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1. Introduction

Materials and the ability to understand and control them are a defining
feature of humanity. From the stone, bronze and iron age, over to the
production of paper and gunpowder to oil refining up to nuclear fission and
the current information age, that is sometimes also dubbed silicon age, the
understanding of the material world has steadily increased.

A great part of the recent technological advances are due to miniaturiza-
tion, especially in computer hardware, resulting in an increase in compu-
tational power on smaller and smaller circuits. This would not have been
possible without the rapid development of methods in physics, chemistry
and related sciences to control and characterise materials down to the
nanoscale. At the current frontier of science about the miniaturization of
structures are insights and capabilities to control structures down to the
size of a nanometre. A true control of materials on that level touches the
foundations of chemistry, because atomic bonds, unit cells of crystals and
molecules are at the lower end of this range.

A subset of nanotechnology is that of thin films which are the main focus
of this thesis. Thin films of well known materials are crucial in electronics
such as computer chips and have a great impact also on catalysts and opti-
cal coatings. Due to the progressing capabilities to control the film growth
down to the scale of unit cells different materials can be deposited together
on such a small scale, that it becomes possible to engineer essentially new
materials. An example are materials with artificial interfaces, created
by stacking different materials layer by layer on a molecular level. With
that kind of control it is possible to combine and tailor physical properties
as well as engineer materials with completely new properties. At the
interfaces of nanometre thin layers, new questions arise that need to be
answered to understand the nature of these materials. The interfaces could
have abrupt borders that are strictly separated, or smooth and gradual
transitions between two materials. Thin interfaces could be strong, pinhole
free layers and effective separators between two materials on either side,
or they could be more like a net with cavities, through which the materials
at both sides are connected. The answers are specific to the materials of
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the layers and the conditions under which they were formed.
The amount of possible materials that could be combined is staggering;

this thesis focusses on ZnO-based thin films with AlOx and ZnO-benzene
sublayers. To create these multilayered thin films this thesis utilized
atomic layer deposition (ALD) and molecular layer deposition (MLD). ALD
was invented by Tuomo Suntola [1] and has since become an important
technique for semiconductor microelectronics and research [2]. MLD is a
variation of ALD that deposits whole molecules instead of single atoms
each cycle and is used in this thesis to include ZnO-benzene layers into
ZnO thin films and thus enabling deposition of hybrid inorganic-organic
thin films.

Zinc oxide is a transparent conductive oxide (TCO) and a common dopant
for it is aluminium which can substitute Zn atoms in the ZnO lattice or
occupy interstitial spots, in this work AlOx layers in ZnO were deposited.
Al in ZnO stands in strong contrast to benzene, which is also investigated in
this work. Benzene is an organic aromatic molecule that can not be easily
integrated into the ZnO lattice. Consequently the ZnO/AlOx system could
be in stark contrast to ZnO/ZnO-benzene system. An investigation of these
chemically very different interface layers has been conducted in Publication
I. As transparent conductive oxide, the electrical conductivity of ZnO is
often investigated, at the same time interfaces of metal oxides have shown
exciting electric properties. At the interface between artificially layered
oxides the electrical conductivity can vary considerably, even forming a so
called two dimensional electron gas (as for example in LaAlO3/SrTiO3 [3]).
The possibility to utilize such interface effects to increase the electrical
conductivity at interfaces is especially interesting for materials that have
the need for a high electrical conductivity, but have other restrictions such
as transparency or benefit from anisotropy. This is the topic of Publication
II in which superlattices of ZnO and amorphous indium gallium zinc
oxide (a-IGZO) are deposited with pulsed laser deposition (PLD). a-IGZO
itself is an interesting TCO that can have extraordinarily high electron
mobilities [4]. ZnO and InGaZnO4 also naturally form crystalline layered
structures but within this thesis the focus is prospecting for possible
interface effects between polycrystalline-amorphous interface superlattice
structures built from polycrystalline ZnO layers and amorphous InGaZnO4

layers.
Lastly interfaces can significantly reduce the thermal conductivity of

a material and together with the reasonably good electrical conductivity
this makes layered thin films based on ZnO a great model system for ther-
moelectric (TE) materials, where balancing and possibly even decoupling
of the thermal and electrical conductivity could lead to great gains [5,6].
To better understand how the thermal conductivity is suppressed and
how this effect can be controlled to tailor the thermal conductivity in
the ZnO/ZnO-benzene hybrid superlattice system an extensive sample
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series is designed and systematically investigated. Notably this work also
investigates samples that deviate from the strictly repetitively ordered
superlattice structures and also considers materials that have varying
interface spacings which are called gradient materials in this thesis.

The ZnO/ZnO-benzene system combines ZnO, a well known inorganic
TCO, with benzene interfaces, the most basic organic aromatic ring struc-
ture. Together they form a hybrid material that can not be synthesized
without this layered approach. It has been suggested that nearly the entire
spectrum of heat carrying phonons in ZnO scatters at the inorganic-organic
interface between ZnO and benzene [6], making research on this system
very interesting. Publication III investigates the effect that deviation from
the regular superlattice structure has on the thermal conductivity whereas
Publication IV adds thicker and thinner samples to the set and utilizes
multivariate data analysis to find the main factors for the suppression in
thermal conductivity.

The effects of interfaces and their layered structure is the common ele-
ment linking everything together and the present thesis tries to illuminate
these effects in the ZnO systems with ZnO-benzene, a-IGZO and AlOx

layers. An overview on the challenges of those questions is given in the
next Chapter that introduces some of the scientific background this thesis
is based upon, together with a short introduction to ZnO as well as the
deposition methods, ALD/MLD and PLD, utilized in this work to create
these intricate layered thin films.
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2. Background

To understand the work and the challenges that are tackled in this thesis,
some background in this field is necessary. Basic concepts about the
electrical and thermal conductivity at interfaces are at the foundation of
this thesis and the following sections aim to give a brief overview on them.

2.1 Electrical conductivity at interfaces

Thin films differ in several ways from bulk materials. This is important to
understand because where surfaces and interfaces in bulk materials make
up just a tiny fraction of the material and are sometimes even omitted in
their discussion, in thin films they make up a large fraction of the material
and can’t be neglected.

The electrical conductivity (σ) is classically expressed as the product of
the charge carrier concentration (n), the charge (q) and the mobility (μ) of
the charge carriers.

σ = nqμ (2.1)

In this thesis the charge carriers are electrons and the discussion will
be limited to the solid state when discussing electronic properties. The
charge of an electron is fixed (1e ≈ 1.6021 · 10−19C), but the charge carrier
concentration (n) and mobility (μ) are determined by the electronic band
structure of the material. In principle this electronic „band“ is the combi-
nation of the allowed quantum states of the involved electrons described
by the Schrödinger Equation:

Ĥ|Ψ〉 = E|Ψ〉 (2.2)

With Ĥ being the Hamiltonian operator, Ψ the wavefunction and E the
energy of the electron state. For all but the simplest situation (a single
hydrogen atom with 1 electron) the equation can’t be solved analytically
but with the quickly developing computational power and methods within
the last decades increasingly good approximations can be made. However
one fundamental assumption in many of these calculation is periodicity
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(Blochs theorem) meaning that there is a repeating unit (a unit cell). This
is tremendously important because it means that not every single electron
in a solid has to be taken into account and the Schrödinger equation can
be approximated for the electrons within this repeating unit. Obviously
this theorem works especially well for crystalline materials. Deviations
occur at interfaces between two materials (including the surface, the inter-
face between the solid and the surrounding atmosphere) because at the
interface periodicity breaks down and the quantum states of the electrons
are different from those within the material. Pioneering theoretical work
on these surface states was done nearly 90 years ago by Igor Tamm [7] and
William Shockley [8], shortly after Felix Bloch introduced his description
on the Bloch waves in a continuous medium [9]. Ultimately these interface
states are the reason why interfaces can have fundamentally different
properties than the bulk of the material and why engineering materials
with many interfaces is so interesting.

An aspect, that is closely entwined with the effect of surface states, is
that the band structure can be limited and it’s amount of quantum states
can be significantly reduced if the structure in the physical space is thin
enough. Then the amount of possible quantum states isn’t described best
by a continuous band but by discrete quantum states. This confinement of
electrons into small areasis called quantum confinement [10]1.

For the electric conductivity this means that the charge carrier concen-
tration as well as mobility at interfaces and very thin layers can differ
significantly from their values in the bulk. A prominent example of this
are the so called 2D electron gases (2DEG), in which electrons can move
freely within two dimensions, but are confined in the third.

More specific examples of such systems will be given in Chapter 4 to-
gether with studies on ZnO/a-IGZO superlattice structures.

2.2 Thermoelectric materials and thermal conductivity

A related field with great hopes for major breakthroughs with the help
of nanostructures is the field of thermoelectricity. More than 60% of
the worlds energy production is estimated to be lost, most of it as waste
heat [11].

Thermoelectric (TE) devices can generate electricity from temperature
gradients and thereby from waste heat, at their heart are thermoelectric
materials. That a temperature gradient can lead to a voltage difference
within a material was discovered by Thomas Johann Seebeck already

1Not limited to 2-dimensional layers, nanorods and nanodots utilize quantum
confinement in one and zero dimensions and also not necessarily limited to
electrons.

6



Background

in 18212 [13] and is named thermoelectric effect or Seebeck effect. The
coefficient relating the voltage generated with the temperature difference
is named Seebeck coefficient, S after its discoverer and defined as follows:

S =
ΔV

ΔT
(2.3)

A good thermoelectric material should not only have a high Seebeck
coefficient, but also a decent electrical conductivity. The product σS2 is
therefore sometimes called the power factor, a value that has a great
effect on the amount of energy that could be extracted. Lastly the thermal
conductivity (κ) is important because it determines how well a temperature
gradient (ΔT in equation 2.3) can be kept across the material. While a
high Seebeck coefficient and the electrical conductivity are beneficial for a
good thermoelectric material, the thermal conductivity is ideally very low
to enable a steep temperature gradient. This relation is expressed in the
dimensionless figure of merit for thermoelectric materials.

zT =
σS2

κ
T (2.4)

The higher the zT value is the better the material is suited for thermoelec-
tric applications. The same figure of merit can be done for thermoelectric
devices in which case it is often written with a capital Z to distinguish
the device from the material. For actual thermoelectric devices n-type and
p-type legs connected in series are the standard configuration. [14]

Basically all materials show thermoelectric behaviour, alas the effect is
very weak in most cases and to increase the zT value or find a new material
with a high zT value is a challenge. Currently the most widespread
materials are doped Bi2Te3 alloys, but their efficiency is rather low beside
some other obvious problems such as bismuth and tellurium being toxic
heavy metals.

