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1. Introduction

1.1. General Introduction

Heat, light and electricity are three foundation pillars not only of physics, but also
of our daily lives. Therefore, these have been studied by scientists for centuries and
an always better understanding of the underlying exchange particles, phonons,
photons and electrons, was gained. In physics, core disciplines opened up in
the fields of phononics, optics and electronics [1-3]. While the latter had great
technological impact on our society, the field of phononics is rather new and
currently seen in the ambitious light of potentially following up on the impact of
electronics almost a century ago [4].

The field of phononics deals with the propagation of mechanical waves in
condensed matter [5] and is studied in different bulk materials [6], as well
as nanostructures [7], special metamaterials [8, 9], phononic crystals [10, 11],
superlattices [12,13] and multilayers [14, 15] with possible applications in fields
of acoustics [16, 17], vibration [18], communication [19] as well as thermal
storage [20,21] and transport [22,23]. Especially the aspects of thermophysics are
of great interest today, since by far most of the energy we consume results from
thermal processes [24,25]. Thus, a better understanding of thermal processes could
help with current and prevailing energy issues worldwide.

Therefore, the reduction of thermal conductivity in modern materials is an
exciting question. This issue is not only important for thermal insulation [26]
and storage [27] and could then find applications in cryogenics [28], aerospace
industry [29] or damping [30], but also for energy conversion for instance in the
tield of thermoelectrics [31], solid state refrigeration [32] or as thermal barrier
coatings [33] that allow thermal engines, like gas turbines, to run at higher
temperatures and consequently with enhanced efficiencies.

In order to answer this question, one has to study thermal transport processes and
thus the propagation of phonons. Phonons are elemental excitations of a quantized
elastic lattice and belong to the family of bosonic quasi-particles [34]. They can be
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best understood in terms of lattice vibrations in a solid state object that carry wave
energy through interatomic forces. In terms of long wavelengths this is known as
sound, but as the frequencies get higher and therefore the wavelengths shorten,
heat is conducted by lattice waves [4]. For minimizing thermal conductivity,
it is essential to hinder phonon propagation through the material. This can be
achieved by different approaches and will only be described briefly here in the
introduction since more details will follow in chapter 2. The thermal conductivity
scales with the velocity and the mean free path of the phonons. Since those values
are comparably high in a periodic lattice with strong atomic bonds, crystalline
materials have a much higher thermal conductivity than amorphous ones, which
can be seen in Figure 1.1.
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Figure 1.1.: Schematic comparison of typical thermal conductivities of different material
classes. Note that thermal conductivity can be ordered from metals over crystalline
materials down to amorphous materials, polymers and foams [35]. (Figure taken from

[36])

In amorphous materials, phonon propagation is hindered due to the absence of the



1.1. General Introduction

ordered lattice making them better thermal insulators [37]. But heat transport can
be suppressed further by an increase of phonon scattering and thus a reduction
of mean free path [38]. Phonon scattering is a typical process in heat conduction,
but the number of scattering centers can be increased artificially, for instance by
increasing the amount of boundaries which have to be passed. This is the case
for thin film multilayers, where stacking of nanoscale individual layers allows
for a great interface density [39]. At each interface, phonons can be scattered or
even reflected, which can lead to interference and thus, to a change in phonon
dispersion and the formation of band gaps [40]. At this point, phonon modes
can be confined and localized so that they do not contribute to thermal transport
anymore. Furthermore, a reduction in phonon group velocity and enhanced
scattering rates can be seen for some frequencies [41—43]. In this way, a reduction
of phonon mean free path and group velocity can be achieved, which results at the
same time in a minimization of thermal conductivity [44,45].

For fabricating such thin film multilayers, a variety of methods exist, for instance
sputtering, atomic layer deposition, molecular beam epitaxy or pulsed laser
deposition [46]. From all these methods, the pulsed laser deposition technique is
outstanding, because it allows not only the fabrication of nanoscale thin films and
multilayers with high quality, but is beyond that a very versatile method [47-52].
This means, it enables preparation of multilayers consisting of very different
components such as metals [53], semiconductors [54], oxides [55] and even
polymers [56], because almost every solid material can be pulsed laser deposited.
The advantage for phonon blocking materials lies in the ability of the method
to combine materials with very different properties, such as hard and soft or
heavy and light materials, for instance metals and polymers [57]. Such multilayers
have the potential for a high number of interfaces with very different material
properties at each side of the interface. Since the interface resistance gets stronger
with a greater difference in density and sound velocity at each side [58-60], pulsed
laser deposition enables to fabricate multilayers with a high density of strongly
resisting interfaces.

In order to get information about phononic transport in such structures, one has to
measure the elastic dynamics on very short timescales [61,62]. Therefore, a close
cooperation with the working groups of Henning Ulrichs from the 1% Institute
of Physics in Gottingen and Markus Miinzenberg from the Institute of Physics in
Greifswald has been established in order to perform fs-pump-probe measurements
of the pulsed laser deposited samples. Here, an ultrashort laser pulse is split up in
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a pump and a probe beam that both hit the sample with a very short delay in time.
Thereby, the sample gets excited by the pump pulse and its reflectivity dynamic
is measured with the probe pulse repeatedly with different delays. In that way, a
time-dependent reflectivity signal can be obtained from which information about
phonon modes can be deduced.

For the measurement of thermal conductivities, different methods come into
consideration, like pyrometry [63], the 3-omega technique [64], photodisplacement
[65], laser flash [66] or thermoreflectance methods [67,68]. Since pulsed laser
deposition allows the preparation of a great variety of thin film multilayers,
the measuring method should also be highly flexible and applicable to a large
group of samples with low preparation effort [69-72]. Therefore, the method of
transient thermoreflectance (TTR) is prominent, which also works as a pump-
probe scheme, comparable to the phonon dynamics measurements [73]. Since
thermal conductivity is a much slower, diffusive process, a measurement on
the us timescale without the need of ultrafast lasers is applicable. This method
works by heating up the sample surface with a laser pulse (this time with a pulse
length in the ns regime) and utilizing at the same time a second, continuous wave
laser in order to measure the reflectivity of the sample surface, which is tracked
with a fast Si-photodiode and an oscilloscope. From the temporal evolution of
the reflectivity after pulsed laser heating, the temperature at the surface can be
obtained. Taking these measured information into account and fitting them to
the solution of the heat conduction equation, one can get information about the
thermal conductivity [74].

Aim of the present thesis is to fabricate high-quality, nanoscale multilayers of
dissimilar materials with pulsed laser deposition and to minimize the cross-plane
thermal conductivity of these structures. In order to achieve this final goal, first,
the deposition of metal/polymer (mainly W/polycarbonate) and metal/oxide
(e.g. W/ZrO;) multilayers must be perfected and phonon transport will be
studied in such structures. Secondly, a measurement method capable of obtaining
information about thermal conductivities has to be installed and optimized
for bulk materials and especially thin films. With this, information about heat
transport in nanoscale multilayers will be obtained systematically. From the
combination of all those efforts, this thesis could be developed, which shall be
outlined in the following.



1.2. Thesis outline

1.2. Thesis outline

Starting point of this work is the study of phononic properties in simple bilayers
of Cu and polycarbonate (PC), where localization of phonon modes shall be
investigated. Going to more complex multilayer systems with different acoustic
mismatch as well as different multilayer periodicity, band structures have to be
considered for phonon transport. Here, phonon blocking could become more
powerful with increasing acoustic mismatch because of the interface contributions,
which shall be investigated. This work on bilayers as well as on first multilayers is
described in chapter 3 [75].

From the work in this paper, the question arises how phonons can be confined
more efficiently. Since nanostructured metal/polymer multilayers provide a strong
resistance to phonon propagation, W/PC are chosen for further studies, meaning
that the pulsed laser deposition setup must be optimized in order to fabricate
multilayers of the hard and heavy material W together with the soft and lightweight
polymer polycarbonate. Such worldwide unique structures are investigated in
chapter 4 pursuing the question whether periodic W/PC multilayers are potent
for phonon confinement and if one can increase the potential of this material
combination by fabricating aperiodic multilayers that distort the periodic order
[76].

For measuring thermal conductivities, the long-known principle of TTR seems
promising for implementation because of its flexibility and low sample preparation
effort. To set up this method, an excimer laser with 248 nm wavelength and 20ns
pulse duration was available, which has not been used for such measurements
before and provides a novel approach for implementation of the TTR principle.
This special TTR method had to be established, understood and optimized also
for thin film multilayers. This is described together with an analytical solution
of the heat equation, which is necessary in order to get physical data from the
measurement curves in chapter 5 [77].

The final application of this method on laser deposited multilayers consisting of the
high melting materials W and ZrO; is explained in chapter 6 [78]. Here, the aim to
minimize thermal conductivity in multilayers was directly tackled. By combining
the prominent thermal barrier material ZrO, with ultra-thin blocking layers of W,
interface resistances should reduce the overall thermal conductivity significantly.
Moreover, the thermal stability of those multilayers has been studied, since a
material combination with a high thermal stability and a low thermal conductivity
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could become an interesting candidate for future thermal barrier coating materials.
Finally, chapter 7, which is an addendum of yet unpublished results to the four
published papers, describes three selected projects, where thermal conductivity
measurements with the TTR method are performed on a new kind of polymer
as well as on thin films consisting of Pt/Al,O3; and last but not least on W/PC
multilayers. Those measurements on W/PC multilayers represent an additional
highlight since these nanostructures are extremely difficult to fabricate and
measurements on them proved challenging due to the risk of destroying the PC.
Nonetheless, great efforts were made to fabricate and measure them since they
should show an ultra-low thermal conductivity.

All in all, this thesis demonstrates new and original research work in the field of
phononics and thermal conductivity manipulation. It investigates the minimization
of thermal conductivity in pulsed laser deposited multilayers and contributes to

fundamental understanding of phononic thermal transport on the nanoscale.



2. Scientific Background

The nature of heat and thereby the thermal conductivity has been studied by
physicists for a long time. This field arose probably with Newtons law of
cooling back in 1701 and found its first early climax in Fouriers analytic theory
of heat in 1822 [79]. His heat diffusion equation became a powerful tool for
almost two centuries and has been used in diffusion-like problems not only in
physics, but for instance also in biology, earth sciences and even social sciences
[80]. Over the centuries, prestigious people in physics have studied heat, like
Maxwell, Lord Rayleigh, Einstein or Fermi, only to name a few. Even and still
today, thermal conductivity is studied in different research groups worldwide
in order to understand and manipulate this process. Since this present thesis
also constitutes a small progress for thermal conductivity research, the following
chapter shall be used to outline the most important background in order to
understand the successional research work. Starting from the basics of heat transfer
and typical scattering mechanisms, multilayers and superlattices are introduced as
prominent structures in order to minimize thermal conductivity. Therein, heat
can be conducted in two regimes, namely the incoherent diffusive regime, where
boundary resistances at the interfaces play a significant role, as well as the coherent,
or ballistic regime, where a wave-like behavior of phonons becomes important.
Finally, the basic principles of the transient thermoreflectometry (TTR) setup, which
has been implemented in this work, will be introduced.

2.1. Heat transfer and scattering

Heat transfer in solids is described by the thermal conductivity, which is a
temperature dependent material property and primarily governed in terms of the
well-known Fourier law [81]:

Q= —«xVT 2.1)
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Here, «x is the thermal conductivity of the investigated material, that determines
together with the temperature difference VT the local heat flux density Q. The
thermal flux occurs by the motion of thermal energy carriers from the hot side
towards the cold side. In solids, those carrier particles are free electrons and
phonons [82]. Heat flow in metals, which typically have a very high thermal
conductivity, is mainly dominated by electrons, while in semiconductors and
oxides phonons play the dominant role due to the lack of free electrons [83].
A first approach in order to minimize thermal conductivity should therefore be
to confine heat conduction to phonons by using electrically insulating materials
preventing conduction by free electrons. This could be done either by only
choosing insulating materials or by multilayer combinations of metals together
with insulating interlayers [39,84,85]. Such multilayers have the advantage that the
interfaces between dissimilar materials provide additional resistance to phonon
propagation, which reduces the thermal conductivity even more [86,87]. This
can be deduced according to [88] for a one-dimensional heat flow. Considering
a volumetric number density n of carrier particles with energy €, which travel a
certain distance I = v7 in the time 7 with a velocity v before facing a scattering
event that results in a change in direction or energy transfer. This distance [ is
called the mean free path and therefore 7, the relaxation time, is defined as the
average travelling time between two scattering events [34]. Regarding the energy
transfer in one direction (e.g. the z-direction), it can be explained by the difference

of thermal fluxes flowing in the positive and negative z-direction:

B(UZne).

Qz - Oz

((vzn€)lo,,, — (vzn€)lo, ) = =0T 2.2)

N =

Considering now an isotropic medium, where the average velocity can be expressed
as v2 = v /3, the heat flux yields:
v?,__d(ne)

Qz =——=T

3 0z 23)

With the definition of an internal volumetric energy U = ne, one can express the

above equation as:

Q=-5T5=5 (2.4)
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Comparing this with equation 2.1 and considering the definition of the volumetric
heat capacity ¢ = %, one gets the following expression for the thermal conductiv-
ity «:

K= %CUZT = %cvl. (2.5)
This equation defines in principle the thermal conductivity depending on the
phononic properties in terms of heat capacity ¢, velocity v and mean free path
l.
For the final goal of minimizing thermal conductivity, three strategies exist.
First, one could try to reduce the heat capacity, which typically happens at low
temperatures and therefore reduces thermal conductivity in this area [89]. At room
temperature however, this is a material property and cannot be changed easily.
Secondly, one can attempt to reduce the phonon group velocity, which would
reduce thermal conductivity. This can be achieved with nanoscale multilayers,
because of the wave-like nature of phonons, and will be explained later in this
chapter (see chapter 2.3.3). Finally, the most typical and most promising strategy
to reduce thermal conductivity is to shorten the mean free path of the phonons
[90-92].
This reduction of phonon mean free path can be done by several scattering
mechanisms, which shall be explained briefly in the following paragraphs.
The most typical scattering process is the normal phonon-phonon scattering
processes, where two incoming phonons create one outgoing phonon or where
one incoming phonon decays in two outcoming ones with conservation of total
crystal momentum. However, this alone cannot provide the reason for a finite
thermal resistance [93-95]. Thus, more scattering mechanisms must exist that
affect and reduce the thermal conductivity. In figure 2.1 it is shown, how the
thermal conductivity is limited by such different scattering processes. In the
low temperature regime, where only low frequency phonons exist, merely diffuse
boundary scattering is important. The relaxation time 7, of this process can be
expressed in the Casimir limit by [90, 96]:

T, =+ (2.6)

Here, L denotes the size of the system, which is rather high for bulk materials.

Thus, in the low temperature regime, thermal conductivity is governed by the
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Figure 2.1.: The temperature-dependent thermal conductivity of Si is shown as well as
calculations of different scattering mechanisms that confine this value. In the low
temperature regime the diffuse boundary scattering is most important and the thermal
conductivity scales with the heat capacity. However, for higher temperatures, first,
isotope scattering starts to limit the thermal condcutivity before at high temperatures
the Umklapp scattering becomes dominant. [90]

heat capacity, which changes with T? [97]. As with higher temperatures more
phonon modes become occupied, other scattering mechanisms become more and
more important. Now, phonons can also be scattered by impurities, like isotopes
or inclusions with a mass difference from the regular lattice. For such point

imperfections the relaxation times 7; for isotope scattering are [98,99]:

_ 3Vlwt

s 2.7)

T Hw)

Where w is the phonon frequency, V; the average volume per atom and I is
a parameter that describes the strength of the impurity scattering [100]. With
increasing temperature, Umklapp scattering processes become more and more

10



2.1. Heat transfer and scattering

important. By the increase of phonon momentum and thereby wave vector, three-
phonon scattering processes can become so strong that the wavevector of the
outgoing phonon exceeds the Brillouin zone. By a mathematical addition of a
reciprocal lattice vector, the wavevector of the phonon can be transformed back
into the Brillouin zone, which is physically equivalent to the result outside of
it. In this case of phonon-phonon scattering, the total phonon momentum is not
conserved resulting in a thermal resistivity especially at high temperatures [101].
The relaxation times for such Umklapp processes 7, can be expressed by [99,102]:

Tl (w) = 22K 28)

#Vo wp
with 7 being the Griineisen anharmonicity parameter, y the shear modulus and
wp the Debye frequency of the material. Taking multilayers or superlattices into
account, this scattering time can deviate strongly from the bulk value due to so-
called mini-Umklapp scattering processes, which happen because of the existence
of mini-Brillouin-zones associated with the superlattice structure [95,103].
Considering all those scattering processes and combining them into a single
relaxation time 7, one has to apply Matthiessen’s rule [102] :
1 1 1 1
f:ﬁ‘f—f—f-?u. (2.9)

Overall, phononic thermal conductivity can be efficiently reduced by reducing this
combined relaxation time and thus, the mean free path of the phonons. This can
be done by increasing the amount of scattering events that can arise when phonons
impinge lattice impurities like inclusions, holes, grain boundaries or interfaces as
depicted in Figure 2.2 [104-107].
Especially scattering at interfaces represents a powerful tool for manipulating
phononic thermal conductivity, since a high amount of interfaces between dissimi-
lar materials can be produced with modern thin film methods [108,109]. At room
temperature, the typical mean free paths of phonons for metals and semiconductors
lie in the range of 10 — 100nm [110,111]. This value can be strongly reduced
by nanostructuring the material in several thin layers with individual thicknesses
below 10nm. In terms of multilayers those nanostructured systems play a key role
in the present thesis as boundary scattering becomes very powerful in materials
with high interface densities.
Already in chapter 3 phonon modes are described that are localized within one

11
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AN\ Short wavelength phonon e————— Hot Electron
’\/\} Mid/long wavelength phonon o—p Cold Electron

Figure 2.2.: Schematic illustration of heat transport from the hot to the cold side of a
material with different scattering centers. Short wavelength phonons can be scattered at
atomic defects, but for efficient scattering of longer wavelength phonons, nanoparticles
or boundaries are necessary. Preparing material combinations in nanoscale multilayers
allows for a high density of scattering interfaces. The multilayers in this thesis always
consist partially of isolating materials, suppressing the conduction via hot electrons.
(Figure taken from [91])

layer. Here, confinement is given by the size of the system where coherent
boundary scattering occurs in terms of reflection and re-reflection. Using the
example of a 100 nm thick polycarbonate (PC) layer, where a specific phonon mode
is reflected about 40 times at the boundaries, one can see, how the mean free path
of these phonons is shortened by the boundaries. The confinement of phonon
modes can be strongly increased in multilayers, especially in aperiodic ones. This
will be explained in chapter 4, where a wider bandwidth of phonons is confined
due to different layer thicknesses in the aperiodic layer consisting of W and PC.
This happens again due to boundary scattering in terms of reflection because of
the high acoustic mismatch between the two materials. The whole concept of
boundary scattering will be fully utilized in chapter 6, where multilayers with up
to 340 boundaries between W and ZrO; are presented. In those, the reduction of
thermal conductivity will be significant due to the reduction of mean free path but
also because of other effects that will be explained later on. Generally, multilayers
present a basis for this thesis and are prominent for their potential to reduce the
heat flow through them. Therefore, they shall be explained more in detail in the
next chapter.

