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Abstract 
The key for improving the performance of energy conversion devices is to develop new 
functional materials – a challenging task that often requires engineering of the material 
structures in nanoscale. This challenge can be met by employing atomic and molecular layer 
deposition (ALD and MLD) techniques that allow for fabrication of layered structures, doped 
and hybrid inorganic-organic materials in a conformal manner on nanostructured substrate 
surfaces. One interesting multifunctional material is TiO2 that has recently, in addition to its 
traditional use as a photocatalyst, arisen interest as a transparent conductor and a 
thermoelectric material for conversion of waste heat into electricity, particularly when doped 
with Nb. In this dissertation, first, an introductory background is presented regarding the 
properties of and requirements for the materials for energy applications relevant to this work. 
Second, a brief introduction to the experimental methods used and their application in this 
work is given. Third, the results of the experimental work communicated via the chemistry and 
physics journals of the research field are summarized. 

In the experimental part of this dissertation an ALD route employing TiCl4, Nb(OEt)5 and 
H2O as precursors for fabrication of Nb-doped TiO2 thin films was developed. Niobium was 
found to readily incorporate as pentavalent in anatase-structured films upon a reductive post-
deposition annealing treatment such that the materials could be identified as degenerate 
semiconductors with metal-like transport properties. Initial crystallinity in the as-deposited 
films heavily affected the final transport properties of the films; in the initially amorphous films  
the intra-grain properties were found to govern the electron transport, while any crystallinity 
present prior to the annealing resulted in films where grain boundaries substantially 
suppressed electron mobility. The Ti0.93Nb0.07O2 films deposited at 160-175 oC showed 
particularly promising transparent conducting oxide properties. 

In particular, the ALD precursors TiCl4 and H2O for TiO2 were combined with the MLD 
precursor hydroquinone in order to fabricate inorganic-organic superlattices. First, in the as-
deposited films the organic component was found to sensitize TiO2 to visible light – a fact that 
could potentially lead to applications in the fields of photocatalysis and solar cells. Second, 
post-deposition annealing enabled conversion of the as-deposited TiO2:HQ superlattice films 
into TiO2:C films, new type of inorganic-organic thin film structures where graphitic carbon  
layers were periodically confined between TiO2 layers. Remarkably, incoherent phonon-
boundary scattering enabled ultra-low thermal conductivities in both TiO2:HQ and TiO2:C 
superlattices, interesting for thermal barrier and thermoelectric applications. 
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Tiivistelmä 
Uusien energiateknologioiden kehittäminen edellyttää usein uusien materiaalien valmistusta, 
mikä vaatii yhä useammin materiaalien muokkaamista nanomittakaavassa. Erinomaisia 
menetelmiä tähän tarkoitukseen ovat atomikerroskasvatus- (ALD) ja 
molekyylikerroskasvatustekniikka (MLD), jotka mahdollistavat kerrosrakenteisten, 
substituoitujen ja epäorgaanis-orgaanisten ohutkalvojen kasvatuksen moninaisten 
nanorakenteiden pinnoille. Titaanidioksidi on monipuolinen materiaali, joka tunnetaan 
parhaiten fotokatalyyttinä. Viime aikoina erityisesti Nb-substituoitu TiO2 on herättänyt 
kiinnostusta myös läpinäkyvänä sähkönjohteena sekä lämpösähköisenä materiaalina.Tässä 
väitöskirjassa taustoitetaan aluksi näiden sovellusten asettamia vaatimuksia materiaalien 
ominaisuuksille. Seuraavaksi esitellään tärkeimmät työssä hyödynnetyt kokeelliset 
menetelmät. Lopuksi vedetään yhteen väitöskirjatyön aikana syntyneet, kemian ja fysiikan alan 
tieteellisissä julkaisuissa esitellyt tulokset. 

Kokeellisessa osassa kehitettiin aluksi ALD-prosessi Nb-substituoitujen TiO2-ohutkalvojen 
valmistukseen käyttäen TiCl4-, Nb(OEt)5- ja H2O-lähtöaineita. Niobiumin todettiin liukenevan 
pelkistävän lämpökäsittelyn myötä viidenarvoisena TiO2-kalvojen anataasi-rakenteeseen, 
minkä seurauksena materiaalit käyttäytyivät degeneroituneille puolijohteille ominaisella 
tavalla. Lämpökäsittelyä edeltävä kiteisyys materiaaleissa vaikutti huomattavasti niiden 
lopullisiin kuljetusominaisuuksiin; amorfisina kasvaneissa kalvoissa elektronien kuljetusta 
rajoittivat rakeiden sisäiset ominaisuudet, kun taas kiteisinä kasvaneissa kalvoissa 
raerajasironta alensi elektronien mobiliteettia huomattavasti. Valmistetuista materiaaleista 
erityisen lupaavasti läpinäkyvinä johteina toimivat 160–175 oC lämpötilassa kasvatetut 
Ti0.93Nb0.07O2-ohutkalvot. 

Lisäksi tässä väitöskirjatyössä valmistettiin epäorgaanis-orgaanisia TiO2:HQ-
superhilaohutkalvoja yhdistämällä MLD-prekursori hydrokinoni (HQ) titaanidioksidin 
TiCl4/H2O-pohjaiseen ALD-prosessiin. Titaanidioksidikerrosten väliin kasvatettujen 
yksittäisten molekyylikerrosten havaittiin herkistävän TiO2 näkyvälle valolle, mikä on erittäin 
kiinnostavaa fotokatalyytti- ja aurinkokennosovellusten kannalta. Lämpökäsittelyn avulla 
molekyylikerrokset kyettiin muuntamaan ohuiksi grafiittisiksi kerroksiksi, ja näin saatiin 
aikaan uudentyyppisiä TiO2:C-superhilarakenteita. On huomattavaa, että sekä TiO2:HQ- että 
TiO2:C-superhilojen orgaaniset rajapinnat sirottivat fononeja tehokkaasti madaltaen 
materiaalien lämmönjohtavuuden erittäin alhaiseksi – tämä on lupaavaa lämpöeriste- sekä 
lämpösähkösovellusten kannalta. 
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1. Introduction 
 
From the early days of human society its development has relied on invention 
of new tools and devices. Taking such often revolutionary steps has involved 
deeper understanding of materials’ properties in ever smaller scale. In the 
modern society the heavy population growth has led to increasing demand of 
energy, while simultaneous strive for increasing quality of life is leading to 
shortage of raw materials. Metal oxides – many of them being stable, non-
toxic and abundant in the Earth’s crust – form a family of inorganic materials 
that through their rich library of structures lie in the core of many applications 
requiring, e.g., tunable electronic, magnetic or thermal properties. Another 
interesting family of materials for future applications is formed by inorganic-
organic hybrids that combine highly different properties of inorganics and 
organics in a synergetic manner, often seen in living nature.    
     To meet the challenge of the increasing demand of energy – and exhaustion 
of the conventional, non-renewable energy sources – new and current 
renewable energy technologies have to be developed and the energy efficiency 
of both industrial processes and domestic appliances enhanced. An example of 
a renewable energy technology today available for everyone is solar cells, 
energy harvesting devices capable of transforming energy of solar radiation 
into electricity.  Light emitting diode (LED), a recently developed low-energy-
input light source, is a great demonstration of how advances in materials 
chemistry and physics can be turned into enhanced energy efficiency in the 
society. A less known means for enhancing the energy efficiency is 
thermoelectrics, a technology that can be harnessed to convert waste heat 
directly into electricity.1  
     Key components of solar cells, LEDs and many of optoelectronic devices are 
the transparent conducting oxides (TCOs); these are wide-band-gap thin-film 
semiconductors that allow for transmission of light in as wide as possible 
wave-length range, while providing as high as possible electronic conductivity. 
The most common TCO material indium tin oxide, however suffers from 
scarcity of indium, a fact that calls for development of novel TCO materials. 
Semiconducting oxides can also be used in thermoelectric (TE) energy 
conversion, where both n-type and p-type materials are needed; for 
thermoelectrics the materials should produce as high as possible electrical 
voltage when placed in a temperature gradient, while providing as low as 
possible electronic resistivity and thermal conductivity. Oxide materials are 
not yet among the best TE materials, however owing to their other 
advantageous material features further research on oxide thermoelectrics is 
warranted.2 Currently the most promising route for more efficient 
thermoelectrics is to lower the TE materials’ thermal conductivity by 
fabrication of nanoscale phonon-scattering structures.3 In particular, it has 
been shown that phonon propagation is very efficiently suppressed via 
phonon-boundary scattering at the internal interfaces of layered materials 
such as superlattices.4,5 Furthermore, thermal transport over material 
interfaces can be tuned by the vibrational property mismatch between the 
component materials, realized in a particularly attractive manner for inorganic 
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and organic components.6,7 It is worth noting that materials with very low 
thermal conductivity may also find use as thermal barriers.   
     Titanium dioxide is a wide band-gap semiconductor known for its 
photocatalytic8 and high-k properties. However, the recent discovery of 
notably high electronic conductivity for Nb-doped anatase TiO2 has turned 
more and more attention towards the transport properties of TiO2.9 Niobium is 
highly soluble in the TiO2 matrix, and hence Nb-doping – together with the 
control of the intrinsic impurities – allows for controlling the material’s 
character from highly insulating to highly conducting. These characteristics 
make Nb:TiO2 an interesting candidate for both TCO and thermoelectric 
applications.9,10  
     The future applications will require the materials to be deposited on large-
area surfaces and/or high-aspect-ratio nanostructures. These requirements 
can be met by growing the films by chemical self-limiting surface reactions, 
realized in a sophisticated manner by using the Atomic Layer Deposition 
(ALD) technique, atomic monolayer at a time.11-13 Titanium dioxide can be 
fabricated with ALD from over a dozen of titanium precursors, typically 
halides and alkoxides, using various oxygen sources, typically water. The most 
common ALD process for TiO2 utilizes TiCl4 and H2O as precursors.14 The list 
of Nb precursors is less extensive, however, the process from Nb(OEt)5 and 
water is well established and it has an overlapping temperature window with 
that of the TiCl4/H2O process.15 
     The first goal in this work was to use ALD to substitute TiO2 with Nb atoms 
and to study the key material properties of the films for TCO and TE 
applications. For this, the Nb-doped TiO2 films were fabricated from TiCl4, 
Nb(OEt)5 and H2O precursors; the effect of doping ratio and fabrication 
temperature on the transport properties of the subsequently annealed Nb:TiO2 
films was systematically studied.I-III An extensive set of experimental methods 
including optical Vis-NIR measurements, low-temperature transport 
measurements and microscopy was used in order to understand the role of the 
different intra-grain and inter-grain scattering sources on the electron 
transport in the films. In order to simultaneously minimize the grain-
boundary scattering and the plasma absorption of the conduction electrons, an 
optimal fabrication-temperature window was searched for. In respect of 
transparent conductors, a work on p-type ALD-fabricated CuCrO2 is also 
included.IV 
     Molecular layer deposition (MLD) is a technique, analogous to ALD, to 
grow organic materials by molecular monolayers. In recent years, it has been 
demonstrated that ALD and MLD techniques can be used in combination 
(ALD/MLD) to fabricate hybrid inorganic-organic materials.16-18 Using ALD 
and MLD in combination it becomes also possible to sandwich extremely thin 
single-molecular organic layers within an inorganic parent phase.19-20 These 
layered hybrid materials of a completely new type combine the very dissimilar 
electronic, mechanical and thermal properties of their inorganic and organic 
constituents. 
     The second goal in this work was then to use organic molecules to modify 
the optical and transport properties of the TiO2 matrix. For this, oxide-organic 
superlattices, with hydroquinone-based monomolecular layers periodically 
introduced within the TiO2 matrix, were fabricated by the ALD/MLD method.V 
First, by systematically controlling the composition and periodicity of the 
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superlattices, any effects on the UV-vis-NIR absorption characteristics of the 
TiO2 films due to the organic modifiers were probed with TCO and 
photocatalysis applications in mind.V Second, the power of the hydroquinone-
based organics as phonon-blocking layers for thermoelectrics and thermal 
barriers was investigated.VI-VIII The effect of the organics on cross-plane 
thermal conductivity was systematically studied by varying the superlattice 
period and by fine tuning the organic layer composition from molecular and 
graphitic monolayers to few-monolayer structures. 
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2. Functional Thin-Film Materials for 
Sustainable Future 
 
Development of new materials with enhanced properties is critical for 
improving many green energy-technology devices. Miniaturization of the 
architectures of the devices enabled by nanoengineering calls for materials 
whose fabrication can be controlled in nanoscale; often this involves 
fabrication of materials in the form of thin films, materials with one reduced 
dimension. This dissertation discusses fabrication of transparent conducting 
thin films, and thin films for thermoelectrics and thermal barriers. To give 
background for the experimental results of this work presented in Chapter 4, 
below general considerations relating to transparent conductors (Chapter 2.1), 
low-thermal-conductivity superlattice thin films (Chapter 2.2), the transport 
properties of Nb:TiO2 (Chapter 2.3), and the ALD method together with 
ALD/MLD fabrication of TiO2-based materials (Chapter 2.4) are presented.   

