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Chapter 1

Introduction

Ever since humans discovered how to use fire, heat has played an essential role in
human development. But although many philosophers have wondered and hypoth-
esized over the shape and working of heat, a quantitative study of it only became
feasible in the early 18th century with the invention of the mercury thermome-
ter by Daniel Fahrenheit1. At that point the study of heat and heat transport
boomed, partly driven by the demands from the industrial revolution, in which
heat played an important part. All this research condensed in Joseph Fourier’s
work “The Analytical Theory of Heat” in which he laid the analytical foundation
for all heat transfer work up to this day. The most important theory from this
work is formulated in Fourier’s law, which states2:

~q = −κ∇T (1.1)

where q is the heat flow, κ is the thermal conductivity and T is the temperature.
This law states two things: heat flows in the opposite direction of a temperature
gradient and the relation between the two is linear with proportionality constant
κ. After the publication of this work a lot of experimental work was dedicated to
determining the thermal conductivity of various kinds of materials. In those times
the most direct way to measure the thermal conductivity was by taking a slab of
material between two parallel walls, where one side was heated by boiling water
while the other one was cooled using ice. By determining the amount of steam
condensed, or ice melted the heat input could be determined, while the boiling
water and ice enforced a constant temperature difference. Despite the limited
success of this method, scientists managed to measure the thermal conductivity
of a wide range of materials, and even found indications for a dependence on the
crystallographic direction1. In 1840 the measurements became even more accurate
with the discovery of James Joule that the heat generated in a conductor is pro-
portional to the squared current multiplied with the resistance3. This discovery
allowed for the invention of electric heaters, using these heaters scientists did not
have to rely on surface emissivity and specific heat for determining the heat input.
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1. Introduction

Adaptations of these measurement techniques along with Fourier’s law are still
being used to measure the thermal conductivity of materials to this day and have
even been used for this work. This thesis describes the experimental measure-
ment and modelling of the thermal conductivity of several types of semiconductor
nanowires. This chapter continues with explaining some background relevant for
the work in this thesis (section 1.1). Next an overview is given of why going to the
nanoscale for thermal transport is interesting, including describing some effects
that have also been found during the work for this thesis (section 1.2). Finally an
overview of all different measurement techniques for measuring thermal transport
in the nanoscale is given (section 1.3.

1.1 Phonons

Although the previous section shows that a quantitative understanding of the heat
flow has been developed a long time ago, what is carrying the heat and what is
limiting the heat flow is a subject that is still widely researched. In a solid the
heat is carried by two different particles, electrons and atoms4, or more precisely
the collective vibrations of atoms known as phonons. The heat conductivity by
electrons is directly related to the electrical conductivity through the Wiedemann-
Franz law, which states:5:

κ

σ
= LT, (1.2)

where σ is the electrical conductivity, L is the proportionality constant known
as the Lorenz number and T is the temperature. In most metals the majority
of heat is carried by electrons. However in semiconductors and insulators the
majority of heat is carried by phonons6. Since the research in this thesis focusses
on semiconductors, the main contributor to the thermal transport are phonons.
So these will be described in more detail here.
As mentioned before, heat transfer is most easily interpreted in terms of a collective
motion of atoms to transport energy. Although in essence it is still individual
atoms vibrating in their lattice space and in that way transferring their excess
energy to their neighbours, heat transport can be much more easily modelled
using a collective model. This was first observed in the modelling of specific heat,
where the Einstein model4,7, which used atoms as individual oscillators, has given
way to the Debye model4,8. In the Debye model the thermal energy is distributed
over modes of vibration of the crystal as a whole, rather than individual atoms.
In the Debye model vibrations of the lattice are treated as normal vibrational
modes of a finite size crystal. These collective vibrations are called phonons. This
theory correctly gives the T 3 dependency of the specific heat at low temperatures
and will asymptotically approach the value of 3NkB (where N is the number of
atoms and kB is the Boltzmann constant) at high temperatures4. The Debye fre-
quency corresponds approximately to the shortest possible wavelengths of acoustic
phonons in a crystal, corresponding to the interatomic distances.
A qualitative understanding and quantitative estimate of the heat conductivity in
solids can be obtained from the expression from the kinetic theory of gasses. Using
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these equations a first estimate for the phonon part of the thermal conductivity
of any material can be formulated, which states4:

κ = 1
3CvvΛ, (1.3)

where Cv is the volumetric (phonon) specific heat, v is the speed of sound in those
materials and Λ is the phonon mean free path. With a good description of the
specific heat and the speed of sound, an understanding of the thermal conductivity
depends on describing the mean free path of these phonons. To obtain accurate
results for the specific heats, the real phonon spectra with a frequency dependence
of the mean free paths is of great importance. This is even more the case for
nanostructures where mean free paths can be larger or smaller than the dimensions
of the sample.
The mean free path is in intrinsically limited by phonon-phonon scattering, in
real materials also by impurity and imperfection scattering, and in nanomaterials
additionally by boundary scattering, which is described in more detail in the next
chapter. In nanowires, all three mechanisms are relevant.
Two different types of phonon-phonon scattering mechanisms are distinguished,
both drawn schematically in figure 1.1. The first one is an energy and momentum
conserving scattering process of two phonons which produce a phonon that has
a k value that is still within the Brillouin zone. This process does not reduce
the thermal conductivity. However it does serve to redistribute the phonons and
thus is the dominant process behind equilibration4. This process is called Normal
process or N-process.
The other option is that the k value of the resulting phonon lies outside of the
Brillouin zone. In this case the k value of the phonon is transformed by a reciprocal
lattice vector G to stay within the first Brillouin zone. As can be seen this process
reduces the total momentum of the phonons as momentum is transferred to the
lattice. This means that this process does directly reduce the thermal conductivity
and is thus the reason thermal conductivity of bulk materials is finite. This process
is called an Umklapp or U-process. As the temperature increases, more high energy
phonon modes will be activated, which means the likeliness of Umklapp scattering
increases. U-scattering is therefore a process that reduces the thermal conductivity
with increasing temperature.
Two parameters in equation 1.3 for the thermal conductivity are strongly temper-
ature dependent. The specific heat increases strongly with temperature, especially
at low temperature. The mean free path will decrease with temperature due to
Umklapp scattering. A typical temperature dependence of the thermal conduc-
tivity will increase sharply at low temperature, at which point both the effect of
the specific heat becomes less and the effect of Umklapp scattering becomes dom-
inant, causing the thermal conductivity to drop again with temperature until all
phonon modes are excited. Although impurity and boundary scattering do not
depend on the temperature they do influence the shape of the thermal conductiv-
ity with temperature. This is, because these scattering mechanisms can become
dominant over the increase of specific heat already at lower temperatures, where
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1. Introduction

Figure 1.1: Schematic drawing of normal and umklapp scattering. The arrows represent
phonon wavevectors before (brown) and after (red) collision. The green square represents
the first Brillouin zone. In the case of normal scattering, the resulting phonon wavevector
is still inside the first brillouin zone and thus is not modified. However, in the case of
Umklapp scattering the resulting phonon wavevector lies outside of the first Brillouin
zone and is thus modified by a reciprocal lattice vector G to a new phonon wavevector
that is inside the first brillouin zone again.

Umklapp scattering is still negligible. If this happens the thermal conductivity
will not increase as fast with temperature and will also only start decreasing at
higher temperature. This is also shown in figure 1.2 where the temperature depen-
dent thermal conductivity of p-doped Germanium is shown for different doping
levels. The doping levels in this case act as impurities for the purpose of phonon
scattering. This can be a good indication of the purity of a material, since the
more impure the material is, the higher the temperature will be at which Umklapp
scattering will become the dominant scattering process.

1.2 Nanoscale

Recent advances in synthesis, processing and microanalysis enabled the reliable
production and characterization of materials with structures that vary on the
length scale of several nanometer. Many of these nanoscale devices already have
important commercial applications such as the integrated circuits used in comput-
ers. This trend is only expected to increase with the continued miniaturization
of devices. For these systems thermal management is already becoming a serious
issue. In some devices such as semiconductor lasers and computer processors the
heat is already limiting performance and has given rise to a desire to design ma-
terials that can carry the heat away as efficiently as possible. In other devices
such as thermal barriers or thermoelectric generators the heat transport needs to
be as small as possible. All of these devices are semiconductor devices and thus
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Figure 1.2: Thermal conductivity of P doped Germanium for different doping concen-
trations of 1:103 cm-3, 2:1015 cm-3,3:2.6 1016 cm-3,4:2 1018 cm-3,5:1019 cm-3. As can
be seen from this graph the thermal conductivity decreases with doping concentration,
and the temperature where the transition from an increasing to a decreasing thermal
conductivity with temperature takes place is higher for higher doping concentrations as
well. Image taken from ref. 9

their thermal transport is dominated by phonons. However, all these devices have
dimensions that are smaller than the typical mean free path of phonons in these
materials, and some even start to resemble the phonon wavelength.
One way that nanoengineering is being used to change thermal properties is by
nanostructuring bulk materials. There are several ways in which this can be done,
the oldest way is by doping the material (like in figure 1.2). By introducing atoms
with a different mass into the system the thermal conductivity can be decreased
by a maximum of the square of the normalized mass mismatch between the dopant
and the host lattice ions10. The mass mismatch can also be created by isotopes,
for example it has been shown that the thermal conductivity of isotopically puri-
fied diamond can exceed 2000Wm-1K-1,5 times higher than that of diamond with
a 1.1% impurity11. However, mass mismatch has little effect for higher mass
systems.
Another way to include nanostructures in a bulk material is by using grain bound-
aries. Every grain boundary will have an interfacial resistance for phonons and can
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1. Introduction

thus be used to reduce the thermal conductivity. By controlling the length scales
of these grain boundaries the interface scattering can be controlled to mainly in-
fluence phonon transport while keeping electrical transport nearly the same. This
is desirable for efficient thermoelectric materials and a high thermoelectric per-
formance for several materials has been reported thanks to control of the grain
boundaries12,13.
Recently the engineering of artificial superlattices also allowed for the reduction
of the thermal conductivity. This was found to be the case for several natural
superlattices such as bismuth titanate.14 Recently it has also been proposed that
artificially created superlattices could greatly suppress thermal conductivity15–19.
Furthermore, these materials could have a great asymmetry between in-plane and
cross-plane conductivity, which could be used to give directionality to the heat
flow.
Another example of a class of systems with these nanoscale dimensions is a
nanowire. Nanowires are wires with a diameter of the order of nanometers and a
length that is usually of the order of several microns. Thanks to their geometrical
properties they have shown a large promise for nanoscale processing, opening up
configurations that are impossible or at least very hard to accomplish in bulk,
such as new crystal structures, combining different materials with a very differ-
ent bandgap or core-shell structures (see for example figure 1.3). This versatility
makes nanowires an ideal system to study certain nanoscale effects with. Espe-
cially transport properties are particularly interesting with nanowires, owing to
their substantial aspect ratio. Therefore for all research reported in this thesis
nanowires have been used as the nanoscale medium.

Figure 1.3: Examples of the kinds of nanoprocessing possible using nanowires. (a)
Schematic of creation of a core-shell structure of GaP and Si with crystal structure
transfer to the shell and creating of tube by etching away the core. (b) (c) and (d) show
the same process through TEM. Images adapted from ref. 68. (e) Combining Si and
GaP laterally. Image adapted from ref. 20
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Thanks to the advances in nanoscale processing, scientific research into heat trans-
port has boomed again, in large part to study how heat flow can be manipulated
when going to these nanoscale dimensions. This has led to the prediction and
sometimes even experimental verification of a lot of effects, including but not
limited to more efficient thermoelectric generators21–23, ballistic phonon trans-
port24–26, and thermal rectification27,28. All of these effects will be explained in
more detail here.

1.2.1 Thermoelectricity
The ever increasing energy consumption puts a growing strain on our environment.
In transport, one of the biggest areas of energy consumption, more than 50% of
the energy used is lost as heat29. In heat engines, which produce over 90% of
the energy used, efficiency is usually 30-40%30. A scalable, efficient and durable
way to recover this heat and turn it into useful energy again would mean a great
reduction of our energy footprint. Thermoelectric generators have the promise to
deliver this solution. However, with current technology thermoelectric generators
are often inefficient and made of scarce and often toxic materials limiting their
applications to niche markets like space engineering31–33.
Thermoelectric generators work based on the thermoelectric effect. When a con-
ductor or semiconductor is heated up the distribution of energy of the charge
carriers will chang34. This means that on the hot side on average there will be
more high energy charge carriers than on the cold side. This causes a net diffu-
sion of charge carriers from the hot side to the cold side, building up an electric
field35. The system reaches steady state when the electric field is large enough to
counteract the net drift from the temperature difference. The field at which this
happens is material dependent and is given by the Seebeck coefficient S through:

∆V = −S∆T, (1.4)

with ∆V the potential difference and ∆T the temperature difference. This effect
can be used to generate electric power, or reversely to put a voltage difference
over a material to build up a temperature difference, in which case it is called the
Peltier effect36.
The suitability of a material to be used in a thermoelectric generator is formulated
in the thermoelectric figure of merit, which is defined as6,36–38:

ZT = σS2

κ
T, (1.5)

where ZT is the figure of merit and σ is the electrical conductivity. Optimizing the
figure of merit is difficult because most parameters in the equations are depending
on each other31. The electrical conductivity is directly coupled to the electronic
part of the thermal conductivity through the Wiedemann-Franz law of equation
1.2. Additionally, electrical conductivity can be increased by increasing the dop-
ing concentration in semiconductors, but this will generally reduce the Seebeck
coefficient22. Because of this, despite extensive research, the maximum ZT had
been around the value of 1 for several decades already39.
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1. Introduction

However, in the past two decades predictions have been made and indications have
been found that by nano-engineering of materials, thermoelectric generators could
become a lot more efficient, even when using more commonly available materials
like silicon. This was done by breaking the dependencies between the material
properties that make up the thermoelectric figure of merit ZT. This was first
proposed by M. Dresselhaus et. al. in 199321,40, which greatly increased the
research on thermoelectrics in nanostructures39. This also led to an increase in
the ZT for materials as can be seen from figure 1.4.

Figure 1.4: Maximum ZT as a function of time for both thermoelectric cooling (blue
circles) and power generation(red triangles). The dashed lines are guides to the eye.
The compound semiconductors only indicate the basic constituents, most of the high ZT
materials are alloys or nanocomposites. No data is shown for skutterudites (which can
achieve a ZT∼1.7) since they do not benefit from nanostructuring. Image taken from
ref. 39

One way in which nanostructuring could increase ZT is by changing the density
of states of electrons by going to a one-dimensional electronic conductor21,40. The
density of states of a one-dimensional conductor has very sharp peaks around
the quantum levels of the conductor. If these sharp peaks are aligned with the
Fermi level of the conductor a small change in electron distribution would cause
a large change in number of high energy electrons41. This would greatly enhance
the Seebeck coefficient. The electrical conductivity is hardly influenced by going
to a 1D conductor and thus this offers a way to enhance the Seebeck coefficient
without changing the electrical conductivity, and thus to enhance ZT. Recent
experiments also showed an increase of the power factor due to 0D confinement in
InAs nanowires42,43.
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Another way in which nanostructuring can help enhance ZT has to do with the
different components of the heat conduction. As explained before heat can be
carried by electrons or by phonons and in semiconductors the majority is carried
by phonons. The phonon heat conduction is in principle uncoupled from the
electrical conductivity, but in bulk materials ways to reduce the phonon heat
conduction (such as increasing defect density) will also have a negative effect on
the electrical conductivity, and often the effect on electrical conductivity is even
bigger than on thermal conductance4. However, in general phonons have a mean
free path around an order of magnitude larger than the mean free path of electrons
in semiconductors (of the order of 100nm vs 10nm)22. This means that the size
of a system can be reduced to below the mean free path of phonons, effectively
reducing the phonon mean free path, while staying above the mean free path of
electrons and thus not reducing the electrical conductivity. On top of that, the
typical wavelength of electrons in a semiconductor is considerably larger than that
of phonons6. This means that something that is rough for phonons might still be
smooth for electrons. This effect has been shown in two separate papers44,45 on
silicon nanowires where it was shown that for these nanowires the ZT for silicon
could be close to 1.0, so close to the highest value found at that time, but then for
a much more abundant material. Since then more research has shown even higher
values of ZT thanks to nano-engineering39, showing the promise this field has for
thermoelectrics.

1.2.2 Ballistic phonon transport
In Fourier’s law the heat flow is proportional to the temperature gradient. How-
ever, this model implicitly assumes that transport is diffusive, which implies that
phonons have mean free paths much smaller than the sample dimensions and get
scattered enough to build up this gradient. In ballistic transport the mean free
path of the phonons is much longer than the scale of the device. In this case the
phonons propagate between heat reservoirs without getting scattered and thus
Fourier’s law breaks down. This is a well-known effect for electrons but has re-
cently also been observed for phonons in lower dimensions. It could have possible
implications for systems where a high heat conduction is desirable for example for
cooling of integrated circuits or semiconductor lasers, or even to create a phonon
waveguide, where phonons can be used a communication media or to test cer-
tain quantum effects. On top of that it has fundamental interest, for example the
quantum of thermal conductance has been measured in a one-dimensional ballistic
channel46.
Ballistic transport has been achieved in several ways, including going to a spe-
cific material like carbon nanotubes47, or by filtering out the short wavelength
phonons24. When long wavelength phonons are the dominant heat carrier Umk-
lapp scattering is suppressed. By using clean materials impurity scattering can
be greatly reduced as well. The mean free path can thus become longer than the
scale of the system.
Several ways to filter out these short wavelength phonons have been proposed and
even demonstrated, of which a few examples will be given here. One approach is by

11



1. Introduction

making a superlattice of thin layers of different materials where the layers itself are
thin enough to allow for ballistic transport through the layer so where the majority
of scattering takes place at the interfaces between the layers15. Long wavelength
phonons will effectively average out these interfaces and thus get scattered much
less than the short wavelength phonons. A second example is etching holes inside
the material48. Finally another approach was by using SiGe nanowires24. The
different atoms in the alloy act as scattering centers that mainly scatter the high
frequency phonons. For these experiments this lead to ballistic transport over
8.3µ m at room temperature. In this thesis some indications of ballistic phonon
transport will be shown in chapter 7.

1.2.3 Thermal rectification
Thermal rectification is the effect where the heat flows much more readily in one
direction than in the other. It can be used to create a thermal diode, the thermal
equivalent of an electronic diode, where heat flow in one direction is suppressed
while heat can still flow in the other direction. This could for example be used
to cool nanostructures, where heat flowing out is desirable, while heat flowing
into the device is not. Apart from that it could open the way to heat-based logic
devices.
Thermal rectification is not a new effect, it has already been demonstrated in
1936 for metals49. This was found to follow the direction of electronic rectifica-
tion. However, the exact mechanism was debated and seemed related to surface
properties such as roughness. Electronic effects at interfaces could also come from
a difference in work functions as was shown in 196650. However, several effects
for asymmetric phonon transport have also been proposed and found51.
One way in which asymmetric phonon conduction has been shown as early as 1955
is by a process called thermal warping52. This is a process where two materials
with a very different thermal expansion are placed in close vicinity to each other.
When the material with the high thermal expansion coefficient is heated up it
will expand, creating a contact between the two materials, allowing heat to flow.
However, if the material with a low thermal expansion coefficient is heated, no
contact is created and thus heat cannot flow from one material to the other. In
this way heat can only flow from the material with the high thermal expansion
coefficient to the material with the low coefficient, but not the other way around.
Recently, asymmetric phonon conduction has been predicted using several mech-
anisms that solely rely on the material itself as well. One such way is by creating
a difference in phonon energies across an interface53. This can be achieved by
varying the mass in a 1D chain. Another way would be employing a different
temperature dependence of the thermal conductivity on both sides28. In this
case heating up one side would change the thermal conductivity differently than
heating up the other side and thus would cause some asymmetry in thermal con-
ductivity as well. Another way is by shaping the sidewall of the system in such
a way to enhance scattering in one direction. This can for example be achieved
using a sawtooth like configuration27. Finally an experimental demonstration of
thermal rectification was also provided with a carbon nanotube that on one side
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was coated with an amorphous material. The amorphous material caused a mass
mismatch which led to a rectification of ∼7%54.
In this thesis some experimental indication of thermal rectification is described in
chapter 5.

