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ABSTRACT

Constantly growing need for energy is causing inevitable problems that the
humankind must solve in the near future. Global energy consumption is rising due
to population and economic growth, and burning of fossil fuels, such as oil, coal,
and natural gas, is accounted for global warming. Therefore, supplying this massive
energy demand by using sustainable and carbon-neutral energy sources at the
expense of fossil fuel power sector is needed. Solar power is one of the most
promising sustainable energy technologies. However, due to challenges caused by
diurnal cycle and intermittency of sunlight, development of solar energy storage
technologies is highly important. Photoelectrochemical technology aims at storing
solar energy into chemical form, i.e., solar fuels by splitting water molecules to
hydrogen and oxygen or driving reduction of water and carbon dioxide to methanol,
methane or other hydrocarbons and their derivatives. Despite great progress,
photoelectrodes in photoelectrochemical solar fuel reactors still lack the required
efficiency and stability for commercial viability.

This Thesis provides insights into atomic-level structure, charge carrier dynamics,
and crystallization of TiO2 thin films grown by atomic layer deposition, and their
performance as photoelectrode coatings. The results show that mass densities,
precursor traces, and oxide defects of amorphous TiO2 can be varied in a desirable
way by the atomic layer deposition growth temperature when using
tetrakis(dimethylamido)titanium(IV) and H2O precursors at 100–200 °C. The
growth temperature of 100 °C results in TiO2 with low mass density and precursor
traces that inhibit crystallization up to 375 °C and stabilize the anatase phase. TiO2

grown at 200 °C, instead, exhibits high concentration of oxide defects and distinctly
higher mass density facilitating electrical conductivity and direct crystallization into
rutile at an exceptionally low post deposition annealing temperature of 250 °C. The
photoelectrochemical analysis for TiO2/Si photoelectrodes revealed that
crystallization is necessary to achieve desired chemical stability, and the lower the
crystallization temperature the thinner the interfacial SiO2 layer and the better the
photocurrent onset potential. The results of this Thesis on TiO2 thin films grown by
atomic layer deposition are applicable to tailoring of protective photoelectrode
coatings for economically viable photoelectrochemical solar fuel production.
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TIIVISTELMÄ

Jatkuva energiantarpeen kasvu aiheuttaa vääjäämättä ongelmia, jotka ihmiskunnan
on lähitulevaisuudessa ratkaistava. Kasvava väestö ja talous nostavat
maailmanlaajuista energiankulutusta ja fossiilisten polttoaineiden, kuten öljyn,
kivihiilen ja maakaasun, käyttöä pidetään selityksenä ilmaston lämpenemiseen. Näin
ollen valtava energiantarve pitäisi kattaa ympäristöä säästävillä ja hiilineutraaleilla
energianlähteillä pienentäen fossiilisiin polttoaineisiin perustuvan energiasektorin
osuutta. Aurinkoenergia on yksi lupaavimmista ympäristöä säästävistä
energiamuodoista. Auringonvalon vuorokautisen vaihtelun ja epäsäännöllisyyden
aiheuttamien haasteiden takia aurinkoenergian varastointiteknologioiden kehitys on
erittäin tärkeää. Valosähkökemiallisella kennolla aurinkoenergia voidaan varastoida
kemialliseen muotoon aurinkopolttoaineiksi esimerkiksi hajottamalla vettä vedyksi ja
hapeksi tai muodostamalla vedestä ja hiilidioksidista metanolia, metaania tai muita
hiilivetyjä ja niiden johdannaisia. Merkittävästä edistyksestä huolimatta, sovelluksen
tehokkuus ja vakaus eivät ole vielä riittävällä tasolla.

Tämä väitöskirja keskittyy atomikerroskasvatettujen TiO2-ohutkalvojen
atomitason rakenteen, varauksenkuljettajien dynamiikan ja kiteytymisen
ymmärtämiseen sekä TiO2-kalvon käyttöön suojaavana fotoelektrodipinnoitteena.
Tulokset osoittavat, että amorfisen TiO2-ohutkalvon tiheyttä, lähtöainejäämiä ja
oksidihilavirheitä voidaan hallita atomikerroskasvatuksen lämpötilan avulla (100–200
°C), kun käytetään tetrakis(dimetyyliamido)titaani- ja H2O-lähtöaineita. Matalampi
kasvatuslämpötila (100 °C) johtaa lähtöainejäämiin ja pienempään tiheyteen
hidastaen kiteytymistä (375 °C) ja stabiloiden anataasifaasin. Sen sijaan korkeampi
kasvatuslämpötila (200 °C) johtaa oksidihilavirheisiin ja tiheämpään rakenteeseen
parantaen sähköistä johtavuutta ja mahdollistaen kiteytymisen rutiiliksi
poikkeuksellisen matalassa lämpötilassa (250 °C). Toiminnallisuustestien perusteella
kiteytymisen aikaansaava jälkilämmitys on välttämätön kemiallisesti stabiilin TiO2-
fotoelektrodipinnoitteen valmistamiseksi. Lisäksi matalampi kiteytymislämpötila Si-
fotoelektrodeilla mahdollistaa paremman SiO2-rajapintakerroksen ja valovirran
kynnysjännitteen. Väitöskirjassa esitetyt tulokset atomikerroskasvatettuihin TiO2-
ohutkalvoihin liittyen edistävät taloudellisesti kannattavan TiO2-pinnoitteita
hyödyntävän aurinkopolttoainereaktorin kehitystyötä.
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1 INTRODUCTION

One of the most important challenges that humankind must solve is to fulfill the
growing need for energy by using sustainable and carbon-neutral energy sources.
Global energy consumption is inevitably rising due to population and economic
growth and supplying this energy demand with fossil fuels is unsustainable. Burning
of fossil fuels, such as oil, coal, and natural gas, increases massively atmospheric
carbon dioxide (CO2) which is the main reason for the imbalanced greenhouse effect
and global warming. [1–3] During the recent years, there has been a distinctly
increasing and positive trend in use of renewable energy, especially wind and solar
power. Unfortunately, that is still not enough since the growth should come even
more at the expense of coal power sector. [4] Sunlight is a decentralized and
sustainable natural resource that can be harnessed, e.g., by photovoltaic (PV) or
photoelectrochemical cells. As an example, the global energy demand of 20 TW
could be produced by covering 0.16% of Earth’s surface with solar panels of 10%
efficiency. [5] Although the scenario is infeasible, the calculation shows the potential
of solar energy [6]. However, due to the challenges caused by diurnal cycle and
intermittency of sunlight, storage technologies for solar energy have to be developed
[5,6].

An attractive method to store solar energy is to convert it into chemical energy
through artificial photosynthesis providing solar fuels, with high-energy density and
good transportation options [6,7]. In artificial photosynthesis, solar fuels can be
produced for example by using a PEC cell or photovoltaic-driven electrolysis to split
water molecules to hydrogen and oxygen, or splitting of carbon dioxide and water
molecules together can be directed to produce methanol, methane or other
hydrocarbons and their derivatives [3,7,8]. The first process generates the most
energetically dense solar fuel, hydrogen, via simple electrochemical reactions. In the
latter technology, liquid solar fuels, e.g., methanol or ethanol, can be produced.
However, in dealing with carbon dioxide there are several challenges, such as energy
losses in capturing CO2 and complexity of electrochemical reactions for conversion
of CO2 into solar fuels. [3,6,9,10] Instead of producing directly, e.g., methanol,
another feasible approach is to produce a mixture of hydrogen and carbon monoxide
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(CO), known as synthesis gas (syngas) [11]. This carbon-neutral syngas can be then
used as a feedstock to produce methanol, synthetic fuels, or other industrially
important chemicals via well-established Fischer–Tropsch technology. [3,6,9–12]
Although, water splitting is slightly simpler approach to solar fuel production, there
are no large-scale and cost-effective solutions available. So far, the highest solar-to-
hydrogen (STH) efficiency of a PEC cell is reported to be 19.3% [13,14]. Based on
the theory and modelling the maximum STH efficiency of a PEC device is 31.1%
but in fact, due to the practical issues it is limited to around 25% [15]. In terms of
efficiency, an alternative system consisting of a photovoltaic cell and an electrolyzer
can potentially be better and achieves STH efficiency of 30% nowadays (the
theoretical limit around 41%) but material and peripheral device costs are likely
higher compared to the PEC approach [14,16–18].

Figure 1 presents a schematic illustration of the PEC cell and PV-electrolysis
concepts for solar fuel production. The photovoltaic-driven electrolysis where the
PV cell and the electrolyzer are separate components is currently more mature and
has a higher technology readiness level (TRL) than the integrated PEC architecture.
This Thesis focuses on the PEC technology which could enable lower material costs
compared to PV-electrolysis. However, despite the high disruptive potential, the
TRL of PEC cells is still low. [18–20] To have commercially viable PEC cells, there
are still many issues to study and solve, such as stability of photoelectrodes, efficiency
(e.g., product selectivity, surface reaction kinetics, charge carrier dynamics,
exploitation of near-infrared (NIR) wavelengths) and scale-up [6,10,21,22].
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Figure 1. A schematic illustration of the PEC cell and PV-electrolysis concepts and a comparison of
these solar fuel production technologies in terms of technology readiness and costs. This
Thesis focuses on the PEC technology where ALD-grown TiO2 can serve as a
photoelectrode protection layer against corrosion in acidic or alkaline aqueous electrolyte.
The figure was composed based on the refs. [14,18,23].

From the fundamental point of view, semiconductor materials for PEC cell
photoelectrodes require certain properties for driving electrochemical reactions,
such as, suitable band gap to absorb sunlight to generate electron–hole pairs and a
sufficient voltage as well as favourable potentials for valence band maximum (VBM)
and conduction band minimum (CBM) with respect to redox potentials of reactants
in the electrolyte. Furthermore, semiconductor materials should be stable against
corrosion in aqueous electrolytes, exhibit a low recombination rate and high mobility
of the charge carriers as well as a facile charge transfer through semiconductor–
electrolyte interface. [6,19,21,24]

The first discovery of the photoelectrochemical water splitting was introduced by
Fujishima and Honda in 1972 by using n-type rutile TiO2, and since then Earth-
abundant, non-toxic and chemically stable TiO2-based materials have been of wide
interest in various photocatalytic applications [25–28]. However, due to the relatively
large band gap (Eg = 3.0–3.2 eV) of TiO2, the absorption of sunlight is limited to
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ultraviolet (UV) wavelength range covering only around 5% of the solar spectrum
and thus reducing dramatically the efficiency of the PEC cell [29–33]. To overcome
this inherent limitation, several means, such as nitrogen doping or structural disorder
have been reported to extend the light absorption from UV to the visible-light
wavelength range, or even to form visually black TiO2 [27,34–37].

Protecting highly efficient light absorbers, such as Si, GaAs, GaP, and III–V
multijunction solar cells, with chemically stable TiO2 is another potential approach
to develop commercially viable PEC cells [13,14,19,24]. Particularly, atomic layer
deposition is regarded as a promising thin film deposition method for
photoelectrodes since ALD can provide high-quality and pinhole-free coatings with
excellent controllability, uniformity and conformality [20,38–41]. Depending on the
photoelectrode design, both amorphous and crystalline TiO2 have been reported to
serve as a protection layer for semiconductor materials that are intrinsically unstable
under PEC conditions [13,40–44]. However, there are still doubts about sufficient
chemical stability of am.-TiO2 thin films, both in acidic and alkaline environments
[42,45,46]. Crystalline anatase and rutile TiO2, instead, are chemically stable but grain
boundaries and defects in polycrystalline structure may lead to degradation of the
device, for example, via pinhole-mediated corrosion [43,47,48]. In addition to
stability, charge transfer properties should be optimized. For instance, am.-TiO2 can
provide enhanced charge transfer thanks to intrinsic Ti3+ defects [49]. Furthermore,
the growth of detrimental SiO2 in TiO2/Si photoelectrodes limits the post deposition
annealing temperatures if crystallization of am.-TiO2 is needed [50]. Thus, in-depth
understanding of different TiO2 phases and how to tune the diverse properties of
titanium dioxide are essential when optimizing the performance of protective TiO2

photoelectrode coatings in photoelectrochemical solar fuel reactors.

1.1 Research objectives and scope of the Thesis

The aim of this Thesis is to provide atomic-level insights into ALD-grown
amorphous TiO2 thin films and to understand of how to tune and optimize the
charge transfer properties and chemical stability of protective ALD TiO2

photoelectrode coatings in photoelectrochemical solar fuel reactors. The work serves
as an advancement towards cost-effective solar fuel production utilizing
photoelectrochemical cells to store solar energy into chemical form, for instance, as
hydrogen or carbon-neutral methane or methanol. The specific objectives of the
Thesis are as follows:
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1. To study the effect of atomic layer deposition growth temperature on
intrinsic defects and charge carrier dynamics of amorphous TiO2 thin
films that could be used as electronically conductive and protective PEC
photoelectrode coatings.

2. To understand the role of intrinsic titanium, oxygen, and nitrogen defects
within am.-TiO2 on crystallization upon post deposition annealing
treatment in air. The crystallization temperature, phase, and grain size are
important properties when optimizing protective crystalline TiO2

photoelectrode coatings.

3. To compare the effects of standard silicon surface pretreatments and
post deposition annealing temperature on the growth of interfacial SiO2

in ALD TiO2/Si photoelectrodes. A thick interfacial SiO2 layer is
detrimental to the PEC device performance and thus its thickness should
be limited.

4. To demonstrate and rationalize the performance improvement of ALD
TiO2/Si photoanodes by optimizing the chemical stability and charge
transfer properties via selecting the ALD growth temperature and post
deposition annealing treatment.

Besides the in-depth understanding of ALD-grown TiO2, the Thesis aims at
introducing solar fuel production as a technology and its significance for sustainable
future. Moreover, the Thesis highlights X-ray photoelectron spectroscopy as a
versatile research method to study a substrate–thin-film interface morphology as well
as amorphous, chemical, and electronic structure of materials.

1.2 Outline of the Thesis

This Thesis introduces the basic principles of photoelectrochemical solar fuel
production and different approaches to use both amorphous and crystalline TiO2 as
protective photoelectrode coatings in photoelectrochemical solar fuel reactors.
Furthermore, atomic layer deposition of TiO2 thin films and properties of TiO2 are
discussed comprehensively before focusing on XPS as a research method to provide
in-depth understanding of atomic-level composition and electronic structure as well
as chemistry and morphology of TiO2 thin films. Finally, the results related to the
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research objectives of the Thesis are presented and discussed in detail. The Thesis is
divided into following chapters:

Chapter 2
The chapter provides an introduction to solar fuel production as a concept and to
the basic principles of photoelectrochemical cells including structure, materials as
well as physics and chemistry behind solar water splitting and CO2 reduction
reactions. The use of ALD-grown amorphous and crystalline TiO2 as protective
photoelectrode coatings is extensively discussed.

