
modified in 1 V steps from 0 to 4 V, accordingly. As can be seen in the inset, the in-
tersection at Ip = 0 A shifts with applied thermal bias. This enables to identify V;, for
each heating voltage. By taking the implemented temperature gradient over the wire into
account, the Seebeck coefficient can be calculated using Equation

For less conductive materials like intrinsic silicon, a linear regression was carried out for
I’V lines close to Vp = 0 V to find the intersection point and determine the electrical
conductivity, respectively.
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Figure 4.13: I/V characteristics for a heavily doped silicon nanowire for 4 different heating volt-
ages applied. Inset: zoom in on the intersection at Ips = 0 and marking of thermovoltage for a
Vieat = 4 V on one side of the wire.
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4.4.1 Intrinsic Silicon Nanowires

14 nanowires were connected to thermoelectric characterization structures to measure
the Seebeck coefficient. Out of which 7 yielded reasonable results, with diameters vary-
ing from 34 nm to 152 nm. The rest were dominated by leakage currents or manufacturing
flaws. Figure [4.14]displays « in dependency to the resistivity of each wire for both mea-
surement techniques. It is noticeable that the resistivity differs over a range of 5 orders
of magnitude for self-manufactured silicon wires. On the other hand, « increases by a
factor of ~ 10 from minimum to maximum. The overall trend shows that the Seebeck co-
efficient enlarges with raising resistivity and drops with increasing electrical conductivity.
However, the circled wires in Figure indicate a possible saddle point.

1000 -
®
| |
| |
800 - e H
[ ]
. 6004 ®
x
=
=
5 400
o
| |
200 4 ®
| - ® [/Vline
0 - " Vth
10° 10' 10° 10° 10* 10° 10°
p (Q+cm)

Figure 4.14: Seebeck coefficient for intrinsic Si[NWis, determined by two methods: I/V line shift
and measurement of V. The circled points refer to the same wire in Figure |4.15] respectively.

However, taking the dependency of diameter on resistivity into account (shown in Fig-
ure [4.19) it can be assumed that measurement flaws altered the values since both wires
differ here from the general trend as well. Additionally, the large gap between both See-
beck coefficients signals discrepancies for the green circled wire.

These measurements were carried out with a floating backgate. In a next step, the back-
gate of the i-Si sample was contacted via bonding. To analyze the influence of gating,
the measurement procedure was repeated.
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Figure 4.15: Diameter-resistivity dependency for the measured wires in Figure Circled
values refer to same wires in Figure [4.14]

Gated intrinsic Silicon Nanowires

Prior to the following thermoelectric characterization, experiments were realized to de-
termine whether a positive or negative backgate yields the highest conductivity. As a
result, a constant backgate of Vg = —20 V was implemented for the following investiga-
tion. Out of 7 wires on the i-Si sample survived 4. Their Seebeck coefficient is displayed
in Figure for both measurement techniques, respectively. Additionally, the data for
a floating backgate are shown for comparison. Same colours represent the same wire.
Remarkable is that apparently the resistivity of the nanowire increases with applied back-
gate. In general, the trend is similar to the floating set-up, « increases with larger resis-
tivity. However, the slope appears a bit steeper, which is mainly a result of the drastically
improved Seebeck coefficient of the last wire. « was determined as almost 3 times higher
with applied backgate for this wire.

To understand the increase in resistivity, transfer lines were carried out for each intrin-
sic silicon nanowire. Therefore, a constant voltage of 5 V was employed over the wire,
and the backgate was swept from —10 V to +10 V in 100 mV steps. A selection of
transfer characteristics is shown in Figure It is evident that each wire has unique
conductivity properties. However, the process did not generate truly intrinsic wires.
Generally, an ambipolar nature with unbalanced p- and n-branch was detected. A higher
and steeper flank in the negative backgate regime was found for every NW, indicating
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Figure 4.16: Comparison of the Seebeck coefficient for the same intrinsic SilNWk in a set-up with
floating backgate and Vz = —20 V applied. Again data points of both o determination techniques
are shown. Same colours represent the same wire.