 

2.1 Transparent Conducting Oxides (TCOs)  
 

Transparent conductors – key components for many optoelectronic 
applications – are materials that show simultaneously high optical 
transparency and high electronic conductivity. Conventional transparent 
conductors are wide-band-gap oxides (Eg > 3 eV), materials that are then 
called as transparent conducting oxides. Cadmium oxide was probably the first 
discovered TCO with resistivity as low as 1.2×10-3 Ωcm at room temperature;21 
however, CdO and it modifications are not used in practical applications due to 
toxicity of cadmium.22 Today, the most widely used TCO is Sn:In2O3 with a 
very low room-temperature resistivity of 1-2×10-4 Ωcm;23 indium is however 
not abundant in the earth’s crust and it’s rising price is driving the search for 
alternative TCO materials.24 From doped binary oxides the most promising 
candidates to replace Sn:In2O3 are ZnO doped with e.g. Al or Ga25 and SnO2 
doped e.g. with Sb or F26. A rather new candidate is Nb:TiO2 (2×10-4 Ωcm),9 a 
material that is also discussed in this dissertation. One group of promising 
materials with rising interest is the amorphous mixed oxides, such as a-
(In,Zn)O (~3×10-4 Ωcm)27,28 that regardless of the disordered structure can 
exhibit extraordinary electron mobility values as high as 50 cm2V-1s-1.29 
Alternatively, high conductivity and transparency can also be achieved e.g. in 
properly spaced networks of metal nanowires30 or carbon nanotubes31. Other 
carbon based transparent conductors are single/few-layer graphene32,33 and 
organic conducting polymers such as poly(3,4-ethylenedioxythiophene):poly- 
(styrenesulfonate) (PEDOT:PSS).34 
     Typically, transparency of a semiconductor material is limited by the 
fundamental band-gap absorption (from the valence band to the conduction 
band) at the high-energy side of the transparency window, and by the plasma 
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absorption (the collective excitation of the conduction electron gas) at the low-
energy side of the transparency window (Fig. 1 (left)).24 The span of the 
transparency window can be tuned by adjusting the charge carrier density (n) 
in the material, as both the band-gap absorption and the plasma absorption 
tend to depend on n (Fig. 1 (right)). For highly-doped degenerate 
semiconductors the Fermi-level is inside the conduction band. Then, 
increasing the carrier density rises the Fermi-level even higher above the 
conduction band edge, and an increase in the effective band gap or 
fundamental absorption energy with increasing n is seen – this effect, often 
called as the Burstein-Moss shift, enables widening of the transparency 
window towards the UV range.35,36 Also the plasma absorption edge shifts 
towards higher energies (smaller wavelengths) as the carrier density increases 
– a fact that leads to a narrowing of the transparency window. On the other 
hand, a high concentration of charge carriers is favourable for high electronic 
conductivity, as the conductivity is directly proportional to the carrier mobility 
and the carrier density. Hence, in terms of carrier density, high transmittance 
and high conductivity are contradicting properties. This underlines the role of 
high carrier mobility values as the key for the enhanced performance in the 
vis-NIR range. General criteria for transparent conductors is that they should 
show a RT resistivity of the order of 10-3 Ωcm, or below, and transparency 
above 80% in the visible range.37  

Figure 1. (left) A schematic illustration of typical transmittance (T), reflectance (R) and 
absorbance (A) spectra; the transmittance window is limited by the fundamental band-gap 
absorption at the UV-vis side and by plasma absorption, characterized by the plasma 
wavelength (λp), at the NIR side. (right) Increase in carrier electron density (n) can shift the 
fundamental absorption edge slightly, and the plasma absorption edge notably, towards the 
smaller wavelengths. 

     The requirements for the transparency window stem from the targeted 
application. For example for display applications the requirement is set by the 
sensitivity of the human eye, that is, the visible range. Visible range 
transmittance (400-700 nm) can be provided by practically all the TCO 
materials, as their plasma wavelengths are typically larger than 1 μm and the 
band gap larger than 3 eV (410 nm). Notable plasma absorption in the visible 
range requires very high carrier densities that could be only reached in 
transparent conductors containing thin metal films or wires in substantial 
quantities. On the other hand, for e.g. solar cell applications, the transparency 
requirement is set by the solar irradiance spectrum and the band gap of the 
absorber material. As for example the band gap of silicon is 1.1 eV (1130 nm) – 
in comparison to the display applications – higher NIR transmittance is then 
needed for the solar cell applications.  For displays Sn:In2O3 is still the state-
of-the-art material beating e.g. Al:ZnO in that it can provide thickness-
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independent low resistivity down to thicknesses around 30 nm, limits at which 
the competitors fail in terms of long-term stability (Al:ZnO:V shows promise, 
though).25,22 In solar cell applications doped ZnO and doped SnO2 are already 
used due to their lower cost in comparison to Sn:In2O3.38,22 While the current 
state-of-the-art TCOs are electron conductors, realization of transparent 
electronics calls for highly conducting p-type TCOs; in this respect, since the 
discovery of p-type delafossite-structured CuAlO239 many members of the 
delafossite family have been studied, out of which e.g. the Mg-doped CuCrO2 
has shown good though not yet sufficient properties with a RT resistivity value 
of 5×10-3 Ωcm.40 If the fabrication techniques of the graphene-based 
transparent conductors can be brought to an economically viable level, 
graphene can become an excellent all-around transparent conductor, as its 
performance is based on extremely high mobility together with high plasma 
wavelength.  

 

2.2. Low-Thermal-Conductivity Superlattices  
 

Superlattices are materials where thin layers of dissimilar materials alternate 
periodically. The most rigorous definitions for the concept of a superlattice 
require the alternating materials to be single-crystalline and to be matched 
with epitaxial interfaces. Here, single crystallinity and epitaxy have not been 
required. Instead, the sufficient criterion is taken to be the periodicity of the 
repetitions of the two material components, described by the superlattice 
period (LSL), i.e. the total thickness of one pair of the dissimilar layers.    
     In solid materials heat is carried by electrons (κe) and phonons (κl), i.e. 
lattice vibrations. The two contributions can be decoupled as  where 
κe depends on the carrier density according to the Wiedemann-Franz law, 

, where L (=2.45×10-8 WΩK-2) is the Lorentz number, μ is the electron 
mobility, e is the electron charge, and T is the temperature, while κl is 
independent of n.41 The direct proportionality of κe to n illustrates the fact that 
the heat transport is dominated by electrons in metals, and by phonons in 
insulators. In semiconductors both electrons and phonons contribute, though 
the phonon contribution dominates unless the material is very heavily doped 
(e.g. in this work for heavily-doped Nb:TiO2 κe/κ ≈ 0.4 at n ≈ 6×1021 cm-3). As 
it is the tuning of the phononic contribution that provides the promising way 
for enhanced performance for thermoelectric and thermal barrier materials,1 
in the following discussion the focus is on the lattice thermal conductivity.  
     In general, thermal transport by phonons is limited predominately by 
phonon-phonon scattering, defect scattering or scattering from materials’ 
interfaces.42,43 Hence, at sufficiently high temperatures in low-defect bulk 
materials thermal conductivity is dominated by the phonon-phonon 
scattering, frequently referred to as the Umklapp scattering.43,41 As the 
temperature increases more and more phonon modes are excited; this leads to 
increased phonon-phonon scattering and decreased thermal conductivity with 
T-1 dependence (Fig. 2 (left)). In superlattice materials the phonon-boundary 
scattering from the densely spaced internal interfaces overshadows the 
phonon-phonon scattering, and thermal conductivity increases with increasing 
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temperature, as more and more phonon modes become available for heat 
transport. For superlattice periods (LSL) of the order of characteristic phonon 
mean free path (lmfp), lattice thermal conductivity typically decreases with 
decreasing superlattice period, phonons behave as particles in an incoherent 
manner, and LSL provides us with an efficient means to suppress thermal 
conductivity (Fig. 2 (right)).44,45 For large-enough superlattice periods (LSL >> 
lmfp) phonon-boundary scattering loses the dominance and the behavior of 
thermal conductivity of the superlattice resembles that of a bulk material. For 
very small superlattice periods LSL  lmfp manifestation of the wave nature of 
phonons is possible – though unlikely due to non-ideality of the interfaces – 
leading to an upturn in thermal conductivity.44,45 Moreover, phonon coherence 
could lead to bulk-like temperature dependence of thermal conductivity, 
ascribed to the so-called mini-Umklapp process.46   

 

Figure 2. (left) Schematic temperature dependencies for bulk materials and superlattices. (right) 
Schematic thermal conductivity of a superlattice as a function of the superlattice period (LSL); 
shown are typical thermal conductivity regions with respect to a characteristic phonon mean free 
path (lmfp).   

     As for superlattice materials phonon-boundary scattering at the internal 
interfaces dominates the phonon transport, it is then evident that the 
characteristics of the interfaces becomes of particular interest. Phonon 
transport over a material interface is typically described in terms of thermal-
boundary conductance (GTB) that relates the heat flux (Q) traversing the 
interface and the temperature drop over the interface (ΔT) as Q = GTBΔT (Fig. 
3).42,43 In addition to the system temperature, thermal boundary conductance 
depends on a variety of the characteristics of the interface including interface 
roughness, bond strength, the applied pressure, defect density, inter diffusion, 
and most importantly, the vibrational property mismatch between the two 
materials forming the interface.43 The greater the mismatch – described 
typically in terms of acoustic impedances or phonon densities of states – the 
lower the boundary conductance. In general, inorganic materials and organic 
materials show high dissimilarity in their properties. Hence, in order to 
fabricate materials with very low thermal conductivity, it would sound 
tempting to combine the size effects brought about by the phonon-boundary 
scattering and the low thermal boundary conductance at internal interfaces of 
superlattices composed of inorganic and organic layers.   
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Figure 3. Heat transport over a material interface is characterized by thermal boundary 
conductance GTB, which for real interfaces depends on a variety of factors in addition to the 
vibrational property mismatch between the materials forming the interface. 