12
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2.2. Multilayers and superlattices

As stated above, thermal conductivity can be efficiently decreased by reducing
the phonon mean free path, which can be done in nanoscale multilayers and
superlattices by a high amount of interfaces. The term multilayers is widely
and also in this thesis used to denote a compound of stacked thin films of two
or more different materials with single layer thicknesses mostly in the range of
several nm. In comparison, the term superlattice is broader and describes simply
a material or material combination with a strong ordering above the level of the
atomic lattice. This can be thin film multilayers, but also macroscopic materials
[17,108]. The concept of influencing thermal transport by superlattices goes back
to the 1970s [112] and has got increased attention since. Nowadays, there are
superlattices and multilayers that contain almost all kinds of material classes such
as metals [113-115], oxides [15,116], semiconductors [117,118], quantum dots [119]
and even liquids [120]. With such a high variety of potential material combinations,
superlattices found their way into different applications [121-124]. In the sense of
low thermal conductivity materials, the application of superlattices became widely
discussed in the field of thermoelectrics [12,125-127]. For such modern energy
materials, it is essential to decrease the phononic thermal conductivity x, while
maintaining a high electrical conductivity ¢ and a high Seebeck number S [128].
This is expressed in the ZT-value of thermoelectrics, the so-called figure of merit,
which is a measure of efficiency of such devices [24,129]. The figure of merit ZT is
given by [12]:

S
Ke + 1p

ZT T, (2.10)
where &, is the electronic thermal conductivity and «, the phononic one.

The inherent property of the figure of merit, namely being proportional to
the electrical conductivity while being inversely proportional to the thermal
conductivity shows a major challenge in fabricating efficient thermoelectrics.
While, according to the Wiedemann-Franz-law [130] the electrical and thermal
conductivity are strongly coupled in most metals, multilayer approaches that
hinder the phononic propagation have been discussed as being very promising
to increase ZT [109,131,132]. In superlattices of p-type Bi;Tes/Sb,Tes even a value
of ZT = 2.4 at 300K was achieved, which is a milestone compared to the bulk

13
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value of ZT = 0.75 for BiTes at 300K [12,133]. This increase can only be explained
by a strongly reduced thermal conductivity through the superlattice.

While this thesis does not investigate thermoelectric materials, however, the
effect of minimizing the thermal conductivity is of strong importance here and
thermoelectrics are a prominent application in this field. In general, multilayers
are a special part of this thesis and are therefore essential for the investigations
in all four presented papers (chapter 3-6) as well as for the most recent and yet
unpublished results in chapter 7.

Apart from research linked to thermoelectric materials, many different studies have
been conducted dealing with heat transport through multilayers. Of those, the most
important shall be resumed here, in order to classify the scope of this thesis.

One of the first measurements of thermal conductivity in superlattices has been
done on AlAs/GaAs, where a reduction of in-plane thermal conductivity from
ca. 30W/mK to a value below 20 W/mK was seen, that arose with reducing the
layer thickness from 20 nm down to 5nm. Both values are lower than the weighted
average of the thermal conductivity values of AlAs and GaAs that lies at 67 W/mK
but still above the value of the Alp5GagsAs alloy at 9W/mK [134]. In the same
material system with layer thicknesses ranging from 1 to 40 monolayers cross-
plane thermal conductivity has been measured. The result of this study showed
a reduction by a factor of three in the superlattice with 40 monolayer thick layers
and a reduction by one order of magnitude for the sample with 1 monolayer thick
layers compared to bulk values of GaAs [135].

Those early studies already showed a reduction in thermal conductivity in the
superlattice compared to bulk samples. Moreover, already the trend of reducing
the conductivity with increasing layer density is visible.

In order to extend the knowledge in this field and to prove this hypothesis,
more systematic studies on the correlation between the thermal conductivity and
the interface densities have been conducted. The focus therein lied on interface
scattering and thus, reduction of mean free path as well as on the thereof resulting
thermal boundary resistances that will be explained later on in this chapter.

In different works an overall decrease of thermal conductivity with increasing
interface density could be shown [81]. In addition to this, also steps in thermal
conductivity could be seen, like in the Si/Ge system, where samples with
superlattice periods between 3 and 30nm were measured [136]. Here, the high
values of Si and Ge (150W/mK and 60 W/mK, respectively) were reduced to a
value ranging from 1 to 5W/mK depending on superlattice period. As expected,

14
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there was a reduction of thermal conductivity with increasing interface density
when going from 7nm period down to 3nm. However, above 7nm there was a
drop in thermal conductivity such that the 13nm and 30 nm samples were better
insulating than the 3nm ones. This, on the first sight contradictory behavior,
can be attributed at one side to interface scattering that results in the reduction
with a higher interface density. On the other side, it can be attributed to defect
scattering, which became dominant in the longer period samples through disorder
caused by plastic deformation at the interfaces [137]. This example shall explain
how different scattering mechanisms can be dominant resulting in a decrease in
thermal conductivity. For this work, this will be interesting in chapter 6, where
samples with high interface densities and therefore strong boundary scattering are
compared to interfaceless samples, where impurity scattering is predominant.
Besides the general reduction effect of thermal conductivity in multilayers, also
the temperature dependence of this effect was of interest and investigated in
literature. Interestingly, for some material combinations (consisting of GaAs and
AlAs) the thermal conductivity decreased with increasing temperature by a factor
of 2 between 200 and 400K [135, 138], while in other superlattices (consisting
of Si and SiGe) the opposite behavior was the case and a general increase of
thermal conductivity with temperature depending on the superlattice spacing
was observed [136, 139]. Such contradictions indicate a material dependent
difference in scattering phenomena that limit heat transport. While in the first
case phonon-phonon scattering seems to be the most important mechanism, the
different behavior of thermal conductivity in the second experiments suggests
defect scattering to be the dominant effect.

This example again shows the different contributions and different dominating
scattering mechanisms that have to be considered for reducing the thermal
conductivity. For this thesis, an interplay of many different scattering phenomena
can be assumed from which probably the boundary scattering is the part that can
be best exploited in thin film multilayers due to interface resistances.
Independently of such different scattering mechanisms, a wide variety of work
shows how these resistances are important for generally minimizing thermal
conductivities in superlattices [134, 138, 139]. Whether or not the final thermal
conductivity of the superlattice can be lower than the value of the alloy is strongly
dependent on the mismatch of the layer materials, which will be explained later.
Thus, it is especially challenging for disordered oxidic materials. Such have

mostly already a low thermal conductivity and show no great acoustic mismatch
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compared to other oxides [108,140].

In contrast to this, the strategy of comparing oxides with metals has led to fruitful
results. In this system, a high acoustic mismatch could be realized and thus, strong
thermal boundary resistances resulted. Ultra-low thermal conductivity could be
achieved in a multilayer consisting of W and Al,O3 [39]. In that work it could
be shown that individual layers of dissimilar materials, which have thicknesses of
only a few nanometers allow reducing the overall thermal conductivity strongly
below the amorphous limit. A graph depicting thermal conductivity dependent
on interface density is shown in figure 2.3. Likewise results were also found for
nanolaminates of Ta/TaO, where also a superlattice allowed a strong minimization
of thermal conductivity [141].

3.0||||| T T LI N
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Thermal conductivity (W m~1 K-1)

_2||||| 1 1 [ N T T A
¢ 0.1 1.0

Interface density (nm=1)

Figure 2.3.: Thermal conductivity is reduced with a higher interface density in a W/Al,O3
superlattice at room temperature [39].

Comparing this interesting result of ultra-low thermal conductivity, which was
published in the famous Science journal to measurements on W/ZrO, multilayers
done in this work, explained in chapter 6, one can see that the thermal conductivity
in both cases lie in the same order of magnitude. Also in this thesis, ultra-low
thermal conductivity values below 1W/mK in multilayers of metals and oxides
could be achieved.

In order to further reduce the thermal conductivity, one can increase interface den-

sity even more, by going to the smallest possible layers that exist in monoatomically
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stacked crystals. This could be achieved in the case of the layered WSe, crystal that
was grown from alternating W and Se layers. Here, one could reduce cross-plane
thermal conductivity even further and reached a value of only 0.05W/mK, which
is the lowest for fully dense materials measured so far [142]. In this system, the
thermal conductivity is reduced by a factor of 30 compared to the bulk WSe; single
crystal and even 6 times smaller than the expected minimum for this material,
which can be attributed to phonon localization due to the random stacking of the
monoatomic sheets.

In this present thesis, an almost comparatively result could be achieved by
multilayers of W and PC that show likewise a very low thermal conductivities
below 0.1 W/mK due to the great difference in material properties and the thereof
resulting thermal boundary resistance. This result is first estimated in chapter 4
and finally measured in chapter 7.

The general potential of reducing thermal conductivity in multilayers is shown
in figure 2.4, where typical crystalline materials are compared with amorphous
materials that have a much lower thermal conductivity. The two most important
findings on lowered thermal conductivity in layered systems, namely the ultralow
thermal conductivities in W/Al,O3 as well as in WSe; are added in this graph,
illustrating the possibilities of such structures.

In order to understand the underlying physics of the reduction effect of thermal
conductivity in multilayers and superlattices more in detail, the theory of heat
transport through such structures has to be understood. Therefore, the next chapter
will explain the models of heat conduction in its different regimes depending on
the phonon mean free path and the size of the superlattice spacings. It will explain

the most important mechanisms for the observed reduction effect.

2.3. Heat transport models

In order to understand thermal transport in mutlilayers and superlattices and
thereby the desired reduction in thermal conductivity, one has to differentiate
between two transport regimes, namely the incoherent, or diffusive regime and
the coherent, or ballistic regime [5]. The first one becomes physically more relevant
when the mean free path of the phonons is shorter than the characteristic length
scale of the superlattice: | < d. Here, phonons can be treated as particles that scatter

several times inside the layers as well as at the interfaces. This will become very
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Figure 2.4.: Thermal conductivity values of some representative bulk materials at room
temperature. Compared to those, the values of W/ Al,O3 multilayers with high interface
density is added showing that a combination of a high conducting material (W) with
an insulating oxidic material (Al;O3) can have a lower thermal conductivity than the
oxidic material or the amorphous limit of those materials [39]. The case for the greatest
interface density, namely in monoatomically layered WSe, crystals is also shown,
because it presents the lowest thermal conductivity of fully dense materials known so
far [142]. (Figure adapted from [35])

important in chapter 6 of this thesis, since there the diffuse transport is dominant
and thereby the reduction of thermal conductivity can be best explained with this
approach.

When the mean free path approaches the length scale of the superlattice (I ~ d),
thermal transport becomes quasi-ballistic such that wave- and particle properties
of phonons have to be considered. In this regime, transport inside the layers is
mostly ballistic, becoming diffuse at the interface due to boundary scattering. For
even smaller structures in the superlattice or larger mean free paths (I > d), heat
transport becomes more and more ballistic and phonons have to be treated as
waves. Such wavelike behavior is investigated in chapter 3 and 4 of this thesis,
where localized standing phonon waves indicate strong confinement of phonon
modes.

However, note that the mean free path of phonons does not only depend on the
structure of the material, but also on temperature and phonon frequency, more
than one of those regimes can contribute to thermal transport at the same time.
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2.3. Heat transport models

2.3.1. Diffusive Transport

Taking into account the diffusive regime for describing thermal conductivity
through a multilayer, phonons undergo various scattering regimes before imping-
ing an interface. Thus, local temperature can be defined within individual layers
and a temperature gradient for thick enough layers exists [81]. Therefore, the
thermal conductivity of the multilayer can be expressed by bulk components from
the layers and interface components. Both components pose a resistance against
heat flow, as shown in figure 2.5. The high temperature on one side of the material
is reduced in the bulk via a temperature gradient that arises from the bulk thermal

resistance as well as a temperature drop at the interface [143]. In multilayers,

TA
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Z

Figure 2.5.: In the case, where the superlattice spacing is greater than the phonon mean
free path, thermal transport can be described by the diffuse scattering model. Due to
bulk scattering in each layer the temperature drops linearly with z within the layer.
Additional thermal resistances at each interface result in temperature drops between
two materials. The effective thermal conductivity can be described for a given heat flux
density by the overall temperature decrease over the size of the superlattice.

especially the second part is interesting, since with low layer thicknesses and a
high interface density, the interface effects become more and more important. For
the case of diffusive transport, particularly scattering at the interfaces is important.
This will be very important for chapter 6 and 7 of this work, where W/ZrO,
multilayers of overall thickness of 850nm with up to 340 interfaces and W/PC
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multilayers of 1.2 ym with 800 interfaces will be shown.

Apart from the number of interfaces also interface roughness and intermixing
play an important role. By intermixing, a very small alloy layer is brought
into the system at every interface. ~Roughness is very dependent on both,
the growth method and the utilized materials and therefore differs greatly in
various multilayers. Moreover, asymmetric interfaces can make matters even more
complicated, because now there are two different interfaces, depending on which
material grows on which and therefore, also two different interface resistances have
to be considered [81,144]. Another effect that enhances interface scattering and
therefore reduces the thermal conductivity is strain at the interfaces, which can
arise for instance from different lattice parameters of the two components [136].
Applying this knowledge to the work done here, one can say that PLD is a
suitable method for the production of well insulating multilayers. Due to the high
particle energies of ions during PLD, interface intermixing can be obtained, adding
a very small alloy layer between two materials, resulting in a reduced thermal
conductivity in a multilayer [145]. At the same time, interface roughnesses can be
kept relatively low (at typical values of 0.3 — 0.8 nm) enabling fabrication of very
small layers and thus, high interface densities. This will be exploited in chapter 6
and 7, where ultrathin blocking layers of 0.6 nm W are prepared and used to resist
phonon transport. The effect of this blocking layers can qualitatively be seen in
tigure 2.6, where a higher interface density between laser deposited W and ZrO;
layers ensures that the surface temperature stays elevated for a longer time, which
is a measure for a reduced thermal conductivity.

Another effect that results in a reduction in thermal conductivity is strain within
layers. Again due to the energetic particles that occur with PLD, layers on both
sides of the interface can be strained. Due to implantation of ions (the so called
‘shot peening’), compressive stress can occur and due to coalescence during thin
film growth (and the so called ’island zipping’ mechanism) tensile stress can
appear [53,146,147]. Such stress and the resulting strain on both sides of the
interface reduces the propagation probability by enhancing the thermal boundary
resistance of the interface.

In order to predict the thermal resistance of the whole layered material, one can
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Figure 2.6.: Qualitative analysis of 6 different pulsed laser deposited W/ZrO, samples
with same overall thickness of 280 nm but a varying number of interface ranging from 2
to 64. The TTR method (see chapter 5) was used in order to measure the time-dependent
surface temperature. A trend, enlarged in the inset of this figure, indicates that with
higher interface density the surface temperature is less efficiently transportet away from
the surface which a reduction of thermal conductivity with higher interface density.

model it as a resistor chain, where one repeat period of the superlattice has the
value Rp that can be expressed in the following way [148]:

Rp = o} + i +2R3p. (2.11)

K1 Ko

Here, d; and d, denote the individual layer thickness of the two components
of which the superlattice consists, together with their corresponding thermal
conductivities x; and x, and the boundary resistance Rp that will be discussed
in the next chapter. Applying this formula to a superlattice with N periods of
periodicity A = dj +d; and a total thickness of D = NA, one can obtain the
thermal conductivity of the whole superlattice is obtained by:

1
Ksp = (2.12)

T ox 1—x :
K—1—|—K—2+1’1RB

Now, the relative thickness of component 1 x = Nd;/D = d;/A and 1 —x
for component 2 as well as the interface density n = 2N/D = 2/A have been

introduced. This formula is important for a large part of this thesis, since it
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describes diffusive thermal conductivity in multilayers. Because of the size of
the layers presented here and the roughness between them, thermal transport
can be assumed to be mostly diffusive, making this formula elemental in the
following chapters. Already in chapter 4 it is used in order to estimate the thermal
conductivity of W/PC multilayers. The result of this estimation supports an
evaluation based upon the cumulative heating in those samples. Both approaches
to assess the cross-plane thermal conductivity of the W/PC multilayers of this
thesis yield an ultra-low value below 0.1 W/mK, which lies close to the so far lowest
value of fully dense materials of the above described monoatomically layered WSe,
crystal [142]. This new and remarkable result can be explained by the great
mismatch of the hard and heavy material W in contrast to the soft and lightweight
polymer PC and the thereof resulting high thermal boundary resistance, which
is measured with the TTR method in chapter 7. Moreover, equation 2.12 is
used in chapter 5 for the quasi-material approach that allows to measure thermal
conductivities of multilayers. Furthermore, this approach is applied to the W/ZrO,
multilayers in chapter 6 where the evaluation of the thermal conductivity values is
based upon this formula as well as to layered samples in the addendum (chapter
7).

In order to utilize equation 2.12, one needs precise information about individual
layer thicknesses of the multilayer. This is done in this thesis by highly-precise
X-ray reflectivity measurements as well as measurements with high-resolution
transmission electron microscopes.

A potential drawback of this formula is that it takes only interface thermal
resistances into account, but does not account for defects, impurities and other
scattering centers inside the layers. Due to those deviations from the perfect
lattice, the mean free path of the phonons in the constituent materials is shortened
and thus, the thermal conductivities of the single layers deviate from their bulk
values [149]. In order to account for this effect, one might utilize adjusted values
for k1 and x,. Another drawback is that it does not account for coherent effects,
which shall be described later. In the case of this thesis, this is not crucial, because

diffuse transport is dominating here.
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2.3.2. Boundary Resistance

The value Rp in equation 2.11 and 2.12 is the boundary resistance of the interface,
which is the macroscopic expression of the hindered phonon transport across
the boundary. The heat flow perpendicular through a planar interface with a
temperature difference AT between each side of the interfaces can be expressed
as [150]:

Q= RLBAT, (2.13)
where Rp denotes the boundary resistance that leads to the temperature difference
and is called Kapitza resistance [151]. The calculations of such boundary resistances
from material properties started with the acoustic mismatch theory [152] and were
continuously improved in order to include more phonon modes on each side of the
interface [153], different lattices [154] and phonon-phonon interactions for rough
surfaces [155]. The basic idea behind those calculations is that the materials next to
the interface have dissimilar properties in terms of sound velocity v and density p
resulting in a mismatch between the acoustic impedances Z = vp on each side. The
stronger this mismatch is, the lower becomes the phonon transmission probability
across the interface [86]. This is described in the acoustic mismatch theory
with a transmission probability coefficient t4_,p for phonon energy impinging

perpendicular on the interface from material A to material B [156]:

47473

t = —— 2.14
A—B (ZA +ZB)2 ( )

This theory, which emerged in analogy to optics, assumes no scattering at interfaces
and imposes therefore perfectly smooth interfaces with appropriate stress and
strain boundary conditions [81]. In contrast to this, another model, the diffuse
mismatch model describes the interface thermal resistance in the approximation
that all phonons scatter at the interface [86]. The probability to be scattered to
material A or B is then proportional to the phonon density of states at each side.

Thus, by fabricating multilayers whose consisting materials have a huge mismatch,
like for instance combinations of hard and soft materials or heavy and light
ones, the boundary resistance can be significantly increased and therefore the
thermal conductivity reduced. With a significantly strong mismatch in the phonon

dispersion relation on both sides of the interfaces, phonons in broad frequency
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ranges are confined and cannot propagate across the interface. With a high
interface density in superlattices, it should therefore be possible to reduce the
cross-plane thermal conductivity strongly below the bulk values of the constituting
materials [117,157,158].

In this thesis, the reduction of phonon transmission across interfaces is very
important and one of the central goals for minimizing thermal conductivity. In
chapter 3 phonon reflection is studied in the metal polymer system Cu/PC which
excels by a strong acoustic mismatch. This property difference can still be increased
by taking a heavier metal as counterpart to PC, which was done in chapter
4. Here, W/PC multilayers were investigated that have because of their large
difference in density and sound velocity a theoretical transmission coefficient of
only 6% according to equation 2.14. This explains the formidable phonon mode
confinement and the low thermal conductivity that could be achieved within those
multilayers. In chapter 6 the material combination W/ZrO, is used, which does
not have such a high acoustic mismatch as the W/PC combination and thus also
not such a high boundary resistance. However, in terms of high temperature
applications they are much better suited as they exhibit better properties on behalf
ot their thermal stability. In this system, the thermal boundary resistance could be
measured by the TTR method, which is explained in chapter 5. With a value of
ca. 1.6-10"? m2K/W it is in the same order of magnitude as interfaces in other
multilayer systems [39,159,160].

