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Zusammenfassung
Die vorliegende Arbeit befasst sich mit den thermoelektrischen Eigenschaften von Indium Arsenid (InAs) Nanodrähten. Thermoelektrische
Teststrukturen mit InAs Nanodrähten wurden im Rahmen dieser Dissertation hergestellt und detailliert charakterisiert. Die dimensionslose
thermoelektrische Gütezahl ZT = σS 2 T /λ beinhaltet die elektrische
Leitfähigkeit σ, den Seebeck-Koeffizienten S und die thermische Leitfähigkeit λ. Des Weiteren steht T für die Temperatur. Alle Materialparameter der thermoeletrischen Gütezahl wurden sorgfältig gemessen
und analysiert. Insbesondere wurde ein erhöhter thermoelektrischer
Leistungsfaktor σS 2 bei sehr dünnen, ein-dimensionalen Nanodrähten
im Vergleich zu dickeren, drei-dimensionalen Nanodrähten zum ersten Mal im Rahmen dieser Arbeit gemessen. Darüberhinaus konnten
mit Hilfe der thermoelektrischen Grössen weitere Materialparameter
wie Ladungsträgerkonzentration und Ladungsträgerbeweglichkeit bestimmt werden. In der Arbeit werden Design, Fabrikation und Charakterisierung der thermoeletkrischen Teststrukturen präsentiert. Dabei
wird der Schwerpunkt auf folgende Punkte gelegt:
• Experimentelle Methoden
• Thermische Leitfähigkeit von InAs Nanodrähten
• Thermoelektrische Eigenschaften von drei-dimensionalen InAs
Nanodrähten
• Thermoelektrische Eigenschaften von ein-dimensionalen InAs
Nanodrähten
v
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Die thermische Leitfähigkeit von thermoeletrischen Materialien kann
durch eine Verkleinerung der relevanten charakteristischen Längenskala im Material von Mikrometer auf Nanometer deutlich reduziert
werden. Dies ist die am Weitesten verbreitete Methode zur Erhöhung
der thermoelektrischen Gütezahl in nano-strukturierten Materialien.
Im Rahmen dieser Arbeit wird eine neue Methode zur Messung der
thermischen Leitfähigkeit von halbleitenden Nanodrähten vorgestellt.
Die Messmethode basiert auf der Joulschen Erwärmung eines Nanodrahts auf Grund eines elektrischen Stroms. Die Gültigkeit der Methode wird mit der Messung von 50 nm dicken Silizium Nanodrähten
gezeigt. Mit dieser Methode wurde eine thermische Leitfähigkeit von
λ = (25 ± 5) W/mK der Silizium Nanodrähte bei Raumtemperatur
bestimmt, was sehr gut mit Literaturdaten zu ähnlichen Nanodrähten übereinstimmt, die mit einer anderen Methode gemessen wurden.
Im Anschluss an die Messungen an Silizium Nanodrähten wurden
InAs Nanodrähte vermessen. Der bestimmte Wert von λ = (1.8 ±
0.25) W/mK entspricht einer mehr als zehn-fachen Verkleinerung der
thermischen Leitfähigkeit gegenüber dem Wert von Bulk-InAs. Diese
drastische Verringerung kann hauptsächlich auf zwei Effekte zurückgeführt werden. Die Dimension des Nanodrahts mit einem Durchmesser
von d = 70 nm zwingt Phononen mit einer langen mittleren freien
Weglänge zu Streuung an der Oberfläche. Sie können von daher nicht
in vollem Umfang zum Wärmetransport beitragen. Des Weiteren ist in
diesen Nanodrähten eine hohe Dichte von sogenannten Stapelfehlern,
Änderungen in der Gitterstruktur von Wurtzit zu Zinkblende, vorhanden. Die Distanz zwischen einzelnen Stapelfehlern beträgt von einigen
Nanometern bis einige zehn Nanometer. Phononen streuen an diesen
Stapelfehlern, was wiederum die thermische Leitfähigkeit reduziert.
Um einen methodischen Fehler der Leitfähigkeitsmessungen von InAs Nanodrähten abzuschätzen, wurden Finite-Elemente-Simulationen
durchgeführt mit dem Ergebnis, dass mit der verwendeten Methode
die thermische Leitfähigkeit von InAs Nanodrährten um ca. 7% unterschätzt wird. Der Hauptgrund sind sich aufheizende Kontakte und
thermische Grenzflächenwiderstände, wodurch die Durchschnittstemperatur des Nanodrahts höher ist als gedacht.
Die Grössen σ und S liefern nicht nur Informationen über die thermoelektrischen Eigenschaften eines Materials, sie können auch dazu
genutzt werden, weitere Materialeigenschaften zu bestimmen. Um die
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feldabhängige Änderung der Ladungsträgerkonzentration zu untersuchen, wurden 30 nm dicke InAs Nanodrähte in Abhängigkeit von
Gatespannung und Temperatur gemessen. Diese InAs Nanodrähte haben einen thermoelektrischen Leistungsfaktor von σS 2 = 0.5 W/mK2 .
Dieser ist dreimal kleiner als bei Bulk-InAs. Aus den Feldeffekt- und
Leitfähigkeitsmessungen lässt sich eine Ladungsträgerbeweglichkeit
von µ = 1200 cm2 /Vs bei einer Ladungsträgerkonzentration im Bereich von 2 × 1017 cm−3 bis 3.5 × 1018 cm−3 bestimmen. Die Beweglichkeit ist mehr als zehnmal kleiner als der in Bulk-InAs gemessene
Wert. Die Ladungsträgerkonzentration kann mit Hilfe der angelegten Gate-Spannung und einer elektrischen Kapazität, die mit Hilfe
eines Modells bestimmt wird, abgeschätzt werden. Genauere Werte
für die Ladungsträger können mit Hilfe der Boltzmann Transport
Theorie erhalten werden. Dafür muss man den Seebeck-Koeffizienten
in Abhängigkeit von der Gatespannung messen und kann daraus das
Ferminiveau bestimmen. Mit Hilfe des Gates kann das Ferminiveau
von EF = 0.1 eV oberhalb der Leitungsbandkante auf EF = 0.2 eV
angehoben werden. Das Ferminiveau in Abhängigkeit von der Gatespannung erlaubt die Bestimmung der Ladungsträgerkonzentration.
Des Weiteren kann mit Messungen der elektrischen Leitfähigkeit eine
Ladungsträgerbeweglichkeit ausgerechnet werden. Sie beträgt im Falle
der InAs Nanodrähte µ ≈ 2000 cm2 /Vs bei Raumtemperatur. Der
Unterschied zu dem vorherigen, niedrigeren Wert sind Oberflächenladungen. Bei der Methode mit der Boltzmann Transport Theorie
spielen Oberflächenladungen keine Rolle, während bei Berechnung
der Ladungsträgerkonzentration mit Hilfe der Kapazität die Ladungsträgerkonzentration auf Grund von Oberflächenladungen überschätzt
und dadurch die Beweglichkeit der Ladungsträger unterschätzt wird.
Darüberhinaus wird die Abhängigkeit des Seebeck-Koeffizienten von
der Ladungsträgerkonzentration dazu genutzt die Dotierungskonzentration in chemisch dotierten InAs Nanodrähten zu bestimmen. Dotierungskonzentrationen zwischen 1 × 1018 cm−3 und 7 × 1019 cm−3 und
dazugehörige Beweglichkeiten zwischen 545 cm2 /Vs und 332 cm2 /Vs
wurden ermittelt. Auf Grund der hohen Dichte von ionisierten Dotieratomen ist die Ladungsträgerbeweglichkeit wesentlich geringer als in
den vorherigen Nanodrähten.
Um hohe Werte für die thermoelektrische Gütezahl zu erhalten ist
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es nicht ausreichend, sich auf eine Reduktion der thermischen Leitfähigkeit zu beschränken, auch der thermoeletkrische Leistungsfaktor muss gleichzeitig erhöht werden. Das ist bis jetzt jedoch noch
nicht gelungen. Im Rahmen dieser Arbeit wurden 20 nm dicke, eindimensionale InAs Nanodrähte vermessen. Sie haben einen thermoelektrischen Leistungsfaktor von 1.7 W/mK2 bei Raumtemperatur.
Dies entspricht dem Wert für Bulk-InAs, bei jedoch gleichzeitig deutlich kürzerer mittlerer freier Weglänge der Elektronen im Nanodraht.
Um zu überprüfen ob diese Nanodrähte wirklich ein-dimensionales
Verhalten zeigen, wurden sie auch bei tieferen Temperaturen um die
100 K vermessen. Im elektrischen Leitwert wurden in Abhängigkeit
von der Gatespannung Stufen beobachtet, welche als klarer Hinweis
für ein-dimensionalen elektrischen Transport angesehen werden können. Die Höhe der Stufen weist eine Abhängigkeit von der Länge
des Segments des Nanodrahts auf. Ein maximaler Wert von 0.73 G0
wurde für die erste Stufe gemessen. Daraus kann man schliessen,
dass nicht alle Ladungsträger das Segment ungestreut passieren. Aus
der Messung von verschiedenen Segmenten eines Nanodrahts kann
eine mittlere freie Weglänge von (125 ± 15) nm bestimmt werden.
Der Seebeck-Koeffizient dieser Nanodrähte zeigt in Abhängigkeit von
der Gatespannung ein nicht-monotones Verhalten. Dies wird in dreidimensionalen Materialien nicht beobachtet. Das Verhalten des elektrischen Leitwerts und des Seebeck-Koeffizienten wurden durch Berechnungen der physikalischen Grössen mittels Boltzmann Transport
Theorie qualitativ bestätigt.

Abstract
In this thesis, the thermoelectric properties of indium arsenide (InAs)
nanowires (NWs) are investigated. Thermoelectric test structures
have been fabricated and InAs nanowires have been characterized
in detail. The three material parameters electrical conductivity σ,
Seebeck coefficient S and thermal conductivity λ together with the
temperature T determine the thermoelectric figure of merit of ZT =
σS 2 T /λ. These parameters have been analyzed carefully. In particular, an enhanced thermal power factor σS 2 at room temperature for one-dimensionally conducting InAs nanowires compared to
thicker, three-dimensional nanowires is observed for the first time in
this thesis. Furthermore, the thermoelectric quantities are used to
extract additional material parameters of the InAs nanowires such as
carrier concentration and carrier mobility. In this thesis, the design,
fabrication and characterization of InAs nanowire thermoelectric test
structures is presented and discussed with the focus on:
• Experimental Details
• Thermal conductivity of InAs NWs
• Thermoelectric Properties of Three-Dimensional InAs Nanowires
• Thermoelectric Properties of One-Dimensional InAs Nanowires.
By decreasing the feature size of a thermoelectric material from the
micrometer scale to the nano-meter scale, the thermal conductivity
can be decreased. This is the most common way to enhance the
figure of merit in nano-structured materials. A new way of measuring the thermal conductivity of semiconducting nanowires has been
ix
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introduced in this thesis. The method is based on self-heating of the
nanowire due to an electric current. The validity of the method is
shown with 50 nm thick silicon nanowires. The thermal conductivity
determined is λ = (25 ± 5) W/mK at room temperature which is
in good agreement with results for similarly thick silicon nanowires
which have been published previously and which have been measured
with another method. Subsequently, InAs nanowires are characterized with the same method. The value of the thermal conductivity
at room temperature of these nanowires is determined to be λ =
(1.8 ± 0.25) W/mK, a more than ten-fold reduction compared to bulk
InAs. This low value of the thermal conductivity can be attributed
to two effects. First, the diameter of the nanowire (d = 70 nm) forces
phonons with a mean free path longer than 70 nm to scatter at the
surface of the nanowire. Thus, they cannot contribute to the thermal
conductivity as they do in bulk. Second, there is a high density of
stacking faults present perpendicular to the long axis. The distance
between the stacking faults varies from a few nanometers to tens
of nanometers. At a stacking fault, the crystal orientation changes
which causes a phonon scattering. This effect reduces the thermal
conductivity further. Finite element simulations are used to estimate
the error due to the measurement method. The thermal conductivity
of the InAs nanowires is under-estimated by maximum 7%.
Measurements of the thermoelectric quantities σ and S do not only
give information about the suitability of a material for thermoelectrics,
they also allow to extract additional material paramters. 30 nm thick
InAs nanowires are investigated in dependence of a back gate and
temperature. The maximum thermoelectric power factor σS 2 of these
nanowire is 0.5 × 10−3 W/mK2 , a factor of three lower than in bulk
InAs. Field-effect transistor and conductivity measurements yield a
carrier mobility of µ = 1200 cm2 /Vs within a range of carrier concentration of (2 × 1017 − 3.5 × 1018 ) cm−3 . This mobility value is ∼ 10×
lower than the mobility in bulk InAs. The carrier concentration was
determined from the geometrical capacitance and the gate voltage applied. Gate-dependent measurements of the Seebeck coefficient allow
to extract the Fermi level for each gate voltage by using Boltzmann
transport theory. The Fermi level can be shifted from EF = 0.1 eV
with respect to the conduction band edge to EF = 0.2 eV. This
finding can be used to calculate the charge carrier concentration.

xi
Furthermore, the Boltzmann transport formalism allows to extract
a charge carrier mobility of µ ≈ 2000 cm2 /Vs at room temperature.
The difference between n extracted with this method and n extracted
from the geometric capacitance can be used to estimate a density
of surface charges of ∼ (0.1 − 3.4) × 1014 cm−2 eV−1 . The surface
states are also responsible for the two different values of the mobility
presented, because they lead to an overestimation of free carrier using
the capacitance to extract the carrier concentration, which results in
a lower mobility.
The dependence of the Seebeck coefficient on the carrier concentration
is used to extract the doping concentration and the mobility of in −
situ doped InAs nanowires. Doping levels between 1 × 1018 cm−3 and
7 × 1019 cm−3 and mobilities between 545 cm2 /Vs and 332 cm2 /Vs are
determined. The lower mobility compared to the previous nanowires
can be attributed to the high density of ionized donors in these NWs
in addition to the surface charges.
In order to obtain high values for ZT , it is not sufficient to reduce
the thermal conductivity to values as low as possible; σS 2 has to be
increased, too. One-dimensional conductors are predicted to have an
enhanced thermoelectric power factor. However, this has not been observed experimentally before. 20 nm thick InAs nanowires have been
fabricated and investigated. They show a maximum thermoelectric
power factor of 1.7 × 10−3 W/mK2 at room temperature, which is
the same level as for bulk InAs in spite of the much shorter mean
free path of the electrons. To check whether the nanowires are truly
one-dimensional, they have been investigated at lower temperatures
around T = 100 K. Steps in the electrical conductance are observed
in dependence on the gate voltage which is a clear sign for onedimensional transport. A dependence of the height of the conductance
plateau on the length of the nanowire segment is observed, with a
maximum value of 0.73 G0 for the first plateau. A value smaller than
G0 for the first plateau signifies that not all electrons pass the segment
in a ballistic way, some electrons scatter during the transport. From
these measurements, an electron mean free path of (125 ± 15) nm
can be extracted. Furthermore, the Seebeck coefficient shows a nonmonotonous behavior at these temperature which is not expected
in a three-dimensional material. Both effects have been reproduced
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qualitatively by calculating σ and S with a one-dimensional density
of states with the Boltzmann transport formalism.
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Chapter 1

Introduction
Thermoelectric energy conversion offers a wide field of applications
that range from thermoelectric cooling over waste heat recovery of
combustion engines to energy harvesting for wearable devices, just to
name a few. Compared to classical energy conversion with Carnot
heat engines, solid-state energy conversion has the advantage that
there are no moving parts which enables a maintenance-free operation
[MacDonald, 1962]. The underlying physical mechanism of thermoelectric energy conversion from heat into electricity is the Seebeck
effect which has been discovered by T.J. Seebeck in the 19th century
[Seebeck, 1823]. This effect refers to an electric current induced in a
material in the presence of a temperature gradient ∆T . Other than
applying a temperature gradient and obtaining an electric current, a
current can be applied to the system which is then translated into a
temperature gradient. This effect, which is used for solid-state cooling
systems, is called Peltier effect, discovered by Peltier in 1834 [Peltier,
1834]. The underlying physics of the two effects is identical and the
Peltier coefficient P is connected to the Seebeck coefficient S by the
Thomson relation P = S × T [Rowe, 2006].
A solid-state energy converter transforms heat into electrical current.
It exploits a temperature gradient over a material contacted electrically on both sides. In this configuration, the charge carriers start
moving from the hot side with the temperature TH to the cold side
with the temperature TC . This charge current causes a potential
1
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difference which is called Seebeck voltage VS . The value of VS is
determined by the temperature difference ∆T = TH − TC and the
Seebeck coefficient S of the thermoelectric material which is defined
as [Rowe, 2006]
S=

VS
.
∆T

(1.1)

S is a material parameter which depends on temperature, band structure and the position of the Fermi level. Furthermore, the sign of the
Seebeck coefficient gives information about the type of the majority
charge carriers. Materials with positive charge carriers have a positive
Seebeck coefficient and vice versa. As shown in Fig. 1.1, n- and
p-doped thermoelectric materials can be connected in series with one
side set to a hot temperature TH and the other side set to a cold
temperature TC . In this configuration, an electric current is flowing
through the system as a result of the temperature difference between
the hot and the cold side and the electric energy can be harvested by
connecting a load resistor, as indicated in Fig. 1.1. Thus, having two
conductive and differently doped materials, an energy harvester can be
built that converts heat gradients into electric currents by exploiting
the Seebeck effect [Snyder and Toberer, 2008]. On the contrary, an
electric current can be used to create a temperature gradient and cool
a device by making use of the Peltier effect.
The efficiency of a thermoelectric material can be expressed using
the dimensionless figure of merit Z · T [Rowe, 2006]
Z ·T =

σS 2
T,
λ

(1.2)

with the material-dependent parameter Z consisting of the electrical
conductivity σ, the Seebeck coefficient S and the thermal conductivity λ of the material. T represents the temperature. The thermal
conductivity has an electronic (λel ) and a phononic part (λph ) that
are added up.
The most efficient thermoelectric materials are telluride-based materials such as Bi2 Te3 or PbTe which have been discovered in the 1950s.
These materials have a very low thermal conductivity due to their
high atomic masses while still being a good electrical conductor and

3

Figure 1.1: Sketch of a thermoelectric energy converter. A n- and a
p-doped thermoelectric material are connected to a metal in series.
The two metallic sides obey a temperature gradient which drives the
thermo-current. This thermo-current can be used to drive a load
resistor.

having a high Seebeck coefficient. Still today, Bi2 Te3 is the best bulk
material for room-temperature thermoelectrics while PbTe is better
suited for higher temperatures (T ≈ 400 ◦ C). Both materials have
a figure of merit of ZT ≈ 0.7. However, these materials are still not
efficient enough and too expensive for mass fabrication and, therefore,
thermoelectric energy converters have remained to be used for niche
applications. For introduction into the mass market, a ZT clearly
larger than one is required. It is very difficult to enhance this figure
of merit in bulk materials by addressing one of the three material
parameters, since they are all interdependent. For example the conductivity proportional the carrier concentration n while the Seebeck
coefficient is proportional to n−2/3 [Snyder and Toberer, 2008]. This
means that the electrical conductivity is enhanced by increasing the
charge carrier concentration, but the Seebeck coefficient is reduced
at the same time. Furthermore the electronic part of the thermal
conductivity is increased by an increasing n since it is also linear in the
electrical conductivity. So far, the strategy for an improvement of ZT

4
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by a reduction of λ in bulk material without negatively influencing σ
and S has been to use semi-conducting compounds out of heavy atoms
like Bi2 Te2 or PbTe and alloying them with other heavy atoms like
Sb, Sn or Se. These atoms introduce disorder in the semiconductor
which leads to enhanced phonon scattering and a reduced thermal
conductivity [Goldsmid, 2014]. With this method, a maximum value
of ZT = 1 has been reached in bulk materials [Majumdar, 2004].
Fig. 1.2 shows the evolution of ZT since the 1950s. Since the successful
alloying of the classic thermoelectric materials in the 1950s, not much
improvement in ZT has been observed. Only about 10-15 years
ago, values of ZT > 1 have been reported. This jump signifies
a major change in the research and development of thermoelectric
materials. For the first time, the thermal conductivity has been
reduced without strong negative effects on the thermoelectric power
factor σS 2 . For example, the highest value ZT = 2.4 has been measured at PbTe super-lattices that have a drastically reduced thermal
conductivity [Venkatasubramanian et al., 2001]. All the materials presented in Fig. 1.2 with ZT > 1 have a very low thermal conductivity.
Furthermore, all these materials are not bulk materials, but nanostructured materials. These materials allow to go beyond classical
thermoelectrics and open a new path to improve the figure of merit
due to the possibility of decoupling the thermoelectric power factor
from the thermal conductivity. The reduction of thermal conductivity
in nano-structured materials can be attributed to the small structure
sizes. Phonons with a mean free path longer than the feature sizes of
the nano-material scatter at structure boundaries, grain boundaries or
surfaces of the nano-materials, i.e. on shorter length scales than they
would in bulk. Thus, their contribution to the thermal conductivity
is suppressed and λ can be reduced.
The decoupling of σS 2 and λ even allows poor bulk thermoelectric
materials to turn into promising thermoelectric materials when nanostructured. Silicon, for example, is a bad thermoelectric material due
to its large thermal conductivity of λ = 130 W/mK. However, it is
abundant and cheap, and would thus be a very attractive material
solution for mass market thermoelectric applications. As it can be
seen in Fig. 1.2, ZT values between 0.5 and 1 have been measured for
silicon nanowires (NWs) [Boukai et al., 2008, Hochbaum et al., 2008]
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which gives hope that this material can be a good thermoelectric
material if nano-structured.
2.4
2.2
2.0

ZT

1.8

Bulk Bi Te
2
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Figure 1.2: Record ZT values reported since the year 1950 divided
into bulk material ZT (black triangles), high-temperature ZT values
(red squares), room temperature ZT values (green stars) and silicon
nanowire ZT values (orange tilted squares). The bulk values are taken
from [Majumdar, 2004]. The other values are measured for nanostructured materials. The high-temperature values are taken from
[Biswas et al., 2012, Heremans et al., 2008, Pei et al., 2011, Wölfing
et al., 2001], the room temperature values are taken from [Chan et al.,
2013, Venkatasubramanian et al., 2001]. The silicon nanowire values
have been reported by [Boukai et al., 2008, Hochbaum et al., 2008].
In addition to the reduction of the thermal conductivity, the focus
is put on the improvement of the thermoelectric power factor σS 2
which is part of this work. Theory predicts that the thermal power
factor might be enhanced for low-dimensional structures due to the
differently shaped density of states [Kim et al., 2009]. Hicks and
Dresselhaus have been the first ones who calculated the effect of lower
dimensionality on ZT both for two-dimensional [Hicks and Dresselhaus, 1993b] and one-dimensional systems [Hicks and Dresselhaus,
1993a] with the prediction of an enhanced ZT in both cases. This
concept has been further developed and the largest enhancement effect
is expected for one-dimensional quantum systems [Kim et al., 2009].
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An obvious geometry for a one-dimensional system is a nanowire
which has a diameter small enough for quantization of the charge
carriers due to the system size. This leads to confinement in the
directions perpendicular to the nanowire axis and, therefore, to a
one-dimensional system.
Classic thermoelectric materials like Bi2 Te3 are good candidates to
enhance the thermoelectric power factor even further in the nanowire
geometry. Although a reduction in the thermal conductivity has been
observed for BiTe nanowires with varying diameter [Kojda et al.,
2014], no observation of an enhanced thermoelectric power factor has
been reported so far. One reason could be that the diameters at
which the effect is expected for Bi2 Te3 are very small (d < 5 nm)
[Hicks and Dresselhaus, 1993a] and it is not easy to fabricate and
process such thin nanowires. In addition to the fabrication issue,
the topological insulator properties of Bi2 Te3 could lead to problems
improving the thermoelectric power factor [Gooth et al., 2015]. It
has been shown that the interplay of topological surface states with
the bulk states might limit the thermoelectric performance in a onedimensional nanowire [Gooth et al., 2015].
Therefore, other materials in the nanowire geometry that are easier to
fabricate and that do not have topological insulator properties might
be good candidates to observe whether an enhancement of the thermoelectric power factor due to one-dimensionality can be obtained.
Calculations have shown that the III-V materials InAs or InSb in the
nanowire geometry are promising candidates for high values of ZT
[Mingo, 2004, 2006]. Both materials have very low effective electron
masses and high electron mobilities in bulk (InSb: µ = 720 000 cm2 /Vs,
InAs: µ = 200 000 cm2 /Vs). Both types of nanowires are interesting
physical model systems for one-dimensional thermoelectrics, because
one-dimensional transport should occur at rather large diameters due
to their low effective masses. In particular, InAs is a very good model
system for showing the enhancement of ZT as the growth of InAs NWs
has already been intensively studied and can be controlled very well.
Furthermore, reliable electrical contacts with low contact resistivity
can be fabricated.
The goal of this thesis was the fabrication and investigation of thermoelectric test structures with InAs NWs. Electrical conductivity and
Seebeck coefficient of InAs NWs of different diameter were measured

7
as a function of back-gate and temperature in order to investigate their
thermoelectric properties in detail and to see whether an enhancement
of the thermoelectric figure of merit can be obtained with these NWs.
Furthermore, the thermal conductivity of InAs was experimentally
determined to complete the thermoelectric analysis and to be able to
calculate the thermoelectric figure of merit ZT
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Thesis Outline

The thesis is structured in the following way:
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In Chapter 3, the fabrication process of
nanowire test structures for thermoelectric
measurements is explained in detail. Furthermore, the measurement setup built is
presented and the measurement techniques
are explained.

