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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, ie., 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 TiOz 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 TiOz can be varied in a desirable
way by the atomic layer deposition growth temperature when using
tetrakis(dimethylamido)titanium(IV) and H>O 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 SiO> layer and the better the
photocurrent onset potential. The results of this Thesis on TiO; 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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TIVISTELMA

Jatkuva energiantarpeen kasvu aiheuttaa vadjaamittd ongelmia, jotka ihmiskunnan
on ldhitulevaisuudessa ratkaistava. Kasvava videstd ja talous nostavat
maailmanlaajuista energiankulutusta ja fossiilisten polttoaineiden, kuten 6ljyn,
kivihiilen ja maakaasun, kiytt6d pidetdin selityksend ilmaston limpenemiseen. Ndin
ollen valtava energiantarve pitiisi kattaa ympdristod sddstavilld ja hiilineutraaleilla
energianlihteilld pienentden fossiilisiin polttoaineisiin perustuvan energiasektorin
osuutta. Aurinkoenergia on yksi lupaavimmista ympiristod ~sddstivistd
energiamuodoista. Auringonvalon vuorokautisen vaihtelun ja episdinnéllisyyden
atheuttamien haasteiden takia aurinkoenergian varastointiteknologioiden kehitys on
erittdin tirkedd. Valosihkokemiallisella kennolla aurinkoenergia voidaan varastoida
kemialliseen muotoon aurinkopolttoaineiksi esimerkiksi hajottamalla vettd vedyksi ja
hapeksi tai muodostamalla vedestd ja hiilidioksidista metanolia, metaania tai muita
hiilivetyja ja niiden johdannaisia. Merkittdvistd edistyksestd huolimatta, sovelluksen
tehokkuus ja vakaus eivit ole vield riittavalla tasolla.

Tama  viitoskirja  keskittyy — atomikerroskasvatettujen  TiOz-ohutkalvojen
atomitason  rakenteen, varauksenkuljettajien  dynamiikan ja  kiteytymisen
ymmirtimiseen sekd TiO»-kalvon kdytt6on suojaavana fotoelektrodipinnoitteena.
Tulokset osoittavat, ettd amorfisen TiOz-ohutkalvon tiheyttd, lihtainejadmia ja
oksidihilavirheitd voidaan hallita atomikerroskasvatuksen limpdtilan avulla (100-200
°C), kun kiytetddn tetrakis(dimetyyliamido)titaani- ja H2O-ldhtGaineita. Matalampi
kasvatuslimpotila (100 °C) johtaa ldhtGainejddmiin ja pienempddn tiheyteen
hidastaen kiteytymistd (375 °C) ja stabiloiden anataasifaasin. Sen sijaan korkeampi
kasvatuslimpétila (200 °C) johtaa oksidihilavitheisiin ja tihedmpidin rakenteeseen
parantaen  sihkoistd  johtavuutta ja  mahdollistaen  kiteytymisen rutiiliksi
poikkeuksellisen matalassa limpétilassa (250 °C). Toiminnallisuustestien perusteella
kiteytymisen aikaansaava jalkilimmitys on vilttimaton kemiallisesti stabiilin TiO,-
fotoelektrodipinnoitteen valmistamiseksi. Lisdksi matalampi kiteytymislimpotila Si-
fotoelektrodeilla mahdollistaa paremman SiOs-rajapintakerroksen ja valovirran
kynnysjannitteen. Viitoskirjassa esitetyt tulokset atomikerroskasvatettuihin TiO»-
ohutkalvoihin liittyen edistivit taloudellisesti kannattavan TiO»-pinnoitteita

hyodyntivin aurinkopolttoainereaktorin kehitystyota.
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17 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
[5,0].

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 CO» and complexity of electrochemical reactions for conversion
of COz 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



(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].



PEC CELL PV-ELECTROLYSIS

(TOPIC OF THIS THESIS) . -
cp\\ e
)
P
o
e Q‘(\o\o
l € Electrolyzer
5 .‘... .'....
'§ 2.0, Solar ) o B=° O Solar 2
| 8 fuel 2 3B fuel }z
=y = c =
o= (@] < %)
=
a| £
= Electrolyte Electrolyte
Low Technology readiness level (TRL) High
Less Raw materials and costs More

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 TiO», and since then Earth-
abundant, non-toxic and chemically stable TiO-based materials have been of wide
interest in various photocatalytic applications [25-28]. However, due to the relatively
large band gap (E; = 3.0-3.2 eV) of TiOy, the absorption of sunlight is limited to



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 TiO» [27,34-37].