     The power of layered materials for achieving low thermal conductivity has 
been demonstrated for both across and along the layers. In general, the 
thermal conductivity values reported, e.g. for W/Al2O3 nanolaminates47 (~0.6 
Wm-1K-1 at 300 K) and layered WSe2 crystals48  (~0.05 Wm-1K-1 at 300 K) 
underline the power of layered structures for achieving ultra-low cross-plane 
thermal conductivity values (via careful balancing of order and disorder) 
comparable to those of amorphous or even porous materials.49 For epitaxial 
inorganic superlattices, such as GaAs/AlAs and Si/Ge, it has been shown that 
not only does the control over the superlattice period provide us with means to 
realize order-of-magnitude thermal-conductivity drops in the cross-plane5 
direction but that significant suppressions also in the in-plane4 direction can 
be achieved.  
     Thermal properties of inorganic-organic architectures have mainly been 
studied for single/few interface systems. In addition to vibrational property 
mismatch, the chemical bond strength between the inorganic and organic 
layers has been shown to affect the thermal boundary conductance.7 Also, one 
could benefit from phonon filtering effects brought about by destructive 
interference within the organic layers for properly chosen polymer-chain 
lengths.50 Moreover, van-der-Waals bonded graphene interlayers have been 
demonstrated to have a lowering effect on the thermal boundary conductance 
– as an alternative usage of carbon-based material.51 Ultra-low thermal 
conductivity in ALD/MLD-fabricated ZnO-based hybrid thin films deposited 
from Diethylzinc (DEZ) and hydroquinone (HQ) or ethylene glycol precursors 
– in rather homogeneous mixtures – demonstrate the power of hybrid 
materials for thermal conductivity suppression.52 The recent report on 
superlattices of layered TiS2 with intercalated organic molecules, showing an 
in-plane zT value of 0.28 at 373 K, encourages to strive research on inorganic-
organic materials for thermoelectrics.53 

 

2.3. Transport Properties of Nb:TiO2 

 

Titanium dioxide is a wide-band-gap semiconductor that can exist as various 
structural polymorphs – out of these structures the anatase phase (Eg = 3.2 
eV)54 and the rutile phase (Eg = 3.0 eV)54 are the most common. Both the 
crystal structures have tetragonal symmetry, as they differ in the linkage of 
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their basic building blocks, i.e. the TiO6 octahedra. In the anatase structure, 
each TiO6 octahedron is connected to the adjacent octahedra by sharing four 
edges and four corners, while in rutile the octahedron shares two edges and 
eight corners (Fig. 4). Anatase is metastable at low temperatures and 
transforms irreversibly to the stable rutile structure around 600 oC.55 Titanium 
dioxide is widely known for its photocatalytic properties8 and its use as a dye-
sensitized solar cell electrode material.56 The high dielectric constant, ~100 for 
rutile57 and ~30 for anatase58 makes TiO2 an attractive high-k material59 e.g. 
for dynamic random access memories.60 However, with proper control of the 
intrinsic and/or extrinsic impurities, TiO2 is also a promising material for 
applications in which highly conducting semiconductor oxides are needed.  

 

Figure 4. Crystal structures of the tetragonal anatase and rutile TiO2.  

     Extrinsically undoped – though reduced – anatase and rutile lattices both 
support electron conduction, that is, both the structures are n-type 
semiconductors.54 The experimental studies for partially reduced anatase 
single crystals fabricated via the chemical vapour transport technique by Forro 
et al. have shown RT resistivity values around 10-1 Ωcm, together with 
corresponding n and μ values of ~1018 cm-3 and ~20 cm2V-1s-1, respectively.61,62 
Low-temperature transport data for the single crystals indicated marked 
temperature-activation of carriers that originated from shallow donor states, 4 
meV below the conduction band edge. At room temperature, the charge 
carriers were predominately scattered by optical phonons, rather than by 
impurities; moreover, a negative thermopower value of ~230 μV/K was 
obtained at room temperature, in line with the n-type conduction properties. 
In accordance with the single-crystal data, Tang et al. observed an insulator-
metal transition with increasing n in sputtered polycrystalline anatase films at 
~5×1018 cm-3 with corresponding mobility of around 4 cm2V-1s-1; in strong 
contrast, semiconducting behaviour was seen for the rutile films regardless of 
the carrier density level.54 The difference in the transport properties for the 
two structures could be ascribed to the considerable difference in their 
electron mobility – a fact that that stems from a marked effective-mass 
difference:54 rutile exhibits a high value of around 20me,63 while the 
corresponding value for anatase is around 1me.54 Moreover, these 
polycrystalline films showed indirect fundamental optical band gaps of 3.2 eV 
for anatase and 3.0 eV for rutile. In conclusion, anatase is the TiO2 phase 
better suited for applications requiring high electronic conductivity. 
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     Electronic properties of TiO2 can be further modified by extrinsic doping, in 
particular by Nb doping. Single-crystal Nb-doped (0.08 wt.%) anatase TiO2 
have been fabricated by Mulmi et al.;64 the samples exhibited resistivity of 
5×10-2 Ωcm, slightly lower than the value for undoped single-crystalline TiO2 
by Forro et al. The Nb-doped single crystals had a rather low carrier density 
level of ~5×1019 cm-3 and Nb was concluded to form a shallow donor state ~1 
meV below the conduction band edge; moreover, anisotropy of the band-gap 
energy dependent on the crystal direction was observed. A major leap was then 
taken by Furubayashi et al., who fabricated epitaxial Nb:TiO2 thin films by the 
pulsed laser deposition (PLD) technique in a wide range of Nb content.9 The 
epitaxial films showed RT-resistivity values as low as 2×10-4 Ωcm, with the 
corresponding carrier density of 1.7×1021 cm-3 and phonon-scattering-limited 
mobility of around 16 cm2V-1s-1, for the optimum Nb-substitution level of 6 
at.%. The low-temperature Hall measurements (2-300 K) did not reveal any 
sign of temperature activation of carrier electrons, that is, the materials could 
now be identified as degenerate semiconductors. The results by Furubayashi et 
al. for epitaxial films were soon after verified, though not surpassed, by other 
research groups.65-67 Zhang et al. moreover reported a Burstein-Moss shift of 
0.2 eV in the fundamental absorption edge as a further proof for the 
degenerate nature of the highly conducting Nb:TiO2 thin films.65 The 
experimental results are in line with the first-principles band calculations that 
have indicated that the Fermi level rises from the mid-gap position for the 
undoped TiO2 to ~0.5 eV above the conduction band bottom upon 6% Nb 
doping (Fig. 5 (left) and (middle)).68,69 The partial densities of states for the Ti 
d and Nb d states show nearly perfect overlap above the Fermi energy 
indicating strong hybridization of Nb 4d with Ti 3d (Fig. 5 (right)), in line with 
the experimentally observed high carrier-to-dopant atom ratio of above 0.9.68,9 
The high conductivity in anatase Nb:TiO2 is thus ascribed to electrons donated 
by Nb to the Ti 3dxy-nature conduction band; the conduction band is nearly 
parabolic and its shape is essentially unaffected by the (6%-) Nb doping.68,69 
Importantly, the band-structure analysis revealed a notable anisotropy in the 
effective mass, such that m*a,b = 0.42me along the (a,b)-plane and m*c = 
4.05me along the c-axis direction68,69 – a result that has been also confirmed 
experimentally via Drude analysis of optical data by Hirose et al. (m*a,b = 0.2-
0.6me and m*c = 0.5-3.3me).70    

 

Figure 5. Density of states calculated from the first principles for (left) undoped anatase TiO2, 
(middle) 6.25%-Nb-doped anatase TiO2, and (right) partial densities of Ti-d and Nb-d states for 
the Nb:TiO2 system. The seen band-gap underestimation is an inherent feature in direct-
functional-theory calculations with generalized gradient approximation function. The labels TiO2 
and Nb:TiO2 were added by the author. (Reprinted from Ref. 68 with a permission, Copyright 
2008 The Japan Society of Applied Physics.)    
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     As practical applications often require thin films to be fabricated on large-
area non-epitaxial surfaces, considerable amount of work has been done to 
deposit Nb:TiO2 films on glass substrates. Indeed, low resistivity Nb:TiO2 films 
have been obtained by combining PLD fabrication (4.6×10-3 Ωcm)71 or 
sputtering (0.95-1.32×10-3 Ωcm)72,73 of amorphous films at low temperatures 
and a subsequent reductive heat treatment at high temperatures. As these 
Nb:TiO2 films are polycrystalline with randomly oriented grains, the effective-
mass anisotropy becomes the key problem to be solved to achieve equally low 
resistivity values as for the epitaxial c-axis oriented films. One way to boost the 
growth of higher-quality crystalline films with enhanced c-axis orientation is 
to seed the growth of the actual film material by an intermediate thin layer. 
Hoang et al. achieved this in their sputtered films by first depositing a thin 
seed layer of Nb:TiO2 in relatively oxygen-rich conditions then depositing the 
actual thicker Nb:TiO2 film in the standard oxygen-poor conditions; as a result 
the resistivity was lowered to 6.4×10-3 Ωcm.74 Interestingly, Taira et al. used 
sparsely spaced Ca2Nb3O10 nanosheets on a glass substrate to seed lateral 
growth of c-axis oriented Nb:TiO2 films; the films deposited by PLD exhibited 
a resistivity as low as 3.6×10-3 Ωcm upon a reductive annealing treatment.75 
     With its high electronic conductivity and wide band gap (> 3 eV) Nb:TiO2 is 
hence a promising transparent conductor, with certain strengths. As was 
illustrated in Fig. 1, the NIR transmittance is limited by plasma absorption 
defined by the characteristic plasma wavelength (λp). In addition to carrier 
density, λp essentially depends on the high frequency permittivity (ε∞) and the 
effective carrier mass as λp  ((ε0ε∞m*)/(ne2))1/2. For anatase TiO2 ε∞ ~ 5.9,76 
whereas for Sn:In2O3 ε∞ ~ 4.77 On the other hand for Sn:In2O3 m* ~ 0.3,78 while 
for Nb:TiO2 m*a,b ~ 0.5me and m*c ~ 3me.68,70 Therefore, for equal carrier 
densities, higher NIR transmittance can be achieved in Nb:TiO2 – a fact that is 
beneficial e.g. for solar cell applications. Moreover, anatase Nb:TiO2 shows a 
refractive index match with GaN (~ 2.4 vs. 2.0 for Sn:In2O3), which could 
reduce reflection losses at the GaN/TCO interface and thereby enhance the 
external quantum efficiency of blue light emitting diodes.79,80 Furthermore, 
stability under hydrogen plasma could be an advantage in the fabrication 
process of e.g. solar cells based on amorphous Si.81   
     As discussed above, Nb can be used to substitute Ti in a way that TiO2 
becomes heavily doped. This is a key feature for typical thermoelectric 
materials, which are characterized by their thermoelectric figure-of-merit zT 
(≡ S2σT/κ, where S is the Seebeck coefficient, σ electronic conductivity and κ 
thermal conductivity; S2σ is the power factor). Indeed, there has been some 
interest on the TE properties of Nb:TiO2. Jaćimović et al. showed that 6%-
doped c-axis oriented epitaxial Nb:TiO2 film exhibits a considerably high 
power factor around 14 μW/(K2cm) peaking at 350 K, a value that is close to 
that of the archetype low-temperature TE material bismuth telluride (37 μWK-

2cm-1).10 Moreover, Kurita et al. obtained a similar value of 25 μWK-2cm-1 at 
900 K for a 2%-doped c-axis oriented epitaxial Nb:TiO2 film.82 On the other 
hand, Kurita et al. pointed out the that m* and density of states are reduced by 
the crystal field splitting of the Ti 3d-t2g orbitals in the tetragonal anatase 
structure – a consideration that decreases the Seebeck coefficient and then 
presumably has a negative effect on the overall thermoelectric performance. 
Based on the thermal conductivity data by Tasaki et al. (4-6 W m–1 K–1),83 
Jaćimović et al. have estimated zT around 0.1-0.2 between 300 and 600 K for 
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6% Nb-doped anatase TiO2 films,10 while values around unity are required for 
applications.1 Improved TE performance could be achieved by lowering the 
material’s thermal conductivity. 