In order to fully understand the effect of minimized thermal conductivity through
superlattices, the concept of diffusive scattering and boundary resistance alone
is not sufficient and not capable to completely describe the reduction in thermal
conductivity below the amorphous limit. That is why, also the non-diffusive regime
has to be taken into account, which is described below.

2.3.3. Ballistic Transport

Depending on the superlattice spacing, temperature and occupied phonon frequen-
cies, the mean free path can approach the length scales of the superlattice (I ~ d).
Now, transport is not fully diffuse anymore, because scattering inside the layers
becomes less probable due to the large mean free path. This regime is commonly
referred to as the quasi-ballistic regime [5]. Here, phonons cross the layers as

coherent waves without undergoing any scattering events. In this case, local
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thermal equilibrium is not existing any longer and local temperature fields cannot
be defined on the nanoscale [81]. Therefore, also the linear temperature decrease
inside a layer, known from the diffusive regime, is not given anymore. Now,
scattering events can mainly occur when phonons impinge an interface. By this,
the interfaces can reduce the mean free path of the phonons, when the scattering is
incoherent, meaning that the phase information gets lost. In this picture, the mean
free path becomes the superlattice spacing, which allows to effectively reduce it
with always thinner layers and thus, reduces the thermal conductivity.

For even smaller superlattice spacings and larger phonon mean free paths (I > d),
phonon waves propagate coherently across several layers and interfaces. This
regime is called the ballistic regime, where mainly coherent phonon transport has
to be considered and phonons are treated as waves. When such waves impinge an
interface, they can transmit or be reflected as described by the above mentioned
models of acoustic and diffuse mismatch. Such behavior is shown in figure 2.7,

where phonons, treated as waves, impinging an interface can be transmitted or
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Figure 2.7.: Coherent heat transport becomes dominant when the phonon mean free path
is longer than the superlattice spacing. Here, phonons must be treated as waves and can
be transmitted or reflected at each interface. By multiple reflections, interference occurs
leading to a modification in the dispersion relation and thereby to a reduction in heat
transport via effects like phonon localization or a reduction in group velocity.

In this thesis the concept of reflecting phonon waves is studied mainly in chapter
3 and 4, where confinement and localization of such waves are demonstrated. But
also for the results of chapter 6 the consideration of such effects is of importance in
order to understand the reduction of thermal conductivity.

When, in the ballistic regime, the mean free path of phonons is long enough to

span several superlattice spacings, re-reflection can occur and even interference
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effects due to the periodic structure of the interfaces becomes possible. Those
effects change the dispersion relation of the material leading to artificial phonon
band gaps depending on the superlattice structure as well as on the constituting
materials and their properties [161]. Thus, by the ability to structure superlattices
artificially from a variety of materials, one can influence how different phonon
modes contribute to heat transport through the superlattice.

The band gaps that open up due to the superlattice spacing can strongly differ
from the classical dispersion relation of the material components. As the typical
lattice spacing is on the order of Angstroms and the typical superlattice spacing lies
in the range of several nanometers, the Brillouin zone, whose size scales inversely
with the size of the structures in the position-space, becomes strongly minimized
in comparison to the Brillouin zone of the bulk material [42,162]. This behavior
leads to zone folding also resulting in a modification of the dispersion relation and
the existence of band gaps [148].

Apart from band gaps that deny phonon propagation another effect reduces the
thermal conductivity, namely the reduction of the group velocities of phonons near
the edge of the Brillouin zone. The group velocitiy v, of phonons can be expressed

as a derivation of the angular frequency w with respect to the wavevector K [102]:

_ dw

- (2.15)

Us
Since the slope of the angular frequency becomes zero at the boundaries of
the Brillouin zone, the group velocities of phonons with a high k-value become
lower. Thus, those phonons can less effectively carry heat and the overall thermal
conductivity decreases.
Another consequence of the altered dispersion and the smaller Brillouin zones is
the increase of scattering rates, especially for Umklapp scattering [95]. This effect
can further reduce thermal conductivity in superlattices.
All of those effects contribute to the effect of reduced thermal conductivity in
superlattices and help understanding the minimized thermal conductivity of the
here presented multilayers explained in chapter 4 and 6.
Interestingly and in contrast to the beforehand explained physics, thermal con-
ductivity can also increase with increasing interface density, which is shown in
tigure 2.8. Here, a minimum in thermal conductivity occurs at the crossover
from incoherent to coherent phonon transport [163]. This can be the case for
very low layer thicknesses with almost no roughness, so that coherent wave effects
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Figure 2.8.: With higher interface densities, a crossover from particle-like diffuse scattering
towards wave-like coherent scattering occurs. This was shown in epitaxial oxide
superlattices by a minimum in cross-plane lattice thermal conductivity. The minimum
arises from a reduction in diffusive transport with interface density up to a certain value
when coherent scattering becomes dominant. From this point, an increase of interface
density results in a decreasing number of mini-bands and thus to an increase in phononic
group velocity [163].

become more important than the diffusely scattered particle-behavior of phonons.
If the superlattice period gets small enough that it becomes comparable to the
phononic coherence length, a minimum in thermal conductivity can occur. This
is caused by the fact that the value of thermal conductivity is at first lowered
with higher interface density, as long as the diffusive transport plays the important
role. However, at a certain point when band folding occurs and coherent effects
become more important, a reduction of layer thickness results in larger Brillouin
zones, less mini-bands and an increase in phonon group velocity, which leads to an
increase of thermal conductivity. Thus, in the crossover between those two regimes,
a minimum must be present.

In order to hinder even this coherent phonon transport, superlattice structures that
are not fully periodical can be used. Here, detuning of individual layer thicknesses,
layers with random thicknesses or aperiodic stackings allow to suppress coherent
phonon propagation even more and should lead to a further decrease in thermal
conductivity [164,165]. This principle is shown in figure 2.9. One can see, that
coherent modes that would normally contribute to heat transport are now localized
in the different lattice spacings of the multilayer and cannot propagate due to
the aperiodic layering of the superlattice. In the case where coherent transport

is dominant, such propagation confinement should lead to a strongly reduced
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thermal conductivity as was calculated in literature by nonequilibrium molecular
dynamics [164, 165].
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Figure 2.9.: Periodic and aperiodic multilayers show significant differences in terms
of coherent phonon tranport. While periodic multilayers allow certain frequencies
to propagate almost unhindered, aperiodic multilayers provide strong resistance to
coherent phonon transport. The ununiform layer thicknesses result in a misfit of phonon
wavelength and superlattice spacing as illustrated with red markings in a) (Adapted
from [164]). This results in a strong reduction of cross-plane thermal conductivity as
calculated with nonequilibrium molecular dynamics methods and is shown in b). (Taken
from [165])

This thesis provides experimental verification of the theories of reduced phonon
propagation and gives therefore a good explanation for those theoretical calcu-
lations as explained in chapter 4. Regarding the approximately 900nm thick
multilayer stacks in chapter 6 one can expect that also here deviations from
the ideally perfect periodicity are present, which occurred during the deposition
process of up to 340 individual layers. This of course affects and disturbs coherent
phonon transport resulting on the one hand in an overall reduction of thermal
conductivity and on the other hand in a suppression of coherent transport making
the considered diffusive transport mechanism more important.

All in all, the idea of aperiodic multilayers presented in this thesis could be a
way to further decrease thermal conductivity, but also to control heat flow for
thermal management, where new nanostructures are desired for specialized novel
applications [40,166].
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2.4. Transient thermoreflectometry

Measuring thermal conductivity especially in nanoscale layered structures is a
non-trivial task and requires both, a capable measurement method and precise
information about layer thicknesses and composition of the sample. In this
work, those structural information could be gained using transmission electron
microscopy as well as X-ray reflectivity. However, at the beginning of this thesis
there was no measurement method for thermal conductivities in the working group
of the author. Consequentially, one goal of this thesis was to implement such a
method.

In literature, there are several measurement methods described, like among
others the 3-omega technique, time-domain thermoreflectance (TDTR) methods,
pyrometry, laser flash methods, photodisplacement or transient thermoreflectance
methods [63, 64, 66,73,167-169]. Around those different measurement methods
a wide research field evolved lighting their individual advantages and disad-
vantages. For this thesis, a method for measuring thermal conductivities was
desired that is highly flexible and capable of measuring very different material
combinations. The reason for that is the great extent of different material classes
that could be produced with the versatile PLD method. As shown in chapter 4
and 6 multilayers of metals, oxides and polymers could be prepared and should
be investigated using this newly implemented method. In order to fulfill this
criterion, the transient thermoreflectance (TTR) method was chosen, which is a
very flexible method, able to measure nondestructively and with a high throughput
capability thermal conductivity of different material classes including thin film
multilayers [71,170-172]. Comparing the TTR-method shown here with the two
most common thin-film thermal conductivity measuring techniques, namely the
3-omega method and TDTR, it becomes apparent that each method has its own
benefits and drawbacks [64,169]. Compared to the 3-omega technique, TTR is
much more flexible and can be applied to a much greater family of samples,
because no lithographic etching process is necessary and the sample surface
underlies no restrictions in terms of its electrical conductivity. especially for
the here presented W/PC multilayers this is of particular interest as the process
of etching excludes polymers and the electrically conducting W could not be
used as top layer either. Without a metallic top layer however, the necessary
optical pump-probe measurements that investigate phonon transport would not

be possible, because here, the metal layer is needed as a transducer and in order
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to absorb the pump and reflect the probe beam. Therefore, TTR, which is also an
optical pump-probe method, is a better suited measurement method for this work.
However, TTR features more incertitudes that make it less precise than 3-omega.
Compared with TDTR, our TTR is less complex, cheaper to implement and allows
in its theoretical evaluation to neglect ultrashort processes like electron-phonon
interactions or phonon dynamics and enables measuring diffusive processes on
longer timescales. In contrast to these advantages, the samples for our TTR method
have to be comparatively thick because of the longer laser pulse duration and ps
processes cannot be accessed. However, both of those methodological drawbacks
represent no great disadvantages for this work, since the necessary thickness can be
achieved with PLD although it is laborious. The investigation of ultrafast processes
was realized with a complementary method in collaboration with Henning Ulrichs
and Markus Miinzenberg as described in chapter 3 and 4. Despite the fact that
those drawbacks could be circumvented in this work, again, the precision of TTR
measurements is lower than that of TDTR ones, because the evaluation of the
measured data is done differently, which excludes some error sources in TDTR
that exist for TTR.

All in all, the TTR method that will be shown in chapter 5, is capable of measuring
thermal conductivities of very different materials and multilayers with sufficiently
high accuracy. The basics and the scientific background of this method shall be
explained here more in detail.

The first implementation of TTR goes back to 1986 where thin metal films were
investigated in terms of their thermal diffusivity [67]. The principle of this method
has not changed much since then. A short laser pulse is used in order to heat up the
surface of the sample. Via a second laser, the time dependent change in reflectivity
is measured at the same location. This principle is sketched schematically in figure
2.10.

From this time-dependent reflectivity change, a change in temperature at the
surface can be calculated, which is used in order to obtain information about the
thermal conductivity of the whole sample. In order to understand that method,
information about laser heating, the temperature dependent reflectivity change
and the route from the surface temperature to the thermal conductivity shall be
given here.

When a laser pulse hits an opaque surface, a part of its energy is reflected
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Figure 2.10.: Sketch of the TTR setup. A high fluence laser pulse with 248 nm wavelength
and 20 ns pulse duration heats up the surface, which changes its reflectivity. This
change is traced time-dependently via a continuous wave laser of 643 nm wavelength
and analyzed with a fast oscilloscope [173].

but another part is absorbed [174,175]. This absorption leads to an elevated
temperature T(x,0) at position x of

1—-R
T(x,0) = JA=R) —xss (2.16)
co
with a laser flux | impinging the sample surface, the reflectance R of the surface,
the light penetration depth § = A/4mk according to the Lambert-Beer law with the
laser wavelength A and the imaginary part of the index of refraction k [176,177].
The reflectivity R of the surface, which depends on the real and imaginary part of
the refractive index n and k is calculated according to Fresnel’s formulas. Simplified
for normal incidence of the laser it has the following form [178]:
(n—1)%+Kk?
R="—"75G—7—. 2.17
(n4+1)%2+ k2 (217)
Since the refractive index and thus, n and k are temperature dependent, also a
temperature dependence of R is the case [179]. This can be expressed as a Taylor
series expansion in the following way [180]:

R(T) — R(Ty)
R(Tp)

— Cl(T—TO)—I—%(T—To)2+... (2.18)
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The factors C; and C, can be expressed by C; = R(T;) !9R/ dT |1, and Cp =
R(Ty)"ta?R/ 8T2|To. Since C; << Cj, usually a first order approximation of
equation 2.18 is sufficiently accurate. In this way, the equation can be rewritten
in the form, which is utilized in this thesis in chapter 5 and 6:

AR 10R

R = EﬁAT = CAT, (2.19)
where AR = R(T) — R(Tp), C = Cy and AT =T — Tp.
This formula is a key element of this thesis, since it connects the measurable
change in reflectivity AR with the desired thermal information about the change in
temperature AT via the so-called thermoreflectance coefficient C. Unfortunately,
this coefficient is mostly very low and lies for typical metals and wavelengths
between 10~* and 10~°, making it hard to detect thermoreflectivity [181]. In
order to obtain a sufficiently high change in reflectivity AR, a metal transducer
on top of the sample is essential, which has the highest possible thermoreflectance
coefficient C as well as a high reflectivity R for the probe wavelength. Moreover,
it should be thermally stable, since an elevated temperature T also increases the
signal obtained in TTR. Note, that the thermal conductivity can also be highly
temperature dependent for some materials as explained via different scattering
mechanism earlier in this chapter and not all samples can be exposed to high
temperatures.
Since the TTR method presented in this thesis utilizes a new combination of laser
wavelengths and pulse lengths it was also a new challenge to implement it and
to obtain a usable signal. These challenges and how they were coped with are
described in chapter 5.
From the measured change in reflectivity, one can conclude on the time-dependent
temperature evolution at the surface. In order to infer the thermal conductivity
from this information one has to solve the heat equation, which can be derived
from Fourier’s law that has already been expressed earlier in equation 2.1. The
heat equation describes the time- and space-dependent temperature field in a solid
and reads [74]:

%—f —aV2T = 0. (2.20)

The variable « is called thermal diffusivity and consists of the thermal conductivity
k, the heat capacity ¢ and the density p in the form a = x/(cp).
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2.4. Transient thermoreflectometry

For all here demonstrated TTR experiments the heat transport can always be
considered as one-dimensional, since the pump pulse that heats up the surface
is much broader than the probe pulse, which detects the reflectivity change at the
surface. Therefore, the term VT simplifies to 2T /9dx? but equation 2.20 still stays
a parabolic partial differential equation. In order to solve it and get the solution
T(x,t), one can Fourier transform it with respect to x considering the derivative
theorem resulting in an ordinary differential equation, which is solvable. After a
reverse Fourier transformation that takes into account the convolution theorem, the
final result reads:

1 ® _w?
T(x,t) = | e = pway. 221
) = S Tmg | f(y)dy (2.21)
Here, in this typical solution of the heat equation f(x) = T(x,0) is the initial
temperature field at t = 0. Approximating the heating laser as an instantaneous
Dirac-pulse of strength Q = Q/pc at t = 0, equation 2.21 becomes the following
form [74,182]:

< e_% (2.22)
pcy artt ' '

In this formula the parameters p , c and & = x/(pc) can be combined in the value

T(x,t) =

of the thermal effusivity e = ,/xpc. Improving equation 2.22 in order to account for
the T = 20ns pulse time of the laser utilized in this work, which is described as a
square wave pulse 6(t), one can apply Duhamel’s theorem as explained in chapter
5, which yields [183,184]:

Tp(z =0,t) = /t O(F)-T(z =0t — )dt = 22 (\/Z . m) . (223)
0 Te\/ T

This final formula has been derived using several approximations that can lead to
errors in the final evaluation and therefore have to be discussed. The two most
important ones are first, the approximation of infinite thickness of the sample and
second, the neglecting of heat losses.
The finite thickness effect has already been discussed in literature with the result
that this approximation may be ignored for sample thicknesses L obeying L >
v/10at, which is greater than the thermal penetration depth [183,185]. This has
been studied in this thesis during the setup of the TTR method with different
thicknesses of ZrO, on a Si substrate as shown in figure 2.11.
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Figure 2.11.: Different thicknesses of ZrO, on Si have been measured with TTR showing
that a minimum thickness is necessary to neglect the influence of the substrate. Several
chosen measurements on different thicknesses are shown on the left side with an
inset schematic of the experiment. The figure on the right shows the analysis of the
measurements. Data points were combined to guide the eye and error bars are large
because of the finite thickness effect discussed in the text.

This means, that comparatively thick multilayers have to be fabricated with
thicknesses between 500nm and 1 um out of very thin layers for a high interface
density. In this way multilayers with up to 800 individual nanoscale layers have
been fabricated with PLD, which is a highly non-trivial endeavor. In order to
achieve a sufficiently high accuracy, a precise control of the laser deposition process
with both, laser energy corrections and laser pulse corrections is necessary.

The second approximation has been done concerning heat losses. They may occur
at different stages during the TTR measurement, mainly as radiation at the surface,
losses in the Cu-layer and radial heat transport in the multilayer. The effect
of radiative heat losses can be described as Boltzmann heat radiation with the
following formula:

P = e(T)c AT (2.24)

Here, P is the power of the emitted radiation, €(T) the emissivity of Cu, which
accounts for the fact that Cu is no black body, ¢ is the Stefan-Boltzmann constant,
A is the area and T the temperature. These heat losses are comparatively small and
can be estimated using appropriate values for €, o, A and T. First, the emissivity of
Cu has a value around ec, ~ 0.015 depending on the temperature and is thereby
much smaller than the value of € = 1 for a black body. Second, the Stefan-
Boltzmann constant is a very small number, namely ¢ ~ 5.7 - 1078 W/ (m?K*).
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2.4. Transient thermoreflectometry

Taking an area of ca. 2cm? and a temperature of ca. 500K into account, the
radiative losses are approximately P ~ 10mW. Taking the same assumptions
for heat conduction through a thin film multilayer with a thermal conductivity
of only 0.1W/mK and an overall thickness of 1um, the conductive power is
Peong ~ 0.1W/mK -2cm? - 200K/1um =~ 4000W and as such, several times of
magnitude higher than the radiative losses. In order to compare the conductive
lateral losses in the Cu top layer with the conducted cross-plane heat, it is sufficient
to compare the area through which the conduction takes place. Cross-plane is
approximately 2 cm? as stated above, which can be seen as a circle with a radius of
ca. r = 0.8 cm. That radius encompasses a circle with a circumference of U ~ 5cm.
Since the layer thickness of the Cu is only about d ~ 50 nm, the total lateral area of
the Cu is only Ac, ~ 2.5-107> cm? again several orders of magnitude smaller than
the cross-plane area. The same calculation can be used in order to estimate lateral
losses during the conduction through the multilayer. Here, a thickness of ca 1 ym is
better suited in order to compare the conductive areas, which still results only in a
value of Ay ~ 5-107% cm?2, which is again much smaller than the cross-plane area
of heat conduction. The difference is such big that even in the absolutely unlikely
case of a material with a thermal conductivity that is ten times higher in lateral
direction through the layers compared to the cross-plane case, the approximation
would still be valid.

The greatest source of heat loss arises when comparing the lateral conduction
through Cu with the cross-plane conduction through a very insulting material.
Taking into account a thermal conductivity of xc, = 400W/mK for Cu and a
value of xp;;, = 0.1 W/mK for the multilayer, the energy conduction throught he
multilayer is still ten times higher than through the Cu top layer.