Protecting highly efficient light absorbers, such as Si, GaAs, GaP, and III-V
multijunction solar cells, with chemically stable TiO: is another potential approach
to develop commercially viable PEC cells [13,14,19,24]. Particulatly, 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.-TiO> thin films, both in acidic and alkaline environments
[42,45,46]. Crystalline anatase and rutile TiO», 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.-TiO, can
provide enhanced charge transfer thanks to intrinsic T3+ 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 TiO»

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 TiOz thin films and to understand of how to tune and optimize the
charge transfer properties and chemical stability of protective ALD TiO;
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:



1. To study the effect of atomic layer deposition growth temperature on
intrinsic defects and charge carrier dynamics of amorphous TiO: thin
films that could be used as electronically conductive and protective PEC

photoelectrode coatings.

2. Tounderstand 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 TiO»

photoelectrode coatings.

3. To compare the effects of standard silicon surface pretreatments and
post deposition annealing temperature on the growth of interfacial SiO»
in ALD TiO./Si photoelectrodes. A thick interfacial SiO» 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 TiO, 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 TiO> as
protective photoelectrode coatings in photoelectrochemical solar fuel reactors.
Furthermore, atomic layer deposition of TiO; thin films and properties of TiOz 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 TiOz thin films. Finally, the results related to the



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 CO: 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
TiOz 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 TiO/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, TiOz 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.-TiO> thin films. Furthermore, Si wafer cleaning methods and post
deposition annealing are studied and considered in terms of an interfacial SiO; layer
thickness and the PEC performance of ALD TiO/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 TiO: 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.-T10O; via the ALD growth temperature. Publication IT discusses roles of mass

density, and intrinsic oxide defects and TDMAT precursor traces on the



crystallization of ALD-grown am.-TiO» thin films upon PDA in air. Publication ITI
studies the effects of Si cleaning pretreatments and PDA temperature on the
interfacial SiO» formation and the performance of ALD TiO2/Si photoanodes.
Publication IV demonstrates how the PEC stability and performance of ALD-grown
am.-TiO, coatings can be improved by post deposition annealing-induced
crystallization.



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 TiO> 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 TiO> 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



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 4 or the absorption coefficient « can be

approximated as follows

T axt
A= ~logso (1 — R) = In(10) M
where 7#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 ¢V, 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 TiO», Si, and a III-V
dual-junction solar cell materials (GalnP/GalnAs) correspond with the solar

spectrum.
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Figure 2. A schematic illustration of sunlight absorption of TiOz, Si, and a IlI-V dual-junction solar cell
(GalnP/GalnAs) 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].



As shown in Figure 2, compared to TiO: with the relatively large band gap of 3.2
eV, Si and GalnP/GalnAs dual-junction solar cell can absorb remarkably larger
portion of the solar photon flux. While both Si and GalnP/GalnAs 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 GalnAs 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
4H* + 4e” = 2H, ¢(H*/H,) = 0.00 Vvs. NHE (2)
2H,0 2 0, + 4H™ + 4e” ¢(H,0/0,) = —1.23 V vs. NHE 3)

where @H*/Hz) and @®H20/02) ate 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 @®(H*/Hz) and @(O2/H:0) set
requirements for band alignment of a semiconductor. If no external bias is used, the
CB should be more negative than @(H*/Hz) and the VB more positive than
®(02/H:0) to enable the photoelectrochemical water splitting reaction [19].
Producing carbon-neutral solar fuels via a COz 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 (CH30OH) are rather close to @®(H*/Hy) 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. [3,00] Moreover, one of the issues related to reaction
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pathways that has been under debate considers whether the formation CO> anion
radical (CO27) is the initial and the rate-determining step or not. This reduction
reaction has significantly more negative potential (—1.48 V »s. 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 TiO, Si, and a II1I-V dual-junction solar cell (GalnP/GalnAs) together with the
water redox potentials @(H*/Hz) and @(O2/H:0), and the potentials related to
CO2RR at pH = 0. Self-oxidation and self-reduction potentials @Pox and Preq,