The core problem in finding a better thermoelectric material is finding a
way to maximize z = σS2/κ. In metals and degenerate semiconductors S

can be derived from the band structure and expressed as follows [15]:

S =
8π2k2B
3qh2

m∗T
( π

3n

) 2
3 (2.5)

kB is the Boltzmann constant, h is the planck constant, q is the charge
of the charge carrier, m∗ is the effective mass of the charge carrier and
n is the charge carrier concentration. The only variables in equation 2.5
are m∗, T and n. As in the equation for the zT value (equation 2.4) high
temperatures are beneficial.

The effective mass of the charge carrier would be a way to increase the
efficiency but unfortunately a higher m∗ often leads to lower mobilities

2Alessandro Volta is also sometimes mentioned as the first to discover the ther-
moelectric effect already in 1794 [12]
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colliding with the need for good electrical conductivities as expressed in
equation 2.1. [16,17]. A similar, more direct, issue arises with the charge
carrier concentration n. According to equation 2.5 n should be as low as
possible for a high Seebeck coefficient, but the electrical conductivity is
directly linked to n. Looking at equation 2.4 shows that a high electrical
conductivity as well as a high Seebeck coefficient would be ideal. But for a
high σ the charge carrier concentration n should be high whereas for a high
S it should be low. So a compromise must be made because too low carrier
concentrations will limit the efficiency due to a low conductivity whereas
too high carrier concentrations will lead to a Seebeck coefficient that is so
low that barely any voltage is generated from a heat gradient. This shows
that S and σ have a fundamental connection through the charge carriers
that prevents them to be maximized independently.

A similar problem occurs between σ and κ. The ratio of thermal and
electrical conductivity in metals is proportional to the temperature, as
expressed in the Wiedemann-Franz law

κ

σ
=

π2

3

(
kB
q

)2

T = LT (2.6)

kB is the boltzmann constant and L = π2k2B/3q
2 is the Lorentz number.

The Wiedemann-Franz law shows that σ and κ are proportional to each
other, yet ideally high electrical but low thermal conductivity is required
(compare with equation 2.4).

The challenge with thermoeletric materials is that in order to maximize
the efficiency the electrical conductivity and the Seebeck coefficient should
be as high as possible while the thermal conductivity should be minimized.
For a high electrical conductivity a high concentration of charge carriers is
desired, but that contradicts high values for the Seebeck coefficient, which
benefits from low carrier concentrations. Maximizing one while minimizing
the other can’t easily be done, this is the conundrum of thermoelectrics,
the variables are connected and maximizing one will often come at a cost
for the others.

Fortunately the Wiedemann-Franz law is valid for metals, but in in-
sulators the contribution of charge carriers to κ is minuscule, another
heat transfer mechanism is dominating: Lattice vibrations, in line with
quantum chemistry these vibrations can also be described as quasipar-
ticles — phonons. Phonons can be very effective in the transmission of
heat, in fact the material with the highest known thermal conductivity is
diamond, a classical insulator that conducts heat by phonons not by charge
carriers. [18]

Obviously classic insulators are not great thermoelectric materials be-
cause their electrical conductivity is, by definition, rather low. On the
other end of the spectrum are classic metals, which are typically also poor
thermoelectric materials because their concentration of charge carriers is
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high and accordingly the Seebeck coefficient tends to be low (eq. 2.5) and
the thermal conductivity is, in accordance to the Wiedemann-Franz law
(eq. 2.6) very high, consequently their zT value tends to be quite small.

The best thermoelectric materials are typically found among semiconduc-
tors that have acceptable levels of electrical conductivity and yet can have
a low thermal conductivity dominated by phonons not the charge carriers
which means that the thermal conductivity is partly decoupled from the
electrical conductivity. The thermal conductivity can be expressed as the
sum of the thermal conductivity that is due to phonons, κl, and the part
that is due to charge carriers, κe.

κ = κl + κe (2.7)

Especially κl is interesting because minimizing κl will not directly affect
the charge carriers. It is also linked to the materials structure as strong
bonds in a regular crystal lattice such as diamond are ideal pathways for
phonons while unordered amorphous substances such as glass typically
show low phonon conductivities. The thermal conductivity due to lattice
vibrations, κl, can be expressed by kinetic theory as:

κl =
1

3
Cνlmfp (2.8)

Here C is the heat capacity, ν the average phonon velocity (often approx-
imated by the speed of sound in the material) and lmfp the mean free
path of a phonon, indicating what distance a phonon travels before it gets
scattered [19].

To express the need for materials that behave like a glass for phonons,
but like a crystal for electrons the nicely descriptive term „phonon glass,
electron crystal“ has been coined [20]. This is currently one of the most
promising ways to improve thermoelectric materials and there are many
approaches to this including alloying, isoelectric substitution and clathrate
structures. [16,21,22]

Also layered materials can have good thermoelectric properties, as in-
terface scattering can be a very effective way to suppress thermal con-
ductivity [21, 23, 24]. The layering can be due to the crystal structure
(e.g. in complex oxides [25]), but for this thesis layered nanostructures
are achieved by artificial growth of different layers. Introducing layers
perpendicular to the temperature gradient would ideally act as strong
phonon scatterers but have as little impact as possible on charge carriers
(cross plane). More examples will be given in Chapter 5 that investigates
the thermal conductivity of ZnO/ZnO-benzene samples fabricated within
this thesis. Thermoelectric properties are not the focus of this thesis but
are a direct connection between two of the main topics: Electrical interface
effects and the control of thermal conductivity by interfaces.
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2.3 ZnO

Zinc oxide crystallizes readily under almost any deposition or growth con-
dition. The most prevalent structure is the hexagonal wurtzite structure
shown in Figure 2.1. Also a cubic zinc blende structure of ZnO is known,

Figure 2.1. Crystal structure of ZnO along the crystallographic a and c-axis. The pictures
were generated using Vesta [26] and the CIF file on the crystallography open
database [27] originally from Weber [28].

but was not observed within this work. In the hexagonal form ZnO is
piezoelectric along the distinguished c-axis. ZnO is used in many fields be-
cause it shows a wide array of interesting physical properties, is relatively
abundant, stable and also non-poisonous [29,30]. For this work the focus
is on the electrical and thermal properties of ZnO (always in the hexagonal
wurtzite structure unless otherwise noted).

ZnO is a semiconductor with a wide (and direct) band gap and is also
stable at high temperatures, making it an interesting candidate for ther-
moelectric research. As described earlier, semiconductors tend to be the
most promising candidates for thermoelectric purposes and the efficiency
of the thermoelectric conversion is better at higher temperatures, ZnO
fulfills these requirements. Another interesting aspect is that the ther-
mal conductivity in ZnO is largely dominated by phonons, not electrons,
which means that one of the big challenges of thermoelectric materials,
the entanglement of electric and thermal conductivity, is mitigated a bit
compared to materials that have the thermal conductivity dominated by
their charge carriers [31–37].

ZnO is also interesting as transparent conductive oxides and can be
doped (e.g. with aluminium and/or magnesium) for higher electrical con-
ductivities [29,30]. It should be noted that Zn is much also more abundant
than indium, which is currently used for the predominant TCO indium tin
oxide (ITO) and non-toxic.

One of ZnO’s main issues as semiconductor is that it is an intrinsic
n-type conductor and so far no easily accessible and stable p-doping of

10



Background

ZnO is known. The nature of the intrinsic n-doping is still discussed in
literature — oxygen vacancies, interstitial Zn atoms and/or interstitial
hydrogen are the main suspects for the natural n-doping in ZnO [29].
Finally of great parctical importance for this work was also that ZnO has a
well established deposition processes for atomic layer deposition [38] and
pulsed laser deposition [39].

2.4 Atomic and molecular layer deposition

Atomic layer deposition (ALD) is uniquely suited for layer engineering
because it allows, in principle, an extraordinary level of layer sequence
control down to monoatomic layers under comparatively mild deposition
conditions and with high conformality also on structured substrates [2,40].
The mild deposition conditions and precise layer control were critical for
this thesis research and most of the work herein depends strongly on ALD
and it’s counterpart, molecular layer deposition (MLD) for the organic
layers.

Atomic and molecular layer deposition techniques have quickly gained
traction in science and industry, not only but especially, because they can
yield conformal and pinhole free electric barrier layers of high-k oxides on
irregular surfaces essential in the semiconductor industry [41].

ALD was invented in Finland by Tuomo Suntola [1] and independently
also in the Soviet Union [42]. It is mostly based on chemical reactions at
the surface and often used for binary metal oxides, sulfides and nitrides.
A first precursor is pulsed as a gas into the reaction chamber with the
substrate, where it reacts and sticks to the substrate surface. Here it is
of utmost importance that the reaction stops once the surface sites are
fully covered, meaning the reaction is self limiting. The excess precursor
is then pumped out of the chamber before the second precursor is pulsed
into the chamber and reacts with the previous precursor on the surface.
This reaction must be self limited so that no further reaction occurs once
the surface is covered in the reaction product of the latest precursor. The
simplest ALD processes need only two precursors, but depending on the
desired film more precursors can be pumped repeatedly and in sequence
into the chamber.

In practice there is always a purging step between the precursor pulses to
ensure the previous precursor really is only on the surfaces and not in the
gas phase any more, which could lead to particle formation by spontaneous
reaction between the precursors in the gas phase. These separated steps of
pulsing an purging are cycled, while this ensures the excellent thickness
control it also makes the whole process rather slow. For ZnO the growth is
usually ≤ 2 Å/cycle, the cycle time heavily depends on the setup and was
a bit below 10 seconds (most of it purging) for the work conducted within
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this thesis. A sketch of the process and photos of the reactor employed in
this research are shown in Figure 2.2.

n cycles

Pulse

Pulse

Purge

Purge

Diethylzinc

Water

Precursor

Nitrogen

Purging &
transport gas

Ethane

Reaction 
products

ZnO
[    ]n

Substrate Substrate

SubstrateSubstrate

(a) A sketch of the basic ZnO ALD process.

(b) The ALD reactor from the
outside

(c) The ALD deposition chamber

Figure 2.2. The basic ZnO process sketched (a) and pictures of the reactor used (Picosun
R-100).