 

2.4 Thin Films Based on TiO2 by Atomic/Molecular Layer 
Deposition 
 

Atomic layer deposition is a method to grow thin films via gas-surface 
reactions on a substrate upon its sequential exposure to different precursor 
vapours.84-86,12 Originally, the ALD method was developed for deposition of 
luminescent Mn:ZnS and insulating Al2O3 thin films for electroluminescent 
displays.11 The method was for a while called as atomic layer epitaxy, but due 
to the fact that in most of the cases the films grow polycrystalline or 
amorphous the name ALD later became established.86 It should be noted that, 
apparently, development similar to ALE, was proceeded independently with 
the name of molecular layering already in the 1960th in Russia.87,88 The 
majority of the current interest in ALD stems from the unique features of ALD 
which enable the deposition of pinhole free high-k dielectrics conformally on 
high-aspect-ratio trench structures, a key feature for microelectronics. This 
capability to conformally coat three-dimensional nanostructures is expected to 
expand the range of applications for ALD even further in the future.13     
     In ALD the film growth proceeds via chemical reaction of between at least 
two different-kind precursors evaporated from separate containers outside the 
actual reactor chamber. The precursors can be gases, or vaporized liquids or 
solids; for efficient precursor transport to the substrate some precursors 
require pre-heating for sufficient volatility. Typically, the precursors are 
transported into the reactor chamber with help of a flowing inert carrier gas, 
such as nitrogen. The sequencing of the precursor exposures is conventionally 
realized by intermediate inert-gas purging or vacuuming; instead of time, the 
precursor exposures can also be sequenced in space by moving the substrates 
between separate vapour domains – then the method is called as spatial 
ALD.11,89,90  Finally, the set consisting of a precursor-A exposure, a purge, a 
precursor-B exposure, and a purge, forms the so called ALD cycle, which is 
repeated a desired number of times to grow a thin film of a desired thickness.  
     When an ALD-precursor pair possesses sufficient reactivity towards each 
other, the gas-surface reactions proceed via a ligand exchange between the 
functional groups of the surface and those of the gas-phase precursor, until all 
the functional groups on the surface have reacted (see Pub. VII for a 
schematic). Such self-saturation is the key condition for the ALD reactions, 
and the reason behind the atomic level thickness control of ALD (Fig. 6 (left, 
top)). When the surface reactions saturate, the density of the functional groups 
on the surface remains independent on the thickness of the grown film, and 
the film thickness increases linearly with increasing number of deposition 
cycles (Fig. 6 (left, bottom)). The self-saturating film growth can typically be 
reached in a certain temperature range, frequently referred as to the ALD 
window, in which the film growth per each ALD cycle (GPC) is constant (Fig. 6 
(right)). At low temperatures the ALD window can be limited by condensation 
of the precursors, which leads to an increase in the GPC value, or by 
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incomplete surface reactions due to insufficient thermal energy for the 
reactions, which leads to a decrease in the GPC values. At high temperatures 
the precursor decomposition frequently ads a non-surface controlled deposit 
on the surface, while increase in thermal energy may lead to desorption of the 
precursors and reduced GPC.       

 

Figure 6. (left, top) Growth per cycle (GPC) vs. precursor pulse time for an ideally saturating 
surface reaction. (left, bottom) Linearly increasing film thickness for an ideal ALD process with a 
constant GPC as a function of the number of the deposited cycles. (right) GPC vs. temperature; 
ideal growth regime illustrated with red and non-idealities with blue.  

Atomic layer deposition of TiO2 has been research for more than two decades 
and many reaction chemistries have been developed to date.12 The most 
common metal precursors used are halides and alkoxides, while water is by far 
the most commonly applied oxidant. Hydrogen peroxide has been studied as 
an alternative for water for its higher oxidation power at low temperatures e.g. 
for processes with TiCl4,91 TiI4,92 Ti(OiPr)493 and Ti(OEt)494,95 as Ti precursors. 
As an alternative to the hydroxyl-based chemistries, e.g. processes from 
TiI4/O296 and Ti(OiPr)4/O397 have also been developed. Moreover, plasma 
enhanced ALD processes have been studied to compensate for low thermal 
energy for surface reactions at low temperatures and to lower the impurity 
levels.98,99 
     In an ideal TiO2-ALD process that utilizes H2O as the oxidant, the film 
growth proceeds via exchange reactions between the hydroxyl groups of the 
oxidant and the ligands L of the metal precursor TiL4. Then, one ALD cycle for 
TiO2 is described on the basis of the below equations that describe the surface 
reactions on an initially hydroxyl-terminated surface upon the TiL4 (i) 
exposure and the subsequent H2O exposure (ii): 

                          (i) 

(ii) 

where x is the number of ligands L released per TiL4 molecule during the TiL4 
exposure; s refers to surface species and g to gas-phase precursors (typically, 0 
< x < 3). The density of the hydroxyl groups on the TiO2 surface can, however, 
decrease with increasing temperature, as particularly surfaces with hydrogen-
bonded hydroxyls are prone to dehydroxylation by releasing water back to the 
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gas phase (iii);14,100 particularly then TiL4 can also react dissociatively or 
associatively with the oxygen bridges formed on the surface (iv):14  

,                                     (iii) 

.               (iv)  

     Regarding the halide/water processes, ALD routes have been reported for 
TiCl4, TiI4 and TiF4. For the TiCl4/H2O process (100-600 oC), it appears that 
the film growth proceeds increasingly via the reaction (iv) – at the expense of 
the reaction (i) – when temperature increases; this is seen in the decrease of x 
from around 2 (150 oC) to below 1 (> 250 oC) together with a decreasing trend 
for the GPC values, around 0.5 Å/cycle on average.100,101 For the TiI4/H2O 
process (100-400 oC) the reported GPC values range from below 0.5 Å/cycle to 
above 1 Å/cycle with increasing temperature, with an x value around two on 
average and an increasing trend at high temperatures; above 275 oC the film 
growth shows a marked dependence on the TiI4 pulse length indicating 
thermal decomposition of the precursor and loss of the surface control of the 
process.101 The difference between the reaction mechanisms, and the 
decomposition behavior, for the chloride and iodide chemistries can be 
understood in terms of dissociation energies of the metal-ligand bonds: the 
energy for the Ti-I bond (296 kJ/mol) is markedly lower than that of the Ti-Cl 
bond (429 kJ/mol).101 The growth rate and its temperature dependence for the 
TiF4/H2O process resemble those of the TiI4-based processes, although no 
precursor decomposition is observed.102 
     Regarding the alkoxide/water processes, ALD routes exploiting Ti(OiPr)4, 
Ti(OEt)4 and Ti(OMe)4 are common; these processes are free from corrosives, 
such as TiCl4 and HCl, that may shorten the life time of the reactor parts for 
the TiCl4/H2O process. These alkoxide/water processes generally show GPC 
values around 0.5 Å/cycle with increasing temperature trends possibly with 
narrow 50-100 oC-wide ALD windows around 200-300 oC.103-107 For 
Ti(OiPr)4/H2O and Ti(OEt)4/H2O processes the use of high enough water doses 
as a means to notably boost (to double) the GPC values is underlined.108 Above 
250-350 oC the alkoxides begin to decompose in the order of Ti(OiPr)4, 
Ti(OEt)4 and Ti(OMe)4, the latter being the most stable.107 However, owing to 
the slower kinetics of the decomposition reaction in comparison to that of the 
exchange reactions, satisfactory ALD-type growth can often be achieved.105 For 
the Ti(OiPr)4/H2O process the x values of around 2-2.5 between 150-300 oC 
have been reported,109,110 while for the Ti(OEt)4/H2O the corresponding values 
are 0.6 (225-250 oC), 1.2 (200 oC) and 1.5 (150 oC); this underlines the 
significance of the route (iv) for the ethoxide-based process at high 
temperatures.111 
     For all these ALD processes, on lattice-mismatched substrates, amorphous 
TiO2 films are obtained at low temperatures, films with anatase structure at 
intermediate temperatures and mixed-phase anatase-rutile materials at high 
temperatures. For halides the generally reported transition temperatures are 
around 160 oC for amorphous to anatase structure formation and around 350 
oC for the onset of the formation of rutile phase;112-116,95 however, it is of note 
that week traces of anatase within the amorphous matrix have been observed 
already at 125 oC by reflection high energy electron diffraction.117 For alkoxides 
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the onset temperature rises slightly above 200 oC.107,118 Film growth may begin 
with formation of an amorphous layer, the thickness of which depends on the 
temperature.119,112,101 On the other hand, Aarik et al. observed that phase-pure 
TiO2-II films can only be obtained below a critical thickness and that above 
such a thickness value more and more rutile gradually forms.120 

Molecular layer deposition is a technique analogous to ALD with the difference 
that in MLD the film growth proceeds via deposition of molecular monolayers 
instead of atomic monolayers. Here, we make a distinction between different 
organic and hybrid thin-film materials. The films fabricated using purely 
organic MLD precursors are classified as purely organic, whereas the films 
deposited combining organic MLD precursors and metal-containing ALD 
precursors in sets of one + one,  which results in a rather homogenous mixture 
of the organic and inorganic components, are classified as pure hybrids. The 
films were ALD and MLD precursor are combined in a way that the ALD-based 
inorganic and the ALD/MLD-based hybrid layers alternate and have similar 
thicknesses are called as hybrid nanolaminates. Finally, thin films were hybrid 
ALD/MLD-based layers are deposited via one or few cycles between wider 
inorganic ALD-based layers, are called as hybrid superlattices.  
     The first reports on MLD fabrication of purely organic films date back to 
1990s, when Yoshimura et al. published fabrication of polyimide films,121 and 
Kubono et al. polyamide films in a molecular layer-by-layer manner.122 
Moreover, MLD fabrication of polyimide-amide, polyurea, polyurethane, 
polythiourea, polyester, polyimine thin films have been reported.123,18  The 
ALD and MLD techniques were first combined by Lee et al. to fabricate pure 
hybrids from CH2=CH(CH2)6SiCl3 and Ti(OiPr)4 precursors.16 Soon after, 
Dameron et al. demonstrated growth of pure hybrid films from 
trimethylaluminum (TMA) and ethylene glycol (an aliphatic alcohol),17 while 
Nilsen et al. deposited hybrid films from a variety of precursor pairs including 
TMA, TiCl4 and DEZ as metal ALD precursors and aromatic organic alcohols, 
amines and carboxylic acids as MLD precursors;124 in respect of combining the 
ALD and MLD techniques a schematic is included in Pub. VII. Regarding 
TiO2-related hybrid films, TiCl4 is by far the most common Ti precursor,18 that 
has been combined with ethylene glycol,125,126 glycerol,125,127 8-
hydroxyquinoline124,128  ethanolamine,129 malonyl chloride129 and 4,4’-
oxydianiline.130,131 Ideally, the growth of a hybrid film takes place via ligand 
exchange reactions similar to those presented above (i+ii). The possible 
complications with the ALD/MLD-film growth relate to bidentate reactions of 
the organic molecules with the film surface, a problem that leads to slowing 
down of the film growth as the functional group density on the films surface 
decreases with increasing films thickness. Such a problem can be though 
largely avoided by using aromatic molecules with rigid backbones.18 These 
completely new type of hybrid materials can be expected to combine the 
properties of both the inorganic and organic constituents and/or possess 
properties not yet discovered.    
     Use of ALD and MLD in combination to sandwich single-molecular organic 
layers within an inorganic parent phase for fabrication of hybrid superlattices 
was demonstrated recently.19,20 Yoon et al. fabricated TiO2:polydiacetylene 
hybrid superlattices by combining TiCl4/H2O process for the TiO2 layers with 
single intermediate TiCl4/HDD/UV-exposure cycles for the polydiacetylene 
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layers (HDD stands for 2,4-hexadiyne-1,6-diol).19 Moreover, Tynell et al. 
deposited single hydroquinone, 4-aminophenol and 4,4′-oxydianiline cycles 
between thicker ZnO (DEZ/H2O) layers, and fabricated ZnO:organic 
superlattices.20,132 In these kind of superlattice films with well-defined 
structures were the thicknesses of the ALD/MLD-based layers are kept at a 
monolayer level, it can be predicted that the very thin organic layers can be 
used to tune the known properties of the inorganic matrixes.   
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3. Experimental Techniques 
 
Synthesis of new materials and characterization of their structure or structure-
property relations lies in the core of solid state chemistry and physics. The 
research presented in this dissertation focuses on the fabrication and 
characterization of oxide and oxide-organic hybrid thin-film materials with 
thicknesses on the order of 100 nm. Atomic-scale material structure and 
composition are invisible to naked eye and are frequently resolved exploiting 
techniques involving interaction between the material studied and 
electromagnetic radiation with properly chosen wavelength. In this work a set 
of techniques exploiting radiation ranging from X-ray to infrared regime was 
used to resolve the material structure, while standard electrical 
characterization methods were used to probe the transport properties of the 
materials. In this chapter an overview/background on the key experimental 
techniques used in this work is given. 