Chapter 3
The chapter focuses on atomic layer deposition technique, and particularly, ALD of
TiO2 in terms of different precursors and substrates. Furthermore, characteristics of
different TiO2 phases and their properties are discussed, mainly from the PEC
application point of view. The second half of the chapter includes the introduction
and experimental details of XPS and PEC analysis, and how these methods can be
used to gain in-depth understanding of interfacial, molecular, and electronic
structure of ALD TiO2 and the PEC performance of ALD TiO2/Si photoanodes.

Chapter 4
This chapter focuses on describing the key findings of the Thesis research and
reflects the importance of the results in the context of the ALD, XPS, TiO2 and PEC
research fields. The results address the research questions related to effects of ALD
growth temperature on intrinsic defects within am.-TiO2 and on crystallization
kinetics of am.-TiO2 thin films. Furthermore, Si wafer cleaning methods and post
deposition annealing are studied and considered in terms of an interfacial SiO2 layer
thickness and the PEC performance of ALD TiO2/Si photoanodes.

Chapter 5
The chapter concludes the main results of the Thesis and provides an outlook for
the research related to the ALD-grown TiO2 thin films and PEC solar fuel reactors.

Original publications
The Thesis research in detail is described in the four original publications at the end
of this Thesis. Publication I focuses on atomic-level insights into the formation and
controlling of intrinsic titanium, oxygen, and nitrogen defects within ALD-grown
am.-TiO2 via the ALD growth temperature. Publication II discusses roles of mass
density, and intrinsic oxide defects and TDMAT precursor traces on the
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crystallization of ALD-grown am.-TiO2 thin films upon PDA in air. Publication III
studies the effects of Si cleaning pretreatments and PDA temperature on the
interfacial SiO2 formation and the performance of ALD TiO2/Si photoanodes.
Publication IV demonstrates how the PEC stability and performance of ALD-grown
am.-TiO2 coatings can be improved by post deposition annealing-induced
crystallization.



8

2 SOLAR FUEL PRODUCTION

As many innovations the inspiration for artificial photosynthesis arises from nature.
In the natural photosynthesis, plants utilize sunlight to produce carbohydrates and
oxygen from water and carbon dioxide [51]. Analogously, artificial photosynthesis
mimics this process by converting solar energy into the chemical bonds of solar fuel
molecules (e.g., H2, CH3OH) by using engineered photocatalyst materials [6,7].
However, artificial photosynthesis pursues solar fuel production that is much more
efficient compared to the biological photosynthesis occurring in the nature [7]. Due
to the energy costs for self-repairing of biological system and light saturation at low
sunlight intensities, the efficiency of biological photosynthesis is typically below 1%.
The most efficient artificial photosynthesis systems, instead, have demonstrated
solar-to-hydrogen efficiencies of 20–30%. [7,13,14,16,52,53] This chapter introduces
solar fuel production as a concept, the basic principles of photoelectrochemical cells
and the use of ALD-grown amorphous or crystalline TiO2 as protective
photoelectrode coatings.

2.1 Basic principles of photoelectrochemical solar fuel
production

The energy conversion of solar energy into chemical bonds in artificial
photosynthesis is based on chemical reactions carried out in photoelectrochemical
cell by utilizing semiconductor light absorbers and catalyst materials [54]. The first
application related to photoelectrochemical water splitting was introduced by
Fujishima and Honda in 1972 by using n-type rutile TiO2 as a photocatalyst [25].
After these experiments, many different semiconductor materials have been studied
but none of them has fulfilled all the requirements for cost-effective solar fuel
production [6].

First requirement relates to efficient absorption of photons emitted by the Sun
and the formation electron–hole pairs via excitation of electrons from a valence band
(VB) to a conduction band (CB). When light hits a semiconductor surface, some of
the photons will be reflected and the rest will propagate into the semiconductor
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where they can transmit through the medium or become absorbed. [19] In practice,
the reflectance R and the transmittance T can be measured by UV–vis–NIR
spectrophotometer, and the absorbance A or the absorption coefficient α can be
approximated as follows

where t is the thickness of the material [6,21]. The light absorption and the formation
of electron–hole pairs as a phenomenon depends on the electronic structure of a
material, and consequently the band gap of a semiconductor [6]. Since majority
(74%) of solar energy falls within the wavelength range of 300–1000 nm [55],
corresponding to photon energies of 4.13–1.24 eV, semiconductor materials with
band gap values in this range make an efficient light absorber for a PEC
photoelectrode [19]. Figure 2 illustrates how the band gaps of TiO2, Si, and a III–V
dual-junction solar cell materials (GaInP/GaInAs) correspond with the solar
spectrum.

Figure 2. A schematic illustration of sunlight absorption of TiO2, Si, and a III–V dual-junction solar cell
(GaInP/GaInAs) with the different band gap energies. The solar photon flux is based on the
hemispherical global total spectral irradiance (reference air mass 1.5 spectra ASTM G-173-
03) [56].
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As shown in Figure 2, compared to TiO2 with the relatively large band gap of 3.2
eV, Si and GaInP/GaInAs dual-junction solar cell can absorb remarkably larger
portion of the solar photon flux. While both Si and GaInP/GaInAs dual-junction
solar cell can absorb wide fraction of solar spectrum, an advantage of dual-junction
cell is a larger cell voltage that is the sum of the sub-junction voltages [57].
Furthermore, light absorption can be extended to the NIR wavelength range with
addition of a narrow gap semiconductor material (e.g., Ge or GaInAs alloy) to a
multijunction solar cell or by plasmonic nanostructures [14,22,58].

After photoexcitation of an electron to a conduction band, either an external bias
or an internal built-in potential steers electrons in the CB and holes in the VB to the
surface of a photocathode and photoanode, respectively. This charge carrier
separation and transport is essential to photovoltage and photocurrent generated for
driving reduction and oxidation reactions to produce solar fuels. [19] In water
splitting reaction to produce hydrogen, the reduction and oxidation half-reactions in
acidic aqueous electrolyte (pH = 0) can be written as

where Φ(H+/H2) and Φ(H2O/O2) are reduction and oxidation potentials for
hydrogen and water, respectively, and in respect of normal hydrogen electrode
(NHE) [59]. Thus, thermodynamically the water splitting reaction requires a
potential of 1.23 V minimum. The amount of excess potential required to drive the
reaction at a given rate, i.e., overpotential, depends on the catalytic activity of the
electrode surfaces. [6] The water redox potentials Φ(H+/H2) and Φ(O2/H2O) set
requirements for band alignment of a semiconductor. If no external bias is used, the
CB should be more negative than Φ(H+/H2) and the VB more positive than
Φ(O2/H2O) to enable the photoelectrochemical water splitting reaction [19].

Producing carbon-neutral solar fuels via a CO2 reduction reaction (CO2RR) is
more complicated process compared to water splitting but it is based on similar
requirements for semiconductor band alignment. The reduction potentials for
CO2RR to produce, for instance, CO, formic acid (HCOOH), methane (CH4) or
methanol (CH3OH) are rather close to Φ(H+/H2) and several semiconductors can
provide the CB potential negative enough. However, the selectivity towards a desired
product and the competition with the hydrogen evolution reaction (HER) are still
problems to be solved. [3,60] Moreover, one of the issues related to reaction
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pathways that has been under debate considers whether the formation CO2 anion
radical (CO2·−) is the initial and the rate-determining step or not. This reduction
reaction has significantly more negative potential (−1.48 V vs. RHE [60]) compared
to the conduction bands of the most common semiconductors, which may hamper
an efficient and bias-free CO2RR. [3,9] Figure 3 presents the VB and CB positions
of TiO2, Si, and a III–V dual-junction solar cell (GaInP/GaInAs) together with the
water redox potentials Φ(H+/H2) and Φ(O2/H2O), and the potentials related to
CO2RR at pH = 0. Self-oxidation and self-reduction potentials Φox and Φred,
respectively, are discussed in detail in the next subchapter.

Figure 3. The VB and CB positions of TiO2, Si, and a III–V dual-junction solar cell (GaInP/GaInAs),
and the water redox potentials Φ(H+/H2) and Φ(O2/H2O), and the potentials related to
CO2RR in respect of NHE at pH = 0. The figure was composed based on the ref. [59]. The
potential values were positioned based on the refs. [3,13,14,60,61]. The self-oxidation and
self-reduction potentials Φox and Φred, respectively, for TiO2 and Si were placed based on
the calculations in the ref. [59].

In addition to absorption of sunlight and favourable band alignment with respect to
redox potentials, there are still several aspects related to a PEC cell design and
components that affect remarkably the performance of the photoelectrochemical
cell.
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2.2 Structure and materials of photoelectrochemical cells

The main component of the PEC cell is the semiconductor photoelectrode. Metal
oxide semiconductor materials formed from Earth-abundant metals, such as TiO2

and Fe2O3, are low-cost, stable, and non-toxic photocatalysts and thus promising
materials for photoelectrodes in PEC cell. However, limitations on charge transport
and absorption of the solar spectrum reduce the efficiency of metal oxide-based PEC
applications. [6,20] An alternative approach and more efficient in terms of sunlight
absorption is to couple a narrow band gap light absorber, e.g., Si or GaAs with a
wide band gap photocatalyst, such as TiO2, that can protect the unstable light
absorber against corrosion and absorb the UV region of the solar spectrum [40–
42,54,62]. The most efficient but the most expensive monolithic tandem PEC
devices utilize III–V multijunction solar cells to absorb efficiently almost the whole
solar spectrum as illustrated in Figure 2 [13,14]. Nevertheless, also these
semiconductor materials need protective coating against corrosion [6,13,14]. The
vulnerability to corrosion and thermodynamic instability under
photoelectrochemical conditions can be evaluated by analyzing the self-oxidation
Φox and self-reduction Φred potentials of a semiconductor material relative to
Φ(H+/H2) and Φ(O2/H2O) in the case of water splitting reaction [24,59]. If Φox is
smaller than Φ(O2/H2O) the semiconductor will oxidize itself and suffer
photocorrosion. If the self-oxidation potential is between the VB and Φ(O2/H2O),
the self-oxidation depends on the reaction kinetics and consumption rate of holes
for oxygen evolution reaction (OER) at the solid/liquid interface. A semiconductor
with Φox more positive than Φ(O2/H2O) and the VBM exhibits inherent
thermodynamic stability against oxidation under PEC solar fuel production
conditions. Analogously, a semiconductor is stable or will reduce itself depending on
the position of Φred. [24] As an example, the self-oxidation and self-reduction
potentials for TiO2, and Si at pH = 0, are presented in Figure 3. Compared to more
efficient light absorber, silicon, TiO2 exhibits good stability against photocorrosion
both when used for the OER and especially for HER. Therefore, TiO2 is often added
as a protective coating on Si or on other unstable semiconductor photoelectrodes
[13,14,24,40–43,63–65]. Moreover, Pourbaix diagrams are another way to predict
thermodynamic stability of materials in aqueous electrolytes with different pH
[19,59,66,67]. In addition to the self-reduction and self-oxidation potentials, pH of
the electrolyte may affect dissolution properties, and thus the stability of a
photoelectrode. For instance, Si will passivate itself with SiO2 in acidic electrolyte
but under alkaline conditions Si will dissolve continuously [19,24,68,69]. Despite
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great progress in the PEC field, finding a proper protection against severe dissolution
or photocorrosion of semiconductor photoelectrode materials in practice has
remained one of the main challenges to be solved [13,14,19,24].

Outlines of three different PEC cell configurations and corresponding current
versus voltage (I–E) curves are depicted in Figure 4. Figure 4a depicts a simple PEC
cell consisting of a photoanode connected via an external circuit to a cathode that
can be HER active metal, such as, platinum. However, this single photoelectrode
PEC cell design typically requires an external potential to drive solar fuel production
reactions efficiently. [19] Figure 4b demonstrates the effect of an applied bias (Vbias)
and a resulting operating current (Iop) of a PEC cell. Generally, the higher the Iop, the
better the performance, and thus lowering onset potentials of I–E curves is of major
interest. [54,70] A bias-free PEC cell, instead, can be achieved by using a tandem
configuration, either with an external circuit (Figure 4c) or as a monolithic device
(Figure 4d), comprising of a photoanode and a photocathode with a Z-scheme band
alignment [3,13,19,70]. I–E curves and an operating bias-free photocurrent of a
tandem PEC cell are illustrated in Figure 4e [70].
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Figure 4. Schematic illustrations of PEC cell configurations comprising of (a) a photoanode and a Pt
cathode, (c) a photoanode and a photocathode connected with an external circuit, and (d)
a Z-scheme monolithic tandem cell. Characteristic I–E curves related to configurations (a),
and (c, d) are presented in (b) and (e), respectively. The representation of the I–E curves is
based on the refs. [54,70].

The choice of an electrolyte is also one significant aspect affecting the chemical
stability and efficiency of a PEC cell. In general, alkaline electrolytes enhance OER,
while HER prefers acids, and these are also the most studied environments for the
water splitting reactions. [19,24] Commonly the electrolyte is the same for both
electrodes but thanks to development of ion-selective bipolar membranes, having
different pH conditions in the photoanode and photocathode sides may also be
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possible [19,24,71–73]. In Figure 4a, Figure 4c, and Figure 4d a proton-exchange
membrane (PEM) is used to let H+ ions to pass from anode to cathode side [3].
Furthermore, a membrane will reduce crossover-induced back reactions of produced
gases and formation of dangerous mixtures of oxygen and fuels [3,19].

As discussed in the previous subchapter, the photoelectrochemical water splitting
reaction requires thermodynamically the potential of 1.23 V minimum [6]. However,
the potential is de facto larger due to the several overpotential losses occurring in
PEC cell. To enhance the OER and HER reaction kinetics, electrocatalyst-
dependent overpotentials, ηOER and ηHER, need to be considered. A good ion
transport between the electrodes is essential to reduce losses related to the ionic
conductivity (ηionic cond). Moreover, solid-state losses concerning charge carrier
separation of electrons and holes, and their transport from one electrode to another
can cause additional overpotentials, ηsep and ηtrans, respectively. [6,19] Considering
these overpotential losses a minimum band gap or more precisely a useable
photopotential exhibited by semiconductor photoelectrodes in a bias-free PEC cell
can be calculated by the following equation

where Eph.min is the required minimum photopotential and can be estimated to be
>2 eV [6,19,23,74].