Molecular layer deposition works with the same principle, but instead
of a single atom a complete molecule, based on an organic precursor, is
deposited on the surface. In both cases ALD and MLD the temperature
range at which the precursors can be used is critical to prevent decom-
position and ensure the self limiting characteristics of the reaction. The
combination of ALD and MLD allows a great structural freedom to combine
inorganic and organic materials at the nanometer scale into new hybrid
materials [43,44]. It should be mentioned that the exact reaction mecha-
nisms during the ALD/MLD and the surface saturations of the different
precursors are subject of active research [45–49] and also differ with each
precursor, but the basic assumption — a layer by layer deposition of self
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limiting surface reactions, is undisputed.
Because the precursor pulse times can be controlled and the precursor

can diffuse through the chamber until it hits an unreacted surface site,
complex shapes can be coated. The self limiting surface reaction ensures
more exposed parts don’t experience faster growth resulting in the excellent
thickness control with high conformality. Another advantage is that the
deposition depends on the chemical reaction between the precursors on the
surface and as long as the precursors are reactive enough and in the gas
phase, no high temperatures are necessary which enables the deposition
of organic molecules.

The basic reactor setup is relatively simple: The sources with the precur-
sor must be connected to the deposition chamber and in some way (e.g. a
valve) their flow into the chamber must be controlled. The chamber itself
is typically at pressures of a few hPa due to the constant changing flow of
purging gas (that often also acts as transport gas for the precursor). Lastly
at the exhaust are particle traps and/or scrubbers to get rid of unreacted
precursors. A challenge in ALD can be the purity of the films, because the
materials are deposited with a chemical reaction it is nearly impossible
to completely prevent reaction products from being trapped in the film.
Small levels of impurities stemming from the precursor can nearly always
be found if one looks close enough.

Another big challenge in ALD can be finding the correct precursors, as
they must fulfil rather strict requirements, they must have partial pressure
in the gas phase, they must of course react at the surface but they also must
be stable enough, in the deposition condition to guarantee the self limiting
reaction once the surface is saturated. Often these materials are highly
reactive metal organic molecules (for example diethylzinc — DEZ and
trimethylaluminium — TMA used in this thesis) that need careful handling.
For the work in this thesis, namely the ZnO/ZnO-benzene hybrid films
hydroquinone (HQ, C6H4(OH)2) was utilized as precursor. Hydroquinone is
a benzene molecule with two hydroxy groups in para-position which reacts
with ethylzinc surface groups under the formation of ethane linking the
Zn atom and the benzene molecule via an oxygen bridge Zn–C2H5(Surface) +
C6H4(OH)2(gas) −−→ C2H6(gas) + Zn – O – C6H4 –OH(Surface). The challenge
here is that HQ is a powder at room temperature and has a very low partial
pressure, which is an issue because ALD and MLD are gas-phase reactions.
To overcome this the HQ source had to be kept at a constant temperature
of 150°C during deposition and pulse times for the HQ half cycle were 15
seconds, much longer than those for DEZ (0.5 seconds pulse time).

Finding the right deposition conditions for new precursors can be chal-
lenging, however since this thesis predominantly studies the effects of new
nanostructures on known materials, well known precursors such as TMA
and DEZ could be used and also HQ had previously been reported as a
precursor [50], hence the deposition conditions were not an issue for this
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thesis. Because ALD is not a "line of sight" deposition method but deposits
practically everywhere large amounts of precursors react on the chamber
walls or are pumped through the chamber without reacting, this means
ALD/MLD deposition has a relatively large material consumption and the
chamber needs frequent cleaning.

The self-limiting surface reaction is the key for the excellent layer control
because through the order in which the reactants are pulsed into the depo-
sition the layer sequence is determined, together with the comparatively
low deposition temperatures ALD and MLD are extremely well suited to
fabricate nanolayered thin films of a wide variety of materials.

2.5 Pulsed laser deposition

One material investigated in this thesis is InGaZnO4 (IGZO), a ternary
metal oxide and for ternary or even quarternary compounds ALD processes
quickly become complicated because they need four compatible precursors.
Recently the possibilities for ternary or even quarternary compounds with
ALD have been demonstrated even for IGZO [51–53]3

More common for ternary or quarternary compounds are physical depo-
sition methods such as pulsed laser deposition (PLD). This has several
advantages, the desired material can be synthesized before deposition, it
is quicker and has a great freedom to vary the oxygen partial pressure
during deposition. The control of the partial pressure of oxygen is of special
importance for IGZO because the conductivity of IGZO (amorphous or not)
is closely linked to oxygen vacancies and the partial pressure of oxygen
during deposition has a strong influence on those. To get high conductivi-
ties in IGZO systems typically the oxygen partial pressure is very low to
facilitate oxygen vacancies [54], to have this control pulsed laser deposition
was utilized in Publication II to deposit ZnO/IGZO structures.

In contrast to ALD pulsed laser deposition (PLD) is a physical deposition
method and no chemical reaction takes place during the process. One or
more target materials (ZnO and IGZO in this case) are placed in a vacuum
chamber below the substrate (e.g. a glass slide or a silicon wafer). Then a
laser shoots at the target material with enough power to evaporate some
of it. The evaporated material forms an evaporation plume and hits the
substrate where it is deposited as thin film.

The target is typically rotated to minimise the effect the laser has on the
targets surface morphology and in consequence the amount of material
evaporated. The substrate must be tested and calibrated to find the ideal
position. If it is too far from the target barely any material ejected from
the target will reach the substrate, if it is too close it might block the laser

3The paper cited here [53] doesn’t name the precursors but those are probably
In(CH3)3, Ga(CH3)3, Zn(C2H5)2 and H2O.
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from hitting the target, or the film homogeneity will suffer because the
evaporation plume is not covering the whole substrate. Also the laser
power and pulse frequency has to be calibrated for the material to be
deposited and the temperature at which the deposition happens. When the
laser ionizes and evaporates the material on the target not all of it might
condense, some of it can get pumped out in the process. This happens
especially for elements that form gases or evaporate relatively easy. In the
work done for this thesis a pressure of 1Pa O2 was kept in the chamber to
ensure a low amount of oxygen vacancies in the deposited material (ZnO
and InGaZnO4).

All these make this, in principle straightforward, deposition a technical
challenge. Once set up, the laser power can be finely tuned to control the
evaporation plume and controlling the amount of pulses lead to a good
control of the film thickness. The target holder can hold several targets at
the same time and switch their position so it is possible to have the laser
hit different materials in succession. A superlattice can e.g. be done by
pulsing ten times at the ZnO target, then switching to the IGZO target
pulsing 100 times and repeating the whole process x times.

Compared to ALD/MLD a big strength of PLD is that it can be extremely
clean and that complex oxides can be deposited since the target materials
are prepared beforehand with all necessary requirements in mind and
the actual deposition process is „only“ an elaborate method to transport
material from the target to the substrate without any reaction products
that could be trapped in the film. The film deposition can be relatively quick
and there are mostly no limits on the used deposition temperature other
than those imposed by the material itself. The laser can burn and damage
materials and therefore this method is not well suited for materials that
are not thermodynamically stable and could disintegrate, such as organic
molecules.

Figure 2.3 shows the chamber during deposition at the moment shortly
after laser impact when the ionised plume from the target is visible. The
substrate is above the plume. Under the chosen deposition parameters the
IGZO grows amorphous (a-IGZO) while ZnO grows polycrystalline with a
strong preference for growth along the c-axis (see also [55]).
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Figure 2.3. A PLD chamber with the ionised plume visible on the substrate due to the
laser impact (Photo from the webpage of the Ohta lab in Sapporo, where
this work was done — http://functfilm.es.hokudai.ac.jp/english/equipment/.
Printed with permission. Creator: Prof. Ohta).
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3. AlOx & benzene layers in ZnO

For all the studies in this thesis one thing is of utmost importance: the
structure of the sample must be known. Thin films can be stacked on top of
each other creating a thin film consisting of several stacked layers. Atomic
layer deposition theoretically ensures that the structures are built up on
top of the substrate layer by layer, but there are possible ways to undo the
deposited structure and characterisation methods are needed to confirm
the wanted structure is indeed there. The terms nanolaminate and super-
lattice are often (but not always) used in literature to distinguish between
a material with approximately equally thick stacked layers (nanolaminate)
and a material where one layer-type is substantially thinner than the
other, essentially acting as a thin separator between thicker layers. The
vast majority of research focusses on regular repeating stacks, but within
this thesis irregular stacking is investigated and those are called gradient
materials to emphasize their deviation from regular superlattice structures,
sometimes the term random multilayer structure can also be found in lit-
erature for such irregular structures. The different structure types are
sketched in Figure 3.1 and this nomenclature will be used throughout this
thesis.

Figure 3.1. Sketch of a superlattice, a gradient material and a nanolaminate.
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AlOx & benzene layers in ZnO

With structures such as the ones sketched in Figure 3.1 there are some
important details that are not always the centre of attention - the nature
of the interfaces between the layers. Will they be sharp interfaces (as
sketched) or will they be more gradual through diffusion of layer 1 into
layer 2 and vice versa? And how strictly will the layers be separated
from each other by the other layers? These types of questions are of
great importance especially in hindsight to possible future applications
utilizing quantum effects such as tunneling through thin layers (e.g. in
metal-insulator-metal diodes [56]). This is of course strongly dependant on
the (i) individual layer materials, (ii) deposition technique, (iii) deposition
conditions and also related to the overall structure. Single crystals that
have different layers grown epitaxially can be expected to have well defined
layers, partly polycrystalline or amorphous samples not so much. In
the present work those questions were investigated for a ZnO/AlOx/ZnO-
benzene layer system.

Aluminium is one of the most common dopands to increase the electrical
conductivity of ZnO, it can substitute Zn in the ZnO lattice, but with Al
having three valence electrons instead of two Al acts as classical electron
donor (n-doping), with ideal doping levels typically being between 1-3%
Al [29, 30, 57–59]. Sometimes this is labelled as Al2O3, but this thesis
will use AlOx to indicate the uncertainty on the structure and immediate
surrounding of Aluminium in these very thin layers.