Measurements of the thermal conductivity in
silicon and indium arsenide nanowires are presented in Chapter 4. First, the self-heating
measurement method is discussed. Then, the
validation of the measurement method for
semi-conducting nanowires is performed using
silicon nanowires. Furthermore, results for
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to literature values measured with different
measurement techniques. Finally, possible error sources are addressed
using finite element simulations.
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Chapter 2

Theory
In this chapter, the theory which is needed to understand and explain
the experimental results is presented. In a first step, the figure of
merit ZT for thermoelectric materials is derived. Subsequently, the
thermoelectric properties like electrical and thermal conductivity and
the Seebeck coefficient are described by means of the Boltzmann
transport formalism.

2.1

Figure of Merit

The figure of merit of a thermoelectric material is a widely used
number to compare the suitability of a material for thermoelectric
applications. The figure of merit is a byproduct of the calculation of
the efficiency of a thermoelectric converter, as it is shown in Fig. 1.1.
For simplicity reasons, only one leg with the area of the cross section
A and the length of the leg l is considered. The derivation presented
here follows the argumentation of Ioffe [Ioffe, 1956].
A temperature gradient and the resulting Seebeck voltage result in
an electric current which can be written as the ratio of the Seebeck
voltage and the total resistance of the converter:
I=

VS
S(TH − TC )
=
,
RL + R
RL + R
11

(2.1)
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where the relation from Eq. (1.1), VS = S∆T is used. RL is the
resistance of the load and R = 1/σ · l/A the resistance of the leg with
the electrical conductivity σ. P = RL I 2 is the power supplied to the
load. The maximum power Pmax is obtained by taking the derivative
dP
of the power with respect to the load resistance, i.e. dR
= 0. By
L
substituting I in the expression for P using Eq. (2.1), it can be easily
verified that the maximum output power of a thermoelectric converter
with one leg is obtained for R = RL :
Pmax =

S 2 ∆T 2
σS 2 ∆T 2 A
=
· .
4R
4
l

(2.2)

The thermal conductivity λ does not directly influence the output
power, however, it has impact in a real device on the temperature
difference ∆T .
The efficiency of the system is the ratio of the power P supplied to the
load and the rate of heat flow Q̇tot , i.e. the efficiency can be written
as
η=

P
RL I 2
=
.
Q̇tot
Q̇ + Q̇J

(2.3)

Q̇ consists of two parts. The first part is is the rate of heat flow from
the hot to the cold junction which can be written as Q̇ = Λ∆T with
Λ = λA/l, using Fourier’s law [Ioffe, 1956]. The second part is the
rate of heat flow due to the Peltier effect into the hot junction which
can be written as Q̇pelt = SiTH . For the Peltier heating, TH is used as
temperature because heat is leaving the hot reservoir. Furthermore,
Q̇J , is the heat flow rate into the heat reservoirs due to Joule heating
in the leg. Since only the Joule heat flowing back into the hot reservoir
is considered, it can be written as Q̇J = −1/2RI 2 . The total rate of
heat flow reads Q̇tot = STH I + Λ∆T = STH I + Λ(TH − TC ). The
efficiency from Eq. (2.3) can be written as
η=

RL I 2
.
STH I + Λ(TH − TC ) − 12 RI 2

(2.4)
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This equation can be rewritten by replacing I with the expression
from Eq. (2.1)
η = RL (TH − TC )

TH (R + RL ) +

=

RL TH − TC
R
TH

=

RL TH − TC
R
TH
1+

R+RL
R

+

Λ
S 2 (R

1
+ RL )2 − 21 R(TH − TC )

1
+ RL )2 −

Λ
S 2 TH R (R

1 TH −TC
2
TH

1
RL
R

+

RL
ΛR
S 2 TH ( R

+ 1)2 −

1 TH −TC
2
TH

.
(2.5)

The temperature of the two junctions, the ratio ΛR/S 2 and the ratio
φ = RL /R fully determine the efficiency of the thermoelement. The
ratio ΛR/S 2 will be defined as 1/Z. Z can be written as:
Z=

σS 2
S2
=
.
ΛR
λ

(2.6)

The equation for the efficiency of the converter can now be rewritten
as
η=

TH − TC
×φ×
TH
1+φ+

1
ZTH (φ

1
+ 1)2 −

1 TH −TC
2
TH

.

(2.7)

One can see in Eq. (2.7) that it is favorable for a high efficiency to
have a high value of Z. As it can be seen in Eq. (2.6), Z depends only
on material parameters and not on the design of the thermoelectric
element. The maximum thermoelectric efficiency of a thermoelectric
converter can be obtained by maximizing η with respect to φ.
TH − TC
dη
=0=
dφ
TH
1+φ+
×

1−

1+φ

1

1 TH −TC
λR
2
S 2 TH (φ + 1) − 2
T
! H
2λR
φ(1 + S 2 TH (φ + 1)
.
C
+ SλR
(φ + 1)2 − 12 THT−T
2T
H
H

(2.8)
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Solving this formula for φ, it yields
r
q
S2
φ= 1+
T = (1 + ZT ).
Rλ

(2.9)

T is the average temperature T = (TH + TC )/2. The maximum
efficiency can now be calculated by inserting the value for φ into
Eq. (2.8), resulting in [Ioffe, 1956]
p
TH − TC
1 + ZT − 1
p
ηmax =
,
(2.10)
TH
1 + ZT + TC
TH

where (TH −TC )/TH is the well-known Carnot efficiency. For a value of
ZT going to infinity, Carnot efficiency is reached for a thermoelectric
system. Fig. (2.1) shows the thermoelectric efficiencies plotted for
values of ZT ranging from ZT = 1 to ZT = 1000 together with the
Carnot efficiency for comparison. A temperature range of 150 K is
presented starting from room temperature. For example, a typical
value of ZT = 1 as for a thermoelectric material like Bi2 Te3 yields a
thermoelectric efficiency of ∼ 17% the Carnot efficiency for small temperature differences, i.e. TC /TH ≈ 1. Maximizing the thermoelectric
35
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Figure 2.1: Carnot efficiency (black line) and thermoelectric efficiencies for various values of ZT plotted against TH . The cold temperature
is T = 300 K.
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efficiency can be achieved by maximizing ZT , because ηmax increases
monotonically with ZT . ZT is defined as (see Eq. (2.6))
ZT = ZT =

σS 2
σS 2
T.
T =
λel + λphon
λ

(2.11)

Here, the medium temperature T is replaced by a temperature T for
simplicity. Thus, an enhancement of the material-dependent ZT is the
way to improve the efficiency of a thermoelectric energy converter. In
order to enhance ZT both the thermoelectric power factor σS 2 has
to be increased and the thermal conductivity λ has be be decreased.
As already mentioned in the introduction, it is not straightforward
to fulfill both requirements simultaneously. In the following, the
theoretical aspects of the thermoelectric parameters will be discussed.

2.2

Boltzmann Transport Theory

The electrical conductivity σ and the Seebeck coefficient S can be
described using the Boltzmann transport equation (BTE). The latter
can also be used to derive the electronic part and the phononic or
lattice part of the thermal conductivity, too. The BTE has the form
[Ashcroft and Mermin, 1976]
 
df
df
dk
dr
=
+
∇k f + ∇r f,
(2.12)
dt coll
dt
dt
dt
with the distribution function f , the time t, wave vector k and the
position vector r. The left hand side term is the collision term.
The BTE describes the evolution of particles in a system under a
driving force which for an electron system might be an electric field
or a temperature gradient. To simplify the calculation, these driving
forces are assumed to be aligned with the z-axis. In the following,
an electron system will be discussed for which the minimum energy in the case of a semiconductor the conduction band minimum EC is set to zero. The electric field changes dk/dt into −eEz /~ and the
temperature gradient changes ∇r f into (∂f /∂T )(dT /dz)[Ashcroft and
Mermin, 1976]. A commonly used method to solve the BTE is the
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relaxation time approximation (RTA) where the electrons are assumed
to equilibrate due to scattering within a relaxation time τ . In the
RTA, the BTE reads
 
df
−(f − f0 )
df
dk
dr
=
=
+
∇k f + ∇r f.
(2.13)
dt coll
τ
dt
dt
dt
In the steady state of the system (df /dt = 0) and assuming that the
driving forces act only in z-direction, Eq. (2.13) can be written as
−(f − f0 )
Ez df
Ez ∂f dE
df
∂f dT
=−
=−
. (2.14)
+ vz
+ vz
τ
~ dkz
dz
~ ∂E dkz
∂T dz
The proper equilibrium distribution function for electrons is the FermiDirac statistics [Ashcroft and Mermin, 1976]
f0 (E) =

1
1
,
=
F
exp(u)
+1
exp( E−E
)
+
1
kb T

(2.15)

with the Fermi level EF , the Boltzmann constant kb and u = (E −
EF )/kb T . If only small deviations from the equilibrium function
are assumed, the Boltzmann equation can be used in its linearized
form. Since for small derivations the relation f − f0  f0 holds, the
derivatives of f and f0 can be assumed to be identical: (df )(dE) ≈
dE
(df0 )(dE). dk
from Eq. (2.14) can be rewritten assuming a parabolic
z
band structure with the energy dispersion E = ~2 kz2 /(2m∗ ) with the
effective mass m∗ . The momentum relation between kz and the group
velocity vz is written as ~kz = mvz :
dE
= ~vz .
dkz

(2.16)
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Using Eq. (2.15), the expression
into:

∂f
∂T
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from Eq. (2.14) can be changed

∂f0
∂f0 du
∂f0 −(E − EF )
=
=
∂T
∂u dT
∂u
kb T 2
∂f0 du
∂f0 1
∂f0
=
=
∂E
∂u dE
∂u kb T
E − EF ∂f0
E − EF ∂f
∂f0
=−
≈−
.
⇒
∂T
T
∂E
T
∂E

(2.17)

Inserting Eqs. (2.16) and (2.17) into Eq. (2.14), the following relation
is obtained




f (E) − f0 (E)
df0
E − EF dT
.
(2.18)
=
vz (E) −eEz +
τ (E)
dE
T
dz
The relaxation time τ of charge carriers in a crystal has an energy
dependence τ (E) which will be discussed in Chapter 2.2.1. The carrier
concentration can be calculated by multiplying the density of states
D(E) of the electronic system with the Fermi distribution of the
electrons and integrating over all energies:
Z ∞
n=
f (E)D(E)dE.
(2.19)
0

Eqs. (2.18) and (2.19) can be used to calculate the electronic charge
current density j and the electronic heat current density q
Z ∞
j = ne < vz >= e
vz (E)D(E)(f (E) − f0 (E))dE
(2.20)
0

q = n < (E − EF )vz >=

Z
0

∞

(E − EF )vz (E)D(E)(f (E) − f0 (E))dE.

(2.21)
An electron can only carry the charge e as indicated in Eq. (2.20).
In contrast, an electron may carry any thermal energy higher than
the Fermi energy, as the factor E − EF in Eq. (2.21) signifies. Using
~ the electrical conductivity in the absence of
the relation J = σ E,
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a temperature gradient (dT /dz = 0) can be calculated by inserting
Eqs. (2.20) and (2.18) into the relation j = σn Ez :
Z ∞
j
df0
σn =
= −e2
dE.
(2.22)
vz2 (E)τ (E)D(E)
Ez
dE
0
In the same way, the product σS can be calculated. For the calculation
of S, no total electronic current is assumed, i.e. j = 0, and the
definition S = Ez /(dT /dz) [Pichanusakorn and Bandaru, 2010] is
applied:
Z
Ez
e ∞ 2
df0
σS = σ
=
vz (E)τ (E)D(E)(E − EF )
dE. (2.23)
dT /dz
T 0
dE
Finally, the electronic part can be calculated by using Fourier’s law
q = −λel dT /dz and the condition of j = 0:
q
dT /dz
Z
1 ∞ 2
df
=−
vz (E)τ (E)D(E)E 2
dE
T 0
dE
R∞
df
1 ( 0 vz2 (E)τ (E)D(E)E dE dE)2
.
+
R∞
df
T
vz2 (E)τ (E)D(E) dE
dE
0

λel = −

(2.24)

The set of Eqs. (2.22-2.24) allows a calculation of the thermoelectric
parameters of a material that are based on the contribution of the
charge carriers. Phonons are responsible for the lattice part of the
thermal conductivity of which the calculation will be explained later.
The carrier velocity v(E) is described with the relation E = 12 m∗ v 2
[Ashcroft and Mermin, 1976] with m∗ being the effective mass of the
electrons. In order to fully determine the thermoelectric quantities,
a clear description of the density of states D(E) and the relaxation
time τ (E) is needed.

2.2.1

Electron Relaxation Time

The relaxation time τ (E) is the time between two collisions of the
charge carriers. Many different types of collisions can be present in a
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semiconductor, e.g. electrons may scatter at phonons, defects, ionized
impurities or other electrons. In the case of semiconducting nanowires,
surface roughness scattering of electrons and electron scattering at
surface charges play a significant role [Lu and Xiang, 2015]. This
mix of scattering processes makes it very difficult to reliably predict
the relaxation time. Empirically, the relaxation time can usually
expressed with a power law [Ioffe, 1956]
τ (E) = τ0 E β .

(2.25)

For some scattering processes, β can be calculated, e.g. β = 1.5
for ionized impurity scattering [Ioffe, 1956], but for many scattering
processes such as surface roughness scattering or surface charge scattering, β cannot be calculated analytically, because the potentials are
very complicated and not analytically solvable. To take the different
scattering processes into account, they are treated as independent
events and Matthiessen’s rule is applied [Ibach and LÃĳth, 2009].
The scattering parameter β can be extracted from experiments, e.g.
Seebeck measurements in dependence of the carrier concentration
[Schmidt et al., 2014] as discussed in Chapter 5.2. β is used as a
parameter to fit the calculated values for S to measured data.

2.2.2

Electrical Properties Derived from Thermoelectric Measurements

The electrical conductivity σ can be written as
σ = neµ

(2.26)

with the charge carrier mobility µ and the carrier concentration n
[Ashcroft and Mermin, 1976]. As one can see from the equation,
at least the carrier concentration or the charge carrier mobility have
to be measured in addition to the electrical conductivity in order
to fully characterize the electrical properties. The charge carrier
concentration is usually measured using Hall bar structures [Ibach and
LÃĳth, 2009] which is very difficult in the case of NWs in general and
extremely challenging for thin NWs. Thermoelectric measurements
can help to solve this problem. The set of Eqs. (2.19) and (2.23) allow
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to extract the charge carrier concentration if the values of the Seebeck
coefficient are determined for different Fermi levels and, therefore,
depicts a new method to extract charge carrier mobility, see Chapter
5.

2.2.3

One- and Three-Dimensional Density of States

As already mentioned in the introduction, one-dimensional NWs are
promising candidates for a high thermoelectric figure of merit. To
obey one-dimensional behavior, a NW with a diameter small enough
for quantization has to be used. Thicker NWs have a three-dimensional
density of states. In the frame of this thesis, both three-dimensional
and one-dimensional NWs have been investigated. Therefore, the density of states for a three-dimensional crystal and for a one-dimensional
cylindrical NW taken from [Ibach and LÃĳth, 2009] are presented in
the following. The three-dimensional density of states reads:
1
D(E) =
2π 2



2m∗
~2

 32

√
E.

(2.27)

This description of the density of states is valid in the regime of a
parabolic energy dispersion and for a symmetric effective mass of the
electrons in the three directions.
In a one-dimensional cylindrical NW, the electrons are quantized in
two directions (e.g. x and y) and can freely move in one direction
(e.g. z). Quantization leads to discrete energy levels Elm . The energy
levels are calculated after the derivation of the density of states. The
dispersion relation for such a one-dimensional system reads [Ibach and
LÃĳth, 2009]
r
1
1 2m∗
√
.
(2.28)
D(E) =
π
~2
E − Elm
Again, this is valid for a parabolic energy dispersion and a symmetric
effective mass. To obtain the total D(E), the energy must be summed
up over all subbands.
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Energy Levels of a Cylindrical Nanowire

To obtain the energy levels for a cylindrical one-dimensional NW, the
Schrödinger equation has to be solved in cylindrical coordinates. The
Schrödinger equation in cylindrical coordinates (r, φ, z) for a cylinder
of radius R and length L reads
~2
−
2m



∂ 2 Ψ 1 ∂Ψ ∂ 2 Ψ
1 ∂Ψ
+
+
+ 2 2
2
2
∂r
r ∂r
∂z
r ∂φ



= EΨ.

(2.29)

The wave function Ψ can be separated into its variables, i.e.
Ψ(r, φ, z) = R(r)Φ(φ)Z(z).

(2.30)

The solution Z(z) is identical
q to the one for a particle in a onedimensional box, i.e. Z(z) = L2 sin( nπz
L ) with n = 1, 2, 3, ... [Ashcroft
and Mermin, 1976]. The solution for the angular part is also straightforward, Φ(φ) = √12π eilφ with l = 0, ±1, ±2, .... For a parabolic energy
distribution E =

~2 k 2
2m ,

the radial part of Eq. (2.29) can be reduced to

1
l2
R00 (r) + R0 (r) − 2 R(r) = k 2 R(r),
r
r

(2.31)

r2 R00 (r) + rR0 (r) + (k 2 r2 − l2 )R(r) = 0.

(2.32)

and

The boundary condition is R(R) = 0. The solution of Eq. (2.32) are
Bessel functions of the type Jl,m (kl,m r) with the condition kl,m R =
jl,m is the mth zero of the Bessel functions. The total energy Elmn of
a particle with mass m in the cylinder can be written as

Elmn

~2
=
2m

2
jl,m
n2 π 2
+
L2
R2

!
.

(2.33)
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In the case of long one-dimensional NWs, L >> R, there is no energy
quantization the NW axis and the energy dispersion takes a parabolic
form. The quantized energy levels Elm perpendicular to the NW axis
read
Elm =

2
~2 jl,m
.
2m R2

(2.34)

As an example, the density of states for InAs is plotted in Fig. 2.2,
both for a three-dimensional structure (solid red line) and for a onedimensional nanowire with a diameter of 20 nm (solid black line). The
energy levels have been calculated using Eq. (2.25) and a mass of m∗ =
0.023me . The effective mass for InAs is symmetric, however, the energy dispersion of InAs has a non-parabolicity. The non-parabolicity
is not taken into account in Fig. 2.2, but it will be discussed in Chapter
5.
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Figure 2.2: Density of states calculated for a 20 nm thick InAs NW
(black line) and for a three-dimensional InAs crystal (red line), the
effective mass is set to m∗ = 0.023 m0 in both cases.

2.2.4

Thermal Conductivity

As mentioned before, the thermal conductivity consists of two parts,
the electronic part and the phononic part. The electronic part refers to
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the heat transport by the electrons while the phononic part depends on
the lattice vibrations and thus on the crystal structure. The electronic
part is calculated with Eq. (2.24). λel is proportional to the electrical
conductivity as stated by the Wiedemann-Frantz-Law [Ashcroft and
Mermin, 1976]
λel = LσT.

(2.35)

L is the Lorentz number which is constant in the metallic regime with
L = (π 2 /3)(kb /e)2 = 2.44 × 10−8 ΩW/K2 . In a semiconductor, the
Lorentz number is not constant, it decreases with decreasing carrier
concentration [Minnich et al., 2009]. This means that the electronic
thermal conductivity is smaller than expected if it is calculated using
Eq. (2.35). The contribution of λel to the total thermal conductivity
in the semiconducting regime is very small compared to the lattice
contribution, because the electrical conductivity is not as high as in
metals. In metals, the electronic part governs the thermal conductivity. An upper limit of λel < 1 W/mK is calculated if a typical value of
σ = 1000 S/cm for a semiconductor is assumed at T = 300 K and the
metallic Lorentz number is taken to calculate λel . The lattice part,
which is the dominant part in semiconductors, can be written in the
following way using the Boltzmann transport formalism [Ibach and
LÃĳth, 2009]
λph =

1
CvG lmf p ,
3

(2.36)

with the specific heat C, the phonon group velocity vG and the phonon
mean free path lmf p . lmf p depends on the phonon frequency, i.e.
Eq. (2.36) needs to be added up for all phonon frequencies to obtain
the total value of the phononic thermal conductivity. In the past,
the phonon mean free path has been calculated using kinetic theory
[Blakemore, 1985] which yields lmf p,Si = 43 nm for silicon at room
temperature. This is an average value and has then be assumed for
all phonons. However, experimental [Minnich et al., 2011] and theoretical developments in recent years have shown that phonons with low
frequencies and very long mean free paths (> 1 µm) contribute up to
35% to the lattice thermal transport in bulk silicon [Henry and Chen,
2008] and thus to a much higher content than assumed before. Most

24

CHAPTER 2. THEORY

of these recent studies treat silicon, since this material has been well
investigated, but it should hold for other semi-conducting materials,
too. The results suggest that long mean-free path phonons contribute
significantly to the thermal conductivity. These finding therefore led
to the conclusion that the mean free path from kinetic theory should
be replaced by a new mean free path lmf p,M . lmf p,M is defined such
that 50% of phonon contribution to the lattice thermal conductivity
have a mean free path larger than lmf p,M [Johnson et al., 2013]. For
silicon lmf p,M is expected to be in the range of 0.5 − 1 µm [Johnson
et al., 2013]. These results indicate the great potential of nanostructured materials. Due to the small feature size, the contribution
from phonons with a mean free path longer than the feature sizes
is suppressed and the thermal conductivity can be decreased. This
helps to understand the results reported for silicon nanowires which
show already significant thermal conductivity reduction at fairly large
diameters [Li et al., 2003].