1.3 Overview of different measurement techniques

As explained in the previous section a lot of interest exists in measuring the ther-
mal conductivity of semiconductor nanostructures, especially nanowires. But be-
cause these structures are inherently small and thus also have a small thermal
conductance a sufficient thermal barrier is also required to properly isolate the
conductance of the nanowire from any background conduction55. To overcome
this challenge several different measurement techniques have been developed to
measure the thermal conductivity of single nanowires, preferably combined with
the possibility to measure the electrical properties simultaneously to allow for a full
thermoelectric characterization. These measurement techniques can be roughly di-
vided over three different classes. The first class consists of the microchip based
techniques, the second of scanning techniques and finally optical techniques exist.
The most important measurement techniques will be described and compared here
shortly.
If the nanowire is electrically conducting and reliable electrical contacts can be
made to it, the 3ω method can be used to measure the thermal conductivity. This
method is well established in the case of bulk materials and thin films56–59, but
has also been used to measure the thermal conductivity of nanowires60,61. The
basis is that if the wire is electrically conducting and electrically isolated from the
environment it can be used to heat itself by passing a current through it. If an
AC current is used to heat it, the temperature and consequently the resistance
(as long as it is temperature dependent) of the nanowire will change at 2ω, since
the heating power varies as the square of the current. This periodic resistance
change at 2ω , combined with the current at frequency omega leads to a voltage
modulation with triple the driving frequency. This can be used to accurately
identify the temperature change of the sample as a function of heating power, and
thus to determine the thermal conductivity. On nanowire samples a four-point
contact is employed to eliminate the effect of the electrical contact resistance of
the nanowire. This method has the advantage of a relatively straight-forward
fabrication and the immediate implementation of electrical contacts, which allows
for a full thermoelectric characterization. However the method can only be applied
on nanowires with a high electrical and thermal conductivity, thus limiting its
applications. On top of that the thermal boundaries at the contacts are difficult
to evaluate, requiring extra modelling to properly correct for this55.
The 3ω method can also be applied as a scanning technique55,62. In this config-
uration a Scanning Thermal Microscope, which consists of a scanning tip with a
temperature-dependent electrical conductivity is used. This tip is set to scan the
sample while an AC current is driven through it to heat it. This heat will be
transferred to the sample, with a magnitude related to the local thermal conduc-
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tivity of the sample. This will again generate a voltage signal with a frequency 3ω
in response, for the resistance of the tip, which can be measured. The advantage
over the standard 3ω method is the very high spatial resolution. However, the
scan speed is much slower and is very sensitive to mechanical vibrations and thus
requires a much more complex setup to properly measure. This method has been
used on Si63 and Bi2Te3 64 nanowires with a diameter of around 200 nm. However,
for this method the thermal contact between the tip and the sample is essential,
making it even more sensitive to thermal contacts than any of the other methods.
A completely different class of measurement techniques for the thermal conduc-
tivity of nanowires are optical techniques. In most of these techniques a laser is
used both as a heater and as a thermometer55. The temperature change can then
be related to the shift of the phonon frequency, which has a linear relation with
the temperature, using a micro-Raman technique65,66. In this method the wire is
suspended in vacuum while the ends are placed on the substrate, which serves as
a thermal bath. By moving the laser spot over the sample the temperature profile
can be measured, which can be used to measure both the thermal conductivity
and the thermal contact resistance. Recently this method has also been combined
with electrical contacts at the ends of the nanowires to allow for the simultaneous
measurement of all thermoelectric properties67. This measurement technique also
allows for local measurement of the thermal conductivity, although with a lower
spatial resolution than the scanning probe technique. However, to determine the
thermal conductivity the laser power absorbed has to be properly modelled, which
is a non-trivial problem especially for thinner wires68. This measurement tech-
nique has been used to measure several types of nanowires, among which GaAs,
Si and InSb nanowires. These InSb measurements have been compared with the
measurement technique used for this thesis, as shown in chapter 5.
Finally there is the microchip based measurement technique based on suspended
membranes69 that has been used for the measurements described in this thesis.
This measurement technique will be described in more detail in the following
chapters but it is based on two suspended thermally isolated pads with platinum
meanders on them. These meanders act as both heaters and thermometers, so that
a power dependent temperature difference can be measured. When a nanowire is
placed to bridge the gap between the membranes the thermal conductivity can
be extracted from the power-dependency of the temperature difference. Although
the processing of these microchips is challenging, this technique offers the highest
sensitivity and thus allows for measurements on nanowires with a much lower
thermal conductivity. It has been used to measure nanowires and even nanotubes
with a thermal conductivity below the amorphous limit70,71.

1.4 Scope of this thesis

This thesis describes the thermal transport measurement performed on a variety
of nanowires. The remainder of the thesis is build up in the following way
Chapter 2: In this chapter the theoretical modelling, especially with regard to
boundary effects on thermal conductivity, used for this thesis is discussed.
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Chapter 3: In this chapter the experimental setup, including the microdevice
will be described.
Chapter 4: In this chapter the processing of the microdevice, as well as the
preparation of the sample for measurement will be described.
Chapter 5: In this chapter several effects related to the thermal contact resistance
will be described. This will be based on measurements performed on InAs as well
as InSb measurements. This chapter also introduces a new model to quantify the
role of the contact resistance in measurements.
Chapter 6: In this chapter the measurements performed on Si nanowires with
different isotope distributions will be described.
Chapter 7: In this chapter an indication of quasi-ballistic transport in GaP
nanowires will be described.
Chapter 8: This chapter will give an outlook for possible improvements and
continuation of the research performed for this thesis.
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Chapter 2

Theory

To model and explain the results obtained for this thesis some modelling of thermal
transport in nanosystems was required. In this chapter those models are explained.
This chapter is set up to start with simple descriptions and slowly goes into more
complex theories that can be used when the previously described theories are
lacking. The chapter starts with two ways to model the effect of the boundary in a
nanosystem and a comparison between them, using an analytical equation (section
2.1). This has been used to explain the results of chapter 5, since the analytical
equation allows for fitting of experimental data and it was found that the model
was sufficient to describe the results here. Next a more advanced model based on
the Landauer formalism is discussed (section 2.2. This model includes frequency
dependent effects and has been used to explain part of the results in chapter 6 and
7, where it was found that the previous model did not suffice anymore. Finally
molecular dynamics simulations, a model for thermal transport at the atomic
scale, is described (section 2.3). This has been used to estimate the bulk thermal
conductivity of Wurtzite GaP and to determine the phonon density of states of
this material since it previously had not been described.

2.1 Boundary scattering

When going from a bulk system to a finite sized system the phonons will now also
scatter on the boundary of the system, on top of all the other scattering mecha-
nisms like impurity and phonon-phonon scattering that already exist in bulk. For
now it is assumed that the reduced size does not influence the phonon density of
states. To account for the surface, the scattering time has to be adjusted from
the bulk scattering time to include boundary scattering. In this section two ap-
proaches to do this are presented and compared, the commonly used Matthiessen’s
rule4,6,72and Ziman’s approach4, which has been used in the rest of the thesis.
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2. Theory

2.1.1 Matthiessen’s rule
Matthiessen’s rule is similar to adding the thermal resistances in a way similar to
series resistances. This is done by adding the inverse of the mean free paths:

1
Λtot

=
∑
N

1
ΛN

, (2.1)

where Λ is the mean free path and ΛN is the mean free path for a particular
scattering mechanism. To account for boundary scattering in a nanowire the
mean free path as a result of boundary scattering is taken to be equal to the
diameter of the wire D while the bulk scattering is assumed to be unaffected.
Using Matthiessen’s rule the following equation for the mean free path can be
derived:

Λtot =
(

1
Λbulk

+ 1
Λboundary

)−1
=
(

1
Λbulk

+ 1
D

)−1
= Λbulk

1 + Λbulk/D
. (2.2)

This equation has been used to approximate the results for both thermal and
electronic transport in a wide range of nanoscaled systems4,73. However, the
assumption that the scattering mechanisms can be treated independently has been
challenged and several papers have also found deviations from Matthiessen’s rule,
especially for alloys74,75. Since the phonons are more scattered near the edge,
the phonon density is enhanced locally. This enhanced phonon density causes
phonon-phonon scattering to be enhanced near the boundary as well4. This effect
is on top of the scattering at the boundary itself. Since this is not taken into
consideration in Matthiessen’s rule, in general it is expected that the influence of
the boundary is underestimated when using Matthiessen’s rule.

2.1.2 Ziman’s approach
To address the complications arising from the assumptions made for Matthiessen’s
rule Ziman derived a different equation to address boundary scattering4. A phonon
scattering from the boundary has a finite chance to be scattered before reaching the
other boundary. If it scatters the the boundary is not effective and the scattering
is in the bulk. The chance of reaching the boundary is inversely proportional to
the mean free path in bulk and the distance from that point towards the boundary
of the wire. This leads to the following integral for the mean free path4:

Λtot = 3
4πSc

∫∫
Λbulk

{
1− exp

(
−|r − rB|

Λbulk

)}
cos2 (θ) dΩdSc, (2.3)

where Sc is the cross-section of the wire, rB is the r of the boundary, θ is the angle
between r and the thermal gradient, and dΩ is the solid angle giving the direction
of |r − rB|. In a wire the maximum distance |r − rB| is equal to d sin(φ)/ sin (θ).
Using this and the standard equations for the cross-section of a wire above integral
can be rewritten to76:

Λtot = 1
2π

∫ π

0
dφ

∫ π

0
dθ

{
1− exp

(
−DΛ

sin (φ)
sin (θ)

)}
sin(θ) (2.4)
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Unfortunately these integrals do not have an exact solution and therefore more
approximations are necessary to find an analytical description of the mean free
path caused by a combination of bulk scattering and boundary scattering. To
approximate the integral, the mean free path of all phonon modes is assumed to
be limited to the diameter of the wire and thus be independent of the angle. A
similar approach has been used before to model electronic transport in thin wires
by Dingle et. al.76. The following solution to the integral is then obtained:

Λtotal = Λbulk
{

1− exp
(
− D

Λbulk

)}
(2.5)

However, in a nanowire the phonon modes will usually have a component of their
momentum along the wire as well. These modes would travel much more be-
fore encountering the boundary. Therefore the approximation that the mean free
path is limited to the diameter is overestimating the effect of the boundary. The
actual solution is expected to be somewhere between the result obtained using
Matthiessen’s rule and the above expression. In figure 2.1, the mean free path as
a function of diameter is plotted for the expression above, the solution based on
Matthiessen’s rule and a numerical integration of Ziman’s integral.
The approximate solutions behave similarly in the limit for very small radius,
where both are approximately linear, and for very large radius where both solutions
approach the bulk mean free path. However the solution based on Matthiessen’s
rule approaches bulk behavior much slower than the solution based on Ziman’s
integral, which approaches bulk behavior even faster than the numerical integra-
tion. This is expected since Matthiesen’s rule is an underestimation while the
equation based on Dingle is an overestimation. Concluding, both approximations
give equally good results and both are sufficient to model the present work.

2.2 Landauer formalism

The previous equations give a good description of the effect of the boundary to the
thermal conductivity, provided the effective scattering times or mean free paths
are known. To find for example temperature dependence, the dependence of the
scattering times on the temperature is still required. Moreover, in certain cases it is
also important to take the different mean free path of different phonon modes into
account. In order to get a better understanding of the dependence of the thermal
conductivity on other parameters like the temperature a Landauer formalism has
been deployed This formalism will be described here briefly.
The Landauer formalism was originally formulated to relate the electrical resis-
tance of a quantum conductor to the scattering properties of that conductor77.
The formalism describes the conduction of the quantum conductor as the sum of
the conduction of all quantum channels in the conductor, assuming no coupling
between the channels78. The conduction of each channel is modelled through a
throughput. This throughput contains all the information of different channels.
In the end the total current is the difference between the current in one direction
minus the current in the other direction79. Since the throughput is assumed the
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2. Theory

Figure 2.1: Plot of the normalized mean free path as a function of normalized radius
as calculated using three different solutions. The black line represents the exact numer-
ical solution of the integral, the red line represents the approximation made when using
Matthiessen’s rule and the blue line when solving the integral using Dingle’s approxima-
tion of a maximum mean free path that is independent of the direction of propagation
of the phonon.

same for both directions this difference comes from a difference in distribution on
both sides of the conductor. It is because of this that the Landauer formalism is
applied especially for modelling ballistic transport, in which case the contacts are
driving the conduction and the assumption that conduction channels do not inter-
act is also valid. However work has been done to apply the Landauer formalism
to cases without ballistic transport as well79–81.
Although the Landauer formalism was originally written for electrical conduction,
it can be applied to phonon conduction as well79–83. The formulation for the
thermal conductance using the Landauer model is81,83:

G = 1
2π}

∫ ωD

0
T (ω) }3ω2

kBT 2
e

}ω
kBT(

e
}ω
kBT − 1

)2 dω, (2.6)

where the summation over the channels has been replaced by an integral and
T (ω) is the throughput function, which contains the channel density at frequency
ω with their transmission probability. The final factor comes from the derivative
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of the Bose-Einstein distribution for phonons. All the scattering processes are now
described in the throughput. However, since the assumption made for the original
Landauer formulation are also valid for the formulation for phonon conduction,
dephasing processes like umklapp scattering are usually not taken into account81,
although corrections exist in which a suitable throughput function to describe
umklapp scattering is defined based on fitting bulk experimental data84.
For the purpose of the present research it is assumed that the system is consider-
ably smaller than the mean free path of the phonons and is thus strongly boundary
scattering dominated. It is then justified not to take Umklapp scattering into ac-
count. However, scattering at an interface can take place both specularly and
diffusively. With specular scattering all momentum and energy of the phonon
along the direction of the wire is maintained, while with diffusive scattering the
phonon loses momentum to the lattice. Therefore only diffusive scattering will
reduce the thermal conduction.
The occurrence of diffusive or specular scattering is determined by the roughness
of the surface. If a surface is smooth specular scattering will take place, while if
the surface is rough, the scattering will be diffusive. If the wavelength of a mode
is large compared to the roughness thickness the surface will seem smooth. Based
on this idea a cut-off frequency can be defined below which the modes will undergo
specular scattering at the surface. This frequency is related to the thickness of
the rough surface layer through:

ω0 = c

h
, (2.7)

where c is the speed of sound in the material and h is the thickness of the roughness.
This statement is equivalent to saying that specular scattering takes place when
the roughness is smaller than the wavelength of the phonon, which is the standard
way to distinguish specular scattering regimes, also in optics85. It has also been
experimentally verified that the probability of specular scattering is lower for high
frequency phonons beyond a certain roughness86.
The throughput as a result of boundary scattering is formulated as follows81:

T (ω) = N (ω)
1 + L/Λ (ω) (2.8)

where N(ω) is the number of modes at a certain frequency, L is the length of the
system and Λ (ω) is the average mean free path at frequency ω. If Λ(ω) >> L,
the troughput is independent of the length which accounts for ballistic transport.
When Λ(ω) << L, the throughput is proportional to Λ(ω)/L as expected for dif-
fusive transport, Ohmic in the electrical case, Fourier in the thermal case. The
expression for T describes a continuous crossover from ballistic to diffusive trans-
port
The density of states can be extracted from molecular dynamics simulations de-
scribed later. A quick estimation in a Debye approximation yields a quadratic
relation for the number of modes, given by the following expression82:

N (ω) = 4 +A

(
D

a

)2(
ω

ωD

)2
, (2.9)
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where the 4 corresponds to the four gapless mode of the nanowire, i.e modes that
propagate as ω → 0 (one longitudinal, one torsional and two flexural modes). All
other modes have a cut-off just as optical modes in a dielectric waveguide. A is a
fitting parameter of order unity and a is the lattice constant of the material. The
factor of 4 is important for quantum ballistic transport at very low temperatures46.
Note that for our relatively thick wires around room temperature, where many
modes are excited, N(ω)»4.
For the modes that scatter diffusively on the boundary the mean free path is
assumed is equal to the diameter, similar to previous models. For the modes that
are scattering specularly the mean free path is given by81:

Λ−1 (ω) = B

(
h

D

)2 1
D

(
ω

ωD

)2
N (ω) , (2.10)

where B is a fitting parameter close to unity and h is the thickness of the roughness.
When filling in typical parameters used in the experiments (roughness of 1nm,
diameter of 50nm), these modes have a mean free path longer than the typical
length (5 micron) of the wire for frequency up to 1/6th of the Debye frequency.
In order to get quasi-ballistic transport in a nanowire one needs to reduce the
diffusive component to the conduction, while maintaining or increasing the ballistic
component. This can be done by decreasing the diameter, which will decrease
the mean free path of the diffusive modes, and thus their contribution to the
conduction, while the specular modes will remain largely uninfluenced as long as
their mean free path remains longer than the length.
Concluding, the Landauer formulism does not give an analytical equation that
can be used to fit experimental data. However it does give the dependence on
several parameters, most importantly temperature, as well as the option to include
specular scattering, which could lead to quasi-ballistic thermal transport.

2.3 Molecular Dynamics

Molecular dynamics is a computer simulation method to study the motion of atoms
and molecules. This is most commonly done by solving Newton’s equations of mo-
tion for a system of interacting particles87. The forces between the particles are
given by potentials that are used as input to the simulations. Molecular dynam-
ics has been used to study a wide variety of effects, including protein folding88,
strain89, neutron irradiation90 and thermal conduction55,91–94.
In general molecular dynamics simulations are performed in 6 steps that are re-
peated for as long as needed, either set by a maximum number of runs or by some
stability condition. These steps are as follows87:

1. Predict the atom positions for next step using the velocities and acceleration.

2. Calculate the forces based on these atom positions and the potential.

3. Adjust the atom position based on the new forces calculated.
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4. Apply boundary conditions such as ensemble and temperature or pressure.

5. Calculate physical quantities

6. Increase time with one time step

The advantage of MD simulations is that they do not require any initial assump-
tions, apart from a potential, and that all classical effects, such as non-elastic
scattering, are included72. However, the simulations are also very demanding of
the computing capabilities, which in turn limits the size of systems that can be
simulated using MD simulations. Because of this, the systems simulated using
MD are either bulk, using periodic boundary conditions, or considerably smaller
than those studied in the experiments described in this thesis72. For the present
thesis, they were used to calculate properties of bulk materials that do not exist
in the same form in nature. For example materials with a crystal structure that
only exists in nanostructures.
Several packages that try to optimize this process exist, all with their own strengths
and limitations. For this thesis the package LAMMPS95,96 (Large-scale
Atomic/Molecular Massively Parallel Simulator) was used. This package is an
open source package that can run in parallel on multiple processors or processor
cores. The code allows for input scripts to design exactly the simulation needed.
There are two ways in which the thermal conductivity has been calculated using
Molecular Dynamics97,98. The first method is called the direct method, since it
works by employing a temperature gradient and monitoring the temperature distri-
bution and heat flow directly. This method is therefore always in Non-Equilibrium.
The second method is operated in equilibrium and uses the correlation of phonon
movement to calculate the thermal conductivity. This method called the Green-
Kubo method. In the next section these methods are described in more detail.

2.3.1 Direct method
The NEMD (Non-Equilibrium Molecular Dynamics) method or direct method to
determine the thermal conductivity can be applied in several ways. One of the
most common methods is by using fixed boundaries at the ends of the system to
be studied and keeping those ends of the sample at a fixed temperature93,99,100.
Alternatively periodic boundaries can also be used and the heat source and heat
sink can be placed on 1/3rd and 2/3rd of the sample so the heat will flow in both
directions towards the heat sink101. Another approach is to start by dividing the
sample in two equal sides which are made not to interact, while one side is heated.
When the interaction between the two sides is turned on it will create a heat flow
between the two sides and from the time and temperature distribution during
stabilization the thermal conductivity can also be determined102. In the work of
this thesis the first method was used.
For building up the temperature profile it is important that the thermal bath in
both sides maintain both a constant temperature and a constant number of atoms.
The second constraint is to ensure that the heat capacity of the thermal bath
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remains constant. In order to maintain a standard temperature the sides of the
sample are operated in the canonical ensemble. This can be done by connecting it
to a virtual constant thermostat. In order to ensure a constant number of particles
all particles are fixed inside the region of the heat source or sink, while maintaining
their interaction. A buffer layer was put between the heat source and the heat
sink and the area of interest to prevent non-linear effects. A sketch of how the
eventual simulation will look is presented in figure 2.2.

Figure 2.2: Schematic drawing of the simulation cell used for the NEMD simulations.
The temperature gradient is applied from left to right. The heat source is separated
from the area where the temperature is monitored using a buffer layer. This is done to
prevent non-linear effects. The yellow lines represent areas in which the temperature is
measured to determine the temperature profile.