All in all, this explains the validity of the applied approximations for TTR-
measurements of a certain material even with low thermal conductivities. In
order to measure thin film multilayer, which is very important for this work and
will be explained in chapter 6, the compound material beneath the Cu layer has
to be modeled as a quasi-material with a combined heat capacity, a combined
density and an overall thermal conductivity. For a description of the thermal
conductivity the diffusive regime is chosen that allows to express the overall cross-
plane thermal conductivity via the values of the individual components as well
as a boundary resistance, as explained already beforehand in this chapter. The
according implementation will be subject of chapter 5.

The assumption of mainly diffusive heat transport arises from the fact, that the
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multilayers presented here have roughnesses in the range of 0.3nm to 0.8nm
which is large enough to destroy coherence of phonons in a wide frequency
range [186]. Moreover, the crossover from diffusive to coherent transport lies by
interface densities of around 1nm~! which is higher than the interface densities
presented in this thesis that achieved values for one W/PC multilayer sample in
chapter 7 up to 0.6 nm~! [163]. All other samples in this thesis have even lower
interface densities making diffusive transport clearly the dominant mechanism in
thermal conductivity in this thesis.

Altogether, the TTR method presented here, which was implemented in this work,
proved to measure successfully thermal conductivities of various bulk materials
as well as multilayers and will be of great importance for most of the upcoming

chapters.
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3.1. Abstract

An efficient way for minimizing phonon thermal conductivity in solids is to

nanostructure them by means of reduced phonon mean free path, phonon
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3. Phonon localization in ultrathin layered structures

scattering and phonon reflection at interfaces. A sophisticated approach towards
this lies in the fabrication of thin multilayer films of different materials. In this
paper we show by femtosecond-pump-probe reflectivity measurements that in
different multilayer systems with varying acoustic mismatch (consisting of metals,
semiconductors, oxides and polymers) oscillations due to phonon localization can
be observed. For the growth of multilayer films with well-defined layer thicknesses
we used magnetron sputtering, evaporation and pulsed laser deposition. By
altering the material combinations and reducing the layer thicknesses down to
3nm, we observed different mechanisms of phonon blocking, reaching in the
frequency regime up to 360 GHz.

3.2. Introduction

Multilayer insulation has been widely used to control the heat flow in turbine
coatings and cryogenic applications [187]. Depending on the system and its
structure and microstructure, such thermal processes take place on a time scale
of up to some ns (for metals) or ms (for oxides), and can be studied in multilayer
structures down to the nm-scale [188, 189]. Results on the minimal thermal
conductivity of solids were summarized by Goodson [35]. The highest thermal
conductivity is generally achieved through crystalline order, while it is much lower
in amorphous materials such as oxides, polymers or porous materials. Multilayers
of disordered materials lead to further conductivity reductions, with both disorder
and interface blocking of energy transfer working together.

Using W/ Al,O3 multilayers, it was shown that an increasing number of interfaces
strongly reduces the thermal conductivity even below the amorphous limit [39].
This result suggests that high densities of interfaces between dissimilar materials
may provide a route for the production of thermal barriers with ultra-low thermal
conductivity. A mismatch between the acoustic impedances of the adjacent
materials at the interface prohibits phonon propagation across (so-called “phonon
blocking”). Ultralow conductivity was actually observed in a layered, fully dense
solid WSe; [142]. Due to its natural layered structure, it has the maximum number
of interfaces possible in solid state materials. Because in this structure the bonding
type is very different within the atomic layer planes and across the planes of its
layered structure, this phonon frequency mismatch results in a disturbance in the

phonon propagation perpendicular to the layers.
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The phonon frequency mismatch at interfaces depends on the material
combinations used and should be strongest in hard /soft materials as for instance
metal/polymer layered structures. Such systems have not been studied much
so far, probably due to difficulties in growing them with small layer thicknesses
and high quality interfaces. While in crystalline films it can be assumed that
the thermal conductivity is already significantly reduced compared to the bulk
value due to grain boundaries [84], extremely low thermal conductivity should be
obtained as soon as phonon wave localization due to reflection at interfaces with
large acoustic mismatch occurs.

For the study of phonon localization, fs-pump-probe experiments are the method
of choice, because this technique yields microscopic insights into the early
processes after laser excitation with its unique time resolution given by the laser
pulse lenght [39,142,190-193]. For instance, the thermal relaxation of the electronic
distribution after non-equilibrium electron heating was studied in different metal
thin films. On the time scale of the electron-phonon coupling time, the reflectivity
line shape demonstrates the generation of non-equilibrium electron temperatures
which cool to the lattice on a ps time scale. Thus, the ultrafast heating ultimately
generates phonons [193].

Consider now longitudinal phonons (with frequency f, wave number k) travelling
from the surface of an acoustically hard material towards an interface of an
acoustically soft material. Transmission of acoustic waves through such a one-
dimensional system can be described by the transfer-matrix approach, which is
well-known from optics. Upon traversing the hard layer, the wave acquires a phase
¢ = kDa = 2nfdy/vs, where d 4 is the thickness of the layer and v, the group
velocity. When impinging the interface towards the second, soft material, a small
part of the wave will be transmitted, the other part reflected. When restricted
to perfectly normal incidence, the acoustic mismatch model expresses e.g. the
amplitude coefficient for the forward transmission tap = 2Z4/(Z4 + Zp) and
backward reflection r4p = (Zg — Zp)/(Za + Zp) via the acoustic impedance
Z = pv, where p is the mass density [194]. Generally, in each layer one forward
and one backward propagating partial wave may exist at a given frequency. Their
complex amplitudes at different positions can be related via transfer matrices
T(f), whose components allow to compute the reflectivity R(f) [194]. Note that a
large impedance mismatch implies a strong decoupling of the hard from the soft
layer. For certain frequencies, a standing wave is formed in one of the constituent

layers or in the whole stack. In periodic multilayer systems, only Bloch-like modes
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3. Phonon localization in ultrathin layered structures

are allowed, and band gaps open up, where propagation is forbidden. In turn, the
existence of band gaps enables localized surface modes, whose frequencies are in
the gap but which are strongly damped perpendicular to the surface [195]. For
nm thick films, the relevant phonon frequencies are expected to lie in the range of
several 10 to a few 100 GHz. Therefore, coherent surface reflectivity oscillations
on a ps timescale, indicating standing or localized phonon waves, should be
observable in pump-probe experiments performed on multilayers with small layer
thicknesses.

Thus, the aim of this paper is to study which multilayer systems lead to observable
localized phonon modes. To this end we used the potential of magnetron
sputtering, evaporation, and pulsed laser deposition (PLD) allowing the growth
of combinations of different material classes like metals, semiconductors, oxides
and polymers with well-defined layer thicknesses. The phonon localization is
studied in fs-pump-probe reflectivity measurements by probing surface vibrations
after fs-laser excitation. We will see that standing phonon waves that are reflected
by adjacent interfaces and therefore localized within specific layers, as well as

strongly damped surface modes, can be observed at GHz frequencies .

3.3. Experimental

For the deposition of W/Si and PC/Cu (PC: polycarbonate) layered structures,
PLD was realized by using a KrF excimer laser (wavelength of 248nm, pulse
duration of 30ns, repetition rate of 10Hz) as described earlier [52]. The films
were grown at room temperature in ultrahigh vacuum of about 10~®mbar at
a target-to-substrate distance of 7cm. For metals and oxides a laser fluence of
1 —5]/cm? was used, but in the case of polymer deposition a much lower fluence
of 70m]J/cm? had to be taken to preserve the structure. FePtAgCu/MgO/NiTa
and CoFeB/MgO multilayers were deposited by magnetron sputtering and e-beam
evaporation in ultrahigh vacuum of about 5 - 10719 mbar.

The deposition rates of the components were determined by profilometry (Dektak
150, Veeco), in-situ rate monitoring (Inficon SQM 160) and X-ray reflectivity (XRR).
The X-ray measurements were carried out by a Phillips X'Pert diffractometer with
CoKua-radiation (A = 0.179nm) and were analyzed with the software IMD [196].

For further analysis, transmission electron microscopy (TEM) images were taken by
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using a Philips CM30 and for high-resolution a CM 200 with an image aberration
corrector. The fs-pump-probe experiments were performed using exciting laser
pulses of a Ti:Al,O3 laser with a pulse duration of 40 fs, photon energy of 1.55eV
and of 10 —40m]J/cm? from a RegA 90501 regenerative amplifier system (repetition
rate 250 kHz).

3.4. Results and discussion

First we show that high quality multilayers consisting of different kinds of material
combinations with well-adjusted single layer thicknesses and controllable interface
and surface roughness could be grown by PLD. In Fig. 3.1, cross-sectional TEM
images of some examples of the produced layered structures can be seen. For
the ongoing investigations with the fs-pump-probe reflectivity method, especially
the W/Si and PC/Cu systems are of large interest, since they feature a very
high acoustic mismatch. In both cases, multilayers with sharp interfaces could
be obtained. For the deposition of W and Si, different laser fluences were used
because of the large difference in their melting points. Laser fluences of 3.3]/cm?
and 1.7]/cm?, respectively, were chosen as a compromise between low droplet
formation, high deposition rate and reduced resputtering effects (for details
see [144,197]). For the fabrication of the PC/Cu multilayers, a laser fluence of
2.1]J/cm? has been chosen for Cu but a much lower laser fluence of 70m]J/cm?
(close to the deposition threshold) had to be taken for PC to preserve the polymer
composition. We found, that laser deposited PC has an elastic modulus of
E ~ 6 GPa (not shown here) and is therefore, as a rather hard polymer, a suitable
candidate for smooth polymer/metal multilayers. These PC/Cu multilayer
structures are especially interesting for thermal insulation since polymers have an
intrinsic thermal conduction that is even lower than that of oxides (see [35]) and
the acoustic mismatch between polymers and metals is very high.

In addition, also other multilayers, representative for an oxide/oxide (MgO/ZrO,)
and a metal/oxide (Ti/ZrO;) system were laser deposited. Again, the cross-section
TEM images of Fig. 3.1 indicate sharp interfaces for both material combinations.
Due to the amorphous structure of at least one material, both multilayers systems
should show a low thermal conductivity [35,39, 84] because of phonon blocking,

especially, when the number of interfaces is increased.
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Cu/PC

i

Mg0/zr0,

Figure 3.1.: Cross-sectional TEM micrographs of laser deposited multilayer structures of
the systems a) metal/polymer (Cu/PC), b) metal/semiconductor (W /5i), c) oxide/oxide
(MgO/ZrO5), and d) metal/oxide (Ti/ZrO,)

In the next series of experiments, we systematically reduced the layer thicknesses
in the Ti/ZrO, system and studied the layer thickness limits for which multilayers
with sharp interfaces could be obtained. For simplicity, the multilayers were
analyzed by X-ray reflectivity measurements (XRR), where strong Kiessig fringes
together with sharp Bragg peaks are clear indications for smooth surfaces and
layered periodic structures. In Fig. 3.2, the reflectivity measurements and
corresponding simulations using IMD software [196] are depicted for the two
Ti/ZrO, multilayers with smallest layer thicknesses.

As can be followed directly from the X-ray diffraction patterns, multilayers
with layer thicknesses of below 2nm still display sharp Bragg peaks, indicating
periodically layered structures. As can be seen, the decrease of the reflectivity
with scattering angle, the Kiessig fringes as well as the Bragg reflections can be
reproduced by the corresponding simulations with high accuracy. IMD [196]
simulations of the spectra (included in Fig. 3.2 in red) result in typical interface

roughnesses of below 0.5nm. This low roughness of the pulsed laser deposited
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Figure 3.2.: XRR measurements (with IMD-simulations in red) of Ti/ZrO, multilayers with
very low layer thicknesses.

films arises from the high energy of deposited particles (typically in the
order of 100eV) [145] leading also for thicker films to the effect of cumulative
smoothening [198,199]. Such a low interface roughness is necessary in order to
apply the acoustic mismatch model for the formation of standing phonon waves.

To complete the set of material combinations, two further combinations of complex
metal/metal and metal/oxide systems (FePtAgCu/MgO/NiTa and CoFeB/MgO,
respectively) were grown by magnetron sputtering (FePtAgCu, NiTa, CoFeB)
and e-beam evaporation (MgO). In the case of CoFeB/MgO-multilayers, a cross-
sectional high-resolution TEM micrograph for a multilayer with layer thicknesses
of about 3nm is depicted in Fig. 3.3. It can clearly be seen that the metallic CoFeB
grows amorphous, while even the individual layers of the nanocrystalline oxide
grains can be resolved as MgO with [001]-texture. Thus, also this is a further

suitable system for phonon blocking and localization.

Figure 3.3.: High-resolution cross-sectional TEM micrographs of sputtered CoFeB/MgO
multilayers with layer thicknesses of 3.2 nm.
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3. Phonon localization in ultrathin layered structures

From the wide range of layered structures of different materials combinations
with sharp interfaces, some systems with different strong acoustic mismatch were
selected and specially designed for fs-pump-probe reflectivity measurements, to
study whether phonon localization within the layered structures can be obtained.
In the first experiment we chose a simple PC/Cu bilayer with very high acoustic
mismatch between the hard metal layer (Z¢, = 42MPas/m) and the soft polymer
(Zpc = 3MPas/m), deposited on a Si substrate (Zs; = 20MPas/m). In this
system, due to the isolating properties of the polymer, only phonon but no electron
transport can take place across the metal/polymer interface. The idea was to
excite the thin Cu layer (d = 20nm) by a laser pulse, and to study how the arising
phonons are transferred into and transported within the 100nm thick PC layer.
The surface excitation was done using a laser fluence of 10 mJ/cm? and the surface
reflectivity dynamics was probed after different delay times. The laser energy is
absorbed by the electron system, which successively equilibrates its temperature
with the phonon system within the electron-phonon-equilibration time of a few
ps [200]. Thereafter, the thermal relaxation takes place on a ns time scale. The
excitation of phonons can be probed with the probe beam, because the stress
associated with the excited acoustic phonons changes the reflectivity of the surface.
The time dependent reflectivity measurements after laser excitation are depicted
in Fig. 3.4(a). Within the measurement of the surface reflectivity, clear oscillations
can be observed during thermal relaxation. These oscillations let us expect that
a stress wave, initially excited in the metal layer due to surface heating, forms a
standing wave within the PC by reflection at the adjacent Cu and Si interfaces. As
can be seen in the Fourier transform of the data (Fig. 3.4(b)), these oscillations
correspond to a frequency at fo = 38 GHz.

Since in the experiment only information from the surface can be obtained, a
finite-difference time-domain (FDTD) numerical simulation [201] was conducted
in order to determine the mode profile A(fy,z), by taking the layer thicknesses
of the used Cu/PC bilayer and typical material parameters into account. To this
end, a sinusoidal stress was applied to the surface, and the frequency dependence
of the response of the system was determined. Similar to the experiments, a
resonance-like behavior around fy was found. The mode profile associated with
this resonance indicates the occurrence of a standing wave inside the PC, as
expected (depicted in Fig. 3.4 (c)).

As a second example, a special nonperiodic multilayer, compromising a 7 nm thick
FePtAgCu layer was chosen. Such systems are under investigation within the
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Figure 3.4.: (a) Change of surface reflectivity plotted against delay time after laser
excitation. The decaying background of incoherent heating has been removed from the
signal to extract the coherent phonon part. (b) Fourier power spectrum of the reflectivity
oscillations indicating a localized standing phonon mode at 38 GHz in the 100nm PC
layer. (c) Sketch of the pump-probe reflectivity experiment on the Cu/PC bilayer on a Si
substrate together with the mode profile determined by a FDTD simulation. (d-f) Same
graphs for the heat assisted magnetic recording (HAMR) FePtAgCu/MgO/NiTa sample.
(d) The continuous non-oscillating curve (red) models a background of incoherent
phonons and electronic excitations, which was subtracted prior to computing the Fourier
spectrum shown in (e). Here, the dashed vertical line marks the frequency fy of the
dominant phonon mode. (f) FDTD calculation of the mode profile corresponding to fy.

context of novel concepts for nonvolatile data storage. The emerging technique
of heat assisted magnetic recording (HAMR) combines magnetic data storage
with laser heating, in order to temporarily decrease the energy barrier which
has to be overcome to write a magnetic bit. Here, understanding and tailoring
of heat flow can help to optimize the efficiency of the writing process. In the
pump-probe experiments, the reduced layer thicknesses, as compared to the
Cu-PC sample, should lead to an increase of the oscillation frequencies in the
reflectivity measurements. This is indeed the case as can be followed in Fig. 3.4 (d,

e) by the reduced time between the oscillations in the reflectivity dynamics. Due
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3. Phonon localization in ultrathin layered structures

to the more complex structure, in the Fourier transform two dominant phonon
modes, at fo = 67GHz and 125GHz, occur. The wave profile of the mode at
67 GHz is shown in Fig. 3.4 (f), again determined by the same FDTD method as
discussed before.

The results obtained in the PC/Cu-bilayer and HAMR multilayer show that in
both systems strong oscillations occur in the reflectivity measurements, whose
frequency can be tuned by the thickness of the used layered structures. These
oscillations imply strong reflections at interfaces and the formation of standing
phonon waves. As deduced from the simulations, the impedance mismatch can
be exploited as a mechanism responsible for the reflections and the formation of
standing waves.

In the following we turn to whether such phonon oscillations can also be observed
in periodic multilayers with low layer thicknesses, and how the results depend
on the acoustic mismatch of the materials involved. In periodic multilayers,
the superlattice leads to a band structure in the phonon spectra, implying the
occurrence of gaps. Thus, it was also interesting to study whether the frequencies
of the optically excited phonons lie within the bands or in between in the gaps. This
should have strong influence on the transport of the phonons within the multilayer,
as frequencies within the band gaps should be hindered in their transport. For
these experiments, two types of periodic multilayers with five periods each were
chosen, namely CoFeB(3.15nm)/MgO(3.15nm) and W(12nm)/Si(7 nm). While for
the first multilayer a very small acoustic mismatch exists (Zc,r.p = 39 MPas/m,
Zmgo = 35MPas/m), the second multilayer has a large acoustic mismatch
(Zw = 101 MPas/m, Zg; = 20 MPas/m).

The experimental reflectivity data of the CoFeB/MgO multilayer with very low
impedance mismatch is shown in Fig. 3.5 (a), and the corresponding Fourier
spectrum in Fig. 3.5 (b). Obviously, in this multilayer the reflectivity signal is
comprised of multiple phonon modes, as can already be seen in the complex
oscillations in the reflectivity measurements. In order to classify the mode
profile and the associated power spectra into a band structure view, transfer-
matrix calculations for longitudinal waves were performed as mentioned in the
introduction. The coefficient of reflection R(f) (note that a large R corresponds
to a band gap) was determined, which is also shown in Fig. 3.5 (b). Compared
with the band structure, determined from the transfer matrix calculations, one can
follow that the oscillation frequencies predominantly lie at the upper end of the
first frequency band. Theoretically, a resonance-like mode can be expected there.
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This means that transport of stress waves along the multilayer structure can take
place indicating a standing wave in the complete stack. Considering for example
the largest peak in the Fourier spectrum at fy = 360 GHz, the FDTD calculations

relate the wave profile of a higher order collective resonance mode to this peak.
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Figure 3.5.: Results of the pump-probe reflectivity experiment on (a) a CoFeB
(3.15nm)/MgO (3.15nm) multilayer sample. Again with the background in red, that
was removed prior to computing the Fourier spectrum depicted in (b). Here the Fourier
spectrum is underlaid by a transfer-matrix calculation of the reflection coefficient R(f)
for longitudinal waves. (c) FDTD calculation of the in-plane mode profile showing a
localized standing wave within the layer structure. (d) equally obtained reflectivity
results of a W(12 nm)/Si(7 nm) multilayer sample with (b) corresponding Fourier power
underlaid with a calculated band structure. Note that the majority of modes are lying in
the band gaps leading to (f) a mode profile of sagittal wave with a damped oscillation
inside the multilayer due to the high acoustic mismatch.