Chapter 3

Experimental
Techniques
In the frame of this thesis, fabrication protocols for thermoelectric test
structures to measure the thermoelectric properties of semiconducting
NWs have been developed. The test structures allow gate-dependent
measurements of the electrical conductivity and the Seebeck coefficient as well as measurements of the thermal conductivity of individual
NWs. Furthermore, a measurement setup has been built which allows
to perform automated thermoelectric measurements in a temperature
range from liquid nitrogen (T = 77 K) up to temperatures of T =
350 K. In the following, the test structure design and fabrication, the
test structure layout, the measurement setup and the measurement
technique will be discussed.

3.1
3.1.1

Fabrication
Nanowire Growth

Two types of differently grown InAs NWs have been investigated during the thesis. The first type of NWs are grown via vapor-liquid solid
(VLS) growth using a gold particle as catalyst whereas the second type
of NWs are grown catalyst-free by selective area epitaxy. All NWs have
25
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been grown in a metal-organic vapor deposition (MOCVD) system
using Tri-Methyl-Indium (TMIn) and Tertiary-buthyl-arsine (TBA).
InAs NWs called ’undoped’ in the following were not intentionally
doped during growth, however, they behave as lightly n-doped. In
addition to InAs NWs, silicon NWs have been investigated concerning
their thermal conductivity. These NWs have been grown by VLS using
gold catalysts in a chemical vapor deposition tool. The growth was
performed by experts in the group and the growth details are provided
in the appendix.

3.1.2

Wafer Preparation and Nanowire Transfer

Wafer Preparation
The test structures for thermoelectric measurements of NWs were
fabricated on Si wafers. The latter were pre-patterned with optical
lithography contact pads and alignment marks before placing the
NWs. Two types of substrates were used, a Si/SiO2 substrate for
gated measurements and a Si/polyimide(Si/PI) substrate for the thermal conductivity measurements using the self-heating method. The
fabrication protocol for the Si/SiO2 substrates is presented in the
following. The differences in the processing for Si/PI substrates are
discussed at the end of Chapter 3.1.3.
A highly doped silicon wafer (ρ = 2 mΩcm) was coated with a 100 nm
thick thermal oxide to prepare the Si/SiO2 substrates. The wafer
was oxidized with a wet oxidation process using a bubble reactor at
1050 ◦ C for 5 min.
For the Si/PI substrates, PI was spin-coated onto the wafer at a speed
of 4000 rpm for 40 s and then post-baked at 180 ◦ c for 5 min, resulting
in a PI layer thickness of 1 µm.
Contact pads for the probes and alignment marks for e-beam alignment and the localization of NWs are defined and fabricated using
an ultra-violet (UV) lithography process, as described in Fig. 3.1(a)(f). First, the wafer is cleaned with an oxygen plasma clean (PVA
TePla) at a power of P = 600 W for t = 2 min. Subsequently, a
monolayer of hexamethyldisilane is deposited as adhesion promoter
onto the substrate from the gas phase at T = 110 ◦ C. Afterwards,
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Figure 3.1: (a)-(f) Schematic drawings of the UV lithography process
flow to prepare the substrates for the thermoelectric test structures.
a double-layer resist is spin-coated, as indicated in Fig. 3.1(b). The
lower layer is a layer of LOR5B which is spin-coated at a speed of
4000 rpm for 40 s followed by a post-bake at T = 180 ◦ C for 5 min. As
top layer, AZ6612 photoresist is spin-coated with a speed of 4000 rpm
for 40 s followed by a post-bake at T = 110 ◦ C for 1 min. As shown
in Fig. 3.1(c), UV lithography is performed by doing a flood exposure
onto the wafer with the proper positive mask for 3.3 s at a lamp
intensity of 13 × 10−3 mW/cm2 . After the exposure, the wafer is
developed (see Fig. 3.1(d)) in a mixture of AZ400K:H2 O (1:4) for
45 s while shaking the beaker and then the wafer is rinsed in DI
water for 2 min. An undercut of the LOR5B resist is obtained, as
indicated in Fig. 3.1(d). Cleaning in oxygen plasma is performed
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at a power of 200 W for 20 s before evaporating the metal for the
contact pads and the alignment marks. Subsequently, 50 nm of nickel
is deposited with e-beam evaporation in an Evatec BAK 700 system
at a working distance of 600 mm. Afterwards, the structure is revealed
with a lift-off in N-Methyl-2-pyrrolidone (NMP) at 100 ◦ C. NMP is
needed to lift the LOR5B layer, since it does not dissolve in acetone.
In addition, the wafer has to be properly cleaned in isopropanol and
rinsed in water to obtain a clean surface. Furthermore, an oxygen
plasma clean (2 min at 200 W) is done to remove organic residues
from the surface.
In order to have a stable bottom contact to the highly doped Si
wafer, the back side of the wafer is metalized. Therefore, the wafer
surface is protected with a layer of photoresist and the SiO2 on the
back-side is etched away with buffered hydrofluoric acic (BHF). In
a final step, the wafer is then metalized on the back with nickel (20
nm), the photoresist is removed in acetone and the wafer is cleaned
in isopropanol.

Nanowire Transfer
The NWs are transferred from the growth substrate onto the prepatterned wafer on which they can be localized and further processed.
Depending on the density of the NWs on the growth substrate, they
are either transferred with a wet approach in IPA solution or with a
dry transfer process using a clean room paper.
The VLS grown NWs are very dense and thus transferred using IPA.
A small piece of the growth substrate is broken off, dry-blown with
nitrogen to remove dust particles that stem from the breaking and
then transferred into a vial containing IPA. The vial is cleaned before
with DI water and IPA in an ultra-sonic bath. The wafer piece with
the InAs NWs is then sonicated in the ultra-sonic bath for 5 − 8 s. A
drop of 2 − 5 µl is extracted from the vial using a pipette and then
drop-casted onto the pre-patterned chip.
The selective-area grown InAs NWs are not extremely dense (spacing
typically 1 µm) and are transfered with a clean room tissue. Therefore,
a tip of a clean room tissue is taken with tweezers, wiped over the
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growth substrate and then wiped onto the area in which the NWs are
placed.
After the transfer, the NWs are located according to the pre-defined
alignment marks. Using the dark field mode of an optical microscope,
the NWs can be located without exposing them to an electron beam.
This is favorable because InAs NWs tend to be negatively affected by
charges induced by scanning electron microscopy imaging [Sepehri,
2013]. An example of various NWs located with respect to metal
crosses can be seen in Fig. 3.2. For a better visibility, the NWs
themselves are highlighted in orange. The NWs are circuited with
red circles and there is one NW in each circle. The NW which is
encircled with a yellow circle is used in the following as an example
to describe how the test structure is defined. A MATLAB program
is used for the import of the optical images into the eline software,
the design software of the e-beam tool. Fig. 3.3 shows a schematic
flow starting from the imported image and ending with the design of
the test structure. The big structure on the top left shows the design
of a chip with the imported optical microscope image, the alignment
marks and the big pads for the probes. The zoom-in on the upper
right of the figure shows the area in which the NWs are placed with
the optical image placed into the field. The zoom-in on the lower right
shows the aligned image to the design and finally, the image on the
lower left shows how the test structure is designed with respect to the
NW that is investigated.

3.1.3

Electron Beam Lithography and Metalization of the Test Structures

In this part, the fabrication process of the test structures including
the NW contacts is described. The test structure consists of a resistive
heater placed orthogonally to the NW, four metal contacts to the NW
which might also serve as four-probe resistive thermometers. The test
structure is discussed in detail in the measurement section of this
experimental chapter.
Fig. 3.4(c)-(f) shows a sketch of the process flow for electron-beam
lithography. As indicated in Fig. 3.4(c), a PMMA layer is spin-coated
onto the wafer. PMMA of the type 950K and dissolved in anisole with
a concentration of 4 % is spin-coated at 1500 rpm and then post-baked
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Figure 3.2: Dark field optical microscope image showing various InAs
NWs (red circle and yellow circle) lying on a chip in the vicinity of
alignment marks to identify their position. This image is imported
into the eline software and a test structure will be designed to the
NW in the yellow circle. The scale bar is 15 µm.
at 175 ◦ C for 90 s resulting in a layer of ∼ 350 nm. Subsequently, the
test structure is written with the Raith eline tool. The area dose
for the e-beam lithography is 185 µC/cm2 for the Si/SiO2 substrate.
The fine structure close to the NW is written with an aperture of
10 µm, a 100 µm write field and a step size of 10 nm, while the leads
that connect the test structure with the contact pads are written
with an aperture of 60 µm, a 1000 µm write field and a step size of
160 nm to speed up the writing and to minimize the thermal drift.
The structure is developed with a mixture of IPA:H2 O (7:3) for 45 s
at room temperature while shaking the beaker resulting in a structure
shown in Fig. 3.4(d). The wafer is then rinsed 1 min under flowing DI
water.
After development, an oxygen plasma clean is done for 20 s at 200 W
to remove PMMA residues from the developed structure. The oxide
in the contact region is removed by a dip in BHF; the time depends
on the oxide thickness. It takes an etching time of (1−2) s to remove
the native oxide while a 5 nm thick Al2 O3 shell around the NW needs
to be etched for at least 5 s in BHF. Since the passivation effect of the
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Figure 3.3: Overview of designing a test chip with the eline design
software. The upper left image shows the design of the contact pads
for the probe card, the alignment marks and the imported optical
microscope image. A zoom into the device area is shown in the upper
right image while the lower right image shows the alignment of the
optical image to the chip design. The finished design of a heater
aligned to a NW and four metal contacts to the NW is shown in the
lower left image.

BHF does not last very long on InAs, the wafer is immediately loaded
into the metal evaporator within less than 5 min. A single layer of
nickel is evaporated as contact metal. Nickel is the favored metal since
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Figure 3.4: Fabrication protocol for the fabrication of thermoelectric
test structures of NWs.
it makes an ohmic contact to the n-type InAs and both the contacts
and the metal lines are stable and reproducible. There is no difference
observed in contact stability if a bilayer metal of titanium/platinum
or nickel/platinum is evaporated.
As mentioned above, the metal contacts serve as resistive thermometers, too. Thus, it is important that the metal film is as homogeneous
as possible over the whole four-probe segment including the segment
over the NW. As it can be seen in Fig. 3.5(a), with a straight metal
evaporation, a metal film thickness larger than the radius of the NW
is needed. However, there are two critical points in the metal stripe
on both sides of the NW that are highlighted with a red circle in
the lower part of Fig. 3.5(a). These critical points are in the region
where the metal line goes over the NW. The geometry leads to a
constriction in the metal at the critical points which might lead to
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cracks in the metal and thus to a loss of the contact. Furthermore,
this narrow constriction might govern the resistance of the whole metal
stripe which is not desired because this results in a lower reproducibility of the resistance measurements. This problem can be solved by
evaporating a thick enough metal film to eliminate the bottlenecks
in the metal stripe. This is done for thinner NWs where a metal
film of a thickness of double the NW diameter is deposited. This
is, however, not suitable for thicker NWs since, first, there are limits
in the thickness due to the resist and second, there are limits in the
metal thickness due to the width and pitch of the metal stripes. If the
metal thickness is too large and the width too small, the stripe might
collapse during lift-off. To circumvent a too thick metal film for thicker
NWs, the metal can be evaporated under tilt and rotation, as shown
in Fig. 3.5(b). The sample holder is mounted at an angle of 45 ◦ and
rotates around this 45 ◦ axis during the evaporation. This guarantees
a better coverage of the metal on the NW sidewalls and a smoother
film over the NW yielding a higher quality and reproducibility of the
resistive thermometers.
Fabrication Process of the Si/PI-based Structures
As discussed before, there are only few differences in the fabrication
of the test structures on the Si/PI substrates. The process is identical
up to the metal evaporation except a smaller dose for the e-beam
lithography of 140 µC/cm2 . Since the PI swells during the lift-off
process by absorbing acetone, which might lead to damages in the
structures, the lift-off process has to be kept as short as possible.
Lowering the evaporation rate of the metal to 0.05 nm/s from 0.2 nm/s
results in a significantly shorter lift-off time because the heating of the
sample during evaporation is less severe. After the lift-off, the wafer
has been put on the hot plate at 100 ◦ C for 2 min to evaporate the
acetone from the PI.
A problem which had to be solved were gaps in the area in which the
e-beam structure overlaps with the UV lithography structure, as it is
shown in Fig. 3.6. It can be seen in the figure and even better in the
zoom-in, that there is a gap in the range of (10 − 20) nm between the
two metal regions. Most likely swelling of the PI during the lift-off
process leads to stress between the two metal films and causes cracks
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Figure 3.5: (a) Sketch of metalization without tilt. If the metal layer is
too thin, problems in the homogeneity of the film might occur around
the NW as indicated with the red circles in the lower image. (b)
Sketch of a metalization with a tilt angle of 45 ◦ resulting in improved
metal coverage around the NW.
between the two different metal layers. The gaps are insulating and,
therefore, they make it impossible to contact the NWs with the probes
on the contact pads. To solve this problem, a mask for UV lithography
has been designed to be able to evaporate a very thick metal layer
(200 nm onto these contact regions which helped to fill these gaps and
to obtain a contact to the NWs.
Using Si/PI as a substrate allows to under-etch the NW in order
to make free-standing in between the contact, as shown in the SEM
micrograph in Fig. 3.7. A reactive ion etch (RIE) with O2 as etch
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Figure 3.6: Transition region from the metal patterned by electronbeam lithography to the metal patterned by UV lithography. Gaps
are visible resulting in a loss of electrical contact. The scale bar of
the larger image is 10 µm and the scale bar of the zoom-in is 200 nm.
gas was used to under-etch the NW. The flow rate was set to 50 sccm
and the chamber pressure to 200 × 10−3 Torr. With this recipe a ratio
of 1:4 is achieved between horizontal and vertical etching. A vertical
etch rate etch rate of 50 nm/min was obtained.

Figure 3.7: NW test structure for measuring the thermal conductivity
with the self-heating method. The NW is completely free-standing in
between the contacts over a distance of ∼ 600 nm in the example
shown here. The scale bar is 500 nm.

3.2

Test Structure Layout

Test Structures on Si/SiO2
A sketch of a thermoelectric test structure on a Si/SiO2 wafer is
shown in Fig. 3.8(a), a SEM micrograph in Fig. 3.8(b). The highly
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doped silicon wafer serves as back gate in order to control the carrier
concentration in the NW by applying a gate bias. This allows the
investigation of carrier concentration dependence of the thermoelectric
properties without the effect of ionized impurity scattering centers
from in-situ doping of the NW.

Figure 3.8: (a) Sketch of a thermoelectric test structure placed on
a Si/SiO2 wafer. The highly doped Si wafer (n++ ) can be used to
apply a back gate. (b) A SEM micrograph of a typical Seebeck test
structure. The test structure consists of a resistive heater orthogonally
placed to the NW. Four electrical contacts to the NW allow to measure
the four-probe resistance. In this example, the two outermost contacts
serve as the two resistive thermometers TM1 and TM2.
The resistive heater is orthogonally placed to the NW. A current is
applied to the resistive heater and thus, its temperature is increased.
The resulting heat spreads from the heater into the substrate leading
to a temperature gradient along the NW. There are four contacts to
the NW of which up to three serve as resistive four-probe thermometer
(TM). In the example of Fig. 3.8(b), the two outermost contacts are
named TM1 and TM2, respectively. These names will be used later for
the presentation of the measurement method. The average temperature increase in the metal lines is probed by measuring the resistance
of the stripe and translating the resistance change into a change in
temperature knowing the temperature coefficient of resistance of each
TM. In order to obtain the average temperature as close as possible
to the temperature in the contact region of the NW, the resistive

3.3. MEASUREMENT SETUP

37

thermometers are designed shorter than the width of the heater. With
this geometry, the temperature field is homogeneous over the resistive
thermometer. Heat transfer and electrical simulations were done using
Comsol multiphysics and the results confirm the thinking behind this
design.
Test Structures on Si/PI
The test structures on the Si/PI substrates look similar to the ones
on Si/SiO2 substrates. However, there is no bottom contact for gatedependent measurements in the Si/PI structure since the gate-coupling
on a 1 µm thick polymer is too poor.

3.3

Measurement Setup

A setup for the purpose of measurements of the electrical and thermal
conductivity well as for the Seebeck coefficient has been built and
optimized as part of this thesis. With this setup, temperature- and
gate-bias dependent, highly accurate thermoelectric measurements
can be performed in an automatized way. The whole system is controlled with a LabView program. Fig. 3.9 shows photographs of the
measurement setup including the cryostat and all the measurement
equipment. In the following, the measurement equipment is described.
Measurement Equipment
• A temperature-controllable Cryovac 4-inch cyrostate is used
to perform the thermoelectric measurements. The cryostate is
evacuated with a pre-pump and a turbo pump and the measurements are typically performed at pressures of 1×10−6 mbar. The
wafer chuck can be cooled by liquid helium or liquid nitrogen.
During this thesis, only liquid nitrogen has been used to cool
the wafer chuck to temperatures down to 80 K. Over-pressure is
applied to a dewar filled with liquid nitrogen and the dewar
is connected to the cooling system of the cryostat, i.e. the
liquid nitrogen is pushed through the cooling tubes. Avoiding
pumping and avoiding the use of an electrically controlled valve
reduces the noise of the electrical measurements. A heater
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Figure 3.9: The measurement setup including all the measurement
equipment.
installed in the chuck allows to control the temperature precisely
with counter-heating the chuck. The heater is controlled by a
Lake-shore temperature control unit.
The exact temperature on top of the wafer may differ from the
chuck temperature because of a thermal contact from the chuck
to the wafer. Furthermore, the prober head is not set to the
chuck temperature because the PCB board cannot stand ultralow temperatures, which also increases the wafer temperature
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with respect to the chuck temperature. These effects become
very strong at lower temperatures. Due to these reasons, a
temperature-calibrated LakeShore silicon diode is mounted on
top of each wafer that is measured in order to obtain the correct
temperature.
In addition to the feed-throughs for the diode thermometer,
sixteen co-axial feed-throughs are used for the connection of the
probe-card to the measurement equipment.
• A custom-built probe-card with sixteen copper-beryllium needles is used to contact the test structures. The probe-card has
been fabricated by SQC AG. The wiring of the probe-card is
designed in a fully co-axial geometry, only the tips of the needles
are not co-axially shielded. A probe-card holder has been built
to be able to move the card in all directions by screws on the
outside of the cryostate and stoppers were built such that the
card could not be pushed too hard into the wafer to protect the
needles.
• To switch between the sixteen contacts, a 8x24 707 Keithley
Switching Matrix is used. The contacts to the device are
connected to the columns and the measurement instruments are
connected to the rows of the matrix. In order to avoid voltage
peaks on the device during switching, the following switching
protocol has been used. Before switching into a new configuration, all contacts are set to ground potential. Afterwards, the
system is switched into the new configuration. When connecting
the needles to the contact pads, all contacts are set to ground
potential. This is important, otherwise voltage peaks might
appear and the resulting currents are high enough to destroy
the NW that are supposed to be investigated.
• A Keithley current source and voltmeter are used to apply
the heating current to the resistive heater and to measure the
resulting voltage.
• A Keithley voltage source is used to supply the gate voltage.
• For the measurement of four-probe resistances of the NWs and
the thermometers, and the measurement of the Seebeck voltage,
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a delta-mode Keithley system consisting of a current source
(6221) and a nano-volt meter (6182A) were used. In the deltamode, the current applied is alternated at a certain frequency
with the negative current of the same absolute number. Therefore, this system has the advantage that the thermo-voltages
in the relays of the matrix can be eliminated. These thermovoltages occur and change after switching the matrix into a new
configuration. The nano-volt meter is also sensitive enough
to measure very small voltage variations with high accuracy
< 100 nV which is necessary to detect minimum changes in
the resistivity of the thermometers and in the Seebeck voltage,
respectively.
• A Keithly Electrometer is used for two-terminal currentvoltage I-V measurements of NWs. The electrometer can detect
very small currents in the sub-pA regime. It has a built-in
voltage source that is used to apply the source-drain voltage.

3.4
3.4.1

Measurement Technique
Electrical Conductivity Measurements

The electrical conductivity σ = 1/ρ is the inverse of the electrical
resistivity ρ = R Al with the electrical resistance R, the cross section
A and the length L of the test structure between the two electrical
contacts. The electrical resistance is defined as R = V /I with the
voltage bias V and the current I. So either a voltage difference V is
applied to the structure and the current I is measured or vice versa
and the corresponding resistance can be calculated. In order to avoid
to include contact resistances into the measurement, the resistance can
be measured in a four-probe configuration where the voltage drop is
measured at two contacts through which no current flows. Therefore,
the test structure design comprises four electrical contacts to the
NW. In addition, a resistance measurement of a semi-conducting NW
should be performed in the limit of zero heating power to avoid
temperature-induced resistance variations due to Joule heating.
In the measurement set-up built, the resistance can be measured
in both a four-terminal and a two-terminal configuration. For the
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two-probe measurement, a low voltage bias (1 − 10 mV) is applied
using the electrometer and the current is measured. For the four-probe
measurements, a small constant current of 10 − 50 nA is applied to
the outer contacts of the NW and the voltage difference is measured
between the inner contact with the nano-volt meter, see Fig. 3.10.
In addition, a gate voltage can be applied using a back gate. For the
gate-dependent measurements of the conductivity, the gate voltage is
set before the conductivity measurement and a delay time between
setting the gate voltage and the measurement is waited. The length
of the delay time depends on the step in the gate voltage, the smaller
the step, the smaller the delay time, e.g. for a step of 50 mV the delay
time is 1 s.

Figure 3.10: SEM micrograph of a NW with four metal contacts
and the schematic drawings of a (a) four-probe and a (b) two-probe
measurement. Scale bar is 1 µm.

3.4.2

Seebeck Measurements

The Seebeck coefficient is defined as S = ∆VS /∆T , i.e. a temperature
gradient has to be applied to the NW, VS has to be measured correctly
and ∆T has to be determined in an accurate way. The sequence of a
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Seebeck measurement consists of six main steps that are schematically
presented in Fig. 3.11.