A typical NEMD simulation scheme consists of three steps. First the material is
relaxed in equilibrium at the desired temperature, to ensure that all particles are
in their equilibrium position. This is done in the canonical ensemble to ensure
the system stays at the desired temperature. The time needed for this depends
strongly on the system simulated. In the experiments described in this thesis an
equilibration time of 60ps was typically used. This was verified by ensuring that
the temperature and energy of the system remained constant for at least 10ps
after equilibration time. After the equilibration step the sample is equilibrated in
the microcanonical ensemble to make sure that the energy of the system does not
change anymore and it is thus completely isolated from any environment. Finally
the two sides of the sample are connected to a Langevin thermostat at two different
temperatures, typically with a temperature difference of 40K and are fixed to their
position and the system is equilibrated in the microcanonical ensemble, while the
average temperature is monitored in several sections and the heat flow through
the system is calculated.
When this simulation is turned on the temperature profile will be very non-linear
and the heat flow will also not be constant. The simulation is ran until these fluc-
tuations have disappeared and both the heat flow is constant and the temperature
profile is linear. This is also shown in figure 2.3. Even in these cases there is a
small area near the thermal baths where the temperature will not be linear. This
area is ignored for determining the thermal conductivity. The thermal conductiv-
ity is then determined by dividing the heat flow by the gradient of temperature,
in accordance with Fourier’s law.
Since NEMD simulations inherently have a finite size, finite size effects are ex-
pected as well, due to scattering at the ends of the system. Unless these effects
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Figure 2.3: Stabilization of the NEMD simulations. (a) Temperature profile in three
different stages of the NEMD simulation, right after the start of the simulation (blue
triangles), during the simulation (red circles) and when it has stabilized (black squares).
(b) Heat flow when the simulations is unstable (red) or has stabilized sufficiently (black).

are the ones attempted to be modeled a correction needs to be applied to eliminate
the effect of the finite size97. This correction is a variation based on Matthiessen’s
rule at the Casimir limit, while assuming that scattering at the end of the system
is inversely proportional to the length of the system. This scaling is defined as97:

1
κ (L) = 1

κ∞
+ A

L
, (2.11)

with A a proportionality constant, κ∞ the thermal conductivity for an infinite
length and κ (L) the thermal conductivity as a function of length. By running the
simulation at several lengths and plotting the inverse of the conductivity against
the inverse of length the thermal conductivity of an infinitely sized sample can be
determined using the slope of this plot.

2.3.2 Green-Kubo method
Although the direct method provides an intuitive way to determine the thermal
conductivity, the finite size effects require a sample of a certain size already and
even then require multiple simulations to be properly accounted for. Since the
Green-Kubo method is an equilibrium method it does not suffer from these re-
strictions97.
The Green-Kubo relation relates the correlation of the heat flux J with the thermal
conductivity through97:

κ = lim
τ→∞

lim
L→∞

1
kBT 2Ld

∫ τ

0
dt 〈J (t) J (0)〉 , (2.12)

where kB is the Boltzmann constant, T is the temperature L is the length of
the system and d is the dimensionality. In other words the heat conductivity
is proportional to the averaged time-correlation of the heat flux. This equation
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is solved under equilibrium conditions, i.e. without any temperature gradient.
Although the equation is defined for an infinite length it has been found that
beyond a length of a few unit cells the length dependency is negligible. Because
of this Green-Kubo can usually be applied to a much smaller simulation cell than
the NEMD simulations.
A typical equilibrium MD simulation consists of three steps, two of which are
directly related to the MD simulation, but after the simulations are finished a
post-processing step is required to extract the thermal conductivity. The two MD
steps consist of equilibration, which is very similar to the NEMD equilibration
described in the previous section, and the calculation of the heat flows and their
correlation. The correlation is done using a special function from the LAMMPS
package, which calculates the correlation and averages it for every defined number
of timesteps. The correlation function will slowly converge to zero when the time
is increased as shown in figure 2.4(a). This is why a finite correlation time can
be chosen, in the simulations performed for this thesis a correlation time of 750ps
was used. In the final data processing step the integral is calculated and the
normalization is performed. If the lattice consist of two different atom types, as
is the case with III-V semiconductors, a Fourier filter is also applied to filter out
the high frequency optical components originating from the vibrations between
the two atoms types, since these have been shown to hardly contribute to the heat
flow.

Figure 2.4: Typical graphs for a Green-Kubo simulation of bulk silicon. (a) Average
correlation versus correlation length showing the decrease in average correlation when
the correlation length increases. (b) Calculated thermal conductivity vs number of steps
for three different crystallographic directions compared to the real value of bulk silicon.
As can be seen the average of the three direction converges relatively fast to close to the
correct value, however to get all directions to converge takes a significantly longer time.

Although the simulation cell in this method can be much smaller, the time that the
simulation needs to run is much longer, due to the correlation needed. A typical
convergence for a simulation using the Green-Kubo method is shown in figure
2.4(b). NEMD introduces some inaccuracies due to the finite size effect and the
contact effect, but when a system of finite size needs to be studied this is already
setting constraints on the simulation cell, in which case NEMD will be much faster.
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On top of that, in a real situation heat transport is always taking place out of
equilibrium, so one could argue that NEMD resembles the experiments better. For
this reason the Green-Kubo relations have been employed to model bulk materials,
while NEMD has been used to study nanowires in real experiments.
Finally both methods also allow for the calculation of the Phonon Density of States
(PDOS)103. This can be useful for example when using the Landauer formalism
described in the previous section. To calculate the PDOS the velocity of the
particles in the center of the sample is logged during MD simulations. Next in
post-processing the auto-correlation of the velocities mapped is calculated and the
Fourier transform of this auto-correlation is taken. This will give the density of
states for any system. Since the PDOS is not expected to be influenced from bulk
in any of our nanowires the PDOS is always calculated for a bulk system and
therefore this is always done using the Green-Kubo method.

2.4 Conclusion

In conclusion, to model the effect a boundary can have on the heat flow in a
system several techniques can be used. Matthiessen’s rule and Ziman’s approach
provide a fast and intuitive way to get an analytical equation that can be used to
fit experimental data. If the dependence on more parameters needs to be fitted
or more effects need to be taken into account Landauer’s formalism has also been
modified to apply to thermal conductivity. However, this equation does not return
an analytical equation and thus cannot be used directly to fit data. Finally, MD
simulations provide a way to calculate the thermal conductivity while taking all
classical effects into account. On top of that they can provide means to calculate
the PDOS, an important input parameter for the Landauer model. However, due
to the complexity of these simulations the computation time is generally long and
it can only be used to model either bulk systems, or systems much smaller than
the systems used in experiments.
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Chapter 3

Experimental Methods

In this chapter the experimental methods used to measure the thermal transport
of nanowires are described. To measure the thermal transport of a nanowire
a very high sensitivity and isolation is required since thermal conductivity of a
single nanowire is very low. A special microdevice was required to perform these
measurements. Section 3.1 describes the first section the principles of operation of
this device. In section 3.2 the probe station in which the sample is placed, and the
electronics are described. In section 3.3 several possible sources of measurement
errors are described. Finally an alternative electronic scheme to measure with
higher precision is described in section 3.3.1.

3.1 Microdevice

The microdevice used for measuring thermal transport of nanowires is based on
the proposal by Shi. et. al104. The device is based on 0.5 mm long suspended
SiNx beams to ensure thermal isolation, that support two membrane platforms
with platinum meanders that act both as heaters and thermometers. A schematic
drawing of the device is shown in figure 3.1. A nanowire is placed bridging be-
tween the membranes to be measured. In this way the temperature difference as
a function of heating power is measured, which can be converted to the thermal
conductance and by using appropriate geometrical scaling to the thermal conduc-
tivity.
The temperature difference on both sides of the nanowire is measured using the
resistance of the platinum meanders, where it is assumed that the temperature of
the meanders is the same as the temperature of the part of the nanowire touching
the membrane. The resistance is measured using a four point probe technique
to ensure only the resistance of the meanders is measured and not of the contact
lines, since these do not have the same temperature as the nanowire. Platinum has
a linear dependence of the resistance on the temperature down to a temperature
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Figure 3.1: Schematic drawing of the microdevice used to measure thermal transport
in nanowires.

of 70 to 100 K, depending on the film quality. The sensitivity α, defined as
α = 1

R
dR
dT also depends on the film quality. In general a thicker film would have a

higher sensitivity and measurement range, but this would also increase the thermal
conductivity of the film, which is an undesired effect. Therefore an optimum
needs to be found. A typical temperature dependence is shown in figure 3.2. The
temperature dependence is measured during each measurement by measuring the
resistance at each system temperature step using a current ramp from -20 to 20
nA. The low current prevents the sample to be heated by ohmic heating during
this step.
In order to measure the heat flow going through the nanowire the power dissi-
pated in the meander is measured. On top of this, the power dissipated in the
contact wires will also be partly heating the membranes and thus the wire. As-
suming a linear temperature profile, half of this dissipated heat will be conducted
to the meanders. To correct for this, the total resistance of lines and meander
is also measured using a two-point measurement. Since the power dissipated is
proportional to the resistance, the total power heating up the platforms can now
be calculated using69:

Ptotal = Pmeander + 0.5Plines =
(

1 + 0.5 Rlines
Rmeander

)
Pmeander = Rmeander+0.5Rlines

Rmeander
Pmeander (3.1)
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Figure 3.2: Typical resistivity and temperature dependency coefficient α = 1
R
dR
dT

for
one of the platinum thermometers used in the measurements described in this thesis.

Not all power dissipated in this way is going through the nanowire. For an
overview of all the power dissipations and heat flows involved see figure 3.3. A
large part of the power will flow to the environment -which is assumed to be the
chip, which acts as a constant temperature heat bath- from the heating membrane
via conduction through the supporting beams. Writing down an energy balance
for the total system gives69:

PH + PS = GB,H∆TH +GB,S∆TS → GB,S = PH + PS
GB,H
GB,S

∆TH + ∆TS
, (3.2)

where PX is the power dissipated in the heating and the sensing coil, GB is the
thermal conductance of the suspension beams to the environment and ∆T is the
temperature difference. The subscript H denotes a variable on the heating side
while subscript S denotes a variable on the sensing side. Using the assumption
that the beam conductance is the same from the cold and the hot platform the
following equation can be obtained69:

GB = PH + PS
∆TH + ∆TS

(3.3)

To now find the conductance of the nanowire a heat balance for the sensing mem-
brane is written down, where all heat transported through the wire is also con-
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Figure 3.3: (a) Schematic drawing of the device with the important heat flows in green
and electrical resistances in blue. (b) Schematic drawing of the device with the heat
balance used to determine equation 3.2.

ducted to the heat bath through the beams, so69:

GB,S∆TS = GN (∆TH −∆TS)→ GN = GB,S
∆TS

∆TH −∆TS
, (3.4)

where Gn is the conductance of the nanowire.
In practice the power will be continuously increased by increasing the current from
1 µA to 8 µA and the slope of the temperature with power will be determined.
Equation 3.3 and 3.4 can be rewritten using:

d∆Tx
dP

= ∆Tx
PH + PS

(3.5)

A linear relationship between power and temperature is assumed, which is valid
as long as the temperature difference is small enough that temperature dependent
effects do not play a role yet. Inserting equation 3.5 into equation 3.3 and 3.4
gives:

GB =
(
d∆TH
dP

+ d∆TS
dP

)−1
(3.6)

and

GN = GB
d∆TS
dP

(
d∆TH
dP

− d∆TS
dP

)−1
(3.7)

The assumption that the two beams have equal conduction is usually not valid105.
To correct for this the assumption that the nanowire conduction is symmetric can
be used to solve the two beam conductions. To do this the nanowire conduction
is measured in both directions and the following assumption is made:

GN = G∗N →
(PH+PS)∆TS(

GB,1
GB,2

∆TH+∆Ts
)

(∆TH−∆TS)
= (P∗

H+P∗
S )∆T∗

S(
GB,2
GB,1

∆T∗
H

+∆T∗
s

)
(∆T∗

H
−∆T∗

S)
(3.8)

Since all parameters in this equation are measured it can be used to solve the ratio
of beam conductions which can be plugged into equation 3.2 to get the nanowire
conduction. Solving equation 3.8 will give two solutions, with only one being
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positive and thus physical. When writing down the solution in terms of the slopes
of equation 3.5 the solution is:

GB,1
GB,2

= −ABD+B2D+BCD−BD2+
√
BD[4AC(A−B)(C−D)+BD(A−B−C+D)2]
2AD(A−B) , (3.9)

where:
A = dTH

dP
,B = dTS

dP
,C = dT ∗H

dP ∗
, D = dT ∗S

dP ∗
(3.10)

3.2 Probe station and electronics

To prevent thermal transport between the membranes through convection and
conduction by gas it is essential the microdevice is used in a low pressure environ-
ment. To ensure this while also enabling electrical contacts the measurements were
performed inside a Janis ST-500 probe station. The probe station is equipped with
two multiprobe arms with a multiprobe with 6 BeCu tips attached to each arm.
This allows for all 12 connections needed to perform both thermal and electrical
measurements at the same time. If only thermal measurements are performed
only the 4 outer tips of each probe are used for the four-point measurement of the
coils. If only electrical measurements are performed the 2 inner tips are used to
contact the four electrodes.
The probe station is pumped down using a pump set consisting of a membrane
backing pump and a turbo pump. Using this combination a pressure of around
4· 10-6 mbar at room temperature can be reached. All measurements have been
performed at this pressure.
The probe station also has a temperature controller to measure and control the
temperature at the sample holder plate. The temperature is stabilized within
10 mK in this way. The sample itself is placed directly on top of the sample
holder without any thermal paste and is assumed to have the same temperature
as the sample holder. This was verified by repeating several experiments with
and without thermal paste and verifying that the slope of the resistance with
temperature was unaffected. Since this slope is the most important parameter
determined using the sample temperature it was concluded that thermal paste
was not needed for these experiments.
The probes were connected to the Keithley 4200 Semiconductor Characterization
System (SCS) using a set of current amplifiers. The Keithley 4200 is a system
with several source-measure units (SMUs) integrated into one device. For these
measurements four SMUs were used. All these units were capable of either acting
as a current or voltage source or meter. To do this all SMUs had two connec-
tions, one called “force” and one called “sense”. The sense unit has a high input
impedance and is therefore mainly suitable for measuring voltages with respect to
ground. The force unit has a low input impedance and is therefore used to act
as a current or voltage source, or as a current meter. To perform a four point
measurement, the force part of an SMU is connected as a current source while the
sense part of the same SMU is connected to measure the voltage. The high input
impedance of the sense connection now ensures that no current is flowing to the
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voltage meter and thus that no voltage drop exists across the leads from both the
probe station and the platinum lines on the microchip to the voltage measuring
unit. When the sense unit is disconnected the voltage is measured in the force unit
and thus effectively a two point measurement is done. This is done to measure
the resistance of the leads to calculate the heating in the leads.
Due to the amplifiers connected to the Keithley 4200 the system has a very high
sensitivity even when going down to extremely low currents but it also causes
a small offset current. This current is mainly noticeable when measuring low
currents and can be corrected for afterwards or can be avoided completely by
measuring at higher currents.
Finally after all measurements have been completed the sample is placed inside
the Scanning Electron Microscope (SEM) to measure the diameter and length of
the wire. This is done afterwards since there have been indications of an influence
from the SEM on the transport properties of the nanowire106. After determining
the dimensions the thermal conductivity is calculated using the standard equation
for a tapered circular wire107:

κ = 4GL
πD1D2

, (3.11)

where L is the length of the wire and Dx the diameter of the wire at either end.
A circular wire is assumed here because the SEM is often insufficient to determine
the exact faceting of the nanowire and it was found that the wires are usually not
perfect hexagons or squares either, so a circle is taken as an approximation.

3.3 Limitations to the measurement scheme.

There are several sources of errors to the measurement scheme which limit the
maximum sensitivity that can be reached with this setup. This puts a constraint
on the systems for which the measurement method can be applied reliably. On
top of that certain systematic errors need to be considered to properly analyze the
data. All of these sources of errors are discussed here.
When a standard error analysis is performed on equation 3.7 the equation for the
error in GN can be determined, which is the dominant factor in the determination
of the thermal conductivity of the nanowire. The equation for the error is:

∆GN = GB
A

(B −A)2 ∆B +GB
B

(B −A)2 ∆A+ GN
GB

∆GB , (3.12)

where ∆x is the error in parameter x and A and B are defined like in equation
3.10. From the first part of the equation it is clear that GB should be as small as
possible to reduce errors. This can also be understood from the fact that if GB is
too large the temperature rise on the sensing side would be very small and thus
the sensitivity would go down. This is also why the long SiNx beams are used and
a thin platinum line is used as electrical connection. However, if Gn is close to GB ,
the value of A and B will also be very close to each other, which will increase the
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errors from the first two factors as well. This puts an upper limit on the thermal
conductance that can be measured, which gets lower with a lower GB .
Since the temperature rise on the heating side is always higher than the temper-
ature rise on the sensing the most important source of noise is electronic noise on
the sensing side. The main source of noise here is the noise in the voltage source,
which is estimated from measurements to have a noise of 0.01%. In this way the
ultimate measurement sensitivity is estimated to be 5· 10-10 W/K of which the
dominant factor is determined to be noise in the current source.
Another fundamental constraint to the measurement system is that of heat con-
duction from one membrane to the other that is not going through the wire mea-
sured. This can be either through radiation or through conduction. Conduction
through air is minimized by working in a low pressure situation. At the pressures
at which the measurement take place the mean free path of the gas molecules can
be estimated from kinetic theory108 to be approximately 50m, way beyond the
distance between the membranes or the beams. Because of this, kinetic theory
applies, which states:

Gair = CvA

3 ≈ 10−12W/K, (3.13)

with C is the heat capacity of air and v is the velocity of air molecules at these
conditions and A is the surface area. This value is way below the maximum
measurement sensitivity of 5· 10-10 W/K.
The thermal conduction from membrane to membrane from radiation can be es-
timated using the Stefan-Boltzmann law which states:

Grad = σε (TH + TS)
(
T 2
H + T 2

S

)
Fh→sA (3.14)

Where σ is the Stefan-Boltzmann constant, ε is the emissivity, Fh→sis the view
factor and A is the area. For the membrane it is assumed they have a constant
temperature giving a radiation contribution from radiation between the platforms
of approximately 3· 10-11 W/K. The contribution from the beams is much harder
to determine since the beams do not have a constant profile. As an upper bound
estimate the radiation contribution has been calculated assuming both beams are
entirely at the membrane temperature. Even with these unrealistic assumptions
the radiation contribution from the beams is approximately 4· 10-10 W/K, which
is still slightly below measurement sensitivity. In reality the contribution will be
even lower so it is concluded that background heat transport is negligible in this
measurement setup.
The assumption that the platforms have a uniform temperature equal to the
temperature of the meanders has also been verified using Finite Element simu-
lations109. The temperature was found to vary by less than 4% over the entire
platform. This error is much smaller than the measurement error from the voltage
source and the assumption is therefore valid.
On top of the errors in determining the thermal conductance, when converting
the thermal conductance to the thermal conductivity some more geometrical pa-
rameters of the wire need to be measured. Although these measurements take
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place inside a Scanning Electron Microscope (SEM) the accuracy is limited. For
the diameter this is caused by the limited resolution of the SEM, which is of the
order of a few nanometers. This error will have the largest influence on thinner
wires. Since the length is much longer it can be measured in the SEM accurately
enough. However, for the length the wire is assumed to make thermal contact at
the edge of the platform. Since this is not necessarily the case this might be an
underestimation of the length, causing an underestimation of the thermal conduc-
tivity. Since the platinum beams electrodes are slightly higher than the rest of the
sample it is assumed that at most the wires will make contact here. If this is the
case the measured length taken is about 20% shorter than the real length, making
this the maximum error caused by this effect.
The main limitation of this measurement scheme is the contact resistance, which
will be discussed separately in Chapter 5.