 

3.1 Atomic/Molecular Layer Deposition (ALD/MLD) of Thin Films 
 

Prior to the work presented in this dissertation, the deposition of Nb:TiO2 
films had been reported by Pore et al. using Ti(OMe)4, Nb(OEt)5 and H2O 
precursors.133 Here instead, TiCl4 was chosen as the Ti precursor for its more 
widely reported use for ALD,12 wide deposition temperature range, and its low 
cost, of interest for practical applications. Nb(OEt)5 was kept as the Nb 
precursor for its well-characterized ALD behaviour with H2O for deposition of 
binary Nb2O5 film and the overlapping deposition window with the TiCl4 
process.15,134 First aim in the Nb:TiO2 film fabrication was to systematically 
control the doping ratio Nb/(Nb+Ti); this was realized by systematically 
varying the relative number of single Nb(OEt)5/H2O cycles deposited between 
the TiO2/H2O cycles.I It resulted that the incorporation of Nb was well 
controlled and systematic within the composition range studied, that is 0 < 
Nb/(Nb+Ti) < 0.5, as the ALD cycle ratio exhibited close to one-to-one relation 
with the composition measured with the X-ray fluorescence technique (XRF), 
for films deposited at 210 oC. Then, having obtained the feedback from the 
transport measurements that showed grain-boundary-scattering limited 
charge transport for lightly doped annealed filmsII – supposedly due to initial 
crystallinity in the as-deposited films – Nb:TiO2 films with Nb/(Nb+Ti) = 0.05 
cycle ratio were deposited in the temperature range of 100-280 oC aiming at 
fabrication of amorphous as-deposited films at lower temperatures.III 
Throughout this temperature range the Nb:TiO2 thin films could be grown but 
with decreasing temperature more and more Nb was incorporated into the 
film structure – a fact that could be due to increased hydroxyl group density on 
the TiO2 surface after the H2O pulse and some degree of physisorption of the 
Nb(OEt)5 precursor. As all the as-deposited films had an electrically insulating 
character, they were post-deposition annealed under reductive conditions at 
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500-600 oC to obtain the anatase crystal structure and to remove excess 
oxygen from the anatase lattice.  
     Regarding the ALD/MLD-fabricated hybrid thin films, in this dissertation 
the focus was on structures where the inorganic layer (TiO2 (or ZnO)) 
thickness was varied in a wide range, and the thickness of the organic layers 
deposited periodically between the oxide layers was restricted to one or few 
HQ-based molecular monolayers, similar to those reported by Yoon et al.19 and 
Tynell et al.20 for ZnO-based films. First, a process to deposit pure hybrid films 
from TiCl4 and HQ at 210 oC was developed; the process showed typical growth 
characteristics including saturation of the precursor pulses and linearly 
increasing thickness with increasing number of cycles.V Then, this ALD/MLD 
process was coupled to the ALD process for TiO2 from TiCl4 and H2O 
precursors in order to deposit [(TiO2)m(Ti-O-C6H4-O-)k]n superlattice thin 
films. For the superlattices the composition was varied in a wide range such 
that 4 < m < 400 and k = 1, where m refers to the number of ALD cycles and k 
to the number of ALD/MLD cycles within one superlattice period; n refers to 
the total number of superlattice periods. The X-ray reflectivity data showed 
that the organic layers were periodically confined between the TiO2 layers, 
while the Fourier transform infrared data indicated the hydroquinone 
molecules to bond to the inorganic layers via strong covalent bonds. To 
investigate the role of the organic-layer thickness on thermal conductivity in 
hybrid superlattices, [(ZnO)m(Zn-O-C6H4-O-)k]n films with varying organic 
layer thickness (1 < k < 7) were also fabricated.IX Last, TiO2:C superlattices 
were fabricated from the [(TiO2)m(Ti-O-C6H4-O-)k=1]n thin films via a reductive 
annealing treatment at 600 oC that converts the molecular monolayers into 
sub-nanometer-thick graphitic interface layers confined between the TiO2 
layers (Fig. 7).VI  

 

Figure 7. (left) A schematic structure of an n-period inorganic-organic superlattice deposited via 
m ALD cycles and k=1 ALD/MLD cycles per one superlattice period. (middle) A close-up 
schematic of the as-deposited oxide-organic superlattice and (right) the oxide-graphitic C 
superlattice obtained via the annealing treatment, in the vicinity of the inorganic-organic 
interface.V,VI  

 

3.2 Structural Characterization of ALD/MLD Thin Films 
 

A standard way for probing the crystal structure, i.e. long range order, of 
inorganic materials is the X-ray diffraction (XRD) technique, which is based 
on diffraction of the X-rays from the lattice planes of any crystalline material. 
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A modification of the technique especially suitable for thin films is grazing 
incidence X-ray diffraction (GIXRD). In GIXRD the diffractometer is operated 
at low and fixed angle of incidence when the path travelled by the X-ray beam 
within the film is increased. This allows for more accurate phase identification 
in comparison to the standard symmetric θ/2θ scans; the drawback of the 
fixed incidence angle is that information on the orientation of crystal grains is 
lost and hence for obtaining information on the films’ texture, symmetric θ/2θ 
measurements must be carried out. The phase sensitivity and the diffracted 
beam intensities in the θ/2θ measurements can be enhanced by using of two-
dimensional detectors; this method becomes particularly valuable for the 
study of epitaxial thin films. In this work GIXRD was routinely used to analyse 
the crystal structure of all the fabricated samples and to reveal the possible 
presence of any impurity phases. As the grain orientation was of interest for 
the Nb-doped TiO2 films, symmetric θ/2θ measurements were performed in 
this case;I,II furthermore, as it was found out that the heavily doped films were 
highly c-axis oriented, measurements with a two-dimensional detector were 
also carried out.II 
     When the incident angle in the symmetric θ/2θ measurements becomes 
very small the X-rays reflected from the air-film and film-substrate interfaces 
can interfere – the interference maxima and minima alternating as a function 
of the incident angle, often called as Kiessieg fringes, allow for determination 
of the thickness of thin film materials. This technique, called X-ray refection 
(XRR), also provides us with a tool for analysis of superlattice materials.135 For 
superlattices the interference effect may occur for X-rays reflected from 
internal interfaces in the material; in this case the distance between such 
interfaces – inversely proportional to the angular separation of the 
interference maxima – can be resolved. In this work the XRR technique was 
used routinely for determination of the thicknesses of all the fabricated thin 
film structures. In particular, the XRR technique played a key role in 
confirmation of the periodic layered structure of the ALD/MLD-fabricated 
hybrid superlattices.V,VI As an illustration of the XRR measurements, Fig. 8 
shows the XRR pattern for the [(TiO2)m(Ti-O-C6H4-O-)k=1]n films with the k:m 
ratio of 1:400, where the small fringes and the large fringes relate to the film 
thickness and the superlattice structure, respectively. It is of note that, that 
regardless of the degree of crystallinity of the TiO2 layers, it follows from the 
XRR data that the organic molecules are confined in well-defined 
monomolecular layers with long-range order rather than diffused 
homogenously within the inorganic matrix. Moreover, the critical angle of the 
XRR patterns carries information on the density of the thin film material;136 
this fact was used to show that the density of the hybrid superlattices – that 
intimately links to the mechanical properties of the films, interesting for e.g. 
for flexible electronics – can be systematically tuned by varying the inorganic-
organic ratio.V  
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Figure 8. The X-ray reflectivity pattern for the [(TiO2)m(Ti-O-C6H4-O-)k=1]n film with k:m ratio of 
1:400. Angular spacing of the small fringes relates to total film thickness, whereas that of the 
large ones carry information on the total number of the superlattice periods n.V   

     The characteristic energies of molecular vibrations of organic materials are 
typically found in the infrared range of the electromagnetic radiation. A 
standard technique for characterizing and identification of materials in this 
wavelength range is Fourier transform infrared (FTIR) spectroscopy: in this 
method all the frequencies of a broad-band IR beam are shine on the sample 
material simultaneously and the radiation absorbed by the material is 
recorded. The name of the technique stems from the fact that the broad-band 
raw data has to be Fourier transformed (well-known mathematical algorithm) 
in order obtain a frequency-specific infrared spectrum – a unique fingerprint 
for any material. FTIR has been widely used to characterize the ALD/MLD-
fabricated inorganic-organic hybrid materials and was used in this work to 
characterize the structure of the as-deposited hybrid superlattices. It could be 
shown that the benzene rings from the hydroquinone precursor were delivered 
to the inorganic-organic superlattices intact and that they bonded to the 
inorganic layers via oxygen atoms.          
     Another method to study molecular vibrations is Raman spectroscopy, a 
technique that relies on inelastic scattering of monochromatic (narrow-band) 
light from the sample material. Raman shift – the frequency difference 
between incident beam and the inelastically scattered beam – carries 
information on the rotational and vibrational energy states of a molecule that 
can used to produce a spectral fingerprint similar to that from FTIR 
measurement. For molecules that have a center of symmetry, Raman and FTIR 
techniques are complementary – the vibrational modes that are Raman active 
are IR inactive, and vice versa.  In this work Raman spectroscopy was used to 
study the TiO2:C superlattices (where C stands for graphitic carbon layers) 
obtained via the annealing treatment of the as-deposited [(TiO2)m(Ti-O-C6H4-
O-)k=1]n superlattices.VI In Fig. 9 the Raman spectrum is shown for the 
[(Ti0.75Nb0.25O2)mCk=1]n film showing prominent peaks for sp2 carbon at 1338 
cm-1 and 1602 cm-1, typically labeled as disordered D and graphitic G, 
respectively, and a modulated bump between 2400 and 3000 cm-1 consisting 
of second-order peaks of D peak overtone G’ and the combination mode D + G. 
The data was fitted with a Lorentzian for the D peak and a Breit-Wigner-Fano 
distribution for the G peak and analyzed against the model of Ferrari and 
Robertson for Raman spectra of nanocrystalline carbon materials.137 The 
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interpretation of the data was not completely free from ambiguities as the data 
showed marked signs of both order and disorder: the very high G peak 
position indicated nanocrystalline and notable width of the D peak amorphous 
character for the carbon layers. Regardless of the ambiguities it is remarkable 
that – as combined with the XRR data showing the graphitic layers to remain 
confined between the oxide layers – the Raman data verified the formation of 
new type of oxide:C superlattices via the present route combining ALD/MLD 
film growth and reductive post-deposition annealing.  

 

Figure 9. The Raman spectrum for the [(Ti0.75Nb0.25O2)mCk=1]n thin film for k:m ratio 1:200, 
obtained via annealing in Ar/H2 gas at 600 oC. Also shown is fitting of the D and the G peak 
using a Lorentzian for the D peak and a Breit-Wigner-Fano distribution for the G peak.VI 

 

3.3 Characterization of Optical and Transport Properties  
 

The visible region of the electromagnetic spectrum ranges from 390 nm (3.18 
eV) to 700 nm (1.77 eV), while the spectral regions with somewhat higher and 
lower energies are the UV and the NIR ranges, respectively. As the band gaps 
(the energy separation between the conduction and valence band edges) of 
many wide-gap semiconductors, e.g., ZnO and TiO2 are somewhat above 3 eV 
and those of narrow-gap semiconductors are below the band gap of silicon, i.e. 
1.1 eV, spectrophotometry in the UV-vis-NIR range of electromagnetic 
radiation provides us with a simple but powerful tool to probe the electronic 
band structure of a variety of semiconductor materials. Furthermore, the Vis-
NIR range may enclose manifestation of plasma absorption (collective 
excitation of the conduction electrons) for electrically conductive materials. 
 