Apart from irregularities and (always present) deviations from an ideal
growth during deposition, solid state diffusion could be an issue. Solid
state diffusion is notoriously slow, but the distances in thin film structures
can be very short (even below 1 nm). The, by design, large shared surface
of the layers in thin films provide ideal conditions for solid state diffusion.
The thinner the layers are the quicker the reaction can be and several
of the samples in this thesis were deposited using only one single cycle
making the layer as thin as possible. Finally one of the main reasons for
making these layered thin film structures is that it enables structures that
are not accessible by other synthesis methods, these structures are not
necessarily the energetic most favourable configuration and mixing might
be the thermodynamically preferred option. All of the papers in this thesis
therefore include a section demonstrating that the structure is really there
(mostly by showing superlattice peaks in the XRR pattern).

The ZnO/AlOx/ZnO-benzene structures were grown with atomic layer
deposition. ZnO grows (poly)crystalline when thicker than approximately
1 nm, while AlOx tends to form amorphous layers with ALD [60, 61]. In
regards to the structure of AlOx layers within a ZnO-matrix, electron
microscopy images are reported that show those layers are distinct and
sharp even if only single a layer of AlOx is deposited between thicker ZnO
layers at temperatures below 250°C [62,63]. At deposition temperatures
of 250°C distinct AlOx layers are reported to show up only when thicker
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than ~4Å [64]. With Aluminium contents > 1% a shift in the ZnO peak
indicating Aluminium substituting Zn in the ZnO lattice has been observed
already around 200°C [58] which opens up the question how much of the
layer is participating in the ZnO-crystal structure.

Another interesting aspect, specific to the ALD process of ZnO and AlOx,
is that during the deposition the precursor of AlOx, trimethylaluminium
(TMA), can etch the ZnO surface [65,66] and that the specific cycle sequence
when doping ZnO with Al has an impact on the conductivity [67].

The question investigated within this thesis about this interesting in-
terface chemistry was: How well are thin AlOx layers separating the ZnO
layers? At 250°C only layers > 4 Å could be deposited and blocked ZnO
growth [64] but what about the thinner monolayers deposited below 250°C.
This has been studied in this thesis together with a comparison between
aluminium — a small atom with the possibility to substitute Zn in the ZnO
structure, that etches the ZnO surface upon deposition and benzene — a
bulky organic molecule that does not show any of these properties.

Benzene is a somewhat exotic molecule in ZnO. Using hydroquinone
and DEZ as precursors the inorganic-organic hybrid material of benzene
rings linked via oxygen bridges to Zn atoms was first deposited with MLD
in 2011 [50] and has shown electrical conductivity that is credited to
the aromatic π − π system in the benzene [68]. In the MLD literature
structures that can be described as [Zn – O – R]n with R being any organic
molecule are often termed zincones, but to be specific this thesis will always
refer to ZnO/ZnO-benzene and not use the term zincone to indicate that
R is benzene.Notably the molecule inserted can have an influence on the
preferred growth of the ZnO grains [69].

ZnO/ZnO-benzene interfaces have first been utilized in 2013 by Tynell et
al. [59,70] for thermoelectric purposes and Choudhury et al. [71]. Together
with TiO2/TiO-benzene superlattices, ZnO/ZnO-benzene has since served
as model system for the reduction of thermal conductivity in hybrid multi-
layer structures, a collection of ZnO/ZnO-benzene structures investigated
for thermal conductivity can be found in table 7.1 in the appendix on page
47. Most interestingly for the structure, calculations suggest that only ev-
ery 2nd possible reaction site on a ZnO surface will be occupied by benzene
due to steric hindrance blocking every other possible reaction site [72,73]
and experimental studies could show that thin ZnO-benzene layers do not
completely separate ZnO layers but that 9 (or more) consecutive hybrid
ZnO-benzene cycles are necessary to effectively separate ZnO layers [74].

The structuring in the nanoscale is one of the most tantalizing aspects
of these films and during this thesis the interface of ZnO with AlOx and
ZnO-benzene layers in direct comparison within one sample were studied
in Publication I.
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3.1 Analysing the structure of layered films

Many challenges regarding thin films are linked to characterisation. Char-
acterisation is complicated by the scale of the films, in more „classical
chemistry“ the materials can be weighed with an fine but ordinary scale,
measured with a ruler, or at least an optical microscope and so forth. A lot
of this is complicated when working with materials that are only 100 nm
thick1. The thickness, let alone the layered structure inside, is far below
the wavelength of visible light so optical microscopes won’t do and electron
microscopy techniques (SEM or TEM) or atomic force microscopy (AFM) is
needed for pictures. Silver paste contacts to measure electrical properties
will heavily outweigh and dwarf the thin film in sheer volume and mass.
Another difficulty in analysis is that this also makes it harder to pinpoint
reasons for measurement failures that are due to cracks in the sample, or
even flakes that might have broken loose from the film. Flaws like that
are not easily spotted but can have a pronounced impact on the measured
data.

Good methods to analyse the layered structure of thin films are trans-
mission electron microscopy (TEM), x-ray reflectivity (XRR) and x-ray
diffraction (XRD). Their general principles are presented in the following
subsections.

3.1.1 XRD & GIXRD

X-ray diffraction has been one of the major breakthroughs of the last
century enabling the understanding of materials from inorganic crystals to
decoding the structure of DNA. It is based on the diffraction patterns that
occur when x-rays are scattered by regular crystal lattices as described by
Max von Laue and then developed further by William and Henry Bragg
who came up with the famous Bragg equation [75]

nDiff.λ = 2d sinΘ (3.1)

that describes when diffraction maxima occur and how they relate to the
distance (d) between lattice planes (nDiff. is the order of diffraction, λ the
wavelength and Θ the scattering angle in the equation 3.1).

This method is necessary to determine the crystallinity and what crys-
talline phase is present in the film. In this thesis the only crystalline phase
observed was that of ZnO in the wurtzite structure (Figure 2.1). From the
width of the diffraction peaks the average crystallite can also be estimated
with the Scherrer formula:

τ =
Kλ

β cosΘ
(3.2)

1If you are reading the paper version of this thesis then the page you are reading
is ca. 120 μm thick, about 1200 times thicker than the films deposited for this
thesis.
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With τ being the crystallite diameter, K is a shape factor (0.9 for spherical
shapes), λ the wavelength, β the peak broadening and Θ the scattering
angle of the peak in question. This only works for small crystallites as
for big crystallites or even single crystals the peak broadening due to
crystallite size is far below the peak broadening due to the instrument.

XRD can not only be used for a confirmation on the crystallinity of the
ZnO in the film (and that there are no other phases present in the film),
but with the Scherrer equation also give an estimate of the crystallite size.
The crystallinity, the crystal phase and insights into the crystallite size
are valuable insights into the internal structure of the film and can also
give hints for the question on whether or not interface layers separate the
ZnO layers.

A variety of XRD is grazing incidence x-ray diffraction (GIXRD). This
is useful because at high angles the x-ray passes mostly through the film
and the signal can become very weak, especially if light elements make up
the film. Keeping the angle of incidence low and only moving the detector
leads to a much higher fraction of the film being constantly exposed to the
x-ray and a better signal from the film, this is especially useful for very
thin films, films with a low crystallinity and films with a high amount of
light elements that do not scatter x-rays strongly. The basic principle is
sketched in Figure 3.2.
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Figure 3.2. Beam path, sample and scattering vector in XRD (Bragg Brentano) and
GIXRD configuration.

One important difference between the two methods is that the scattering
vector in the GIXRD setup is moving which means that each peak is from
crystal planes having different orientations within the sample [76, 77]).
This makes assumptions on the crystal orientation much less reliable than
in the classic Bragg-Brentano setup and should therefore be used with
great caution. However this doesn’t impede the usefulness of GIXRD to
detect crystalline structures even in thin films below 20 nm which is the
great strength of this method.
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3.1.2 XRR

X-ray reflectivity is a non-destructive method to obtain the thickness
of a thin film and information about the internal structure, especially
superlattice structures can be determined very well. By simulating the
XRR curve a good estimate of the interface roughness and density is also
possible. This made it probably the most powerful non-destructive method
currently available for the analysis of superlattice thin film structures.

As the name suggests XRR is based on reflections from the film inter-
faces, which is also the reason why it can be used for multilayer struc-
tures, but the main interfaces are typically the surface of the film and
the film/substrate interface. The reflected beams from those interfaces
interfere destructively or constructively very much alike to the crystal
planes used in the Bragg equation.

Because XRR depends on the reflection of the interfaces it must be done
at very low angles (typically Θ stays below 3°) as the reflections get weaker
at higher angles and scattering starts to dominate. Conveniently in first
approximation the refractive index for x-rays is directly coupled to the
electron density and therefore the electron density (ρel) can be derived
from the angle of total reflection (critical angle, Θc), the wavelength (λ)
and the radius of the electron (rel) according to the following equation.

ρel =
Θ2

cπ

λ2rel
(3.3)

If the composition of the film is known, for example from the deposition
parameters, then this electron density can be linked to the material density
(ρ) with the Avogadro number (NA), the atomic number (Z) and the molar
mass (M ) [78].

ρ =
ρelM

NAZ
(3.4)

At angles > Θc a declining wave like curve appears with the wave maxima
(called Kiessig fringes) being due to constructive interference and the fringe
positions (essentially the „wavelength“) can be connected to the distance
between the reflecting interfaces (compare d in the Bragg equation, eq.
3.1) and thereby with the overall film thickness. In case of a superlattice
bigger fringes will appear from constructive interference of x-rays reflected
at the film-surface, the film-substrate and the film-internal superlattice
interfaces simultaneously. Finally the overall decline of the signal intensity
can be used to give an estimate of the films roughness because a higher
roughness leads to more scattering and less specular reflection which
means the overall x-ray intensity at the detector, positioned in the reflected
beam, will decrease quickly with increasing angles.

To calculate the curve requires solving the Fresnel equations and the pio-
neering work has been done by in the beginning and mid of the 20th century
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by Heinz Kiessig and Lyman G. Parrat [79,80]; more recent overviews on
the mathematical background can be found in the following sources [81–84].
Thanks to their work and modern day computational power these curves
can nowadays conveniently be simulated and matched to the measured
data.

The practical limits of XRR are films getting too thick as then the inter-
ference maxima become too small and close together until the resolution of
the machine doesn’t reliable distinguish any more between the peaks and
the resulting curve resembles a flat declining curve, for the machine used
in this thesis this limit was about 200 nm. It could be extended by a change
of the x-ray wavelength or a machine with finer measurement steps but
ultimately any XRR setup will reach it’s limit when the films become too
thick. XRR also crucially depends on a reasonable smooth surface where
specular reflection of the x-rays can be assumed.