3.3.1 Alternative measurement scheme
As explained in the previous section, the main limitation in the sensitivity of the
measurement method lies in the accurate determination of the temperature differ-
ence. A large part of the error is caused by the fact that a small resistance change
of the order of several Ohms (∆T=1 K), need to be measured on a resistance
exceeding 10kΩ. This requires an accuracy better than 0.01%. On top of that
this change needs to be measured at very low power to prevent heating effects,
which in general reduces the accuracy. To overcome this problem a Wheatstone
bridge like setup was proposed110. In this way only the change in resistance in-
stead of the total resistance is measured. The implementation and working of this
measurement scheme will be discussed in more detail in this section.
A Wheatstone bridge is based on four resistors with two parallel lines of two
resistors in series as shown in figure 3.4. The scheme is designed so that when the
bridge is balanced the voltage measured across the bridge is zero. Now when one
resistance changes a voltage will be created over the bridge, which can be directly
related to the resistance change through:

VG =
(

R2

Rs +R2
− R3

R1 +R3

)
Vs → Rs = R2

VG
Vs

+ R3
R1+R3

−R2, (3.15)

where Vs is the voltage applied by the source, VG the voltage over the bridge and
Rx the resistances as shown in figure 3.4.
For this thesis, the Wheatstone bridge is used to measure the resistance change
on the sensing side, since this is the smallest resistance change. The heating
side is still measured using the standard four probe technique. For the pairing
resistance a nearby meander that is not part of the measurement is used. Since
both these meanders are in the cryostat and relatively close on the chip, resistance
fluctuations caused by system temperature fluctuations will also be balanced out.
However, the sensing meander is now measured through a two point measurement
instead of the four point measurement applied before. This means that the re-
sistance of the platinum leads cannot be neglected anymore. Since the platinum
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Figure 3.4: Schematic drawing of the alternative measurement scheme using the Wheat-
stone bridge. The left part is the heating part and is not part of the Wheatstone bridge.
Rs is the sensing resistance that needs to be measured. R3 is a variable resistance that
can be used to balance the bridge.

leads to the meander also heat up during the experiment this resistance will change
as well causing an extra change in resistance. Using the assumption of a linear
temperature profile along the beams109 the total change of the sensing resistance
can be written as:

Rs + ∆Rs = 2
[
RB + dRB

dT

(
Ts−T0

2
)]

+RM + dRM
dT (Ts − T0)→ ∆Rs =

(
dRB
dT + dRM

dT

)
∆T, (3.16)

where RB is the resistance of the beams, and RM the resistance of the meander and
the first factor 2 comes from the fact that current is going through 2 beams and the
second factor 2 comes from the linear temperature profile, causing the beams on
average having half the temperature rise of the meanders. The derivative of RM
is the value of interest since this is what has been used in the previous analysis.
This can be extracted using the following relations:

dRB
dT = αBRB = αB

αS
1
Rs

∆Rs
∆T RB → dRM

dT = ∆Rs
∆T −

dRB
dT =

(
1− αB

αS
RB
RS

)
∆Rs
∆T =

RM+
(

2−αBαS
)
RB

RM+2RB
∆Rs
∆T (3.17)

In general it is assumed that αB = αS so that the correction factor becomes110:

dRM
dT

= RM +RB
RM + 2RB

∆Rs
∆T (3.18)
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In general αB will be larger than αS because the meanders have more scattering
on the sidewalls since they are thinner, reducing the value of α. This means
that by using this assumption the correction factor is overestimated and thus also
the temperature change of the meanders and thus also the thermal conductance.
However, using typical values obtained from measurements the deviation due to
the difference in values of alpha is determined to be less than 5%.
During the measurements it was observed that the bridge voltage Vg could never
be reduced to zero by changing the variable resistance. This was attributed to a
parasitic frequency-dependent impedance from the variable resistance. The effect
of the parasitic impedance increase with frequency, therefore an optimum in fre-
quency was found that sufficiently reduces noise while still keeping the parasitic
inductive impedance low.
Because of the high sensitivity of the bridge method it can even be used to measure
the background thermal conduction. This measurement is shown in figure 3.5(d)
compared to a measurement of the background performed using the standard
method. Using this measurement the background conduction can be determined,
giving a background conduction of 1· 10-10 W/K, at a temperature difference of 12
K with the cold side near 300 K. However, the background conduction is strongly
dependent on the system temperature and also depends on the temperature dif-
ference. When radiation is assumed to be the main contribution to background
conduction the exact temperature dependence is known. This temperature de-
pendence can be used to calculate the radiative background conduction for other
temperature differences. This is done by using the standard equation for radiative
heat transfer, assuming that the prefactors σ, ε, Fh→s and A don’t depend on the
temperature difference. Using these assumptions gives:

Grad,m = σε (TH,m + TS,m)
(
T 2
H,m + T 2

S,m

)
Fh→sA→ Grad,r = Grad,m

(TH,r+TS,r)(T 2
H,r+T 2

S,r)
(TH,m+TS,m)(T 2

H,m
+T 2

S,m) , (3.19)

where the subscript m denotes the values measured at 300K with ∆T = 12K and r
denotes the temperature values the background needs to be determined at. When
filling in a temperature difference of 40 K on the hot side and 20K on the cold side
at a temperature of 400 K this gives a background conduction of approximately
4· 10-10 W/K, comparable to what has been found before110. This value is still
below the measurement accuracy of the normal method and at the top end of the
bounds found theoretically in the previous section.
Although above experiment shows that the bridge method can be used to mea-
sure thermal conductance even below 10-11 W/K as long as a correction for the
background conducting is made. In our experiments a higher resolution than that
offered by the normal method was hardly ever needed. And above that resolution
results obtained using both methods were very comparable. On the other hand
the normal method is much faster and user friendly than the bridge method, due
to the inherent automation brought by the Keithley 4200. Because of this, most
measurements were performed using the standard method and the bridge method
was only used to verify measurements where the conductance was close to the
resolution.
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Figure 3.5: Typical temperature difference of the heating side (red) and the sensing
side (blue) as a function of power obtained during measurements. (a)+(c) Data obtained
using the 4 probe method. (b)+(d) Data obtained using the Wheatstone bridge method.
(a)+(b) Data obtained when a wire was placed to bridge the platforms. (c)+(d) Data
obtained when no wire was placed. As can be seen from the comparison, when the
conduction is sufficiently high the results obtained with both measurement method are
very similar. However, when the conduction is really low the 4 point method has a very
high noise compared to the signal. In addition to the large noise an apparent drift in
the same order as the noise level is observed in (c). This drift is attributed to a drift in
the system temperature, not an actual temperature increase on the sensing membrane.
The data from figure (d) can be used to estimate the background conduction in the
microdevices.
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Chapter 4

Device fabrication and nanowire
growth

In this chapter the growth of the nanowires, the processing of the microdevice
and the preparation of the sample for measurements are described. Since the
optimization of the growth is not part of this research, the growth will be described
on a basic level only. All nanowires were chosen for different purposes explained
in their respective chapters. Growth of the nanowires used for this thesis has been
carried out at the University of Technology in Eindhoven for the InAs and GaP
wires, the InSb wires were grown at the NEST institute in Pisa, and the silicon
isotope wires were grown at the Max Planck Institute of Microstructure Physics
in Halle, Germany. The processing of the microdevice took place completely at
the University of Technology in Eindhoven.

4.1 Nanowire growth

Nanowires can be fabricated using a wide variety of methods, both top-down and
bottom-up. In top-down methods a layer would be grown after which these layers
will be etched down locally to form wires. In bottom-up approaches the wires are
grown on a selective part of the substrate to form wires. Bottom-up methods can
also be divided into two distinct approaches, catalyzed or non-catalyzed growth. In
catalyzed growth local growth catalyzers are used to locally enhance the growth
and thus form nanowires. All nanowires in this research were grown using the
catalyzed bottom-up approach called Vapor Liquid Solid (VLS) growth111, which
will be described in more detail here.
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4.1.1 VLS growth
VLS growth is a method to grow one dimensional structures from chemical vapour
deposition. To do this small catalytic particles are dispersed over the growth sub-
strate. This can be done using Electron Beam Lithography (EBL) definition112,
nanoimprint lithography113 or by dispersing colloids over the substrate114. In the
growth machine this particle is melted to create a liquid particle. The particle
catalyses the usually slow process of decomposition of the precursor molecules on
the surface of the liquid alloy. After decomposition the precursors are absorbed
in the catalyst forming an alloy. When this alloy reaches supersaturation levels,
the crystal can grow from nucleation seeds at the liquid-solid interface. For a
schematic overview of the process see figure 4.1. In this way the physical charac-
teristics of the nanowire depend on the properties of the liquid alloy, which can be
tuned by changing the substrate pressure, gas flows and chamber pressure. This
will also modify the vapour solid (VS) growth characteristics, from the adsorption
from the gas phase to the solid phase. This, together with surface diffusion, is the
main cause of sidewall growth during nanowire growth. During VS growth, carbon
incorporation from the organic precursors is a commonly known problem115–117.

Figure 4.1: Schematic of VLS growth. (A) A catalytic particle (usually gold) is dis-
persed on the sample. (B) The sample is heated under a gas flow with the group III
constituent of the final nanowire and forms an alloy. (C) VLS growth of the nanowire
underneath the catalytic particle. (D) Sidewall growth due to VS growth.

4.1.2 Sample growth
In this section a short overview of the growth processes used for the various samples
is described, for more detailed information see Appendix A for InAs and the
respective papers for InSb67, Si118, and GaP119.
The InAs nanowires were grown on an InP substrate using Metal Organic Vapour
Phase Epitaxy (MOVPE). Randomly dispersed gold particles with a diameter of
15nm were used as the seed particles. Trimethylindium (TMIn) and AsH3 were
the precursors. A small InP segment was used to initiate the nanowire growth. To
change the diameter both the temperature and the precursor pressures were varied
to change sidewall growth. For a detailed description of the growth parameters
used for each sample see Appendix A. Apart from that a mixture of citric acid
and hydrogen peroxide was used to etch the sidewalls to reduce the diameter after
growth120. After etching the wires were put in a critical point dryer to prevent
the wires from sticking together due to capillary forces during drying. An Atomic
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Force Microscope (AFM) study revealed that this etching had no effect on the
sidewall roughness of these wires. An undesired side-effect of the sidewall growth
is that the wires with a larger diameter also had more carbon incorporation, from
the enhanced VS growth. A Transmission Electron Microscopy (TEM) study of
these wires shows pure wurtzite crystal phase for all InAs nanowires, as opposed
to the zincblende structure InAs has in bulk121.
The InSb nanowires were grown using Chemical Beam Epitaxy (CBE). The parti-
cles were formed by growing a nominally 0.5 nm thick Au film on an InAs substrate
and heating the sample to 560 °C for 20 minutes. This caused a distribution of
catalytical particle sizes and thus also of nanowire diameters. The precursors used
were TMIn, TertiaryButyl Arsine (TBAs) and Tert-DiMethylAminoAntimony (TD-
MASb). For more details on the growth of these wires see ref. 122. For the growth
first an InAs stem was grown for 90 minutes at 430 °C to aid nucleation, after
which the temperature was lowered to 410 °C and the InSb wires were grown. The
wires had a pure zincblende structure, the same crystal structure as of bulk InSb.
For the Silicon nanowires the catalytical particles were created using a 1 nm thick
gold film which was heated to 450 °C for 20 minutes. Growth was carried out using
an Ultra High Vacuum Chemical Vapour Deposition (UHV-CVD) technique using
monoisotopic silane (SiH4) with either the 28Si, 29Si or 30Si isotopes. Growth
was carried out at a temperature of 480 °C for 160 minutes. A TEM study (see
figure 4.2(a)) of these wires showed a high density of both vertical and horizontal
stacking faults, as well as a high surface roughness and sidewall growth.
The GaP nanowires were grown using a MOVPE. The gold particles were created
both by an EBL process that defined gold particles with a diameter of exactly 25,
50, 75 and 100 nm. On top of that a sample with randomly dispersed colloids with
various sizes was also used. The samples were grown at 750 °C using Tri-Methyl
Gallium (TMG) and Phosphine (PH3) as precursors. By checking these samples
using the TEM it was confirmed that these samples had a pure wurtzite structure
with a very low stacking fault density (see figure 4.2(b)), whereas the bulk crystal
structure of GaP is zincblende119.

4.2 Microdevice processing

To measure the thermoelectric properties of nanowires a special microdevice de-
scribed in Chapter 3 is needed. In this section the processing steps developed to
make this device are discussed. All the processing took place in the Nanolab@Tue
cleanroom at the Eindhoven University of Technology. The chapter will follow the
order in which the device is processed. For an overview of the processing flow see
Appendix B and figure 4.3.

4.2.1 SiNx growth
The growth of SiNx on Si [100] is done using a Plasma Enhanced Chemical
Vapour Deposition (PECVD) process. This is different from the Low Pressure
CVD (LPCVD) process normally used for producing stress-free layers for these
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Figure 4.2: TEM study of the two different wires. (a) A silicon isotope wire showing
the large amount of defects, vertical stacking faults and sidewall growth. (b) A GaP wire
showing no stacking faults or surface roughness.

Figure 4.3: Schematic of the processing flow to create the microdevices with a side
view (top) and top view (bottom). The numbers below the schematics represent the
sections were that step is discussed in more detail. (a) Stress-free nitride deposition on
the silicon wafer. (b) Creation of metal contacts on the nitride layer using a combination
of optical and electron beam lithography steps. (c) Definition and etching of the bridges
in the SiNx using optical lithography and dry etching. (d) Underetching of the SiNx by
wet etching the silicon creating the freestanding structures.

devices69. PECVD is a CVD process where plasma is utilized to break the chem-
ical bonds in the constituent materials. Because a plasma is used to break these
bonds, unlike with a conventional CVD process where the bonds are broken ther-
mally, the growth can take place at lower temperatures. For these samples the
SiNx layer is grown at 300 °C. The precursors used for the growth were SiH4,
N2 and NH3. The composition of the film depends strongly on the ratio between
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these precursors, as well as growth temperature but a precise dependency of the
layer on these parameters has not been studied.
The PECVD used for this growth was a parallel plate reactor. This means the
plasma was created between two parallel plates, one of which held the sample. To
create the plasma an AC voltage high enough to cause an electrical breakdown
between the plates was used. To enable growth of a stress-free SiNx film in a
PECVD a combination of two different frequencies of the AC voltage were used.
During growth the frequency would constantly change from high frequency to low
and back to high. This was mainly done to reduce the stress in the layer. A too
high tensile strain in the layer would break the bridges once they are released from
the substrate, while a compressive strain would cause the bridges to buckle due
to the strain as is shown in figure 4.4.

Figure 4.4: SEM picture of a device that is bending up due to too much compressive
strain build up in the SiNx layer. The scale bar represents 10 µm.

A higher frequency will mainly accelerate the electrons, because the ions will
be unable to follow this higher frequency. On the contrary, when using a low
frequency, the ions will be able to follow and will therefore be accelerated towards
the surface123. This will result in an ion bombardment of the surface. This will
have two effects; first the ions can be implanted further into the film, resulting into
a higher packing density and thus inducing compressive strain in the film. Secondly
the ions deliver energy to the surface, enhancing surface migration and reactions,
reducing the tensile stress in the film. Therefore high frequency PECVD generally
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gives tensile strain, while low frequency gives compressive strain. Choosing a
proper combination of the two can lead to stress-free films. This is also shown in
figure 4.5. The exact point where the film becomes stress-free is strongly dependent
on frequencies, gas flows and temperature used.

Figure 4.5: Low Frequency (LF)/High Frequency (HF) deposition time ratio versus
stress in the SiNx film grown using PECVD. A positive stress corresponds to tensile
strain while a negative stress corresponds to compressive strain. Image taken from ref.
124

In this project a high frequency of 13.56 MHz was used (the RF standard) and
a low frequency of 50 KHz. The exact ratio between the high frequency and the
low frequency pulse time varied during the project, especially after a cleaning of
the PECVD reactor the ratio could change significantly. However the pulse times
used were always 5-7 s for the LF pulse and 13-15 s for the RF pulse. The goal was
to get a film with a slight tensile strain, to prevent bending of the freestanding
bridges. The tensile strain was small enough for the bridges to withstand the
stress. The growth rate using this method is slightly lower than the growth rate
at the normal method due to more power getting reflected whenever the frequency
is switched. The growth rate was determined to be around 11 nm/min but it also
varies slightly with machine condition. For our process a growth time of 59 min
was used, giving a SiNx thickness of around 650 nm.

4.2.2 Metal patterning and deposition

The Au pads are created using a lift-off method, where the metal is deposited on
a resist which has been removed locally. When the resist is removed using acetone
the metal that was deposited on top of these resists is removed while the metal
on the parts where the resist was gone stays. For a lift-off to be successful it is
important for the resist to have a negative slope, to prevent metal to be deposited
on the sidewalls, thus preventing the acetone to reach the resist layer.
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The creation of the Au pads and Pt lines in this way is done in three parts. First
the big Au pads are created using optical lithography in the MA6 contact aligner
and next the Pt lines are created in a similar way. In this way features with a size
down to 600 nm can be created. Because our coils have a designed width of 100
nm these are too small to be created by optical lithography. Therefore the coils
and electrodes for electrical contacting the wires are created using Electron Beam
Lithography (EBL). This also introduces a certain amount of design freedom.
Both these parts of the processing will be explained in more detail in the upcoming
sections.

Optical lithography In optical lithography a layer of light sensitive material,
the optical resist, is spun on top of the sample where certain patterns need to be
made. This resist layer is usually created by spinning it over the sample. Next
the sample is put in a mask aligner where a glass backplate with a chromium
mask is aligned on top of it. UV light is used to change the chemical bonds of
the layer where the light reaches it, while the parts that are covered by chromium
stay the same. Next a developer solution is used to either wash away the parts
that were illuminated, in the case of a positive resist. If a negative resist was used
the opposite will happen and the parts not illuminated will be washed away. The
main parameters to change are resist chemistry, exposure time and development
time.
For defining the contact pads the negative resist MaN-415 is used. A negative
resist is ideal for liftoff processes because the top layer of the resist will generally
get illuminated more than the bottom part, thus creating a natural slope in the
resist profile, which is beneficial for lift-off processes. The exact resist profile can
be tuned by changing the exposure and development time. The developer used
was Ma-D 532s, which is a NaOH based developer with added surfactants.
To ensure good contact of the resist to the surface, the sample is first cleaned
using a combination of water rinsing, stripping in an O2 plasma and if necessary
a HF (1%) dip. After this the sample is placed in a primer oven. This deposits
a layer of HexaMethylDiSilazane (HDMS) on the sample when it is heated to 300
°C. This enhances adhesion of the resist to the sample. The resist is spun on the
sample using a vacuum spinner at 4000 RPM for 30 sec. After spinning the resist
the sample is baked at 95 °C for 6 minutes to remove all the solvents from the
resist layer to prevent moving of the resist during or after exposure. This creates
a resist layer with a thickness of approximately 780 nm with MaN-415.
To find the optimal exposure and development time several dose test have been
performed. In figure 4.6 some SEM pictures of the sidewall profile for different
development times are shown. From the images certain trends can be observed.
Since exposure intensity depends on the age of the UV lamp and other optics used,
the exact parameters need to be continuously updated to adjust for the changing
situation. Therefore a general trend which can be recognized during processing
will be given here.
An increase in width of the features can be observed for increasing development
times. This effect however saturates at higher development times, which caused
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because longer development will also develop features which have already been
slightly exposed. However it will not remove features which have been fully ex-
posed, thus saturating the width increase after a certain point. The angle is seen
to constantly increase with development time, which can be explained following a
similar reasoning. For very low development time a feature in the middle of the
line is observed at the places where the mask was not pressed tight enough against
the sample. This is caused by interference of light slipping underneath the mask
at these bad contact places. Since these lines are usually less irradiated they are
removed by increased developing. If these lines are not removed they will lead to
a split Pt line at the bad contact places.
For the exposure time the trends are similar as for the development time. An
increase in exposure time will decrease the angle of the sidewalls, making lift-off
harder. However when the exposure time is too short, the created pattern will
be larger than the design. Up to a certain extend too short of an exposure time
can be compensated for by decreasing development time as well and vice-versa
too long exposure time can be compensated by longer development time. In this
way fluctuations in the lamp intensity can be compensated for by varying the
development time.

Metal evaporation Right after development of the photoresist the sample is
placed in the E-Beam evaporator. Here a flux of metal atoms towards the surface
is created by evaporating them using heating from accelerated electrons. This
process is monitored using a thickness monitor to ensure reproducible thicknesses.
A 14/140 nm Ti/Au layer is grown for the contact pads in this way. For the Pt
lines from the pads to the meander, a 30 nm thick Pt layer is grown to reduce
thermal conduction through the contact lines. The same layer is used to create
the meanders and electrodes after the EBL lithography. Both Pt layers do not use
a sticking layer like Ti or Ni as is common to enhance the sticking of a noble metal
to the substrate. In the case of the contact lines this is done to reduce thermal
conduction and in case of the meanders to improve the temperature dependence
of the resistance. Even a thin sticking layer could already have a significant effect
on these parameters. However, without this layer the Pt is less likely to stick to
the substrate, so special care needs to be taken during the processing to protect
the Pt layer.
For the lift-off process of the Ti/Au layer the sample is placed in a closed cup above
the acetone. In this way the sample is kept in the acetone vapour for approximately
an hour. When cracks start appearing the sample is placed vertically inside the
acetone. After staying in the acetone for 1 minute it is put in an ultrasonic
bath until all undesired metal is gone. This removes all the resist and leaves the
designed contacts. After the ultrasonic bath the sample is put inside the IsoPropyl
Alcohol (IPA) to remove acetone leftovers and in an oxygen plasma for 10 minutes
to remove organic leftovers from the resist.
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Figure 4.6: SEM pictures for samples developed with different development times. On
the left is the side view showing the lift-off profile in a poor contact region while the
right side shows the top view after lift-off, giving a good indication of the width of the
Pt wire resulting from this lift-off.
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4.2.3 Electron beam lithography
Electron beam lithography (EBL) is very similar to optical lithography in the
method used to define structures. The main difference is that in EBL the resist
layer is sensitive to electrons, instead of light. The structures are now created by
putting the sample with the resist layer inside an electron beam and by moving
the beam and the stage very precisely much smaller patterns can be made than
using optical lithography. Additionally, since no hard mask is used in this process,
EBL allows for a continuous change in the design. Because of this the EBL is used
to define the coils and contact pads on the membranes.
To prepare the sample for EBL the sample is cleaned using a 300 W oxygen plasma
for 10 minutes. Right after that the resist, PMMA-A4, is spun at 8000 RPM in
an open air spinner for 30 s. Afterwards the sample is placed in the oven at 200
°C for 30 min. This way all the solvents are removed from the resist creating a
stable resist layer with a thickness of 140 nm. The sample is then directly put in
the EBL.
PMMA-A4 is a positive resist, meaning that parts exposed to electrons will dis-
appear after development. The higher the electron dose, the more material is
removed. Because the slope in EBL is caused by backscattering of the electrons
on the surface, a higher dose also causes a larger slope in the resist sidewall. A sim-
ilar effect can be obtained with longer development. However in both cases feature
size is increased and resolution is reduced. For our design the 20kV acceleration
voltage for the electrons was used in combination with the 10 µm aperture. The
developer for PMMA-A4 is (Methyl IsoButyl Ketone) MIBK:IPA with a concen-
tration ratio of 1:3. For our process a development time of 70 seconds was chosen
after which the sample was rinsed in IPA for 60 seconds. After development the
sample was put in a 100 W O2 plasma for 10 s to remove any residues from the
surface. After the oxygen plasma, the sample was put in the metal evaporator for
the metal deposition described in the previous section.
The lift-off has to be done differently from the lift-off after the optical processes.
This because the thin Pt lines of the meander do not stick to the substrate properly
without a sticking layer. Because of this all platinum meanders would be removed
if it were placed in the ultrasonic bath. Instead of the ultrasonic bath the resist
layer is gently blown away using a pipette after the sample has been placed in the
acetone vapour.