In contrast, in the W-5i system with large acoustic mismatch, band gaps cover a
large range of the experimentally accessible frequencies (see Fig. 3.5 (e)), as again
determined by transfer matrix calculations. Again, oscillations can be seen in the
reflectivity measurements. But in this system, most of the excited modes have
frequencies located in the gaps. Thus, the nature of these modes must be different

than the nature of the modes discussed previously. Indeed, a good agreement with
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3. Phonon localization in ultrathin layered structures

the experiment can be found by modelling the observed modes as higher order
sagittal elastic waves [195]. Such modes are localized at the surface, and in general
propagate parallel to the surface. For the case relevant here k\l = 0, this mode is
polarized parallel to the surface normal, and thus can be excited by a normally
incident laser pulse. By extending the transfer-matrix approach to such waves,
the mode profile corresponding to the dominant mode at frequency fy = 109 GHz
shown in Fig. 3.5(f) was computed from standard material parameters. It can
clearly be seen, that the propagation of the stress wave is strongly attenuated along
the growth direction of the multilayer. Thus, after being excited at the surface, this
wave hardly reaches the substrate.

3.5. Conclusion

In summary, we could show that phonon localization and standing wave formation
can be observed in many material combinations by time-resolved pump-probe
measurements. These experiments were facilitated by the fact that layered
structures of metals, semiconductors, oxides and polymers could be grown
with highly accurate layer thickness and low interface roughness by sputtering,
evaporation and PLD, respectively. The use of alternating material properties (for
instance hard/soft and crystalline/amorphous combinations) allows producing
standing phonon waves in layered structures which can be one way to strongly
reduce the thermal heat flow across multilayered structures. In these first
experiments, we already could demonstrate phonon standing waves tunable by
the layer thicknesses over a wide range with frequencies up to 360 GHz. This
demonstrates that with lowering the layer thicknesses even frequencies above
1THz could be reached. Furthermore it can be concluded that phonon transport
and with it the thermal energy transport AQ can be hindered at the interfaces by a
large acoustic mismatch of the materials used (phonon blocking). Thus, the results
on the bilayers and multilayers prove that certain phonon modes are blocked
for phonon propagation at frequencies in the GHz region. As a consequence
the energy transfer across the multilayer can be suppressed by design (material
combination and layer thicknesses). Our ongoing research will concentrate on
metal /PC multilayers due to their strong acoustic mismatch, and on multilayers

of high-melting point metals and oxides for potential thermal barrier coatings that
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block high energy phonons and hot electron heat transfer.
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4. Confinement of phonon propagation in laser deposited Tungsten/Polycarbonate

multilayers

4.1. Abstract

Nanoscale multilayer thin films of W and PC (Polycarbonate) show, due to the
great difference of the components’ characteristics, fascinating properties for a
variety of possible applications and provide an interesting research field, but
are hard to fabricate with low layer thicknesses. Because of the great acoustic
mismatch between the two materials, such nanoscale structures are promising
candidates for new phononic materials, where phonon propagation is strongly
reduced. In this article we show for the first time that W/PC-multilayers can
indeed be grown with high quality by pulsed laser deposition. We analyzed the
polymer properties depending on the laser fluence used for deposition, which
enabled us to find best experimental conditions for the fabrication of high-acoustic-
mismatch W/PC multilayers. The multilayers were analyzed by fs pump-probe
spectroscopy showing that phonon dynamics on the ps time-scale can strongly be
tailored by structural design. While already periodic multilayers exhibit strong
phonon localization, especially aperiodic structures present outstandingly low
phonon propagation properties making such 1D-layered W/PC nano-structures

interesting for new phononic applications.

4.2. Introduction

Multilayer thin films of metals and polymers found their way into a variety of appli-
cations and are a prominent research field for further improvement [57,202-204].
Especially, the totally different material properties of the two components allow
tuning of optical, mechanical, electrical and acoustic characteristics [75,205-208].
For the field of acoustics, such nanoscale multilayers are of special interest because
of the high difference in density and sound velocity of the two components leading
to a high acoustic mismatch at the interfaces. Thereby, the phonon propagation
probability and phonon mean free path is strongly reduced, making such nanoscale
structures possible candidates for phonon blocking materials [86,209], within which
also the thermal conductivity could be strongly decreased [39,142]. To improve
the outstanding acoustic properties of such material combinations, the difference
of the properties of the single components has to be maximized. That makes
it essential to choose hard and heavy metals together with soft and lightweight
materials, such as polymers [210,211]. For this purpose, we chose W with its
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very high density of 19.25g/cm3 as metal component and PC (Polycarbonate) as
the corresponding low density polymer (density of about 1.2 g/cm?), resulting in
a strong acoustic mismatch and great difference of material properties. Unfor-
tunately, the large difference in the thermal properties, e.g. melting point and
thermal conductivity, makes it challenging to prepare nanoscale multilayers of
those material combinations. The aim of this paper is to show that pulsed laser
deposition (PLD) allows the fabrication of such nanoscale multilayers and to study
the phonon propagation in these multilayers by optical fs time-resolved pump-
probe spectroscopy. To optimize the acoustic mismatch between W and PC, first
the polymer properties had to be studied using different laser fluences during film
growth. Then, the phonon dynamics were determined in a periodic and aperiodic
W /PC multilayer by the fs pump-probe technique. Due to the acoustic mismatch at
the interfaces, we expect little phonon propagation already for periodic structures.
But, in aperiodic structures, phonon propagation through the multilayer should
even be further reduced making such material combinations well suited candidates
for new phononic applications [4,212].

4.3. Experimental

For the deposition of the thin films, we used a standard pulsed KrF laser with
248nm wavelength, 20ns (FWHM) pulse duration, 5Hz repetition rate, and a
target-to-substrate distance of 7cm [51]. All films were grown at room temperature
in an ultra-high vacuum chamber at a base pressure around 10 — 8 mbar. Due to the
fact that W has a melting point of 3422 °C, which is the highest for all metals [211],
and a bulk thermal conductivity of 173W/mK [211], a high laser fluence of
3.5]/cm? had to be taken during PLD. In contrast, PC has a glass transition
temperature of around 140 °C and a thermal conductivity of only about 0.2 W/mK
making it challenging not to destroy the polymeric structure during ablation with
laser pulses at 248 nm [210,213,214]. In order to achieve this goal, the laser is run
with low energy pulses, which are damped by an attenuator. Additionally, the
laser beam was defocused by a lens resulting in low laser fluences in the range
from 25mJ/cm? to 375m]/cm? on the target. Compared to the deposition of W,
this is a change in laser fluence of one or two orders of magnitude. In order
to produce multilayers of both materials in one chamber with the same laser, a

laser controlling software was written allowing to change the pulse energy during

53



4. Confinement of phonon propagation in laser deposited Tungsten/Polycarbonate

multilayers

deposition, to put a movable attenuator into the beam path (only in the case of PC)
and to move the focusing lens to either focus the laser beam on W or defocus it
on PC. The layer thicknesses of both materials could be adjusted by the number of
laser pulses used for deposition. The deposition rates were measured in-situ via
an oscillating quartz crystal (Inficon SQM 160) as well as ex-situ by profilometry
(Dektak 150, Veeco) and X-ray reflectivity (XRR) measurements (Bruker D8
Discover with Cu-Ka-radiaton), which have been fitted by simulated spectra
using LEPTOS 7 (Bruker). For insight into the structures, transmission electron
microscopy was used (FEI, Titan). In order to get information about the structure
of the polymer, near-edge X-ray absorption spectroscopy (NEXAFS) measurements
have been conducted at a table-top device [215]. For measurements of hardness
and roughness of the polymer layers, we used atomic force microscopy (AFM)
in tapping mode and ambient conditions (MultiMode 8, Bruker). For phonon
dynamics measurements, we used time-resolved fs pump-probe spectroscopy
with a pulse duration of 60fs and a repetition rate of 250kHz, from a Ti:Al,O3
laser at a wavelength of 800 nm, already utilized in previous work [75]. Since PC
has a glass transition temperature of about 140 °C [210], it was in the experiment
important to avoid a too strong heating. Thus we have chosen an incident power of
150 mW with a Gaussian laser spot radius of 60 ym (FWHM) leading to an optical
fluence of about 5m]J/cm?. Results of this method were fitted to a numerical finite
differences time domain (FDTD) model in order to get information about wave

propagation inside the system [216-218].

4.4. Results and discussion

According to the acoustic mismatch model in 3D [86,209], where phonon waves
are treated following Fresnel’s equations, the transmission probability for phonons

from material 1 to 2 or vice versa is [219]:

4p2v2  cosby
0101 cosfy
t12(61) = ta1(62) = 2
<m + cos@z)

0191 cosbtq

(4.1)

where p;, are the corresponding densities of materials 1 or 2, v;, the group

velocities of phonons in material 1 or 2, and 61 > the incident phonon angles against
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the normal of the interface.

This transmission probability can be reduced by increasing the mismatch between
the density and sound velocity of the two materials. For a great mismatch, on
the one hand W has been chosen, which can be laser deposited with low surface
roughness of only 0.3nm, as shown earlier [144, 199]. On the other hand we
chose PC as the corresponding counterpart in the multilayer. For polymers, the
laser deposition process is more complex than for metals and can lead to drastic
changes in polymer properties [220]. Therefore, single layers of PC have been
deposited at different laser fluences (up to 250 m]J/ cm?) onto thin SiN substrates
for NEXAFS studies at the K-absorption edge of carbon. In Figure 4.1 a, the
NEXAFS measurements are depicted for several PC thin films. Independent of
the laser fluence used during deposition, all curves show the absorption maxima
typical for the different bondings in PC [221]. The small deviations from bulk PC
concerning the intensity of the peaks are explainable by the process of incubation
at the target [222].

In order to perform hardness measurements, several PC thin films with thicknesses
of some ym (to minimize the influence of the substrate) were deposited with
different laser fluences on Si substrates. Figure 4.1 b shows the corresponding
curves of the Young’s modulus E against the laser fluence indicating a drastic
increase of hardness from 7.6 GPa to 120 GPa. The strong increase of the elastic
modulus can be related to the more and more intense laser radiation, which leads
to increasing structural changes of the PC due to the laser energy of about 5eV
used for deposition (corresponding to the wavelength of 248nm). At lowest laser
fluence, the polymer properties are best preserved.

Since the acoustic mismatch between PC and W does not only depend on the
difference in their corresponding densities, but also on the difference in sound
velocities, a low value for PC in comparison to the high value for W is desirable.
Here, one has to distinguish between two sound velocities, mainly the longitudinal
v = /M/p and transversal vy = ,/G/p, that depend on the longitudinal
modulus M and the shear modulus G, respectively [223]. Since both moduli are
linked to the E-modulus according to M = % and G = ﬁ, respectively,
with the Poisson’s ratio v, it is desirable to fabricate a soft polymer with a low
E-modulus, which has the highest contrast to the hard W and provides therefore
the highest possible acoustic mismatch. As a consequence, a low laser fluence is
necessary for the multilayer preparation.

Another important criterion for the use of a W/PC multilayer as a phononic crystal

55



4. Confinement of phonon propagation in laser deposited Tungsten/Polycarbonate
multilayers

a) 2!0 y T T T ¥ T ;3 T T
-
3
=
=
2
(%]
=
[}
-
el
2
-3 s ,
O 054 WesE —— 30 mJicm?
80 mJicm’
: ——125 mJicm®
Trese [ —— 250 myrem®
0,0

T T T T T T T T T T T T T T
280 285 290 295 300 305 310 315

Photon energy (eV)

b) 150 T T T T T T T
125
]
7
— 100 o7
& ¢ 7
e P
w 754 7
= g
3 2
50 4
£ p
w
s
25 P e b
’
[ 4
0 T

0 50 100 150 200 250 300 350 400

Laser fluence (mJ/cm?)
Figure 4.1.: NEXAFS measurements in a) show characteristic PC peaks as expected for
a laser deposited polymer. Those remain stable at different laser fluences between
30m]J/cm? and 250 mJ/cm?. Hardness measurements in b) indicate a rising E-modulus

of PC films with rising laser fluence because of increased structural change of the
polymer (dashed line is guide to the eye).

is the roughness of the individual layers. As already mentioned above, W layers
grown by PLD feature a RMS roughness of around 0.3nm [197,199], but for PC
layers, this was unknown so far. Again, a systematic analysis of the PC properties
depending on laser fluence has been undertaken, this time concerning roughness.
Figure 4.2 a and b show exemplarily two AFM profiles of PC layers, one which
has been deposited at 80m]J/ cm? and another one, where 310 mJ/cm? were used.
It is clearly visible that a higher laser fluence results in a higher roughness, as
also summarized in figure 4.2 c. Below 200 m]/cm?, a relatively low roughness of
around 1nm is observed, which rises up to a value of almost 10nm at high laser
fluences.

From all these results it can be concluded that a low laser fluence results in
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Figure 4.2.: Roughness investigations in PC films. a) and b) show AFM measurements
on PC films deposited at laser fluences of 80 mJ/cm? and 310 mJ/cm?, respectively. A
corresponding graph in c) shows a significant roughness reduction towards 1nm at laser
fluences below 200 m]J /cm?.

smoother layers and well defined interfaces, which is helpful when studying
phonon propagation and reflection in W/PC multilayers. Thus, for the growth
of the W/PC multilayers we chose laser fluences of 3.5]/ cm? for W and 80 mJ/cm?
for PC.

Under these conditions, several W/PC multilayers have been laser deposited and
analyzed by TEM and XRR. In figure 4.3 a and b, exemplarily TEM micrographs of
a cross-section of such a structure are shown in different resolutions, which indicate
the high quality of the W/PC multilayers. Due to the difference in particle mass
and energy during deposition, PC grows very smoothly on top of W resulting in a
low interface roughness, whereas the heavy W particles intermix slightly with the
PC layer. This asymmetric intermixing process has already been shown elsewhere
and originates from the occurrence of energetic ions during PLD [144].

XRR measurements performed on such multilayers support these results. In figure
4.3 ¢, the experimental curve of a multilayer with 8 periods of W and PC is depicted,
which shows strong Bragg peaks even up to a scattering angle 20 of 8 degrees
already indicating sharp interfaces. From the fit of the simulated reflection curve
to the experimental curve, the layer thicknesses of W and PC of 8.3nm and 10.5nm,
respectively, and an interface roughness of 0.8 nm and 0.3nm for W on PC and vice
versa were determined.

Such a periodic multilayer with overall thickness of about 115nm (schematically
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Figure 4.3.: a) and b) depict two TEM images in different magnification of a W/PC
multilayer with layer thicknesses of 35nm for PC (bright layers) and 7.5nm for W (dark
layers), respectively, showing a high quality thin film stack with smooth surfaces and
a slight intermixing at the W/PC interface. c) shows XRR measurements (black) and
corresponding simulations (red) of a W/PC multilayer with single layer thicknesses
around 10 nm.

sketched in the inset of figure 4.4 a) has now been analyzed by fs pump-probe
reflectivity measurements. As shown in figure 4.4 a, after the initial peak, the
reflectivity R decreases and shows a fast oscillation within the first 50 ps. In
order to obtain the frequency of this oscillation, first the background caused by
thermal diffusion was subtracted from the data and then the residual reflectivity
data R” were Fourier transformed. The Fourier amplitude spectrum (see figure
4.4 b) shows a peak at a frequency f, of 318 GHz, corresponding to the fast
oscillation. The temporal decay of this mode is characterized by a linewidth Af,
of 39 GHz. To interpret these results, we performed numerical FDTD simulations
of the experiments [224]. While the experiment is surface sensitive, this numerical
approach allows looking inside the sample. Note that because the lateral size of
the laser spots is much larger than the total thickness of our sample, only the
z-direction, which is normal to the multilayer stack, is relevant. The numerical
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Figure 4.4.: Pump-probe reflectivity measurements, obtained from a) a periodic W/PC
multilayer of 6 periods of 8.4nm W (grey) and 9.1nm PC (white) on a single layer of
9.6nm W, deposited on a glass substrate (blue), and c) an aperiodic W/PC multilayer
with layer thicknesses from 20.2nm W and 21.8 nm PC down to 2.5nm W and 2.7 nm PC
according to a Fibonacci series again on a 9.6nm W layer deposited on a glass substrate.
In both datasets, an exponentially decaying background (in red) is superposed by a
coherent oscillation. After removal of the background, the residual reflectivity R” was
Fourier transformed. b) and d) show Fourier amplitude spectra corresponding to the
periodic and aperiodic sample. The frequency intervals selected in these plots contain
the spectral peaks corresponding to the aforementioned coherent oscillations.

model implements laser light absorption, thermal diffusion and thermal expansion.
The latter gives rise to elastic dynamics, which is described as well. We present
our results in terms of maps of locally Fourier transformed strain &(f,z) =
FFT{e(t,z)}. Note that the strain € = —du/0z related to a dynamic mode is not
continuous at the interface between two dissimilar materials, in contrast to the
stress 0 = cqq€.

Adjusting the speed of sound of W to 5260m /s, and the value of PC to 2100m/s,
the numerical model qualitatively reproduces the experimental findings. Here,
especially the adjusted speed of sound v;, = 2100m/s of PC is interesting, because
from material parameters alone, one would expect v; = 2600m/s for PC. The
reduction in the longitudinal sound velocity can be attributed to an increased
temperature, which is also known for other polymers [225]. The amount of velocity
change implies an average temperature increase due to heat accumulation of AT =
50 K above room temperature RT during the experiment, although the time interval

between successive laser pulses is 4 us. For this, one has to take into account the
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Figure 4.5.: Simulated pump-probe experiment. Results corresponding to the periodic
sample are shown in a), b), and c), results corresponding to the aperiodic sample are
shown in d) and e). b) and e) show maps é(f,z) of locally Fourier transformed strain
€(t,z). The same logarithmic color scale was used for both plots. In each plot, an arrow
marking the strongest experimentally observable mode at 315 GHz for the periodic stack
and at 135 GHz for the aperiodic one is included. a) and b) show sections through these
strain maps for specific frequencies, as well as the corresponding stress. W is shown in
grey, while PC is displayed in white and the substrate in blue. c) shows a theoretical
band structure calculation for the periodic sample.

strong temperature dependence of the speed of sound %(RT) ~ —10m/sKin PC
[226]. This temperature increase of 50 K is very reasonable, because we found that a
doubling of the incident laser fluence led to the destruction of the sample, because
the glass temperature T, was reached [227]. In the case of W, v, = 5260m/s is
not far from literature values and the temperature dependence is neglibible [211].
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In particular, in the numerical model we find for the periodic sample a mode at
315GHz with a linewidth of 1.9 GHz, marked by an arrow in figure 4.5 b. The
section through the strain map at 315 GHz (see figure 4.5 a) highlights the collective
character of the dynamics, which extends throughout almost the whole multilayer.
The superlattice structure of such a multilayer accounts for phonon reflection at
the interfaces and, taking into account coherent phonons with a mean free path
larger than the superlattice spacing, even interference can occur [228-230]. This
leads to significant changes in the dispersion relation and band gaps form that
prevent several phonon modes from transmitting [231-233]. Figure 4.5 ¢ shows
a calculation of this band structure using Rytov’s equation [234]. In our periodic
system with its artificially fabricated acoustic band structure the dominant mode at
315GHz can be seen as a Bloch-like eigenmode of the periodic multilayer. Such an
eigenmode can coherently propagate though the superlattice only getting disturbed
by scattering centers like rough interfaces or impurities, where phonons lose their
phase information and transport becomes diffusive. Note that, while the simulation
suggests the excitation of dynamics in all bands (as shown in figure 4.5 b), the
experimental observations only confirm dynamics in the first and fourth band.
Dynamics in the second (~ 120 GHz) and third band (225GHz) cannot be seen
experimentally. This apparent contradiction can be understood by the details of the
measurement process, in which a signal contribution carrying information about
elastic dynamics builds up by integrating a product of the local electric light field
E and strain € [235]:

R ~ / dzg—ZeEz 4.2)

In this formula, R is the measured reflectivity change and dn/de describes in a
linear approximation the material dependent change of the refractive index when
being strained. Looking at Figure 4.5 b, one sees that the modes excited in
the second and third band have strong strain amplitudes in the PC, and weak
amplitudes in the W. In the PC in particular several nodal lines can be seen. Thus
the spatial integration in Equation 4.2 effectively cancels out a contribution to
the measured signal. This is the first reason for the missing appearance of this
dynamics in the experimental data. Secondly, one should consider that together
with the strength of the light field, the parameter dn/de determines the sensitivity
on dynamics in the different layers. The light field decays exponentially in the

metallic layers on a scale of 23nm. This implies that the method is especially
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surface sensitive. Note that dn/0e is often not well-known. In total we conclude
that the dominant appearance of dynamics in the fourth band not only reflects the
larger amplitudes in the vicinity of the surface, but also indicates that the parameter
on/oe is larger for W than for PC. Let’s finally consider now the dynamics in the
tirst band. Here, frequencies are lowest, and thus the wavelengths are larger than
the individual layer thicknesses. Especially no nodal line inside a PC layer appears.
Therefore sensitivity to dynamics in the first band does not vanish. Note that in
this article the focus lies on high frequency dynamics, associated with the fourth
band. Regarding the first band, the quantitative agreement between experiment
and simulation is not as good. We attribute this to transient changes of elastic
properties in PC, which was not taken into account in the simulation. If the
periodicity had been fully perfect, all modes excited by the laser would have been
able to pass the multilayer from the surface to the bottom. In fact, the thickness
of the last W layer of 9.6 nm is slightly larger than the thickness of the preceding
W layers. This is enough to detune the local resonance, and to stop the mode at
315GHz from penetrating into the last W layer, as the section through the strain
map shown in figure 4.5 a reveals. This detuning finally blocks the radiation into
the substrate. In order to foster this blocking effect to the maximum, an aperiodic
sample has been designed, resembling a Fibonacci series starting at the substrate
after the first W (9.6 nm) layer with a PC (2.7nm)/W (2.5nm) bilayer and ending
at the surface with PC (21.8nm)/W (20.2nm) (shown in figure 4.4 ¢). Again, in
the raw data (figure 4.4 c), a fast oscillation can be easily identified. The Fourier
spectrum shown in figure 4.4 (d) exhibits a corresponding peak at a frequency of
fa = 135GHz, whose linewidth is Af, = 9GHz. But, in contrast to the periodic
multilayer, the simulated strain map of this aperiodic sample shows (see figure 4.5
e) that at a given frequency the elastic dynamics is almost always confined to a
few layers only, because the missing long range symmetry only allows for local
resonances. For instance, the dynamics at f, = 135 GHz experimentally found in
the second sample can be explained by the simulation as a resonance (frequency
129 GHz, line width 1.1 GHz) of the top-most W layer (see section in figure 4.5
d). Note that due to an optical penetration depth of 23nm, the laser beam is
almost fully absorbed within the first W layer. In this thick layer, the resonances
have a lower frequency than in the following thinner layers. Therefore, the thin
layers effectively block the passage of elastic waves coming from the surface, and
radiation into the substrate is suppressed in a wide frequency range, which is

not only an important result for phononics, but is also discussed as a route to
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minimize thermal transport [164]. This finding is supported by a closer look at
the experimentally determined line widths in the Fourier-regime (shown in figures
44 b and 4.4 d). In contrast to the simulation, where perfectly flat interfaces were
assumed, experimental interface roughnesses give rise to additional scattering and
thus lead to a cumulative broadening of the line width with each passed interface.
One finds in the periodic case a ratio f,/Af, of about 9.6, whereas the aperiodic
sample features a higher value of f,/Af, of 15. This increase by a factor of 1.5 can be
interpreted as a fingerprint of a reduced accumulated interfacial scattering: In the
aperiodic sample, the mode simply extends over less interfaces than in the periodic
sample. Furthermore, the interfaces are also decisive for the thermal conductivity
of the material. Using a simple heat conduction model one can cautiously estimate
the thermal conductivity of the W/PC multilayer. Using the incident laser power
Py of 150 mW deposited within the Gaussian laser spot with radius r of 60 ym on
the multilayer surface and the measured temperature increase of about AT = 50K,

the cross-plane thermal conductivity given by

~ P()dtot
r2AT

(4.3)

Where d;; is the total thickness of the multilayer, should be in the order of about
0.03 W/mK. This estimation is indeed reasonable: in a multilayer one can estimate
the thermal conductivity by

k= dwt+dpc (4.4)

dw  dpc
Kw + KpcC + and

where dy; and dpc are the layer thicknesses of the W and PC layers, respectively, n
is the number of interfaces and R, is the interfacial thermal resistance [148]. With
the thermal conductivities of W = 167W/mK and W = 0.2W/mK [210,211], and a
typical interfacial thermal resistance Ry ~ 10~"m2K /W for thin films [60,86,236], a
value for the thermal conductivity of 0.08 W/mK is evaluated, which is in the same
order of magnitude. Both values indeed indicate that the thermal conductivity of
the W/PC multilayer should be very low.
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multilayers

4.5 Conclusion

In this work we have shown that nanoscale W/PC multilayers are appropriate
candidates for acoustic layered materials due to the great difference in material
properties of the adjoining components. In order to fabricate such structures
with high quality, the PLD process had to be investigated in detail, especially
concerning the deposition of the polymer. At low laser fluences, PC thin films
show all characteristic peaks in the NEXAFS spectra, lowest hardness and
minimum layer roughness. In the W/PC multilayers, the PC/W interfaces are
sharp (PC on W), while slight intermixing occurs at the other interface, as seen in
the XRR and TEM measurements. The fs pump-probe reflectivity measurements
on periodic W/PC structures show strong phonon mode confinement and phonon
localization, restricting the propagation of coherent phonons according to the band
structure defined by the periodicity of the multilayer. In order to improve this
phonon mode confinement, aperiodic multilayers have been fabricated, where the
aperiodic structure filters even more modes especially from the coherent regime
and thus further reduces phonon propagation. In summary, the nanoscale thin film
synthesis of such different components as W and PC in multilayers is proved to be
challenging, but lead to an interesting new material combination. Such structures
are promising for future applications as two-dimensional phononic crystals and

might be also a promising approach as a very-low thermal conductivity material.
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5.1. Abstract

In many modern materials, thermal properties and especially the thermal
conductivity become more and more important. Thus, a wide research
field evolved around measuring thermal conductivities. Here, we show an
implementation of a versatile transient thermoreflectometry technique for
measuring thermal conductivity that utilizes a pulsed KrF laser with 248 nm
wavelength and 20ns pulse duration for pumping energy into the surface.
Time resolved reflectivity changes from a continuous wave laser at 643nm are
measured using a fast Si-photodiode and an oscilloscope. To optimize this
setup, thermoreflectivity properties were studied for different metal transducers
as well as optical thicknesses. Since 20ns are a comparatively long time-scale,

the measurements could be fitted to an approximated analytical solution of
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the heat equation for thermal properties. In this way we could show that the
thermal conductivities of different materials can be determined with in most cases
sufficiently high accuracy by this relatively simple and flexible technique.

Keywords: Transient thermoreflectometry, thermal conductivity, pulsed laser deposition,
thermoreflectivity, thermoreflectance, heat transfer

5.2. Introduction

In many fields of modern physics thermal properties become more and more
important [4]. Especially the thermal conductivity is a characteristic that plays
an increasingly important role for instance in industrial electronics, energy
science, thermoelectrics and phononics [35,81]. In order to measure thermal
conductivities for different materials, there are several possibilities like the
3-omega technique, laser flash methods, pyrometry, photodisplacement or
thermoreflectance methods [63,64,66,73,167].

Among all those measurement techniques, the transient thermoreflectance (TTR)
method is prominent, because it provides a non-contact, non-destructive way to
measure thermal conductivity with low sample preparation effort. TTR belongs
to the class of optical pump-probe measurement schemes, where a short laser
pulse (in the fs or ns regime) is used to excite the surface of a sample. The
absorbed energy from the pump pulse leads to an increase of temperature and
since the refractive index is temperature dependent, the reflectivity of the sample
changes until equilibrium is reached again [181]. The reflectivity dynamic at the
surface after the pump pulse is accessed either by a time-delayed probe pulse
or by a second, continuous-wave laser. With a sufficient temporal resolution,
one can deduce information about several transport processes (such as thermal
diffusion, acoustic investigations, electron-phonon-interactions, thermal imaging,
and thermal boundary resistance measurements) from the surface reflectivity
change by comparing the measured data to a theoretical model, which can be done
either analytically or numerically [72,85,176,193,237,238].

In a typical TTR-setup a Ti:Sapphire laser with ultrashort pulses, comparatively
weak pulse energies and very high repetition rates is used. In contrast, we
chose a KrF-laser for our measurements, which is normally used for pulsed
laser deposition (PLD) of thin films [51,239]. This allows us to work with much
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higher laser energies and, thus, with long equilibration times between pulses.
Furthermore, the laser pulse length is comparatively long with 20ns, meaning
that acoustic dynamics, stress pulses, electron-phonon interactions and other fast
processes are decayed long before the pulse ends and the measurement of the
reflectivity dynamics starts, allowing to focus on slower processes like thermal
diffusion.

Aim of this work is to show that a new kind of TTR setup that uses a KrF laser
with a wavelength of 248 nm for surface heating and a continuous wave laser at
643 nm for probing is especially well suited to measure the thermal conductivity of
materials with sufficient precision. In order to obtain the thermal properties from
the measured data, we will present a comprehensible approximated analytical
solution of the heat conduction equation that was used as a fit function for the
measurements. Finally, first experiments on different materials are presented and
compared with literature values, and a quasi-material approach for an extension
of this method on thin film multilayer thermal conductivity measurements is
suggested.

5.3. Materials and Methods

For pumping energy into the sample, a KrF laser with wavelength of 248 nm, pulse
duration of 20 ns and fluences in the range of 50 mJ/cm?, which is much lower than
the ablation threshold for metals, was used. For probing the reflectivity change at
the surface, a stable continuous wave laser at 643 nm wavelength with low noise
was applied. Both laser beams have been guided and focused by typical optical
elements in order to obtain a well-working setup with sufficient local overlap
of both beams. The reflectivity signal is measured by a fast Si-photodiode and
analyzed within an oscilloscope. The whole measurement scheme is sketched in
Figure 5.1.

In order to deposit the metal transducer layer on top of the samples, the method
of pulsed laser deposition (PLD) was applied, where the same KrF laser as for
TTR was used [51,199]. At this, the pulses are guided into an ultra-high-vacuum
chamber and are focused on the targets chosen for deposition. As promising
transducer materials, thin films of Al, W, Cr, Ti and Cu were fabricated from

commercially available bulk targets.
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Pump Pulse

Amplifier

.

Oscilloscope

Probe Pulse

Metal transducer

Figure 5.1.: Sketch of the transient thermoreflectometry measuring setup. A pump laser
pulse with 248 nm wavelength is focused onto a metal transducer on top of the sample.
At this point, the reflectivity of a continuous laser with 643 nm wavelength is measured
with a fast Si-photodiode. The timeresolved change in reflectivity after a pump pulse is
evaluated with a fast oscilloscope.

5.4. Results and discussion

The method of TTR is based upon the temperature-dependent change in reflectivity
at the surface of a sample. The change in reflectivity and the change in temperature

are coupled according to the following formula [180]:

AR 10R

== EB_TAT = CAT (5.1)
AR is the change in reflectivity, R the initial reflectivity, C the thermoreflectivity
coefficient and AT the change in temperature. While the thermoreflectivity
coefficient is mainly temperature-independent [240, 241], it changes largely for
different metals and laser wavelengths. For a wavelength of 643nm, as used for
our reflected probe beam, Al, Ti and Cu have a comparably high thermoreflectivity
coefficient with an absolute value of around 8.5-10"°K™! according to the

literature [242]. A high thermoreflectivity coefficient is of great importance for the
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signal to noise ratio of the measurement setup, since it scales the reflectivity change
proportionally to the temperature change. Moreover, also a good reflectance for
our probe beam, as well as a good absorbance of our 248 nm pump beam is very
important.

Because a KrF laser has never been used for such a measurement method before, we
tirst had to figure out, which material and which layer thickness are most suitable
as transducer top-layer in order to get an as high as possible thermoreflectivity
signal. In order to clarify this, 50nm of Al, W, Cr, Ti and Cu were deposited
each on a 100nm thick ZrO; layer on a Si-substrate. The ZrO; layer has been
chosen as a thermal blocking layer in order to strengthen the overall signal and to
make the different curves better comparable. Then, each sample was excited by the
same laser fluence and the time-dependent reflectivity change was measured (see
in Figure 5.2). One can clearly see that all five metals have significantly different

thermoreflection properties.
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Figure 5.2.: Time-dependent reflectivity signal for various metal transducers. Despite Al,
Ti and Cu have almost the same thermoreflectance coefficients, the measured reflectivity
change is greatest for Cu due to the highest values in absorption at 248nm and
reflectivity at 643 nm.

While Al, W and Cr show a positive change in thermoreflectance, the same effect
is negative for Ti and Cu. Although, according to literature, Al, Ti and Cu have a
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comparably high thermoreflectance coefficient [242], we could show that the final
change in reflectance is highest in Cu and lowest in Al. Reason for this is that the
change in reflectance (at 643 nm) is not only proportional to the thermoreflectivity
coefficient, but also to the change in temperature and the overall reflectivity at
248nm. Since Al has a very high reflectivity at 248 nm, which hinders the laser
energy absorption of the pump pulse, the change in temperature at the surface and
with it the reflectivity signal is comparatively small. Also for Ti, the reflectivity
at 248 nm is higher than for Cu, while at the same time the reflectivity at 643nm
is lower than for Cu. All in all, Cu was proved to be the material of choice with
highest signal for efficient TTR measurements.

In order to find the optimal thickness of the Cu transducer layer, Cu films with
different layer thicknesses were pulsed laser deposited onto Si substrates that were
coated with 100nm ZrO, before. The results of the reflectivity measurements are
shown in Figure 5.3, where it is clearly visible that at a layer thickness of around
50nm the maximum signal arises. This is reasonable due to the fact that with
smaller layer thickness absorption and reflection of the incident beam is not fully
guaranteed, whereas with larger thickness, heat losses in the top layer become
more important, which as a consequence reduce AT and thereby the measurable
reflectivity change.

For the deposition of the 50nm Cu layers on top of the samples, the optimal
PLD conditions concerning a maximized deposition rate with a minimized droplet
density had to be investigated. With a laser fluence of 2.9]/cm?, a high deposition
rate of 0.0065nm/pulse (at a target-to-substrate distance of 50mm) and a low
droplet density was achieved. Moreover, the adhesion of the Cu films on different
kinds of substrates is very strong, as it is generally the case for pulsed laser
deposited metals because of the impinging energetic particles, sub-surface growth
and resputtering of surface contaminations [51]. Thus, thin film adhesion is strong
enough that the measurements are reproducible and no cracks or dissolutions of
the top-most Cu film occur.

For testing the TTR method and measuring the thermal conductivities, different
bulk materials (Al,O3, MgO, SrTiO3, ZrO; and glass) were taken and coated with
50nm Cu by PLD. Afterwards, they were studied in the TTR setup, where their
time-dependent reflectivity changes after the pump pulse were determined. The
results of these measurements are shown in Figure 5.4.

After the initial time with a constant reflectivity, the pump pulse hits the Cu layer
at time O s and heats it up for 20ns. At this, the amount of temperature change
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Figure 5.3.: a) Time-resolved reflectivity signal for several Cu toplayer thicknesses. b)
Signal strength is greatest for transducer layers around 50 nm, because of maximized
pump power absorbtion and probe laser reflection while heat flow losses in the
transducer layer are still small.

AT depends on the thermal conductivity « , heat capacity ¢ and density p of the
investigated material. Those three thermophysical properties can be combined
in the value of the thermal effusivity e = ,/xcp. The higher this value e, the
lower is the change in temperature at the surface and vice versa. Therefore,
for different materials, which have different thermophysical properties, we obtain
quite different curve progressions (see Figure 5.4).
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Figure 5.4.: Different oxidic materials were measured with the TTR method. In order to
get information about thermal properties, the measurement data sets have been fitted to
an approximated analytical solution of the heat conduction equation (plotted in red).

In order to extract the value of the thermal conductivity of the materials out of the
measurements, one has to solve the heat conduction equation in one dimension
[74]:

oT

== DV2T (5.2)
Here, D = % is the thermal diffusivity and the approximation of a one-dimensional
heat transfer is reasonable due to the difference in pump and probe spot sizes.
Equation 5.2 can be solved for instance by Laplace or Fourier transformation and
yields the time- and space-dependent temperature field after absorption of a Dirac
heat pulse of strength Q at the surface of an infinite medium in the following

way [74]:

)
T(z,t) = e\/QEexp (41;) (5.3)
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where t is the time after the pump pulse, z the distance below the surface and
T(0,0) = 0. Since we can only get information about the temperature at the surface,
we have to consider z = 0, which simplifies equation 5.3 in the form:

_Q
e\t

According to this formula, the temperature at the surface would decay proportional

T(z=0,1) (5.4)

to 1/+/t, which is not a bad approximation to describe the experimental data, but
only truly correct for infinite sample thicknesses, instantaneous excitations without
a penetration depth and no other losses.

In order to account for the T = 20ns broad laser pulse, which is assumed to
be of a square-wave shape, Duhamel’s theorem [184] can be applied leading to
a convolution of the time distribution 6(t) of the laser pulse with the solution
T(z = 0,t) for a Dirac pulse [183]:

Tp(z=0,t) = /t O(t')-T(z=0,t—t)dt' = 2Q <\/E — \/ﬁ) (5.5)
0 Te\/ T

Equation 5.5 can now be used as a fit function for the experimental values measured
by TTR. The fitting curves for the here-mentioned data sets are also included in
Figure 5.4 leading at first to a value for the thermal effusivity e. From this, the
thermal conductivity k = Z—zc can be determined by using literature values for
the density p and the heat capacity c of the corresponding material. The hereby
determined thermal conductivity values are shown in Table 5.1 in comparison to

literature values.

Table 5.1.: Comparison of thermal conductivities between literature and experimental
values obtained by the TTR-method [243-247].

Material Literature x [W/mK] Measured x [W/mK]

Glass 1.2 — 1.4 (300K — 1100K) 15+0.17
ZrO, 1.7 — 2 (300K — 1300 K) 1.9+0.2
SrTiO; 15— 10 (200K — 400K) 11.6+13
MgO 24 — 30 (400K — 50K) 32.0 + 4.0
ALO; 46 (300K) 425+41

Doubtless, some incertitudes arise for instance from laser power fluctuations
(which can be reduced by averaging over a couple of experiments), inaccuracies of
the laser fluence measurements as well as the Cu layer thickness, usage of literature
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values for the density and heat capacity, approximations of the underlying theory,
such as heat losses, sample thickness effects and an approximated laser pulse
shape. Moreover, the substrate temperature is increased above room temperature
at least for a short time during and after the laser pulse, where a temperature-
dependent thermal conductivity should be applied. Thus, the expected uncertainty
depends on several effects and can be estimated to be around 10%. But
nevertheless, it becomes apparent from Table 1 that all the experimental values
determined by our TTR measurements lie relatively close to the literature data,
although a relatively simple experimental set-up and analysis were performed.