respectively, are discussed in detail in the next subchapter.
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Figure 3. The VB and CB positions of TiO2, Si, and a lll-V dual-junction solar cell (GalnP/GalnAs),
and the water redox potentials ®(H*/Hz2) and ®(02/H20), 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 @ox and Preq, 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 TiO;
and FexOs, 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 TiOa, 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
D,y and self-reduction D4 potentials of a semiconductor material relative to
®O(H*/Hz) and @(0O2/H:0) in the case of water splitting reaction [24,59]. If Doy is
smaller than @(O2/H20) the semiconductor will oxidize itself and suffer
photocorrosion. If the self-oxidation potential is between the VB and @(O2/H:20),
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 @ox more positive than D(O2/H20) 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 Drq. [24] As an example, the self-oxidation and self-reduction
potentials for TiO», and Si at pH = 0, are presented in Figure 3. Compared to more
efficient light absorber, silicon, TiO> 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 SiOz 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 (Ibias)
and a resulting operating current (Iop) of a PEC cell. Generally, the higher the I,p, 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 /-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, 7oer and 7uer, need to be considered. A good ion
transport between the electrodes is essential to reduce losses related to the ionic
conductivity (Jionic 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, 7sep and 7uans, 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

Eph,min =123eV+ MoER + MHER + Nionic cond + nsep + Ntrans (4‘)

where Ephmin 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
eatlier [3,54,68]. As an example, some potential electrocatalysts for the HER are Pt,
MoS,, and NiMo-based materials whereas the more challenging OER can be
promoted, e.g., by IrO2, RuOz or Ni-based (such as Earth-abundant Ni—Fe) co-
catalysts [13,19,40,41,75-79]. Regarding CO> 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
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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 TiO», several strategies for using TiO: as a protective coating have been
reported. ALD-grown ultra-thin (<2 nm) amorphous TiO> 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.-
TiOz thickness of 2 nm is exceeded (2.5-12 nm), instead of direct tunneling
mechanism, TiOz 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 structute, remarkably
high photovoltages can be achieved, and those have been reported to be less
dependent on TiO; 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.-TiO> 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—0 peroxy linkages within am.-TiO> [44,83]. Besides enhanced conduction, a
careful fabrication and choice of an electrocatalyst in terms of work function and
metal/am.-TiO: interface is required to induce a proper band bending and contact
[49,84]. In addition to ultra-thin or conductive ALD-grown am.-TiO», a thicker
crystalline TiO2 (c-TiO») 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 TiO»
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.-TiOz photoelectrode
coating, despite the conductivity mediated by Ti3*+ defect states [86]. As a protective
photocathode coating, instead, n-type crystalline TiO> 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 TiO» 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 ITI-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 TiO» 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 TiOz 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—TiO: 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) Ti%* defects-induced conductivity can enable hole transport from the VB to OEC
even through a thicker am.-TiO2 coating. (c) The CB of ¢-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 Sito HEC via its
CB. The figure was composed based on the schemes presented in the refs. [19,24,63].

Albeit am.-TiO» 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 TiO,, 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.-TiO», however, can reduce photocorrosion and
thus be, at least partly, the reason for reported good stability of electrocatalyst/am.-
TiOz/photoanode structures [3,24,40,41,46,54]. Polycrystalline anatase and rutile
TiOz, 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—TiO> interface leading to etching of the photoelectrode
[47,48,50,68].
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TiOz 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 TiO:> coatings fabricated by sputtering-based methods are
widely studied and shown to serve as protection for photoelectrodes, atomic layer
deposition-grown TiOz 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 eatly 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 1. Kolt’'sov developed a method named as molecular
layering (ML) [94,95]. They studied and reported thin film growth of TiO: from
titanium tetrachloride (TiCly) 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 TiO:
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 TiOz on a Si substrate using TDMAT
and H>O as precursors.
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Figure 6. A schematic illustration of the ALD cycle using TDMAT and Hz0 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 H20 precursor pulse, and (4) the purge of the excess H20 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 SiO»
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(CHs)2) reaction byproducts are removed. Then the TDMAT-
saturated surface is exposed to the second precursor pulse, H>O, that react with the
remaining dimethylamide (-N(CHs)2) ligands resulting in OH-terminated monolayer
of TiO» 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 TiO, 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 TiO. 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 TiO> demonstrating exceptional charge carrier transport and
visible-light absorption properties induced by oxide defects within disordered am.-
TiO:z structure [32,34,40,49,121,122]. Besides these phases, also other less studied
polymorphs exist. For instance, TiO,-II, can exhibit even higher refractive index
than rutile. [29,123,124]