To lower the overpotential losses and to enhance reaction kinetics, typically
electrocatalysts are added on PEC photoelectrode surfaces [3,6,19,54,60]. These co-
catalysts are essential for reducing losses by lowering activation energies for surface
reactions and by improving charge separation of electrons and holes generated by
light absorber [21]. Moreover, co-catalysts can have a positive effect on the stability
of a photoelectrode by steering the holes and the electrons from a semiconductor
material towards its surface to be consumed for the OER and HER instead of self-
oxidation or self-reduction of a light absorber i.e., photocorrosion, as discussed
earlier [3,54,68]. As an example, some potential electrocatalysts for the HER are Pt,
MoS2, and NiMo-based materials whereas the more challenging OER can be
promoted, e.g., by IrO2, RuO2 or Ni-based (such as Earth-abundant Ni–Fe) co-
catalysts [13,19,40,41,75–79]. Regarding CO2 reduction reaction, by choosing the
electrocatalyst, selectivity towards a desired product can be controlled to some extent
but further research is still needed [60,80]. If an electrocatalyst exhibits a weak CO
binding energy, the main product is most likely CO that desorbs from the surface
before forming other products. In contrast, if CO adsorbs strongly on a surface, it



16

can more likely react further to produce, e.g., methane or methanol. Furthermore,
surface oxophilicity and thus favoring of C–O bond breakage is reported to lead to
methane whereas less oxophilic surface prefers methanol production. [80] So far,
Earth-abundant and low-cost Cu-based electrocatalysts are the most studied and the
most promising for production of hydrocarbons and alcohols via CO2RR [60,80,81].

2.3 Protective TiO2 photoelectrode coatings

Severe dissolution or photocorrosion of semiconductor photoelectrode materials is
a major issue to be solved when developing commercially viable PEC cells. Titanium
dioxide is proven to be a good material choice for protective photoelectrode coatings
thanks to its intrinsic chemical stability and the favourable self-oxidation and self-
reduction potentials [24]. Interestingly, depending on a fabrication method and a
phase of TiO2, several strategies for using TiO2 as a protective coating have been
reported. ALD-grown ultra-thin (≤2 nm) amorphous TiO2 coatings used in metal–
insulator–semiconductor (MIS) photoanodes allow tunneling of photogenerated
holes from a semiconductor light absorber to a metal electrocatalyst surface. If am.-
TiO2 thickness of 2 nm is exceeded (2.5–12 nm), instead of direct tunneling
mechanism, TiO2 bulk-limited conduction dominates and increases the required
overpotential for water oxidation reaction. [41,64] However, if a photoanode with a
buried p+n-Si junction is used to increase the interfacial hole density and charge
carrier transport in Ir/am.-TiO2/SiO2/Si MIS photoanode structure, remarkably
high photovoltages can be achieved, and those have been reported to be less
dependent on TiO2 protection layer thickness [63,65]. Another approach of using
ALD-grown am.-TiO2 as a protective coating is relying on Ti3+ defects-induced
conductivity enabling hole transport even through a thicker am.-TiO2 coating (4–
143 nm) [40]. This intriguing phenomenon based on a polaron hopping mechanism
is however highly dependent on ALD precursor choice [32,49,82]. Moreover,
computational studies have proposed that hole conduction may also occur through
O–O peroxy linkages within am.-TiO2 [44,83]. Besides enhanced conduction, a
careful fabrication and choice of an electrocatalyst in terms of work function and
metal/am.-TiO2 interface is required to induce a proper band bending and contact
[49,84]. In addition to ultra-thin or conductive ALD-grown am.-TiO2, a thicker
crystalline TiO2 (c-TiO2) thin film (ALD-grown or sputtered) can also serve as a
protective coating and exhibit sufficient charge carrier transport properties in case
of a suitable band alignment with the photoelectrode [13,43,50,85]. It is reported
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that n-type c-TiO2 with an applied bias is capable to transport electrons from the
OER via the conduction band to the valence band of Si photoanode, and thus can
behave like an ohmic contact [43]. Compared to other strategies, here the TiO2

protective coating is designed to conduct electrons into the photoanode, instead of
transporting the holes to the photoanode surface [24]. In fact, similar conduction
mechanism has also been suggested for the ALD-grown am.-TiO2 photoelectrode
coating, despite the conductivity mediated by Ti3+ defect states [86].  As a protective
photocathode coating, instead, n-type crystalline TiO2 can conduct photogenerated
electrons from the CB of Si to the photocathode surface to drive the HER thanks
to a beneficial CB band alignment of TiO2 with Si [87,88].

Figure 5 shows schematic illustrations of the discussed strategies to use different
protective TiO2 photoelectrode coatings and to facilitate the charge carrier transport
properties on Si photoelectrodes. The same strategies can also be used for other
semiconductor photoelectrodes, for instance, in the latest record-breaking III–V
dual-junction PEC cell, c-TiO2 was used as a photocathode coating thanks to its
beneficial band alignment [13,14]. Furthermore, another interesting but less studied
approach to benefit from different crystalline TiO2 phases and their band alignments
relates to fabrication of anatase–rutile phase junction structures. This phase junction
structure can enhance electron–hole separation and outperform pristine single-phase
anatase and rutile, especially, in PEC applications where TiO2 serves as a photoanode
itself. It is proposed that the anatase–rutile phase junction steers the electrons from
rutile to anatase via conduction bands and holes vice versa via valence bands, and
thus rutile should be the choice at the electrolyte–TiO2 interface. [30,89]
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Figure 5. Schemes of widely studied strategies to use (a, b) amorphous and (c, d) crystalline TiO2 as
a protective coating for Si photoelectrodes and to facilitate the charge carrier transport
between a light absorber and an oxygen evolution catalyst (OEC) or a hydrogen evolution
catalyst (HEC). The blue and the red lines represent the CB and the VB, respectively. (a) In
a MIS photoanode holes from the VB can tunnel through an ultra-thin am.-TiO2 coating to
OEC. (b) Ti3+ defects-induced conductivity can enable hole transport from the VB to OEC
even through a thicker am.-TiO2 coating. (c) The CB of c-TiO2 can conduct electrons from
an electrolyte/OEC to the VB of Si where they recombine with holes (an applied bias
needed). (d) In a photocathode c-TiO2 can steer electrons from the CB of Si to HEC via its
CB. The figure was composed based on the schemes presented in the refs. [19,24,63].

Albeit am.-TiO2 is regarded as rather stable under various aqueous electrolyte
conditions, its chemical stability has been still under debate [24,45,46]. Some articles
have reported that ALD-grown amorphous TiO2, without an additional
electrocatalyst, dissolves in acidic electrolyte but exhibits stable behaviour under
alkaline conditions [45,46]. Contrarily, there are also studies showing instability of
plain ALD-grown am.-TiO2 upon PEC water splitting in alkaline solution [42].
Adding an electrocatalyst on am.-TiO2, however, can reduce photocorrosion and
thus be, at least partly, the reason for reported good stability of electrocatalyst/am.-
TiO2/photoanode structures [3,24,40,41,46,54]. Polycrystalline anatase and rutile
TiO2, instead, have shown to be intrinsically stable, also without an electrocatalyst
[45,46,48,68]. However, an unfortunate failure of protection may still occur due to
fissures at grain boundaries in polycrystalline structure that can let an electrolyte to
a photoelectrode–TiO2 interface leading to etching of the photoelectrode
[47,48,50,68].



19

TiO2 is clearly a potential material and there are several strategies how to use it
to tackle the one of the paramount challenges, long-term stability of PEC cells
[19,24,90]. However, there is still no general consensus on which of the strategies is
the best and optimization of protective coating fabrication procedures is ongoing
research [19,24]. Although TiO2 coatings fabricated by sputtering-based methods are
widely studied and shown to serve as protection for photoelectrodes, atomic layer
deposition-grown TiO2 is regarded as the best candidate for pinhole-free,
controllable, and conformal coating, and thus maybe the most promising material
for PEC photoelectrode protection [13,19,24,38–41,43,68,91].
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3 ATOMIC LAYER DEPOSITION AND ANALYSIS
METHODS FOR TiO2 THIN FILMS ON
PHOTOELECTRODES

Over the past few decades, the atomic layer deposition method, providing high-
quality nanoscale coatings has shown its competence in many high technology and
industrial applications, such as, microelectronics, and solar energy conversion
applications [20,38,92]. Regarding the history of ALD, the early research of
sequential gas–solid surface reactions for thin film fabrication was conducted rather
simultaneously in Finland and in the Soviet Union [93]. In the 1960s, Valentin B.
Aleskovskii and Stanislav I. Kolt’sov developed a method named as molecular
layering (ML) [94,95]. They studied and reported thin film growth of TiO2 from
titanium tetrachloride (TiCl4) and H2O on silica gel and on single crystal Si(111)
surfaces [96–99]. However, in the 1970s in Finland Tuomo Suntola invented a
similar kind of technique to grow polycrystalline ZnS thin films for
electroluminescent (EL) display panels [93]. And in 1977, together with Jorma
Antson, they were granted an international patent on this novel thin film deposition
method, called as atomic layer epitaxy (ALE) [93,100]. Nowadays the technique is
typically utilized to grow other than epitaxial thin films and better known as atomic
layer deposition [101]. As an inventor of this successful ALD technology, Tuomo
Suntola, was awarded Millennium Technology Prize by Technology Academy
Finland (TAF) in 2018 [102].

Thanks to pinhole-free, conformal, and highly controllable thin films, atomic
layer deposition is accounted an ideal choice for fabricating protective coatings, both
on 2D and 3D PEC photoelectrodes [19,20,24]. This chapter focuses on basic
principles of the ALD method and characteristics of different TiO2 phases.
Furthermore, the chapter includes the introduction and experimental details of XPS
and PEC analysis, and how these methods can be used to gain in-depth
understanding of interfacial, molecular, and electronic structure of ALD TiO2 and
its properties in terms of PEC performance.
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3.1 Fundamentals of atomic layer deposition method for TiO2
thin film growth

The most prominent key features that differentiate ALD from many other thin film
deposition methods are self-limiting surface reactions and non-overlapping pulsing
sequence of precursors [38,103]. This leads to possibility to grow highly uniform and
conformal thin films ideally with a submonolayer thickness control even on high
aspect ratio structures [38,103,104]. Figure 6 presents a schematic illustration of an
ALD thin-film growth process, generally known as an ALD cycle. As an example,
the ALD cycle depicts the growth process of TiO2 on a Si substrate using TDMAT
and H2O as precursors.

Figure 6. A schematic illustration of the ALD cycle using TDMAT and H2O as precursors to grow TiO2
thin film on SiO2/Si substrate. The ALD cycle consists of four steps: (1) the TDMAT precursor
pulse, (2) the purge of the excess unreacted TDMAT precursor and reaction byproducts, (3)
the H2O precursor pulse, and (4) the purge of the excess H2O and reaction byproducts. (5)
The number of ALD cycles defines the thickness of the resulting thin film.
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The ALD cycle consists of four steps. During the first precursor pulse, TDMAT is
introduced into the reaction chamber to react with initially OH-terminated SiO2

surface sites. TDMAT molecules are chemisorbed via ligand exchange reactions with
OH surface groups until monolayer saturation is reached, i.e., all the OH adsorption
sites have been reacted, or steric hindrance limits the adsorption. After the TDMAT
pulse the reaction chamber is purged and excess unreacted TDMAT and volatile
dimethylamine (HN(CH3)2) reaction byproducts are removed. Then the TDMAT-
saturated surface is exposed to the second precursor pulse, H2O, that react with the
remaining dimethylamide (–N(CH3)2) ligands resulting in OH-terminated monolayer
of TiO2 followed by the purging step. This ALD cycle can be repeated desired
number of times to obtain the target thin-film thickness [38,103–106] Even though
ALD is often described to form an ideal and pure monolayer of material on each
ALD cycle, in practice, less than a monolayer is typically obtained and reaction
byproducts may be re-adsorbed and appear as impurities in a grown thin film
[38,106,107].

Some of the main concepts related to ALD are “growth per cycle” (GPC) and an
ALD window. As mentioned above, in a well behaving ALD process, one ALD cycle
yields certain amount of material onto a surface depending on the number of
available chemisorption sites and this thickness of material is designated as GPC.
[38,104] In practice, GPC is typically determined by measuring a thin-film thickness
by ellipsometer and dividing the result by the number of cycles. The GPC can also
slightly vary during the growth process. For instance, a substrate may hinder the
initial growth but after the first full monolayer has been formed, the GPC is increased
if the as-grown material provides more chemisorption sites compared to the
substrate [38]. In some cases, this substrate-inhibited growth mechanism can lead to
island growth, and thus increased surface roughness and even higher GPC after the
full monolayer is completed [38,108,109]. However, the change in the GPC can also
be vice versa with different substrate and ALD material combinations [38,110,111].
These substrate- and ALD material-dependent growth mechanisms are summarized
in Figure 7.
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Figure 7. A basic concept of ALD window, i.e., a growth temperature range where an ALD process
for certain precursors exhibits self-limiting growth and a stable GPC. If the temperature
range is exceeded decomposition of precursors or desorption of chemisorbed reaction
surface species may interfere the film growth. A low growth temperature, instead, can lead
to condensation of precursors or incomplete surface reactions. Even within the ALD window
the GPC may slightly vary due to the substrate-induced effects that can also affect the
morphology of a resulted thin film. The representations of the ALD window and the substrate
effects are based on the refs. [38,101,103,104] and the refs. [38,107–109], respectively.