Another issue is the reliability of the curve simulation of complex films,
meaning films that have many non-repeating layers. This is because
each layer has (at least) three variables to fit (density, roughness and
thickness) a multistacked film with many different layers will end up with
an egregious amount of variables to fit, not only does this considerably
increase the calculation time, but the more practical problem is that a
lot of variables often also lead to many different good fits and the danger
of ending up in a local minimum, that provides a reasonable fit but is
ultimately wrong, is rising the more variables there are. The user interface
of the program used for fitting samples in this thesis (Panalytical x-ray
reflectivity) with a measured and fitted curve is shown in Figure 3.3.

Figure 3.3. A screenshot from fitting a superlattice sample with the Panalytical Reflectiv-
ity software. The blue line is the measured data, the red line the simulated
curve. This one already has 18 independent variables.

Within those limits the big strength of XRR lies in its capability to be
used for quick thickness checks confirming everything went well with the
deposition as well as for film analysis with a comprehensive simulation
of the film structure and the measurement is non-destructive. Therefore
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XRR was extensively used in all studies during the thesis.

3.1.3 TEM

With (GI)XRD the crystal structure (if present) of the film can be deter-
mined and with XRR the film layering (at least for superlattices) can be
observed and then matched with a simulation. However, what none of
these techniques can do is provide images.

Transmission electron microscopy is another analytic technique that has
become available in labs around the world and enabled great progress
in the understanding of nanomaterials. As the name suggests it works
in principle like a microscope but instead of physical light electrons are
utilized because their wavelength is far below that of optical microscopes
and the resolution can therefore be much higher. Of course utilizing elec-
trons instead of light comes with a whole set of technical and theoretical
challenges and operating and preparing samples for, especially a transmis-
sion electron microscope, takes a lot of expertise. Electron microscopy was
therefore one of the two measurement methods in this thesis for which
collaboration was crucial (the other being time domain thermoreflectance
which will be described in Section 5.1).

Transmission electron microscopy means that the electrons transmit the
sample, detector and beam source are therefore on different sides of the
sample. To get any meaningful information the sample must be extremely
thin (ca. 70 nm in this work) to allow electrons to pass, cutting such a
small and thin sample out of the thin film was done with a focussed ion
beam. During this process and also later during the TEM measurement
the heavy bombardment of ions (and electrons respectively) can lead to
structural damage in the sample. Thermodynamically unstable materials,
like organic molecules are especially susceptible, finally the sample must
be conducting to prevent being charged from the constant electron beam.

The images of the structures that can be obtained offer a much more
direct insight into the internal structure of the films than indirect methods,
such as XRR or XRD, ever could. Therefore TEM is incredible valuable but
also very time and resource expensive and not suited for everyday check
ups on samples. TEM was the final cornerstone in the structure analysis
in the ZnO/ZnO-benzene/AlOx thin film system conducted in Publication I.
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Figure 3.4. A high resolution TEM picture of a sample (only ZnO visible).

3.2 Structure of ZnO/ZnO-benzene and ZnO/AlOx superlattice films

With ALD/MLD the desired samples with mixed layers could be prepared,
a sketch of the structure is shown, next to the TEM image in Figure
3.5a. Because earlier reports indicated that ZnO-benzene layers will only
effectively separate ZnO layers when 9 (or more) consecutive MLD cycles
are used for each ZnO-benzene layer [74] a cycle sequences with 1 MLD
(ALD) cycle for the ZnO-benzene (and AlOx) layers and with 10 MLD
(ALD) cycles for the ZnO-benzene (AlOx) layers respectively were chosen.
That should ensure a sample with permeable ZnO-benzene layers and one
sample with ZnO-benzene layers that are just thick enough to separate
the ZnO layers.

Benzene

AlOx

(a) A sketch of the internal
layering of a ZnO sample
with ZnO-benzene and
AlOx layers.

(b) TEM picture of the superlattice structure
sketched next to it, 10 ALD/MLD cycles for
each interface layer respectively.

Figure 3.5. The planned sample sketched (a) next to a TEM of the deposited sample (b).
The matrix is ZnO.
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Figure 3.6. A TEM image and the ideal structure (structure according to the calculations
from Karttunen et al. [73] )

A previous study looking into AlOx layers in respect to their ability to
block the ZnO grain growth at 250°C could not observe AlOx layers below
a thickness of ca. 4 Å [64]. This might be because at 250°C diffusion could
play a role as another study about annealing such structures showed [63].
Within this thesis the deposition temperature was kept at 230°C which is
very close, but still below 250°C and layers formed by single ALD cycles
depositing AlOx were observed. These findings are reported in Publication
I. The results show that the ZnO grains in the films matrix are able to
penetrate both layers (AlOx and ZnO-benzene) deposited with only one
single ALD/MLD cycle but that the layers deposited with 10 ALD/MLD
cycles effectively halt ZnO grain growth.

This is an interesting find as initially the bulkier layers with benzene
were expected to be more effective barriers than the AlOx layers, espe-
cially because Al can easily diffuse into the ZnO matrix taking interstitial
positions or even substituting Zn in the ZnO lattice, something that can
hardly be expected from a benzene ring. The findings show no fundamental
difference between those two layers in that respect, structurally they seem
to be equally effective in blocking ZnO grain growth2. A reason for the ZnO-
benzene layers showing similar permeabilities for the ZnO layers might
be that their bulkiness leads to steric hindrance, calculations suggest that
even in an ideal case only every second possible surface reaction site can
be occupied by a linked benzene molecule (Fig 3.6) [72,73].

This penetration of ZnO grains is possibly the reason that more cy-
cles/layer lead to higher interface resistances [6] because thicker layers are
more efficient at hindering grain growth (and thereby phonon pathways)
through the interface (this will be discussed later in Chapter 5).

So ultimately the ZnO-benzene and the AlOx layers are structurally very
comparable on the nanoscale (at least when deposited at 230°C) as both
layers could be penetrated by ZnO grains when only one cycle was used to
deposit the respective layer and both layers effectively hindered ZnO grain

2At least within the precision achieved in this work.
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growth when 10 successive ALD/MLD cycles were used for each layer.
Unfortunately at higher resolution the interface layers become very

smeared in the TEM images, the reason for this possibly lies in the fact
that they have a slight waviness in the range of 1 nm (see Figures 3.6 and
3.5b) which of course would also be perpendicular to the image plane and
because the beam goes through the sample (ca. 70 nm) the waviness can
explain that the interfaces appear smeared, this means that no good image
of the interface at the atomic scale could be obtained. Another problem
with increasingly higher resolutions is the stability of the film as the strong
electron beam burns through the samples. The smearing could also be
partly a result of the cutting process with the focussed ion beam during
sample preparation. Ultimately the images with higher resolution couldn’t
provide any further insight.

An encouraging find was that the structure obtained from XRR and TEM
was basically identical, confirming the capability of XRR to accurately
deduce the structure by simulating the measured reflectivity curve. Also
the Scherrer equation could be used to confirm smaller crystallites in
the sample with thicker interfaces, which could already be interpreted
as a good hint towards a better separation of the ZnO layers which was
ultimately confirmed by the TEM images.

These results show that even single layers of AlOx are still forming
distinct, separate, layers from the ZnO surrounding, in fact that on a
nanometre scale structurally they are very similar to chemically funda-
mentally different, organic, ZnO-benzene layers. This study also confirms
that XRD and XRR are very powerful tools for structural determination
of these films as they were the „working horse“ for the structural control
measurements in all studies within this thesis.
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4. Electrical properties in layered
a-IGZO/ZnO thin films

Interfaces can have a strong impact on the electrical conductivity, as has
been mentioned in Chapter 2. Thin localized interface structures are
known for example from naturally occurring layered oxides, most famously
in the high temperature superconductors where copper oxide layers play
such a crucial role [85,86] but can also be found in artificial superlattices
[3, 87]. The basic principle, especially in the oxide heterostructures, is
that the different metals vary in electronegativity, charge and chemical
potential leading to exotic band structures at the interface between two
different metal-oxide layers. [88,89]

Early studies on quantum confinement in thin AlxGa1–xAs–GaAs struc-
tures were already conducted in the 1970s by Dingle et al. [90] and the dis-
covery of a 2D electron gas at the interfaces of SrTiO3/LaAlO3 by Ohtomo
in 2004 [3] spurred research in this direction and several more similar
oxide systems have been reported since [91–94]. The vast majority of these
interface effects are studied in epitaxial systems because single crystals
are by definition very well defined and the interface is smooth. However
there is no fundamental reason why single epitaxial layers are the only
possibility as long as the interface is sharp enough and consistent, in fact
growing epitaxial films is often a great challenge and limited in regards
to the films size. To study possible interface effects on the conductivity,
ZnO/a-IGZO superlattice/nanolaminate films were deposited and anal-
ysed. These films are not epitaxial, but polycrystalline (ZnO)/amorphous
(a-IGZO), making them structurally very different from the classic single
crystalline epitaxial layers such as AlGaN/GaN [95], or SrTiO3/LaAlO3 [3]
structures among the oxides.

InGaZnO4 is, like ZnO, a transparent conductive oxide and has garnered
increased interest because of its good charge carrier mobilities even in the
amorphous state. Publication II is based on this material and some of its
basic properties will be presented here.
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4.1 InGaZnO4

InGaZnO4 is a layered oxide with natural ZnO, In2O3 and Ga2O3 layers
in the crystal structure. Growing single crystals of this ternary metal
system is possible but not easy [96]. The system can be grown with
different In:Ga:Zn ratios leading to variations in the layering (e.g more
ZnO layers). In this thesis all variants will be abbreviated IGZO, and if the
material is amorphous a-IGZO. In the samples deposited for this thesis
the stoichiometry of In:Ga:Zn was 1:1:1 — InGaZnO4.

The main reason that the IGZO system has gained interest within the
last decade is that these phases can have excellent electrical mobilities
in the amorphous state, which makes it applicable to fabricate transpar-
ent flexible thin film transistors (TFTs) [97, 98] that are now replacing
amorphous silicon transistors in flat screen devices [99].