Regarding the structure of the crystalline TiO», well-ordered Ti—Og 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—Og [125]. The metastable anatase phase exhibits
less-constrained structure and thus it is the most common TiOz polymorph and
requires typically lower formation temperatures. Rutile, instead, is the
thermodynamically stable TiO» 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, RuOa,
ot ItOs, have been reported to facilitate epitaxial rutile TiO2 growth at 250-350 °C
[117,126,131-133]. Fundamentally, amorphous TiO: structure, instead, lacks long-
range order and consists of randomly connected Ti—Og octahedras (Tiee and Osc
coordinated ions) and under- and over-coordinated ions (e.g., Tisc, Tize, O2c, and Oqc)
with broad distributions of bond lengths and angles [32,134,135].

The enhanced charge carrier transport and visible-light absorption properties of
am.-TiO; are generally attributed to oxide defects, i.e., oxygen vacancies and T3+
ions which are easier to generate within am.-TiO> structure compared to c-TiO2
[32,34,122,136]. The formation of oxygen vacancy leads to three pentacoordinated
Tiions (Tis.). Moreover, the oxygen vacancy induces two unpaired excess electrons
initially carried by surrounding Tisc 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
TiO: is described with polarons, ie., electrons of Ti** ions, that can hop to an
adjacent Ti** ion converting it to a TP+ 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 Ti** defects [34]. Due to
the Jahn—Teller effect-induced splitting of T1 3d orbitals, the excess electrons of Ti3*
defects occupy Ti** 3d,y 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 TiO»
[34,35,37,122,145].

25



. >
electron e
polaron

|
wsiueyoaw bBuiddoy uosejod

"e‘_.
‘ Ti4+ o 02— a T oA l v

Figure 8. Schematic illustrations of (a) a small electron polaron and (b) polaron hopping mechanism
inducing Ti%* 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 TiO, phase
has its own advantages and potential from applications perspective. As a
photocatalyst, anatase TiOz (E; = 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 [140]. Since the discovery of black
TiO> 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 TiO, its real significance in many applications has
remained rather vague [122]. Rutile TiO> exhibiting high refractive index (>2.6) and
anisotropic nature, is of interest in optics [29,114,115,148]. Furthermore, low-
temperature (S400 °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.-
TiO; with oxide defects-mediated enhanced conductivity has shown to provide facile
hole transport [40,49,84]. Defect-free crystalline TiOs, instead, can exhibit high-
transparency and reduced charge carrier recombination compared to am.-TiO»
[13,149]. In-depth understanding of these TiO: phases and how to control the
diverse properties of titanium dioxide are the key means to optimize the protective
TiOz photoelectrode coatings.

3.1.2  Effect of precursors and substrate pretreatment on ALD TiO- 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 (TiCly), 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.-TiOz and
crystalline anatase, or even rutile at temperatures around 400 °C or higher [31,117].
However, the reaction byproduct, hydrochloric acid (HCI) may cause damage to a
substrate, a growth thin film, or parts of the ALD reactor, and hence other ALD
TiO:z processes are often preferred [104,105,117]. TTIP+H>O process, instead, does
not produce corrosive byproducts but studies have revealed that the process is likely
to result in TiO» 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+H:O 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(CHs)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 TiO> 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 TiO; 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.-TiO; thin films grown by using TDMAT+H>O process can also be
postannealed to obtain crystalline TiO» thin films but the increase in a thickness of
detrimental interfacial oxides should be taken into account [19,50,152]. Regarding
T3+ defects-mediated conductivity, TDMAT-grown am.-TiO> 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 TiO», 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-H20>-H:>0) and elimination of alkali ions and
metallic contaminants with the SC-2 treatment (HCI-H202-H>O). [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 TiO; 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+H20 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 TiO. For instance,
AlOj; with a high surface energy has shown to induce large crystallites. [162,171]
The TDMAT+H:>O 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 TiO; 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 TiOz coating.

3.2 Preparation of TiO2/Si photoanodes by atomic layer
deposition

In this Thesis [Publications I, I, ITI, and IV], all the ALD TiO 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)s, 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 H>O 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 measutrements, the
required numbers of ALD cycles for 30 nm-thick TiOz thin films at the growth
temperatures were 480, 636, 733, and 870, respectively.
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Table 1. The main ALD process parameters used for the TiO2 thin film depositions in this work.