p-doped structures. Interestingly, not all wires had the lowest electrical conductivity at
Vs = 0V, which could be an evidence for the increase in resistivity. A more detailed
discussion can be found in Section
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Figure 4.17: Transfer characteristic lines of three intrinsic silicon nanowires, exemplary, indication
a p-type nature of self-manufactured intrinsic silicon wires.
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4.4.2 Heavily doped Silicon Nanowires

A sample with 16 heavily doped Si[NWks was fabricated, yielding a total of 7 measurable
wires. Figure shows the data for all structures, respectively. The resistivity for all
wires is within a range of 0.004 2cm. Due to the n-type material, a negative Seebeck
coefficient is obtained. Coming from high resistivities, a decrease of « is noticeable sim-
ilar to the trend for intrinsic silicon. However, below 0.002 2cm the Seebeck coefficient
rises drastically to a maximum at ~ —80 pV/K, which is twice as much as the minimum
of ~ —37 uV/K at a resistivity only larger by a factor of 2.
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Figure 4.18: Seebeck coefficient for heavily doped SINWk determined by two different tech-
niques. « is negative due to doping with phosphorous. Circled data refer to the same wire in

Figure A stronger influence of the diameter compared to the doping is suspected for these
wires.

Figure shows the diameter for every wire over their resistivity, respectively, ranging
from 25.4 nm to a maximum of 81.8 nm. The circled data refers to the same wire in
Figure These four wires are within the range of 0.001 f2cm, and posses clearly
different diameters. Since the course of the data in Figure[4.19|mirrors roughly the course
in Figure [4.18] a stronger influence of the diameter on « is suspected.
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Figure 4.19: Diameter-resistivity dependency for the measured wires in Figure Circled
values refer to same wires in Figure These values indicate a stronger dependency of o on
the diameter at this resistivity.

4.4.3 Gallium Arsenide

For the determination of thermoelectric characteristics, 16 GaAs nanowires with different
diameters, ranging from 23.2 nm to 86.0 nm, were implemented in measurement struc-
tures. The data for 9 successfully investigated wires is shown in Figure [4.20] In contrast
to the i-Si sample, the resistivity differs just over 2 orders of magnitude. However, the
exponential trend is similar, indicating again that the Seebeck coefficient rises with de-
creasing electrical conductivity. Here, the dependency between diameter and resistivity
does not follow the same tendency as for silicon nanowires. Roughly the same diameter
exhibits variations in resistivity of two orders of magnitude, see inset in Figure [4.20] This
indicates that the diameter has only a minor impact on the Seebeck coefficient.

Overall, 29 GaAs wires with gold segments were connected to measurement structures.
However, just 7 were measurable due to a high amount of flaws resulting from the man-
ufacturing process. Figure [4.21] shows the obtained data in comparison with GaAs wires
without segments. Their diameters varied between 17.8 nm and 34.3 nm, neglecting the
SiO, shell deposited for ELAl experiments.

Unfortunately, the obtained resistivities are in a region without reference data. However,
these values are forming groups of three similar wires by themselves. If the amount of
segments per wire is taken into account (see inset in Figure [4.21)), a tendency appears.
Higher amounts of gold segments in a wire result into larger Seebeck coefficients for sim-
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ilar resistivities. The maximum value is twice as big as « for wires with the lowest amount
of segments. It should be noted that the identification of segments was carried out with
analysis. Therefore, only clearly identifiable segments are denoted.
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Figure 4.20: Seebeck coefficients of GaAs [NWk with respect to their resistivity value for both
measurement methods. Inset: dependency of diameter on resistivity, indicating a minor role of
the wire diameter on the Seebeck coefficient.
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Figure 4.21: Seebeck coefficient of GaAs [NWk with Au segments in comparison to GaAs wires
without segments. Inset: zoom-in on Au implemented wires with amount of segments indicated
by the adjacent number, respectively. The trend suggests a larger « with increasing number of

gold segments.
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Figure displays the segmented wires with regard to the percentage of length all
segments occupy, respectively. The number next to each data set indicates again the
amount of segments found in the specific wire. Interestingly, a linear dependency arises
for the first 4 wires followed by a sharp decrease in « for the same number of segments.
Afterwards, the Seebeck coefficient increases again with rising gold amount. Therefore,
a higher implementation of gold segments does not automatically yield higher Seebeck
coefficient.
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Figure 4.22: Seebeck coefficient dependent on the percentage of the overall gold segments
length in each wire. Numbers next to data indicate the number of segments per wire.