An ALD window as a concept means a temperature range where an ALD process
works ideally in a self-saturating manner, and the GPC remains rather constant if the
temperature is changed within the ALD window [38,103,104]. Figure 7 illustrates a
fundamental dependency of the ALD growth temperature on the GPC and the ALD
window. At low growth temperatures thermal energy may be not sufficient to result
in complete surface reactions, and the slow reaction kinetics leads to the lower GPC.
Furthermore, a low temperature can cause precursor to condensate onto substrate
surface which can be observed as a high GPC value. If the growth temperature is
too high, instead, a precursor decomposes inducing a chemical vapor deposition
(CVD)-like growth and an increased GPC. However, a high temperature may also
lead to desorption of reactive surface species and a low GPC. If these undesirable
phenomena can be avoided in some temperature range, the ideal ALD process and
the constant GPC is likely to occur within that temperature window.
[38,101,103,104] However, it should be noted that the optimal temperature range
for ALD process depends on precursor choice, and moreover, even within the ALD
window the GPC can slightly vary if the growth temperature affects chemisorption
sites or reaction pathways [107,112].
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Furthermore, in addition to the growth temperature, precursor pulse and purge
times are of importance to achieve the optimized ALD growth. Typically, saturation
curve studies at constant temperature are conducted to confirm long enough
precursor pulse and purge times for surface saturation and for preventing precursor
pulses to overlap, respectively. [38,112] The pulse and purge times should not be too
long either since the duration of the deposition should be feasible in practice and
desorption of reactive surface species should be minimized [112,113]. Since several
factors and parameters affect the ALD process, a fully ideal ALD growth is de facto
often really difficult to achieve, and thus non-ideal features contributing to ALD thin
films have to be often accepted to some extent [112].

3.1.1 Structure and properties of TiO2 phases

In general, titanium dioxide as an Earth-abundant, non-toxic, and chemically stable
semiconductor material has remained for decades one of the most studied and
applied oxides in many different fields from photocatalysis to dielectric and optical
applications [26–28,114–118]. The main four phases of TiO2 are amorphous,
anatase, rutile, and brookite. Anatase and rutile polymorphs are the most common,
whereas utilization of brookite has remained limited due to the challenges in its
synthesis. [29,119,120] During the last ten years, there has been an increasing interest
towards amorphous TiO2 demonstrating exceptional charge carrier transport and
visible-light absorption properties induced by oxide defects within disordered am.-
TiO2 structure [32,34,40,49,121,122]. Besides these phases, also other less studied
polymorphs exist. For instance, TiO2-II, can exhibit even higher refractive index
than rutile. [29,123,124]

Regarding the structure of the crystalline TiO2, well-ordered Ti–O6 octahedras
are the fundamental building blocks forming the different polymorphs and an
arrangement of these octahedras determines the TiO2 phase [29,125]. In anatase four
edge-shared and four corner-shared octahedras surround the center octahedron
whereas in rutile there are two edge-shared and eight corner-shared octahedras and
the brookite structure comprises of three edge-shared and six corner-shared
octahedras around the center Ti–O6 [125]. The metastable anatase phase exhibits
less-constrained structure and thus it is the most common TiO2 polymorph and
requires typically lower formation temperatures. Rutile, instead, is the
thermodynamically stable TiO2 phase but the high fabrication temperature (>400
°C, often even 600–800 °C) is the widely known challenge in its use. [29,115,126]
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However, liquid-based synthesis, such as hydrothermal method, enables formation
of rutile (as well as anatase) nanocrystals at temperatures ≤200 °C or even at the
room temperature [29,125,127–129]. Lowering the formation temperature of the
rutile thin film may be possible for example by inducing disordered oxygen
sublattice, i.e., oxygen vacancies, which can allow easier rearrangement of ions to
more constrained rutile structure [29,89,130,131]. Furthermore, atomic layer
deposition of TiO2 on substrates with a rutile-structured seed layer, e.g., SnO2, RuO2,
or IrO2, have been reported to facilitate epitaxial rutile TiO2 growth at 250–350 °C
[117,126,131–133]. Fundamentally, amorphous TiO2 structure, instead, lacks long-
range order and consists of randomly connected Ti–O6 octahedras (Ti6c and O3c

coordinated ions) and under- and over-coordinated ions (e.g., Ti5c, Ti7c, O2c, and O4c)
with broad distributions of bond lengths and angles [32,134,135].

The enhanced charge carrier transport and visible-light absorption properties of
am.-TiO2 are generally attributed to oxide defects, i.e., oxygen vacancies and Ti3+

ions which are easier to generate within am.-TiO2 structure compared to c-TiO2

[32,34,122,136]. The formation of oxygen vacancy leads to three pentacoordinated
Ti ions (Ti5c). Moreover, the oxygen vacancy induces two unpaired excess electrons
initially carried by surrounding Ti5c ions, i.e., Ti3+ defects [137,138]. These Ti3+

defects induce Coulombic attractive and repulsive forces that distort the bond
lengths and angles between surrounding ions, as illustrated in Figure 8a.
Consequently, phonons originated from this structural deformation and vibration of
ions are coupled with the excess electrons forming quasiparticles, known as electron
polarons. [82,139,140] Commonly accepted electron conductivity mechanism of
TiO2 is described with polarons, i.e., electrons of Ti3+ ions, that can hop to an
adjacent Ti4+ ion converting it to a Ti3+ ion, as visualized in Figure 8b. This
phenomenon is typically referred as polaron hopping mechanism. [32,49,82,139,140]
Hole conduction, instead, has been proposed to occur via oxygen vacancies, hole
polarons or O–O peroxy linkages [32,44,83,136,141,142]. In addition to electron
conductivity, visible-light absorption is also mediated by Ti3+ defects [34]. Due to
the Jahn–Teller effect-induced splitting of Ti 3d orbitals, the excess electrons of Ti3+

defects occupy Ti3+ 3dxy electronic states within the TiO2 band gap [137,143,144].
These electrons of the in-gap states can absorb photons of the visible-light
wavelength range and enable the fabrication of visible-light active black TiO2

[34,35,37,122,145].
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Figure 8. Schematic illustrations of (a) a small electron polaron and (b) polaron hopping mechanism
inducing Ti3+ defects-mediated enhanced conductivity of TiO2. An excess electron carried
by Ti3+ defect induces phonons via Coulombic attractive and repulsive forces deforming the
bond lengths and angles of the surrounding ions. This electron–phonon coupling is known
as an electron polaron. The excess electron can hop from a localized state (polaron) to an
adjacent Ti ion via an intermediate delocalized state. Enhanced conductivity of TiO2 is
commonly attributed to this polaron hopping mechanism. The figures were composed based
on the representations in the refs. [82,139,140].

As elucidated above, TiO2 materials exhibit diverse set of properties depending on
the phase and the atomic- and the electronic-level structure. Thus, every TiO2 phase
has its own advantages and potential from applications perspective. As a
photocatalyst, anatase TiO2 (Eg = 3.2 eV) is often described to be more active than
rutile, although rutile should exhibit narrower band gap of 3.0 eV [28,29]. However,
recent research has elucidated that due to the difference in dynamics of electrons
and holes, anatase facilitates reduction reactions whereas rutile shows higher
photocatalytic activity towards oxidation reactions [146]. Since the discovery of black
TiO2 materials in 2011 produced through hydrogenation, those have accounted as
highly beneficial and potential, e.g., for photocatalytic applications [122,147].
However, due to conflicting results and lack of comprehensive understanding related
to photocatalytic activity of black TiO2, its real significance in many applications has
remained rather vague [122]. Rutile TiO2 exhibiting high refractive index (>2.6) and
anisotropic nature, is of interest in optics [29,114,115,148]. Furthermore, low-
temperature (≤400 °C) rutile TiO2 with high dielectric constant is a promising
material of choice for dynamic random-access memory (DRAM) capacitors
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[126,131]. As a protective photoelectrode coating, pinhole-free and continuous am.-
TiO2 with oxide defects-mediated enhanced conductivity has shown to provide facile
hole transport [40,49,84]. Defect-free crystalline TiO2, instead, can exhibit high-
transparency and reduced charge carrier recombination compared to am.-TiO2

[13,149]. In-depth understanding of these TiO2 phases and how to control the
diverse properties of titanium dioxide are the key means to optimize the protective
TiO2 photoelectrode coatings.

3.1.2 Effect of precursors and substrate pretreatment on ALD TiO2 coatings

Precursors used in ALD processes have several requirements, i.a., a precursor should
evaporate at a relatively low temperature, be reactive towards surface species but not
itself, and exhibit a sufficient thermal stability to enable the characteristic self-limiting
ALD process at certain temperature range. Furthermore, the reaction byproducts
should be volatile and not interfere with the growth process. Besides these must-
have properties, precursors are also desired to be non-toxic, highly pure, easy to
synthesize and work with, and as cheap as possible. Typical ALD precursors serving
as metal sources (e.g., Ti, Al, Cu) comprise of metal ion surrounded by different
types of ligands. Depending on ligands, precursors can be classified as inorganic or
metalorganic reactants, and homoleptic or heteroleptic if a compound includes only
one type of ligand or two or more different, respectively. [104,112,117,150]

The most commonly used metal precursors for TiO2 ALD process in general and
in the PEC field are inorganic halide titanium tetrachloride (TiCl4), metalorganic
alkoxide titanium isopropoxide (TTIP), and metalorganic alkylamide TDMAT that
are mainly used with water as a co-reactant and the oxygen source [13,40,41,48–
50,105,112,117,151–154]. TiCl4+H2O process is rather comprehensively studied and
known of its wide ALD window allowing direct deposition of am.-TiO2 and
crystalline anatase, or even rutile at temperatures around 400 °C or higher [31,117].
However, the reaction byproduct, hydrochloric acid (HCl) may cause damage to a
substrate, a growth thin film, or parts of the ALD reactor, and hence other ALD
TiO2 processes are often preferred [104,105,117]. TTIP+H2O process, instead, does
not produce corrosive byproducts but studies have revealed that the process is likely
to result in TiO2 coating with fissures between grains or incorporated alkoxide
ligands which can lead to deleterious degradation of the protective TiO2

photoelectrode coating [48,50,117,152]. Due to the above-mentioned issues,
TDMAT+H2O process is in many cases regarded as the most promising of these
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ALD processes [48,50]. Since the ligand exchange through the Ti–N(CH3)2 bond
breakage requires rather small amount of energy, TDMAT has significantly high
reactivity towards water and surface OH groups, and thus proposed to enable the
ALD growth as low temperature as 50 °C [105,117,155]. However, the thermal
decomposition, reported to start at temperatures >180–200 °C, challenges the self-
limiting ALD process and complicates to grow crystalline TiO2 thin films
[105,117,156,157]. Despite the limited thermal stability, the high substrate
temperature of 250–300 °C combined with a short TDMAT pulse or a long H2O
purge time have been proposed to enable crystalline anatase or mixed-phase
anatase/brookite–rutile TiO2 thin film growth with the linear ALD growth behavior
[153,158]. Furthermore, formation of small rutile and brookite crystallites within
mostly amorphous structure has been reported during the growth at 200–250 °C
[159]. Am.-TiO2 thin films grown by using TDMAT+H2O process can also be
postannealed to obtain crystalline TiO2 thin films but the increase in a thickness of
detrimental interfacial oxides should be taken into account [19,50,152]. Regarding
Ti3+ defects-mediated conductivity, TDMAT-grown am.-TiO2 has been the most
typical and reported choice, and has shown to outperform, for instance, am.-TiO2

deposited by using TiCl4+H2O process [40,49,84].
Substrate surface chemistry can have a significant effect on an initial ALD growth

that can steer crystallinity and morphology of a grown thin film [103,112,160–162].
Metal oxides, such as TiO2, can grow easily on oxide surfaces, for example, on native
oxide silicon with natural surface hydroxyl groups [103,112]. However, a substrate
pretreatment prior to ALD growth may be desired to remove native oxide layer or
to form a thin oxide layer in a controlled and reproducible manner
[50,108,151,163,164]. Hydrofluoric acid (HF) etching is a typical chemical
pretreatment to eliminate native SiO2 on Si substrate resulting in an H-terminated
surface [151,163,164]. These Si–H surface groups induce hydrophobic behaviour
and are rather stable at commonly used ALD growth temperatures (≤300 °C) leading
to slower precursor adsorption and inhibited initial ALD growth [108,160,164–168].
Other frequently used Si pretreatments are RCA SC-1 and SC-2 (Radio Corporation
of America Standard Clean) which provide removal of organic surface impurities
with the SC-1 solution (NH4OH–H2O2–H2O) and elimination of alkali ions and
metallic contaminants with the SC-2 treatment (HCl–H2O2–H2O). [169] Both of
these treatments produce a thin silicon oxide layer with a high density of surface
hydroxyl groups and hydrophilicity. [160,168–170] Due to the distinct difference in
wettability and in functional surface groups between HF- and RCA-treated Si
surfaces, ALD can result in very different TiO2 surface morphologies depending on
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the pretreatment of choice. Due to the sparsely existing OH groups on HF-treated
Si surface the TiCl4+H2O process results in immediate crystallization and island
growth-induced small grain size and increased surface roughness. In contrast, the
RCA-treated Si surface with the high density of OH groups promotes initial growth
of flat and amorphous TiO2 which crystallizes into larger grains after a specific film
thickness is exceeded. [160,161,171] The nucleation of crystals and the grain size can
also be affected by adding an interfacial layer prior to ALD of TiO2. For instance,
Al2O3 with a high surface energy has shown to induce large crystallites. [162,171]
The TDMAT+H2O process, instead, has been reported to grow as a flat and
amorphous thin film both on HF- and RCA-treated Si surfaces at growth
temperatures ≤150 °C, and the thin films exhibit relatively large grain size after
postannealing-induced crystallization [48,50,152].

Therefore, when designing an optimized PEC photoelectrode with the protective
ALD TiO2 coating, aspects, such as, properties of precursors, substrate pretreatment
and interface engineering are crucial to understand and to consider. These choices
can affect, e.g., a phase, conductivity, a grain size, and an interfacial oxide layer that
all play an important role in performance of the protective ALD TiO2 coating.

3.2 Preparation of TiO2/Si photoanodes by atomic layer
deposition

In this Thesis [Publications I, II, III, and IV], all the ALD TiO2 thin film depositions
were carried out with the same ALD reactor and process using the Picosun Sunale
R-200 Advanced ALD system, and tetrakis(dimethylamido)titanium(IV)
(Ti(N(CH3)2)4, TDMAT, electronic grade 99.999+%, Sigma-Aldrich) and Milli-Q
type 1 ultrapure water as precursors. The main ALD process parameters are
presented in Table 1. Both, the TDMAT precursor source and the delivery line, were
heated to reach the proper vapor pressure and to prevent condensation of TDMAT.
The H2O source, instead, was cooled down by a Peltier element for stability control.
Argon (99.9999%, Oy AGA Ab, Finland) was used as a carrier gas flowing through
the reactor and the precursor lines. Growth temperatures selected for depositions
were 100 °C, 150 °C, 175 °C, and 200 °C. Based on ellipsometer measurements, the
required numbers of ALD cycles for 30 nm-thick TiO2 thin films at the growth
temperatures were 480, 636, 733, and 870, respectively.