Precursor
TDMAT H20
Source temperature 76 °C 18 °C
Line temperature 85°C -
Carrier gas line flow 100 sccm 100 sccm
Pulse time 16s 01s
Purge time 6.0s 6.0s

From the surface chemistry perspective, the TDMAT+H>O ALD process can be
expressed as follows

Ti(OH)," + Ti[N(CH;),], — TiO, — Ti[N(CH3),],” + 2HN(CH3),  (5)

TiO, — Ti[N(CH,),],” + 2H,0 - Ti(OH)," + 2HN(CH,), (6)

where the asterisks designate the surface species [106]. According to several studies,
the process has shown to leave nitrogen traces into TiOz structure
[50,106,153,158,172]. Incorporation of nitrogen into as-grown TiOs thin film occurs
most likely as unreacted Ti—N(CHs)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
HoN(CH3)2+ [106,173] as shown in the following Equation 7:

—OH* + HN(CH3), » —(07)[H,N(CH3),]*". (7)

As in this work and commonly reported in literature, there is a decreasing trend of
the GPC value for TDMAT+H>O 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 H>O desorption at lower growth temperatures, and desorption of
hydroxyl groups, or intermediate product (Ti[N(CHs)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 TiONy 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 ITI examines effect of Si wafer cleaning on deposited ALD
TiO: thin films and their performance as protective photoelectrode coatings. Prior
to ALD of TiO; 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 (SiO») 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 H,O/30% H202/37% HCI solution at 7075 °C for
10 min [169]. After the treatment, the wafer was rinsed with H>O 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 charactetization 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 wvalues, ie., chemical or core-level shifts (CLS) give valuable
information on chemistry and atomic-level structure revealing, for instance, oxide
defects within TiO> 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 (O227) within anatase TiO> structure.

TiO, oxide defects-induced core-level shifts and electronic gap states
Ti2p

Oxygen
vacancy

(Ovac)

Peroxo
(interstitial
O, species)

Core-level shift (eV)

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 Tid* 3dyy 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 | (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 Tiions (Tisc) and two unpaired excess electrons delocalized
over the entire structure or localized on surrounding Tis. ions, ie., Ti3* defects
[137,138]. Regarding the CLSs, six-coordinated Tis 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 Tis. and Tisc
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ions that are the neatrest or next nearest neighbors of oxygen vacancy see a negative
CLS of —0.29 eV, and Ti** 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 Ti7. ions that have also negative shifts
compared to the pristine Tis** ions. These Tiz ions together with the Tisc and Tisc
ions nearby the oxygen vacancy lead to a CLS of —0.37 eV. These insights into oxide
defects of TiOz enable better understanding of the formation and controlling of
intrinsic Ti3* defects mediating the enhanced charge transport and visible-light
absorption of am.-TiO 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* 3dyy 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, ie., quartz (Prizisions 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 Ka (bv = 1486.5 ¢V) as an excitation source and two other
XPS systems with non-monochromatized X-ray source (Al Ka). All the XPS systems
operate in ultra-high vacuum (UHV) with a base pressure of 1X10-8—1x10-10 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 2ps2
reference peak shape measured for crystalline TiOg, ie., the six-coordinated Ti4*
peak (Tis**), and the amorphous disordered structure was represented by under-
and over-coordinated Ti** (Ti5/7:4*) and T3+ 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 ITI 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 ITI. Figure 10 shows
the fundamentals of the electron spectroscopy technique and the Beer—Lambert law
determining the measured XPS intensities of Ti 2p, Si*+ 2p and Si° 2p signals from
TiO2/8i02/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 um 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 Ko), 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 A 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 # where 37% of photoelectrons with no energy losses, i.e., information,
originate from. Analogously, three times Ais the depth where 95% of the information
comes from, and thus commonly known as the sampling depth. [175]

I = S5 A [exp(~toor AR €XP(~trop [ AT3)]
Isioz = S;gzp/‘ssliég[1 = exp(~tsiop / Assligz llexp(—troz / A?iSFZ))]
2p/\Ti 2p Ti 2p)]

_ Ti
Itio2 = Stioa Atio2l1 = €xp(~trioz / Avioz
SURFACE SENSITIVE INFORMATION

Inelastic mean free path A (IMFP):
nm | 37% of photoelectrons with no energy loss