Figure 3.11: Schematic flow of a Seebeck measurement. All TMs are
measured with delta-mode measurements.
If the measurement includes a back gate, the corresponding gate
voltage is set as a first step. Then, (1 − 5) s are waited depending
on the step size of the gate voltage. As second step, the temperature
gradient is applied using the metallic heater designed in a meander
structure and placed orthogonal to the NW. The width of the metal
lines is in the order of 200 nm and a typical resistance of the heater
is RHeater = 2 kΩ at T = 300 K. A certain heating current IHeat
is set to establish the temperature gradient. Depending on the the
heating power, typical temperature gradients between ∆T = 0.3 K
and ∆T = 1 K can be achieved.
After switching on the heater, a waiting time of 4 s is introduced
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to enter steady state. After the waiting time, the four-probe resistance of the first thermometer (TM1) is measured. The thermometers typically have resistances below 100 Ω at room temperature.
Therefore, a current of IT M = 10 µA causes a voltage of 1mV and
a power dissipation of P = RI 2 = 10 nW. Due to the negligible
power dissipation, Joule heating in the thermometer is not present
and the electrical resistance remains unaffected. As mentioned in
Chapter 3.3, the four-probe resistance of the TMs is measured with
a Delta-mode system with which the probe current is applied with
alternating positive and negative sign ten times to get rid of any
thermo-voltages from the switching matrix. After the measurement
of the resistance of TM1, the second thermometer is measured in the
same way.
Subsequently, the setup is switched into the configuration to measure
the Seebeck voltage, i.e. the heater is connected to its current source
and voltmeter and two contacts of the TMs are connected to measure
the drop of the Seebeck voltage over the NW. As indicated by the
third step in the figure, the heater is switched off and 6 s are waited
to reach a steady state. Second, a reference measurement of the raw
Seebeck voltage without heating power is performed to measure the
thermo-voltage. The Seebeck voltage measurement is averaged over 30
single measurements. As a fourth step, the heater is switched on and
10 s are waited before measuring the Seebeck voltage of the NW. In
step 5, the heater is switched off and the reference measurement of the
raw Seebeck voltage is repeated after 6 s. As a final step, the resistance
of the thermometers is measured again with the heater switched on in
order to observe possible temperature drifts during the measurement.
These measurements are repeated for increasing heater currents or
heater powers, respectively to obtain the measurements as a function
of heater power which can be used to fit the measured data.
In the following, the measurement steps are illustrated with an example of a Seebeck measurement of an InAs NW with a diameter of
d = 75 nm. The measurement is performed as described previously
with the heater power being swept from PHeater = 0 W to PHeater =
7.5 mW and back. PHeater = 7.5 mW corresponds to a current of
IHeater = 2 mA. The heater power was swept in both directions for
all the measurements to see if any global temperature drifts, e.g. of
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the chuck, have influenced the measurement. In a first step, the
temperature increase of the thermometers is determined from the
increase in resistance of the thermometers. An example of a resistance
vs heating power measurement is shown in Fig. 3.12, the left graph
shows the values for the first thermometer (TM1) and the right graph
for the second thermometer (TM2) further away from the heater. The
wafer temperature for these measurements was T = 300 K. In this
measurement, the difference between both measurement directions
is negligible. For both TMs, the absolute value of the resistance
in Ω is plotted on the left axis whereas the relative increase to the
value at PHeater = 0 W in % is plotted on the right axis versus the
heater power. As it can be seen in the figure, the resistance of both
thermometers shows a linear dependence on the heater power, as it is
expected. A linear fit is done to obtain the values for the resistances
at zero heating power. The resistance of TM1 is R = 59.02 Ω whereas
the resistance of TM2 is only R = 10.58 Ω. The difference can be
explained with the length of the TMs which is six times longer for
TM1 than for TM2. Since TM2 is further away from the heater than
TM1, it has been designed at a shorter length in order to still have a
constant temperature over the whole length of the stripe.
Calibration of the Thermometers
The temperature gradients that can be applied with the resistive
heater are rather small. Therefore, the increase of resistance of each
thermometer has to be measured very accurately and the temperature increase of each TM has to be determined precisely. Hence, it
is crucial to know the temperature coefficient of resistance of each
TM (i.e. the increase in resistance in %/K) in order to convert the
resistance increase correctly into an increase in temperature. The
temperature coefficient can be extracted from the resistance vs heater
power measurements of the TMs if they are performed at different base
temperatures. First, the resistance of each thermometer in the limit of
zero heating power is extracted from a fit of the RT M − PHeater curve,
as it is shown in Fig. 3.12. This is done for all chuck temperatures
and the resistances are plotted against the base temperature. In
the example shown in Fig. 3.13, a temperature range from 260 K to
300 K is presented. Fig. 3.13(a) shows the resistance vs temperature
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Figure 3.12: (a) Four-probe resistance (left axis) and resistance
increase in % (right axis) vs heater power for the first thermometer.
The measurement values are represented by the black dots. The red
line is a linear fit of the measured resistances, the obtained value for
the resistance at PHeater = 0 W is R0 = 59.02 Ω. (b) Same as (a) but
for TM2. The resistance at PHeater = 0 W is R0 = 10.58 Ω.

behavior of TM1, Fig. 3.13(b) does so for TM2. In boths graphs,
the absolute change in resistance is plotted on the left axis while the
percuentual change in resistance compared to the resistance at the
lowest temperature is plotted on the right axis. In doing so, the
scale of the axes are adjusted such that absolute and the relative
increase in resistance fall onto each other. As it can be clearly seen,
the resistances of both TMs increase linearly with temperature as one
would expect it for normal metals. The red lines represent linear
fits to the data points, of which the slope corresponds to the temperature coefficient of the TMs. TM1 has a temperature coefficient
of 0.382 ± 0.002 %/K while TM2 has a temperature coefficient of
0.377 ± 0.002 %/K.
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Figure 3.13: (a) Calibration curve for TM1. The four-probe resistance
for PHeater = 0 W (left axis) and the resistance increase in %
(right axis) are plotted vs wafer temperature. Measured values
are represented by the black dots and the red line is a linear fit.
Subsequently, the temperature coefficient of resistance of the TM is
obtained from the slope of the linear fit, i.e. 0.382 %/K. (b) The
same representation for TM2 which gives a temperature coefficient of
0.377 %/K.
The temperature coefficients of the two TMs differ by ≈ 2.5 %. This
results emphazises the importance of determining the temperature
coefficient for each TM separately. Otherwise, a systematic error is
introduced in the measurement of the temperature gradient.
Measurement of the Seebeck Coefficient
Having determined the temperature coefficient as explained before,
the temperature of the TMs on top of the NW as function of the
heater power can be calculated from the RT M −RHeater measurements
shown in Fig. 3.12. Fig. 3.14(a) shows the increasing temperature as
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a function of heating power for both TMs. Measured values of TM1
and TM2 are represented by the black and red dots, respectively.
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Figure 3.14: (a) Extracted temperature increase for TM1 (black dots)
and TM2 (red dots). (b) The absolute value of the measured Seebeck
voltage VS vs the temperature difference ∆TT M 1−T M 2 (black dots).
The red curve is a linear fit and its slope is the Seebeck coefficient
(S = 104 µV/K) the NW in V/K.
A temperature increase of 1.33 K at the maximum heater power is
observed for TM1, whereas TM2 increases by 1.04 K only, leading
to a maximum difference of ∆T = 0.29 K. By applying a higher
heater power or by increasing the thickness of the oxide in the heatersample design, the temperature difference could be increased further.
However, this example shows that the temperature difference can be
determined precisely using the approach.
The measured Seebeck voltage VS can now be plotted against the
temperature difference ∆T , as it is shown in Fig. 3.14(b). The black
dots represent the measured data, the red line is a linear fit of which
the slope corresponds to the Seebeck coefficient. In the measurement
shown in the figure S is determined to be 104 ± 2 µV/K.

Chapter 4

Thermal Conductivity
of InAs Nanowires
The thermal conductivity λ plays a crucial role for the performance of
a thermoelectric device. As it can be seen in Eq. (2.11), the figure of
merit ZT is inversely proportional to λ and can thus be enhanced by a
reduction of λ. This is the most common way to enhance ZT in nanostructured thermoelectric materials [Minnich et al., 2009]. In these
systems, the thermal conductivity is reduced due to enhanced phonon
scattering at surfaces (e.g. NW systems) or interfaces such as material
interfaces (e.g. in 2D systems) or grain boundary interfaces within a
poly-crystalline material. In nano-structures, the maximum mean free
path of the phonons is reduced to the structure size. As discussed in
Chapter 2, phonons with a long mean free path contribute significantly to the lattice thermal conductivity in bulk. At small structure
sizes, they are scattered at shorter length scales than their mean
free path and their contribution to the thermal transport is reduced.
Many examples of reduced thermal conductivities in nano-systems
are given in review articles on thermoelectrics [Nielsch et al., 2011,
Pichanusakorn and Bandaru, 2010]. In the case of single-crystalline
NWs, the phonons with a mean free path larger than the NW diameter
scatter at the surface and thus, the thermal conductivity is reduced
compared to the corresponding bulk values for different materials. A
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reduction has been shown for classical thermoelectric materials such
as PbTe NWs [Lee et al., 2011, Roh et al., 2010], bismuth NWs [Moore
et al., 2009] or SiGe NWs [Kim et al., 2010, Wang and Mingo, 2010]
as well as silicon NWs [Boukai et al., 2008, Li et al., 2003] or InAs
NWs [Karg et al., 2013, Mavrokefalos et al., 2007, Zhou et al., 2011a].
Furthermore, enhanced phonon scattering occurs at rough surfaces
and can decrease the thermal conductivity even further [Hochbaum
et al., 2008] or it might occur at stacking faults within the NW as
recent publications indicate for both experiments [Karg et al., 2014]
and theory [Aghababaei et al., 2014].
As part of a full thermoelectric characterization, the thermal conductivity of InAs NWs has been investigated. Since the measurement
for determining the thermal conductivity is not straightforward, different methods are used and the results are compared in order to
prove the validity of the method. The most commonly used thermal
conductivity measurement technique for NWs is performed by placing
a NW over a bridge of free-hanging, thermally well isolated, SiNx
platforms. The thermal conductivity is determined from the heat
flux through the NW driven by a temperature gradient established
between the platforms. This method has been established in the group
of A. Majumdar [Shi et al., 2003] and is widely accepted. However,
the preparation of the test structures is quite tedious and much care
needs to be taken to avoid errors due to a wrong device design [Moore
and Shi, 2011]. In particular the deposition of metal contacts to
the NWs introduces uncertainty in the measurement and leads to
errors. Furthermore, the probability of damaging the NW during
the fabrication process is rather high.
In the following, measurements of the thermal conductivity of NWs
using a direct-current self-heating method will be discussed. This
method has the advantage that the structures are easier to fabricate
than the micro-electro mechanical systems for the free-standing platforms. The validity of the self-heating methods for semi-conducting
NWs is proved with silicon NWs as reference material. Silicon NWs
have been investigated in detail and numerous data can be found in
literature. Subsequently, the thermal conductivity of InAs NWs has
been investigated. The systematic error sources for measuring InAs
NWs are estimated using finite element method (FEM) simulations.
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Self-Heating Technique

Originally, the direct-current self-heating method has been established
by Prof. F. Voelklein et al. [Voelklein et al., 2009] for metallic platinum nanowires. The method relies on a parabolic temperature profile
along the NW and is, therefore, well suited to determine the thermal
conductivity for non-tapered, single-material NWs without heterojunctions with a smooth surface, because hot spot heating would possibly destroy the parabolic profile and lead to measurement errors. This
method has been applied in this thesis to measure semi-conducting
NWs [Karg et al., 2013].

4.1.1

Measurement Technique and Theory

A sketch of a self-heating NW device is shown in Fig. 4.1. The NW
is lying on the Si/PI substrate in the region of the metal contacts
only and is under-etched to be free-standing between the contacts. A
direct heating current I is applied to the NW and the temperature is
increased due to Joule heating. The value of the temperature increase
at constant heating power depends on the thermal conductivity of the
NW.

Figure 4.1: Sketch of the measurement principle for a self-heating
measurement of the NW. A heating current is driven through the NW.
The contact region acts as a perfect heat sink at the temperature T0
while the NW is heated and shows a parabolic temperature profile
which is indicated by the color gradient ranging from blue to red.
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It is assumed that the contact regions ideally act as perfect heat sinks,
always keeping the base temperature T0 . In this configuration, the
temperature profile over the NW is expected to be parabolic, reaching
its maximum temperature in the middle of the NW. This is indicated
by the color gradient going from blue to red in the figure. This temperature profile is obtained if contributions due to the Peltier heating
or cooling in the contact region are neglected which is acceptable in
the case of higher currents on a first evaluation, because the Peltier
heat is linear in I while the Joule heat goes with I 2 .
If the coefficient of electrical resistance m of the NWs is known, the
average temperature change ∆Tavg can be derived from the change
in resistance measured with a resistance vs current sweep. The coefficient of resistance is a material-dependent parameter and has to be
determined experimentally. The measured change in resistance due
to the Joule heating can be written as ∆R = R(Tavg ) − R(T0 ).
In the following, the thermal conductivity will be derived on the basis
of the heat balance equation in a more simplified and quicker way
than done by Voelklein et al. in their derivation.
Joule heating is the only heating source with the heating power P =
I 2 R, if the thermal interfaces are assumed to be perfect, i.e. no heating
due to a thermal contact resistance. In the steady-state, a current I
generates the following amount of Joule heat Qj within a time t:
Qj = RI 2 t.

(4.1)

Most of the Joule heat is transported out of the NW system through
the contacts which act as heat sinks. This heat is called QN W .
However, there are also several sources for heat loss. First, there
is convection of heat Qconv from the NW to the ambient. Second,
heat could be lost to the substrate Qsub if the NW is not properly
under-etched. Third, black body radiation Qrad might play a role. In
the steady state, the amount of joule heat equals the amount of heat
losses which can be expressed as
Qj − Qconv − Qsub − Qrad − QN W = 0.

(4.2)
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Three assumptions can be made to simplify Eq. (4.2). First, convection from heat to air can be neglected as the measurements are
performed under high vacuum conditions. Second, there are no heat
losses to the substrate because the NW is under-etched and the contacts are assumed to act as perfect heat sinks. Third, radiative
heat compared to heat conduction in the NW is small enough to
be neglected. Radiative heat consists of the black body radiative
heat and the near-field radiative heat. The basis for black-body
radiation is the Stefan-Boltzmann law Prad = σA(T 4 − T04 ) with
σ = 5.67×10−8 Wm−2 K−4 , surface area A = 2πrl (radius r and length
l), the temperature T and the basis temperature T0 . A radiation
power of Prad ≈ 70 pW is calculated for a NW with length 2 µm and
a radius of 50 nm. Near-field radiation mediated by surface-phonon
polaritons [Shen et al., 2009] at a NW-substrate distance of ≈ 200 nm
could lead to an increase in the radiation power by two orders of
magnitude.
The power dissipation of a thermal conductor can be calculated by
multiplying the thermal conductivity with a temperature difference
and with the ratio of the cross section and length of the conductor:
PT C = λA∆T /l. Inserting a very low thermal conductivity λ =
1 W/mK, the same geometry and a temperature increase of T = 10 K,
a power of 6 µW is dissipated, roughly six orders of magnitude higher
than the radiation power and still four orders of magnitude more if
near-field radiation is taken into account. Therefore, the contribution
of the radiation can be neglected and only the heat conducted through
the NW is considered.
These assumptions reduce the energy balance to
Qj = QN W .

(4.3)

The heat conduction through the NW can be described using the
heat flux equation. Because the aspect ratio of NWs is very high, it
is sufficient to only consider the one-dimensional heat flux equation
which can be written as:
ρcp dT (x, T )/dt − λd2 T (x, t)/dx2 = 0,

(4.4)
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with the material parameters density ρ, specific heat capacitance cp
and thermal conductivity λ. T (x, t) represents the time-dependent
temperature distribution along the NW axis. Eq. (4.4) is the homogeneous heat flux equation, however, there is a source term missing
which describes the power density leading to Joule heating according
to Eq. (4.3). The single-crystallinity of the material, the untapered
shape and the smooth surface (no roughness measured with SEM) of
the NW justify the assumption of a homogeneous Joule heating power
density which can be written as RI 2 /V . Here, V = Al is volume the
NW with a cross section A and a length l. Hence, Eq. (4.4) is modified
to:

ρcp

d
d2
RI 2
T (x, t) − λ 2 T (x, t) =
,
dt
dx
V

(4.5)

In the steady state, the temperature distribution does not depend on
time and the first part of the equation vanishes. This reduces Eq. (4.5)
to:
d2 T (x)
RI 2
=−
,
2
dx
λV

(4.6)

which is an inhomogeneous second order differential equation. The
solution can be written as
T (x) = ax + b −

x2 RI 2
.
2 λV

(4.7)

The linear part ax + b is a solution for the homogeneous differential
equation and the last term is a solution of the inhomogeneous one.
As the contacts are set to the base temperature T0 , the boundary
conditions read: T (0) = T0 and T (l) = T0 . This leads to the solution
T (x) − T0 = ∆T (x) =

RI 2
(lx − x2 ),
2λV

(4.8)

and results in a parabolic temperature profile. The maximum temperature increase is in the middle of the NW at x = l/2, ∆Tmax =
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RI 2 l2 /8λV . Because the curve is parabolic, the average temperature
rises by ∆Tavg = 23 ∆Tmax . Using V = Al , ∆Tavg :
RI 2 l
.
12λ A

∆Tavg =

(4.9)

This can be solved for the thermal conductivity
λ=

P
l
.
∆Tavg 12A

(4.10)

Eq. (4.10) allows to extract the thermal conductivity from a set of R-I
sweeps knowing the temperature coefficient m of the electrical resistance of the NW material. Fig. 4.2 shows an example of a parabolic
temperature curve calculated for a 2 µm long NW with a diameter
of d = 100 nm and a thermal conductivity of λ = 5 W/mK heated
with a heating power of P = RI 2 = 2 µW. The average temperature
Tavg is highlighted with the dotted red line. In the following section,
the proof of the method for semi-conducting NWs is shown for silicon
NWs.
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Figure 4.2: Calculation of the temperature profile following Eq. (4.8)
for a NW with a length of 2 µm, a diameter of d = 100 nm, a thermal
conductivity of λ = 5 W/mK which is heated with a heating power of
P = RI 2 = 2 µW.
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4.1.2

Silicon Nanowires

As part of this thesis, the direct-current self-heating method has
been expanded from platinum NWs to semiconducting NWs. To
prove the principle that this method is also valid for semiconducting
NWs, silicon NWs have been investigated as a first step. There are
differences in measuring platinum NWs and silicon NWs. In the case of
platinum NWs, the contacts are metallic and the contact resistances,
both the electrical and thermal one, are generally very low. For
semiconducting NWs, great care has be taken as the semiconductormetal contacts possess higher electrical and thermal contact resistance
which might lead to a non-parabolic temperature profile and thus, to
errors in the measurements and to different results. To obtain contacts
which allow the application of the self-heating method, highly doped
silicon NWs (nD ≈ 1×1019 cm−3 ) have been investigated which allows
the fabrication the fabrication of ohmic contacts. As described in
Chapter 3, the silicon NWs investigated have been processed on Si/PI
substrates. 120 nm thick nickel is evaporated as contact metal after a
BHF clean. An example of an under-etched silicon NW with a diameter of 50 nm is shown in Fig. 4.3. As the inset of the figure shows, the
test structure is designed to do a full thermoelectric characterization
including measurements of the Seebeck coefficient.

Figure 4.3: Example of an under-etched Si NW (d = 50 nm) with
nickel contacts. The scale bar is 1 µm. The inset shows an overview
of the full thermoelectric test structure to measure λ, σ and S.
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In the following paragraphs, self-heating measurements of the NW
from Fig. 4.3 are presented. The contact resistance is measured as the
difference between the resistance in the four-probe configuration and
in the two-probe configuration which results in RC = 100 ± 25 Ω for
each contact. Due to the symmetry in the two-terminal measurement,
the contact resistance is assumed to be equal for the contacts. R-I
measurements with the current swept from I = 250 nA to I = 8 µA are
presented in Fig. 4.4(a) for a temperature range between T = 298 K
and T = 310 K.
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Figure 4.4: (a) Two-terminal resistance of the under-etched Si NW
from Fig. 4.3 vs the applied heating current IHeat for six base
temperatures ranging from 298 K to 310 K. (b) Resistance from (a)
plotted against the heating power PHeat . The dashed lines represent
linear fits to the measured data.
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An increase of the resistance of the NW with rising base temperature T0 as well as with increasing current and thus, increasing Joule
heating, is observed. For Joule heating, a quadratic dependence of
the resistance on the current is expected. Hence, in Fig. 4.4(b), the
resistance measurements from Fig. 4.4(a) are plotted as a function of
the heating power (P = RI 2 ). In this representation, the expected
linear dependence is observed. Dots represent the measurement values
while the lines represent linear fits of the measured data.
From the linear fits in Fig. 4.4(b), the resistance RN W,0 at P = 0 W
and a slope ∆R/∆P can be extracted. In the following, ∆P = P − P0
will be written as P , since P0 = 0 W. RN W,0 is plotted against
the base temperature T0 in Fig. 4.5. A linear fit (black line) to
the data yields the slope and, thereby, the temperature coefficient
mSiN W = (47.1 ± 2.5) Ω/K of the electrical resistance of the silicon
NW. The positive sign of the slope is expected because the mobility of
the charge carriers in silicon decreases at increasing temperatures due
to phonon scattering. With n being constant in temperature which is
the case at these doping concentrations, a decreasing mobility leads to
a higher resistance. Knowing mSiN W = ∆R/∆T , the linear increase
in resistance ∆R/P in Fig. 4.5 can be translated into an increase of
the average temperature of the NW ∆Tavg /P which is plotted on the
right axis of Fig. 4.6. ∆Tavg /P ranges from 3.2 K/µW to 4.3 K/µW
and the maximum applied power of 4.5 µW corresponds to an average
temperature increase of ∆T = (17.7 ± 0.3) K at T0 = 310 K. This
indicates that the peak temperature in the middle of the NW is 26.5 K
higher than the contact temperature. These results together with the
geometry parameters of the Si NW can be inserted into Eq. (4.10)
and the thermal conductivity, which is plotted on the left axis in
Fig. 4.6, can be calculated. For this NW, the values of the thermal
conductivity scatter around λ = (23 ± 5) W/mK with a decreasing
trend in temperatures as indicated by the linear fit.
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Figure 4.5: Resistance RN W,0 of the silicon NW in the limit of
zero heating power extracted from Fig. 4.4 plotted against the base
temperature. Each point stands for one base temperature from the
previous figure. A linear fit to the data yield a temperature coefficient
of the NW resistance of 47.1 Ω/K.
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Figure 4.6: Left axis: extracted thermal conductivity (black dots)
against the base temperature and a linear fit to the data (dashed
black line). Right axis: increase of temperature per Watt (red dots)
of heating power ∆T /P against the base temperature together with a
linear fit to the data (red line).
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Comparison with Results from Literature

[W/mK]

The measured thermal conductivity of (25 ± 5) W/mK at room temperature for the investigated silicon NWs is significantly lower than for
bulk silicon which has a thermal conductivity of 130 W/mK [Siklitsky].
The bulk value is for highly pure bulk silicon, however, there is almost
no dependence of λ on the doping concentration for temperature
higher than 100 K [Thompson and Younglove, 1961]. Although being
much lower than bulk silicon, the results are in good accordance with
results published on silicon NWs. Fig. 4.7 shows the values measured
for the Si NW (red stars) together with data published for various
diameters of Si NWs (black squares) [Li et al., 2003].
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Figure 4.7: Thermal conductivity values from Fig. 4.6 (red stars)
compared to literature reference values measured by Li et al. (black
squares) [Li et al., 2003].
Li et al. have reported room-temperature thermal conductivities of
27 W/mK for 56-nm thick vapor-liquid solid grown Si NWs measured
with the usual method of micro-electro mechanical systems. Furthermore, they also observe a negative dependence on the temperature
around room-temperature values. The trend they observe is less
pronounced than the trend observed for the NWs investigated in this
work. The latter are grown in a very similar way to the ones used by
Li el al. and they have very similar thermal conductivity values. This
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comparison indicates that the self-heating method can be applied to
correctly measure the thermal conductivity of semiconducting NWs.

4.1.3

Thermal Conductivity of InAs Nanowires

After the confirmation of the validity of the measurement method
with Si NWs, InAs NWs have been investigated using the self-heating
DC method. Both InAs NWs grown by VLS growth and by selective
area growth have been investigated. While the thicker (d ≥ 70 nm),
catalyst-free, selective area grown InAs NWs have given stable and
reproducible results, the unprotected, thinner (d ≤ 30 nm) VLS grown
NWs often provide high fluctuations in the measurement signals and
non-reproducible measurements after the under-etching with the RIE
process. Even a protective Al2 O3 shell around the NWs has not led
to significant improvement for the thin NWs. Therefore, the thermal
conductivity could only be measured reliably for InAs NWs with a
diameter above 70 nm.
In the following, measurements of a 100 nm thick InAs NW will be
presented. Fig. 4.8 shows the resistance for base temperatures from
T0 = 296 K to T0 = 306 K as a function of the heating power P = RI 2
while the probing current applied is represented on the top axis on
a square root scale. Measured values are represented by squares,
the dashed lines are linear fits. As it can be seen in the figure,
a current sweep in both direction does not lead to a hysteresis in
the electrical resistance. A two-terminal configuration was chosen
for the measurement of the electrical resistance after having verified
that the contact resistances are in the range of (150 ± 10) Ω which
is very small compared to the total resistance in the range of 45 kΩ.
Thus, the electrical contact resistance does not influence the resistance
measurements significantly. A linear dependence of the electrical
resistance on the heating power and a quadratic one against the
current is observed in the graph, as expected for Joule heating.
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Figure 4.8: The two-terminal resistance (squares) of an under-etched
InAs NW is plotted against the heating power (lower x-axis, linear
scale) and the heating current (top axis, quadratic scale), respectively.
Both sweep-directions are plotted in the graph. Measurements for
base temperatures ranging from 296 K to 306 K are presented. The
dotted lines represent linear fits to the data in dependence on the
heating power.