The reason for the good mobility of charge carriers, is suspected to stem
from the orbital structure of the involved metals [100]. The orbitals in
the lowest conduction band of e.g. the classic semiconductor silicon are
sp3 orbitals that are highly directional and the overlap between them is
strongly reduced in the unordered structure of amorphous materials. In
indium, gallium and zinc oxides this is different, the lowest conduction
band orbitals are s-orbitals, which are spherical, hence their overlap is not
as strongly influenced by directional irregularities that are characteristic
for amorphous materials. While the electron mobility in amorphous silicon
drops by several orders of magnitude compared to the crystalline state
it stays rather high for a-IGZO [99,100]. In, Ga and Zn are not the only
metals with that property, the effect is proposed for all metals with a
(n− 1)d10ns0 shell, which includes the metals from groups 11-14 below the
3rd period of the periodic table or specifically: Cu, Ag, Au, Zn, Cd, Hg, Ga,
In, Tl, Ge, Sn, Pb, As, Sb and Bi [100]. Notably this includes ZnO and
also the current state of the art TCO — indium tin oxide for which the
IGZO system could become a strong contender. Furthermore an increase
in Seebeck effect has been demonstrated in amorphous interfaces between
In-Zn-O and In-Ga-Zn-O systems [101] encouraging further investigations
regarding the interfaces.

Because this thesis investigates effects of internal structuring and for
effects similar to the 2DEG found in systems like SrTiO3/LaAlO3, the good
electric mobility in the bulk of a-IGZO wasn’t as interesting and could even
be seen as detrimental and therefore for this thesis pulsed laser deposition
parameters with a relatively high partial pressure of oxygen (1Pa) were
chosen. This allowed the deposition of a-IGZO/ZnO superlattices and
nanolaminates at room temperature ensuring that the resulting a-IGZO
has few oxygen vacancies and thereby a low conductivity that ideally
doesn’t interfere with possible electric interface effects.
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4.2 Characterising physical properties

The structure of the films deposited by PLD was checked with XRD and
XRR as already described in Section 3.1 with the result that the ZnO was
preferentially growing in the expected c-direction and that the layered
structure was present. The focus in this study was on the electrical prop-
erties and to that regard Van der Pauw/Hall, UV-Vis and thermopower
measurements were conducted that are shortly described in the following
subsections.

4.2.1 Transport measurements

The Van der Pauw method is one of the standard 4 point probe configura-
tions, combined with a magnetic field (in this case the field was 0.76 T) that
is perpendicular to the electrical current it allows for Hall measurements.
Small droplets of an In/Ga alloy, that is liquid at room temperature, were
used to ensure good electrical contacts between the electrodes and the
sample. This combined setup enables the experimenter to measure the
sheet resistance, the charge carrier concentration (and type) as well as the
mobility of the charge carriers. It is standard laboratory equipment and
therefore won’t be discussed in greater detail here.

The setup for the thermopower consists of two Peltier elements that can
be used for heating and cooling. The sample is placed so that one end is
on the cold Peltier element and the other end on the heated side, then
a thermocouple and an electrode are placed on the sample on each end
to measure the temperature at both sides simultaneously to the voltage
difference occuring upon inducing a temperature gradient. The measured
voltage can then be plotted against the temperature difference with the
slope being the Seebeck coefficient (Figure 4.1).
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Figure 4.1. Measured values to calculate the Seebeck coefficient (from sample ZnO/IGZO
1/6) potted.

4.2.2 UV-visible spectrophotometry

Another useful and common analysis tool is the UV-Vis setup, especially
for wide bandgap semiconductors and TCOs. The absorption spectrum of a
sample can give insights into the optical bandgap of the material since the
wavelength at which absorption begins can be directly connected to the
energy of a photon of that wavelength with

hc

λ
= Ephoton (4.1)

With E being the energy, h the planck constant, λ the wavelength and c

the speed of light. To be absorbed that energy must be larger or equal
than the bandgap (Ephoton ≥ Eg), thus enabling a measurement of the
approximate bandgap of the material together with the transparency of
the sample in the visible and ultra-violet range. Another effect that can
be observed (if present) is the change from a crystalline material that has
a clear absorption edge due to its regular ordered structure towards a
more amorphous material which often has a more gradual increase in the
absorption (also called Urbach tail). This can be seen in Figure 4.2 in the
next section.

4.3 Charge carriers at interfaces

With PLD a series of differently layered ZnO/IGZO structures was fab-
ricated. The naming follows the structure such that ZnO/IGZO 1/6 is a
sample where 6 nm a-IGZO are followed by 1 nm ZnO and the sample
ZnO/IGZO 10/1 is a sample where 10 nm ZnO are followed by 1 nm a-IGZO.
These patterns are repeated until the overall thickness is ca. 100 nm,
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always beginning and ending with the thicker material to keep the sample
symmetric.

With XRD the crystalline structure of the ZnO layers (growing strictly
in c-direction) could be confirmed. As expected the samples with high
IGZO content were amorphous. This can also nicely be seen in the UV-Vis
spectra (Figure 4.2) where the sharp absorption edge from crystalline ZnO
mellows to a more gradual absorption curve with increasing IGZO content.

The layered structure was confirmed by XRR and additionally a high
thermal interface resistance of 1.35 m2K/GW was measured, which is
considerably higher than measured for ZnO/In2O3 superlattices [102]. All
this indicates a good separation of the layers and confirms that the samples
were structured as intended with well defined layers of ZnO and a-IGZO.

The most interesting part was to look at the electronic properties and
effects the layering might have. The electrical conductivity, the Hall
mobility, the charge carrier concentration, the Seebeck coefficient and the
absorption coefficient in the UV-Vis range of the samples are plotted in
Figure 4.2.

The ZnO rich samples are the more interesting specimen. The pure
a-IGZO has a very low electrical conductivity, charge carrier concentration
and mobility and simply by „rule of mixture“ an increasing amount of ZnO
in the sample would lead to higher values. If interface effects are at play
they are too small to notice in those samples. In the ZnO-rich samples
things are different, by „rule of mixture“ a decline with increasing a-
IGZO content in mobility, carrier concentration and conductivity would be
expected, instead a plateau in the Hall mobility is observed and an explicit
rise in the conductivity driven mostly by the increase in charge carrier
concentration with increasing interface density. Instead of an interface
effect however the increase in charge carriers could also point to a doping
effect. Doping was tried to prevent as much as possible by depositing
the films at room temperature. The XRR measurements confirmed the
separation of layers, yet doping could still occur. What speaks against
doping being the only mechanism is that a rise in conductivity up to
sample ZnO/IGZO 2/1 is measured, a sample in which 1/3 of the material
is a-IGZO, while typically the conductivity for doping of In and Ga in ZnO
peaks around 5-6% [103,104].

However the charge carrier mobility stays very constant in the ZnO-rich
samples and then declines as the a-IGZO content in the samples gets
higher. Oxide systems with such interface effects have shown very high
mobilities [3, 93, 94]. However in some cases the measured mobilities
were rapidly declining with increasing temperature [91] and might not
be visible at room temperature (at which these samples were measured).
Furthermore in the polycrystalline/amorphous interfaces investigated in
this work more structural irregularities than in epitaxial layers can be
expected which could counteract the electron mobility.
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Figure 4.2. Electrical properties of the ZnO/IGZO samples and the UV-Vis spectra (Data
from [II].)

Ultimately this system shows increased charge carrier concentration that
is attributed, at least partly, to the difference in chemical potential at the
interfaces, but less clear defined than those observed in SrTiO3/LaAlO3

due to the complicated surface structure of polycrystalline ZnO next to
a-IGZO.

As noted in [II] doping effects could unfortunately not unambiguously be
excluded from being at least partly responsible for the increase in charge
carrier concentration, but even if only part of the increase is due to the
interface effect this work has given strong support to electric interface
effects occurring between polycrystalline and amorphous interfaces. Due
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to the many factors that can have an effect on the electronic properties of
these unconventional thin films more research will be needed to accurately
unravel all possible effects. The possibility to utilize interface effects also
in amorphous and polycrystalline materials is tantalizing.
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5. Thermal conductivity in layered thin
films

One of the most promising routes to enhance the thermoelectric properties
of materials is the reduction of thermal conductivity by controlling the
phonon pathways. Studies to control the phonon properties in layered
thin films go back several decades [105,106]. Also the nature of phonon
scattering (coherent and incoherent) has been actively discussed [107].
Coherent phonon transport in superlattice structures was experimentally
demonstrated only recently [108,109].

The thermal conductivity of a great number of superlattice structures
systems have been studied over the years, e.g. CaTiO3/SrTiO3 [108],
W/Al2O3 [110], PbTe/PbSe [111], IrSb3/CoSb3 [112], AlN/GaN and AlGaN/-
GaN [113, 114], TiN/MgO [115], TiNiSn/HfNiSn [116], Si/Ge (including
alloyed systems) [117–123], GaAs/AlAs (and various alloys) [105,109,124,
125], Bi2Te3/Sb2Te3 [126, 127], InAs/AlSb [128], InGaAs/InGaAsP [129],
Al2O3/TiO2 [130] and Ge2Te3/Sb2Te3 [131]. The systems vary from single
crystalline to purely amorphous, and even crystalline/amorphous inter-
faces of the same material have been studied [132]. Typically the thermal
conductivity of these systems is measured cross plane, meaning perpendic-
ular to the layers as this is the direction in which the phonons have to pass
the interfaces, but as studies by Hicks and Dresselhaus suggest the ther-
moelectric properties parallel to the layers are also worth noting [133,134].
A good overview on the different principles and mechanisms investigated
within these inorganic material systems is given in a review by Norris et
al. [135].

All of these thin film systems are purely inorganic, yet materials con-
sisting of classical inorganic and organic structures combined (hybrid
materials) have emerged to expand the inorganic-inorganic layers with
inorganic-organic materials that could have excellent thermoelectric prop-
erties [5,6,59,136–138] and even add flexibility to the films [139–145]. The
hope is that the inorganic-organic interface acts as excellent scatterer for
phonons due to the strong difference in the chemical bond and thermal
impedance between organic and inorganic materials. One of the most
versatile methods to deposit these hybrid thin films is ALD/MLD [43,146].
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All of these materials are superlattices, especially with the findings on
coherent scattering [108,109] the idea that deviations from the superlattice
structure could be beneficial to suppress phonons has been studied [147–
150] sometimes under the name of random multilayer systems. No studies
in this direction had been done for hybrid materials and this is the work
presented in this thesis.