UV-vis-Range Spectrophotometry 

Material’s light absorption is frequently described in terms of the absorption 
coefficient (α), defined as the relative decrease of light intensity along its 
propagation path, and obtained experimentally for a thin film e.g. from the 
approximate relation for measured total reflectance (R) and transmittance (T) 
as: 
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,                    (1) 

where d is the thickness of the thin film. In the publications presented in this 
dissertation, the fundamental band-gap absorption was studied for the ALD-
fabricated TiO2-based films assuming indirect band-gap (Eg) for anatase TiO2 
structure.54,65,II,V For an indirect-gap n-type semiconductor, excitation of an 
electron from the valence band to the conduction band not only requires a 
change in its energy (E) but also in its momentum (k). As the momentum of a 
photon is negligibly small, the conservation of the electron momentum can 
typically be achieved via an interaction with lattice vibrations by emission 
(+Ep) or absorption (-Ep) of an acoustic phonon (Fig. 10 (left)). Then, the 
absorption coefficient is proportional to the excitation energy hν as:138,139 

,                                              (2) 

where ξ is the Burstein-Moss energy shift seen for heavily doped 
semiconductors. Therefore, on the basis of Eq. (1) and Eq. (2), extrapolation of 
the linear region (or regions) of a (αhν)1/2 vs. hν curve to the energy axis 
enables estimation of the absorption edge energy Eg±Ep+ξ (Fig. 10 (right)).  

 

Figure 10. (left) A Schematic of the indirect electron excitation path in an n-type semiconductor 
from the valence band (VB) to the conduction band (CB): in addition to energy (E) absorption 
equivalent to the band gap (Eg), momentum (k) conservation requires electron-phonon 
interaction; Ep stands for phonon energy and ξ for the amount by which the Fermi level is inside 
the conduction band for heavily doped semiconductors. (right) Extrapolation of the linear region 
of an (αhν)1/2 vs. hν curve to the energy axis yields the fundamental absorption edge; α is the 
absorption coefficient and hν is the energy of the incident light.138,139 

          In the phonon dispersion of anatase TiO2 the acoustic phonon branch lies 
below 200 cm-1;140 this gives an estimation for phonon energy Ep ≈ 0.025 eV, 
that is, Ep << Eg ≈ 3.2 eV and the effect of Ep to the band gap determination is 
negligible. However, for a degenerate semiconductor, such as Nb:TiO2, Fermi 
level is inside the conduction band by ξ(n),35,36 a magnitude that increases with 
increasing carrier electron density, and the extrapolation process rather yields 
the absorption edge Eg+ξ than Eg only.  
     By applying the above methods to characterize the optical properties of the 
ALD-fabricated TiO2 thin films, band-gap value around 3.3 eV was obtained 
for undoped TiO2.II,V By comparing the data for the undoped TiO2 film to that 
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for the heavily-doped Nb:TiO2 films, ξ = 0.2 eV was estimated (assuming no 
change in Eg).II For the [(TiO2)m(Ti-O-C6H4-O-)k=1]n superlattices a blue shift of 
the absorption edge of around 0.5 eV was observed – this was ascribed to a 
quantum confinement effect with reducing superlattice period, rather than the 
Burstein-Moss effect, as the as-deposited superlattices studied had an 
insulating character.V Most interestingly, the UV-vis measurements revealed 
sensitization of TiO2 to visible light by the organic layers in the [(TiO2)m(Ti-O-
C6H4-O-)k=1]n hybrid thin films.V      

 

Vis-NIR-Range Spectrophotometry 

At the energy range below the fundamental absorption edge semiconductors 
are in principle transparent to light, until for conducting materials plasma 
absorption of the conduction electrons begins to inhibit transmission of the 
radiation. For transparent conductors the transparency window spanned by 
the band-gap absorption and the plasma absorption should be as wide as 
possible and it is then evident that vis-NIR range absorbance is one of the key 
factors determining the performance of such materials. Moreover, coupling of 
the conduction electron gas with electromagnetic radiation also provides us 
with a means to acquire fundamental information on the movement of the 
conduction electrons in their host lattice. As oscillation of the electric field of 
the incident light is rapid, the back-and-forth paths of the plasma electrons 
coupling to this oscillation are short – typically below the average grain size of 
polycrystalline materials (Fig. 11). This means that NIR radiation can be used 
as a probe for intra-grain transport properties independent on any grain-
boundary effects.141,142,24  

 

Figure 11. When the free electron gas couples to infrared radiation, the path travelled by the 
plasma electrons remain below the grain size of the film material; hence, the optical mobility μopt 
values obtained via the Drude fitting of the transmittance and the reflectance spectra describe 
the intra-grain transport properties.  

     The plasma absorption of the carrier electrons in a semiconducting material 
can be described in terms of the Drude theory for the free electrons gas;24 then 
the complex dielectric function of the material is written as     

,                  (3)

where ω is the angular frequency, ε∞ is the high frequency dielectric constant 
and i is the imaginary unit. The plasma frequency ωp depends essentially on 
carrier electron density n and electron effective mass m* as 
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,                                                                     (4) 

where e is the electron charge and ε0 is the permittivity of vacuum. Most 
interestingly, the formulation allows for acquiring information on optical 
mobility μopt contained in the following equation for the scattering time τ: 

.                                                           (5) 

The complex dielectric function intimately relates to the complex refractive 
index ñ via the relation ε1/2 = ñ = n + ki, where n is the real index of refraction, 
i is the imaginary unit and k is the index of absorption. In general, the optical 
properties of a material can be described in terms of its refractive index 
relative to the refractive index of the material’s surroundings. 
     As thin film materials are typically fabricated on supporting substrates, the 
film material forms interfaces with the surrounding medium and with the 
substrate. When a light beam (a plane wave) arrives to such an interface 
between materials i and j it is partially reflected and partially transmitted; this 
is described by the Fresnel coefficients for normal reflection and transmission 
of the wave amplitude:143    

     and   ,                                         (6)     

where i,j = 0 (air), 1(film), 2(substrate). Note that, rij = -rji and tijtji = 1 – rij2. 
For a thin film on a substrate, light will not only be reflected from the front 
surface but multiple reflections will occur between the air-film and the film-
substrate interfaces (Fig 12.). When the thickness of the thin film (d) is below 
the coherence length of light, the phase δ of the reflected light wave will 
change by n1dπ/λ for each optical thickness n1d travelled. The multiple 
reflections stemming from the air-film and the film-substrate interfaces can be 
summed using Maclaurin series for 1/(1-x) to yield the total reflection and 
transmission coefficient for the film as144 

   and    ,                         (7) 

where the + sign denotes the down direction in the Fig. 12; then the reflected 
and the transmitted intensities are calculated from the amplitude coefficients 
as144  

   and ,                (8) 

where * denotes the complex conjugate operator. The light with intensity (Tf+) 
that has traversed the film then propagates ahead and becomes reflected from 
the substrate-air interface followed by multiple reflections both within the 
substrate and within the film – as the thickness of the substrate (D) is notably 
larger than the wavelength of the light (λ), the phase shifts need not to be 
considered for reflections within the substrate. The rest of the formulation is 
then convenient to write in terms of the intensity coefficients treating the film 
as a single interface with properties described by Tf+, Tf -, Rf+ and Rf -, where Tf – 
and Rf – are derived as Eqs. 8 with the difference that the direction of the 
incident beam is reversed. Applying again the Maclaurin series for all the 
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multiply transmitted or reflected intensities (both film and the substrate) the 
total reflectance and the transmittance – the measurable quantities – are then 
written as  

     and    ,                          (9) 

where α = 4πk2/λ is the absorption coefficient for the substrate. 
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     In this work, to interpret the experimental optical data, the Eqs. 9, written 
in terms of Eqs. 3-8, were (simultaneously) fitted to the measured 
transmittance and reflectance data using the scattering time τ and the electron 
effective mass m* as the fitting parameters (with Mathematica software); in 
this work the carrier density n was obtained from the Hall measurements and 
ε∞ from the literature.II,III The refractive index of the substrate (ñ2) was 
obtained via a similar fitting procedure. The information on optical intra-grain 
mobility obtained via the present fitting procedure becomes particularly 
valuable, when compared against the inter-grain mobility values obtained by 
electrical Hall measurements – in this respect the illustrative results are 
shown in the end of the next section. 

 

Electrical Transport Measurements 

Electrical resistivity for reasonably conducting materials is typically measured 
using the so-called four-point geometry. In this procedure current is driven 
through the measured material via one pair of wires, while voltage is 
measured using the other pair of wires – as no current runs through the 
voltage leads the methods is insensitive to the internal resistance of the voltage 
wires and the contact potential at the wire-material interface. A variety of 
arrangements for the four wires can be applied; one particularly suitable 
arrangement for averaging over any resistance anisotropy stemming from the 
crystal structure or the shape of the sample is the van der Pauw geometry, that 
allows for measuring resistivity of planar samples with arbitrary shape, and in 
particular, the Hall effect. The Hall measurement allows for determination 
electrical Hall mobility μHall, which contrary to the optical mobility values, 
reflect inter-grain transport properties as in this measurement the conduction 
electrons travel over macroscopic distances and traverse multiple grain 
boundaries (Fig. 13 (left)).  In the van der Pauw geometry the four electrical 
leads (1, 2, 3 and 4) are contacted to the sample at its perimeter to arbitrary 
positions (typically corners; Fig. 13 (right)).145 Current is first driven through 
the adjacent contacts 1 and 2 and voltage is measured from the contacts 3 and 
4, 1 and 2 and voltage is measured from the contacts 3 and 4, then current is  

 

Figure 13. (left) In electrical transport measurements the distance between electrical contact 
wires is macroscopic and therefore the conduction electrons in polycrystalline materials traverse 
a number of grain boundaries; hence the mobility values obtained via the Hall measurements 
(μHall) reflect inter-grain transport. (right) Electrical contact arrangement in the four-point van der 
Pauw resistance and Hall measurements.    
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flown via the adjacent contacts 1 and 4 and voltage is measured from the 
points 2 and 3; such yields two resistance values R1 and R2. Resistivity – 
averaging over any anisotropy – is then obtained from the measured resistance 
values as  

,                         (10) 

where f(R1,R2) is the anisotropy correction factor written in implicit form as 

,                 (11) 

for R1/R2 > 1; f can then be solved from Eq. 11 numerically. If current is flown 
through the opposite contacts 1 and 3 under a magnetic flux B perpendicular 
to the sample surface, a potential difference develops between the points 2 and 
4; this is called the Hall effect and the corresponding resistance is called the 
Hall resistance RHall. Then, the Hall mobility is obtained via  

,                   (12) 

and the carrier electron density nHall for n-type material via 

 ,                  (13) 

where e is the electron charge. 
     In this work the comparison of the optical mobility and Hall mobility was 
used to understand electron transport in Nb:TiO2 thin films.II,III When the two 
mobility values differ notably, electron mobility in the polycrystalline thin 
films is limited by grain-boundary scattering and when the two values are 
similar electron mobility is limited by intra-grain scattering from, e.g. 
impurities and phonons (Fig. 14). In particular, this method enabled 
concluding that grain-boundary scattering dominates for the lightly doped 
Nb:TiO2 films deposited above 200 oC (and subsequently annealed at 600 oC); 
and as the deposition temperature is lowered to around 170 oC mobility is 

 
Figure 14. Optical mobility μopt and Hall mobility μHall as a function of x = Nb/(Nb+Ti) for Ti1-

xNbxO2 films deposited at 210 oC and annealed at 600 oC in H2.II 
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limited by intra-grain scattering. Moreover, in this respect, when grain-
boundary scattering can be suppressed, low-temperature Hall measurements 
(2-300 K) indicated that optical phonons and impurities are the dominating 
scattering sources at room temperature.  
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4. Results and Discussion 
 
Experimental work presented in this dissertation focuses on tuning the 
transport properties of TiO2 thin films by incorporation of atomic Nb dopants 
and by incorporation of organic HQ-based layers. The work on Nb doping and 
its effect on TCO properties of ALD-fabricated TiO2 are discussed in 
publications (I-III) and are summarized below in Chapter 4.1. Atomic layer 
deposition of the p-type transparent conductor CuCrO2 reported in publication 
(IV) is briefly presented in Chapter 4.2. The synthesis of the hybrid TiO2-
organic superlattices with HQ-based organic layers is presented in publication 
(V), which also discusses the revealed sensitization of TiO2 to visible light; this 
is summarized here in Chapter 4.3. The hybrid superlattices enabled achieving 
ultra-low thermal conductivity values interesting for thermoelectrics and 
thermal barriers – a topic that is presented in publications (VI-VIII) and 
covered here in Chapter 4.4. 