Figure indicates as well that a higher extent of incorporated gold leads to more
segments and not an automatic increase in segment length. The length of each segment
varies greatly for a single wire with a maximum range of 39.3 nm and between separate
wire with a maximum range of 47.3 nm. The mean segment length was 77.5 nm with
a standard deviation of 12.6 nm. Table shows the detailed properties of each wire
regarding the layout of segments.

Table 4.1: Detailed list of segment properties in each wire

Amount of Percentage of overall Length of segments
segments segment length (descending)
in % in nm
a) 3 10.9 825 73.1 604
b) 3 12.8 103.1 77.0 67.5
C) 4 13.7 79.9 795 79.0 64.8
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d) 5 16.6 86.7 80.2 71.2 67.5 66.9
e) 5 18.8 93.2 909 61.8 61.8 60.6
f) 6 23.1 95.1 922 89.6 89.4 86.5 55.8
9) 6 23.7 96.5 87.7 81.4 69.7 66.5 63.0

4.4.4 Power Factor

The power factor facilitates a comparison of the thermoelectric suitability of different ma-
terials, since it takes the Seebeck coefficient and the electrical conductivity into account.
Figure displays oo for all measured silicon wires, including heavily doped and in-
trinsic ones. To enable a clear arrangement, a mean value for a was taken for each wire,
including both measurement methods.

It is evident that the power factor for heavily doped Si nanowires is larger than for intrin-
sic wires. A difference of 3 orders of magnitudes was detected, resulting in pW/(K2m).
The grouping of 2 or 3 Si n** wires with almost the same [PEl is mainly a result of the
difference in the Seebeck coefficient and not of the electrical conductivity. On the other
hand, intrinsic silicon wires have a very low [PElin the nW/(K2m) regime. Even though the
Seebeck coefficient is up to 2 orders of magnitude higher for intrinsic silicon wires, the
lack in electrical conductivity dominates the [PEL No significant impact can be determined
by gated nanowires in comparison to heavily doped as stated in the theory [15] 55].
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Figure 4.23: [PFlof all measured Si nanowires. Heavily doped SilNWk experience a[PE|3 orders of

magnitude higher than for intrinsic ones. Experiments with backgated wires yielded no significant
improvement.
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Figure [4.24]displays the calculated power factors for all measured GaAs nanowires. It is
evident that wires without segments show very similar [PEs between 1 and 12 pW/(K2m).
The implementation of gold segments seems to lead to noticeable changes. A difference
up to 2 orders of magnitude was detected. Since a reference wire with higher electrical
conductivity shows a very low power factor, it can be said that the improvements are
dominated by the change in the Seebeck coefficient.
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Figure 4.24: Comparison of power factors for GaAs with & without segments, indicating an im-

provement by implementing gold segments.
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5. Discussion

This chapter provides a more detailed discussion of the main results. Arguments will
be presented regarding the improvements during wire synthesis, cluster formation and
phase modulation during [ELAl experiments, as well as different impact factors on the [SCl

5.1 Synthesis of Silicon Nanowires

The obtained data of the growth experiments for intrinsic nanowires revealed a favorable
process at a temperature of 550 °C with a pressure of 50 mbar for 30 min. First of all, wire
growth becomes favorable over thin film formation due to the present of gold droplets.
They reduce the activation energy significantly, resulting in 19 kcal/mol for nanowires
compared to 35 kcal/mol for thin films (with silane as precursor) [74]. This indicates the
true catalytic value of gold.