To deposit and analyse the films this work relied on the ALD/MLD
method as well as XRR and GIXRD as described already in sections 2.4 and
3.1. Because lowering the thermal conductivity was the aim of introducing
different layer structures into the ZnO films the cross plane thermal
conductivity had to be measured. To measure this cross plane thermal
conductivity time domain thermo-reflectance (TDTR) was utilized and
finally 39 samples were collected from [III], [IV] and previous studies [5,6]
and analysed with a statistical method named multivariate data analysis.
Both, TDTR and multivaraite data analysis will be introduced briefly in
the following sections.

5.1 Time domain thermoreflectance

Measuring the thermal conductivity of thin films is very challenging be-
cause the thin film makes up such a small fraction of the total material of
the sample, as most of it typically is substrate.

The time domain thermo-reflectance (TDTR) method overcomes this
challenge by heating and subsequently measuring the cooling of the film
with extremely high temporal resolution. This is achieved with pico to
femtosecond laser pulses. The whole process has to be finely calibrated
to the reflecting material and therefore the samples are typically coated
with a thin metal film of known reflective properties for which the setup
has been calibrated; this metal film is called transducer. Within this thesis
transducers of Al and Mo were used.

When the pump laser beam hits the prepared sample the localized heat-
ing leads to a change in the reflectance of the transducer, this effect is
called thermoreflectance and can be monitored by a separate beam (the
so called probe beam). The reflectance change over time after the heating
can be used to deduce the heat propagation in the sample and thereby the
thermal conductivity [151]. This is achieved by modelling the reflectance
curve and therefore the thermal properties of substrate and transducer
should be well known beforehand so that the only parameters to fit are
those of the thin film to be tested. The method is well suited for thin films
with very low thermal conductivity [152, 153], this ability to accurately
measure thin films with very low conductivity made this method the best
possible choice for our samples. Figure 5.1 shows a measurement curve
form such a measurement.
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Figure 5.1. A measurement curve for a ZnO/IGZO sample

A physical model is simulated and matched to the measured curve to
extract the thermal conductivity. The different possible configurations
of TDTR setups and the underlying mathematics of thermoreflectance
and it’s connection to phonons, electrons and the piezo-optic effect are an
extensive subject on their own and an introduction to the subject can be
found e.g. in the TDTR tutorial paper by Jiang et al. [154] or in Section
7.4.3 of the textbook „Nano/Microscale Heat Transfer“ by Zhang [155].

5.2 Multivariate data analysis

When collecting all the data from thermal conductivity measurements in
the ZnO/ZnO-benzene system investigated over the years and comparing
their measured thermal conductivities to their internal structure for this
thesis it soon became obvious that there are a lot of variables to consider.
In literature most often the interface density is cited and plotted with the
thermal conductivity. However there is more available data, e.g. on (i)
the total film thickness, (ii) the interface thickness, (iii) the thickness of
the ZnO blocks separated by the ZnO-benzene interfaces and (iv) the total
amount of interface layers. Just as the interface density is the product of
the total amount of interface layers divided by the film thickness many
other parameters could be constructed from that data, for example the
standard deviation of the ALD cycle numbers for each ZnO layer was used
as a measure of disorder. The question was if those have any influence
on the thermal conductivity. For this sort of problem that includes many
cross-correlated variables multivariate data analysis (MVDA) has been
used. The basic mathematics can be traced back to Karl Pearson in 1901
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and Harold Hotelling in 1933 under the name of principal component
analysis (PCA). More recently the method has gained considerable traction
and applicability with the wide availability of computing power and the
increase of ever increasing datasets [156].

MVDA can consider a great number of observable variables (weight,
volume, number of interfaces etc.) and check which ones have a strong
influence on a measured outcome (in the present case the thermal con-
ductivity) according to the data and finds a mathematical (not necessarily
physically sensible!) way to combine the measured variables in an approx-
imative model to describe the system and predict the outcome (thermal
conductivity in this case).

MVDA includes several mehods, not only PCA but also the closely related
partial least squares or projection to latent structures (PLS)1 method. [157].
PLS can correlate multiple sets of data; for this thesis the influence of
certain properties (interface density etc.) on the thermal conductivity was
investigated. To do this PLS relies heavily on linear algebra expressing
all input variables as a matrix (interface density etc.) and the variables
correlating as another matrix (thermal conductivity). Then new param-
eters (combinations of interface density etc.) and weights are calculated
and optimized to model the relation between the input and the output
matrices. A good model can give insights into which input variables (film
thickness, interface density etc.) have a great effect on the outcome (the
thermal conductivity in our case). Readers interested in the mathematical
background are referred to the overview articles by Jackson, Wold and
Rosipal et al. [156–160] or the textbook by Eriksson et al. [161].

The method is general and has been used previously on structure-property
relations e.g. in connection with superconductors [162], magnetic proper-
ties [163,164] and even the chemical composition of perovskites [165]. In
this thesis it is utilized to check for variables that might have an effect on
the thermal conductivity but might have been overlooked. All variables
used in the PLS are depictured in Figure 5.4 in the next section.

5.3 Thermal conductivity of ZnO/ZnO-benzene thin films

The samples were grown with ALD/MLD, their structure was determined
with XRR and the crystallinity of the ZnO in the samples confirmed with
GIXRD. TDTR and MVDA were used to measure the thermal conductivity
and analyse connections between the thermal conductivity and structural
properties of the samples respectively.

The potential of organic layers in inorganic materials to suppress the

1A bit confusing, the PLS method was first (and sometimes still today) referred
to partial least squares, but then slightly modified and now projection to latent
structures is deemed the better and more descriptive name. [157]
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thermal conductivity of the material had been reported in several systems
by our group and others [5,6,136–139,142,166,167]. Missing was a system-
atic study on many comparable samples with different interface densities
and layering sequences as the by far predominant reported structure is
the superlattice.

This gap was filled by the work conducted in this thesis. In Publication
III the first hybrid gradient materials were reported and their thermal
conductivity values do not deviate significantly from superlattice struc-
tures, supporting the notion of incoherent scattering and showing that
there is no intrinsic reason to prefer superlattices over other layering
structures. In Publication IV those samples, are analysed together with
newly deposited samples that extended the sample set to 200 nm and 50
nm thick films (earlier reported samples were all around 100 nm thick)
lifting the total number of ZnO/ZnO-benzene samples with data on their
thermal conductivity to 42 (of which 32 were deposited during this thesis,
all are sketched in the Appendix in Figure 5.2).

From this 42 samples three were excluded because they were either
amorphous due to too many ZnO-benzene layers (samples SL48(1) 100
and SL96(1) 100 see appendix) or the ZnO-benzene layers were too close
together in part of the sample rendering a reasonable distinction on the
point at which they should count as separate layers too difficult (SL12(1)-
Fib 100nm). The 39 remaining samples made up an appreciably large
sample-set of thermal conductivities measured in a layered hybrid system;
the complete list is in table 7.1 in the Appendix. The thermal conductivity
of these samples is plotted against the interface density in Figure 5.2.

Reported thermal conductivities of ALD-grown ZnO thin films are above
40 W m−1K−1 [168], therefore all samples with ZnO-benzene layers show
a strongly reduced thermal conductivity. The clear outliers here are the
samples with thicker interface layers: (SL(3) 6, SL(5) 6, SL(10) 6 and GM(5)
5 +20 100 nm) that are more effective in reducing the thermal conductivity
than their counterparts with monolayer thin interfaces. This observation
has already been noted in [6] and it fits well with the observation of thin
ZnO-benzene layers being penetrated by ZnO crystals (see Chapter 3,
Publication I and Niemelä et al. [74]). Figure 5.3 plots the samples with
thicker ZnO-benzene layers together with some comparison samples that
used similar amounts of MLD cycles but instead of having few thicker
layers have them spread out.

The results suggest that to reduce the thermal conductivity scattering
interfaces is the slightly more advantageous route, however it should also
be noted that a SL6(10) 100nm uses 10 cycles each for the 6 interface
layers, using those 60 MLD cycles to fabricate a sample with 60 monolayer
interfaces would almost certainly result in a completely amorphous film at
which point the comparison becomes less meaningful.

The variables shown in Figure 5.4 of the 39 samples all have weights in
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Figure 5.2. Thermal conductivity plotted against the interface density for all 39 analysed
ZnO/ZnO-benzene samples. The three samples at an interface density slightly
above 0.12 with thicker ZnO-benzene layers are superlattices with 3, 5 and 7
consecutive MLD cycles per ZnO-benzene layer.
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Figure 5.3. Thermal conductivity of samples with thicker interface layers compared to
samples with thinner, but more interface layers
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Figure 5.5. Variable weights of the MVDA analysis (bz = benzene). variables connected to
the interface density have by far the biggest impact on the model.

the MVDA model which are presented in Figure 5.5.
The model shows good predictive power and judges the interface density,

and the average ZnO-layer thickness as the most influential variables
followed by the minimun and maximum ZnO-layer thickness and the total
number of ZnO-benzene layers. The standard deviation, the total layer
thickness and notably the ZnO-benzene layer thickness are of much lower
importance according to the MVDA. Obviously the average ZnO thickness
in this work is basically the inverse of the interface density2 and both being
the most influential variables is therefore reasonable. The interface density
is also directly connected to the number of interfaces. Finally minimum,

2With a very small correction factor due to the thickness of the ZnO-benzene
layers themself.
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maximum and average ZnO thickness are also seen as important factors
by the model, yet for the superlattice samples, which make up 24 of the 39
considered samples in the set, all three variables are identical and again
directly connected to the interface density, meaning that those are also
mostly covered by the interface density.

These MVDA results suggest that maximizing the interface density
is more effective than maximizing the thickness (and thereby phonon-
blocking) of the layers and that the interface density (or the interface
spacing) is indeed the most appropriate way to predict the thermal conduc-
tivity in the ZnO/ZnO-benzene system.

From these measurements the interface resistance (Kapitza resistance)
could also be extracted by plotting the interface density against the thermal
resistivity (1/κ) only samples with a ZnO-benzene monolayer were included
here as the thickness of the ZnO-benzene layer has an obvious impact on
the interface resistance [6]. The interface resistance was determined as
1.6 m2K/GW. This is a comparatively high value e.g. higher than the 1.35
found for the ZnO/a-IGZO samples in [II].