 

4.1 Carrier Scattering in ALD-Fabricated Nb:TiO2 TCO Thin Films 
 

In this chapter it is shown how to overcome grain-boundary scattering for 
higher-quality ALD-fabricated Nb:TiO2 transparent-conductor thin films. The 
transport and optical properties of epitaxial Nb:TiO2 films were first reported 
by Furubayashi et al. revealing high transmittance in the visible range and RT 
resistivity as low as 0.2 mΩcm for films fabricated with PLD.9 Pore et al. 
reported ALD-fabrication of Nb:TiO2 films from Ti(OMe)4, Nb(OEt)5 and H2O 
precursors and obtained promising resistivity values approaching 1 mΩcm in 
the high doping regime for Nb/(Nb+Ti) > 0.25, together with reasonably high 
transmittance.133   
     In this work Nb:TiO2 films were ALD-grown from TiCl4, Nb(OEt)5 and H2O 
precursors, first at 210 oC.I Niobium was found to incorporate very 
systematically in the films, as within the composition range studied, that is 0 < 
Nb/(Nb+Ti) < 0.5, the ALD cycle ratio exhibited close to one-to-one relation 
with the composition measured with the XRF technique. At this temperature, 
undoped TiO2 grows crystalline but incorporation of Nb progressively 
suppresses crystallization of the films, such that the films with Nb/(Nb+Ti) ≥ 
0.10 show amorphous character as observed with GIXRD. Post-deposition 
annealing treatment at 500-600 oC (in H2/Ar) can be used to crystallize the 
films into the anatase structure for the films with Nb/(Nb+Ti) ≤ 0.25, while 
above this composition rutile phase starts to form. Pentavalent niobium was 
found highly soluble in the anatase lattice, as the unit cell volume of anatase 
was seen to increase with increasing Nb content at least up to Nb/(Nb+Ti) = 
0.25; moreover Nb acted as an effective electron donor, as high carrier density 
values with close to one-to-one ratio with the Nb atomic density values were 
determined via the Hall-effect measurements.II Very low resistivity values ~ 1 
mΩcm were obtained for highly substituted films for composition Nb/(Nb+Ti) 
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≥ 0.20. However, for the films with lower substitution ratio the resistivity 
values were more than order of magnitude higher – such a behaviour was 
peculiar and contradictory to the data reported for PLD and sputtered Nb:TiO2 
films. Therefore, in order to clarify this peculiarity, Hall-effect measurements 
(2-300 K) were performed. For the highly-doped films the behaviour of the 
Hall mobility vs. temperature data showed the typical signature for phonon-
scattering dominated mobility, while in the low-doping regime this signature 
was missing. Comparison of the Hall mobility values against the optical 
mobility values – obtained via the Drude fitting of the vis-NIR transmittance 
and reflectance spectra – revealed that the electron mobility in the low doping 
regime is heavily suppressed by grain-boundary scattering. Furthermore, 
microscopy and XRD data indicated that the high conductivity in the high-
doping regime could be ascribed to larger grain size and high c-axis-
orientation of the grains, where the latter enable enhanced electron transport 
via the low-effective-mass (a,b)-plane of the anatase lattice. However, for TCO 
applications, the excessive electron doping of the high doping regime is not 
beneficial, as the plasma absorption progressively suppresses the transparency 
window in the Vis-NIR side of the electromagnetic spectra.  
     A possible reason for low Hall mobility for the lightly doped films could be 
thought of to stem from the initial crystallinity in the as-deposited films that 
would preset the limits for the grain growth during the annealing step.  Hence, 
in order to obtain amorphous as-deposited films also in the regime of light 
doping, the TiCl4/Nb(OEt)5/H2O process was studied down to temperatures as 
low as 100 oC for nominally 5% Nb-doped TiO2 films.III Indeed, amorphous 
films – for which the post-deposition heat treatment yielded anatase-
structured TiO2 – were obtained below 190 oC. Below 150 oC the incorporation 
of Nb into the films surprisingly increased such that at 100 oC the atomic 
Nb/(Nb+Ti) ratio approached the value 0.3 – consequently, the films 
fabricated below 150 oC were not considered lightly doped. The resistivity 
values were found to minimize for a narrow deposition-temperature window 
around 170 oC, while for the films grown both above and below these optimal 
temperatures the resistivity values markedly rose. These trends of rising 
resistivity could be ascribed to increased grain-boundary scattering by 
comparing the Hall and the optical mobility. For the film deposited at 175 oC 
the comparison the two mobilities, together with the low temperature Hall 
data, indicated the charge transport to be virtually free from grain-boundary 
scattering and that then (at room temperature) the conduction electrons are 
predominately scattered by optical phonons inherent to the anatase TiO2 
lattice and by impurities. Moreover, achieving low resistivity with light doping 
enabled improved vis-NIR transmittance via decreased plasma absorption; 
this improves the overall TCO performance of the material (Fig. 15). All in all, 
ALD-incorporated Nb works as an efficient electron donor in the anatase 
lattice such that the resulting Nb:TiO2 films can be regarded as degenerate 
semiconductors – a fact indicated by the lack of temperature activation in the 
carrier density values and the Burstein-Moss shift seen for the fundamental 
absorption edge.   



31 
 

 

Figure 15. (left) Absorbance and (right) resistivity data for the 22% Nb-doped film deposited at 
210 oC and 5% Nb-doped TiO2 deposited at 175 oC. Films were annealed at 600 oC, 22% film in 
H2 and 5% film in H2/Ar.II,III  

 

4.2 Atomic Layer Deposited CuCrO2 Thin Films as p-Type TCOs  
 

The vast majority of the current TCOs, as Nb:TiO2 discussed above, are n-type 
semiconductors. However, realization of transparent electronics i.e. 
fabrication of a variety of transparent electronic p-n-junction devices calls for 
p-type counterparts for the n-type TCOs.24,22 In this respect, the delafossite-
structured copper oxides – inspired by the report on CuAlO2 by Kawazoe et 
al.39 – have shown considerable promise, the Mg-doped CuCrO2 possessing the 
record-low resistivity of 5×10-3 Ωcm.40 Here, ALD-fabrication of transparent 
conducting CuCrO2 is presented – a work that was conducted in major part by 
Dr. T. S. Tripathi from our group.IV Amorphous CuCrO2 films with well 
controlled metal atom ratio could be grown from copper 2,2,6,6-tetramethyl-
3,5-heptanedionate (Cu(thd)2) and chromium acetyl acetonate (Cr(acac)3) as 
the metal precursor and ozone as the oxygen precursor in the temperature 
range of 240–270 oC. The amorphous as-deposited films could be crystallized 
into the delafossite structure by annealing the films in Ar at 700-950 oC. 
Indeed, the films exhibited p-type conductivity as was verified via the Seebeck 
coefficient measurements. The level of conductivity was relatively high, with 
minimum resistivity values of around 1 Ωcm at room temperature, comparable 
to those reported e.g. by Nagarajan et al.40 The films were found transparent 
with average visible-range transmittance above 60 %, as the fundamental 
absorption did onset at a high value of 3.09 eV. To probe the full potential of 
the ALD-fabricated CuCrO2 as p-type TCO, the future research should involve 
Mg doping of the material in order to achieve higher conductivities. 

 

4.3 Visible-Light Absorbance in TiO2-Organic Hybrid Superlattices  
 

Here, the focus of the work turns on the fabrication and properties of hybrid 
inorganic-organic thin films; in this chapter it is shown that TiO2 thin films 
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can be sensitized to visible light by HQ-based organic layers. Prior to the work 
presented in this dissertation TiCl4 had been used together with, e.g., the 
aliphatic alcohols, ethylene glycol and glycerol, to fabricate pure inorganic-
organic hybrid materials.125 In this work TiCl4 was combined with 
hydroquinone with hopes to tune the properties of TiO2 with the π-electrons 
from the aromatic ring of the HQ precursor. The ALD/MLD process was first 
developed to fabricate pure hybrid (Ti-O-C6H4-O-)k films at 210 oC – the 
process showed ALD-type behaviour including saturation of both the 
precursor pulses, linear behaviour of the growth with respect to the increasing 
film thickness and a growth-per-cycle value of 3.1 Å/cycle.V Such a value is 
high and typical for this kind of hybrid thin films; however, as the maximum 
possible thickness increment per cycle – assuming perfectly vertical alignment 
of the molecules – is around 10 Å, it can be concluded that the average 
orientation of the organic molecules is tilted from the vertical alignment and 
that bidentate reactions of the hydroquinone’s hydroxyl groups with the 
chloride-terminated surface cannot be excluded.    
     Instead of pure hybrids, the interest in this work was rather on the 
superlattice-type thin films were single/few organic MLD cycles were 
deposited between thicker layers of the parent ALD-grown oxide. Based on the 
developed TiCl4/HQ process for the pure hybrid, and the TiCl4/H2O process 
for TiO2, inorganic-organic superlattices of the type [(TiO2)m(Ti-O-C6H4-O-
)k=1]n were then fabricated in a wide range of compositions by varying the 
relative number of ALD cycles (m) and MLD cycles (k=1) between 1:400 and 
1:4. The growth of the films was well controlled, as the GPC values for the 
superlattice films increased systematically from that for purely inorganic TiO2 
to that for the pure hybrid; expectedly, the density values showed a reverse 
trend with the film composition. The FTIR data showed that the organic 
molecules were delivered into the film structure intact and that they bonded to 
the Ti atoms in the TiO2 layers via oxygen atoms – the benzene rings were 
well-confined between the TiO2 layers as the characteristic superlattice 
reflections could be seen in the XRR patterns. Moreover, the incorporation of 
the organic layers was found to suppress crystallization of the TiO2 layers such 
that the film with k:m ratio of 1:400 was weakly crystalline, while the films 
with k:m ≥ 1:200 showed amorphous character as determined with the GIXRD 
technique.  
     Titanium dioxide is well known for its photocatalytic properties8 and widely 
used as an electrode material in dye-sensitized solar cells.56 For such 
photoelectrochemical applications, the wide 3.2 eV band gap of pure TiO2 
limits the full exploitation of the solar spectrum, and hence, sensitization of 
TiO2 to visible light plays a key role in search for enhanced device 
performance. Given this general background, the novel (as-deposited) 
inorganic-organic [(TiO2)m(Ti-O-C6H4-O-)k=1]n superlattices were studied for 
their optical characteristics in the UV-vis-NIR range by measuring their 
normal transmittance (T) and reflectance (R); the corresponding absorbance 
spectra were then determined as 1-T-R. The absorbance spectra showed two 
distinguishable features: a blueshift of the materials band gap and a redshift of 
the overall absorption edge to around 700 nm (Fig. 16). The blue shift is 
ascribed to quantum confinement of electrons in the TiO2 layers with 
decreasing superlattice period smaller than ~ 2 nm, in line with data reported 
for TiO2 nanoparticles, which show a confinement threshold of around 3 
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nm.146 The redshift is probably due to an excitation that involves charge 
transfer from the molecular orbitals of the organic component to orbitals 
delocalized in TiO2 layers. This conclusion is supported by the literature for 
similar inorganic-organic interfaces: electron paramagnetic studies have 
shown that enediol ligands form charge transfer complexes with TiO2 
nanoparticles147 and computational studies have revealed that for catechol 
modifiers the excitation takes place from a molecular orbital of the aromatic 
ring to an orbital delocalized on a titanium atom in TiO2 lattice.148 
     As the key strength of the ALD/MLD technique is that it can be used to 
conformally coat 3D large surface area nanostructures such as porous 
electrodes, the ability to create functional inorganic–organic interfaces with 
light absorbing organic units together with charge transfer to the TiO2 body 
via the present-kind routes can be promising for solar cell applications. 
Moreover, hybrid films with TiO2 surface termination and absorption 
properties as reported here might show improved photocatalytic properties 
with activity extended to the visible range of light. 