30

Table 1. The main ALD process parameters used for the TiO2 thin film depositions in this work.

Precursor

TDMAT H2O

Source temperature 76 °C 18 °C

Line temperature 85 °C –

Carrier gas line flow 100 sccm 100 sccm

Pulse time 1.6 s 0.1 s

Purge time 6.0 s 6.0 s

From the surface chemistry perspective, the TDMAT+H2O ALD process can be
expressed as follows

where the asterisks designate the surface species [106]. According to several studies,
the process has shown to leave nitrogen traces into TiO2 structure
[50,106,153,158,172]. Incorporation of nitrogen into as-grown TiO2 thin film occurs
most likely as unreacted Ti–N(CH3)2 bonds due to the incomplete surface reactions
or as adsorbed dimethylamine HN(CH3)2 reaction byproducts (Equation 5 and
Equation 6) [106,158]. Dimethylamine can also further react with surface OH group
leading to protonation of dimethylamine into the alkylammonium cation
H2N(CH3)2+ [106,173] as shown in the following Equation 7:

As in this work and commonly reported in literature, there is a decreasing trend of
the GPC value for TDMAT+H2O ALD process in the growth temperature range of
100–200 °C [105,153,158]. Some of the proposed reasons behind the GPC trend are
slow molecular H2O desorption at lower growth temperatures, and desorption of
hydroxyl groups, or intermediate product (Ti[N(CH3)2]2) reaction with OH group
and subsequent desorption at higher growth temperatures [105,174]. At
temperatures >250 °C the thermal decomposition of TDMAT molecules takes place
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more severely resulting in an increasing GPC as often reported in literature [153,158].
A growth temperature around 300 °C can also increase amount of TDMAT
precursor traces and lead to formation of TiN or TiOxNy species [153].

For the TiO2/Si photoanode samples either P-doped or degenerately Sb-doped
n-type Si(100) wafers (SIEGERT WAFER GmbH) were used as substrates.
Furthermore, Publication III examines effect of Si wafer cleaning on deposited ALD
TiO2 thin films and their performance as protective photoelectrode coatings. Prior
to ALD of TiO2 some of the Si substrates were treated with HF, some with HF
followed by RCA SC-2 treatment [169] and some of the substrates having a thin
native oxide (SiO2) layer were used as-received from the wafer vendor. In the HF
treatment the Si substrate was immersed in 2.5% hydrofluoric acid for 10 seconds,
then rinsed in two different Milli-Q type 1 ultrapure water containers, in the first one
for 3 seconds and in the second for 10 seconds. After this, the samples were blown
dry with nitrogen. In the RCA SC-2 treatment, i.e., chemical oxidation, the Si
substrate was soaked in a 6:1:1 H2O/30% H2O2/37% HCl solution at 70–75 °C for
10 min [169]. After the treatment, the wafer was rinsed with H2O and blown dry
with nitrogen. [Caution: HF is a highly corrosive and requires the use of Teflon, rather
than glassware, and can easily penetrate the skin, bond with Ca2+, and cause nerve
damage. As such, even a small exposure (e.g., 2−10% of the body) can be fatal.
Proper training is required before handling or working with HF, and appropriate
personal protection equipment should always be worn when carrying out these
sample preparations.] After the HF/ RCA SC-2 treatment samples were transferred
immediately to the ALD system.

3.3 Studying interfacial, molecular, and electronic structure of
photoanodes by X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy, i.e., electron spectroscopy for chemical analysis
(ESCA) is a commonly used surface analytical technique to obtain both, qualitative
and quantitative information on elements present within a sampling depth around
3–12 nm [175]. Thanks to this highly surface sensitive nature of XPS, it is an
exceedingly suitable characterization method for thin films and thin-film/substrate
interfaces. In addition to relative concentrations of elements, detailed analysis of
XPS spectra can also provide in-depth understanding of atomic-level composition
and electronic structure as well as chemistry and morphology of the sample.
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Due to the initial state effects the binding energy (BE) of a photoelectron,
measured by XPS, depends on chemical bonds between atoms and in more general
the charge on an atom and the charge on the surrounding atoms. Consequently, the
changes in BE values, i.e., chemical or core-level shifts (CLS) give valuable
information on chemistry and atomic-level structure revealing, for instance, oxide
defects within TiO2 structure as shown in Publication I. [175] Core-level shifts can
be determined theoretically by density functional theory (DFT) calculations. Figure
9 demonstrates the core-level shifts in Ti 2p spectra induced by an oxygen vacancy
or an interstitial peroxo species (O22−) within anatase TiO2 structure.

Figure 9. Core-level shifts of Ti 2p spectra determined by DFT calculations in cases when an oxygen
vacancy or an interstitial peroxo species are introduced within anatase TiO2 structure. The
excess electrons of Ti3+ defects occupy the Ti3+ 3dxy electronic states within the TiO2 band
gap. These electrons can be observed in an XPS VB spectrum as a peak around 0.2–1.2
eV. The figure was composed based on Publication I (complying with the Creative
Commons CC BY license).

As mentioned in the subchapter 3.1.1, the formation of oxygen vacancy leads to
three pentacoordinated Ti ions (Ti5c) and two unpaired excess electrons delocalized
over the entire structure or localized on surrounding Ti5c ions, i.e., Ti3+ defects
[137,138]. Regarding the CLSs, six-coordinated Ti6c ions that are not directly
connected to the introduced oxygen vacancy do not experience any remarkable CLS
and the BE remains the same as in pristine anatase TiO2. However, the Ti5c and Ti6c
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ions that are the nearest or next nearest neighbors of oxygen vacancy see a negative
CLS of −0.29 eV, and Ti3+ defects experience even larger CLS of −1.39 eV.
Interestingly, introduction of an interstitial peroxo species together with an oxygen
vacancy results in three heptacoordinated Ti7c ions that have also negative shifts
compared to the pristine Ti6c4+ ions. These Ti7c ions together with the Ti5c and Ti6c

ions nearby the oxygen vacancy lead to a CLS of −0.37 eV. These insights into oxide
defects of TiO2 enable better understanding of the formation and controlling of
intrinsic Ti3+ defects mediating the enhanced charge transport and visible-light
absorption of am.-TiO2 coatings. Besides the Ti 2p transition, the excess electrons
of Ti3+ defects can be studied by measuring an XPS valence band spectrum where
the Ti3+ 3dxy electronic states within the TiO2 band gap can be detected as a peak
commonly reported to locate around 0.2–1.2 eV below the Fermi level
[49,82,84,137,143–145,176]. In the conductivity and absorption measurements UV-
grade fused silica, i.e., quartz (Präzisions Glas & Optik GmbH) was used as a
substrate.

XPS measurements of this Thesis were conducted using NanoESCA
spectromicroscope system (Omicron Nanotechnology GmbH) with focused
monochromatized Al Kα (hν = 1486.5 eV) as an excitation source and two other
XPS systems with non-monochromatized X-ray source (Al Kα). All the XPS systems
operate in ultra-high vacuum (UHV) with a base pressure of 1×10-8–1×10-10 mbar.
The core-level XP spectra were analyzed by the least-squares fitting of Gaussian–
Lorentzian lineshapes and using a Shirley type background. Detailed explanations of
peak fittings are available in the experimental sections of Publications I, II, III, and
IV. For instance, in Publications I and II Ti 2p spectra were fitted by using Ti 2p3/2

reference peak shape measured for crystalline TiO2, i.e., the six-coordinated Ti4+

peak (Ti6c4+), and the amorphous disordered structure was represented by under-
and over-coordinated Ti4+ (Ti5/7c4+) and Ti3+ peaks. To the best of our knowledge,
there have been no previous efforts to fit am.-TiO2 Ti 2p spectra in a similar manner.
CasaXPS [177] was used as an analysis software and the Scofield photoionization
cross-sections as relative sensitivity factors [178].

The quantitative analysis of TiO2/SiO2/Si heterostructure morphology
demonstrated in Publication III is based on the attenuation of a photoelectron signal
in a solid material according to the Beer–Lambert law. The analysis method is
described in detail in the supporting information of Publication III. Figure 10 shows
the fundamentals of the electron spectroscopy technique and the Beer–Lambert law
determining the measured XPS intensities of Ti 2p, Si4+ 2p and Si0 2p signals from
TiO2/SiO2/Si heterostructure. The photoemission spectroscopy constant S includes
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several factors, such as, the cross-section at a certain photon energy and the number
of atoms per unit volume that affect the photoelectron intensity [179]. An inelastic
mean free path (IMFP) is a key concept explaining the surface sensitivity of electron
spectroscopic techniques. Whereas X-rays can penetrate around 1 μm into a material,
electrons can only escape the material from a depth approximately around 10 nm.
This leads to fundamental reason why XPS, especially when using a soft X-ray source
(Al Kα), can probe only the uppermost surface layers. Furthermore, the
characteristic photoemission peaks that are particularly of interest in XPS, originate
from photoelectrons undergone no energy losses after absorbing a photon. The
IMFP value λ describes the average distance for photoelectrons with a certain kinetic
energy to traverse through a certain material without any losses in their kinetic
energy. According to the Beer–Lambert law, the IMFP value corresponds to the
thickness t where 37% of photoelectrons with no energy losses, i.e., information,
originate from. Analogously, three times λ is the depth where 95% of the information
comes from, and thus commonly known as the sampling depth. [175]

Figure 10. Photoelectron intensities originating from a TiO2 thin-film overlayer (ITiO2), an interfacial SiO2
(ISiO2), and a Si substrate (ISi) and attenuated based on the Beer–Lambert law. The
equations were derived based on the ref. [179]. The concept of the inelastic mean free path
related to surface sensitivity of electron spectroscopy is depicted based on the ref. [175].

In-depth analysis of XPS intensities enables understanding of sample morphology,
for instance, a thickness of an interfacial SiO2 between the Si substrate and the TiO2

thin-film overlayer [175,179]. With a thin TiO2 overlayer (<4 nm) the interfacial SiO2

and the Si substrate can still be probed by XPS. Using the XPS peak intensities ISiO2

and ISi, the thickness tSiO2 of the interfacial SiO2 can be derived from the ratio ISiO2/ISi

as follows
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where the IMFP values of λSi = 3.09 nm and λSiO2 = 3.75 nm, can be calculated by
TPP-2M formula [180] and the number of Si atoms per unit volume values NSi =
49.737 atoms/nm3 and NSiO2 = 26.557 atoms/nm3 can be derived by basic chemistry
equations using literature values for density and a molar mass of a compound.
Besides these calculations, there are also other XPS-based morphology analysis
methods, for instance, angle-resolved XPS (ARXPS) or comparing experimental
results with spectra modelled by a simulation software such as SESSA (Simulation
of Electron Spectra for Surface Analysis) [175,181].

3.4 Photoelectrochemical performance measurements

Publications III and IV consider more closely the stability and the onset potential
of TiO2/Si photoanodes under PEC conditions. The PEC performance of TiO2/Si
photoanode samples were studied in a homemade PEC cell (Figure 11) using three-
electrode configuration with an Ag/AgCl reference electrode, Pt counter electrode
and TiO2/Si sample as the working electrode in an aqueous 1 M NaOH electrolyte
solution (pH 13.6). The measurement was controlled by Autolab PGSTAT12
potentiostat (Metrohm AG). Simulated solar spectrum was produced with a HAL-
C100 solar simulator (Asahi Spectra Co., Ltd., JIS Class A at 400–1100 nm with
AM1.5G filter) and the intensity was adjusted to 1.00 Sun using a 1 sun checker
(model CS-30, Asahi Spectra Co., Ltd.). The detailed sample preparation and
measurement procedure is described in the supporting information of Publication
IV.
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Figure 11. The PEC measurement setup consisting of a solar simulator and a homemade PEC cell
using three-electrode configuration with a reference electrode (RE), counter electrode (CE),
and a working electrode (WE) connected to a potentiostat with electrical cables.

The stability of photoanodes can be studied by constant potential amperometry at
the water oxidation potential of 1.23 V in respect of reversible hydrogen electrode
(RHE). As clearly demonstrated in the work by Hannula et al. unstable behaviour of
the photocurrent indicates degradation of the protective TiO2 photoelectrode
coating whereas a stable photocurrent implies good protective behaviour under PEC
conditions [42]. In this work, the chemical stability of the ALD TiO2 photoelectrode
coatings on silicon were studied during 1 h chopped light test and during continuous
10/24 h illumination test in the PEC cell with bias of 1.23 V vs. RHE. The linear
sweep voltammetry, i.e., current–voltage (I–V) characteristics was utilized to study a
photocurrent generated under 1 Sun illumination during a potential sweep providing
essential information on photocurrent onset potentials and kinetics. According to
the subchapter 2.2, the target in the PEC performance measurements for TiO2/Si
photoanodes was to obtain a low and steep photocurrent onset potential and
protection against corrosion, i.e., a long-term stability of the photocurrent and no
visible degradation of the film.
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4 INSIGHTS INTO CRYSTALLIZATION AND
CHARGE TRANSFER PROPERTIES OF
PROTECTIVE ALD TiO2 COATINGS ON Si
PHOTOELECTRODES

This chapter focuses on describing the key findings of the Thesis research and
reflects the importance of the results in the context of the ALD, XPS, TiO2 and PEC
research fields. Albeit electronically “leaky” ALD TiO2 thin films as protective
photoelectrode coatings have been studied, all-encompassing understanding of the
Ti3+-rich am.-TiO2 structure and its controllability has remained unclear.
Furthermore, crystalline TiO2 thin films can be used in PEC cells as well, but the
stability and the performance of the coating are sensitive to grain boundaries, phase,
and the crystallization temperature. All these aspects related to amorphous and
crystalline TiO2 are crucial to understand and to consider comprehensively when
designing an optimized PEC photoelectrode with the protective ALD TiO2 coating.

The first part of the chapter addresses the question about formation of oxide
defects, i.e., oxygen vacancies, interstitial peroxo species, and Ti3+ / Ti5/7c ions, and
their effect on the curious and tunable charge carrier properties of ALD-grown am.-
TiO2 thin films. The second part considers how the ALD growth temperature-
mediated oxide defects and TDMAT precursor traces affect crystallization of am.-
TiO2 thin films. The third part covers the effects of Si wafer cleaning methods and
post deposition annealing on an interfacial SiO2 layer thickness. The fourth part
studies the amorphous and crystalline ALD TiO2 thin films as Si photoelectrode
coatings in terms of stability and the photocurrent onset potential.