Gold atoms tend to diffuse out of the droplet in high vacuum, wandering along the wire
sidewalls. A result is a very rough surface covered with additional whiskers, as well
as a bending and kinking of the wire. To enable a smooth surface, hydrogen was ac-
companying the first precursor. Atomic hydrogen passivates the sidewalls and therefore,
prevents a surface diffusion of gold atoms and a catalytic deposition of silicon on the
sides. Furthermore, it restrains the growth of inclined sidewalls, leading to straight NWks
by favoring [111] direction [75]. The experiments show that the increase in pressure fa-
cilitates smoother nanowires with extending straight sections.

In general, a higher pressure leads to a higher partial pressure of all gaseous inlets. As
a result, wires form and grow faster since the growth velocity is linear proportional to the
partial pressure of SiH, [74]. Accordingly, a short process time of 30 min is sufficient
enough for wire exceeding a length of 25 nm. Another advantage of the process,
large varieties of diameters can be manufactured within one growth batch. It should be
noted that different wire radii favour differing orientations. [NWs smaller than 20 nm prefer
to grow along the [100] directions, and above 50 nm [111] is the most common growth
direction. [112] is also possible and occur most frequently between 20 nm and 50 nm
[74]. The diameter can be influenced, e.g. by temperature or partial pressure of silane.
Whereupon, low temperature and high pressure lead to thinner feature sizes. However,
higher temperature reduces kinking [76]. The final process parameters tend to compro-
mise between these dependencies.

Although the nanowires have the same orientation as the substrate, they are not perpen-
dicular to each other, as one can expect. Schmidt et al. pointed out that [111] wires can
grow in four different directions. One is perpendicular and the rest is 70.5° inclined with
respect to the substrate. The amount of diagonal NWk increases for low temperature
processes, and is more frequently found for large diameters. [74]

67



5. Discussion

5.2 FLA results

5.2.1 Cluster Formation

During flash lamp annealing, clusters formed solely in experiments on substrates with in-
trinsic silicon wires. New structures, linking several wires, can only form when all involved
materials melt. Regarding the nature of these experiments, silicon dioxide is the material
with the highest melting point (1700°C). Therefore, the temperature had to exceed locally
the melting point of the shell. Interestingly, heavily doped silicon substrates were exposed
to almost the exact experimental procedures as intrinsic ones. Nonetheless, no cluster
formation was detected. The main difference between both sample types arises from
the coverage of the surface by nanowires. While the Si n** samples display a sporadic
distribution of bunches of wires, i-Si samples exhibit a rather dense packing. Especially
the samples sputtered prior to the wire growth possess a very high amount of wires, see
Figure (d). By implementing colloids mixed with Isopropanol, the overall number of
could be decreased. However, the [ELAl process relies on a high intensity flash of
halogen lamps. If most of the substrate area is uncovered (as for Si n**), the energy
in form of light is either reflected or absorbed from the bulk material, and automatically
transferred to the colder sample holder. Accordingly, most of the incoming energy is not
available. On the other hand, if the whole substrate or even just local spaces are covered
with a very high amount of wires, the light will not be reflected there. In fact, it is more
likely that a high amount is diffracted by [NWks. A convenient set-up of wires can therefore
cause a local maximum energy impact which differs highly from the mean value.

For GaAs nanowires, no cluster formation was detected. Due to the lower melting tem-
perature compared to Si, less energy is required to melt the wire core. This decreases
the probability of shell melting and ergo cluster formation. Additionally, the wires were
grown via Molecular Beam Epitaxy, resulting in a lower coverage rate.