Figure 10. Photoelectron intensities originating from a TiO2 thin-film overlayer (Irio2), an interfacial SiO2
(Isio2), and a Si substrate (Is) 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 SiO» between the Si substrate and the TiO»
thin-film overlayer [175,179]. With a thin TiO overlayer (<4 nm) the interfacial SiO»
and the Si substrate can still be probed by XPS. Using the XPS peak intensities Isioz
and Is;, the thickness %ioz of the interfacial SiO> can be derived from the ratio Isioz/Isi

as follows
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where the IMFP values of As; = 3.09 nm and Asio2 = 3.75 nm, can be calculated by
TPP-2M formula [180] and the number of Si atoms per unit volume values Ns; =
49.737 atoms/nm?3 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 TiO,/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 TiO./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 TiO> 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 »5s. RHE. The linear
sweep voltammetry, i.e., current—voltage (I-1”) 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, ie., 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 TiO, 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, TiOz and PEC
research fields. Albeit electronically “leaky” ALD TiO; thin films as protective
photoelectrode coatings have been studied, all-encompassing understanding of the
T+-rich am.-TiOz structure and its controllability has remained unclear.
Furthermore, crystalline TiOz 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 TiOz are crucial to understand and to consider comprehensively when
designing an optimized PEC photoelectrode with the protective ALD TiOz coating.

The first part of the chapter addresses the question about formation of oxide
defects, i.e., oxygen vacancies, interstitial peroxo species, and Ti>* / Tis/7 ions, and
their effect on the curious and tunable charge carrier properties of ALD-grown am.-
TiO:> thin films. The second part considers how the ALD growth temperature-
mediated oxide defects and TDMAT precursor traces affect crystallization of am.-
TiO; thin films. The third part covers the effects of Si wafer cleaning methods and
post deposition annealing on an interfacial SiO» layer thickness. The fourth part
studies the amorphous and crystalline ALD TiO; 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 TiO; grown at
200 °C (Figure 19). This data supports the work as supplementary results and offers
some prospects to continue the research.

37



41  Effect of ALD growth temperature on oxide defects and
charge transfer properties of amorphous TiO- thin films

As discussed in the subchapters 3.1.1 and 3.3, exceptional charge carrier transport
and visible-light absorption properties of amorphous TiO: have been commonly
attributed to oxide defects, i.e., oxygen vacancies, interstitial peroxo species, and T3+
/ Tis7c ions within am.-TiOz 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 Ti+-mediated conductivity has been reported and studied only
with am.-TiO; 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.-
TiO: thin film when using the TDMAT+H>O ALD process. Figure 12 shows the
most prominent XPS results evidencing the presence of the T3+ 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.-TiO; thin films [42,182,183]. The main Ti** peak was fitted by using Ti 2ps3/2
reference peak shape measured for crystalline TiOo, ie., the six-coordinated Ti**
peak (Tis**). This narrow Ti 2ps/2 peak at 459.0+0.1 eV was fitted to the am.-TiO»
spectra by keeping a constrained shape and position. This allowed us to fit another
component next to the Tis** 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 (Tis/6/7.**) which also matches
well with distinct presence of Ti3* ions within am.-TiO; 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 Ti®* 3d in-gap states as a function of Ti¥*
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 Tisc** 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 T+ and Tis/e/7c4 ions together with the increasing growth
temperature between 100-200 °C, and simultaneously as the Tisc*+ peak decreases.
However, despite the distinct presence of oxygen vacancies-induced Ti3* ions, am.-
TiO: 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 Ti>* defect formation. Indeed, as
shown in Figure 9, introducing the interstitial peroxo species (O227) together with
the oxygen vacancy leads to the larger core-level shift (—0.37 eV) of the second Ti**
peak (Tis/s/7.**) which corresponds exceedingly well with the experimental results.
Thus, the results support that the Ti3*-rich structure of ALD-grown am.-TiO»
(TDMAT+H-0) originates from simultaneous formation of oxygen vacancies and
interstitial peroxo species leading to defective but stoichiometric am.-TiOx.