The curve at T0 = 296 K has the highest resistance with a value of
R0 = 46.51 kΩ in the limit of P = 0 W. A linear decrease to a value
of R = 44.1 kΩ at the maximum heating power can be observed, as
it is for all base temperatures. In contrast to T0 = 296 K, the curve
at T0 = 306 K has the lowest resistance with R0 = 45.83 kΩ in the
limit of P = 0 W which decreases linearly to R = 43.52 kΩ at the
maximum heating power. Similarly to the silicon NWs, RN W,0 at
P = 0 W and ∆R/∆P are extracted. Fig. 4.9 shows RN W,0 (black
squares) plotted against T0 . A negative temperature coefficient of
resistance of m = −72.3 Ω/K can be extracted from linear fit, i.e.
the resistance decreases with increasing temperature. In contrast to
the highly-doped, degenerate silicon NWs, this behavior is expected
for the undoped InAs NWs due to charge carrier excitation at higher
temperatures. This behavior has been observed for all InAs NWs
investigated. Additional charge carriers trapped states, e.g. on the
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surface, might be thermally excited and contribute to the conductivity
σ = neµ of the NW which is expressed in the decreasing resistance.
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Figure 4.9: The two-terminal resistance in the limit of zero heating
power extracted from the linear fits from Fig. 4.8 is plotted against
the base temperature. A linear fit yields a temperature dependence
of the resistance of −72.3 Ω/K.

From the slope ∆R/P extracted from Fig. 4.8, the resulting increase
in average temperature ∆T /P is plotted with red dots on the right
axis of Fig. 4.10 against the base temperature T0 . It decreases from
∆T /P = 7.8 K/µ W to ∆T = 7.4 K/µ W going from T = 296 K to
T = 306 K. The trend is linear as shown by the linear fit in the figure.
The maximum applied power of 4.5 µW corresponds to an increase in
average temperature of ∆T = (33.8 ± 0.2) K at T0 = 296 K, indicating
a peak temperature increase of ∆T ≈ 50 K in the middle of the NW.
The thermal conductivity extracted from the measured data is plotted
in Fig. 4.10 on the left axis. As it can be seen in the graph, the
thermal conductivity is in the range of (1.80 ± 0.35) W/mK and is
fairly constant over the temperature range.
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Figure 4.10: The thermal conductivity (black squares) extracted from
the self-heating measurements plotted against T0 . The dashed line
is a linear fit to the data and remains rather flat. The increase of
temperature per Watt of heating power ∆T /P is plotted on the right
axis against the base temperature. The line is a linear fit to the data.
By the means of Boltzmann transport theory, the theoretical dependence of the phonon thermal conductivity on temperature can be
obtained [Ibach and LÃĳth, 2009] and reads:
λ ∝ exp(ΘD /2T )
λ ∝ T −1

for T < ΘD .

for T > ΘD .

(4.11)
(4.12)

Fig. 4.11 shows the results for thermal conductivity measurements
of a 75 nm thick InAs NW (black dots) in dependence on the base
temperature T0 which ranges from T0 = 208 K to T0 = 347 K. A
monotonous decrease of the thermal conductivity from 4.22 W/mK
to 1.88 W/mK can be observed. The room temperature value at
T = 300 K is λ = 2.45 W/mK which is close to the value for the
NW presented in Fig. 4.10. The red line plotted in the graph is
proportional to exp(θD,InAs /2T ) while the blue line is proportional
to T −1 . These two lines represent the two theoretical curves from
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Eqs. (4.11) and (4.12) in order to see whether the measured values
follow the theoretically predicted behavior. The Debye temperature
used for the calculation of the curves is ΘD = 280 K [Piesbergen,
1963], i.e. in the middle of the temperature range investigated. A
power law fit using T −1.6 coincides very well with the experimental
values, see the purple line in Fig. 4.11. This shows that the behavior
of the experimental values differs from the theoretical predictions.
However, various phonon scattering processes at the NW surface play
an important role for the thermal transport and thus, the temperature dependence is not necessarily expected to follow the predicted
behavior which has been calculated for a bulk crystal without taking
surface scattering of phonons into account.
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Figure 4.11: Thermal conductivity of an InAs NW measured (black
dots) with the self-heating method is plotted against T ranging from
210 K to 340 K. The red dashed line represents the theoretical
temperature behavior for T < ΘD (InAs: ΘD = 270 K) while the
black dotted line represents the theoretical behavior of the thermal
conductivity for T > ΘD . A power law proportional to T −1.6 yields
the best fit to the experimental data (solid purple line). The inset
shows bulk reference data [Zhou et al., 2011a] (black squares) together
with two power laws proportional to T −1 (dotted red line) and T −1.25
(solid black line), respectively.
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Furthermore, the vicinity of the investigated temperature range to
ΘD might lead to a variation in the temperature behavior, since the
calculations are made for temperatures smaller or larger than the
Debye temperature. The inset of Fig. 4.11 shows that even the bulk
reference values measured for InAs presented in literature [Zhou et al.,
2011a] show the agreement to a power law dependence proportional
to T −1.2 instead of the expected proportionality to T −1 around room
temperature values. In the case of NWs, the phonon scattering with
surface charges and with features of surface roughness might even lead
to a temperature dependence further away from the expected values
than it is for bulk InAs.
In order to verify an compare the results of the thermal conductivities measured, the values are compared with thermal conductivity
measurements of InAs NWs performed on MEMS structures. Thermoelectric properties of InAs NWs with diameters in the range of
(125 ± 25) nm from the same growth batch have been investigated
[Karg et al., 2014]. Ten different NWs have been measured and they
all show a thermal conductivity in the range (2.5 ± 1) W/mK, i.e. the
results are in good consistency with the results measured with the
self-heating method.
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Figure 4.12: A collection of literature data for thermal conductivity of
InAs NWs is plotted in comparison with the values presented before.
The thermal conductivity is plotted against the diameter of the NW.
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Comparison with Literature Values for InAs NWs
The thermal conductivity in bulk InAs is 27 W/mK [Tamarin and
Shalyt, 1971] which is 10-15 times higher than the values measured for
the InAs NWs presented here. As well as in the case for silicon NWs,
the thermal conductivity in NWs is significantly reduced compared to
bulk due to scattering at the surface.
Other groups have determined the thermal conductivity of different
types of InAs NWs, namely catalyst-grown InAs NWs [Zhou et al.,
2011a] and etched InAs NWs [Mavrokefalos et al., 2007]. Their results
together with the value for bulk InAs and the NWs shown here are
plotted against the NW diameter, as it can be seen in Fig. 4.12. The
values for λ of Zhou et al. (blue triangles) are fairly higher than
the values measured in this thesis while the values of Makrokefalos
et al. (black squares) are comparable. All NWs reported have a
lower thermal conductivity than bulk InAs which is ∼ 27 W/mK,
as indicated with the gray line. Both groups have used the method
with the free-standing MEMS structures mentioned before. In the
latter reference, InAs NWs were fabricated using a thin film of InAs
and etching rectangular NWs (40 × 50 nm) with reactive ion etching.
These NWs show a thermal conductivity at room temperature of
∼ 2.1 W/mK, which is very similar to the NWs reported in this thesis
in spite of their smaller cross section. Zhou et al. have investigated
InAs NWs with diameters ranging from (63 − 179) nm possessing a
single phase crystal structure, they are either of pure Wurtzite or
pure Zincblende structure. They report thermal conductivity values
of (5−11) W/mK at room temperature. The difference in their NWs is
mainly attributed to the different diameter and therefore, the different
influence of phonon scattering at the surface [Zhou et al., 2011a].
Their results match well with calculations made by N. Mingo [Mingo,
2004] that predict thermal conductivities of ≈ 5 W/mK for 100 nm
thick InAs NWs.
The values of the NWs presented here are clearly lower than the values
measured by Zhou et al. and the predictions by Mingo. Measurement
artifacts can be excluded since similar values have been consistently
and reproducibly measured with two different methods. However, due
to a different growth mechanism, the NWs investigated do not have
a single-phase crystal structure, they are full of so-called stacking

68

CHAPTER 4. THERMAL CONDUCTIVITY OF INAS NWS

faults, i.e. the crystal structure changes between the Wurtzite and
Zincblende phase which yields mixed-phase NWs. The lengths of the
segments vary between a few nm and tens of nm. An example of a typical InAs NW investigated is shown in Fig. 4.13. These stacking faults
might act as additional scattering centers for phonons, i.e. they might
be the reason for the further reduced thermal conductivity compared
to single-phase NWs. This is very interesting because the barrier is
not a material barrier but just a change in the stacking order in the
crystal. It has been shown that geometrical defects as stacking faults
or twin boundaries can influence the thermal conductivity of metallic
nano-systems [Aghababaei et al., 2014]. In addition, the stacking
faults do not happen to be periodic, i.e. the lengths of the phases
vary and thus, a wide range of phonons with different wavelengths are
scattered in addition to the long-range phonons scattered at the NW
surface.

Figure 4.13: Transmission electron microscope image of an InAs NW.
The dark gray and light gray lines orthogonal to the growth direction
are zincblende and wurtzite segments, respectively. The scale bar is
50 nm.

4.2

Discussion of Error Sources and FEM
Simulations

The direct-current self-heating method is a straightforward method
to determine the thermal conductivity of nanowires. However, the
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method is only applicable if certain assumptions are fulfilled otherwise
large errors can occur. Perfect heat sinks in the contact region are
a prerequisite which implies perfect thermal contacts and no thermal
boundary resistance between the NW and the metal contact. Although the electrical contacts are of very good quality, this is not
necessarily the case for the thermal contacts. Furthermore, the metal
contacts used are rather narrow (150−200 nm) and thin (100−150 nm)
which might be not sufficient to conduct all the heat away through
the contacts which is caused by Joule heating in the NW. Finally, the
NWs are semiconducting and usually obey a Seebeck coefficient which
leads to Peltier heating or cooling in the contact regions. To analyze
the error potential due to these uncertainties, FEM simulations have
been performed using the COMSOL multiphysics software. A threedimensional structure has been built with COMSOL looking very
similar to the NWs experimentally investigated. A suspended NW is
placed onto a Si/PI substrate and the region between the two contacts
is under-etched. As for the NWs investigated previously, the diameter
of the simulated NW is 100 nm and the suspended segment is 1.3 µm
long. The contact width is 150 nm and the height of the metal is set
to 200 nm. An image of the three-dimensional structure is visualized
in Fig. 4.14(a) and the mesh can be seen in Fig. 4.14(b). The inset
of figure 4.14(b) shows a zoom-in of the mesh in the NW and the
contact region. The smallest mesh element is 1 nm.

Figure 4.14: (a) View on the three-dimensional model of the underetched NW built in the COMSOL software. (b) Cross-section of the
model orthogonal to the NW axis. Gray part is silicon, turquoise part
is PI, yellow part is InAs and the green part are the contacts.
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Diffusive electromagnetic transport and heat transport is modeled
using the software. The back side of the silicon block and two sides
of the metal squares are kept at a fix temperature of T = 300 K in
order to imitate the real conditions with the back side of the wafer
connected to the chuck and the big metal structures on a real wafer
with their connection to the probes all of which act as heat sinks. No
heat flux out of the structure is admitted to suppress convection to air
and to simulate the vacuum conditions. Different regions are used to
model the two types of transport, the electromagnetic part is modeled
in the metal and semiconductor region only, while the heat transfer
is modeled in the whole system. One metal square is set to a voltage
while its counterpart on the other side of the NW is set to ground potential. Electrical conductivity of the nickel contact lines and the InAs
NW as well as Seebeck coefficient and thermal conductivity of InAs
are required as input parameters and are taken from the experiments.
Further values required such as density and heat capacitance of the
materials and thermal conductivity of PI and Si bulk are taken from
online databases on www.ioffe.ru and www.engineeringtoolbox.com.
As a first step, electromagnetics and heat transfer are simulated without thermal contact resistances or Peltier effect for voltages ranging
from V = 0.06 V to V = 0.36 V which corresponds to heating powers
of P = 70 nW to P = 4.5 µW. This matches the heating powers
applied in the experiment, see Fig. 4.8. The temperature profiles
along the middle axis of the NW for the corresponding heating power
are extracted of which an example is shown in Fig. 4.15, in which
the under-etched part starts at x = 0.3 µm. A parabolic temperature
profile the NW and a decreasing temperature towards T = 300 K
in the contact region can be observed in the graph. However, the
contact region is slightly heated by ≈ 1.4 K for the highest heating
power, i.e. the metal cannot conduct away all the heat. The maximum
temperature increase of 51.5 K in the middle of the suspended NW at
x = 950 nm at the highest heating power in the simulation is 1.5 K
higher than observed in the experiment at the corresponding heating
power. Therefore, the temperature rise in the experiment is underestimated and an error in the temperature along the free-standing
part of the nanowire due to the contact heating in the range of 3 %
has to be taken into account when analyzing the measured data.
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Figure 4.15: Simulated temperature profile along the NW axis for
heating powers from P = 70 nW to P = 4.5 µW. The length of the
free-standing part of the NW is 1.3 µm, starting at x = 0.3 µm going
to x = 1.6 µm. The contact width is 150 nm. The simulation is done
without including the Peltier effect and thermal interface resistances.

As a second step, the Peltier effect is included in the simulation.
The Peltier coefficient is defined as P = ST with a typical Seebeck
coefficient of an InAs NW of |S| = 170 µV/K. The temperature profile
along the NW axis is plotted in Fig. 4.16 for a heating power of
P = 70 nW both without Peltier effect (solid black line) and with
Peltier effect (dashed red line). The curve without Peltier effect is
symmetric to the center of the NW and the temperature in the contact
regions decays to T = 300.02 K on both sides. The Peltier curve is
not symmetric to the NW center, its maximum is slightly shifted to
the left by a distance of 20 nm. However, the difference of the curves
in the under-etched part of the NW is very small and hardly visible,
the mean temperature differs only by less than 1 %. The only visible
difference in the curves is the contact temperature which is cooled on
the right and heated on the left side with ∆T = 0.03 K on each side.
From these results one can conclude that the Peltier effect does not
lead to a significant error in the self-heating method measuring the
thermal conductivity.
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Figure 4.16: Simulated temperature profile along the NW axis including the Peltier effect (dashed red line) together with the temperature
profile simulated without the Peltier effect (solid black line). The
Peltier effect leads to a cooling effect in the contact region on the
right and to a heating effect in the contact region on the left already
for a low heating power of P = 70 nW.

As a third step, thermal interface conductances are taken into account. Since there is very little experimental data on thermal interface
conductance available in general and nothing for the material combinations investigated, the thermal interface resistances are calculated.
The two most widely used models to calculate thermal interface resistance are the acoustic mismatch model and the thermal mismatch
model [Swartz and Pohl, 1989]. In the acoustic mismatch model, all
the phonons are assumed to cross the interface elastically while in the
diffusive mismatch model the phonons pass an interface diffusively.
The acoustic mismatch model is only valid for extremely flat and
clean interfaces, small roughnesses lead to scattering of high-frequency
phonons [Eisenmenger, 1986]. Since the metal-semiconductor interfaces are not atomically flat and there is a transition from a singleatomic metal to a binary semiconductor, the diffusive mismatch model
is considered here which has also been applied by others for similar
material combinations [Zhou et al., 2011b]. As a results, the thermal
interface resistance Rthi can be calculated as follows:
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Interface

th, i [ mK
2W ]

Material

Ci [ mJ3 K ]

vi [ m
s ]

InAs-Ni
InAs-PI
Ni-PI
Si-PI

7.19 × 10−10
1.49 × 10−9
1.29 × 10−9
1.28 × 10−9

InAs
Ni
PI
Si

1.42 × 106
3.95 × 106
1.55 × 106
1.63 × 106

5500
4900
2620
8430

Table 4.1: Left table: Thermal interface resistances calculated for the
various material interfaces using the diffusive mismatch model with
Eq. (4.13). Right table: Input material parameters used to calculate
Tth,i with the diffusive mismatch model.

Rth,i =

4 C1 v1 + C2 v2
A C1 v1 × C2 v2

(4.13)

A is the area of the interface, Ci the heat capacity and vi the speed
of sound of the corresponding material. The values for the thermal
interface resistances of the material combinations in the investigated
system and the input material parameters used can be seen in Table 4.1.
An example of a temperature profile of a line cut along the NW
axis including thermal interface resistances (black line) is plotted in
Fig. 4.17(a) together with the results without interface resistances
(red line). Both curves are taken for a heating power of 4.5 µW and
for both curves, the Peltier effect is taken into account. The line
including thermal interface resistance lies slightly above the line not
taking that into account. Fig. 4.17(b) shows a zoom-in of the NW
from Fig. 4.17(a) showing the temperature profile along a ±250 nm
long segment around the hottest point of the NW. It can be clearly
seen that the curve including thermal interface resistances has a higher
temperature over the whole curve than without thermal interface
resistances. This leads to an error in the estimation of the average
temperature along the NW in the range of 1 %.
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Figure 4.17: (a) The simulated temperature profile along the axis
of the NW is plotted for the situation including thermal contact
resistances (black line) and without thermal contact resistances (red
line). The Peltier effect is taken into account for both curves. Both
contact regions are heated because the heat cannot be transferred
away well enough due to the high heating power of P = 4.5 µW,
but due to the Peltier effect, the left contact is heated stronger than
the right contact where the Peltier cooling works against the Joule
heating. The temperature of the case including thermal contact
resistance lies above the one without. (b) Zoom-in into the left graph.
The maximum temperature is 0.2 K higher in the case of thermal
contact resistances.

The biggest effect of the thermal contact resistance can be seen in the
contact regions where all the thermal interfaces are located. A cross
section of a heated NW with a heating power of 4.5 µW is shown
in Fig. 4.18(a). T is plotted from T = 300 K to T = 304 K to better
visualize the effect of heating in the contact regions. The right contact
is hotter than the left contact due to the Peltier effect. Both metal
contacts are at elevated temperature for this heating power due to the
limits in heat conduction of the metal. There is heat transfer into the
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PI layer downwards, however, the temperature decays to T = 300 K
before reaching the silicon wafer.
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Figure 4.18: (a) A plane cut through the simulated structure of which
the line cut data is shown in Fig. 4.17. The heating power is P =
4.5 µW. The white scale bar is 100 nm. (b) Temperature profile of
a line cut (black line in the right contact region of (a)) going from
the top of the metal through the NW into the PI for five different
heating powers. The cut is through the right contact of Figure(a) in
the middle of the contact.
Fig. 4.18(b) shows the temperature profile along a line cut through the
metal contact, the NW and the PI layer for various heating powers.
The cut is done vertically from the top of the right metal contact of
Fig. 4.18(a) through the full diameter (100 nm) of the NW into the
PI at the position indicated in Fig. 4.18(a). One can see that the
metal contact is heated with a flat temperature profile for all heating
powers, the maximum temperature reached is T = 301.44 K. At
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the metal-semiconductor contact, there is a very small discontinuity
in the temperature due to the thermal contact resistance which is
observed for all heating powers. However, the maximum discontinuity
in temperature is 0.01 K, it can hardly be seen in the graph. Within
the NW, the temperature is not constant, but it increases coming from
the metal contact and reaches a maximum when reaching the PI layer.
For the highest heating power, a maximum of 4.2 K is obtained. This
increase is due to the fact that the metal is a better thermal conductor
than the PI. The temperature in the PI part decays very quickly, as it
can be seen in the figure. In contrast to the NW contact region which
is lying on the PI layer, as shown in the figure, the under-etched part of
the NW has a homogeneous radial temperature distribution, because
the heat has to flow along the NW axis.

One can conclude from the FEM simulations that in spite of the
contact regions of the NW not acting as perfect heat sinks, the heat
is transferred away very efficiently and the effect of additional heating
of the NW due to thermal contact resistances, limitations of the
metal heat capacitance and the substrate heat capacitance, the error
introduced in the measurement is still low enough to obtain good
values for the thermal conductivity. The errors introduced by the
measurement method lead to an methodical under-estimation in the
thermal conductivity of about 7 %.

The FEM simulations have shown that the self-heating method is
valid for the NW system investigated and can be used to determine
the thermal conductivity. However, the error determined using the
simulations is a specific error for the cylindrical InAs NWs. Other
NWs have errors of a different size due to their material parameters
and geometry. Fig. 4.19 shows the temperature profile for a tapered
NW (black line) heated with P = 2.2 µW together with a cylindrical
NW (d = 100 nm, red line) heated with P = 2.5 µW.
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Figure 4.19: Simulated temperature profile of a tapered NW (black
line) at a heating power of P = 2.2 µW. The temperature profile of
a cylindrical NW heated with P = 2.5 µW is plotted into the same
graph for comparison.
The diameter of the tapered NW decreases from 90 nm to 60 nm
over the suspended part of the NW. One can see that the temperature profile is not symmetric towards the NW center, the maximum
temperature increase is shifted towards the smaller diameter. The
absolute increase is different due to the different effective diameters of
the two NWs. However, calculating the medium temperature increase
and calculating the thermal conductivity according to Eq. (4.10) yields
an underestimation of the thermal conductivity of not less than 20%
for the tapered NW. Thus, one still has to be very careful by applying
the self-heating method to NW systems and needs to take possible
error sources into account.

4.3

Conclusion

In conclusion, the thermal conductivity of silicon and InAs NWs has
been determined using the self-heating technique. Initially, the validity of the method has been proved with Si NWs which show a
thermal conductivity of 25 W/mK at room temperature. This value
is very close to data for Si NWs with similar diameter measured
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by other groups with a different method. Subsequently, InAs NWs
have been measured and they obey a thermal conductivity as low
as 1.8 W/mK, significantly lower than bulk InAs (27 W/mK) and
also lower than other single crystalline InAs NWs reported by other
groups. However, they are in good agreement with InAs NWs of the
same type that have been measured with a different method. This
result is very positive for the thermoelectric figure of merit which is
inversely proportional to the thermal conductivity. The low thermal
conductivity can possibly be attributed to stacking faults orthogonal
to the NW axis. The change in crystal structure might lead to phonon
scattering at the stacking faults and thus, the thermal conductivity
would be reduced. This behavior should be investigated deeper in
future experiments. As a final step, FEM simulations of InAs NWs
including the Peltier effect and thermal interfaces resistances, which
are both neglected in the model on which the self-heating technique
is based on, are performed. It can be concluded from the simulations
that the measurement method can be applied for InAs NWs that have
a smooth surface and are not tapered which has been the case for our
NWs. However, they show that the value of the thermal conductivity
is under-estimated by ∼ 7% due to constraints for the contacts acting
as heat sinks and due to the thermal interface resistance.

Chapter 5

Three-Dimensional InAs
Nanowires
Thermoelectric measurements of InAs NWs are a very beneficial to
characterize semiconducting materials. In particular, the measurement of the electrical conductivity σ and the Seebeck coefficient S can
help to determine further important material properties. For example,
the sign of the Seebeck coefficient gives information about which
type of charge carriers is dominating the electrical transport. In the
following, thermoelectric measurements in dependence on the carrier
concentration are presented and discussed. Variation of the carrier
concentration was achieved both by gating and by chemical doping
of different NWs. Furthermore, information about the concentration
n, the mobility µ and the relaxation time τ of the charge carriers are
obtained.