5.2.2 Multiple Flashes

Figure [4.5)in Section [4.2.3]displays the alteration of a GaAs nanowire with Au segments
during multiple flashes. By taking the phase-diagram of Au-Ga-As into account, the for-
mation of gold segments can be explained. GaAs is the dominant compound enabling
a stable interface between semiconductor and gold for relatively small amounts of gold.
This could be a possible explanation for the formation of segments in the first place. How-
ever, certain aspects should be considered. First of all, atoms from both compounds (Au
and GaAs) will diffuse into the adjacent region until the solubility limit is reached. The
2. — 4. [ELAl experiment seem to mark and enhance this process since no significant
change was detected. Altogether, the Au phase represents a ternary solid solution with
different solubility for each material. Since As dissolves poorly, the possibility for a third
phase formation is high, consisting of an arsenide rich compound. The second impor-
tant fact is that As constantly tries to enable equilibrium arsenic pressure, ergo tends to
sublime/vaporize [77].
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By facilitating multiple flashes, continually disintegration of gold is realized, leading each
time to a new formation of the ternary solid solution with varying composition. Addi-
tionally, melting GaAs compounds several times increases the probability of loss in both
materials, and voids appear (see Figure and[4.8). Due to the higher solubility of gal-
lium in gold and its lower vapour pressure, it is more likely to stay inside the shell. After
the final flash, the wire appears to consist of a single phase with a void at the right end. A
possible explanation is that As left the nanowire in a large part, shifting the overall com-
position towards a AuyGa, compound. However, further phase analysis is necessary for
a more precise conclusion. [78]

5.3 Influence of Contact Resistance

It has to be noted that all I/V characteristics were determined via 2-point-measurement.
The contact resistance is therefore present in every data point. However, the samples
for one nanowire type were always positioned on the same substrate. That arrangement
facilitated the same treatment before measurements were carried out. To enable similar
contact properties over one substrate, a plasma ashing process was implemented for
10 min. Accordingly, the impact of contact resistance should be the same, enabling the
analysis of « as a relative trend over a range of resistivities and qualitative statements.

5.4 Seebeck Coefficient

5.4.1 Silicon Nanowires

In general, the determined Seebeck coefficient dependencies on the resistivity for sili-
con and gallium arsenide corresponded with the expectancy. o decreases with rising
electrical conductivity, and increases for larger resistivity values (see Figure in Sec-
tion[2.1.3).

Since intrinsic materials never truly exhibit the same amount of electrons and holes, a
measurement of the Seebeck coefficient yields values different than 0. These semicon-
ductors can be treated as very low doped materials, usually p-type. For silicon, results
were found between 100—1000 uV/K for resistivity values changing with 5 orders of mag-
nitude. This correlates roughly with values found by Stranz et al. [79]. However, the
large range of resistivities causes for suspicion towards the manufacturing process. Al-
though, careful process preparation and cleaning of the process chamber was executed,
a source for impurities seems to alter the desired intrinsic character. Additional evidence
can be found in the transfer characteristics of 3 intrinsic silicon nanowires (Figure [4.17).
Usually, a parabola symmetric to Vg = 0 V with equal branches to both sides is expected
for undoped semiconductors. However, the examined wires exhibit a p-type nature with
a rudimentary n-branch.

Moreover, the dissimilarities in the transfer characteristics are an explanation for the dif-
ferences in resistivity when a wire is measured gated or floating (Figure [4.16). First
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measurements were carried out without putting the backgate on ground level. As a re-
sult, the wire could have been in a state along the transfer line differing from Vg =0V,
giving rise to a higher conductivity. A stable and constant backgate of Vg = —20 V was
employed in the biased case, in contrast to floating measurements. A consistent voltage
supply was chosen to eliminate the influence of surface charges. But Ipg is time depen-
dent for an unchanged gate voltage, possessing maximum values at the beginning. Over
time, recombination of charge carriers are dominating the level of drain-source-current,
forcing it to drop [80, p. 84][81} 82]. Since measurements were carried out over several
hours without changing the backgate voltage, /Ips can differ from the maximum current.
An electrical conductivity lower compared to the unknown floating state is possible. This
gives a reasonable explanation for higher resistivity values for the gated wires.

Heavily doped silicon wires displayed a Seebeck coefficient almost one order of mag-
nitude lower than the intrinsic NWs. Smaller « is consistent with calculations from the
literature, see Section However, the obtained values are smaller than values from
Kim et al. for nanowires [83]. These discrepancy can be assigned to a different manufac-
turing method for [NWs.