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.-TiO:. 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.-TiO> grown
200 °C reduces into Ti3*O~02~ / Ti2*Os~ 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.-TiO; 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.-TiOz 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 T3+ defects for the am.-TiO; thin
films grown at 100 °C, 150 °C, 175 °C, and 200 °C. The low Ti3* concentration
(Ti3*/Tiwe = 12%) at 100 °C leads to only minor visible-light absorption but
subsequently the absorption increases steadily with the T3+ 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.
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Figure 13. (a) Integrated absorbance in the visible range and electrical conductivity as a function of Ti+
concentration for the am.-TiOz2 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 Ti* 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.-
TiOz 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* /Tiw concentration (around
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20%) in am.-TiO; thin films grown at 150—175 °C (Figure 13a). Subsequently, the
electrical conductivity increases steeply and am.-TiOz thin film grown at 200 °C
exhibits a cleatly enhanced conductivity of 180 S/m. Figure 13c illustrates the
polaron hopping mechanism, where electrons can hop from Ti3* sites to adjacent
Ti** sites and thus across the am.-TiO; 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*+/Ti+
distances. Comparing the models by Deskins et al. to our experimentally determined
Ti3* concentrations (Figure 12b), am.-TiO; deposited at 200 °C may exhibit the
average Ti*+/Ti3* distance around 3 A which is the minimum for am.-TiO», and thus
accounting for the increased conductivity. [32] Although, the Ti>* defects or oxygen
vacancies-induced hole conduction through the am.-TiO» photoanode protection
layer has been studied and reported, an all-encompassing understanding of the
relation between T+ 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+ / Tis 7 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+H>O ALD
process at 100-200 °C. This enables more detailed development and optimization
of am.-TiOz coatings for electrocatalyst/am.-TiO2/photoanode structures in future.

4.2  Crystallization kinetics of amorphous TiO thin films

As seen in the previous subchapter and in Publication I, the composition of am.-
TiO: 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 TiO; thin films [117,153]. Concerning am.-TiO> as
photoelectrode protection layer, there are still doubts about sufficient stability of
am.-T1O; thin films under PEC conditions [42,45,46]. Therefore, crystallization of
am.-TiO; 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 IT examines roles of intrinsic oxide defects (Ti3* ions / O vacancies)
and TDMAT precursor traces on the crystallization of ALD grown am.-TiO» thin
films upon PDA in air. Figure 14 presents SEM images related to the crystallization
of 30 nm-thick am.-TiOz 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.-TiO; 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 um start to appear. Based on grazing incidence X-ray diffraction
(GIXRD) measurements the grains are anatase [Publication IT]. A higher PDA
temperature of 500 °C leads to full sutface coverage with these exceptionally large
anatase grains. In contrast to the 100 °C-grown am.-TiO2, the am.-TiO2 grown at
200 °C evidences ctystal nucleation already at 250 °C when small <1 um 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 TiO»
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 TiOz into anatase and rutile-rich thin films just
via ALD growth temperature-induced effects on the structure of the amorphous
TiOz thin film. Particulatly, the exceptionally low PDA temperature of 250 °C to
obtain rutile crystals paves the way to further optimize the rutile TiO, thin film
fabrication process which has been commonly limited to high temperatures (>400
°C, often even 600-800 °C) [29,115,120].
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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.-TiOz thin film grown at 100 °C
crystallizes into anatase whereas the am.-TiOz thin film grown at 200 °C prefers rutile-rich
structure with some incorporation of brookite phase. The figure was composed based on
Publication Il (complying with the Creative Commons CC BY license).

Evidently, some characteristics of am.-TiO 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.-TiO» thin films.
Figure 15 presents the Ti 2p and N 1s XP spectra of as-deposited amorphous and
crystallized (PDA 500 °C) ALD TiOz 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 Tis/74* within
am.-TiOz thin films grown at 100 °C and 200 °C, upon PDA at 500 °C the defects
are completely removed and only six-coordinated Ti*+ ions (Tis**) are present in
crystalline TiOz, corresponding with the theory [32,134]. Furthermore, according to
Figure 15b and Figure 15c¢, the crystallization of the ALD-grown am.-TiO; thin
films, indeed, occur simultaneously with disappearance of the oxide defects: at 250
°C and 375 °C for TiO; thin film grown at 200 °C and 100 °C, respectively (cf.
Figure 14). The preference of am.-TiO; thin films grown at 200 °C to crystallize into
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rutile could be attributed to the higher concentration of Ti** 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.-TiOz grown at 150 °C, the thin film still favoured the anatase formation
similarly as without adding more Ti** defects [149]. Thus, the Ti3* defects cannot be
the only declarative factor steering the crystallization of 200 °C grown am.-TiO»
towards rutile.
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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
Il (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.-TiOz grown at 100 °C, clear peaks assigned to untreacted 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 HoN(CHs)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
IL, 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 V) species as well as substitutional nitrogen (Nyubs,),
ie., 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.-TiO; thin films inhibits
crystal nucleation and raise the nucleation temperature [172,190]. Indeed, am.-TiO>
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 TiO; 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) TiO; thin films were determined by X-ray reflectivity
(XRR) measurements. Interestingly, am.-TiO, grown at 200 °C exhibits cleatly
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/cm?), 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.-TiO; (at 200 °C) mediates direct crystallization into more
dense rutile phase, while the growth of less dense am.-TiO; 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.-T1O; 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 H20 precursors at the growth temperatures of 100 °C and 200 °C. The
table was composed based on Publication Il (complying with the Creative Commons CC