4.2.4 SiNx bridges
After the Pt definition the sample is placed inside the PECVD again for 29 min-
utes. This creates a stress-free SiNx layer with a thickness of 350 nm on top of the
metals. This is done to protect the platinum during the future processing steps,
which is necessary because no sticking layer is being used. If this layer would not
be deposited over the platinum the SiNx underneath the Pt would be slightly un-
deretched, which in turn could remove the entire platinum layer. After depositing
the protective layer the shapes of the bridges are defined using optical lithogra-
phy. The process is similar to the process for the Pt pads definition, however in
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this case the positive resist HPR504 is used. This resist when spun for 30 s at
3000 RPM has a thickness of 750 nm. To remove all the solvents after spinning,
the sample is baked for 2.5 minutes at 100 °C. After that the sample is exposed
using an exposure time of approximately 3.2 seconds. The alignment can be done
because SiNx is transparent so the Pt alignment marks are still visible after the
SiNx deposition. After the exposure the resist is baked again for 2.5 minutes at
115 °C to further strengthen the resist layer. After this second baking step the
resist is developed for 60 seconds in a 1:2 PLSI:H2O mixture. This will give the
definitions of the bridges.
After the definition of the bridges the sample is placed in the Reactive Ion Etch-
ing (RIE) reactor. This reactor etches materials using a combination of physical
bombardment to increase the energy at the surface and reactive ions which induce
a selectivity for different materials. The SiNx is etched using a combination of a
CHF3 and an O2 plasma. In this way all the components are etched, however the
etch rate for SiNx (110 nm/min) is much higher than for HPR504 (65 nm/min).
Theoretically in this way 1.2 micron of SiNx could be etched. Therefore in princi-
ple this etching time is more than wat is required (650+350 nm means 1 micron
would be required), but a longer etching time is safer to compensate for fluctu-
ations in the thickness and the etch rate. After the SiNx is etched all the way
through the Si will be etched with a slightly lower rate than the SiNx. This is not
necessary for the processing, but causes no harm either and is thus preferred over
not completely etching the SiNx layer.
After the RIE process a thin layer of reaction products of the etching process is
created on the etched surfaces. This layer is not etched by our wet etchant so this
has to be removed prior to the wet etching. To ensure this a 300 W O2 plasma
cleaning and 5 s HF(1%) cleaning step is used. After this the samples can be wet
etched to create the undercut.

4.2.5 Wet etching

The wet etching is performed using the AZ 826 MIF developer solution, a mixture
of a 2.38% TetraMethylAmmonium Hydroxide (TMAH) solution with certain sur-
factants, at a temperature of 80 °C. The reaction mechanism for TMAH etching
of Silicon is similar to the much more common KOH etching of silicon, however
while KOH is an anisotropic etchant with the [111] plane as the stop plane, a low
concentration TMAH etch was found to be isotropic. It is based on the alkaline
character of the substances which causes the OH- group to bind to the silicon:

2[(CH3)4N ]+[OH]− + Si+ 2H2O → 2[(CH3)4N ]+ + Si(OH)2O
−−
2 + 2H2 (4.1)

The silicic acid formed in this way will dissolve in the etching solution creating a
white translucent fluid. The etching is isotropic and has an etching rate of 2µm/hr.
To create the 10 micron undercut an etching time of approximately 6.5 hours is
used. The exact time can be determined by checking the solution, which should
become white opaque during the etching. The etchant also slightly etches SiNx
and will therefore partly reduce the dimensions of the structure and remove the
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protective SiNx layer. During the etching time a lot of liquid will also evaporate,
causing the liquid level to sink during etching.
After the etching step the sample is rinsed and then put in a KOH solution (33
mass percentage in water) at 80°C for 5 minutes. It is very important to keep the
sample wet at this stage to prevent capillary forces from collapsing the bridges.
The KOH has a highly anisotropic etching, favouring the [100] direction with an
etching rate of 1.4 µm/min. This removes the mountains underneath the pads
creating a clear undercut SiNx bridge. In this time KOH has a negligible etching
of SiNx and also does not influence the Pt coils on the pads, which by now might
be exposed since the protective SiNx could be completely removed during the first
wet etching step.
After the KOH etching step the sample is rinsed in water again. In order to
prevent capillary forces from the drying water the sample is placed in IPA at 80
°C, where the water will dissolve in the IPA. To dry the sample it is kept above
the heated IPA. Since IPA vapour has a smaller surface tension than water this
reduces capillary forces so the bridges are not pulled towards the bottom or side,
which would cause them to collapse. A false colour SEM picture is shown in figure
4.7.

Figure 4.7: False colour SEM picture of the microdevice used to measure thermal
transport in nanowires. The red corresponds to SiNx, the yellow to platinum and the
green is the nanowire being measured. The scale bar corresponds to 10 µm.

Finally the sample is checked for electrical contacts to check if the protective SiNx
has been completely removed during the wet etching. If this is the case the last
step can be skipped, otherwise the sample is placed in another RIE machine where
the remainder of the protective SiNx layer is etched away using a similar process
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as used to define the bridges.

4.3 Nanowire transfer

After sample completion a nanowire needs to be placed bridging the two mem-
branes so its thermoelectric properties can be measured. Nanowire transfer is done
using a Kleindiek nanomanipulator, shown in figure 4.8. The nanomanipulator has
a piezocontrolled tip which allows for control with less than 1 nm precision. The
manipulator can be used both in a vacuum environment like an SEM and under
a microscope. The procedure is very similar in both cases but some special care
in case of SEM usage is described later in this section. A tungsten tip with a
diameter of 100 nm is used for picking up the nanowires.

Figure 4.8: A Kleindiek nanomanipulator with the tip underneath the microscope.

To pick up a nanowire the tip is brought close to the base of the nanowire. By
moving the tip against the nanowire it will break off. Depending on the nanowire
geometry and material the wire might be more flexible or more brittle and thus
also more or less difficult to break. Once the nanowire is broken it will usually
stick to the tip because of the larger contact surface, and thus van der Waals
attraction, that the nanowire experiences from the tip.
Once the nanowire is attached to the tip it needs to be put between the membranes.
To do this it is helpful, although usually not essential, to rotate the tip so that the
nanowire is lying horizontally. Secondly the sample or the nanomanipulator are
positioned such that the wire is perpendicular to the sides of the membranes. The
tip is brought down so that the wire touches either or both of the membranes, at
which point it is pushed down a bit more. The membranes will bend slightly but
thanks to their geometry they are very flexible so this will not cause any permanent
deformation. When the wire is released from the tip and on the membranes it can

53



4. Device fabrication and nanowire growth

still be moved to be positioned differently, if a specific orientation is desired for a
certain experiment (for example to control the length bridged by the nanowire).
At this point the device is ready for thermoelectric measurements.
If special care needs to be taken to select the nanowire or to position it exactly
where desired, transferring a nanowire can also be done inside the SEM. When
the transfer is taking place inside the SEM some special care needs to be taken
with the voltage. Because of the geometry of the membranes they will build
up a considerable amount of charge when exposed to the electron beam. When
this happens both membranes will be attracted or repelled by each other. After
removing the sample from the SEM the charge will slowly dissipate again and
the membranes will return to their equilibrium position. However due to the
movement after the SEM exposure the wire might get removed from the sample.
To prevent this higher voltages of at least 20 kV for the electron beam need to be
used to reduce charging effects.
Another way to transfer wires can be inside the Electron Beam Induced Deposition
(EBID) machine. EBID allows for a very local deposition of metals. This is done
by releasing the metals in the gas phase into the chamber and where electrons
get scattered this gas is decomposed and the metal is deposited on the surface.
This can help to stick wires to the membrane, especially when the wires are too
short to get a considerable area to touch the membranes. However, since the gas
is everywhere in the chamber this can lead to contamination of the nanowire with
platinum and carbon atoms. When using this technique the wire will be put on
top of the membrane using the nanomanipulators and locally platinum will be
deposited to stick the wire to the membrane. When this is done the tip can be
removed again to keep the wire on the membrane. The platinum can also be
deposited on wires that have been transferred already. This is a common method
to improve thermal contacts, for more information on this see chapter 5. During
this process it is also essential to keep the acceleration voltage high, therefore 30 kV
was always used for this. On top of that a high current could heat up and damage
the wire, so a low current is also needed. Both these effects however reduce the
number of scattered electrons and therefore also the growth rate. This means the
wire needs to be exposed longer which further increases the contaminations caused
by this method. Therefore this method was only used when strictly necessary, or
to verify if thermal contact could be improved.
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Chapter 5

Thermal Contact Resistance

The diameter dependence of the thermal conductivity of InAs
nanowires has been studied. The diameter dependence allows for
the extraction of the thermal contact resistance, since the contact
resistance scales differently with diameter than the wire thermal
resistance. This has been used to quantify the contribution of the
contact resistance and to identify geometries of the wires for which
the measurement setup can still be used. The same analysis has
been repeated for InSb wires, where a comparison was made with
micro-raman based measurements using an EBL created top con-
tact. A big difference was found between the method with the EBL
contact and with the method used for this thesis, demonstrating
the importance of creating reliable contacts for thermal transport
measurements. This chapter is based on references 125 and 68.
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5. Thermal Contact Resistance

5.1 Introduction

A thermal contact resistance is an extra thermal resistance at the interface be-
tween two materials. In the suspended platform method used for this thesis, the
contact resistance is between the nanowire and the SiNx platform, on which the
heater and thermometer are made, and which support the hot and cold sides of the
nanowire being measured. A thermal contact resistance fundamentally arises due
to a phonon wavevector mismatch between the materials, but in practice is often
determined by poor mechanical contacts. Since the thermal mismatch between
two materials is a fundamental problem, a thermal contact resistance can never
be completely prevented. A thorough study of how important the resistance is
and how to maybe correct for it is therefore crucial for thermal transport mea-
surements, especially at the nanoscale6. In this chapter thermal contact resistance
is studied using the diameter dependence of the conductivity of InAs nanowires. It
has previously been shown that the thermoelectric power factor can be enhanced
in InAs nanowires42,43 and InAs nanowires have been predicted to be the sec-
ond most promising III-V candidate for nanoscaled thermoelectric materials126.
A new model based on the different diameter scaling of the contact resistance
and the wire resistance is proposed and used. After that measurements on InSb
nanowires are compared with measurement performed using a Raman-scattering-
based optical method to verify the contact resistance in the suspended membrane
measurement technique. Finally a peculiar effect which seems to come from the
contact, thermal rectification, is shortly described.

5.2 InAs nanowire diameter dependence

As explained in chapter 2, one would expect a decrease of the thermal conduc-
tivity with nanowire diameter due to boundary scattering. In order to expose
experimentally the diameter dependence of the thermal conductivity, the thermal
conductivity of nanowires with diameters ranging from 40 nm to 1.5 µm was mea-
sured and compared to the expected dependency κ = κbulk

[
1− exp

(
− D

Λ0

)]
with

Λ0 the phonon mean free path associated with internal scattering (see chapter 2).
An example of the experiment is shown in Figure 5.1(a). For the largest diame-
ter the conductivity should equal that of bulk InAs, while for smaller diameters
the conductivity should decrease. By using the method described in the previous
chapter, the thermal conductivity of the nanowires as a function of their diame-
ter has been determined. The experimental data are plotted in figure 5.1 as black
spheres. The thermal conductivity of the thinnest wires is about a factor of 5 lower
than the bulk value, in agreement with the expected behavior and with previously
measured values121. However, two unexpected features can be observed in this
data. Firstly, kappa shows no significant reduction with decreasing diameters (for
D<200nm), as appreciable in figure 5.1(b), while a strong diameter dependency
is expected. Secondly, the thermal conductivity decreases for thick wires, whereas
an increase is expected, as illustrated in figure 5.1(a).
The quality (impurity level, defect density) of the thin and thick InAs wires is
comparable and therefore the large discrepancy between theory and experiment
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Figure 5.1: (a) Diameter dependence of 4GL
πD2 with G as measured in the system. The

dashed red line shows the expected behavior for a wire without taking into account
thermal contact resistance, when the value would correspond to the wire thermal con-
ductivity. The dashed green line marks the bulk value. (b) Zoom in of (a) to better show
the measured data. The green line shows the fit taking into account thermal contact
resistance. The inset shows a sketch to clarify the contact area between the nanowire
and the SiNx.

for the thermal conductivity of the thick wires cannot be explained by these factors.
Another cause of the discrepancy between theory and experiment can come from
the thermal contact resistance between the SiNx membranes and the wire. To
further investigate this effect, the interface resistance as a function of nanowire
diameter has been modelled.
As explained in chapter 2 and 3, the conductance of a circular wire equals Gwire =
0.25πL−1κD2, with κ the nanowire thermal conductivity and L the length of
the suspended part of the nanowire and is therefore proportional to the square
of the diameter. Assuming the expected dependency of κ on the diameter,κ =
κbulk

[
1− exp

(
− D

Λ0

)]
the total conductance from the wire becomes:

Gwire = 0.25πL−1κbulk

[
1− exp

(
− DΛ0

) ]
D2 (5.1)

The thermal contact conductance is dominated by interface scattering, which
is proportional to the area of the junction127. Since it can reasonably be assumed
that the nanowire is contacting the SiNx membrane with one side facet, the contact
area is proportional to the nanowire diameter (see sketch figure 5.1(b)), and thus
the contact thermal conductance is:

Gcontact = C1D, (5.2)

with C1 an unknown proportionality constant and D the nanowire diameter.
Using 1

Gtotal
= 1

Gwire
+ 1

Gcontact
, the calculated thermal conductivity can be calcu-

lated as:
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κcalc = 4GL
πD2 = κbulk[

1− exp
(
− D

Λ0

)]−1
+ C2D, (5.3)

where C2 = πκbulk
4LC1

is taken as a constant since the bridged length is approxi-
mately constant at 5 µm in our experiments. From this equation it can be clearly
seen that the interface scattering, governed by the term C2D, will become more
and more important for larger wires. Using equation 5.3, with κbulk fixed at the
literature value of 27 Wm-1K-1, the data can be fitted, resulting in the solid green
line shown in figure 5.1(b). For this fit, the interface scattering constant C2 and
the mean free path Λ0 are used as fitting parameters. Fitting the data allows us
to extract the phonon mean free path, which is found to be 240±30 nm. A good
agreement over the entire range of diameters is found by using only one value of
C2, indicating that the proportionality is similar in the range of diameters of the
experiment, as expected for wires with these diameters128. This suggests a good
mechanical contact and that the thermal contact is limited only by the fundamen-
tal limit for a van der Waals contact129,130.
Additionally, the extraction of C2 allows for an estimation of the thermal contact
resistance. The contact resistance depends strongly on the contact area, which is
hard to estimate. However, if the upper limit of contact area is taken, i.e. assuming
that the entire part of the wire over the substrate is touching the membrane, a
value of around 2.5·10-6 Wm-2K-1 is found, similar to values found previously
between InAs and SiNx membranes121,127.
These values allow the calculation of the diameter dependent contact resistance
and wire resistance separately. The results are shown in figure 5.2(a), where
different colored lines depict the different contributions to this resistance (blue
corresponds to the contact resistance, green to the wire resistance, and red the
total thermal resistance) from our fit. The black dots are the experimentally
determined thermal resistances as a function of the wire diameter.
Figure 5.2(a) shows a decrease for all thermal resistances with diameter, however
the decrease for the wire resistance is much faster than for the contact resistance.
Due to this, the contact resistance is dominant for wires with a diameter D>90
nm. However, even for wires with smaller diameter the contact resistance is non-
negligible, since the contact contribution is only an order of magnitude smaller
than the wire resistance for wires with a diameter D∼25 nm.
To accurately measure the wire resistance it needs to be higher than the contact
resistance. This can be achieved either by decreasing the contact resistance or by
increasing the wire resistance. Since the wire resistance increases with the length of
the nanowire while the contact resistance will remain constant, the exact transition
point where contact resistance dominates over wire thermal resistance depends on
both the length and the diameter of the nanowire. This is also shown in figure
5.2(b) where the orange area shows the regime where the contact resistance is
dominant over the wire resistance as a function of both length and diameter. The
black dots correspond to the geometrical values of the wires measured in this
research, clearly showing the transition from wire resistance dominated to contact
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Figure 5.2: (a)Total thermal resistance and its different contributions as a function of
diameter. The black dots represent the measured data while the red line shows the fit of
the total thermal resistance. The green line shows the wire contribution to the thermal
resistance. The blue line shows the contribution of the contact thermal resistance. (b)
Lengths and diameters of the points measured. The green area represents the area where
the wire thermal resistance is expected to be higher than the contact thermal resistance.
The orange area represents the geometries where the reverse is the case

resistance dominated. Plots like in figure 5.2(b) can now be used to estimate
the validity of measurements on other systems as well, by locating the measured
geometry in such a plot, with the exact values for bulk thermal conductivity,
thermal contact resistance and phonon mean free path replaced for that particular
material system.

Another way to verify whether the resistance is dominated by the contact or by
the wire is to look at the temperature dependence, which is opposite for the two
cases. The temperature dependence of the wire thermal conductivity is expected
to be caused by phonon-phonon scattering, and so decreases with temperature,
since scattering will increase with temperature. The contact thermal conductance
increases with temperature, since scattering is independent of temperature but the
specific heat increases, as explained in chapter 1. Both dependences can be seen
in figure 5.3(a) and (b) where the temperature dependence of the thermal con-
ductance of a thin wire, where the wire resistance is dominant, is compared to the
thermal conductance of a thick wire, where contact resistance is important. The
temperature dependences follow the expected behavior of a decrease of thermal
conductivity for thin wires and an increase of thermal conductivity with temper-
ature for the thick wire. These results substantiate that for InAs NW diameters
below 100 nm (above 200 nm) the thermal conductivity is dominated by the bulk
of the wire (contact resistance).

Using equations 5.1 and 5.2 and the extracted values for Λ0 and C1 the ratio be-
tween the wire thermal resistance and the contact thermal resistance for certain
diameters can be extracted. This ratio can be used to perform a first order cor-
rection to our data and find the wire contribution to the total thermal resistance.
This simple approximation breaks down for wires thicker than 200 nm because in
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Figure 5.3: Thermal conductance of two nanowires with a different diameter as a
function of temperature. (a) Thermal conductance of a 100 nm wire showing the decrease
of thermal conductance with temperature characteristic for a phonon-phonon scattering
dominated system. (b) Thermal conductance of a 1µm thick wire showing an increase
with temperature characteristic for an interface scattering (such as a contact thermal
resistance) dominated system.

this range the difference between contact resistance and total thermal resistance
is smaller than the fluctuations in the measured data. However, by applying this
correction to the wires with D<200 nm, the expected diameter dependence of the
nanowires’ thermal conductivity can be retrieved, as shown in figure 5.4, where
the expected trend as a function of nanowire diameter (κ ∝ 1 − exp

[
− D

Λ0

]
) is

depicted as a solid red line.

In figure 5.2(a) the measured values show a deviation beyond measurement er-
ror for both very small and very large diameters. For the thick wires this can
be explained because they are completely contact dominated. Since the contact
resistance is very sensitive to small deviations, such as oxidation and mechani-
cal contact nature and area, large fluctuations around the fit for these data points
can be expected. For the thin wires, the wire resistance is less diameter-dependent
than expected and the measured value becomes even lower than the expected wire
resistance. The smaller diameter dependence cannot be explained by the contact
resistance, since a smaller contact resistance could at most result in values equal
to the expected wire resistance, while here the values or even lower. The lower
resistance could be explained by a higher measurement inaccuracy caused by the
thin wires, for example in determining the diameter. Another discrepancy could
come from the fact that in our model a diameter independent impurity scattering
is assumed. However, shell growth in nanowires has been shown to introduce more
impurities and defects, causing an increase of the impurity scattering towards the
outer shell. This would lead to an increase of impurity scattering with diame-
ter, causing an increase in bulk scattering, counteracting the decrease in surface
scattering. In this way a higher thermal conductivity for the thin wires due to
less impurity scattering is expected due to a decrease in bulk scattering, due to a
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Figure 5.4: Thermal conductivity of the nanowires in the range from 40-200 nm cor-
rected for the thermal contact resistance (black dots) and the expected behavior (solid
red line).

cleaner system.