In addition to the results discussed in the original publications, the subchapters
4.3 and 4.4 present previously unpublished research related to the interfacial SiO2

thickness after 500 min PDA at 250 °C (in Figure 16b) and to long-term stability and
the photocurrent onset potential of post deposition-annealed ALD TiO2 grown at
200 °C (Figure 19). This data supports the work as supplementary results and offers
some prospects to continue the research.
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4.1 Effect of ALD growth temperature on oxide defects and
charge transfer properties of amorphous TiO2 thin films

As discussed in the subchapters 3.1.1 and 3.3, exceptional charge carrier transport
and visible-light absorption properties of amorphous TiO2 have been commonly
attributed to oxide defects, i.e., oxygen vacancies, interstitial peroxo species, and Ti3+

/ Ti5/7c ions within am.-TiO2 structure. Especially, these exceptional properties and
intrinsic Ti3+ defects are associated with the am.-TiO2 grown by ALD using TDMAT
and H2O as precursors. The oxide defects have been studied computationally and
experimentally, for instance, by XPS. [32,34,40,49,84,121,122]

In many cases, the Ti3+-mediated conductivity has been reported and studied only
with am.-TiO2 thin films grown at 150 °C [40,49,84,91]. However, Publication I
examines how the ALD growth temperature between 100–200 °C affects the
concentration of Ti3+ defects and charge carrier dynamics of 30 nm-thick the am.-
TiO2 thin film when using the TDMAT+H2O ALD process. Figure 12 shows the
most prominent XPS results evidencing the presence of the Ti3+ ions, i.e., the oxide
defects and how the concentration of the defects can be controlled by changing the
ALD growth temperature. In Figure 12a, according to general consensus, the low-
BE shoulder peak at 457.3±0.1 eV corresponds to Ti3+ ions which clearly appear in
all am.-TiO2 thin films [42,182,183]. The main Ti4+ peak was fitted by using Ti 2p3/2

reference peak shape measured for crystalline TiO2, i.e., the six-coordinated Ti4+

peak (Ti6c4+). This narrow Ti 2p3/2 peak at 459.0±0.1 eV was fitted to the am.-TiO2

spectra by keeping a constrained shape and position. This allowed us to fit another
component next to the Ti6c4+ peak with a BE separation of −0.39 eV. According to
the computational DFT calculations carried out in Publication I and discussed in the
subchapter 3.3, presence of oxygen vacancies and interstitial peroxo species can
induce such a core-level shift in Ti 2p XPS spectrum (Ti5/6/7c4+) which also matches
well with distinct presence of Ti3+ ions within am.-TiO2 thin films.
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Figure 12. (a) The Ti 2p XP spectra, (b) the relative concentrations of the components, (c) the O/Ti
ratio, and (d) the relative concentration of Ti3+ 3d in-gap states as a function of Ti3+

concentration for the am.-TiO2 thin films (30 nm) deposited at 100 °C, 150 °C, 175 °C and
200 °C. Crystalline anatase TiO2(30 nm) serves as a reference peak shape for the six-
coordinated Ti6c4+ ions in Ti 2p XPS analysis. The figure was composed based on
Publication I (complying with the Creative Commons CC BY license).

As clearly seen in Figure 12a and Figure 12b, there is an increasing trend in
concentrations of Ti3+ and Ti5/6/7c4+ ions together with the increasing growth
temperature between 100–200 °C, and simultaneously as the Ti6c4+ peak decreases.
However, despite the distinct presence of oxygen vacancies-induced Ti3+ ions, am.-
TiO2 thin films seem to exhibit stoichiometric composition (O/Ti = 2) as presented
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in Figure 12c. This implies and can be explained by displacement of oxygen ions
instead of removal of them upon O vacancy and Ti3+ defect formation. Indeed, as
shown in Figure 9, introducing the interstitial peroxo species (O22−) together with
the oxygen vacancy leads to the larger core-level shift (−0.37 eV) of the second Ti4+

peak (Ti5/6/7c4+) which corresponds exceedingly well with the experimental results.
Thus, the results support that the Ti3+-rich structure of ALD-grown am.-TiO2

(TDMAT+H2O) originates from simultaneous formation of oxygen vacancies and
interstitial peroxo species leading to defective but stoichiometric am.-TiO2.

However, the fundamental reason for the formation of these oxide defects
remained an unresolved question and is beyond this Thesis. In Publication I, in
addition to oxide defects, distinct ALD growth temperature-induced differences in
nitrogen (TDMAT precursor traces) concentrations were also observed. The
concentration of TDMAT precursor traces was higher within am.-TiO2 grown at
100 °C and decreased towards higher ALD growth temperatures (200 °C).
According to literature, substitutional nitrogen induces oxygen vacancies and thus
the TDMAT precursor traces could relate to the observed oxide defects [29].
However, quite contradictory the concentration of nitrogen species decreased when
the density of oxide defects increased, and moreover, no substitutional nitrogen was
detected within as-deposited am.-TiO2. In addition to the TDMAT precursor traces,
the oxide defects could also be caused by the decomposition of the TDMAT
precursor or by the proposed intermediate product desorption during the ALD
process at higher growth temperatures [105].

Previously, Hannula et al. showed that upon UHV annealing am.-TiO2 grown
200 °C reduces into Ti3+O−O2− / Ti2+O2− suboxides through electron transfer from
oxygen to titanium ions without releasing any oxygen [42]. The O− peak at 531.3 eV
in the O 1s spectrum was not detected in as-grown am.-TiO2 thin film in the work
by Hannula et al. or in this Thesis. In Publication I the computational DFT
calculation revealed a positive CLS of 1.87 eV in the O 1s spectrum induced by
interstitial peroxo species. This is rather concordant with the dumbbell di-oxygen
surface species proposed to account for a shoulder peak in the O 1s spectrum at
532.5 eV observed in experimental ARXPS measurements [49,184]. In Publication
I, Ti3+-rich am.-TiO2 grown at 200 °C exhibited slightly more distinct peak around
532 eV that may attribute to the interstitial peroxo species, but it was not possible to
differentiate them indisputably from the experimental data.

Interestingly, several studies have reported that there is no clear Ti3+ shoulder
peak in the Ti 2p XPS spectrum of am.-TiO2 grown by TDMAT+H2O process at
150 °C even though the same articles show distinct evidence of Ti3+ defects by XPS
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VB spectra and by electron paramagnetic resonance (EPR) spectroscopy [49,50,84].
However, based on our work, in addition to the clear Ti3+ peaks in the Ti 2p XP
spectra (Figure 12a), the Ti3+ 3d peaks were observed in the XPS VB spectra and the
intensity of the Ti3+ 3d peak increases linearly with the Ti3+ concentration between
growth temperatures of 150 °C and 200 °C as shown in Figure 12d. A deviation at
100 °C may relate to TDMAT precursor traces.

Regarding charge transfer properties, Figure 13a shows the relation between
visible-light absorbance and the concentration of Ti3+ defects for the am.-TiO2 thin
films grown at 100 °C, 150 °C, 175 °C, and 200 °C. The low Ti3+ concentration
(Ti3+/Titot = 12%) at 100 °C leads to only minor visible-light absorption but
subsequently the absorption increases steadily with the Ti3+ concentration resulting
in black am.-TiO2 at 200 °C. As emphasized in Figure 13b, this enhanced visible-
light absorption is attributed to a higher density of electrons occupying Ti3+ 3d in-
gap states corresponding with the results in Figure 12d.

Figure 13. (a) Integrated absorbance in the visible range and electrical conductivity as a function of Ti3+

concentration for the am.-TiO2 thin films (30 nm) deposited at 100 °C, 150 °C, 175 °C, and
200 °C. Schematic illustrations in (b) and (c) to depict the physical phenomena behind
visible-light absorption and electrical conductivity of Ti3+-rich TiO2 thin film. (b) A high density
of electrons occupying Ti3+ 3d gap states enables visible-light absorption of am.-TiO2 grown
at 200 °C. (c) According to the polaron hopping mechanism, electrons (e−) can hop from
Ti3+ sites to adjacent Ti4+ sites, and analogously hole (h+) conduction can be attributed to
oxygen vacancies or O–O peroxy linkages. The figures were composed based on
Publication I (complying with the Creative Commons CC BY license).

The electrical conductivity was determined by measuring a sheet resistance of am.-
TiO2 thin film by using a four-point probe method. The measurement procedure is
described in detail in Publication I. In contrast to visible-light absorption, an onset
of the electrical conductivity takes places at a higher Ti3+/Titot concentration (around
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20%) in am.-TiO2 thin films grown at 150–175 °C (Figure 13a). Subsequently, the
electrical conductivity increases steeply and am.-TiO2 thin film grown at 200 °C
exhibits a clearly enhanced conductivity of 180 S/m. Figure 13c illustrates the
polaron hopping mechanism, where electrons can hop from Ti3+ sites to adjacent
Ti4+ sites and thus across the am.-TiO2 thin film. Furthermore, analogously, hole
conduction may occur via oxygen vacancies or O–O peroxy linkages
[32,44,83,136,141,142]. A computational study by Deskins et al. proposes that the
hole conduction is strongly related to Ti3+–O–Ti3+ linkage probability and Ti3+/Ti3+

distances. Comparing the models by Deskins et al. to our experimentally determined
Ti3+ concentrations (Figure 12b), am.-TiO2 deposited at 200 °C may exhibit the
average Ti3+/Ti3+ distance around 3 Å which is the minimum for am.-TiO2, and thus
accounting for the increased conductivity. [32] Although, the Ti3+ defects or oxygen
vacancies-induced hole conduction through the am.-TiO2 photoanode protection
layer has been studied and reported, an all-encompassing understanding of the
relation between Ti3+ defects and conductivity has remained unsolved
[19,40,49,50,68]. To address this need, Publication I evidences the indisputable
presence of oxide defects (Ti3+ / Ti5/7c ions) in the XP spectra and new atomic-level
insights into the formation of the intrinsic oxide defects. Additionally, Publication I
demonstrates how the electrical conductivity depends on these oxide defects and can
be tuned via the ALD growth temperature when using the TDMAT+H2O ALD
process at 100–200 °C. This enables more detailed development and optimization
of am.-TiO2 coatings for electrocatalyst/am.-TiO2/photoanode structures in future.

4.2 Crystallization kinetics of amorphous TiO2 thin films

As seen in the previous subchapter and in Publication I, the composition of am.-
TiO2 thin film is highly sensitive to the ALD growth temperature when using the
TDMAT and H2O as precursor at 100–200 °C. At these temperatures, though, the
process results in amorphous TiO2 thin films [117,153]. Concerning am.-TiO2 as
photoelectrode protection layer, there are still doubts about sufficient stability of
am.-TiO2 thin films under PEC conditions [42,45,46]. Therefore, crystallization of
am.-TiO2 thin films via post deposition annealing may be imperative to achieve
desired chemical stability. Crystalline TiO2 can be deposited directly by increasing
the growth temperature around 250–300 °C but the thermal decomposition of
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TDMAT may complicate the self-limiting ALD process, and hence not studied in
the scope of this Thesis [105,117,153,156–158].

Publication II examines roles of intrinsic oxide defects (Ti3+ ions / O vacancies)
and TDMAT precursor traces on the crystallization of ALD grown am.-TiO2 thin
films upon PDA in air. Figure 14 presents SEM images related to the crystallization
of 30 nm-thick am.-TiO2 thin films grown at 100 °C and 200 °C. There is an evident
difference in crystallization kinetics of the thin films that can be clearly controlled by
the ALD growth temperature. Within the am.-TiO2 thin film grown at 100 °C, crystal
nucleation takes place upon PDA in air at 375 °C and large round grains with
diameter over 10 μm start to appear. Based on grazing incidence X-ray diffraction
(GIXRD) measurements the grains are anatase [Publication II]. A higher PDA
temperature of 500 °C leads to full surface coverage with these exceptionally large
anatase grains. In contrast to the 100 °C-grown am.-TiO2, the am.-TiO2 grown at
200 °C evidences crystal nucleation already at 250 °C when small <1 µm needle and
round-like crystals start to form. The GIXRD pattern shows that the crystals are
mainly rutile but also brookite peak can be detected indicating mixed-phase TiO2

thin film with rutile as the primary phase [Publication II]. Upon PDA at 500 °C,
these small crystals cover the whole surface resulting in higher rutile to brookite ratio.
To the best of our knowledge, there are no reports demonstrating as clear and
controllable crystallization of ALD TiO2 into anatase and rutile-rich thin films just
via ALD growth temperature-induced effects on the structure of the amorphous
TiO2 thin film. Particularly, the exceptionally low PDA temperature of 250 °C to
obtain rutile crystals paves the way to further optimize the rutile TiO2 thin film
fabrication process which has been commonly limited to high temperatures (>400
°C, often even 600–800 °C) [29,115,126].
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Figure 14. The summary and the SEM images related to crystallization of 30 nm-thick ALD am.-TiO2
thin films grown at 100 °C and 200 °C. Crystal nucleation of 100 °C and 200 °C-grown thin
films occur at 375 °C and 250 °C, respectively. The am.-TiO2 thin film grown at 100 °C
crystallizes into anatase whereas the am.-TiO2 thin film grown at 200 °C prefers rutile-rich
structure with some incorporation of brookite phase. The figure was composed based on
Publication II (complying with the Creative Commons CC BY license).