One should note that this TTR technique can also be applied for thermal
conductivity measurement of different kinds of multilayer films. Since the pump-
probe scheme excites and measures only at the surface and integrates due to the
long pulse length over the underlying material, one can, in the case of multilayers
consisting of two materials with individual layer thicknesses d; and d; and total
thickness dto¢, come up with a “quasi-material” approach, where the contribution
of a bilayer is seen as one structural unit. Then, this quasi-material is described
pP1 d%cl +p2 %Cz

Pl%+P2%

and thermal conductivity of x;p¢ = % that depends on the conductivities

by an averaged density pgog = plﬁ + ‘02% , heat capacity czpe =

Ko Gl

of both materials 1 and 2, as well as on the interface thermal conductance G;
and number of interfaces n [148]. First TTR experiments on multilayer structures
consisting of oxides with metal blocking layers have already shown that this
model can successfully be applied and a significant decrease in cross-plane thermal
conductivity of the multilayers compared to the pure oxides occurs due to the
contribution of the interface resistance (to be published elsewhere).

5.5. Conclusion

In summary we have shown that the TTR experiment using the combination
of an UV laser at 248nm for heating and a 643nm laser for probing is a
comparatively handy method for measuring thermal conductivities with a low
sample preparation effort and high measurement throughput capabilities. Our
approach featuring comparatively long laser pulses in the UV regime, allows
neglecting shorter timescale processes, such as electron-phonon interaction and

phonon dynamics, which take place on fs and ps timescales, while concentrating
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on the much slower thermal processes and thus allowing the determination of
thermal conductivities in different materials with in most cases sufficiently high

accuracy.
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6.1. Abstract

Nanoscale thin film multilayer materials are of great research interest since their
large number of interfaces can strongly hinder phonon propagation and lead to a
minimized thermal conductivity. When such materials provide a sufficiently small
thermal conductivity and feature in addition also a high thermal stability they
would be possible candidates for high temperature applications such as thermal
barrier coatings. For this article, we have used pulsed laser deposition in order to
fabricate thin multilayers out of the thermal barrier material ZrO, in combination
with W, which has both a high melting point and high density. Layer thicknesses
were designed such that bulk thermal conductivity is governed by the low value
of ZrO,, while ultrathin W blocking layers provide a high number of interfaces.

By this phonon scattering, reflection and shortening of mean free path lead to a
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significant reduction in overall thermal conductivity even below the already low
value of ZrO,. In addition to this, x-ray reflectivity measurements were conducted
showing strong Bragg peaks even after annealing such multilayers at 1300 K. Those
results identify W/ZrO, multilayers as desired thermally stable, low conductivity

materials.

Keywords: Pulsed laser deposition, thermal conductivity, thermal stability, transient
thermoreflectometry, nanoscale heat transport, thin film multilayer

6.2. Introduction

Thin film multilayers feature outstanding material properties for applications either
in the field of optics, electronics or phononics [4,248]. Especially the thermal
conductivity, which is an important parameter for a lot of possible applications,
has been studied in detail in different nanostructures [81]. In thin multilayer
films the thermal transport can be strongly tailored by interfaces due to scattering,
reflection and mean free path shortening of phonons at interfaces [75,91]. As
described by the acoustic- and diffuse mismatch model, transition of phonons
from one material into another can be strongly prohibited by the difference of the
densities of phononic states at each side of an interface [59,86,209]. By modern
thin film methods one can fabricate multilayers of different materials such as
metals, oxides, semiconductors or even polymers that feature a very high interface
density, leading to a tremendous decrease of thermal conductivity [39]. Particularly,
pulsed laser deposition (PLD) allows the fabrication of such multilayers consisting
of different material classes [47,48]. By combining hard and heavy metals such
as W together with oxidic ceramics, one can prepare thin films, where thermal
conductivity from hot electrons is prohibited by insulating layers while phononic
thermal conducitivity gets suppressed by the dissimilar material properties at the
interfaces. In the simplest picture derived from the acoustic mismatch theory, the
probability of energy transmission a1_,p from material 1 with its density p;, sound
velocity v; and therefore its acoustic impedance Z; = p;v; to material 2 with its

impedance Z; = p,v; is given by [86]:

47,7,

o = 6.1
1—2 (Zl +Z2)2 ( )
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In the W/ZrO; system, the high density of W provides for the difference in acoustic
impedances across the interfaces, leading to a reduced phonon transmission
probability and therefore to a reduced thermal conductivity in a multilayer system.
For the oxidic part of the multilayer, we chose the thermal barrier material ZrO;
since it has a low thermal conductivity and is thermally very stable with a melting
point above 2700°C [249]. In combination with W with its even higher melting
point of above 3400°C, we expect a thermally stable multilayer with a strongly
decreased thermal conductivity [39,250-252]. The aim of this paper is to prepare
such thin film multilayers consisting of W and ZrO, by PLD and to investigate them
in terms of thermal conductivity and thermal stability. For thermal conductivity
measurements a transient thermoreflectometry (TTR) technique is used in order
to measure samples with different interface densities. For thermal stability
measurements, multilayers of W and ZrO, were annealed at different temperatures
and afterwards characterized by x-ray reflectivtiy (XRR) measurements, where the

occurrence of strong Bragg peaks indicates an intact multilayer structure.

6.3. Experimental

W /ZrO, multilayers were pulsed laser deposited from commercially available bulk
targets onto Si substrates using a typical KrF-Laser (248 nm wavelength, 10 Hz
repetition rate, 20ns pulse duration) in a standard setup [51,199]. The growth
temperature in the ultrahigh vacuum chamber ( 10~® mbar) was around 300 K
and the target-to-substrate distance was chosen to be 7 cm. Layer thicknesses
were measured by in-situ rate measurements with an oscillating quartz crystal
(Inficon SQM 160) and ex-situ via XRR measurements (Bruker D8 Discover with
Cu-Ka-radiation) also yielding interface roughnesses from fitting simulated XRR
curves on experimental ones using LEPTOS 7 (Bruker). Transmission electron
microscopy images were taken using a FEI Titan and thermal conductivity data
were measured by a TTR method, where the time-dependent change in reflectivity
after laser pulse heating is measured and fitted with an analytical solution of the
one-dimensional heat equation. For annealing we used a vacuum oven (Kniirr-

Heinzinger) combined with a thermocouple (Eurotherm).
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6.4. Results and discussion

For fabricating high quality multilayers of W and ZrO,, deposition conditions had
to be used, where the deposition rates are sufficiently high and droplet densities
on the substrate surface are low. For W, a laser fluence of around 3]/cm? leads
to a deposition rate of 4nm /1000 pulses, while the droplet density remains low,
since the laser fluence is close to the deposition threshold. In the case of ZrO;,, a
laser fluence of 2.2]/cm? was chosen, which is much higher than the deposition
threshold. This results in deposition rates of around 34 nm /1000 pulses and almost
no droplets at all, since formation of cones at the target is heavily suppressed by
the high laser fluence. Under these conditions, W/ZrO, multilayers with different
single layer thicknesses were grown with smooth layers as can be seen exemplarily
in the high-resolution transmission electron micrograph of Fig. 6.1. Here, it should

be noticed that the ZrO, layers are amorphous after deposition. In order to obtain

Figure 6.1.: High-resolution transmission electron micrograph of a W/ZrO, thin-film
multilayer fabricated by pulsed laser deposition. The darker layers consist of W and
the brighter ones of ZrO,

information about the structure and thermal stability of the W/ZrO, multilayers,
they were measured by XRR and analyzed using the LEPTOS 7 program. At
this, the periodicity of the layers can be shown by Bragg-peaks, while Kiessig-
fringes in the spectrum are an indication of a smooth surface. Typically, the
interface roughness was determined in the range of 0.3 — 0.5nm. Afterwards, the

multilayers were annealed for 1 hour at higher temperatures and analyzed again.

80



This approach was proceeded until the maximum temperature of the oven was
reached at around 1300K. Selected XRR measurements of a multilayer sample
with 6 nm individual layer thickness after annealing at different temperatures are
depicted in Fig. 6.2. Apart from a crystallization effect of ZrO,, the multilayer
structure remains unchanged and keeps its layered structure even up to 1300K,
which represents a very high thermal stability in comparison to other thin film
systems [253,254]. For investigating the thermal conductivity in such multilayers,

0 1 2 3 4 5

Measurement
_ Fit

Intensity [a.u.]

6 [°]

Figure 6.2.: X-ray reflectivity measurements of a W/ZrO, multilayer with individual layer
thicknesses of about 6 nm. The structure at 300 K shows clear Bragg-peaks due to its
layered structure. This multilayer structure is retained even after annealing up to 1300 K.
The fitting has been done with the program LEPTOS 7 using a simplex fitting algorithm.

different samples were pulsed laser deposited with overall thicknesses between
800 and 1000nm. For comparison, a 1 um thick ZrO, film was fabricated, since
this material is known to have an especially low thermal conductivity of around
1.9W/mK and is widely used for thermal barrier applications [244, 255]. For
a further reduction of the thermal conductivity, thin W blocking layers were

integrated in the ZrO, structure resulting in a multilayer with a high number of
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6. Minimized thermal conductivity in highly stable thermal barrier W/ZrOy multilayers

periods N = 85 with single layer thicknesses dz,0, = 8.6nm and dy = 1.6nm
for ZrO, and W, respectively. Thus, in this multilayer with total thickness D of
about 870nm, 170 interfaces were employed. In order to increase the interface
density n even more, a multilayer with N = 170 periods of 4.4nm ZrO; and 0.6 nm
thin W blocking layers was fabricated that exhibits 340 interfaces inside its 850 nm
thickness. For comparing these layered W/ZrO; structures with an intermixed W
ZrO; alloy structure, another sample was fabricated, where the number of laser
pulses on each target was so low that the resulting film became totally intermixed
due to the energetic particles occurring during PLD [144,145]. The thickness of this
sample was about 900nm and consisted almost equally of W and ZrO, in terms
of nominal thicknesses. All samples show a greater overall thickness than the
thermal penetration depth of the laser in this experiment, thus potential thickness
effects on the thermal conductivity can only be attributed to the thicknesses of
the individual layers and not to the sample thickness. XRR measurements on the
multilayers as well as on the alloy sample are shown in Fig. 6.3 together with
corresponding simulations, which give information about layer thicknesses and
interface roughnesses. It can be clearly seen that the multilayers exhibit sharp
Bragg peaks due to the layered structure. From the high number of Bragg peaks
and their relative sharpness it can be concluded that the layer thicknesses are
pretty uniform, but never identical within the multilayers. In contrast, for the
homogeneous alloy no Bragg peaks and thus no interfaces exist. All these samples
have been coated with a 50nm thick Cu-layer that serves as a transducer layer for
the optical pump-probe scheme utilized for TTR measurements. For this method,
the KrF laser is used in order to pump laser energy into the surface and hence
heating it up within its T = 20ns pulse time. The reflectivity of the surface layer
changes with temperature according to the Fresnel formulas, which is expressed
in the thermoreflectivity coefficient of the Cu top layer [241]. Cu is the material
of choice for this application since it has a high absorption at the wavelength of
the pump beam (248 nm), a sufficiently high reflection R at the wavelength of the
probe beam (643nm) and a high thermoreflectivity coefficient (with an absolute
value of C ~ 8.5-10°2K™1) [242], that allows to obtain a measurable reflectivity
change AR after laser heating (temperature increase AT) according to the first order
approximation [178]:
AR  10R
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Figure 6.3.: X-ray reflectivity measurements of different W/ZrO, compounds. The first
one shows an intermixed W-ZrO; alloy (proved by the absence of Bragg peaks) with
almost identical nominal thicknesses of W and ZrO,. The second one shows a multilayer
structure of 85 periods with 8.6nm ZrO; and 1.6nm W, while the last one depicts a
multilayer with 170 periods of 4.4nm ZrO, and 0.6nm W. Fitting has been done with
the program LEPTOS 7 using a simplex fitting algorithm.

After the pump pulse with strength Q that is approximated by a square wave
shape, the surface temperature decreases with time, depending on the thermal
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6. Minimized thermal conductivity in highly stable thermal barrier W/ZrOy multilayers

conductivity x , density p and heat capacity ¢ of the underlying material in the
form [183]:

Tey/TT

Tp(z = 0,4) = /Oté(t’) T=0t-0)d = 29 (Vi-Vi—T)  (63)

This is tracked via the time-dependent surface reflectivity change with a 643
nm continuous wave laser and a fast Si-photodiode. Details concerning such a
measurement will be published elsewhere. Since the diameter of the pump pulse
is much larger than the diameter of the probe pulse, the thermal transport can be
seen as one-dimensional and perpendicular to the layers, allowing above analytical
solution of the heat equation as long as the samples are thicker than the thermal
penetration depth in order to avoid substrate effects [74]. The data sets for the
different samples as well as their corresponding fits are plotted in Fig. 6.4. One can
clearly see that for 340 interfaces the signal is strongest after laser pulse excitation
meaning that heat accumulation at the surface is strongest and as a consequence,
the thermal conductivity is lowest. But also the sample with 170 interfaces exhibits
a smaller thermal conductivity than the pure ZrO, sample, meaning that even
a combination of a well conducting material as W (kv ~ 170 W/mK) with an
insulator as ZrO, (xz,0, ~ 2W/mK) can decrease the overall thermal conductivity
of the whole material below the value of the insulating ZrO, due to the interface
effects. The combined conductivity g, of a W/ZrO;, multilayer consisting of N
periods A = dy + dz,0, with single layer thicknesses dw and dz,0, for W and
ZrO;,, respectively, and total thickness of the multilayer D = NA, can be described
by the following equation as a resistor chain [148]:

1

x 1—x n’

Kw ' Kzro,  Gi

KML = (6.4)

This equation includes the contributions of the individual layers (relative layer
thickness of the W layer is defined by x = Ndw /D = dw/A) and the interface
conductance G; with the interface density n = 2N/D = 2/A. The thermal
conductivities of all the measured samples as well as the bulk values of W and ZrO,
are plotted in Fig. 6.5. First, one should notice that the measured value of the pure
ZrO; film agrees well with the literature bulk value. In the case of a homogeneous
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Figure 6.4.: Results of transient thermoreflectometry measurements on different multilayer
samples as well as on a ZrO; sample and an intermixed W-ZrO, alloy (normalized to
the strongest temperature increase in the multilayer with 170 periods). Additionally,

analytical solutions of the one-dimensional heat equation are fitted on the respective
measurement curves (lines in red).

W-ZrO, alloy, where no boundary resistances exist, the above equation of the
combined conductivity x,,;, without boundary resistances simplifies to

1
Kimix — ~ o 1—x (65)

Kw T KZrOy

This strongly simplified equation, which neglects atomistic scattering processes
and uses only bulk values of W and ZrO,, is included in Fig. 6.5 as a dashed line.
Interestingly, the measured value of the intermixed W-ZrO, alloy sample lies very
close to this line compared to other work on thermal conductivity of some other
alloyed materials [256]. This indicates that its conductivity can be described in this
special case as a mixture of the thermal conductivities through ZrO, and W, and
interfaces play no significant role. In contrast to this, the thermal conductivities of
both multilayer samples are significantly reduced, although the embedded W layers
obey a high thermal conductivity. This is a clear indication that the interfaces in
these layered samples must play a significant role. The role of the interfaces can
be expressed by phonon scattering (due to interface roughness) and localization
(due to reflection) but also by suppression of coherent phonon propagation modes
due to detuning of individual layer thicknesses, which is likely to happen during
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Figure 6.5.: Results of thermal conductivity measurements of a single 900nm ZrO, layer,
the two W/ZrO, multilayers with same overall thickness, but different interface density,
and a fully intermixed W-ZrO, alloy. For comparison, a calculation for the thermal
conductivity of interface-less compound mixtures of ZrO, and W is drawn as a dashed
line. Obviously, the multilayer samples feature a significantly lower thermal conductivity
due to their high interface density.

the growth process [164,165]. All these effects are based upon the high interface
density and lead to a reduction of the thermal conductivity, which can even be
lower than the amorphous limit [9]. Due to the (experimental) knowledge of the
interface density n and layer thicknesses, the thermal boundary conductance G; of
the W/ZrO, interfaces can be estimated from the measurements of «;, to a value
of about G; ~ 6.3 - lrgi}y. Thus, it can be concluded that the strong decrease of the
overall thermal conductivity xps; of both W/ZrO, multilayers even to a value of
below 1W/mK is dominated by the high density of interfaces.

6.5. Conclusion

In summary, it has been shown that the laser deposited W/ZrO, multilayers fulfill
two major requirements for high temperature applications such as thermal barrier
coatings. They are thermally stable even at elevated temperatures up to 1300 K
and their thermal conductivity can be significantly reduced (to a value of below
1W/mK) compared to the bulk values of the individual components due to the
high number of interfaces within the multilayers.
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7. Further unpublished results

Because not all TTR measurements could be published in time, the three most
important additional projects were nevertheless included in this thesis as they
further increase the scope of this work.

As this thesis was written in the surrounding of the CRC 1073 ”atomic scale control
of energy conversion”, different successful collaborations have been established.
Not only PLD-grown samples of the author have been measured in other groups, as
already described in the previous chapters, but also thin films of other groups have
been measured by the author with the newly established TTR method. Therefore,
this addendum shall be used to show thermal conductivity measurements first
on samples fabricated by atomic layer deposition (ALD) consisting mainly of
Al,O3 and Pt produced by Christian Volkmann in the group of Sven Schneider.
Second, a new polymer called PAzoPMA fabricated by RAFT polymerization by
Dennis Hiibner in the group of Phillipp Vana is measured. Finally, in order to
complete the picture of this thesis, recent TTR results on the thermal conductivity
of laser deposited W/PC multilayers prepared by the author are presented. Those
multilayers and their corresponding measurements represent a final highlight of
this thesis showing the lowest thermal conductivity of all materials in this work,
which can be seen as a confirmation of the predicted results in chapter 4.

7.1. Thermal conductivity of atomic layer deposited
thin films of Pt and Al,O3

As a cooperation within the CRC 1073, the TTR method of this thesis has been
used in order to measure thin film thermal conductivities of materials, which
were prepared by ALD in another group. Christian Volkmann set up and
implemented a new ALD reactor in the group of Sven Schneider with which
he fabricated thin films consisting of Pt and Al,Oz. Since the growth rates
with the ALD method are comparatively small, only a very limited amount of
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7. Further unpublished results

samples could be measured. However, already those showed a strong reduction in
thermal conductivity compared to a crystalline Al,O3 substrate, which was used as
comparison. All in all, three samples have been investigated with TTR. The sample
ALD 1, which is a structure consisting of 400 nm Al,O3 atomic layer deposited onto
200nm SiO,, the sample ALD 2, which represents a multilayer of Pt and Al,O3 that
is shown in figure 7.1, as well as the reference sample consisting of crystalline
A1203.

Figure 7.1.: Transmission electron micrograph of a cross-section through the sample ALD
2, which consist mainly of Pt and Al,Os. The individual layers are marked within the
figure. It can be clearly seen that the Pt layers are very rough and seem to consist of
clusters with several nm diameter.

In contrast to the reference sample, the atomic layer deposited Al,O3 is amorphous,
which could be determined in electron diffraction experiments using a TEM by the
author with the help of Timo Wuttke, as well as in X-ray diffraction experiments
conducted by the author.

TTR experiments have been prepared by depositing again 50nm Cu on top of all
three samples using PLD. Afterwards, thermal conductivities were measured by
TTR. The measurement curves and their corresponding fits are shown in figure
7.2. As expected, the crystalline Al,O3 reference curve shows the lowest heating
effect at the surface and conducts thermal energy efficiently away. The evaluation
of TTR data gave the result of a thermal conductivity around 46 W/mK, which is
close to the literature value of 42.5W/mK [247]. In contrast to this, the samples
produced with ALD show a very much lower thermal conductivity. Already
sample ALD 1 had a measured thermal conductivity of only 2.8 W/mK, which
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7.1. Thermal conductivity of atomic layer deposited thin films of Pt and Al,O3

is in marked contrast to the pure Al,Os. This at the first sight contradictory
result can be understood by considering the fact that the Al,O3 in this sample
grew amorphously by ALD, which reduces the thermal conductivity as explained
in chapter 2. Derived from the TTR result, one can approximate the thermal
conductivity of the amorphous Al,O3 fabricated by this ALD method to a value
around 6 W/mK. Moreover, apart from the 400nm Al,Os also a 200nm SiO;
layer was part of this sample. Due to the fact that SiO, has a very low thermal
conductivity of only about 1.3 W/mK, the whole thermal conductivity deviates so
much from the crystalline Al,Os.