Overall the experimental data collected in this work suggests it is ben-
eficial to maximize the number of interfaces over the thickness of the
interfaces in the ZnO/ZnO-benzene system. This is despite the finding
that thicker ZnO-benzene interfaces, deposited with several consecutive
MLD cycles, are more effective in reducing the thermal conductivity, on
an per interface level, than ZnO-benzene layers deposited with a single
MLD cycle. Yet the latter is an interesting connection between Publication
I and Publication IV as the observation of ZnO grains growing through
single cycle ZnO-benzene layers but being blocked by thicker ZnO-benzene
layers is a probable cause for this difference in regards to the thermal
conductivity across these layers.
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6. Conclusions and Outlook

The nanoscale structure of thin films depends on the deposition conditions
and the used materials, which can have a strong impact on the properties
of the whole film. This was investigated in artificial superlattice strctures
consisting of ZnO and a-IGZO, two important TCOs resulting in a dedicated
structured thin film with polycrystalline/amorphous interfaces. The work
in this thesis shows an increase in the charge carrier concentration with
increasing interface density, together with clear XRR superlattice fringes
and a high Kapitza resistance that indicate well defined layers. The
increase in charge carrier concentration is therefore suggested to stem
from interface effects between the polycrystalline ZnO layers and the
amorphous InGaZnO4 layers. This nano-structuring of materials could be
a promising pathway to tailor the electrical conductivity of materials in an
anisotropic fashion and complementary to classical doping.

The structure is investigated in more detail for ALD-grown ZnO with
layers of ZnO-benzene and AlOx with the first reported direct structural
comparison between those two interfaces. This also provides valuable
cross confirmation between XRR, XRD and TEM data, highlighting the
great analytical utility of XRR when examining films based on known
material components. In the films a great structural similarity between
the AlOx and ZnO-benzene layers on the nanoscale could be demonstrated.
This similarity is attributed to the strictly layered deposition method of
ALD and MLD. This study also reveals the permeability of ALD/MLD
monolayers as ZnO crystallites pass seemingly unhindered through thin
layers both of ZnO-benzene and AlOx while thicker ZnO-benzene and AlOx

layers grown with 10 consecutive ALD/MLD cycles seem to separate ZnO
on both sides of the layer effectively.

These structural insights support the data on the thermal conductivity
in ZnO/ZnO-benzene superlattices which was extended to now 42 reported
samples, constituting the largest dataset on inorganic-organic thin films
with respect to their thermal conductivity. The dataset shows that thicker
ZnO-benzene layers lead to a significant lower thermal conductivity, yet
maximizing the interface density has an even greater effect. The different
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ways the interfaces can be spread throughout the film, be it a gradient
or superlattice like was shown to be of little importance; gradient ma-
terials are just as effective as superlattices in suppressing the thermal
conductivity. Lastly multivariate data analysis was introduced to anal-
yse various variables for the deposited samples in the end confirming the
special importance of the interface density for the thermal conductivity.

As so often yet many open questions remain. How much of the increased
conductivity in high interface density ZnO/a-IGZO films is really due to
the interface and how much is due to doping or other effects? How can
that be optimized? The thermal conductivity follows the interface density
more than other factors in ZnO/ZnO-benzene thin films, but does that
translate to a bulk material? Do the interfaces in layered materials vary
when comparing ALD and other deposition methods and if so how and in
what respect?

Often the work conducted during this thesis is very specific for the ma-
terial system (ZnO/ZnO-benzene), as is unavoidable when making actual
samples. The investigations focussed on fundamental properties such as
thermal and electrical conductivity and connected to the structure of the
samples in the hope that techniques and insights from the material system
in this thesis can be transferred with relative ease to other layered thin
film materials. Filling the blanks in experimental data (e.g. inorganic-
organic gradient structures) are small steps on the quest to understand
and engineer materials from the atom upwards and the author hopes this
work will prove useful not only as exercise for himself but also as a stepping
stone for others that attempt to extend the understanding and abilities to
create novel materials for the benefit of all.
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7. Appendix

Table 7.1. Reported thermal conductivities for ZnO/ZnO-benzene thin films with
ALD/MLD. (Bz = benzene)

Name (this
thesis)

Name (1st
report)

Thick-
ness
(nm)

Bz
lay-
ers

cycles
/bz
layer

κ

(W/mK)
Error Source

SL 6(1)
100

99:1 100 6 1 7.2 1.4 [5]

SL 12(1)
100

49:1 100 12 1 4.2 0.4 [5]

SL 6(1)b
100

- 91.1 6 1 6.9 1.4 [6]

SL 12(1)b
100

- 93.3 12 1 4.2 0.49 [6]

SL 24(1)
100

- 97.2 24 1 2.3 0.23 [6]

SL 48(1)
100*

- 93.8 48 1 0.8 0.15 [6]

SL 96(1)
100*

- 82.7 96 1 0.4 0.06 [6]

SL 12(3)
100

- 97 12 3 2.4 na [6]

SL 12(5)
100

- 97 12 5 1.6 na [6]

SL12(7)
100

- 97 12 7 1.2 na [6]

SL 5(1)
100

SL5(1) 105 5 1 11.8 1.8 [III]

SL 12(1)c
100

SL12(1) 95 12 1 3.9 0.4 [III]

GM 5(1)
-20 100

GM5(1)-20 115 5 1 9.3 0.9 [III]
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Table 7.1. Continued

Name (this
thesis)

Name (1st
report)

Thick-
ness
(nm)

Bz
lay-
ers

cyc-
les/bz
layer

κ

(W/mK)
Error Source

GM 5(1)
+20 100

GM5(1)+20 100 5 1 9.1 0.9 [III]

GM 5(1)
+20b 100

GM5(1)+20-
2

93 5 1 8.1 1.2 [III]

GM 5(1)
20S 100

GM5(1)
20S

87 5 1 8.2 1.3 [III]

GM 5(5)
-20 100

GM5(5)
-20

125 5 5 4.1 0.3 [III]

GM 12(1)
+7 100

GM12(1)+7 95 12 1 4.6 0.5 [III]

GM 12(1)
Fib 100**

GM12(1)
Fib

95 12 1 7.9 1.1 [III]

GM 12(1)
M±8 100

GM 12(1)
M±8

92 12 1 3.2 0.3 [III]

GM 12(1)
Mrev±8
100

GM 12(1)
Mrev±8

92 12 1 3.3 0.3 [III]

SW 1(12)
100

Sandwich
1(12)

92 1 12 8.9 0.9 [III]

SL 5(1)b
100

SL 5(1)
100

90 5 1 9.2 0.9 [IV]

SL 5(1)
200

SL 5(1)
200

195 5 1 10 1 [IV]

SL 10(1)
200

SL 10(1)
200

196 10 1 6.7 0.7 [IV]

SW SL 5(1)
200

SW SL 5(1)
200

201 5 1 9.5 1.0 [IV]

GM
5(1)+50
200

GM
5(1)+50
200

205 5 1 9.7 1.0 [IV]

Doublet
10(1) 200

Doublet
10(1) 200

210 10 1 7.6 0.8 [IV]

GM 10(1)
+18 200

GM 10(1)
+18 200

203 10 1 7.3 0.7 [IV]

48



Appendix

Table 7.1. Continued

Name (this
thesis)

Name (1st
report)

Thick-
ness
(nm)

Bz
lay-
ers

cyc-
les/bz
layer

κ

(W/mK)
Error Source

GM 10(1)
M±30 200

GM 10(1)
M±30 200

202 10 1 6.9 0.7 [IV]

SL 12 (1)d
100

SL 12 (1)d
100

98 12 1 4.1 0.5 [IV]

SL 12 (1)
200

SL 12 (1)
200

196 12 1 6.7 0.8 [IV]

SL 24 (1)
200

SL 24 (1)
200

186 24 1 4 0.4 [IV]

SW SL 12
(1) 200

SW SL 12
(1) 200

188 12 1 6 0.5 [IV]

SL 18 (1)
200

SL 18 (1)
200

204 18 1 5.5 0.6 [IV]

SL 10 (1)
100

SL 10 (1)
100

94 10 1 4.4 0.6 [IV]

SL 8 (1)
100

SL 8 (1)
100

96 8 1 5.6 0.8 [IV]

SL 2 (1) 50 SL 2 (1) 50 45 2 1 8.9 5 [IV]

SL 3 (1) 50 SL 3 (1) 50 47 3 1 6.9 3 [IV]

SL 5 (1) 50 SL 5 (1) 50 49 5 1 4.7 1 [IV]

SL 4 (1)
100

SL 4 (1)
100

97 4 1 9.5 2 [IV]

SL 3 (1)
100

SL 3 (1)
100

94 3 1 11.3 3 [IV]

* These samples are amorphous and therefore omitted in the MVDA.

** Following the Fibonacci-Series the first ZnO-benzene barrier layers are
so close together that they are practically indistinguishable. In practice
that means it has less than 12 barrier layers, but one rather thick layer
and a few thin layers. Because he effective number of interfaces couldn’t
be determined this sample has also been omitted
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SL12(1) 100
L12(1)10

SL6(1) 100
SL6(1)100

100 nm Tynell et 
al. 2014

SL12(1)c 100

GM
5(1) 20 100

GM
5(1)b 20 100

GM
12(1) 7 100

GM
12(1) Fib 100

GM
5(1) -20 100
5(1)

20
1

5(1)b
20

M
12(1)7

1

GM
12(1) ±8M

 100
GM

12(1) 
±8M

rev 100

SL5(1) 100
SL5(1)100

L12(1)c
10

M
5(1)20

1

SW
1(12) 100

GM
5(5) -20 100
5(5)

20
1

12(1)Fib

GM
12(1)

GM
5(1) 20S 100

P
ublication III

SL12(1)b 100
L12(1)b

10

SL6(1)b 100
L6(1)b

10

SL24(1) 100

SL12(3) 100

SL12(5) 100

SL12(7) 100

G
iri et al. 2016
SL48(1) 100 & SL98(1)
not pictured.

SL2(1) 50

SL3(1) 50

SL5(1) 50

50 nm

SL12(1)200
SL18(1) 200

SL24(1) 200

SL10(1) 200
SL5(1) 200

Doublet 
10(1) 200

SW
 SL12(1)
200

200 nm

SW
 SL5(1)
200

GM
10(1)

M
±30 200

GM
5(1) 50 200

GM
10(1)

+18 200

SL12(1)d 100
L12(1)d

10
SL10(1) 100
L10(1)10

SL4(1) 100
SL4(1)100
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SL3(1)100

SL5(1)b 100
SL8(1) 100
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