Evidently, some characteristics of am.-TiO2 thin films grown at 100 °C and 200 °C
predetermine the resulting crystal structure upon the PDA. Based on the XPS
measurements there are distinct differences in intrinsic oxide defects (Ti3+ ions / O
vacancies) and TDMAT precursor traces incorporated within am.-TiO2 thin films.
Figure 15 presents the Ti 2p and N 1s XP spectra of as-deposited amorphous and
crystallized (PDA 500 °C) ALD TiO2 grown at 100 °C and 200 °C and how the
oxide defects evolve upon crystallization. Figure 15a shows that despite the
difference in the initial concentrations of oxide defects, i.e., Ti3+ and Ti5/7c4+ within
am.-TiO2 thin films grown at 100 °C and 200 °C, upon PDA at 500 °C the defects
are completely removed and only six-coordinated Ti4+ ions (Ti6c4+) are present in
crystalline TiO2, corresponding with the theory [32,134]. Furthermore, according to
Figure 15b and Figure 15c, the crystallization of the ALD-grown am.-TiO2 thin
films, indeed, occur simultaneously with disappearance of the oxide defects: at 250
°C and 375 °C for TiO2 thin film grown at 200 °C and 100 °C, respectively (cf.
Figure 14). The preference of am.-TiO2 thin films grown at 200 °C to crystallize into
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rutile could be attributed to the higher concentration of Ti3+ ions, i.e., oxygen
vacancies, that have been reported as a strategy to promote easier rearrangement of
ions to denser and more constrained rutile structure [29,89,130,131]. However, it
was shown in Publication II that even though more Ti3+ defects were introduced in
ALD am.-TiO2 grown at 150 °C, the thin film still favoured the anatase formation
similarly as without adding more Ti3+ defects [149]. Thus, the Ti3+ defects cannot be
the only declarative factor steering the crystallization of 200 °C grown am.-TiO2

towards rutile.

Figure 15. (a) The Ti 2p, and (d) N 1s XP spectra of 30 nm-thick as-deposited and crystallized ALD
TiO2 grown at 100 °C and 200 °C. The evolution of oxide defects upon PDA within ALD
TiO2 grown at (b) 200 °C, and (c) 100 °C. The figure was composed based on Publication
II (complying with the Creative Commons CC BY license).

In addition to Ti 2p XP spectra, there are also distinct ALD growth temperature and
PDA-induced differences in N 1s spectra (Figure 15d). Although, concentrations of
TDMAT precursor traces are rather low (0.9 at.% at 100 °C and 0.2 at.% at 200 °C),
remarkable differences upon PDA can be observed [Publications I and II]. Within
as-deposited am.-TiO2 grown at 100 °C, clear peaks assigned to unreacted Ti–
N(CH3)2 bonds (at 398.6±0.1 eV), adsorbed dimethylamine HN(CH3)2 reaction
byproducts (at 400.0±0.1 eV), and protonated dimethylamine H2N(CH3)2+ species
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(at 401.5±0.1 eV) can be detected [106,173]. The concentration of TDMAT
precursor traces decreases towards higher growth temperatures resulting in rather
nitrogen-free thin film at 200 °C [Publication I]. As seen in Figure 15d, after the
PDA at 500 °C, new peaks have appeared in the N 1s spectrum. Thus, in Publication
II, it is proposed that the PDA and crystallization lead to decomposition and
oxidation of the TDMAT precursor traces resulting in Ti–O–N (at 398.4±0.1 eV)
and Ti–O–N–O (at 401.9±0.1 eV) species as well as substitutional nitrogen (Nsubs.),
i.e., Ti–N like species at 396.0±0.1 eV [157,172,185–187]. The higher nitrogen
incorporation within the film and the somewhat delayed crystallization preferably
into anatase (Figure 14) correspond well with literature although it has also been
suggested that nitrogen doping can lead to oxygen vacancies facilitating rutile
formation [29,172,188–190]. The preference for anatase phase stabilization has been
proposed to be on account of a compressive stress induced by substitutional
nitrogen ions preventing the crystallization into more dense rutile phase [189].
Furthermore, it has been shown that nitrogen within am.-TiO2 thin films inhibits
crystal nucleation and raise the nucleation temperature [172,190]. Indeed, am.-TiO2

thin films grown at 150 °C, that contain less nitrogen than ones grown at 100 °C,
crystallize into anatase already at 300 °C (cf. am.-TiO2 grown at 100 °C in Figure 14)
[149]. The inhibited crystallization may also account for the exceptionally large
anatase grains of TiO2 thin film grown at 100 °C. The grains are rather similar to the
grains of Ti–Nb–O or Ti–Ta–O mixed oxide films reported by Pore et al. who
explained the large crystals to be due to a phenomenon known as explosive
crystallization [162,191–193].

Besides the chemical composition, mass densities of as-deposited and post
deposition-annealed (500 °C) TiO2 thin films were determined by X-ray reflectivity
(XRR) measurements. Interestingly, am.-TiO2 grown at 200 °C exhibits clearly
higher mass density of 3.9 g/cm3 compared to 3.5 g/cm3 of am.-TiO2 grown at 100
°C which were concordant with the values reported in literature [153]. Moreover, the
mass densities did not change during the crystallization into rutile (3.9 g/cm3) and
anatase (3.5 g/cm3), respectively. [Publication II] Indeed, by literature, rutile has
higher mass density than anatase. [29] Because of the distinct difference in mass
densities between am.-TiO2 grown at 100 °C and 200 °C, it is proposed that the
growth of denser am.-TiO2 (at 200 °C) mediates direct crystallization into more
dense rutile phase, while the growth of less dense am.-TiO2 with precursor traces (at
100 °C) favors crystallization into anatase phase. Table 2 summarizes the ALD
growth temperature-induced effects on the chemical composition and the structure
of am.-TiO2 thin films and how they affect the crystallization processes.
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Table 2. The summary of growth and crystallization of am.-TiO2 thin films grown by ALD using
TDMAT and H2O precursors at the growth temperatures of 100 °C and 200 °C. The
table was composed based on Publication II (complying with the Creative Commons CC
BY license).

ALD growth temperature

100 °C 200 °C

As
-d

ep
os

ite
d Precursor traces a) +++ +

Oxide defects b) + +++

Mass density 3.5 g/cm3 3.9 g/cm3

Po
st

 d
ep

os
iti

on
 an

ne
ali

ng

Crystal
nucleation
observed at c)

375 °C 250 °C

Primary phase d)

ANATASE RUTILE
  (BROOKITE) e)

a) Nitrogen species originated from dimethylamide ligands of TDMAT molecules. The plus signs represent
the surface concentration determined by the XPS measurement.

b) Oxygen vacancies, interstitial peroxo species (O22−), and Ti3+ / Ti5/7c4+ ions formed via displacement of
oxygen ions within stoichiometric amorphous TiO2 structure. The plus signs represent the surface
concentration determined by the XPS measurement.

c) The results are based on the PDA time of 50 min.
d) The drawings of crystalline TiO2 structures were produced by VESTA software [194] using rutile [195] and

anatase [196] crystal structure models provided by The American Mineralogist Crystal Structure Database
[197].

e) Rutile is the main phase. The proportion of brookite decreases at higher PDA temperatures.
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4.3 Influence of pretreatment and post deposition annealing on
interfacial SiO2 and ALD TiO2 thin films on Si substrates

An interfacial SiO2 layer is essential to charge transport in ALD TiO2/Si
photoanode. The resistive SiO2 layer can be detrimental to the PEC cell performance
and therefore its thickness should be minimized [19,50]. The thickness of the
interfacial SiO2 layer should be no more than 2 nm but targeting to <1 nm could
improve a photoanode performance even further [65]. Therefore, a substrate
pretreatment prior to ALD growth may be desired to remove native oxide layer (<2
nm) or to form a thin oxide layer in a controlled and reproducible manner. However,
some studies have preferred to use as-received native oxide Si substrates as well.
[41,50,108,151,163,164] Furthermore, the growth of detrimental SiO2 during post
deposition annealing should be taken into account if crystallization of as-deposited
am.-TiO2 coating is needed [50].

In Publication III, three standard Si wafer cleaning methods (HF, HF+RCA SC-
2, and native oxide) were studied in terms of initial ALD TiO2 growth and formation
of interfacial SiO2 layer upon the deposition and PDA. Figure 16a presents the
thicknesses of the ALD am.-TiO2 thin films (TDMAT+H2O at 100 °C) and the
interfacial SiO2 layers calculated based on the XPS analysis described in the
subchapter 3.3 and in the supporting information of Publication III. The ALD TiO2

growth shows a clear linear trend, characteristic for the ALD technique. Moreover,
the GPC around 0.06 nm/cycle corresponds well with the one determined by
ellipsometer [Publication III]. As expected, HF treatment resulted in a hydrophobic
H-terminated Si surface which hindered the growth during the first ALD cycles (1–
10 cycles) after which the GPC stabilized to be the same as on RCA SC-2 -treated
and native oxide substrates. Thus, instead of island growth the deposition on HF-
treated Si followed the trend of substrate-inhibited layer-by-layer growth of
amorphous thin film [108].
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Figure 16. (a) The thickness of the ALD am.-TiO2 thin film (grown at 100 °C) and the interfacial SiO2
layer as a function of ALD TiO2 cycles and after PDA in air at 400 °C (50 min) for different
Si surface pretreatments. (b) The thickness of the interfacial SiO2 layer under 2 nm-thick
ALD am.-TiO2 thin film (grown at 200 °C) as a function of the PDA temperature. The figures
were composed based on Publication III (complying with the Creative Commons CC BY
license).

The results in Figure 16a evidence that the studied Si pretreatments worked as
expected by removing native SiO2 (HF etch) and by forming a thin chemical Si oxide
(RCA SC-2). Furthermore, the interfacial Si oxide did not grow during the ALD of
TiO2 (TDMAT+H2O at 100 °C). However, upon PDA at 400 °C the SiO2 layer
thickness increased to 1.8±0.1 nm despite the initial thickness of the interfacial SiO2

after the deposition. Thus, based on these results, if post deposition crystallization is
needed, the PDA is more dominant factor than the Si pretreatment to control the
SiO2 layer thickness [Publication III].

Figure 16b presents the thickness of the interfacial SiO2 layer under 2 nm-thick
ALD am.-TiO2 thin film (grown at 200 °C) as a function of the PDA temperature
(200–550 °C). Prior to ALD, Si substrates were HF-treated to remove the native
oxide surface. Interestingly, upon 50 min PDA the thickness of the interfacial SiO2

grows rather linearly with the PDA temperature from 0.6 nm (PDA 200 °C) to 3.2
nm (PDA 550 °C). Furthermore, Publication II showed that extending the PDA
time at 250 °C from 50 min to 500 min leads to complete surface crystallization of
am.-TiO2 thin film into rutile–brookite mixed-phase with rutile as the primary
polymorph [Publication II]. Therefore, the interfacial SiO2 thickness after 500 min
PDA at 250 °C was also determined. The thickness of SiO2 after longer PDA
treatment was 1.3 nm which was slightly thicker than resulted upon 50 min PDA at
250 °C (0.9 nm) and almost the same as after 50 min PDA at 300 °C (1.4 nm). Thus,
the SiO2 thickness depends on the PDA duration as well. When reflecting the results
with target SiO2 thicknesses by Scheuermann et al., a limit for less than 2 nm-thick
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SiO2 is 50 min PDA at 400 °C and the SiO2 thickness of <1 nm may be achievable
at PDA temperatures ≤250 °C [65].

Beside the thicknesses of ALD TiO2 and interfacial SiO2 layers determined in
Publication III, the effect of Si pretreatment (HF, HF+RCA SC-2, and native oxide)
on crystallization of a 30 nm-thick ALD TiO2 thin film (grown at 100 °C) was studied
by GIXRD and electron backscatter diffraction (EBSD) measurements. However,
despite the different substrate pretreatment, all the TiO2 thin films crystallized into
anatase with rather similar crystal morphology [Publication III].

4.4 Photoelectrochemical performance of ALD TiO2 coatings on
Si photoanodes

All these aspects discussed in the previous subchapters are relevant when improving
the photoelectrochemical performance of protective ALD TiO2 coatings for silicon
photoelectrodes. According to literature, both amorphous and crystalline TiO2 can
serve as a protection layer. However, several factors, such as a phase, conductivity,
a grain size, an interfacial oxide layer, use of an electrocatalyst, can play the role in
performance of the protective ALD TiO2 coating. [13,40–44,48–50,54] In this
subchapter, the results related to stability and the generated photocurrent are linked
to the studied properties of ALD TiO2 thin films grown by using the TDMAT+H2O
process at 100–200 °C. It should be noted that this work focuses on the properties
of ALD TiO2 thin films, and thus electrocatalysts have not been used [Publications
III and IV]. An electrocatalyst may affect the PEC stability of a photoelectrode but
studying electrocatalyst materials is beyond the scope of this Thesis.

From the PEC performance point of view, Publication III focuses on ALD
TiO2(30 nm, 100 °C) photoelectrode coatings. Despite the Si pretreatment (HF,
HF+RCA SC-2, and native oxide) prior to ALD of TiO2, the as-deposited am.-TiO2

coatings generated unstable photocurrent during a chopped light constant potential
amperometry measurement (1 h) [Publication III]. This unstable behaviour of
photocurrent has been previously attributed to dissolution of am.-TiO2 thin film
[42]. Indeed, as shown in the inset of Figure 17a, the as-deposited am.-TiO2 coating
has dissolved completely from the circular area (gray) exposed to the electrolyte
during the 10 h stability test. Contrarily, after PDA at 400 °C crystalline anatase TiO2

coatings [Publication II] showed stable photocurrent for 10 h and the coatings
looked visually intact (Figure 17a). Figure 17b presents the I–V characteristics of
ALD TiO2(30 nm, 100 °C)/n+-Si photoanodes post deposition-annealed at different
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temperatures (200–550 °C). Below the crystallization temperature of 375 °C
[Publication II] the am.-TiO2 coating is unstable. After crystallization upon PDA at
400 °C, the coating exhibits the highest photocurrent and the lowest onset potential.
However, increasing the PDA temperature, the photocurrent decreases and the
onset potential increases slightly up to 500 °C followed by a drastic deterioration at
550 °C. This can be attributed to the growth of interfacial SiO2 layer, thickness of
which, in fact, may exceed 3 nm upon PDA at 550 °C (cf. Figure 16b). Thus, the
PDA at 400 °C is a reasonable choice for Si photoelectrodes with 30 nm-thick ALD
TiO2 grown at 100 °C.

Figure 17. (a) A stability test with continuous 10 h illumination in the PEC cell for the ALD TiO2(30 nm,
100 °C)/n+-Si photoanodes post deposition-annealed at 400 °C. The test was performed in
1 M NaOH at bias of 1.23 V vs. RHE. Si wafers with three different pretreatments (HF,
HF+RCA SC-2, and native oxide) were used as substrates. The inset shows photos of as-
deposited (unstable) and PDA 400 °C (stable) samples after the PEC stability test. (b) The
I–V characteristics in dark (dashed lines) and under 1 Sun illumination (solid lines)
measured in 1 M NaOH by linear sweep voltammetry for ALD TiO2(30 nm, 100 °C)/n+-Si
photoanodes post deposition-annealed at different temperatures. The inset highlights that
the maximum photocurrent for H2O oxidation was obtained with the PDA 400 °C sample.
The figures were composed based on Publication III (complying with the Creative Commons
CC BY license).