 

Figure 16. (left) UV-vis-NIR absorbance spectra for a pure hybrid film (Ti-O-C6H4-O-)k, for a 

[(TiO2)m(Ti-O-C6H4-O-)k=1]n superlattice film with k:m = 1:4, and for pure TiO2. (right) The band 
gap of the materials as a function their composition for the [(TiO2)m(Ti-O-C6H4-O-)k=1]n 
superlattices; k/(k+m) = 0 corresponds to pure TiO2 and k/(k+m) = 1 to the pure hybrid.V  

 

4.4 Thermal Conductivity in ALD/MLD-Fabricated Hybrid 
Superlattices 
 

In this part of the work it is shown that phonon-boundary scattering and 
thermal boundary resistance can be harnessed for ultra-low thermal 
conductivities in hybrid superlattices. Low thermal conductivity materials are 
needed for thermal barriers and thermoelectrics. The materials required for 
such applications are typically electronic semiconductors (or insulators for 
thermal barriers), where the heat is carried by phonons and conduction 
electrons. The decoupling of the electronic and phononic contributions to 
thermal conductivity provides us with the key strategy to tailor materials’ 
thermoelectric performance, that is, fabrication of phonon-blocking electron-
transmitting material structures, such as superlattices. In this work the aim 
was to fabricate low-thermal conductivity inorganic-organic superlattices, 
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which would exploit phonon scattering from the internal interfaces of the 
superlattices, and furthermore, allow for minimal phonon transmission over 
the internal interfaces due to the vibrational property mismatch between the 
oxide and the organic components. The cross-plane thermal conductivities 
were obtained using the time-domain thermo-reflectance (TDTR) method – a 
laser-based pump-probe technique for determination of thermal properties of 
materials. The TDTR measurements were performed in the University of 
Virginia in the group of Patrick Hopkins. Moreover, the Hopkins group did 
profound work in understanding the thermal transport in the present 
materials via comparison of the theory and the experiment. The detailed 
discussion of the theoretical part is out of the scope of this dissertation and 
here the resulting conclusions are merely presented.  
     Thermal conduction behavior was first studied for the as-deposited 
[(TiO2)m(Ti-O-C6H4-O-)k=1]n superlattices and for the films obtained via the 
reductive annealing treatment of the as-deposited superlattices.VI The heat 
treatment improved crystallinity of the superlattices, such that even the film 
with k:m = 1:40 showed weakly crystalline character. Most notably, the heat 
treatment yielded new type of superlattices where the molecular organic layers 
were transformed into graphitic carbon layers. The cross-plane thermal-
conductivity values for the [(TiO2)m(Ti-O-C6H4-O-)k=1]n superlattices showed 
systematically decreasing values with decreasing superlattice period – a fact 
that was ascribed to incoherent phonon-boundary scattering (Fig. 17 (left)). 
Equal behaviour was seen for the annealed [(TiO2)mCk=1]n films with graphitic 
interface layers and for [(ZnO)m(Zn-O-C6H4-O-)k=1]n superlattices; the latter 
were fabricated to complete the previous work by Tynell et al.20 from our 
group. Further suppression of thermal conductivity was obtained by 
introduction of point defects as phonon-scattering centers in the form of Nb 
for the TiO2-based films and in the form of Al20 for the ZnO-based 
superlattices. The thermal conductivity values for the superlattices showed 
expected temperature dependence of an increasing trend with increasing 
temperature due to phonon population effects (see also Fig. 2).149 The 
annealing treatment increased the heat capacity values due to increased 
density of the films.149 The lowest thermal conductivity values obtained here 
are below the amorphous limit for TiO2, can be regarded as ultra-low, are 
comparable to those reported by Costescu et al.47 for ALD-fabricated W/Al2O3 
nanolaminates (~0.6 Wm-1K-1) and approach those by Liu et al.52 for the Zn-
based ALD/MLD hybrid from DEZ and HQ or ethylene glycol precursors (of 
the type k:m = 1:1 or m=0 with the present notation). Note that, it results from 
the high-temperature annealing treatment applied in the fabrication of the 
oxide-C type superlattices, that these materials appear particularly promising 
for high-temperature applications. Simultaneously with the reduced cross-
plane thermal conductivity values, the in-plane thermoelectric power factor 
has been shown to remain unchanged down to superlattice periods of 5-8 nm 
for the as-deposited ZnO-based and annealed Nb:TiO2-based superlatticesVII – 
provided that the in-plane thermal conductivity values decrease as well, the 
overall thermoelectric performance will improve.  
     The experimental results for the [(ZnO)m(Zn-O-C6H4-O-)k=1]n superlattices 
were then compared to theoretical predictions for thermal conductivity and for 
thermal boundary conductance over the inorganic-organic interfaces.VIII The 
theoretical values for thermal conductivity were derived assuming bulk ZnO 
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phonon dispersion limited by the superlattice period. For thermal boundary 
conductance estimates, an additional assumption of a series resistor model for 
the inorganic-organic interfaces was taken. The experimental data for both 
thermal conductivity and thermal boundary conductance approached the 
maximum possible – a fact that indicated that the thermal conductivity 
suppression in the present oxide-organic superlattice could be explained by 
the size effects only. Motivated by this finding, a set of [(ZnO)49(Zn-O-C6H4-O-
)k]12 films with variable-thickness organic/hybrid layers (1≤k≤7) were 
fabricated, hence hoping that the vibrational property mismatch would begin 
to play a role in the thermal transport of the internal interfaces. Indeed, a 
systematic decrease in the thermal conductivity values was observed with 
increasing organic/hybrid layer thickness (Fig. 17 (right)). This reduction in 
thermal conductivity values was simultaneous with an enhancement of 
thermal boundary resistance, and correspondingly, the coefficient for phonon 
transmission over an oxide-organic interface decreased from 0.85 for the film 
with k = 1 to 0.24 for the film with k = 7.  
     It could be concluded that more than a monolayer of the HQ-based organic 
component is required for exploitation of the mismatch between the phonon 
density of state for the inorganic and organic components. Moreover, when the 
thickness of the organic/hybrid layer exceeds that of the monolayer, the heat 
conduction over the organic layers experiences a transition from ballistic to 
diffusive phonon transport. The present-kind oxide-organic superlattices with 
perfectly adjustable layer thicknesses show a great promise for highly efficient 
thermal barriers, and in particular, for flexible thermoelectrics, e.g. in the 
spirit of a very recent report by Wang et al. 53     

 

Figure 17. (left) Room-temperature cross-plane thermal-conductivity values obtained with the 
TDTR technique for the TiO2-based and ZnO-based oxide superlattices with organic layers 
deposited via single ALD/MLD cycles. (right) Thermal conductivity values for the [(ZnO)49(Zn-O-
C6H4-O-)1≤k≤7]12 superlattices with thicker organic/hybrid layers deposited via 1 to 7 ALD/MLD 
cycles.VI-VIII
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5. Summary and Outlook   
   

In this work the aim was to modify transport properties of thin oxide films, 
mainly of TiO2 but also of ZnO, via atomic dopants and molecular layers. The 
ALD technique was used to fabricate Nb-doped TiO2 films with the focus on 
their optical and electronic transport properties. For incorporation of the 
organics, the ALD route for TiO2 or ZnO was coupled with an MLD route for 
depositing monomolecular organic layers or thin hybrid layers. The hence 
obtained oxide-organic superlattices were studied for their optical properties 
and thermal transport properties.  
     Niobium-doped anatase TiO2 is a relatively new candidate to replace 
Sn:In2O3 as an n-type TCO material in optoelectronic devices such as solar 
cells and light emitting diodes. Here, the TCO properties of ALD-fabricated 
Nb:TiO2 films were brought to the level of the corresponding materials 
deposited by sputtering, the state-of-the-art method for fabrication of TCOs. 
The optimal ALD-based fabrication route consists of film deposition at around 
170 oC and a subsequent reductive heat treatment at around 600 oC; then, high 
transmittance with minimal plasma absorption and high conductivity with 
negligible inter-grain scattering can be simultaneously achieved for films with 
low level of Nb dopants. These films fabricated on amorphous glass substrates 
are polycrystalline with randomly oriented grains. Hence, as anatase is an 
anisotropic conductor with high mobility in the (a,b)-crystal plane, the future 
efforts should focus on enhancing the c-axis orientation of the films, perhaps 
via seed-layer approaches. As for realization of transparent electronics p-type 
counterparts for the n-type TCOs are needed; here ALD-fabrication of 
transparent conducting CuCrO2 thin films was demonstrated. In this respect, 
the future work should include doping the materials e.g. with Mg in order to 
achieve higher conductivities. 
     Titanium dioxide is probably best known for its high photocatalytic activity 
in the UV range, with the sensitization to the visible light being the key for 
improved performance. Here, TiO2 was sensitized to light over a considerable 
part of the visible range, starting from around 700 nm, by sandwiching HQ-
based monomolecular organic layers between TiO2 layers in the hybrid thin 
film structures. To achieve this, first an ALD/MLD process from TiCl4 and HQ 
precursors to deposit homogeneous hybrid films was developed. The 
ALD/MLD process was then combined with the TiCl4/H2O-ALD process for 
TiO2, a route that enabled fabrication of novel TiO2-organic superlattices. 
Characterization of the photocatalytic activity of the present-kind hybrid films 
with well-defined TiO2 surface termination and buried organic sensitizers 
would be extremely interesting; unfortunately it was out of the scope of this 
work. 
     The hybrid superlattice films were also characterized for their cross-plane 
thermal transport properties to probe their potential for thermoelectrics and 
thermal barriers. In the framework of this study, yet new-type TiO2-C 
superlattices were fabricated by transforming the molecular monolayers 
within the as-deposited superlattice matrix into very thin graphitic carbon 
layers via a reductive annealing treatment. Both types of superlattices, the 
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ones with the molecular organic layers and the ones with the graphitic layers, 
exhibited ultra-low thermal conductivities mediated by phonon-boundary 
scattering at the internal interfaces. It should be noted that, the annealed films 
can be better suited for high-temperature applications owing to their 
fabrication route. Comparison of the experiment and the theory – for the 
equivalent ZnO-based superlattices – showed that the single-molecule thick 
organic layers barely affect the thermal boundary conductance over the oxide-
organic-oxide interface. That is, the suppression of the thermal conductivity is 
well described by the size effects only for monomolecular organic layers. 
However, when the organic layer thickness is increased to few monolayers, the 
vibrational property mismatch between the oxide and the organic component 
starts to play a role, which is seen as a further suppressed thermal conductivity 
and as an onset of the suppression of the thermal boundary conductance. 
Parallel with the cross-plane thermal conductivity drop, the in-plane 
thermoelectric power factor remains essentially unchanged indicating 
potential improvement of the overall thermoelectric performance – in this 
respect it is evident that in-plane thermal conductivity measurements are the 
next step to be taken.  
     The rapidly expanding use of the ALD technique has been largely driven by 
its success for fabrication of dielectric materials conformally on 3D cavities in 
microelectronics. This work presented in this dissertation is a good example of 
the alternative ways to employ ALD: in addition to dielectrics, high-quality 
conducting semiconductors can also be fabricated. The combined use of ALD 
with MLD provides unique possibilities for fabrication of hybrid compounds 
that cannot be fabricated by any other method. Presently, a sufficient number 
of ALD/MLD processes are known to demonstrate the viability of the method 
for fabrication of hybrid thin films. Yet, there remains much to be understood 
regarding e.g. the local structure of the films and finding the key inorganic-
organic material pairs and properties for true break-through applications. In 
this respect the present-kind oxide-organic superlattices could provide the 
future platform for both the science and the technology.  
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