5.2.1 Electron Beam Induced Deposition to improve the
contact

A common method to reduce the thermal contact resistance is to weld the contacts
using Focused Ion Beam (FIB) or Electron Beam Induced Deposition (EBID)129.
In order to verify that the thermal contact is indeed the limiting factor in our
experiments, the thermal contacts were improved by EBID deposition of small
platinum pads such as shown in figure 5.5(a) and (b). In order to verify the
improvement of the thermal contact, the thermal conductivity of the wires was
measured before and after EBID Pt deposition. The results of these measurements
are shown in figure 5.5(c), where the thermal conductivity of different wires before
(black) and after (red) EBID deposition is shown. Additionally, the green area
shows the area where most of the data points without EBID contacts lie. If the
welded contact would improve the thermal contact as expected, the thermal con-
ductivity should be higher after EBID deposition. For the thinner wires (D<200
nm) a clear increase after EBID deposition if the measured κ is already inside the
green area is not observed. An increase is only observed when the initial data
before EBID is clearly outside the usual measured range (datapoint at 110 nm).
This is an indication that the thermal contact resistance, even without welded
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5. Thermal Contact Resistance

contacts, is already minimized apart from some exceptional cases. Therefore only
a small increase of the thermal conductivity from the increased contact area would
be expected, as typically seen in the data of figure 5.5b. The fact that even this
effect is not visible for these points is explained by the fact that for small wires
the contact contribution is relatively small in case of a good mechanical contact.
Furthermore, despite taking extra care to prevent damaging the surface during
deposition, this can never be completely prevented. This could also be the cause
for the reduction of thermal conductivity after deposition that is sometimes ob-
served. For the thicker wires (D>200 nm) only a small increase can be seen. This
is caused by the fact that for these wires the measurements are completely con-
tact dominated. Therefore, a decrease in contact resistance will immediately be
visible in the thermal conductance. For the thickest wires the contact resistance
according to our analysis in figure 5.2(a) is almost 50 times larger than the wire
resistance. Since EBID contacts can only increase the contact area by a factor 6 for
wires with a hexagonal cross section, and thus also decrease the contact resistance
by only a factor 6 (assuming the contact resistance is not limited by the quality
of the contact itself), the contact resistance for the thickest wires will always be
contact dominated. The fact that the contact resistance decrease now is much
smaller than a factor 6 indicates that the wire already has a significantly larger
contact area than what is added by the platinum. This means that a large part of
the wire is contributing to the thermal contact between the wire and the platform.
Concluding, the widely applied EBID method for improving and checking thermal
contacts is insufficient for this measurement system.

Figure 5.5: Influence of Electron Beam Induced Deposition (EBID) contact improve-
ment on the thermal contact. (a) EBID contact for a thin wire, (b) EBID contact for a
thick wire. (c) Effect of EBID contact improvement on the measured thermal conduc-
tivity, where the black symbols show the measured thermal conductivity before contact
improvement and the red symbols after depositing an extra contact using EBID.
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5.3 InSb measurements

To verify the importance of the contact resistance for the measurement system
used for this thesis, the thermal conductivity of InSb nanowires with a diameter
between 150-300 nm has been extracted using the measurement of G and equation
3.11. These measurements have been compared to micro-Raman measurements67
performed on the same batch of samples, at the Walter Schottky Institut in Garch-
ing, Germany. The average phonon mean free of InSb is much shorter than that
of InAs (84 nm131 vs 250nm), so although the bulk thermal conductivity is lower
(18 vs 27.3 Wm−1K−1), at low diameters (D<250 nm) the thermal conductivity
of InSb nanowires is expected to be higher than for InAs nanowires. This means
the transition between the wire dominated and the contact dominated regime is
expected to take place at an even lower diameter than for InAs. The micro-Raman
technique used EBL created top contacts on the InSb nanowires ensuring a good
electrical and thermal contact. Therefore any discrepancy between the two meth-
ods is expected to come from the thermal contact resistance.

Figure 5.6(a) shows the calculated thermal conductivity as a function of diameter
for two different InSb nanowires. It shows that the calculated thermal conductivity
hardly depends on the diameter and is constant at a value of approximately 1.3
Wm-1K-1, more than an order of magnitude below the value of 18 Wm-1K-1 of
intrinsic bulk InSb. A small part of this reduction can come from the doping,
since the impurities introduced by doping can reduce the thermal conductivity
as well. However, using the micro-Raman technique a value of 17.5 Wm-1K-1

was found at the same temperature and diameter range68. Since the wires from
the same batch with nominally the same impurity concentration were used it
is likely that the discrepancy between the two results comes largely from the
thermal contact resistance. To verify that this was not caused by a bad mechanical
contact platinum contacts have been applied similarly to the previous section.
However this did not change the thermal conductivity significantly and thus it
was concluded that the thermal contacts could not be improved further.

By assuming that the difference in thermal resistance between the two measure-
ment methods comes from thermal contact, a similar analysis to that applied to
the InAs results can be applied here. By using this and the mean free path of
InSb the regime where the suspended bridge method is applicable can be found.
This regime is shown in figure 5.6(b). It can be seen that due to the large ther-
mal conductivity of InSb down to very small diameters, only very thin or very
long wires are suitable to be measured without taking special care for the thermal
contact. This means that for InSb the suspended bridge method is not the most
suitable method, since the large thermal conductivity means the higher accuracy
of this method is not required, while it does give more problems with the contact
resistance. The thermal bridge method is especially suited for wires with a very
low thermal conductivity, where the higher accuracy becomes important and the
contact resistance plays a smaller role. This research also shows that EBL con-
tacts allow for reliable thermal contacts. Therefore, a way to combine the thermal
bridge method with EBL contacts would enable a sensitive measurement technique
that is not influenced by thermal contact resistance either.
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5. Thermal Contact Resistance

Figure 5.6: (a) thermal conductivity for the two measured InSb nanowires. (b) contact-
plot for InSb nanowires showing the lengths and diameters for which the wire resistance
is larger than the contact resistance in green and the geometries for which is the reverse
is the case in orange. The light orange represents the range where the exact ratio is
uncertain due to a limited measurement points. The black dots represent the geometry
of the wires measured.

5.4 Thermal rectification

Thermal rectification is the effect where heat flow through a material is higher in
one direction than in the other direction. This would be the basis for a thermal
diode. The most common way thermal rectification can be achieved is when two
sides of a nonuniform sample have a very different temperature dependence of the
thermal conductivity. If the hot side is the side with a strong thermal conductivity
increase with temperature the thermal conductance of the sample will be higher
than if the hot side has a constant or decreasing thermal conductivity. This causes
a dependence in the heat flow on the direction of the temperature gradient.

As explained before, a wire dominated thermal resistance has a decreasing thermal
conductivity with temperature in the temperature range of the experiments, while
the contact resistance increases or stays constant. Thermal rectification by a
nanowire sample could thus occur if the system has a poor thermal contact (for
example by only having a small contact area) on one side but a good thermal
contact on the other side. However it was found that around room temperature the
thermal conductivity does not depend on the temperature very strongly anymore.
Therefore, to find thermal rectification, samples were measured at temperatures
from 80 K and up. InAs samples were used with a diameter close to 90 nm in
order to stay close to the transition regime between wire and contact dominated.
The samples were randomly prepared so no special care was taken to ensure a
good thermal contact on one side and a bad contact on the other side.

Figure 5.7(a) shows the thermal conductivity as a function of temperature mea-
sured in two directions. At low temperatures the difference between the two
directions is over an order of magnitude, while at higher temperatures the two
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directions merge. In general an asymmetry in the measurements is expected as a
result of different beam conductances caused by processing imperfections, result-
ing in asymmetric devices, as explained in Chapter 3. However, the maximum
asymmetry observed from this effect is around 10%, much smaller than what is
seen in figure 5.7. On top of that, the rectification observed in figure 5.7 is strongly
temperature dependent, suggesting that the conductance SiNx beams on one side
have a very different temperature dependence than the beams on the other side.
This is not expected and not observed from the asymmetry caused by the device.
Therefore, it is concluded that a different effect must be taking place here.

Figure 5.7: Thermal conductance as a function of temperature for an InAs nanowire
for two different directions showing a large asymmetry between the two directions.

An indication that this rectification is indeed related to the thermal contact resis-
tance comes from a different set of measurements, shown in figure 5.8(a). Here the
thermal conductivity of a different InAs nanowire is shown as a function of tem-
perature, again showing a nearly constant thermal conductivity in one direction
and a strongly temperature dependent conductivity in the other. The thermal
conductivity shows a maximum as a function of temperature and the rectification
decreases with T in the high-T region. A shift in the peak position is attributed
to a higher interface scattering. This could be caused by a higher defect density,
or a higher contact resistance as explained in chapter 1. In figure 5.8(b) the result
of a new measurement is shown after a large part of the wire on the membrane
was burned away. This is not expected to change the conductivity of the wire,
but could change the thermal contact resistance. Indeed after the change it can
be seen that the rectifying behavior has disappeared and the T-dependence is as
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5. Thermal Contact Resistance

expected for a contact resistance in both directions. It is assumed that this is
caused by the smaller contact area caused by the burning of the wire.

Figure 5.8: Thermal conductance as a function of temperature for a thin InAs nanowire
for two different directions. (a) Represents the measured values in the original system,
while (b) represents the value measured after the majority of the wire contacting the pad
had been burned away. The same colour in (a) and (b) represent the same direction.

However, if the direction dependence of the heat flow was caused by a temperature
dependence of the conductance, the asymmetry would at most be the change in
conductance caused by the imposed temperature gradient. The maximum tem-
perature on the heating side was approximately 40 degrees. Since the temperature
dependence of wire and contact may be inferred from figure 5.7, the magnitude
of the rectification can also be inferred from the data in figure 5.7. It follows
that the rectification cannot be explained completely by the different temperature
dependences of the conductance.

Since the above analysis showed that the asymmetry in heat flow was not caused
by a temperature dependent conduction, a more detailed analysis of the data is
needed. Because these measurements are performed with a continuous ramping of
the power, and thus temperature, the dependence on temperature difference can
also be verified. This was done by taking the local derivative for the temperature
vs power slope for points where the temperature difference was around a certain
value (see figure 5.9(a)). The system temperature was then also corrected for by
adding the average temperature of both membranes to the cryostat temperature
so that:

Treal = Tcryostat + (∆TH + ∆TS)
2 (5.4)

The result of this is shown in figure 5.9(b) where the temperature dependence of
the thermal conductivity is plotted for different temperature differences. From
this it can be seen that the amount of rectification is nearly independent of the
temperature difference, once again suggesting that the observed effects are not
due to a temperature dependent conductance.

66



Figure 5.9: (a) sketch how the thermal conductance has been determined for different
temperature differences. The yellow area is the area in which the slope was taken to
calculate the thermal conductance. (b) The thermal conductance of the rectifying system
of figure 5.7 as a function of temperature difference, showing hardly any dependence on
temperature difference

Another possible explanation for the observed rectification could lie in a depen-
dence of the thermal contact resistance itself on the temperature gradient. This
could be caused by thermal expansion in the membranes. Because of the relative
long length of the beams even a small temperature change of a few degrees could
cause a relatively large thermal expansion of 100 nm, as can be calculated using
the thermal expansion coefficient of SiNx. The thermal expansion could cause
the membranes to slightly expand towards the wire, improving the contact, or
away from the wire making the contact worse, as is also drawn schematically in
figure 5.10. Similar rectifying behavior has been observed from the expansion of
the wire itself towards the contact plate52. The thermal rectification observed in
these experiments does not influence room temperature results and thus also does
not influence the results from the rest of this chapter.

5.5 Conclusion

In this chapter the importance of the thermal contact resistance for thermal con-
ductivity measurements on nanowires has been shown. A method of quantifying
the thermal contact resistance from the different scaling with nanowire diameter
is shown. Using this method a range where wire conductance is dominant has
been identified. Finally, a special effect, thermal rectification, is shown, which is
attributed to a change in thermal contact resistance due to thermal expansion.
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Figure 5.10: Sketch of a possible explanation for the rectifying behavior. (a) The initial
condition with the wire making good mechanical contact with one membrane but not
with the other. (b) Situation when the side with the good mechanical contact is heated.
Due to thermal expansion the membranes will slightly expand causing a slight buckling
not improving the mechanical contact. Since there is a bad contact in the system now the
system will be contact dominated. (c). Situation with the side with the bad mechanical
contact heated. The expansion of the membranes now causes it to press against the
nanowire causing an improvement in the contact. Since now there is no bad contact in
the system the system will be wire dominated.
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Chapter 6

Isotope scattering in Si nanowires

Thermal conductivity has been shown to be strongly dependent on
the distribution of isotopes in the sample. The effect of isotope
mixing in Si nanowires is studied by comparing the thermal con-
ductivities of 29Si and 28Si0.5

30Si0.5. However, the wires had a
large sidewall roughness and stacking fault density, making the ex-
act effect of the isotopes hard to quantify. An approximate isotope
effect of 20-50% has been found.
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6. Isotope scattering in Si nanowires

As explained before, for efficient and affordable thermoelectrics it is necessary
to increase the thermoelectric figure of merit ZT. This can be done by decreas-
ing the phonon thermal conduction while maintaining the electrical conduction.
Isotope doping offers an effective approach to achieve this goal. Isotope doping
is the process where some atoms are substituted by isotopes of different masses.
Such isotopes are electronically identical and thus do not alter the electrical con-
duction. However, due to their different masses it has been proposed that this
isotope mixing would have an impact on phonon transport and reduce phonon
thermal conductivity132,133. This effect has already been demonstrated in bulk
silicon134,135, Boron Nitride Nanotubes136 and graphene137. However, all these
systems have a relatively high thermal conductivity making them unsuitable for
efficient thermoelectrics. On the other hand, silicon nanowires have already been
shown to have the promise to be an efficient thermoelectric material44,45, while be-
ing cheap, abundantly available and easily integrable with existing semiconductor
technology. There are three stable isotopes of silicon: 28Si is the most abundant
isotope with a 92.23%, 29Si and 30Si have an isotopic abundance of 4.67 and 3.10%
respectively118. Isotope doping could offer another pathway to further increase
the efficiency of silicon nanowires as a thermoelectric material. Some theoretical
studies have already been performed on the effect of isotope doping on silicon
nanowires132,133,138 however the exact predictions vary greatly between models.
Recently the thermal conductivity of pure isotope 29Si nanowires has also been
compared with that of a mixed isotope 28Six30Si1-x nanowire using Raman nanoth-
ermometry, and a 30% lower thermal conductivity was found for the mixed isotope
wire118, however these results were still poorly understood. From the increased
scattering on the isotopes a lower thermal conductivity is expected for the mixed
isotope sample. However, most theoretical predictions predict the biggest reduc-
tion in thermal conductivity already with a few percent of isotope mixing132,133.
This would mean that the natural isotope wire with 8% of isotope mixing should
have a similar isotope effect and the thermal conductivity should thus be closer
to the mixed isotope wire with 50% isotope mixing. The pure isotope wire should
then give a higher thermal conductivity, due to the reduced isotope scattering.
In this chapter measurements on 29Si and 28Si0.530Si0.5 nanowires are described
and compared. Since both these wires had the same average mass but a differ-
ent isotope distribution, any difference between these wires had to come from
the isotope mixing. These wires were grown at the Max Planck Institute of Mi-
crostructure Physics in Halle, Germany. For more information on the growth of
these wires see chapter 4 or ref. 118.

6.1 Results

Figure 6.1 shows an SEM picture of the as-grown wires. As can be seen the
wires are entangled with each other, making it difficult to pick up a single wire.
Furthermore, the wires are approximately 2 µm long, about the length of the
smallest gap between membranes. This made reliable transfer of these wires very
difficult. The only way these wires could be transferred was by attaching the wire
to the membrane using some EBID deposited platinum, as described in section
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4.3, and even then it proved very difficult.

Figure 6.1: SEM picture of the as grown sample of Si isotope wires. The red scale bar
corresponds to 1 µm, the yellow line is the measurement of the length of a single wire.
As can be seen the wires are very entangled and only about 2 µm long, making it very
hard to reliable transfer a single wire to the microdevice.

6.1.1 Contact resistance verification
Before the results of these measurements can be discussed it needs to be verified
that the thermal contact resistance is not the main contribution to the thermal
resistance. The thermal contact resistance is expected to be independent of the
isotope distribution so any analysis for one isotope distribution would also be
valid for the other. A platinum contact pad between the wire and the platform
had been deposited for all wires. It has already been shown that this does not
always guarantee a good thermal contact. Therefore, to test if the thermal contact
resistance was indeed limiting two separate tests were performed.
First of all extra platinum contact pads between the wire and the platform were
deposited to see if this would indeed improve the contact resistance. The result of
this is shown in figure 6.2(a), where the calculated thermal conductivity (as defined
in equation 5.3) as a function of temperature above room temperature, before
and after platinum deposition is shown, as usually measured for both directions
of the temperature gradient. Before platinum deposition a large asymmetry in
thermal conduction can be seen, with the thermal conduction in one direction
much lower than in the other direction. This difference in conduction occurs
occasionally and is indicative for a contact problem. However, after platinum
deposition the thermal conductivity is the same for both directions, and also the
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same as the highest thermal conductivity measured in one direction before the
platinum deposition. It can thus be concluded that the thermal contact resistance
could not be improved by platinum deposition anymore. This indicates that the
thermal contact resistance is not limiting when Pt contacts are being used, as is
the case for all measurements described here.

Figure 6.2: (a) Calculated thermal conductivity as a function of temperature for a
pure isotope silicon nanowire with a diameter of 96 nm for both directions before (black)
and after (red) platinum depositions. The same symbols represent the same direction
before and after platinum deposition. (b) Calculated thermal conductivity as a function
of temperature of a mixed isotope nanowire with a diameter of 50 nm (black) and 96nm
(red) showing the expected increase of the thermal conductivity with diameter.

In the previous chapter it has been shown that no improvement by EBID does
not always guarantee no influence from the thermal contact. To show that in this
system the thermal resistance is dominated by the wire and is limited by boundary
scattering, it needs to be verified that the calculated thermal conductivity will
increase with diameter. Contrarily, if the resistance is contact dominated the
apparent conductivity would decrease with diameter. To verify this, the thermal
conductivity of two wires with a different diameter is determined. The result is
shown in figure 6.2(b) where the thermal conductivity of both wires is given as
a function of temperature. The increase of thermal conductivity with diameter
shows that boundary scattering is still the dominant scattering mechanism.
Both the EBID deposition experiment, as well as the diameter dependence of the
thermal conductivity indicate that the thermal contact resistance is not limiting
the thermal conductivity.

6.1.2 Overall low conductivity
In figure 6.3 the thermal conductivity of two wires with a diameter of 96nm as
a function of temperature in the range from 100-400 K is shown. The red dots
correspond to the thermal conductivity of the isotope-pure 29Si wire while the
black dots correspond to the mixed isotope wire. As expected, the isotope pure
wire consistently has a higher thermal conductivity than the mixed isotope wire.
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However, the thermal conductivity of both wires is much lower than that of a
natural isotope VLS grown wire with a similar diameter, where a value of around
40 Wm-1K-1 was found44. On top of that the temperature dependence shows an
increase of the thermal conductivity with temperature, something that is usually
attributed to wires with large impurity or interface scattering. However, the ther-
mal conductivity of the mixed isotope wire is comparable to that of the nanowires
fabricated by electroless etching by Hochbaum et. al.44. The electroless etched
wires also showed a similar temperature dependence. The low thermal conduc-
tivity of the wires in ref.44 was explained with the rough sidewalls caused by the
etching of the nanowires.
The morphology of the isotope nanowires has been studied by TEM (see figure
6.4 and figure 4.2(a)) in which 3 wires were checked. The representative TEM
images reveal a very rough sidewall and in addition, it is clear that the wires had
a lot of twinning planes parallel to the growth direction. All these interfaces may
contribute to interface scattering. As discussed above, the conductivity of the
wires is not limited by a thermal contact resistance, therefore the low thermal
conductivity of the wires measured is attributed to the large defect density found
in the TEM study.

50 100 150 200 250 300 350 400 450
2

4

6

8

10

12

14
 28Si30Si
 29Si

Th
er

m
al

 C
on

du
ct

iv
ity

 (W
m

-1
K-1

)

Temperature (K)

Figure 6.3: Thermal conductivity of two Si nanowires with a diameter of 96 nm as a
function of temperature. The red dots are for a wire with consists of the 29Si isotope
while the black dots were measured on a nanowire consisting of a 50/50 mixture of 28Si
and 30Si
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Figure 6.4: High Resolution TEM (HRTEM) image of one of the silicon isotope wires.
A lot of twin planes parallel to the growth directions can be seen.