1 1 1 1 1 1 1 1
Lie ——ALD2| |
_ | ALD1|
E. 0,8 1 —ALO, |
'_
S o064 L
(0]
=
s}
w
T 04 L
N
©
g 0,2 L
(o]
=z
0,0 4 L
0,2 -—¥7—T1—7—

-4,0x107-2,0x10" 0,0  2,0x107 4,0x10” 6,0x107 8,0x107 1,0x10° 1,2x10°

Time [s]

Figure 7.2.: Results of thermal conductivity measurements of three samples consisting
mainly or partially of Al,Og3. In the case of the pure and crystalline Al,O3, the deposited
heat is decayed quickly at the surface. In contrast to this, the heating effect in both
samples prepared by ALD is stronger, which can be attributed to the fact that Al,O3 in
this case is amorphous and that a 200 nm thick SiO; layer is also measured. Comparing
both ALD samples, the one with Pt layers shows a lower thermal conductivity probably
because of the great diffuse mismatch between Pt and Al,Os.

Comparing this result to the measurements of the sample ALD 2, we see a further
reduction effect of thermal conductivity to a value of about 1.6 W/mK although
Pt has been added, which has a significantly higher thermal conductivity of
ca. 72W/mK [257]. This effect could again be explained by thermal boundary
resistances at the interfaces. Due to the great roughness of the layers, probably
the diffuse mismatch model is the best to describe phonon propagation across the
interface as was discussed in chapter 2 [86]. Here, the difference in phonon density
of states in the materials at each side of the interface is most important and a great
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difference leads to a low interface conductance. Regarding the phonon density
of states in Pt, we see two maxima ca. at 2.7 THz and 5.5THz. For frequencies
above 6 THz the phonon density of states becomes zero in Pt [258]. In contrast
to this, the phonon density of states for Al,O3; is non-zero even up to 27 THz
with its highest peak around 23 THz [259]. From this small overlap in phonon
density of states between the two materials, it becomes apparent that phonons
in wide frequency ranges in Al,O3 cannot propagate in Pt and that phonons with
characteristic frequencies in Pt cannot excite a broad spectrum of phonons in Al,Os3.
In literature, boundary resistance for the related Al,O3/Pb system was quantified
by 1.8- 10~ m?K/W, which is also plausible for the Al,O3 /Pt system and correlates
well with the results of the TTR experiment [156]. Since in this sample only two Pt
layers were present, the effect of interface thermal boundaries could not be strong
enough to serve alone for the thermal conductivity reduction.

Another reason for the overall low thermal conductivity could be the existence
of the SiO; layer as mentioned above, but also a reduced thermal conductivity
of the Pt layers that seem to form unnatural clusters, visible in the transmission
electron micrograph 7.1. Here, possible contaminations during the ALD process or
precursor remnants could lead to a reduction of the thermal conductivity, density
or heat capacity of Pt below the original bulk value, which would contribute to the

overall reduction in measured thermal conductivity.

7.2. TTR-measurements on the first PAzoPMA polymer

In the sense of measuring low thermal conductivity materials, also TTR-
measurements on polymers have been desired, which are more complicated to
conduct due to their comparatively easy destructibility with high fluence laser
pulses. Apart from measurements on pulsed laser deposited polymer layers of
which the most important ones shall be presented later, also a polymer sample
from the group of Phillipp Vana, fabricated by Dennis Hiibner, has been measured.
This special polymer is called PAzoPMA and the group around Philip Vana was
the first to succeed in synthesizing it [260]. After careful deposition of the 50 nm Cu
transducer layer for TTR as explained in chapter 5, by the author, this specialized
material could be investigated with the TTR method. Therefore, especially low
laser energies were used in order not to destroy the sample. The result of this

measurement as well as a corresponding fit is shown in figure 7.3.
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Figure 7.3.: The TTR method has been used for thermal conductivity measurements on
a PAzoPMA sample. The result is a typical thermal conductivity of a polymer of
0.2W/mK but has to be treated with caution since PAzoPMA is a relatively unknown
polymer with therefore undescribed properties.

The time-resolved reflectivity spectrum shows a curve shape, which could be
evaluated according to the routine of chapter 5. Approximating the density and
heat capacity of this new polymer with the bulk values of the well-known polymer
PMMA, one gets a thermal conductivity of ca. 0.2W/mK [261]. This result is very
plausible, since it is a typical value for a polymer [261,262].

The specialty of this PAzoPMA is that it is UV light-responsive, making it possible
to change its isomerization and thereby switch its molecular ordering. This
could possibly provide a future path to light-induced active control of thermal

conductivity making future TTR measurements on such materials very promising.

7.3. Thermal conductivity measurements on W/PC

multilayers

Finally, TTR measurements on W/PC multilayer were important for this thesis.
According to the theory presented in chapter 2 those are supposed to have a very
low thermal conductivity due to the great acoustic mismatch at the interfaces.
Moreover, first experimental and theoretical evidence for thermal conductivity
values below 0.1W/mK were found already in chapter 4, which should be
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confirmed by TTR-measurements. Therefore, high effort has been expended in
order to fabricate three samples consisting of the very different materials W and
PC. For this experiment, the interface density should be maximized, meaning that
complex studies on minimal layer thicknesses in the W/PC multilayer system had
to be conducted. The result was a sample with overall thickness of 1.2m consisting
of 800 interfaces between 2.5nm thick PC layers and only 0.5nm thick W layers,

which represents an interface density of 0.67nm™!.

For comparison, a second
W/PC multilayer sample of almost the same overall thickness, but only of half
the amount of interfaces was pulsed laser deposited. In order to obtain information
about the thermal conductivity of pulsed laser deposited PC, a third sample, which
was a monolayer of ca. 1.2 yum PC was fabricated and measured.

After adding the Cu-top layer, all three samples could be measured by TTR giving

the curves shown with their fits in figure 7.4. The outcome of these measurements

1 " 1 " 1 " 1 " 1 " 1
1,0 4 —— 400 Periods -
200 Periods
Polycarbonate
— 0,8
=3
5,
'_
o 06 L
(&)
£
3 044 L
e}
(0]
N
© 0,2 4 L
=
'
Q
=
0,0 H L
0,2 : | . 0 . | : | 0 |
4.0x107  -2,0x107 0,0 20x107  4,0x107  6,0x107  8,0x10”

Time [s]

Figure 7.4.: Pulsed laser deposited PC as well as two W/PC multilayers with 200 and 400
periods, respectively have been measured by TTR. While already PC has a very low
thermal conductivity, multilayers of W and PC could decrease this value significantly
due to their thermal boundary resistances.

showed for the pulsed laser deposited PC sample a value of xpc_p;p ~ 0.4 W/mK
which is significantly higher than the literature value for bulk PC xpc ~ 0.2W/mK
[214,263]. The reason for this obvious deviation could be a change in polymeric
properties during laser ablation, which changes the microstructure for instance
by an increase of cross-linking [264]. Due to this structural change, the pulsed
laser deposited polymer becomes harder than its original target material, which
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could be described in this work in chapter 4 and 3. There, it was found that the
E-modulus of laser deposited polymer utilized for this experiment has a value
of Epc_p.p ~ 7GPa in contrast to the bulk value of Epc ~ 2GPa [265]. This
increase in hardness by a factor of about three could also be the reason for
the higher thermal conductivity of pulsed laser deposited PC. Utilizing a rough
estimation according to which the phonon velocity scales with v « v/E, the thermal
conductivity described with equation 2.5, namely x = 1cvl, would also scale with
x o« v/E [266]. This estimation results in a thermal conductivity for laser deposited
PC of about xpc_prp ~ 0.37 W/mK, which is very close to the measured value.
Continuing the analysis of the two W/PC multilayers with the adjusted bulk value
for laser deposited PC, one gets a strong reduction of thermal conductivity below
the value of PC already in the sample with an interface density of 0.33nm™!.
Here, a value of 0.16 W/mK was measured, which is also lower than the literature
value for unmodified PC and thereby an amazing result. However, the second
W/PC multilayer sample could surpass this result, since here the individual layer
thicknesses were reduced even more, resulting in an interface density that was
twice as high. This sample showed a thermal conductivity of only 0.09 W/mK,
which is an ultra-low value for fully dense materials and which is, to the knowledge
of the author, undercut only by the thermal conductivity x(WSe;) = 0.05 W/mK
of the famous mono-atomically ordered WSe; crystal [142].

Combining the measurements on both W/PC multilayer samples, one can estimate
the thermal boundary conductance to a value of around Gy /pc ~ 8 - 107 W/(m?K)
which is higher, but still in the same order of magnitude as expected in chapter
4. The reason for this enlarged value could be again the modification of the
polymer, making the acoustic mismatch lower due to the increase of PC hardness
accompanied by the increase in sound velocity. Nonetheless, this is still a
quite low value for interfacial thermal conductance and much lower than the
value for W/Al,O3, which is ca. 2.6 -102W/(m?K) or W/ZrO,, which is ca.
6.3 - 103 W/ (m?K) [39].

All in all, these measurements on W/PC prove that it is a material combination
suitable for fabrication of ultra-low thermal conductivity multilayer materials. The
challenges of manufacturing those with high quality and low layer thicknesses have
been faced in this thesis. Thus, such structures were presented here for the first time
as well as measured for the first time concerning their thermal conductivity with

an excellent result.
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8. Conclusion

This present thesis combines research published in four different peer-reviewed
papers. It represents work in the fields of phononics and thermal conductivity
research, as well as materials physics in terms of fabrication and characterization of
nanoscale multilayers, but also measurement method development and application.
The backbone of this work are pulsed laser deposited thin films, especially
multilayers. Those nanoscale structures have been investigated mainly in terms of
cross-plane thermal conductivity and therefore also concerning phonon transport
and their structure. The pronounced goal was to minimize the thermal conductivity
in multilayer systems. Hence, gathering understanding about phononic heat
transport was important. In order to achieve that goal, investigations had to
be conducted covering all the necessary methods, like pulsed laser deposition
(PLD), transient thermoreflectometry (TTR), X-ray reflectivity, X-ray diffraction,
transmission and scanning electron microscopy as well as ultrafast optical pump-
probe spectroscopy, which was performed in a collaboration with Henning Ulrichs
and Markus Miinzenberg.

The starting point from simple bilayers towards more complex multilayers is
explained in chapter 3, where phonon localization in thin, layered structures was
found. For this endeavor, thin films consisting of Cu and polycarbonate (PC) or W
and Si were prepared by PLD, because they exhibit a large acoustic mismatch.
They were compared in terms of phonon transport with sputtered material
combinations, namely applied functional materials for heat-assisted magnetic
recording and ultrathin metal-oxide multilayers. It was shown that especially high
acoustic mismatch material combinations exhibit strong reflection and re-reflection
of phonons at interfaces, by which phonon modes were localized as standing waves
within the layers. In the Cu/PC system, where phonon transmission probabilities
across the interfaces were found to be very low, standing phonon waves with a long
life-time of up to 500 ps could be detected. This is a sophisticated approach towards
phonon mean free path reduction by boundary scattering and reflection and can
be seen as an experimental validation of different phonon transport theories, like
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the acoustic or diffuse mismatch model [59, 60, 86], but also as a very descriptive
example for phonon localization that explains, how heat transport can be hindered.
In addition to this, it was achieved to tune the frequency of the standing waves
over a wide range by using different layer thicknesses. Here, phonon frequencies
up to 360 GHz were found, which can almost be seen as thermal frequencies. By
turther reducing the lattice period, frequencies above 1 THz might also be accessible
in the future, making such structures even more important for thermal transport
suppression.

All in all, this first work identified PLD as an ideal method for preparing phonon
confining thin films. Especially the ability of combining very thin layers of different
materials, such as hard and heavy metals with soft and lightweight polymers is
outstanding and very important for new concepts of thermal insulation.

As outlined in chapter 4, such material combinations could be grown with high
quality after an improvement of the PLD-setup by the author. The materials of
choice were W and PC and to the knowledge of the author, this thesis is the first to
describe W/PC multilayers because of the challenges in producing such. Since W
is a well-established material, even for PLD, mostly the PC had to be investigated
before starting multilayer preparation. It could be shown that laser deposited
PC remains its original molecular bonds over a wide range of laser fluences
from 30m]J/cm? up to 250m]J/ cm? as confirmed by NEXAFS measurements in
collaboration with Klaus Mann and Matthias Miiller from the Laser Laboratorium
Gottingen. However, measurements of PC-hardness showed a significant increase
in hardness with increasing laser fluence, making this polymer adjustable in its
mechanical properties. After finding also a minimum in roughness with laser
fluence, multilayers could be prepared with small individual layer thickness, low
roughness and high acoustic mismatch, making such material combination an
appropriate candidate for further phononic experiments.

Using fs-pump-probe reflectivity measurements, first, on periodic multilayers of
W and PC, strong phonon localization and phonon mode confinement could
be confirmed as expected according to band structure calculations. This result
matches different findings on phononic crystals in literature and again increases
their scope by manipulating high frequency phonons above 300 GHz in a new
material combination [229,232]. From the pump-probe measurements in this work
it became clear that coherent phonon modes with appropriate frequencies can pass
through a periodic multilayer as Bloch-like eigenmodes. Thereof, the idea resulted
to terminate the propagation with small deviations from the periodic structure.
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Hence, aperiodic structures were designed that filter even more phonon modes,
which lead to the total absence of detectable transmitting coherent phonons.
These experimental results could be taken as an explanation for a reduction effect in
thermal conductivity of randomly stacked multilayers that was found in theoretical
calculations in literature [164,165].

In order to measure thermal conductivities in this thesis, an own measurement
setup had to be conceived and implemented. Because of the high spectrum of
samples that can be produced by PLD, a new and versatile implementation of
the well-known transient thermoreflectance (TTR) scheme was realized, which was
described and tested in chapter 5. For this novel implementation, a pulsed KrF
excimer laser was chosen for heating that runs at a wavelength of 248 nm and with
pulse durations of 20ns. The change in temperature after this heating pulse is
measured via a 643 nm continuous-wave laser that probes the surface reflectivity.
In order to obtain a usable measurement signal and optimize the signal to noise
ratio, different metal transducers with different thicknesses were tested for this
method with the result that 50nm of Cu are suited best to measure the reflectivity
change.

This time-dependent change in reflectivity was then translated into a time-
dependent change in temperature via the coefficient of thermoreflectometry. In
order to extract thermal conductivity data from the measured change in temper-
ature, the heat equation was solved with respect to the given parameters of the
heating laser. The resulting approximated analytical formalism was utilized for
data collection and interpretation. For measuring thin film thermal conductivities,
which was one goal of this thesis, a special treatment for multilayers was developed
as a quasi-material approach to density, heat capacity and thermal conductivity
that takes into account diffusive heat transport as a resistor chain. This here
developed procedure was used in order to determine the thermal conductivity of
several different bulk materials as well as various thin film systems. An overview
of the results is depicted in figure 8.1, where the most important measurements
of this thesis are plotted in comparison with important literature values. Since
the here presented implementation with such a laser combination is unique in the
literature, scarcely any literature values or descriptions for this setup existed. After
great efforts in designing, implementing, testing and improving this method, a
comparatively handy, versatile method with high throughput capabilities has been
established that represents a novel contribution to the field of thermal conductivity
measurement techniques.
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8. Conclusion
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Figure 8.1.: Comparison of thermal conductivity values that were measured in this thesis
(red stars) with some representative literature values (black squares and circles) at
room temperature. Of special interest are the data points for W/ZrO, and W/PC in
comparison to the ultra-low literature values of W/Al,O3 and the two-dimensionally
layered WSe; [39,142]. Concerning W/ZrO;, this material combination has a much
higher thermal stability than W/Al,O3 while being in the same thermal conductivity
region. In the case of nanoscale W/PC multilayers that were presented first in this thesis
a tremendously low value of thermal conductivity was achieved even without the need
of monoatomically stacking of layers. (Figure adapted from [35])

One of the most important measurements with this TTR setup within the scope of
this thesis is described in chapter 6. Here, this method is applied to laser deposited
multilayers of W and ZrO,. This material combination has been chosen on the
one hand because ZrO; is a prominent thermal barrier material and features a low
thermal conductivity and on the other hand because both materials have a very
high melting point and are therefore thermally very stable. In order to decrease the
thermal conductivity of ZrO,, it has been combined together with W in nanoscale
multilayers. As described in chapter 2, such material combination poses strong
resistance to heat flow because of the boundary resistances at every interface. For
the fabrication of such multilayers, layer thicknesses have been designed in order to
benefit from the intrinsic low thermal conductivity of ZrO,, while W (that features
a bulk thermal conductivity, which is almost two orders of magnitude higher than
that of ZrO;) was only used for ultra-thin blocking layers. In this way, the bulk
thermal conductivity is dominated by the low value of ZrO,, while W layers with

thicknesses down to 0.6nm have been fabricated as phonon blocking interlayers.
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By this approach, the thermal conductivity could be decreased below 1W/mK,
which is significantly below the already low value of ZrO; and also lower than
a measured alloy value in this system. Moreover, it could be shown by repeated
XRR measurements after annealing at high temperatures that the laser deposited
W/ZxrO, multilayers show a high thermal stability even up to 1300K. This means
that this material combination fulfills the two most important requirements for
many high-temperature applications, namely a high thermal stability together with
a low thermal conductivity.

This result is very important because many low thermal conductivity multilayer
materials do not feature this outstandingly high thermal stability, while for highly
stable thermal barrier materials there is plenty of space for improvement by
nanostructuring these in terms of multilayers. One decade ago Costescu et al.
have written in their world-famous Science paper: "Applications of nanolaminates
as thermal barriers at temperatures higher than 1000°C would require the devel-
opment of material interfaces that satisfy the conflicting demands of low thermal
conductance and exceptional thermal stability” [39]. These conflicting demands
have been fulfilled in the multilayers fabricated and investigated in this thesis.
Another highlight of this thesis is shown in chapter 7, where first TTR measure-
ments on the switchable polymer PAzoPMA, atomic layer deposited Pt/Al,O3
thin films and pulsed laser deposited W/PC multilayers are presented. Here,
especially the measurements on W/PC multilayers are of great importance for
this work. This material combination was not only fabricated for the first time
in this thesis, but also investigated in terms of its cross-plane thermal conductivity
for the first time with the newly established TTR method. This alone is already a
strong result, because this material combination can only be grown with PLD in
this quality and measuring its thermal conductivity is highly nontrivial because
of the easy destructibility of the polymer, which excludes some measurement
methods, for instance the 3-omega method. Apart from this, the W/PC multilayers
produced here featured an ultra-low thermal conductivity value of 0.09 W/mK,
which constitutes a peculiar result, since it lies in the same order of magnitude as
the unprecedented value of the monoatomically layered WSe; crystal [142].

All in all, this thesis has managed to reach its goal of reducing thermal conductivity
in laser deposited multilayers. This is shown in figure 8.1, were the gained results
of this thesis are compared with other outstanding material combinations as well
as important bulk values.

In order to achieve this result, phonon transport in bilayers and multilayers was
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8. Conclusion

investigated and phonon propagation was studied for the first time in the high
acoustic mismatch material combination W/PC, where strong confinement in
periodic and especially in aperiodic multilayers could be shown. With a novel
TTR measurement method that has been implemented in the scope of this thesis,
the reduction of thermal conductivity in highly stable thermal barrier W/ZrO,
multilayers as well as in ultra-low thermal conductivity W/PC multilayers could
be demonstrated.

Altogether, this thesis represents advancement in thermal conductivity research
and provides a foundation for possible future thermal barrier applications.
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