5.4.2 Influence of Gold Segments

The experimental results of o for segmented GaAs nanowire revealed that gold segments
influence the Seebeck coefficient. Noteworthy is that not only the number of sections al-
ters the [SCl The length of each segment is at least equally important. This can be seen
in Figure [4.22] Wires with 4 and 6 segments each exhibit a very similar «. Additionally,
two wires with 5 segments, respectively, differ in the Seebeck coefficient by a factor of
2. If the individual segment lengths are compared, two aspects become important for a
sufficient coefficient enhancement. First, a larger amount of gold sections is favorable.
Secondly, if the section length exceeds roughly 90 nm, positive effects are diminished.
Thesberg et al. showed that large variations of well and barrier width affect the See-
beck coefficient only weakly [64]. However, mathematical analysis of energy filtering by
introducing barriers is lacking data for larger intersection. Commonly, the barrier width
is set at a few nm [15, [17, |63]. The largest width found was 42 nm [64], which is still
to low for a sufficient description of the experimental data. Nonetheless, the obtained
result emphasizes the possibility to enhance a without degrading o. This leads to an
increase in the [PEL The issue of charge carrier relaxation for too large barrier widths
was addressed multiple times by listed bibliography entries. Since no critical decrease in
electrical conductivity was detected, it is assumed that charge carrier relaxation can be
neglected here.

The decreasing caused by large segment lengths is an indication that thermoelectric
properties of gold start to manipulate the overall coefficient. a4, is 3 orders of magni-
tude lower than « for semiconductors [84]. Further experimental and theoretical work is
required to get a conclusive description on how implementation of gold segments alters
the Seebeck coefficient.
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This work focused on the synthesis, alteration and thermoelectric characterization of sili-
con and gallium arsenide nanowires, respectively. To generate intrinsic silicon nanowires,
a vapour-liquid-solid process was installed with SiH, and H, as precursor. A series of ex-
periments was carried out to gain the required wire properties of minimum length (2 um)
and a range of diameters (20—100 nm). Therefore, a silicon sample with gold clusters
served as growth substrate. Gold was either sputtered onto the surface or deposited in
form of colloids. During the experimental phase the pressure was successively increased
and the Au cluster size reduced. Additionally, process time and gas flow was adapted re-
sulting in a high amount of nanowires with desired feature sizes. The optimal process
parameters were found to be 30 min at a pressure of 50 mbar and a temperature of
550 °C.

The following part included the modification of GaAs, intrinsic and heavily n-doped Si
wires by implementing gold into the semiconductor. Therefor, the native oxide layer was
etched with buffered hydrofluoric acid and a 1:1 mixture of hydrochloric acid and water,
respectively. Gold was then sputtered onto the wire substrate and a new silicon oxide
layer was established via plasma enhanced chemical vapour deposition. Several differ-
ing flash lamp annealing steps were realized aiming for the highest amount of segments
installed in a single wire. Several observation were made during these experiments.
First, only intrinsic silicon substrates exhibited large cluster formations indicating a com-
plete melting of the nanowire and even the shell. This effect is assigned to the higher
wire density resulting in enhanced absorption and thus higher energy impact during the
annealing, compared to heavily doped Si wires. Secondly, higher temperature gradients
during [ELAs yield a higher amount of segments. However, if the end temperature is
not high enough to incorporate all gold atoms as a continuous segment, so called fake
segments appear. These are undesirable since no beneficial effect for thermoelectric
properties can be expected from them. Thirdly, gallium arsenide has a higher potential
for more segments due to the larger difference in melting temperature for shell and core
material in contrast to silicon. Therefore, GaAs wires exhibited the largest amount of seg-
ments with a maximum amount of over 20. Analysis of every synthesis and [ELAl sample
was carried out via[SEML Further investigations were realized for GaAs [NWis with TEM to
determine the interface at segments and the presence of a third phase. The results did
not show an atomic sharp interface between GaAs and Au, but determined voids.
and analysis indicated that mainly arsenic diffuses through the shell and vaporizes.
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Experiments with multiple flashes and same energy impact on one sample displayed the
alteration of crystal structure after annealing steps. Therefor, six particular GaAs wires
were investigated via The outcome demonstrated a shift and dissolution of seg-
ments indicating an overall melting of the [NWI core. Additional, a formation of a new
phase is suspected but requires further analysis.