To decrease the thickness of an interfacial SiO2 layer and to improve the
photocurrent onset potential even further, the ALD am.-TiO2 photoelectrode
coating should be crystallized at a lower crystallization temperature. In fact, ALD
am.-TiO2 grown at 150 °C can be crystallized into anatase at the PDA temperature
of 300 °C [149]. Figure 18 demonstrates the improvement achieved by using ALD
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TiO2(30 nm, 150 °C) post deposition-annealed at 300 °C compared to ALD TiO2(30
nm, 100 °C) after PDA at 400 °C. Both are crystalline and exhibit stable behaviour
in PEC cell. However, thanks to the lower PDA temperature (300 °C) for
crystallization and a thinner interfacial SiO2 layer, the 150 °C-grown TiO2 enables an
improved onset potential (−0.07 V) and a higher generated photocurrent. The higher
PDA temperature of 400 °C results in the same higher onset potential for TiO2

coatings grown at 100 °C and 150 °C. However, the photocurrent curve of TiO2

grown at 100 °C has a small drop around 0.2 V and a lower photocurrent at 1.23 V
which can be attributed to TDMAT precursor traces in the anatase structure
[Publications II and III].

Figure 18. The I–V characteristics in dark (dashed lines) and under 1 Sun illumination (solid lines)
measured in 1 M NaOH by linear sweep voltammetry for ALD TiO2(30 nm, 100 °C)/n+-Si
photoanodes post deposition-annealed at 300 °C and 400 °C. The insets illustrate the SiO2
layer morphologies after the PDA at 300 °C and 400 °C. The figure was composed based
on Publication III (complying with the Creative Commons CC BY license).

Publication IV focuses on the PEC performance of ALD TiO2(30 nm, 200 °C)/n-
Si photoanodes in 1 M NaOH. As discussed in the subchapter 4.1, ALD TiO2 grown
at 200 °C can be crystallized into rutile already at the PDA temperature of 300 °C or
even at 250 °C if an extended PDA time is used. The inset of Figure 19a summarizes
the effect of PDA (50 min) on stability and a produced photocurrent during 1 h
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chopped light test. The as-deposited 200 °C-grown am.-TiO2 showed a low and
unstable photocurrent leading to complete dissolution of the coating. A fully
crystalline surface is obtained upon PDA at 300 °C which leads to good stability but
a lower photocurrent than after the PDA at ≥400 °C. This can be explained by
gradual crystallization of the thin film into rutile and the higher degree of
crystallization [Publication IV]. Interestingly, overall, the produced photocurrent
values (~100–300 μA) are higher compared to 30 nm-thick anatase TiO2 films (~30–
60 μA, cf. Figure 17 and Figure 18). This may relate to the reported higher
photocatalytic activity of rutile toward oxidative reactions, the smaller band gap of
rutile, or observed differences in grain size (Figure 14) [29,146,149,198].

Figure 19. (a) A stability test with continuous 24 h illumination in the PEC cell for the ALD TiO2(30 nm,
200 °C)/n-Si photoanodes post deposition-annealed for 50 min at 300 °C and 500 °C, and
for 500 min at 250 °C. The photos of the crystallized samples after the test do not show
clear degradation (cf. as-deposited am.-TiO2). The test was performed in 1 M NaOH at bias
of 1.23 V vs. RHE. The inset demonstrates the effect of PDA (50 min) on stability and a
generated photocurrent during 1 h chopped light test. (b) The I–V characteristics of the
same samples. The insets illustrate the SiO2 layer morphologies after the PDA at 250 °C,
300 °C, and 500 °C. The figure as an inset in (a) was composed based on Publication IV
(complying with the Creative Commons CC BY license).

Furthermore, stability test with continuous 24 h illumination was carried out for the
ALD TiO2(30 nm, 200 °C)/n-Si photoanodes post deposition-annealed for 50 min
at 300 °C and 500 °C, and for 500 min at 250 °C (Figure 19a). As shown in
Publication II, the PDA at 250 °C for 500 min results in complete surface
crystallization of am.-TiO2 thin film into rutile–brookite mixed-phase which, based
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on Figure 19a, exhibits excellent stability under PEC conditions. PDA 250 °C (500
min) showed similar behaviour as the sample post deposition-annealed at 300 °C for
50 min: both produced rather stable photocurrent for 24 h and clear degradation of
the coatings was not observed. The sample post deposition-annealed at 500 °C for
50 min, instead, exhibited initially a higher photocurrent which surprisingly started
to decrease during the test. This decrease may be attributed to oxygen gas bubble
formation on the photoanode surface. If the bubbles cannot leave the photoanode
surface they will disturb the performance of the photoanode. Moreover, the abrupt
increase in the photocurrent after 14 h test may be due to the gas bubble leaving the
photoanode surface. Albeit, some visual changes were observed on the surface, the
sample looked intact and did not show any clear evidence of degradation or
instability. These differences seen by eye were not studied further in this work.

The I–V curves of the ALD TiO2(30 nm, 200 °C)/n-Si photoanodes post
deposition-annealed for 50 min at 300 °C and 500 °C, and for 500 min at 250 °C are
presented in Figure 19b. As expected, based on the SiO2 thickness analysis (Figure
16b), the photoanodes post deposition-annealed at lower temperatures (250 °C and
300 °C) exhibit lower onset potential (−0.20 V) but more slowly increasing
photocurrent than the PDA 500 °C sample. Interestingly, in all cases, the rutile TiO2

coatings exhibited a lower photocurrent onset potential than the anatase TiO2

coatings. This may be due to the differences in photocatalytic activity and the band
gap of anatase and rutile TiO2 [146], but was not comprehensively investigated in the
scope of this Thesis.

Hereby, regardless of the ALD growth temperature, to achieve chemical stability
under alkaline PEC conditions, post deposition annealing for ALD am.-TiO2

(TDMAT+H2O) is imperative. In terms of the interfacial SiO2 layer and the
photocurrent onset potential, the lower PDA temperature was observed to be
preferable. For instance, ALD am.-TiO2 thin films grown at 150 °C and 200 °C can
be crystallized upon PDA in air at relatively low temperature of 300 °C leading to
chemically stable anatase and rutile-rich thin films, respectively. However, regarding
the generated photocurrent, the ALD TiO2(30 nm, 200 °C) thin film post
deposition-annealed and crystallized at 500 °C into rutile exhibited the highest value.

Despite the extensive research conducted, some questions related to ALD TiO2

coatings on Si photoanodes remained still unresolved. The stability of am.-TiO2 as a
protective photoelectrode coating may be highly reliant on electrocatalysts since
literature supports both, good stability of electrocatalyst/am.-TiO2/photoanode
structures as well as instability of plain am.-TiO2 coatings grown by using
TDMAT+H2O ALD process [24,40–42,45,46,54]. Furthermore, it was shown that
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the grain size resulting upon a PDA depends remarkably on the ALD growth
temperature [Publication II]. In literature, a larger grain size has been proposed to
improve stability because of smaller number of grain boundaries compared to TiO2

with smaller grains [48]. In contrast, nanocrystalline rutile TiO2 has also been
reported to exhibit good chemical stability and resistance to the dissolution at the
grain boundaries [47]. Although the effect of grain size on the stability was not
studied in detail in this Thesis, SEM results in Publication III may imply some
pinhole formation or degradation of ALD TiO2 grown at 100 °C during a long PEC
stability test which is, in fact, concordant with literature. Instead, ALD TiO2

(TDMAT+H2O) coatings grown at 150 °C and 200 °C, and subsequently post-
annealed have evidenced indisputable corrosion protection. [47,48]
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5 CONCLUSIONS AND OUTLOOK

This Thesis concentrated on ALD-grown amorphous TiO2 thin films at the atomic
level and examined how oxide defect-mediated phenomena can be tuned by the
ALD growth temperature. In addition to as-deposited TiO2 thin films, large part of
the work focused on post deposition annealing-induced crystallization of amorphous
TiO2 since ALD growth temperature was shown to determine the crystallization
process, and consequently the performance in photocatalytic applications. The
insights into charge transfer properties and crystallization kinetics of ALD TiO2 were
also discussed in context of the results. Besides the in-depth understanding of ALD-
grown TiO2 coatings and their performance as TiO2/Si photoanodes, the Thesis
aimed at introducing solar fuel production as a technology in general and its
significance for sustainable future. Although, there has been a positive trend in use
of solar power, there is a crucial need for solar energy storage technologies due to
challenges caused by diurnal cycle and intermittency of sunlight. This Thesis focused
on photoelectrochemical technology that aims at storing solar energy into solar fuels
by splitting water molecules to hydrogen and oxygen or driving reaction of water
and carbon dioxide to methanol, methane or other hydrocarbons and their
derivatives.

The results show that oxide defects of am.-TiO2, i.e., oxygen vacancies and Ti3+

defects, can be tuned via the ALD growth temperature when using the TDMAT and
H2O as precursors in the ALD process at 100–200 °C. These Ti3+ defects have been
proposed to account for hole conduction through the am.-TiO2 photoanode
protection layer. In fact, this Thesis demonstrated that the high ALD growth
temperature of 200 °C leads to Ti3+-rich am.-TiO2 exhibiting clearly higher electrical
conductivity than am.-TiO2 thin films grown at lower temperatures. Furthermore,
computational and experimental atomic-level insights support simultaneous Ti3+

defects, oxygen vacancies, and peroxo species formation via displacement of oxygen
ions without releasing oxygen, leading to stoichiometric but disordered amorphous
TiO2 structure. This in-depth understanding enables more detailed development and
optimization of am.-TiO2 coatings for electrocatalyst/am.-TiO2/photoanode
structures.
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The ALD growth temperature was also shown to affect crystallization of as-
deposited am.-TiO2 upon post deposition annealing in air. Am.-TiO2 grown at 100
°C incorporates TDMAT precursor traces and exhibits low mass density which was
deduced to inhibit crystal nucleation up to 375 °C and to steer crystallization towards
anatase phase. Increasing the growth temperature to 150 C resulted in decreased
concentration of the TDMAT traces and crystallization into anatase at lower
temperature of 300 C. Ti3+-rich am.-TiO2 grown at 200 °C, instead, is almost free of
precursor traces and has distinctly higher mass density promoting direct amorphous
to rutile crystallization at an exceptionally low PDA temperature of 250 °C. The
mixed-phase rutile–brookite with rutile as a primary polymorph forms at lower
temperatures and the proportion of rutile increases at higher PDA temperatures.

An interfacial resistive SiO2 layer can be detrimental to charge transport in ALD
TiO2/Si-based photoelectrode, and consequently, the PEC cell performance. Based
on the morphology analysis of TiO2/SiO2/Si heterostructures, it was concluded that
if the post deposition crystallization is needed, the PDA temperature is more
dominant factor than the Si pretreatment to control the SiO2 layer thickness. Less
than 2 nm-thick SiO2 can be obtained at 400 °C and the SiO2 thickness of <1 nm
may be achievable at PDA temperatures ≤250 °C. Therefore, the crystallization
kinetics plays an important role in lowering the needed PDA temperature, decreasing
the thickness of the interfacial SiO2 layer, and enhancing the PEC performance of
ALD TiO2/Si-based photoelectrode.

The PEC stability and photocurrent onset potential results revealed that
regardless of the ALD growth temperature, amorphous TiO2 thin films dissolve
under alkaline PEC conditions and PDA-induced crystallization is imperative
achieving desired chemical stability. Regarding the anatase TiO2 photoelectrode
coatings, it is better to choose the growth temperature of 150 °C instead of 100 °C
since this enables crystallization into anatase at 300 °C leading to the lower onset
potential and higher photocurrent. Am.-TiO2 grown at 200 °C can provide good
protective performance already after low-temperature PDA at 250 °C for 500 min
resulting in complete surface crystallization into rutile–brookite mixed-phase thin
film. However, due to observed gradual crystallization of the thin film into rutile and
the higher degree of crystallization, the higher PDA temperature (≥400 °C) leads to
an enhanced photocurrent. Although the interfacial SiO2 is thicker after the PDA at
≥400 °C, the higher degree of TiO2 crystallization improves the photocatalytic
activity towards the oxygen evolution reaction.

The insights into crystallization of the am.-TiO2 thin films upon PDA, may pave
the way to fabrication of new TiO2 structures combining different TiO2 phases:
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amorphous, anatase, rutile, and brookite. For instance, fabrication of anatase–rutile
phase junction structures by using two different growth temperatures to deposit am.-
TiO2 bilayer structure would be interesting approach to develop more efficient TiO2-
based photocatalysts. Furthermore, controlling the phases via the ALD growth
temperature and the PDA treatment can also enable N-doped rutile, Ti3+-doped
anatase, and spatially controlled TiO2 phase patterning at least to some extent.

The results regarding visible-light absorption of am.-TiO2 and fabrication of
crystalline rutile TiO2 at exceptionally low temperatures may also be beneficial in
wide range of applications related to photocatalysis, optics, and dielectric materials.
However, the fundamental mechanism behind the formation of oxide defects within
am.-TiO2 remained unresolved. In light of the Thesis, investigating this mechanism,
for instance, by in situ and operando XPS methods would be an attractive
experiment in future.

From the solar fuel reactor application perspective, one of the most important
directions to proceed with the research would be adding an electrocatalyst on
protective ALD TiO2 photoelectrode coating and to study long-term stability of
protective TiO2 coatings in solar fuel reactors approaching industrially relevant
durability of 10 years. Albeit in this work am.-TiO2 was shown to be unstable in
alkaline electrolyte, it would be interesting to see if an electrocatalyst affects the
chemical stability since it can steer the holes and the electrons to be consumed for
OER and HER instead of self-oxidation or self-reduction reactions, resulting in
enhanced stability of electrocatalyst/am.-TiO2/photoanode structures.
Furthermore, focusing on electrocatalyst research is important, and for instance,
improving the selectivity towards desired products in CO2 reduction reactions is still
an unresolved challenge. In general, integrated photoelectrochemical solar fuel
reactors still lack efficiency, product selectivity, stability, and understanding related
to large-scale systems. Therefore, regarding economic viability, a lifetime >10 years,
selective solar-to-chemical efficiency >10% (22% for H2 production), and low
manufacturing costs (<300 $/m2) are general milestones to target in future
[10,13,199].
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