5.1

Field Effect Measurements

The Seebeck coefficient and the electrical conductivity are dependent
on the position of the Fermi level and thus, the charge carrier concentration. Thermoelectric measurements of InAs NWs based on the
field effect have the advantage that the Fermi level can be modified
without chemical doping just by varying a gate voltage VG . By
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avoiding chemical doping, the impact of different concentrations of
ionized impurities on the electronic properties of the NW can be eliminated. Furthermore, possible variations in material quality between
differently doped NWs can be avoided avoided as the measurements as
a function of carrier concentration by using a gate can be performed
at one NW solely. However, a disadvantage of this method is the fact
that very high carrier concentrations (n > 1 × 1019 cm−3 ) cannot be
induced due to the breakdown of the gate oxide at high gate voltages.
With chemical doping, one can reach carrier concentrations in InAs
NWs that are significantly higher than n > 1 × 1019 cm−3 [Ghoneim
et al., 2012]. As already discussed in Chapter 3, VG is applied using
a back gate.

Figure 5.1: A SEM micrograph of a 30 nm thick InAs NW contacted
with metal in the Seebeck measurement configuration.
Because the gate coupling in this geometry cannot be as ideal as for
example with a gate-all-around geometry, only NWs thinner than the
gate oxide are investigated with this method in order to still obtain a
radial distribution of charge carriers which is as uniform as possible.
In addition, the capacitance model which will be introduced later can
only be used in the case of a NW diameter smaller than the gate oxide
thickness [Wunnicke, 2006]. The NWs presented in this chapter are
grown by the VLS method using Au particles as catalyst and the NWs
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have a final thickness of ∼ 30 nm. An example of a device is shown in
Fig. 5.1. The NW is placed onto a ∼ 150 nm thick thermal SiO2 on a
highly doped silicon wafer as described in Chapter 3 and indicated in
Fig. 3.8.
The NW device shown in Fig. 5.1 permits to apply a source-drain
voltage to two metal contacts and to investigate the NW concerning its properties as a back-gated field effect transistor (FET). Two
contacts are chosen as source and drain contacts and the the Fermi
level EF and thus, the charge carrier concentration are controlled by
the gate voltage. Since the undoped InAs NWs behave n-type, the
accumulation mode is reached for positive gate biases while the NW
is depleted for negative gate biases. The gate voltage VGS is always
applied with respect to the ground potential set at the source contact
and will be called VG throughout the thesis.
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Figure 5.2: (a)Transfer characteristics (ID vs VG ) of a back-gated
30 nm thick InAs NW for temperatures of 200 K, 250 K, 300 K and
350 K. The source-drain bias is kept constant at 100 mV. (b)Output
characteristics (ID vs VDS ) of the same NW for gate voltages from
−2 V to 8 V at T = 300 K.
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Fig. 5.2(a) shows the transfer characteristics of the NW FET (gate
length LG = 1 µm) plotted in a semi-logarithmic representation. The
drain current (ID ) is plotted logarithmically against VG for four temperatures ranging from T = 200 K to T = 350 K at a constant sourcedrain voltage VDS = 100 mV. VG is swept from VG = −3 V to
VG = 8 V. The current in the on-state of the transistor reaches a
level of ID = 3 µA (∼ 33 µA/µm) at VG = 8 V. At this current level,
ID is independent on temperature.
At negative gate voltages, a minimum current of 7×10−12 A is reached
at the lowest temperature. The higher the temperature, the higher
the current in the depletion regime. For the highest temperature,
a minimum current of 0.16 µA is reached with an Ion /Iof f ratio of
only 20, i.e. the transistor cannot be switched off. This behavior
might be expected since the surface of the InAs NWs has not been
optimized and they should obey a high density surface states which
become thermally excited at higher temperatures and lead to a higher
carrier concentration.
The output characteristics of the FET at T = 300 K is plotted in
Fig. 5.2(b). ID is plotted against VDS for gate voltages from VG =
−2 V to VG = 8 V. VDS is swept from VDS = 0 V to VDS = 0.1 V. Unfortunately, the NWs cannot stand voltages much higher than VDS =
0.1 V, therefore this value was used as a limit. For the lowest gate
voltage, the output characteristics remains flat at IDS = 2 × 10−8 A
which is in accordance with the measurements of the transfer characteristics at T = 300 K. These FET measurements allow to extract the
field effect mobility µF ET . The mobility is defined via the electrical
conductivity σ = neµ with the charge carrier concentration n and the
elementary charge e. The total charge in the NW can be written as
Qtot = C(VG − Vth )

(5.1)

with the capacitance C and the threshold voltage Vth of the NW.
The latter can be extracted from the output characteristics to be
Vth ≈ −2 V. The formula for the total charge is valid in the linear
regime of the NW only [Sze, 2006]. The charge carrier concentration
is defined as n = Qtot /VN W e with the NW volume VN W = ALG , the
cross section A and the gate length LG . Taking these equations and
DL
σ = VISD
A , one obtains the following formula for ID :
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ID = µVDS C(VG − Vth )

1
.
L2

(5.2)

The capacitance of the system is determined by the geometry and
the materials. In addition, interface or surface states influence the
capacitance and reduce the amount of available mobile charge carriers
responsible for the electronic transport. A calculation of the capacitance without interface or surfaces charges leads to an overestimation
of the carrier concentration and therefore to an under-evaluation of
the mobility in Eq. (5.2). This density of surface states will be
extracted later. For now, a typical value of a density of surface states
of Dsc ≈ 5 × 1013 cm−2 eV−1 [Wheeler et al., 2009] is considered in
calculating the error in the carrier concentration. For a back-gated
NW, the capacitance is difficult to assess, it can be either measured
or calculated. Measurements of the capacitance of a single NW require a high effort in both measurement technique and careful device
preparation. Since the capacitance has be to measured accurately in
the sub 10−15 F regime, there are only few examples in literature for
successfully measured single NW capacitances, e.g. lateral Ge NWs
[Tu et al., 2007], lateral Si NWs [Zhao et al., 2009] or vertical Si NWs
[Mensch et al., 2013]. Ford et al. have investigated InAs NW FETs
and also measured the gate capacitance as part of a bigger study to
determine the correct field effect mobility [Ford et al., 2009]. Since
the preparation of on-purpose fabricated test structures would have
exceeded the scope of this thesis, the capacitance of the test structure
investigated was calculated.
The NW geometry with an embedded NW in the oxide can be solved
analytically, but not the test geometry investigated. However, FEM
simulations show that the present geometry with a NW placed on
top of the oxide can be approximated using an effective permittivity
r,ef f [Wunnicke, 2006]. In the case of SiO2 as gate dielectric, the
permittivity reduces from r = 3.9 to r,ef f = 2.2. The formula for
the capacitance per length reads:
C
2π0 r
=
.
L
ln( 2t
r )

(5.3)
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r is the NW radius and t = tox + r the oxide thickness tox . An oxide
thickness of 158 nm was measured with ellipsometry. A NW radius
of 15 nm yields a capacitance of C = 3.9 × 10−17 F for a 1 µm long
NW. Using this value and inserting it into Eq. (5.1), one can calculate
that the carrier concentration can be tuned from 1 × 1017 cm−3 up
to 3.5 × 1018 cm−3 within the applied range of VG . Subsequently, the
field effect mobility can be determined from the ID -VG measurements.
A field effect or low-field channel mobility of µF ET = 1400 cm2 /Vs at
200 K is extracted which decreases to µF ET = 1200 cm2 /Vs at 300 K.
This mobility is in the medium range of reported values that fluctuate
from a few hundred cm2 /Vs reported for 70 nm thick InAs NWs [Lin
et al., 2013] to values higher than 3000 cm2 /Vs reported for InAs NW
transistors with diameters between 40 nm and 100 nm [Bryllert et al.,
2006, Dayeh et al., 2007, Roddaro et al., 2013].
Under the assumption that the charge carrier concentration is homogeneously distributed in radial direction of the NW, the electrical
conductivity can be calculated knowing VSD and ID and the length
and the cross section of the NW. This assumption introduces an error
because in the geometry investigated, there is more charge induced
in the NW in the region closer to the oxide than on top of the
NW due to the distribution of the electric field. However, FEM
simulations [Wunnicke, 2006] of very similar sructures show that the
carrier concentration at the contact point of the NW to the oxide is
roughly half an order of magnitude higher than the one on top of
the NW. This means that the whole cross section contributes to the
conductivity and the assumption made is justified. With this method,
an average electrical conductivity of the whole NW can be extracted.
Fig. 5.3 shows electrical conductivity σ = ID L/VSD A plotted against
the temperature for gate voltages ranging from VG = 8 V to VG =
0 V. In contrast to the FET measurements, the conductivity was
measured in a four-probe configuration to exclude contact resistances.
A maximum conductivity of 980 S/cm was measured at T = 200 K
for VG = 8 V. For the high gate voltages, i.e. in accumulation
at higher charge carrier density, the electrical conductivity decreases
with increasing temperature. Enhanced electron-phonon scattering at
higher temperatures might lead to a lower mobility in this case. On the
contrary, curves at lower gate voltages show the opposite temperature

85

5.2. SEEBECK COEFFICIENT AND σS 2

behavior, the electrical conductivity increases with increasing temperature. In this regime, the mobility is probably not the dominating
factor for the conductivity, but the carrier concentration. A reason
might be that there are more carriers thermally activated from surface
or interface states at elevated temperatures leading to a higher carrier
density and to an increase in the conductivity.
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Figure 5.3: Electrical conductivity of a 30 nm InAs NW against
temperature for gate voltages ranging from 0 V to 8 V.

5.2

Seebeck Coefficient and Thermoelectric Power Factor

In order to further complete the thermoelectric characterization and
to be able to calculate the thermoelectric power factor of the NW,
the Seebeck coefficient is measured as described in Chapter 3 in dependence on the gate voltage and the temperature. Fig. 5.4(a) shows
the absolute value of the Seebeck coefficient plotted against the carrier
concentration. Measured values are represented by black squares while
the red curve represents the bulk values as a reference, taken from
literature [Rode, 1971]. The Seebeck measurement also includes the
measurement of the Seebeck voltage of the nickel contact lines. The
Nickel contact lines are heated as well and a temperature gradient
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to the probes is obtained since the probes set to the wafer temperature. The value of the Seebeck coefficient of nickel according to the
Landolt-Börnstein Database [Foiles, 1985] is (−1.89 − 19.77( 300
T ) +
2
1.953( 300
)
)
µV/K,
yielding
a
value
of
−19.7
µV/K.
In
the
graph,
the
T
Seebeck coefficient corrected by the nickel value is plotted, i.e. only
the contribution of the InAs NW. The carrier concentration has been
calculated according to Eqs. (5.1) and (5.3) for a threshold voltage of
VG = −2 V with the result that it was tuned from n = 1.8 × 1017 cm−3
to 3.5 × 1018 cm−3 . Several uncertainties in the determination of the
capacitance are represented by the error bars such as threshold voltage
and surface or interface charge. Furthermore, there is an error in the
thickness measurement of the NW diameter and the oxide thickness
measurement.
For lower values of the carrier concentration than n = 1.8 × 1017 cm−3
as presented in Fig. 5.4, the NW is highly resistive and the Seebeck voltage cannot be measured accurately enough. The Seebeck
coefficient has a negative sign for the InAs NWs investigated which
confirms the n-type characteristics of the NWs and it can be tuned
from 182 µV/K to 73 µV/K. At zero gate bias, a Seebeck coefficient
of 140 µV/K has been measured. Within the error bars, the Seebeck
coefficient measured follows the bulk reference line ([Rode, 1971]) in
Fig. 5.4.
The NW investigated has a similar dependence of S on n as bulk
InAs although InAs NWs at a diameter of 30 nm are already in the
transition from a three- to a one-dimensional system. Calculating the
first two energy levels for a one-dimensional NW with a diameter of
30 nm using Eq. (2.33), one obtains energy levels of E1 = 0.042 eV
and E2 = 0.107 eV, respectively, which results in an energy difference
∆E = 0.065 eV. This corresponds to ∼ 2.5kB T at room temperature
which means that the energy levels are smeared out. Therefore,
it is still acceptable to assume that these NWs still behave threedimensional and the bulk-like behavior of the NW can be explained.
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Figure 5.4: (a)Seebeck coefficient of the NW device shown in Fig. 5.2
vs charge carrier concentration at T = 300 K. The black squares
represent the measured values and the red line are values reproduced
from [Rode, 1971]. The error bars in the carrier concentration take
the uncertainty in the geometrical capacitance into account. (b)
Carrier concentration vs gate voltage. The black squares are the
values calculated from the geometric capacitance, the red dots are
the values extracted from the bulk curve from [Rode, 1971] out of the
measured Seebeck coefficients of the NW.
Usually, the carrier concentration of a material is determined with
Hall measurements. However, Hall bar structures are very challenging to fabricate on NWs and the interpretation of the results is not
straightforward. So far, only three groups have reported successful
Hall measurements of InAs NWs either for fairly thick NWs (d ≥
200 nm) [Blomers et al., 2012, Storm et al., 2012] or for laterally
grown InAs NW crosses [Schmid et al., 2015]. The fact that the
InAs NWs investigated still obeys bulk characteristics can be used
to compare two additional ways of extracting the carrier concentration. First, the extraction for n is obtained from calculating the
capacitance and second, the extraction of n is performed by assigning
measured values of S to the corresponding n from the bulk reference
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line. Fig. 5.4(b) shows the carrier concentration plotted against the
applied gate voltage, the black squares represent the calculation of
n from the capacitance. As already mentioned before, this method
tends to over-estimate n. This is confirmed by the extraction of
the charge carrier concentration using the second method, plotted
in red squares. The values are in accordance to each other within
the error bars. However, at VG > 1 V, the carrier concentration
extracted from the capacitance is lying above the values extracted
from the Seebeck coefficient which might be addressed to surface or
interface states. Therefore, one can conclude that the method to
extract the carrier concentration from the bulk Seebeck coefficient is
valid for thick enough NWs that still have a three-dimensional density
of states. Furthermore the method is probably more accurate than
the calculation of n from the capacitance because the trapped charges
do not contribute to the Seebeck coefficient.
The NWs have been investigated not only in dependence of VG , but
also in dependence on the temperature. According to Snyder et al.
[Snyder and Toberer, 2008], one would expect a linear dependence of
S on the temperature for degenerate semiconductors:
8π 2 kb2 ∗
m T
S=
3eh2



π2
3n

2/3
.

(5.4)

Fig. 5.5 shows the absolute value of the Seebeck coefficient plotted
against the temperature for gate voltages from 0 V to 8, V. The
Seebeck coefficient increases linearly with increasing temperature for
all gate voltages, as expected. According to Fig. 5.4, the NW has
a carrier concentration of ∼ 5 × 1017 cm−3 at VG = 0 V which is
close to the degeneracy level and the other gate voltages induce even
higher carrier concentrations in the degenerate regime. This explains
the linear dependence of Seebeck coefficient temperature for all gate
voltages applied.
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Figure 5.5: The measured Seebeck coefficient of the NW shown in
Fig. 5.3 in a temperature range from 210 K to 350 K for gate voltages
from 0 V to 8 V.

An important measure of the quality of a thermoelectric material is
W
the thermoelectric power factor σS 2 in units of mK
2 . The maximum
thermoelectric power factor for bulk InAs was measured to be 1.6 ×
10−3 W/mK2 [Shakouri and Li, 1999]. Taking the values for S from
Fig. 5.4(a) together with the values for the electrical conductivity from
Fig. 5.3, the thermoelectric power factor can be calculated, as it is
shown in Fig. 5.6. The thermoelectric power factor has a maximum of
σS 2 = 0.5×10−3 W/mK2 at VG = 1 V, i.e. it is a factor of three lower
than bulk InAs at a gate voltage that corresponds to a carrier concentration of (8 ± 4) × 1017 cm−3 . This carrier concentration is very close
to the expected value at which the maximum of the thermoelectric
power factor should occur for bulk InAs (∼ 3 × 1017 cm−3 [Shakouri
and Li, 1999]). The difference in the thermoelectric power factor of the
NW compared to bulk InAs can be explained with the lower mobility
in the presented NWs compared to bulk material. As discusses earlier,
the mobility of the NW is estimated to be 1000 − 2000 cm2 /Vs, while
for carrier concentrations of 5 × 1017 cm−3 , the bulk carrier mobility
is expected to be ∼ 5000 − 12000 cm2 /Vs, i.e. at least a factor of three
higher.
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Figure 5.6: Thermoelectric power factor at T = 300 K vs gate voltage
VG . A maximum of 0.5 × 10−3 W/mK2 is reached at VG = 1 V.

5.3
5.3.1

Carrier Concentration and Mobility
Gated InAs Nanowires

As already shown in Fig. 5.4(b), the Seebeck coefficient can be used
to extract the carrier concentration. This method can be further
improved by calculating quantities such as the carrier concentration,
the electrical conductivity and the Seebeck coefficient using the BTE
formalism from the theory chapter. The parameters τ0 , β and EF in
Eqs. (2.19),(2.22) and (2.23) can be used to fit the calculated results
to the gate-dependent measurements of the electrical conductivity
and the Seebeck coefficient. This method has been developed by V.
Schmidt [Schmidt et al., 2014]. From the gate-dependent Seebeck
measurements, the gate voltage applied can be translated into the
energy of the Fermi level EF if the scattering parameter β and the
density of states are known, according to Eqs. (2.22-2.23). In order
to obtain β, it is extracted from fits to the reference curve of the
bulk Seebeck coefficient [Rode, 1971]. Subsequently, the charge carrier
concentration can be calculated using Eq. (2.19) knowing EF and the
charge carrier mobility can be calculated from conductivity measurements. Finally, the relaxation time τ0 can be used as a fit parameter
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for the calculation of the mobility [Schmidt et al., 2014]. One of
the major advantages of this new method is that the calculation or
measurement of the gate capacitance is not necessary which eliminates
the error due to the uncertainties in the geometry. Furthermore,
trapped charges on the NW surface do not influence the results, since
the Seebeck coefficient only depends on the mobile charge and so does
the conductivity.
As mentioned before, the density of states is needed to perform the fits.
Based on the fact that the NWs are still bulk-like, a three-dimensional
density of states is assumed. Thereby, it is important to account for
the non-parabolic energy dispersion of InAs which can be written
~2 k 2
According to [Ioffe],
using a parameter α: 2m
∗ = E(1 + αE).
em
the non-parabolicity parameter reads α = 0.7 eV−1 . This leads to a
modification in D(E) compared to Eq. (2.27) which can be written in
the following form:

D(E) =

g
4π 2



2m∗
~2

3/2

p
E(1 + αE)(1 + 2αE),

(5.5)

where g = 2 is the spin degeneracy. This form of D(E) is applied to
Eqs. (2.19), (2.23) and (2.22). The details can be found in [Schmidt
et al., 2014]. Interface or surfaces states could influence the shape of
the density of states of the free charge carriers in the NW, but it would
require a much more sophisticated description of D(E). Therefore,
this is neglected in the consideration presented here. As already
described in Chapter 2, a power-law dependence of the relaxation
time of the charge carriers is assumed which can be written as τ =
τ0 (E/E0 )β . E0 = kb · 300K is a normalization constant which is
needed for dimensionality reasons.
Scattering Parameter β
Since the calculations are done using a relaxation time in the form
τ = τ0 (E/E0 )β , a good value for β has to be determined first. As mentioned in the theory chapter, β can be extracted from the relation of
the Seebeck coefficient and the carrier concentration. Furthermore, it
can be extracted from temperature-dependent mobility measurements
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or by measuring the Nernst coefficient of the material [Pichanusakorn
and Bandaru, 2010]. Since the charge carrier concentration is unknown, the extraction of β from S-n measurements cannot be applied
here. Furthermore, the mobility cannot be measured directly, as
explained before, and the Nernst coefficient cannot be measured either
with the setup available. Thus, β cannot be obtained experimentally
for the InAs NWs.
2.4

(b)

2.2
0.2

2.0

E

F

1.4
0.1

1.2

18

1.6

n [10

[eV]

-3

cm ]

1.8

1.0
0.8
0.6
0.0
0

2

4
V

G

6

8

[V]

Figure 5.7: (a)The absolute value of the Seebeck coefficient at
T = 300 K taken from the data published by [Rode, 1971] (black
squares). The lines represent calculations for bulk InAs using the BTE
formalism for three different values for the scattering parameter β. (b)
Example of the Fermi level EF extracted from Seebeck measurements
at T = 297 K plotted vs the applied gate voltage. The corresponding
carrier concentration is calculated using Eq. (2.19). The dotted lines
are polynomial fits to the dotted values and serve as guide to the eye.
Therefore, in order to obtain a value for β, the Seebeck coefficient
is calculated according to Eqs. (2.23) and (2.22) and then fitted to
the bulk reference data [Rode, 1971] using β as a fit parameter.
Results for three different values of β are shown in Fig. 5.7(a). The
best fit is obtained with a scattering parameter β = 0.78. This
value will be used for the analysis in the following although it has
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the drawback that most likely, the scattering parameter in the NWs
has a different value because scattering at surface charges might be
the dominating scattering mechanism compared to other mechanisms
in bulk InAs. However, it is the best value that can be obtained.
Usually, the energy dependence of the relaxation time is replaced by
a temperature-dependence, ∼ (T /300 K)β . This is good enough to
describe the electrical conductivity, however, it leads to errors in the
calculated Seebeck coefficient. Therefore, all calculations will take the
energy dependence into account.
Fermi Level and Carrier Concentration
Using Eqs. (2.22) and (2.23), the Fermi level can be extracted from
the measured Seebeck coefficient. The extracted Fermi level EF at
T = 297 K is plotted against the gate voltage on the left axis of
Fig. 5.7(b). At VG = 0 V, the Fermi level is already 0.1 eV within
the conduction band. EF can be pushed further into the conduction
band up to a value of 0.21 eV at VG = 8 V. The increase of the Fermi
level saturates towards VG = 8 V which is in accordance with the
FET measurements that show a saturation in ID at that gate voltage.
Trapping of charge carriers by surface states might be the reason for
the saturation and at higher gate voltages, this would probably lead
to a complete pinning of the Fermi level. Having obtained EF , the
electron concentration can be calculated in a second step. It is plotted
on the right axis of Fig. 5.7(b). The electron concentration can be
tuned from 6 × 1017 cm−3 to 2.3 × 1018 cm−3 .
Charge Carrier Mobility and Relaxation Time
Now, the value of n extracted can be combined with the measured
value of the conductivity to obtain the mobility. The electrical conductivity is σ = neµ with the µ being the charge carrier mobility.
As it can be seen in Eqs. (2.22) and (2.23), both σ and S are dependent on τ and the Fermi level EF . This means that the mobility
has a dependence on EF , too. In the Boltzmann limit of a lowly
doped semiconductor, this dependence vanishes. In a degenerately
doped semiconductor, the effect cannot be neglected, leading to a
pronounced dependence of µ on EF . This means that for degenerately
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doped semiconductors, a single value for µ that is independent on EF
cannot be obtained.
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Figure 5.8: (a) Mobility extracted from conductivity measurements
for three different temperatures (dots) against the Fermi level EF .
The lines are the mobility calculated in dependence of EF using τ0
as fit parameter. (b) τ0 determined from fits plotted against the
temperature.
Fig. 5.8(a) shows the mobility calculated (dots) from the electrical
conductivity measured for three different temperatures. In order to
obtain the mobility, the conductivity measured is divided by the carrier concentration determined as shown in Fig. 5.7 and the elementary
charge.
In the same graph, the mobility calculated by means of the Boltzmann
transport formalism in dependence on EF by using τ0 as a fit parameter is plotted as solid lines for three different values of τ0 . One can see
that the mobility calculated with the Boltzmann transport formalism
is constant at energy levels below the conduction band and increases
for energies within the conduction band. Furthermore, the slope of the
mobility of the measured data (dots) coincides well with the slope of
the fitted mobility (lines). Finally, the right choice of τ0 yields a good
fit of the calculated to the measured data. The room-temperature
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values of the mobility extracted are in the range of µ = 2000 cm2 /Vs.
Fig. 5.8(b) shows the fit values τ0 for the whole temperature range
investigated. As it can be seen in the figure, the relaxation time is
fairly independent on temperature, the values scatter around the mean
relaxation time of τ0 = (0.9 ± 0.2) × 10−14 s. As mentioned before, a
temperature dependence of the relaxation time is caused by the energy
dependence τ = τ0 (E/300 K × kb )β . In this case, the temperature
dependence is fully covered by the choice of the parameter β since
τ0 does not show a clear temperature dependence. Therefore, the

β
E
relaxation time can be written as τ ≈ (9 ± 2) × 10−15 kb 300
s.
K
The results plotted in Fig. 5.8 show that the model for the density of
states including the non-parabolicity of InAs and the description of
the electrical conductivity and Seebeck coefficient can be used together
with the gate-dependence of these quantities in order to extract the
concentration, the mobility and the relaxation time of the charge
carriers. This method has the advantage over the FET method that
there is no capacitance needed. Therefore, errors due to geometrical
capacitance calculation or trapped surface or interface charges that
influence the value of the capacitance can be avoided.