To quantify the effect of the roughness the temperature dependence of the thermal
conductivity of the pure isotope wire has been fit using the Landauer model. This
model has previously been used to explain the temperature dependence of the
thermal conductivity of rough silicon wires82. However, using a nanowire with a
diameter of 96 nm the temperature dependence of the thermal conductivity found
experimentally could not be reproduced using the model.To fit the experimental
data a bundle of nanowires with a total diameter of 96 nm was used to reproduce
the total conductance found in experiments, however the conductivity of wires
with a smaller diameter was used. In order for the equation to reasonably fit the
measured temperature dependence, a bundle of wires with a diameter of less than
15 nm but with a total area of a single wire of 96nm had to be used instead, to sum
up to the conductance of a 96 nm wire. The fit is shown in figure 6.5. Although
15 nm does not correspond to the actual wire diameter determined from figure
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6.4 due to the presence of many twin planes parallel to the growth direction, the
overall wire can be considered as a bundle of wires with a diameter of less than
15nm.

Figure 6.5: Thermal conductivity as a function of temperature for the 29Si pure isotope
wire. The red dots represent the experimental points and the green line represents a
fit made using the Landauer model using a nanowire with a diameter of 15 nm. The
roughness of these 15 nm wires was set to 2 nm but was shown to have little effect.

6.1.3 Isotope effect
Now that the diameter dependence has been properly analyzed and the role of
the contact resistance has been verified the actual isotope effect can be discussed.
Since isotope mixing has a different typical length scale and thus mean free path
than the other two scattering mechanisms, an additional isotope scattering is still
expected on top of defect and boundary scattering . The results of figure 6.3
show a reduction of the thermal conductivity by 50% between the isotope pure
and the mixed isotope wire. However, a large wire-to-wire fluctuation in thermal
conductivity was found between different isotope wires. To show the spread, the
thermal conductivity as a function of temperature of the two wires from figure 6.2
have been plotted in the same graph as the data points from figure 6.3 from above
room temperature. These data are shown in figure 6.6. Here the two directions
have been combined using the method for symmetric wire conduction described
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in section 3.1. As can be seen from this graph the two different measurements
on the pure isotope wire gave a very different result while the mixed isotope wire
were more consistent.
The above measurements indicate that the isotope mixture reduces the thermal
conductivity between 20-50%, depending on the results taken. This is in agree-
ment with previous experiments118 as well as some theoretical predictions133.
However, more statistical data need to be gathered to reduce the uncertainty in
the measurements and in that way isolate the isotope effect in silicon nanowires.
To enable better statistics, longer, less-entangled, defect-free wires with smooth
side walls would be beneficial.

300 320 340 360 380 400
5

6

7

8

9

10

11

12

13

14

15  Pure isotope
 Pure isotope
 Mixed Isotope
 Mixed Isotope

Th
er

m
al

 C
on

du
ct

iv
ity

 (W
m

-1
K-1

)

Temperature (K)

Figure 6.6: Thermal conductivity of two pure isotope wires (red and black) and two
mixed isotope wires (blue and purple) as a function of temperature, around room tem-
perature.

6.2 Conclusion

In this chapter the thermal conductivity of silicon nanowires containing only the
29Si isotope has been compared to the thermal conductivity of nanowires with a
50/50 mixture of the 28Si and 30Si isotopes. The wires were found not be dom-
inated by the contact resistance. However, the large amount of stacking faults
and defects found in these wires proved to have a very large effect on the thermal
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conductivity of these wires. The reduction due to stacking faults could be an
interesting effect, since these stacking faults might influence the electronic trans-
port less. The mixed isotope wires were found to give a 20-50% lower thermal
conductivity, in accordance with previous measurements118 and theory133. How-
ever, the difficulty in transferring these wires combined with the large spread in
measurements made it hard to quantify the exact amount better.
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Chapter 7

Quasi-ballistic heat transport in GaP
nanowires

The thermal conductivity of wurtzite GaP nanowires has been
measured for the first time. Wires with diameters between 25 and
100 nm have been measured. The wires with a diameter between
50 and 100 nm showed the expected behavior, For these wires a
bulk phonon mean free path of 800±100 nm could be extracted.
However, the wires with a diameter smaller than 50 nm showed
an increase of thermal conductivity with decreasing diameter, con-
trary to expectation. Furthermore, these wires showed no length
dependence for lengths up to 12 µm, suggesting quasi-ballistic be-
havior. A Landauer formalism was deployed to model this effect,
using which the quasi-ballistic behavior was attributed to filter-
ing of high frequency phonons using frequency-dependent boundary
scattering.
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Ballistic transport is the transmission of energy without dissipation. It takes
place when the mean free path of the carrier is longer than the length of the
transport channel. Ballistic transport for electrons has already been observed
in 1985139, and has since been found in several systems including carbon nan-
otubes140 and semiconductor nanowires141,142. The effect has been proposed for
ultra-fast switches143, quantum detectors144 and high speed transistors145. On
the other hand, ballistic transport in phonons is much less explored, and has so far
been mainly limited to high mean free path systems such as carbon nanotubes47,
and graphene146 or by going to very low temperature (<4K)46 to remove high-
frequency phonons with a short mean free path. However, recently an indication
for room temperature micron-scale ballistic transport has been observed in SiGe
alloy nanowires24 and Si/Ge core/shell nanowires147. In both these experiments
the observation of ballistic transport was attributed to the filtering of the high-
frequency phonons, either by alloying or by the boundary between the core and
the shell. In this chapter some indications for ballistic transport in pure wurtzite
GaP nanowires are shown. Bulk GaP has the zincblende crystal structure and
the wurtzite crystal structure for GaP only exists in nanowires. The growth of
these wires has recently been developed119 so no thermal studies of it had been
performed prior to the experiments described here. Here the first thermal study
of GaP is presented, in which indications for ballistic phonon transport are found.
The chapter starts with a verification that the thermal contact resistance is not
dominating the measurements. This is done using the diameter dependence of
nanowires with diameters ranging from 50 to 140 nm. Next the results obtained
on wires with a diameter down to 25 nm is described and it is verified that these
results are not caused by experimental artifacts. Finally the results of the thinner
wires are explained qualitatively using a Landauer model.

7.1 Diameter dependence of the thermal conductivity

To investigate the role of the thermal contact resistance for these measurements,
the thermal conductivity of nanowires with different diameters ranging from 50 to
140 nm was measured around room temperature. As explained in chapter 5, the
thermal conductivity of the nanowire should increase with diameter. Contrarily, if
the apparent thermal conductivity remains constant or decreases with increasing
diameter it is an indication that the thermal contact resistance is higher than or
comparable to the wire resistance. The experimental data are plotted in figure
7.1(a) as black spheres. As can be seen the calculated thermal conductivity in-
creases with diameter between 50 and 75 nm, indicating that boundary scattering
is the dominant scattering mechanism in this regime and thus that the measure-
ments of nanowires with a diameter below 75 nm truly represent the thermal
conductivity of the wire and are not dominated by the thermal contact resistance.
To be able to fit the data the bulk thermal conductivity was needed, but this is
not known for the Wurtzite crystal phase of GaP. To find this bulk thermal con-
ductivity a molecular dynamics simulation was performed, of which some details
will be given here. For more details see section 2.3. The atom positions were
defined according to the experimental unit cell structure for wurtzite GaP148 and
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a Tersoff potential149 was used to calculate the interatomic forces. The simulation
cell used consisted of 8x8x8 lattice cells with periodic boundaries to ensure bulk
behavior. A timestep of 1fs was used during the simulation, much shorter than
the typical oscillation time of the phonons. The Green-Kubo formalism was used
to determine the thermal conductivity, with a correlation length of 0.5 ns, which
was determined by making sure the correlation function had converged close to 0
at this time. Since no anisotropy in the thermal conductivity was found within the
error margins of the simulation, the average of all directions was used to determine
the bulk thermal conductivity, which was found to be 86±9 Wm-1K-1, which is
within bounds of the thermal conductivity of bulk zincblende GaP at 84Wm-1K-1.
Since the two values were so close the thermal conductivity of bulk zincblende is
used for all fits.
Now that the bulk conductivity has been determined from simulations, the diam-
eter dependent data can be fit using equation 5.1 and 5.3 to verify the influence
of the contact resistance. The red line in figure 7.1(a) gives the fit according to
equation 5.1 when thermal contact is not taken into account and the blue line
when the thermal contact resistance is taken into account following equation 5.3.
From the fit the mean free path of wurtzite GaP could be extracted and was found
to be 800±100 nm, more than 3 times as large as that of InAs. The bulk thermal
conductivity of GaP is also more than 3 times larger than that of InAs, so accord-
ing to kinetic theory (chapter 1.1) it can be expected that the same would hold
true for the mean free path.

Figure 7.1: (a) 4GL
πD2 as a function of diameter for GaP nanowires. The black squares

represent measured points, the red line a fit without taking contact resistance into account
and the blue line when taking contact resistance into account. (b) length and diameter
of the nanowire for which the system is wire dominated (green) or contact dominated
(orange). The black dots represent the geometries for which GaP has been measured.

Finally the fit allows for the extraction of the thermal contact resistance coefficient
C1 as defined in equation 5.2. With this coefficient the thermal contact resistance
can be calculated for any diameter. Furthermore, with the mean free path the wire
thermal resistance can be calculated for any diameter and length. Combining this
data allows for the calculation of the geometries for which the suspended bridge
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7. Quasi-ballistic heat transport in GaP nanowires

method is a valid method for measuring the wire thermal conductivity. Figure
7.1(b) shows a plot of the diameters and lengths where the wire resistance would
be higher than the contact resistance in green, and the region where the reverse
is the case in orange (similar to figure 5.2(b)). This plot shows that for realistic
lengths of the nanowire, the contact thermal resistance only becomes dominant for
wires with a diameter D>200nm. Since all wires used in this study have a smaller
diameter, it can be concluded that the measurements are not thermal contact
dominated. To verify this, a platinum contact pad between the wire and the
platform has been deposited by EBID. Since this does not affect the conductance
it provides further evidence that the thermal contact resistance is not limiting.
It is estimated that less than 15% of the measured resistance is coming from the
thermal contact resistance for the diameters used here.

7.2 Thin wires

We now focus on wires with a diameter below 50 nm. Boundary scattering is ex-
pected to increase when the diameter decreases resulting in an even lower thermal
conductivity than for the thicker wires. However, as is clear from figure 7.2, for
diameters smaller than 50 nm the thermal conductivity increases. Furthermore, a
large spread in values of the thermal conductivity is found for the thin wires.
First we will verify that these unexpected results do not come from measurement
artifacts caused by background conductance or noise in the setup; these factors
might become more important for wires with a low conductance.
Background conduction would lead to an apparent increase in the measured ther-
mal conductivity, if all conductance was attributed to the wire. However, since
the measured conductance (2 nWm-1K-1) for the thin wires is typically an order
of magnitude higher than the background (0.2 nWm-1K-1), as measured in section
3.3.1, we can conclude that this cannot explain our results.
To verify the effect of noise of the setup, the measurements on the thinnest wires
were repeated using the much more sensitive Wheatstone bridge setup110 de-
scribed in section 3.4. The two measurement schemes result in comparable values
demonstrating that the measurement is not dominated by noise. Furthermore,
occasionally a bundle of two or three wires is bridging the platforms, and a direct
proportionality between the total conductance and number of wires is found, indi-
cating that the conductance is determined by the wires and not the background.
Since no difference in noise level is found between bundles or a single wire we can
also confirm that the sensitivity of the measurement scheme is not an issue.

7.2.1 Length dependence of the thermal conductance
In order to reveal the mechanisms resulting in the unexpected diameter depen-
dence of the thermal conductivity, the dependence of the conductance on length is
investigated. The conductance normalized to the square of the diameter is plotted
as a function of length in figure 7.3. The conductance is normalized to elimi-
nate the effect of the increased area on the conductance. In this way the length
dependence of the conductance for different diameters can be seen.
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Figure 7.2: 4GL
πD2 as a function of diameter for thick and thin wires, the wires with

a diameter of more than 50 nm and the lines are the same as in figure 7.1, and show
the expected behavior for a boundary scattering dominated wire with a thermal contact
resistance. The wires with a smaller diameter show an increase with decreasing diameter,
which is unexpected.

The data in figure 7.3 suggests that the conductance of the wires with a diameter
less than 50 nm does not depend on the length for lengths up to 12 µm. This
behavior is the typical evidence for ballistic transport. Since ballistic transport
takes place when the mean free path is longer than the length of the system,
this means that the phonons have a mean free path (mfp) longer than 12 µm in
these wires. Furthermore it can be seen that for all of the wires with a diameter
below 50 nm the area-normalized conductance is similar. This suggests that the
conductance of these wires does not depend on the length and depends on the
diameter only in a trivial way, i.e. the conductivity is independent of the diameter.
This is an indication that boundary scattering at the wire/vacuum interface is
negligible for the phonons that contribute to the thermal conductance in thin
wires.

The observation of ballistic phonon transport in these thin wires for such large
length scales indicates that phonon scattering mechanisms are suppressed. All
possible scattering, such as boundary scattering, impurity scattering and phonon-
phonon scattering (both umklapp scattering and normal scattering) (see section
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Figure 7.3: Thermal conductance normalized with the square of the diameter as a
function of length. The different symbols represent measurement points for different
diameters, the lines are a guide to the eye. Blue and black line follow a 1/L behavior
typical for diffusive transport while the red line shows a constant conductance as a
function of length, as expected for ballistic transport. One measurement point for a wire
with a diameter of 35 nm seems to deviate from the expected behavior. This could be
caused by a poor thermal contact.

1.1), mechanisms are now shortly discussed, in order to find which process has the
largest effect on the thermal conductance.

The mfp of diffusively scattered phonons is equal to the wire diameter. Since for
the thin wires a much longer mean free path is observed it can be concluded that
the majority of heat is carried by phonon modes that scatter specularly on the
nanowire surface. As has been shown in section 2.2, only low frequency modes
undergo specular scattering at the surface. This means that for small diameters the
main contribution to the thermal conductance comes from low-frequency phonon
modes.

A second important source for phonon scattering is impurities. Impurity scattering
is proportional to ω4 (ref. 150) so it would be greatly suppressed for low-frequency
phonons that are thought to be the main contributor to the thermal conductance.
The low impurity and defect density could explain the small contribution from
impurity scattering. Since both impurity and boundary scattering are found to
be negligible in this case, the only scattering mechanism that limits the mean free
path is umklapp scattering.

84



A third scattering mechanism that limits the mfp is umklapp scattering. Umk-
lapp scattering is proportional to ω2 (ref.150) and will thus mainly influence high
frequency phonons. The low frequency phonons that undergo specular scattering
therefore also undergo little umklapp scattering.
Finally normal scattering needs to be considered as well. Although this process
does not contribute to the thermal resistance itself, it can scatter low frequency
phonon modes into a high frequency mode. Since this high frequency mode has
a much shorter mean free path, normal scattering indirectly could increase the
thermal resistance. Normal scattering has a linear dependence on the frequency151

and although it is thus less effective for low frequency phonons it could be the main
scattering mechanism for these low frequency phonons.
It should be noted that filtering high frequency modes has been suggested before
to explain ballistic phonon transport,24,48,147 but the filtering mechanisms are
different in these papers. In our case the suppression of high frequency phonons
takes place in a chemically uniform and pure crystal and therefore seems to be
related only to the geometry of the nanowires. This could give a new way to
achieve ballistic phonon transport even in clean systems.

7.3 Landauer model

As explained in section 2.2, the Landauer formalism has been used to describe
ballistic transport. It has also been applied to describe phonon transport and
has been used to distinguish between specular and diffusive boundary scattering.
In this section it will be used to attempt to model and reproduce the effects
described qualitatively in the previous section. However, it should be noted here
that the Landauer model assumes 1D conduction in non-interacting channels.
This assumption is usually only valid at temperatures considerably lower than
the Debye temperature. Since the experiments in this chapter are performed
very close to the Debye temperature (TD= 445 K), the Landauer formalism is
not applicable. Furthermore the Landauer model does not take phonon-phonon
scattering or impurity scattering into account. Therefore, the Landauer model will
mainly be applied to model the frequency dependence in boundary scattering, and
how this affects the length dependency. For a full understanding of the system, a
more in-depth modelling such as using the non-equilibrium Boltzmann equation
or molecular dynamics should be used.
Figure 7.4(a) shows modelling results of the diameter dependence of the conductiv-
ity for constant length and figure 7.4(b) the length dependency of the normalized
conductance when using a low transition frequency between specular and diffu-
sive scattering and a long bulk mean free path. In a similar way to figure 7.3,
figure 7.4(b) shows an almost length independent behavior for the nanowire with
a diameter of 25 nm, while the thicker wires show the normal 1/L behavior. This
shows that using the Landauer model the experimentally observed behavior can
be reproduced qualitatively. However, the values of conductance and conductivity
do not match the experimental values, as is evident from comparing figure 7.4(c)
to figure 7.1(a). This because a low transition frequency means more diffusive
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scattering and thus results in a lower overall conductance. By filling in more re-
alistic fitting parameters for this system (a roughness of 1 nm, which corresponds
to TEM data and a mean free path of 800 nm, which was found using the experi-
mental data) the diameter dependence of the thermal conductivity at least for the
thick wires can be matched quite accurately, as is shown in figure 7.4(c). However
in this case the nanowire with a diameter of 25 nm still shows the 1/L behavior, as
can be seen from figure 7.4(d). So although the Landauer model could reproduce
the measured results qualitatively, finding a quantitative agreement between the
model and the experiments could not be achieved.

Figure 7.4: Different results of modelling using the Landauer formalism. (a)+(c) ther-
mal conductivity vs. diameter, (b)+(d) normalized conductance G/D2 as a function of
length. (a)+(b) Model for quasiballistic conductance for wires with a diameter of 25 nm.
(a) shows the large increase in conductivity for these wires at small diameters and (b)
shows the expected length-independent conductance. (c)+(d) Fit for the measured con-
ductivity of the larger diameter wires. (c) the black dots show the experimental points,
the red line shows the fit using the Landauer formalism. (d) Conductance vs length plot
corresponding to figure 7.4(c).

The requirement for quasi-balistic transport is that the majority of conductance
comes from modes with an mfp longer than the system. Because the mfp of the
modes is frequency-dependent, 3 regimes (indicated in figure 7.5(a)) as a function
of frequency can be distinguished. Regime 1 is the low frequency range with
phonon modes with an mfp longer than the length, which are thus contributing to
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the ballistic character of the system. Regime 2 is the regime of frequencies below
the transition frequency ω0 but with phonon modes with an mfp shorter than
the system length. Finally regime 3, the frequency range with the frequencies
above ω0, with phonon modes that scatter diffusively on the nanowire surface.
Modes in regime 3 have such a short mfp compared to the system length (more
than two orders of magnitude smaller) that they contribute much less to the total
conduction than phonon modes in the other 2 regimes. Therefore, quasi-ballistic
transport in a system requires a negligible contribution from regime 2. This can be
achieved by filtering out high frequency phonons, either by alloying or by reducing
the transition frequency between specular and diffusive scattering, as explained
previously.

Figure 7.5: (a) Mean free path as a function of frequency according to the proposed
model for a wire with a diameter of 25nm (blue) or 100nm (red). Three regimes can be
identified, regime 1, where the phonon modes scatter specularly and the mean free path
is longer than the length of the system. These modes have a ballistic character. Regime
2, where the phonon modes scatter specularly but the mean free path is shorter than the
length of the system and regime 3 where the phonon modes scatter diffusively and thus
have a mean free path shorter than the system length. (b) the integrand from equation
2.6, which gives the relative contribution of the phonon modes at a certain frequency,
as a function of frequency. As can be seen from this plot regime 1 and regime 2 are
the main contributors to the phonon conduction. This means that a system will behave
ballistically when the contribution from regime 1 is larger than the contribution from
regime 2. As can also be seen the contribution in regime 2 increases much more with
diameter than the contribution in regime 1. Because of this regime 1 becomes dominant
over regime 2 and the system start behaving ballistically only for small diameters.

Figure 7.5(b) shows a plot of the integrand of equation 2.6, for a diameter of ei-
ther 25 nm (blue line) or 100 nm (red line) and a transition frequency of either
0.3 (solid line) or 0.75 (dashed line). The dotted line gives the transition between
regime 1 and regime 2. It can be seen from figure 7.5(b)that the filtering of high
frequency phonons is important to achieve quasi-ballistic transport. Ideally, the
transition frequency lies close to but below the transition from regime 1 to regime
2, to maximize the contribution from regime 1 while eliminating the contribution
from regime 2. Since this transition between the two regimes takes place at higher
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frequencies for larger diameters, without high-frequency filtering (such as in the
case of the dashed line in figure 7.5(b)) larger diameter wires will have a higher rel-
ative contribution from ballistic modes. However, without completely eliminating
the contribution from regime 2 the system will never behave ballistically.
If the high frequency phonons are filtered (in this model by reducing ω0), it can
be seen that reducing the diameter increases the contribution from regime 1 while
reducing the contribution from regime 3, further increasing the ballistic character
of the system. Previously reported cases of ballistic phonon transport also em-
ployed filtering of high frequency phonons and reduced dimensionality to achieve
ballistic transport. However, in previously reported cases either alloying24 or a
core-shell structure147 was employed, whereas in the work reported here the fil-
tering of the high frequency phonons seems to come purely from the transition
between specular and diffusive scattering on the nanowire surface.