A subsequent wet-etching after segment implementation enabled a thinning of semicon-
ductor sections which could be very favorable for thermoelectric applications. The vari-
ation in diameter is likely to degrade the thermal conductivity even further due to larger
phonon scattering. However, an implementation of these wires is rather challenging since
segmented tend to brake at the interfaces.

For thermoelectric characterization, measurement structures were designed and manu-
factured enabling local heating and the determination of the temperature gradient over the
nanowire. Furthermore, thermovoltages were measured and I/V characteristics gained,
permitting the calculation of electrical conductivity and the Seebeck coefficient, respec-
tively. Six samples were fabricated, one for each wire type with and without segments.
Due to manufacturing difficulties, specimen for segmented wires of intrinsic and heavily
doped Si yielded no feasible results and were excluded. The overall dependency of See-
beck coefficient on resistivity correlated with the literature. However, a stronger influence
caused by varying diameters altered half of this dependency for heavily doped silicon
wires. By comparing the power factor of each silicon type, larger values by 2 orders of
magnitude were found for Si n**. Furthermore, a significant impact of gating could not be
confirmed.

Improvements of the Seebeck coefficient were detected for gold segmented GaAs wires
compared to plain[NWks. Two factors are the driving force here. On one hand, more incor-
porated segments tend to increase a. On the other hand, this effect can be diminished
by too large feature sizes. The correlation of Seebeck coefficient and length as well as
number of segments is clearly more complicated and requires further investigation. Addi-
tional analysis is required to determine the influence on thermal conductivity and specific
design rules for segments. However, this work showed that the implementation of gold
sections seems promising to push the thermoelectric limits of semiconductors further.
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A.

Equipment

Electron Beam Lithography

Company
Parameter

Resist

Min feature size written

Evaporation
Company

Type
Targets

Nanowire Synthesis Oven

Purge process
Gas flow

Needle Prober

Company
Material

Optical Mask Aligner

Company
Lamp

Plasma Asher

Company

Parameter

Raith GmbH

Dose: 90-120 pC/cm?
Acceleration voltage: 10 kV
PMMA

Spin-coated: 4000 per min, 35 s
Bake: 10 min @ 170 °C

1 um

Leybold
E-beam evaporator
Ti & Au

Self-made

70 sccm He @ 3 mbar, 3 min
10 sccm H,

100 sccm SiH,

SUSS MicroTec AG
Tungsten carbide & gold

SUSS MicroTec AG
Hg, 200 W

TePla Technics Plasma GmbH
300 W @ 0.7 Torr, 10 min




Appendix

Plasma Enhanced Chemical Vapour Deposition

Company

Parameter

Substrate Temperature
Gas flow

RF forward power

Scanning Electron Microscope

Company
Working distance
Acceleration voltage

Semiconductor Analyzer

Company

Parameter

Sputter System

Company
Targets
Sputter rate
RF power

Tunneling Electron Microscope

System
Application
Operation Voltage

Oxford Plasmalab

400 °C

710 sccm N,O

425 sccm 2%SiH4/N,
9.3 W

Carl Zeiss NTS GmbH
5mm
5kV

Hewlett-Packard

HP 4156B

I/V: sweeping mode

Resistive Thermometer & Vyp:
sampling mode, 5 s

medium integration time

VON ARDENNE Anlagentechnik GmbH
Ti & Au

8.1 nm/min & 1.3 nm/s

50 W

FEI Tecnai F20
TEM, EELS, EDS
60-200 kV




B. Layout of Measurement Structure

Figure I: Entire layout of thermoelectric characterization structure with contact pads. Marked area
is in a more detailed view in Figure [}

Heater 3 ' Heater

Figure Il: Zoom in of marked area in Figure |I| with dimensions. Stitching flaws from e-beam
lithography are present in the lower part of the resistive thermometer causing interruptions.
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