Estimation of the Density of Surface States
There is a significant difference in the FET mobility and in the mobility derived from the measurement of the Seebeck coefficient. As
mentioned before, the FET mobility at room temperature is µ =
1200 cm2 /Vs while the mobility extracted from the Seebeck coefficient
at room temperature is µ ≈ 2000 cm2 /Vs. However, the conductivity measured is the same. Thus, there must be a difference in the
charge carrier concentration assumed for both models. The amount of
charges on the NW surface can be estimated by comparing the charge
carrier density obtained from the capacitance model and the one
obtained from the Seebeck method. The capacitance model does not
distinguish between surface charges and charges in the NW while the
surface charges are not taken into account with the Seebeck method.
Therefore, the total surface charge Qsurf of the capacitor is the total
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charge Qtot subtracted by the charge carrier in the NW QN W , which
can be written as
Qsurf = Qtot − QN W = C(VG − Vth ) − QN W

(5.6)

The total charge in the NW is obtained from the extraction presented
previously. Fig. 5.9 shows the carrier concentration plotted against
the Fermi level EF on the left axis. While the carrier concentration
obtained from the capacitance is plotted as dashed red line, the one
obtained from the Seebeck coefficient is represented by the black dots
and fitted by a polynomial of second order to smooth the curve of
the black dots. From the difference in the carrier concentration, a
density
of surface states Dst can be extracted via the relation Qsurf =
R
eA Dst dE which can be simplified to Qsurf = eADst EG if a step
function for the energy of the width of the bandgap EG is assumed.
This implies that the surface states have energies spread within the
band gap of InAs. Thus, Dst can be extracted from the difference
∆n between the two carrier concentrations using the relation Dst =
∆nl/EG . The extracted density of surface states Dst of the NW
is plotted in the same graph on the right axis. An increase of the
surface charge concentration with higher EF or gate voltage from
1 × 1013 cm−2 eV−1 to 3.5 × 1014 cm−2 eV−1 is observed. This means
that at higher gate biases, more and more surface states are induced
due to the higher electric field. These values are one or two orders
of magnitude higher than interface charge densities reported earlier
obtained from capacitance measurements of InAs NWs [Astromskas
et al., 2010, Roddaro et al., 2008]. However, these NWs have been
coated with an oxide while the NWs shown here have not seen any
passivation and the surface has not yet been optimized concerning
surface quality. Wheeler et al. have reported bulk InAs coated with
a dielectric that show, depending on the pre-treatment, values higher
than 1 × 1014 cm−2 eV−1 going towards the conduction band[Wheeler
et al., 2009]. Halpern et. al have directly measured the surface charge
of InAs NWs with Kelvin Probe Force microscopy and they have
reported values of 3 × 1013 cm−2 eV−1 at the conduction band edge
[Halpern et al., 2014] with a parabolic increase starting from midgap.
Considering that the NWs presented here have been investigated at
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energy levels of ∼ 0.1 − 0.2 eV in the conduction band, the values of
the surface charge density obtained with this method are reasonable.
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Figure 5.9: Carrier concentration (left axis) plotted against the Fermi
level EF at T = 300 K. The dashed red line represents the carrier
concentration extracted from the capacitance while the black dots
is the carrier concentration extracted with the Seebeck method. The
dotted black line is a fit to the measured values. The density of surface
states Dst (green line) extracted is plotted on the right axis.

5.3.2

Chemically Doped InAs Nanowires

Semiconductors a very versatile materials because of the possibility to
tune their carrier concentration from quasi-insulating to almost metallike densities by the means of doping. One possibility to achieve high
doping levels in NWs is chemical in-situ doping during the NW growth
[Ghoneim et al., 2012]. However, it is not straightforward to determine
the level of doping concentration achieved in the grown NWs. This is
because measurements of the electrical conductivity are not sufficient
because of the unknown charge carrier mobility in NWs and Hall
measurements are difficult to conduct, as mentioned before. The
problem of one missing parameter when the electrical conductivity is
measured can be circumvented by measuring the Seebeck coefficient of
these NWs and assigning it to a carrier concentration if the relations
between these two quantities is known. Within the research group,
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self-catalyzed, selective area grown InAs NWs have been in-situ doped
during growth, both with sulfur and with silicon. Six differently doped
NWs have been investigated during this study. The details of growth
can be found in Appendix B and in the corresponding paper [Ghoneim
et al., 2012]. These investigated NWs have a fairly large diameter
(d > 100 nm) and thus behave like bulk InAs. Therefore, the bulk
relation between S and n from [Rode, 1971] can be applied to the
measured values. The NW devices have been fabricated as described
in Chapter 3 on Si/SiO2 wafers. Since the NWs are doped and
have a higher carrier concentration than the undoped NWs, no back
gate has been applied. Electrical resistivity and Seebeck coefficient
have been determined at room temperature. The electrical resistivity
was measured in a four-probe configuration by H. Ghoneim while
the Seebeck coefficient was measured as part of this thesis in the
way discussed in Chapter 3. Subsequently, the carrier concentration
is extracted from the reference curve for bulk InAs of the Seebeck
coefficient in dependence on the carrier concentration [Rode, 1971].
120

1E20

80
-3

60

S
n

40

n [cm ]

|S| [10

-6

V/K]

100

1E19

20
0
0

2

4
[10

6
-3

8

1E18
10

cm]

Figure 5.10: Seebeck coefficient (black squares, left axis) and carrier
concentration (red squares, right axis) against the electrical resistivity
of the corresponding InAs NW.
Fig. 5.10 shows the Seebeck coefficient of the six NWs plotted on the
left axis against the electrical resistivity. The lowest resistivity of
ρ = 0.26 × 10−3 Ωcm has been achieved with Si doping. As expected,
the Seebeck coefficient increases with increasing resistivity. The values
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2

[cm /Vs]

of the carrier concentrations extracted from the Seebeck coefficients
are plotted on the right axis. A maximum carrier concentration of n =
7 × 1019 cm−3 has been determined for the lowest value of resistivity.
The lowest carrier concentration with n = 1.3 × 1018 cm−3 has been
obtained for a sulfur-doped NW with a resistivity of ρ = 9×10−3 Ωcm.
These results show that the carrier concentration can be varied over
almost two orders of magnitude and much higher carrier concentration
than by gating can be reached.
The resistivity values together with the extracted carrier concentration from S can be used to calculate the charge carrier mobility
µ. Fig. 5.11 shows the charge carrier mobility plotted against the
charge carrier concentration of the measured data from Fig. 5.10
(black squares). The red square is a reference value extracted with
an additional method, fitting the I − V measured characteristics of
an p+ -InAs/n− -InAs tunneling diode using the carrier concentration
as a fitting parameter [Ghoneim et al., 2012]. Fabrication and measurement of the diode has been done by H. Ghoneim and the fitting
of the diode was performed in the group of Prof. Schenk at ETH.
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Figure 5.11: Mobility extracted from measurement of the resistivity
and extraction of the carrier concentration from the Seebeck coefficient
(black dots). The red dot is the mobility extracted by fitting a
measured InAs/InAs tunneling diode to the measured data.
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One can see that the mobility follows a linear trend as it would
be expected for bulk InAs [Rode, 1971]. The mobility decreases
from µ = 545 cm2 /Vs at the lowest carrier concentration to µ =
344 cm2 /Vs at the highest carrier concentration. This behavior can be
explained with increasing scattering of the charge carriers at ionized
impurities. The NW behaves as one would expect for bulk, however,
the extracted mobility values are fairly below bulk InAs which has
mobilities between µ = 150 000 cm2 /Vs and µ = 50 000 cm2 /Vs in the
regime of doping concentration investigated.
The difference of charge carrier mobility in NWs and bulk material is
an issue not only the case of InAs, because surface charges in NWs
play a very influential role in the electrical transport in NWs due to
the high surface-to-volume ratio. Charge carriers scatter more often
at surface charges in NWs than they do in bulk and that is why the
mobility in NWs is generally reduced. However, the goal of this project
has been to vary and determine the charge carrier concentration and
not to improve the surface quality of the NWs.
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Figure 5.12: Thermoelectric power factor of the differently doped InAs
NWs against the carrier concentration.
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In bulk materials, the thermoelectric power factor should have a maximum around a carrier concentration of 1×1019 cm−3 which is independent on the material [Rowe, 2006].Fig. 5.12 shows the thermoelectric
power factor σS 2 calculated from the measured electrical resistivity
and Seebeck coefficients plotted against n. One can see that the
maximum of the thermoelectric power factor occurs for n = 6 ×
1018 cm−3 which is close to the expected value of 1 × 1019 cm−3 . The
absolute value of the thermoelectric power factor is a factor of ten
lower than for bulk. This behavior can be addressed to the poor
mobility of the NWs on which the thermoelectric power factor has a
linear dependence. Since the mobility of the NWs is (10 − 15) times
lower that in bulk InAs, the thermoelectric power factor of the NWs
is also reduced by this factor.

5.4

Conclusion

Thermoelectric properties of three-dimensional InAs NWs have been
investigated by performing both gate-dependent and doping-dependent
measurements. Test devices with VLS-grown InAs NWs with a diameter of ∼ 30 nm have been fabricated on a Si/SiO2 wafer and the carrier
concentration and, thus, the Fermi level could be tuned by applying
a back gate bias. A maximum electrical conductivity of 980 S/cm
is determined. In addition, the Seebeck coefficient as a function of
carrier concentration behaves as the bulk reference curve. This finding
emphasizes that it is still acceptable to consider these NWs as threedimensional. Hence, further electrical properties like Fermi level,
carrier concentration, charge carrier mobility and carrier relaxation
time have been determined by fitting σ and S from the Boltzmann
transport theory to the data measured as a function of of the backgate voltage and using the scattering parameter β, Fermi level EF
and relaxation time τ as fitting parameters. It is found that the
charge carrier concentration can be tuned from 7 × 1017 cm−3 to 2.2 ×
1018 cm−3 with a charge carrier mobility ranging from 2000 cm2 /Vs
to 2300 cm2 /Vs. Comparing these results to the carrier concentration
obtained from a capacitance model, a value for the surface charge
density is obtained which is in the range of (0.1−3.5)×1014 cm−2 eV−1 .
Finally, the thermoelectric properties of differently doped InAs NWs
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are investigated. Again, the measured Seebeck coefficient can be used
to determine the carrier concentration from the bulk reference curve
and therefore, the doping level. This procedure is justified because
the NWs were fairly thick (d > 100 nm) and are therefore still threedimensional. A variation of the doping level over two orders of magnitude was achieved, ranging from 1.3 × 1018 cm−3 to 7 × 1019 cm−3 .
Subsequently, the charge carrier mobility was extracted by combining
the carrier concentrations with electrical conductivity measurements.
The mobility decreases with increasing doping concentration from
545 cm2 /Vs to 344 cm2 /Vs. Compared to the undoped NWs, the
mobility is significantly lower, which can be addressed to the higher
density of ionized impurities in these NWs that act as additional
scattering centers to the surface states.
To conclude, it has been shown that thermoelectric measurements are
a very powerful tool to learn more about the material properties of
InAs NWs. These measurements can be used to investigate material
parameters of NWs such as carrier concentration or charge carrier
mobility that are not so easy to address with the classical measurement
methods to determine these parameters in bulk systems.

Chapter 6

One-Dimensional InAs
Nanowires
As discussed in the introduction and in Chapter 2, one-dimensional
NWs are supposed to have an enhanced thermoelectric power factor
compared to bulk material. Literature predicts an observable enhancement of the figure of merit if the diameter of the NW is below the
thermal wavelength of the material [Hicks and Dresselhaus,
1993a].
√
The thermal wavelength is given by λtherm = h/ 2πm∗ kb T . InAs
with an effective mass of m∗ = 0.023me has a thermal wavelength
of 28 nm at room temperature. This means that the diameter of a
suitable InAs NW has to be smaller than 28 nm to see an enhancement
in the thermal power factor. Thermoelectric properties of thin InAs
NWs have been investigated. Evidence for one-dimensional behavior
has been observed [Tian et al., 2012] for 20 nm thick InAs NWs,
however, the power factor was measured to be much lower than in bulk
InAs. Thus, so far, a clearly enhanced thermal power factor in a onedimensional NW has not been reported in literature. An enhancement
in the thermoelectric power factor has been observed in InAs at low
temperatures [Wu et al., 2013]. However, this enhancement reported
is addressed to the presence of zero-dimensional quantum-dot like
structures within the InAs NWs and not to one-dimensional behavior.
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As part of this thesis, 20 nm thick InAs NWs have been investigated
to see whether an enhancement in the thermoelectric power factor can
be observed. To improve the surface quality of the NWs, a 5 nm thick
Al2 O3 shell was deposited immediately after the NW growth. There
are some differences in the structure of the test device compared to
the ones fabricated in the previous chapter, as indicated in Fig. 6.1(a).
First, there are five electrical contacts to the NW including two fourprobe thermometers and second, the structure is fabricated onto a
30 nm thick HfO2 dielectric. This dielectric is chosen because of the
higher permittivity and therefore the better gate coupling. As it can
be seen in Fig. 6.1(b), five NW contacts allow transport measurements
of different gate lengths LG to learn about the mean free path of the
NWs. The NWs have been investigated over a temperature range from
room temperature down to T = 94 K.

Figure 6.1: (a) Sketch of a test device for a 20 nm thick InAs NW.
The InAs NW coated with a 5 nm Al2 O3 shell is placed onto a 30 nm
thick HfO2 shell. The highly doped silicon wafer is used as back gate.
(b) Top view SEM image of a test device. The heater is highlighted
in green, the contacts in red and the NW in yellow.

6.1

Thermoelectric Properties at Room Temperature

Fig. 6.2(a) shows thermoelectric measurements of an InAs NW with a
diameter of 20 nm at room temperature in dependence on the applied
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gate voltage VG . The electrical conductivity is plotted on the left
axis whereas the absolute value of the Seebeck coefficient is plotted
on the right axis. The conductivity is obtained from ID − VG sweeps
at a constant source-drain voltage of VSD = 5 mV. An increase in the
electrical conductivity from 30 S/cm at negative gate bias to 890 S/cm
at a positive gate bias of VG = 2 V can be observed. The NW can
not be depleted completely. This might be attributed to thermal
excitation of charge carriers from trap states or to a insufficient gate
coupling. The electrical conductivity has been measured between the
contacts closest to the heater, whereas the Seebeck coefficient has
been measured between the two outermost contacts. The Seebeck
coefficient has only been determined for positive gate voltages, since
the NW resistance at lower gate voltages is very high (R > 1 MΩ).
This makes both an accurate voltage measurement very difficult and it
can lead to damage of the NW. The Seebeck coefficient decreases from
−196 µV/K at VG = 0 V to −130 µV/K at VG = 2 V. The values of
the electrical conductivity plotted in Fig. 6.2(a) are comparable to the
values measured for the InAs NWs in the previous chapter. However,
the Seebeck coefficients measured at room temperature are clearly
higher than for the previously presented NWs. The thermoelectric
power factor σS 2 calculated from the values presented is plotted in
Fig. 6.2(b) with a maximum value of (1.7±0.3)×10−3 W/mK2 at VG =
0 V. It decreases to (1.4 ± 0.3) × 10−3 W/mK2 at VG = 2 V. These
power factors are a factor of three higher than the room-temperature
power factor of the NW presented in Fig. 5.6 and comparable to the
maximum power factor of n-type bulk InAs which is 1.6×10−3 W/mK2
[Shakouri and Li, 1999]. Furthermore, the power factor is 5-10 times
higher than the power factor maximum measured in thicker (70-100
nm) NWs [Karg et al., 2013]. For InAs NWs with very high mobility of
> 100 000 cm2 /Vs, a thermoelectric power factor of 1.0 × 10−3 W/mK2
has been reported [Roddaro et al., 2013] which is still lower than the
values presented here.
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Figure 6.2: (a) Electrical conductance plotted on the left axis against
the gate voltage. The Seebeck coefficient measured is plotted on
the right axis. It has been determined over the entire length of the
NW while the electrical conductivity has been measured for the first
NW segment only. All data is measured as room temperature. (b)
Thermoelectric power factor calculated from the upper graph plotted
against the gate voltage. The error bars in (a) and (b) take the
measurement inaccuracy and the uncertainty in the NW diameter
due to the SEM measurement into account.
In bulk InAs, the maximum thermoelectric power factor occurs for
an electrical conductivity of σ = 500 W/cm [Shakouri and Li, 1999]
which corresponds to a carrier concentration of n ∼ 3 × 1017 cm−3 if
a typical bulk mobility for InAs of µ = 100 000 cm2 /Vs is assumed. In
the NW presented here, the lower limit of the power factor maximum
lies at 430 S/cm. However, the corresponding carrier concentration
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is probably higher than 2 × 1017 cm−3 . Calculating the carrier concentration from the geometrical model with an effective permittivity of HfO2 r,ef f = 8 [Wunnicke, 2006], a carrier concentration of
n = 6 × 1018 cm−3 is obtained. This is probably too high because
surface charges are present. Assuming a surface charge density of
5×1013 cm−2 eV−1 , a more realistic value for the carrier concentration
in the NW of n ≈ 1−2×1018 cm−3 is obtained for VG = 0 V. Formally,
the measured value of σ = 430 S/cm yields a charge carrier mobility
of (2300 − 4600) cm2 /Vs at this carrier concentration.
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Figure 6.3: Seebeck coefficient measured for three different temperatures plotted against the carrier concentration. The carrier
concentration is extracted using a capacitance model with r,ef f = 8
[Wunnicke, 2006] including a correction for surface charges. The bulk
reference curve from literature [Rode, 1971] is plotted as the solid
black line for comparison. The error bars in the carrier concentration
accounts for the uncertainty in the calculation of the capacitance due
to the geometry and the threshold voltage.
The absolute value of the Seebeck coefficient measured is plotted
against the charge carrier concentration in Fig. 6.3 for three different
temperatures together with the bulk reference data for T = 300 K for
comparison (black line). Fig. 6.3 shows that the Seebeck coefficient
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of the NW as a function of carrier concentration is higher than the
bulk reference values at room temperature, in particular the measured
data at T = 300 K. The NW room temperature value exceeds the
bulk value by ∼ 70%. Even the Seebeck coefficients at T = 200 K and
T = 250 K still lie above the bulk data although the Seebeck coefficient
decreases with decreasing temperature. In order to match the bulk
reference line, the NW curve at T = 300 K would need to be shifted
by one order of magnitude in the charge carrier concentration to the
left. The error bar in the carrier concentration takes the uncertainty in
the calculation of the capacitance and the uncertainty in the threshold
voltage into account, however, it is not large enough in order to explain
the discrepancy between the measured values and the bulk values. A
density of surface states of 5 × 1013 cm−2 eV−1 is already taken into
account in the determination of the carrier concentration.
The Seebeck coefficient measured for the thin NWs is enhanced compared to the bulk Seebeck coefficient at similar charge carrier concentrations. The enhancement of the Seebeck coefficient in the NW
can either be attributed to a one-dimensional nature of the NW or
to additional scattering mechanisms present in these thin NWs which
govern the electrical transport. These additional scattering mechanisms might enhance the Seebeck coefficient as well [Nolas et al., 2001].
To investigate further whether these thin NWs obey one-dimensional
behavior, the NWs have been investigated at lower temperatures such
that one-dimensional characteristics can be revealed.

6.2

Thermoelectric Properties at Low Temperatures

The one-dimensionality should lead to unique features such as quantization in the electrical conductance if the spacing of the energy levels
is not smeared out due to the temperature. As can be seen in Fig. 2.2,
the spacing between the first and the second energy level in a 20 nm
InAs NW is ∼ 0.1 eV which corresponds to 12kb T at T = 100 K. Since
the Fermi function is usually smeared out by 4 kb T , the splitting at
T = 100 K should be sufficient to see one-dimensional effects.
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Electronic Transport and Mean Free Path

In Fig. 6.4(a), the electrical conductivity of an InAs NW with a
diameter of 20 nm is plotted for three different NW segments (120 nm,
290 nm, 370 nm) and the total NW length (1200 nm). The value from
the total NW length has been corrected by the width of the electrodes
in between the outermost contact, because in these segments, the
current should flow through the metal electrode. The measurements
have been performed at T = 94 K and the gate voltage has been
swept from 0 V to 4 V. The conductance is plotted in units of the
conductance quantum G0 = h/e2 = 7.75 × 10−5 S. For a perfect onedimensional conductor, the first quantized conductance step should
occur at 1G0 and further plateaus at integer multiples of G0 . As it can
be seen in Fig. 6.4(a), a conductance step is observed for all four curves
around VG = 1 V. The shorter the NW segment, the more pronounced
and the higher the step is in units of G0 . Increasing the gate voltage
further, a second plateau can be observed for some NWs. While the
shortest segment has a plateau at 0.73 G0 , the long segment has a
plateau at 0.1 G0 . The application of higher gate voltages can induce
charge carriers into the oxide. A significant change in the threshold
voltage can be observed which then yields a hysteresis. Fig. 6.4(b)
shows a measurement in both gate voltage directions for the shortest
NW segment. At the applied voltage range, this has not been the
case, the curves for both sweep direction coincide very well and the
hysteresis is negligible.
Due to the different length of the NW segments, the conductance
values in units of G0 are different. However, the conductivity values
calculated from the conductance using the geometry of the NW are
very similar, as it can be seen in the inset of Fig. 6.4(b) where the conductance of the segments from Fig. 6.4(a) are plotted together. The
four curves have very similar values and the difference in conductivity
is < 15%.
Conductance steps in InAs NWs with first plateaus at values smaller
than G0 have been reported previously [Chuang et al., 2013]. According to that reference, the height of the conductance step can
be attributed to the probability that an electron passes the segment
ballistically, i.e. without scattering. At a values of 1G0 , all electrons
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would pass in a ballistic manner. In the case of the shortest segment
which shows a step at ∼ 0.73 G0 this would mean that the probability
of an electron passing the segment without scattering would lie at
73%. Following this argumentation, a mean free path of the electrons
can be extracted from the different heights of the plateaus.
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Figure 6.4: (a) Conductance of the charge carriers for different
NW segments plotted against the gate voltages at T = 94 K. The
conductance is plotted in units of the conductance quantum G0 =
7.748 × 10−5 S (b) Two-directions gate bias sweep of the shortest
InAs segment (l ≈ 120 nm) from the NW measured in (a) to see the
hysteresis effect. The inset shows the calculated electrical conductivity
for all the segments.