7.4 Conclusion

The thermal conductivity of wurtzite GaP has been measured for the first time
and the diameter dependency has been studied. It was found that for wires with a
diameter below 50 nm the thermal conductivity shows indications of quasi-ballistic
transport differing greatly from that expected. This effect has been attributed to
the specular scattering of low frequency phonon modes on the nanowire surface
and the consequent filtering of high frequency modes by diffusive boundary scat-
tering. The Landauer formalism has also been used to model this effect, and
although a quantitative fit could not be obtained, the behavior could be repro-
duced qualitatively.

88



Chapter 8

Outlook

This chapter presents several ideas for the future development of the project. Some
work towards the described goals has already been performed within the scope of
the research described in this thesis. The results of this work are also presented
in the current chapter. This chapter is divided into two parts, the first part is
devoted to improvements for the measurement system, the second part discusses
new material systems and designs that could be measured. Improvements in the
measurement setup mainly focus on the thermal and electrical contacts, since
the thermal contact was shown to be a major limitation of measurements on
these systems and because reliable electrical contacts would allow for the full
thermoelectric characterization. New material systems could employ the general
design characteristics explored in this thesis, in order to get even more efficient
thermoelectric materials.

8.1 Device optimization

Combining the suspended microdevice with reliable electrical contacts is desirable
not only to allow for the full thermoelectric characterization of a nanosystem,
but also to ensure more reliable thermal contacts. Recently, a full thermoelectric
characterization of InAs nanowires152 and of CrSi2 nanowires153 using the sus-
pended microdevice was achieved using EBID deposition of platinum, similar to
the method shown in section 5.2.1. However, there have been concerns that such
a method could contaminate or damage the nanowire154. Additionally, hydrogen-
assisted annealing has been used to make electrical contacts to bismuth telluride
nanowires127 however the effectiveness of this method is highly dependent on the
nanowire material. Therefore, a method to reliably make electrical contacts on the
suspended microdevice is still under research. In this section the work done to get
electrical contacts is described, and a new processing scheme is proposed which
could potentially combine the EBL deposition technique usually employed to make
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reliable electrical contacts and the processing of the suspended microdevice.

8.1.1 Methods for improving the electrical contact
This section describes two ways in which the electrical contact can be improved
when the nanowire has already been placed on the system. The first method de-
scribed is EBID deposition to create electrical contacts. After that a description
of vacuum annealing, which is a method very similar to the hydrogen-assisted
annealing used to create electrical contacts127, is given. All experiments are per-
formed at room temperature and on InAs nanowires since these in principle should
be the easiest to create an electrical contact to thanks to Fermi level pinning in
the conduction band106,155–157.
EBID deposition was done on a flat SiNx layer without any etching, to first test
the method before encountering possible problems related to the suspended device.
The wire was placed on top of already existing contacts to ensure a contact all
around the nanowire. Although EBID deposition improved the electrical contacts,
an Ohmic contact could not be created using this method. This most likely had
to do with an oxide layer still present on the sample, which was hard to remove
without any other tools. A typical IV curve obtained after EBID deposition is
shown in figure 8.1.
Vacuum annealing was done in situ using the heaters on the platforms. This
allowed for a local annealing of only the wire that needed to be annealed and also
allowed for the in-situ monitoring of the electrical conduction of the nanowire,
to observe the changes as a result of the annealing. During the annealing the
current through the heaters, and thus effectively the temperature, was ramped
up and subsequently ramped down. A constant voltage of 1mV was applied over
the nanowire using the electrodes and the current through the wire as a results of
this voltage was measured. Figure 8.2 shows a typical graph obtained this way,
where it can be seen that the current increases during annealing. The increase in
current is still observed when the heating is turned off, showing that annealing is
a viable method to improve the electrical contact. However, to use annealing it
was essential that the wire was not touching the heaters, otherwise an undesired
electrical contact between the wire and the heater would be created. On top
of that, it was found that during annealing the wire could also melt, destroying
the measurement system. Finally, since all materials have different annealing
temperature, an optimization step would be required for every new material.

8.1.2 Alternative processing scheme
Since both previous methods showed it was difficult to create a reliable electrical
contact to nanowires after they have been deposited on the suspended membrane
an alternative processing scheme has been developed where the contacts are cre-
ated on the nanowire during the processing of the microdevice. However, this
means that the nanowire will go through at least part of the processing of the
microdevice. To prevent damage to the nanowire during these processing steps a
protection layer for the nanowires had to be created. A schematic of the extra
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Figure 8.1: IV curve of an InAs nanowire contacted using EBID. The inset shows the
same plot on the log scale. It can be seen that the IV characteristics are very non-linear
and that the current is very small, indicating a poor electrical contact.

steps involved with respect to the normal processing is shown in figure 8.3. Below
all steps will be described shortly, including what has been done already.
First the protection layer for the nanowire has to be created. This is done by
depositing chromium on the nanowire right after growth. Since the deposition
takes place right after growth this layer also prevents further oxidation of the
nanowire. Chromium was chosen since it is metallic so it can be used as a contact
layer and it can easily be removed using an oxygen plasma. The layer was deposited
using sputter deposition. The sample was placed under an angle with respect to
the target and the sample was rotated. This ensured an even coverage of the
surface on all sides of the nanowire. Figure 8.4 shows a TEM image of a nanowire
after chromium deposition where it can be seen that the coverage is indeed uniform
and that there is no oxide layer between the wire and the chromium.
Next the wire has to be deposited on top of the platinum contacts. These platinum
contacts would be created in the same way as in the standard processing. The
wires would be deposited using the nanomanipulator. After the wires have been
placed on the platinum contacts the electrical contacts to the wires are created
using the standard EBL techniques, consisting of EBL exposure, metal deposition
and lift-off. This allows for the optimization of the metal layer to match the
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Figure 8.2: Current through a nanowire under a potential of 1mV during annealing.
The black curve is while the temperature is increased while the red curve is while the
temperature is decreased. An order of magnitude increase of the current is observed after
the annealing.

Figure 8.3: Extra process steps needed for a top contact microdevice. (a) Deposition
of chromium protection layer on the nanowire. (b) Deposition of the wire on already
consisting contacts and creating the top contacts using EBL lithography and metal de-
position and lift-off. (c) Etching away the silicon from the bottom. (d) Dry etching the
SiNx layer to create the freestanding bridges and to remove the protective layer over the
wire.

specific nanowire material. Figure 8.5(a) shows an SEM image of the top contacts
created this way and figure 8.5(b) shows a typical IV curve. As can be seen a
reliable Ohmic can be created in this way.
Since now the wire is on the substrate the following processing steps need to
be adjusted to protect the wire and the contact from too much exposure to the
different echting steps used. First a SiNx protection layer is created using the same
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Figure 8.4: TEM images of an InAs nanowire covered with chromium. (a) TEM image
not imaged along a primary zone axis showing the full coverage of chromium. (b) HRTEM
image showing the chromium coverage on the nanowire without any oxide layer.

Figure 8.5: EBL top contacts. (a) SEM picture showing a nanowire with EBL top
contacts. The red scale bar represents 1 µm. (b) IV curve of this device, showing a
resistance of approximately 5 KΩ

techniques as for the standard processing. However, the following processing steps
were modified to ensure as little damage to the wire as possible. It was found that
during the wet etching step of the standard processing the pads would move with
respect to eachother, possibly due to hydrodynamic forces. When a nanowire is
connecting the two pads this could cause damage or remove the nanowire from
the pads. Therefore, the wet etching step was done while the nanowire was still
embedded in the SiNx layer, to prevent any movement. To do this a SiNx layer
is also deposited on the bottom of the wafer and openings are created using EBL
lithography and dry etching. The silicon is then etched from the bottom, right
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underneath the wire, while the wire is still covered by the protective SiNx layer.
Finally the bridges are defined and etched using the standard methods and the
chromium would be removed from the nanowire using an oxygen plasma.
Although all the steps involved in this processing have been tested individually,
due to technical difficulties, combining all steps to create a full device has so far
not been achieved. However, by further developing this processing scheme the
creation of suspended microdevices with reliable electrical contacts seems viable.
This would open up the full thermoelectric characterization of a wide range of
nanomaterials.

8.2 New materials

Apart from improving the measurement device, there is also a wide range of sys-
tems that could still be studied. Some ideas of what could be measured and initial
measurements are presented here.
The first material to be considered is Ge/Si core/shell structure, which would be
interesting in part thanks due to its natural abundance and its compatibility with
silicon processing. Recently it has also been shown that thinner wires (d>20 nm)
show a higher hole mobility than thick wires and even than bulk germanium158

opposite to what would be expected. Since thinner wires in general also have a
smaller thermal conductivity this could be the ideal system to get high efficiency
thermoelectric materials. The thermal conductivity of similar wires has been mea-
sured before and has found to be less than 2 Wm-1K-1 for a wire with a core of 20
nm and a shell of 2 nm159, a reduction by a factor 30 with respect to bulk which
could lead to a ZT of approximately 2.
As an initial test a Ge/Si core/shell nanowire with a core diameter of 60 nm
and a shell of 7 nm was measured. The result of this measurement is shown
in figure 8.6. The conductivity of this nanowire was found to be close to 10
Wm-1K-1. This was similar to what would be expected if the germanium core and
the silicon shell would be treated as two independent systems. Germanium has
a very short phonon mean free path of approximately 10 nm160 so the core has
to be very thin to get an appreciable decrease in the thermal conductivity. This
would also enhance the electronic characteristics of these wires, making it an ideal
structure for thermoelectric nanowires. Another way to decrease the thermal
conductivity is by going to alloys. By adding 5% of silicon to the germanium
core a factor 3 reduction of the thermal conductivity is expected161. However,
Ge/Si core/shell nanowires with these dimensions have been measured already so
this research would be especially interesting if the electronic properties could be
measured simultaneously as well.
Another interesting class of materials could be materials where the geometrical
shapes have been altered to influence the thermal conductivity. This can for
example be done to induce thermal rectification by creating a sawtooth-like pat-
tern27, or by filtering out certain phonons by creating superlattices162. Thanks
to the unique growth possibilities with nanowires these superlattices could also
be made using different crystal structures163 or different materials20. This would
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Figure 8.6: Thermal conductivity versus temperature of a Ge/Si core/shell nanowire
with a core diameter of 60 nm and a shell thickness of 7 nm. The red line indicates the
average thermal conductivity.

allow for the study of more design parameters to create the desired nanoscale
thermal properties, on top of those described in this thesis.
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Appendix A
The properties and growth characteristics of the different InAs nanowires used in the
research described in this thesis are described here. All samples were grown using 15nm
colloids.

Sample # Diameters
(nm)

Growth
Temperature

(°C)
Growth time

(min)

Precursor
flows

(sccm2)
1475 80-140 480 InP:4 InAs:10 TMIn:40

AsH3:60
2072 25-300 480 InP:4 InAs:10 TMIn:40

AsH3:60
2151 80-250 480 InP:4 InAs:72 TMIn:8

AsH3:7
2184 850-1500 540 InP:1 InAs:180 TMIn:20

AsH3:7.5
2285 120-140 480 InP:4 InAs:9 TMIn:8

AsH3:1
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Appendix B
A summary of the entire process flow is given here. The numbers in the last column refer
to the relevant sections where this part of the process is described.

Step name Parameters Time CH
1 Cleaning O2 Plasma (300 W) 0:10:00 4.2.1
2 De-oxidation HF (1%) 0:01:00 4.2.1
3 PECVD SiNx Deposition SiNx LF+RF 650 nm 0:59:00 4.2.1
4 Cleaving - - 4.2.1
5 Oxidation O2 Plasma(300 W) 0:05:00 4.2.1
6 Water rinse - 0:01:00 4.2.2
7 HDMS deposition Primer oven 0:35:00 4.2.2
8 MaN-415 spinning 3000 RPM 0:00:30 4.2.2
9 Sample baking 95°C 0:06:00 4.2.2
10 Exposure MA6 (Vac. Ct.) 0:00:24 4.2.2
11 Developing MaD-332s 0:05:30 4.2.2
12 Pt evaporation 30 nm 0:30:00 4.2.2
13 Lift-off Aceton vapor 0:60:00 4.2.2
14 Lift-off Aceton Ultrasonic bath 0:01:00 4.2.2
15 Cleaning O2 Plasma(300 W) 0:10:00 4.2.2
16 PMMA-A4 resist spinning 8000 RPM 0:01:00 4.2.3
17 Baking Oven 175 °C 0:30:00 4.2.3
18 EBL exposure Dose 1.0 and 2.6 20 kV, 10µm 0:02:32 4.2.3
19 Development MIBK:IPA 1:3, IPA 0:01:10,

0:01:00
4.2.3

20 Cleaning O2 Plasma(100 W) 0:00:10 4.2.3
21 Pt evaporation 30 nm 0:30:00 4.2.3
22 Lift-off Aceton vapor 0:60:00 4.2.2
23 Lift-off Aceton Pipette 0:01:00 4.2.2
24 PECVD SiNx Deposition SiNx LF+RF 350 nm 0:29:00 4.2.2
34 Cleaning O2 Plasma(300 W) 0:10:00 4.2.2
35 Water rinse - 0:01:00 4.2.2
36 HDMS deposition Primer oven 0:35:00 4.2.2
37 HPR504 spinning 3000 RPM 0:00:30 4.2.4
38 Sample baking 100 °C 0:02:30 4.2.4
39 Exposure MA6(Vac. Ct.) 0:00:02.5 4.2.4
40 Sample baking 115 °C 0:02:30 4.2.4
41 Development PLSI:H2O (1:1) 0:01:15 4.2.4
42 RIE etching RIE O2+CF3 0:11:00 4.2.4
43 Cleaning O2 Plasma(300 W) 0:10:00 4.2.1
44 De-oxidization HF (1%) 0:00:05 4.2.1
45 Underetch AZ 826 MIF 80 °C 6:00:00 4.2.5
46 Downetch KOH (33%) 80 °C 0:05:00 4.2.5
47 Drying Aceton 80 °C 0:15:00 4.2.5
48 SiNx removal (opt) RIE O2+CF3 0:01:00 4.2.5
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List of abbreviations
N-process Normal process
U-scattering Umklapp scattering
TEM Transmission Electron Microscope
MD Molecular Dynamics
LAMMPS Large-scale Atomic/Molecular Massively Parallel Simulator
NEMD Non-Equilibrium Molecular Dynamics
PDOS Phonon Density of States
SCS Semiconductor Characterization System
SMU Source-Measure Unit
SEM Scanning Electron Microscope
VLS Vapor Liquid Solid
EBL Electron Beam Lithography
VS Vapor Solid
MOVPE Metal Organic Vapour Phase Epitaxy
TMIn Trimethylindium
AFM Atomic Force Microscope
CBE Chemical Beam Epitaxy
TBAs TertiaryButyl Arsine
TDMASb Tert-DiMethylAminoAntimony
UHV-CVD Ultra High Vacuum Chemical Vapour Deposition
TMG Tri-Methyl Gallium
PECVD Plasma Enhanced Chemical Vapour Deposition
LPCVD Low Pressure Chemical Vapour Deposition
HDMS HexaMethylDiSilazane
IPA IsoPropyl Alcohol
MIBK Methyl IsoButyl Ketone
TMAH TetraMethylAmmoniumHydroxide
EBID Electron Beam Induced Deposition
HRTEM High Resolution Transmission Electron Microscope
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List of nomenclature
~q Heat flow
κ Thermal conductivity
T Temperature
σ Electrical conductivity
L Lorenz Number
kb Boltzmann constant
Cv Specific heat
v Speed of sound
Λ Phonon mean free path
V Voltage
S Seebeck Coefficient
ZT Thermoelectric figure of merit
D Diameter
r Radius
G Thermal conductance
ω0 Cut-off frequency between specular and diffusive scattering
R Resistance
P Power
κcalc 4GL/πD2, thermal conductivity calculated using the measurement technique
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Summary
In recent years, thermal transport at the nanoscale has attracted considerable
attention due to its vast implications ranging from nanoscale thermal management
to thermal energy conversion. It has been proposed that by employing nanoscale
design, the thermoelectric properties can be enhanced due to both density of states
alterations and increased phonon scattering. Furthermore, exotic effects such as
thermal diodes and ballistic phonon transport have been proposed.
This thesis describes work done to study thermal transport in nano-
wires . The thermal transport through these nanowires was measured using a
microdevice consisting of two suspended SiNx platforms with platinum meanders
on them. By placing the nanowire in such a way that it bridged the gap be-
tween the two platforms and by using the platinum meanders as both heaters and
thermometers, the thermal conductance of these nanowires could be determined.
By measuring the diameter dependence of InAs nanowires the influence from the
thermal contact resistance could be quantified. This was done by using the differ-
ent scaling of the thermal contact with diameter which follows a linear dependency,
with respect to the wire conductance which follows a D2 dependence. It was found
that EBID deposition of extra platinum pads on top of the nanowires could not
remove the influence of the thermal contact resistance. However, by comparing
InSb nanowires measured using the EBID platinum pads with similar wires mea-
sured using a micro-raman technique employing EBL contacts, it was found that
EBL contacts can remove the influence of the thermal contact.
A directionality in the heat flow was also found when the wires did not have
a good contact. This asymmetry was attributed to an expansion of the SiNx
membranes to either improve or deter the thermal contact with the wire. In this
way a rectification of up to 90% was found.
Furthermore, the influence of isotopes on nanoscale thermal transport was mea-
sured by comparing the thermal conductivity of a pure 29Si isotope nanowire with
a 28Si0.530Si0.5 nanowire. A reduction of the thermal conductivity by 20-50% was
found for the mixed isotope wire. On top of that, by fitting the thermal conduc-
tivity using a Landauer model it was found that the wires with a diameter of 96
nm behaved like wires with a diameter of less than 15 nm. This was attributed to
the large density of vertical stacking faults found in these wires.
The thermal conductivity of wurtzite GaP nanowires has also been measured for
the first time. At diameters below 50 nm these wires exhibited quasi-ballistic ther-
mal transport. The high mean free path was attributed to frequency dependent
scattering on the surface of the nanowire causing a filtering of the high frequency
phonons, leaving only the high mean free path low frequency phonons. This be-
havior was also verified using a Landauer model and although a quantitative fit
could not be obtained, the results could be reproduced qualitatively.
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General Summary
More than 70% of the energy we use is lost as heat. If some of this heat could be
recovered by turning it into electricity this would have a huge impact on our foot-
print. Doing this requires a scalable and efficient method to transform heat into
electricity. Thermoelectricity is a process in which heat is turned into electricity
without any moving parts. However, nowadays thermoelectrics is mainly being
used in niche applications due to its low efficiency and high cost. The main limit
on the efficiency of thermoelectric materials is that it requires a material that can
transport electricity really well, while limiting the transport of heat. Nanomate-
rials are predicted to be able to overcome this limitation by working on a scale
where heat cannot flow through it anymore while still allowing electrical current
to pass through.
This thesis describes work performed to measure the heat conduction in nanowires.
These are wires that are 1000x smaller than a human hair. To measure heat
flow on these small wires a special chip was made which consisted of a lot of
really small thermometers and heaters which were isolated from the environment.
By connecting two thermometers the temperature difference over a nanowire as
function of power can be measured. This can be used to determine how well a
wire transports heat.
A big problem in these kind of measurements is the thermal contact resistance.
This is the temperature drop that happens at the contact between the thermome-
ter and the material itself. To quantify the effect of this contact resistance the
diameter dependence of wires was studied. Since the wire resistance and the con-
tact resistance have a different dependence on diameter the influence of the contact
resistance could be quantified. It was found that the method generally used to
improve the thermal contact and to verify if the thermal contact was limiting was
insufficient. By comparing different methods to improve the thermal contact a
method in which it can be reliably improved was also found. Finally, it was found
that by employing the thermal contact a diode-like behavior could be obtained
for heat. This was done by using thermal expansion of the heater to improve the
thermal contact with the nanowire.
The effect of isotopes on nanoscale heat transport has also been studied. Isotopes
are atoms with exactly the same electronic structure but different masses. Since
heat is very sensitive to the mass of the atoms, using different isotopes could
reduce the thermal conductivity, while keeping the electronic properties the same.
A difference of 20-50% in thermal conductivity was found between nanowires which
had a single isotope of Si as compared to wires which were a 50-50 mixture of two
Si isotopes.
Finally, it was also found that some nanowires could also transport heat without
any losses over much larger distances than previously expected. This effect was
found on wurtzite GaP nanowires, a material of which the thermal conductivity
had previously never been measured. In these wires it was found that for very
thin wires heat was transported without any losses. This was attributed to the
fact that at the edge of the nanowires phonons (the particles that carry heat)

116



with a high frequency were mainly scattered, while low frequency phonons were
reflected. Since other scattering mechanisms for heat are also greatly reduced for
low frequency phonons this meant that these phonons could transport the heat
without losing any energy.
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