Mean Free Path of Electrons
According to the theory of S. Datta, the resistance of a plateau can
be expressed as [Datta, 1995]


LG
R = Rc + R0 1 +
(6.1)
lmf p
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where Rc denotes the contact resistance, R0 the resistance quantum
and lmf p the length of the mean free path of the charge carriers.
The plateaus from Fig. 6.4(a), converted into units of R0 and plotted
against the length of the NW segment LG are presented in Fig. 6.5.
The red line is a linear fit to the measured data. According to
Eq. (6.1), the inverse of the slope yields the mean free path of the
charge carriers. The slope is m = (8 ± 0.8) × 10−3 R0 /nm and its
inverse is (125±15) nm/R0 . The values are comparable to values both
measured with the same method [Chuang et al., 2013] and measured
with conductive atomic force microscopy [Zhou et al., 2006]. From
the intersect at the y-axis, the contact resistance for both contacts
together can be derived which is ∼ 6000 Ω. This yields a specific contact resistivity of ρc = 2.4 × 10−7 Ωcm−2 which is in good agreement
with literature data for InAs NW contacts of which a minimal contact
resistivity of ρc = 1.8 × 10−7 Ωcm−2 has been reported [Thelander
et al., 2010]. The area of the contacts was calculated using a contact
width of 200 nm and a NW with a radius of 10 nm. It has been
assumed that half of the circumference was covered with metal.
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Figure 6.5: Height of the first plateaus from Fig. 6.4 in units of R0 =
12906 Ω plotted against the segment length. The red line is a linear
fit to the measured data. The inverse of the slope (125 ± 15 nm/R0 )
corresponds to the mean free path of the electrons. The error in the
mean free path is due to the error in the slope of the linear fit.
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Thermoelectric Properties

Along with the electrical conductance, the Seebeck coefficient has been
measured at T = 94 K, too. For a 20 nm thick NW, the Seebeck
coefficient is plotted against the gate voltage on the right axis of
Fig. 6.6 together with the electrical conductance on the left axis.
As for the room temperature measurements, the Seebeck coefficient
has been measured between the two outermost contacts while the
conductance has been measured between the two contacts closest to
the heater. The conductance has a clear step at ∼ 0.23 G0 .
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Figure 6.6: Conductance G (black line) plotted in units of G0 on the
left axis vs VG for a measurement at T = 94 K. The conductance
has been measured between the first two electrical contacts (LG =
270 nm). The absolute value of the measured Seebeck coefficient (red
dots) S vs VG is plotted on the right axis. The red line is a smoothened
curve of the measurement points and serve as guide to the eye.
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The Seebeck coefficient has been measured for gate voltages between
VG = 1 V and VG = 3.5 V, respectively. For lower gates voltages,
the NW is too much resistive (RN W > 1 × 106 Ω) to measure the
Seebeck coefficient accurately. The red points are the measured values
and the red line is a smoothened curve of the measurement points to
better see the trends. The Seebeck coefficient decreases from values
of S = 170 µV/K to values of S = 70 µV/K. However, in contrast to
the measurement of the NWs from the previous chapter, the Seebeck
coefficient does not decrease monotonously. At VG ≈ 2.5 V, there is a
non-monotonicity visible in the Seebeck coefficient. A local maximum
of the Seebeck coefficient is reached very close to the gate voltage at
which the conductivity starts to increase again after the conductance
step.

6.2.3

Boltzmann Transport Calculations

To further support the experimental data, electrical conductivity and
Seebeck coefficient in a cylindrical one-dimensional NW have been
calculated using the BTE at a temperature of T = 100 K. The
BTE has been applied based on the theory presented in Chapter 2.
Fig. 6.7(a) shows the calculated electrical conductivity plotted against
the energy in the conduction band (EC = 0). The black line represents
the electrical conductivity assuming a scattering parameter β = 0.5
while the two gray lines represent scattering parameter of β = −0.5
and β = 1.5, respectively. In the one-dimensional case, there is no
reference data available for the Seebeck coefficient in dependence of
the carrier concentration, thus β cannot be extracted as it has been
done in the previous chapter. For comparison, a calculated conductivity curve for a three-dimensional crystal is plotted as dashed red
line. The one-dimensional electrical conductivity shows a conductance
step after the first energy level at 0.1 eV for all scattering parameters.
Depending on the scattering parameter, the conductance steps are
more pronounced or even obey a local maximum at the beginning
of the step. The experimental conductance curve from Fig. 6.6 fits
qualitatively well to the calculated curves.
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Figure 6.7: (a) Electrical conductivity σ calculated with the BTE for
a one-dimensional NW for β = −0.5 (light gray line), β = 0.5 (black
line) and β = 1.5 (dark gray line) against the conduction band energy
(EC = 0). The three-dimensional conductance is plotted as dashed
red line for comparison. (b) Seebeck coefficient S calculated using the
BTE for a one-dimensional NW for different the same β as in (a). The
three-dimensional Seebeck coefficient is plotted as dashed red line for
comparison.
Fig. 6.7(b) shows the calculated one-dimensional Seebeck coefficient
together with a three-dimensional Seebeck coefficient calculated for
comparison. Again, the black and gray lines represent the one-dimensional
cases for the various scattering parameters. In agreement with the experimental observation, the one-dimensional Seebeck coefficient shows
a non-monotonic behavior with a local maximum at energy values that
are higher than the first conductance plateau. Below the first energy
level, the Seebeck coefficient in the one-dimensional case increases
much stronger than in the three-dimensional case. This is due to the
lack of electronic states below the first energy level. Qualitatively,
the Seebeck coefficient calculated fits the experiment. However, there
are significant differences observable, e.g. for some values of the scattering parameter, the Seebeck coefficient calculated changes its sign.
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Furthermore, the ratio of the local maximum to the local minimum is
much more pronounced in the calculation than in the experiment. The
not so clearly pronounced local minimum in the Seebeck coefficient
measured in Fig. 6.6 can be attributed to the long distance between
the two contacts. The distance corresponds to ∼ 10× the mean
free path extracted earlier. This means that the probability of an
electron traveling the whole distance in a ballistic way is in the range
of 10% only. Fig. 6.8 shows a measurement of the Seebeck voltage
between two contacts closer to each other (d = 750 nm) plotted against
the gate voltage. The Seebeck voltage is not very high because the
temperature gradient over such a short distance is low. One can see
a clear local minimum in the Seebeck voltage VS at VG ≈ 2.5 V at
a value of VS = −3.4 µV. After the minimum the voltage increases
to VS = −5.6 µV, i.e. an increase of 65% with respect to the local
minimum is observed. These results confirm that the shape of the
local minimum depends on scattering and thus on the length of the
NW.
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Figure 6.8: Seebeck voltage VS measured over a 750 nm long segment
plotted against VG . The applied power to the heater has been P =
14.5 mW and the measurement temperature T = 96 K. The minimum
value of the Seebeck voltage is VS = −3.4 µV.
A rather simple model is used for the calculations and some physical
effects present in the NW are neglected. For example, scattering at
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surface and interface charges or the effect of the surface roughness
have been neglected. These scattering processes are very complex and
cannot be addressed with a simple model as a power-law dependence
of the energy using a scattering parameter β. Including these effects in
the simulations would exceed the scope of this work. The results obtained indicate that the calculations are good enough to qualitatively
proof the experimental results, however, they lack in accuracy.

6.2.4

Influence of Temperature

The one-dimensional features should become less pronounced at higher
temperatures. Therefore, the same NW has been measured at temperatures up to T = 151 K. The results for the electrical conductivity
are plotted in Fig. 6.9(a) for temperatures of T = 94 K, T = 114 K
and T = 151 K.
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Figure 6.9: (a) Electrical conductivity measured between the first
two contacts and plotted against VG for temperatures of T = 94 K,
T = 114 K and T = 151 K. The dots are the measured data, the lines
are smoothened curves. (b) Seebeck coefficient measured against VG
for temperatures of T = 94 K, T = 114 K and T = 151 K. The dots
are the measured data, the lines are smoothened curves.
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The width of the conductance step decreases for increasing temperatures and has almost disappeared at T = 151 K. Furthermore, the
value of the conductance increases with increasing temperature due
to thermal excitation of charge carriers.
Fig. 6.9(b) shows the Seebeck coefficient four these three temperatures
in dependence of the gate voltage. The clear local minimum at T =
94 K evolves into a hump at T = 114 K which disappears at the
highest temperature. These results support the argumentation that
the effect measured are truly of one-dimensional nature and not just
measurement artifacts.
In order to fully proof that the effect is one-dimensional and not due
to quantum-dot like structure as in the work of Wu et. al [Wu et al.,
2013], one would need to measure at cryogenic temperatures and in
dependence of a magnetic field to reveal possible zero-dimensional
features [Ihn, 2010].

Thermoelectric Power Factor
To further complete the analysis of the thermoelectric properties of
thin InAs NWs, the thermoelectric power factor σS 2 is calculated
from the measured data in the temperature range between T = 200 K
and T = 300 K. Fig. 6.10 shows the maximum thermoelectric power
factor of 20 nm InAs NWs plotted for a temperature range from T =
114 K to T = 300 K. For comparison reasons, the thermoelectric
power factor of a 70 nm thick InAs NW is plotted into the same graph
(blue squares). The dotted red line serves as guide to the eye. The
values for the thin NW are plotted for two different NWs, NW1 and
NW2 which have been measured in two different temperature ranges.
NW1 has been investigated between 200 K and 300 K and NW2 for
the lower temperatures. Unfortunately, no NWs have survived the
measurements over the whole temperature range due to electro-static
discharge. However, both NWs follow the same trend and the values
monotonically increase with increasing temperatures. The maximum
thermoelectric power factors of the thin NWs exceed the ones of the
bulk-like NWs by far.
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Figure 6.10: Experimental thermoelectric power factor σS 2 of NW1
(empty circles) and NW2 (full circles) plotted against the base
temperature. The dotted line serves as guide to the eye. For
comparison, the data for a 70 nm NW is plotted into the same graphs
(blue dots).

6.2.5

Estimation of ZT and Conclusion

The thin NWs have high thermoelectric power factors that translate in
a ZT value that one would expect to be higher than for the bulk-like
NWs. To be able to make a clear statement about ZT , one would need
to measure the thermal conductivity for these NWs. With the values
measured for thicker InAs NWs, one can make an estimation about
ZT . This can be justified with the fact that there is no effect known
due to which the thermal conductivity should rise again a lower NW
diameters. A value of 1.8 W/mK has been determined for 70-nm thick
NWs having stacking faults [Karg et al., 2013]. Other groups report
values of 5 W/mK at room temperature for 63-nm thick NWs without
stacking faults [Zhou et al., 2011a]. Taking these values as boundaries
for the thermal conductivity, a ZT between 0.1 and 0.28 is expected
at room temperature which is more than 10x higher than the ZT of
bulk InAs [Shakouri and Li, 1999].

6.3. CONCLUSION
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Conclusion

To conclude, the theoretically predicted effect of an enhanced thermoelectric power factor for one-dimensional, thin semiconducting NWs
has been observed in the case of 20 nm InAs NWs. A thermoelectric
power factor of 1.8 W/mK2 has been measured at room temperature, which is as high as in bulk in spite of the lower mobility and
more than three times higher than the thermoelectric power factor of
three-dimensional NWs that have been investigated. Measurements
at temperatures around T = 100 K give a strong indication that onedimensional transport is responsible for the enhanced thermal power
factor. Conductance steps as a function of gate voltage are observed.
Their height depends on the length of the NW segment and out of
these measurements, an electronic mean free path of 125 nm is extracted. In addition to steps in the electrical conductance, the Seebeck
coefficient at T = 100 K shows a non-monotonous dependence of the
gate voltage which it does not in bulk InAs. This behavior might be
addressed to one-dimensional transport as well, in particular, because
Boltzmann transport calculations assuming a one-dimensional density
of states show a qualitatively similar behavior. Thus, InAs NWs
have been a good model system to study the theoretically predicted
physical effects experimentally.

Chapter 7

Outlook
After having obtained promising results for both the thermal conductivity and the thermoelectric power factor for InAs NWs, the question
arises if other materials might be suitable and which experiments
can be performed to further improve the thermoelectric figure of
merit of these NWs, i.e. to further decrease λ and increase σS 2 .
One can argue that a further enhancement of ZT in InAs will most
likely not be large enough to push ZT beyond the one of classical
thermoelectric materials, because the poor ZT value of bulk InAs
(ZT < 0.01) has to be improved too far. Therefore, InSb NWs might
be an interesting material to investigate its potential in improving
ZT , because of its bulk ZT = 0.15 [Shakouri and Li, 1999] at room
temperature, which is already a high starting value. In addition, InSb
has an even lower effective mass than InAs and thus, one-dimensional
transport is supposed to occur already at larger NW diameters. The
drawback with InSb is that the NWs are more difficult to fabricate
and surface states are an issue as well. Therefore, as already pointed
out in the beginning of the thesis, InAs NWs are still a good model
system to investigate the physics of thermoelectrics and to obtain
further improvements of ZT . The question is whether the value of
λ = 1.8 W/mK for the thermal conductivity, which is already very
low, can be further decreased. This problem can be approached from
three sides. First, the values were measured at fairly thick diameters,
thus it would be very interesting to investigate thinner NWs in order
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to see if the diameter scaling helps to further decrease λ as it has
been seen for silicon NWs [Li et al., 2003]. Second, one could try to
engineer the surface to enhance phonon scattering and to decrease
thermal conductivity as it has been successfully demonstrated for
silicon NWs, too [Hochbaum et al., 2008]. Third, the role of the
stacking faults should be further investigated. So far, there are hints
that stacking faults might decrease the thermal conductivity, however,
a systematic investigation of the influence of stacking faults is still
missing. Therefore, a series of similarly grown NWs at the same
crystal quality and diameter without and with different densities of
stacking faults could be investigated with the goal to find the optimum
configuration for a low thermal conductivity.
During this thesis, it has been shown that thin InAs NWs show an
enhanced thermoelectric power factor, but the question is if it can
be further improved. Since σ and S influence the thermoelectric
power factor, these two quantities are addressed separately. A further
enhancement of the Seebeck coefficient might be achieved with even
thinner NWs. With a measurement series of NW with different diameter, the possibility to further improve the Seebeck coefficient can be
tested. In addition, the emphasis should be put on the improvement
of the electrical conductivity of the InAs NWs. Throughout the
thesis, the InAs NWs obey a low mobility compared to bulk InAs
which can be attributed to a large extent to surface roughness and
surface or interface states. A lower mobility leads to a lower electrical
conductivity at an equally high carrier concentration. The density
of surface states might be reduced by a passivation of the surface
with an InP shell. InP is almost lattice-matched to InAs and it has
been shown successfully that a shell of this material around an InAs
NW can improve the electrical quality [Lin et al., 2013, van Tilburg
et al., 2009]. Another way to reduce the density of surface states is a
passivation with an ammonium-sulfite-water solution before coating
the NWs with an Al2 O3 shell. It has been shown that this treatment removes the native oxides on the surface [Suyatin et al., 2007]
which would help to reduce the density of surface states on the NW.
Applying these approaches, the interplay between the thermoelectric
quantities has to be considered, e.g. a simple roughening of the NW
surface would probably decrease λ further but might decrease the σ
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as well. Therefore, much care has to be taken to find the optimum
combination in order to further improve ZT .
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Appendix A

Acronyms and List of
Symbols
A.1

Acronyms

ALD
BHF
BTE
D(E)
f0
FEM
FET
IPA
MOCVD
NMP
NW
PI
PMMA
TBA
TMIn
UV
VLS

Atomic Layer Deposition
Buffered Hydrofluoric Acid
Boltzmann Transport Equation
Density of States
Fermi function
Finite Element Simulations
Field Effect Transistor
Isopropanole
Metal-organic chemical vapor deposition
N-Methyl-2-pyrrolidon
Nanowire
Polyimide
Poly(methyl methacrylate)
Tertiarybuthylarsine
Trimethylindium
Ultra-violet
Vapor-Liquid Solid

A.2. LIST OF SYMBOLS

A.2
σ
R
λ
Λ
S
ZT
T
Ex
E
EF
P
Q̇
q
Q
τ
j
v
µ
L
kb
C
vG

List of Symbols
S/cm or S/m
Ω
W/m/K
W/K
V/K
no dimension
K
V/m
eV
eV
W
W
W/m2
J
s
A/m2
m/s
cm2 /Vs
V2 /K2
eV/K
J/kg/K
m/s

Electrical conductivity
Resistance
Thermal conductivity
Thermal conductance
Seebeck coefficient
Thermoelectric figure of merit
Temperature
Electric Field
Energy
Fermi energy
Power
Rate of heat flow
Heat flux density
Heat
Relaxation time
Current density
Velocity
Charge carrier mobility
Lorentz number
Boltzmann constant
Specific heat
Group velocity
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Nanowire Growth
B.1

Vapor-Liquid Solid Growth

In this section, the vapor-liquid solid growth technique using nanoparticle catalysts is described. This growth method goes back to the
1960s [Wagner and Ellis, 1964] and it is a widely used technique to
grow nanowires [Wang et al., 2008].
As the name says, in the VLS technique, precursors in the gas phase
are used to grow a solid crystal a liquid phase, the exact mechanism
in the case of InAs NWs will be explained. A nano-particle is needed
to grow NW with the VLS technique. For the growth of InAs NWs,
gold nano-particles in the range of (5 − 20) nm have been used as
catalysts. A schematic drawing of the growth process is shown in
Figure B.1(a)-(d). The nano-particles are drop-casted in solution onto
an InAs wafer. Then the wafer is loaded into the MOCVD chamber.
The gases used are the same as for the selective area growth technique,
i.e. TMIn and TBA. All these NWs were grown without adding
additional doping gases, however, they show an n-type behavior most
likely due to background doping with carbon during growth. As a
first step, the growth chamber is heated to the process temperature
of T = 520◦ K, see Figure B.1(a). At that temperature, the gold
nano-particles change their state from solid to liquid. Figure B.1(b)
shows the second step, the two metal-organic compound are let into
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the chamber. The flow and the ratio of the two gases determine the
speed of growth and the morphology of the NW, i.e. if they are tapered
or straight. As it can be seen in Figure B.1(c), the two compounds
crack on the substrate due to the elevated temperature to Indium
and Arsenic, respectively and then diffuse into the gold particle and
form a liquid alloy. This alloy becomes super-saturated at a certain
In/As content and the NW starts to grow by precipitation at the
interface between the liquid and the solid wafer underneath. The
solid NW grows vertically while the gold particle is lifted and stays
on top of the NW, as indicated in Figure B.1(d). Figure B.1(e)
shows a SEM micrograph of a typical example of InAs NWs grown
with gold catalyst, the growth spots are randomly distributed due to
the distribution of the particles and it looks like a NW forest. The
NWs shown in the micrograph have a diameter of 30 nm. In addition,
these NWs have a 5 nm Al2 O3 shell. An oxide shell passivates the
NWs and leads to better surface properties and to a higher electrical
stability of the NW. Therefore, immediately after the growth, the
wafer is transfered ex-situ from the growth chamber into the chamber
for atomic layer deposition (Picosun).
The silicon NWs have been grown using gold catalysts very similar
to the InAs NWs, but on a silicon substrate. Silane (SiH4 ) gas for
the silicon growth and phosphine (PH3 ) for doping were used at a
ratio of 420:1 in a chemical vapor deposition chamber. The growth
temperature is set to T = 470 ◦ C. The growth conditions are described
in detail by H. Schmid et al. [Schmid et al., 2012].

B.2

Selective Area Growth

Selective area growth is a widely used technique to grow semiconducting NWs, too [Tomioka et al., 2011]. With this method, the NWs grow
at pre-defined areas without catalyst. This has the advantage that the
density and position of the NWs can be controlled very well without
contaminating them with metal from the catalyst during growth. For
the selective area grown NWs investigated during the thesis, prepatterned silicon wafers were used as growth mask. Silicon oxide
(SiOx ) was deposited onto the Silicon wafer using plasma-enhanced
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Figure B.1: (a)-(d) Schematic drawing of the growth process using
gold colloids. (e) SEM micrograph showing InAs NWs with a diameter
of 30 nm equiped with a 5 nm Al2 O3 shell.

chemical vapor deposition. The deposited film typically has a thickness of (50 − 60) nm. A reference silicon piece is processed in parallel
with SiOx to calibrate the etch rate of the oxide layer. Typical etching
times to remove such an oxide layer are in the range of t = (20 − 25) s.
Subsequently, a layer of Polymethyl-methacrylate (PMMA) is spincoated onto the wafer to a thickness of 100 nm (4000x, 40s, bake at
175 ◦ C). 950K PMMA solved in Anisole (4%) is used. The growth
mask consists of circles with a diameter of 50 nm and these circles are
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written into the PMMA layer using electron-beam lithography with
an area dose of 175 µC/cm2 . A Raith e line system is used to do all
the e-beam lithography processes. The structure is developed in a
mixture of isopropanol(IPA):DI-water (7:3) for 40s in an ultra-sonic
bath. After that, the growth holes are etched into the SiOx layer using
BHF. The wafer is rinsed carefully to remove the BHF residues from
the surface. The resulting holes have diameters between 80 and 100
nm. The PMMA layer is solved in acetone and the wafer is cleaned
with isopropanol. Just before loading the sample into the MOCVD
chamber, the wafer is dipped into BHF to remove the native oxide
from the silicon surface. Figure B.2(a) shows a schematic drawing of
the growth process. As a first step, the patterned and cleaned wafer
is loaded into the tool and is heated to the growth temperature which
for InAs is typically around T = 520◦ C. Once the temperature is
stable, the process gases are let into the chamber. To grow InAs NWs,
tri-methyl-indium (TMIn) and tertiary-butyl-arsine (TBA) are used.
The gas flows and the ratio between the group III gas and the group
V gas determines the axial and radial growth of the NW, i.e. aspect
ratio and speed of growth. The growth conditions normally used were
φT M In = 0.38 µmol/min and V/III ratio of 20, as described in the
paper by H. Ghoneim et al.[Ghoneim et al., 2012]. The process gases
crack on the hot surface of the wafer and diffuse on the surface until
they find a silicon hole in the SiO2 coating. In these holes, Indium
and Arsenic atoms then start nucleate on the silicon surface, form an
InAs solid and the NW starts to grow. Figure B.2(b) shows a SEM
micrograph of InAs NWs grown onto a hexagonally patterned Si/SiO2
substrate. The NWs have a diameter around 120 nm and a length of
4 µm.
Although the NWs are not doped intentionally, they do typically show
n-type behavior which might be attributed to carbon dopants from the
precursors incorporated during growth. However, the doping level
is not very high. By adding other metal-organic compounds that
contain doping atoms to the gas flow, the NWs can be doped in-situ,
i.e. dopants can be incorporated directly during growth [Ghoneim
et al., 2012]. The NWs can be n-doped using silane (SiH4 ) for silicon
doping or hydrogen sulfite (H2 S) for sulfur doping. Other materials
as diethyl telluride or carbon tetrabromide do not lead to an increase
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of the carrier concentration or destroy the morphology of the NWs
[Ghoneim et al., 2012].

Figure B.2: (a) Schematic drawing of the growth process using a
templated substrate. A prepared wafer is loaded and the temperature
is set to 520 ◦ C. The metal-organic gases are let in with a certain
flow and ratio. The gases crack due to the temperature and a solid is
formed on the silicon substrate. (b) SEM micrograph InAs NWs after
growth with a hexagonal pattern. The scale bar is 1µm.
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