BY license).
ALD growth temperature
100 °C 200 °C

B Precursor traces 2 +++ +
?g, Oxide defects b + +++
-]
g:’ Mass density 3.5 glcm3 3.9 glcm3

Crystal

nucleation 375°C 250 °C

observed at ©

£

‘© g ~

: i

[ {a*‘ e %

S ' \
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.g;." Primary phase 9 4}& :

g V/ A\

RUTILE
ANATASE (BROOKITE) ®

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 (022), and Ti3* / Tiszc** 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) Theresults 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 TiOz thin films on Si substrates

An interfacial SiOz layer is essential to charge transport in ALD TiO»/Si
photoanode. The resistive SiO> layer can be detrimental to the PEC cell performance
and therefore its thickness should be minimized [19,50]. The thickness of the
interfacial SiOz 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 SiO> during post
deposition annealing should be taken into account if crystallization of as-deposited
am.-T1O; 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 TiO growth and formation
of interfacial SiO> layer upon the deposition and PDA. Figure 16a presents the
thicknesses of the ALD am.-TiO; thin films (TDMAT+H-O 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 TiO»
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 IIT]. 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 TiO: 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.-TiOz thin film (grown at 200 °C) as a function of the PDA temperature. The figures
were composed based on Publication lll (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 SiO> (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+H:0 at 100 °C). However, upon PDA at 400 °C the SiO: layer
thickness increased to 1.8+0.1 nm despite the initial thickness of the interfacial SiO»
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
SiOs layer thickness [Publication III].

Figure 16b presents the thickness of the interfacial SiO> layer under 2 nm-thick
ALD am.-TiOz 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 SiO»
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.-TiO; thin film into rutile-brookite mixed-phase with rutile as the primary
polymorph [Publication II]. Therefore, the interfacial SiO» thickness after 500 min
PDA at 250 °C was also determined. The thickness of SiO; 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 SiO; thickness depends on the PDA duration as well. When reflecting the results
with target SiO; thicknesses by Scheuermann et al., a limit for less than 2 nm-thick
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SiO;z is 50 min PDA at 400 °C and the SiO; thickness of <1 nm may be achievable
at PDA temperatures <250 °C [65].

Beside the thicknesses of ALD TiO. and interfacial SiO; 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 TiO: thin film (grown at 100 °C) was studied
by GIXRD and electron backscatter diffraction (EBSD) measurements. However,
despite the different substrate pretreatment, all the TiO» thin films crystallized into
anatase with rather similar crystal morphology [Publication III].

44  Photoelectrochemical performance of ALD TiO> coatings on
Si photoanodes

All these aspects discussed in the previous subchapters are relevant when improving
the photoelectrochemical performance of protective ALD TiO» 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 TiO: 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 TiOs thin films grown by using the TDMAT+H>O
process at 100-200 °C. It should be noted that this work focuses on the properties
of ALD TiO: 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 TiO», the as-deposited am.-TiO»
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.-TiO> thin film
[42]. Indeed, as shown in the inset of Figure 17a, the as-deposited am.-TiO; 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 TiO»
coatings [Publication II] showed stable photocurrent for 10 h and the coatings
looked visually intact (Figure 17a). Figure 17b presents the [-1” 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 temperatute of 375 °C
[Publication II] the am.-TiO; 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 SiO; 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
TiO; grown at 100 °C.
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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 H20 oxidation was obtained with the PDA 400 °C sample.
The figures were composed based on Publication Ill (complying with the Creative Commons
CC BY license).

To decrease the thickness of an interfacial SiOz 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.-TiO; grown at 150 °C can be crystallized into anatase at the PDA temperatutre
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 SiOz layer, the 150 °C-grown TiO; 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 TiO»
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].
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Figure 18. The |-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 Il (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 TiO; 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.-TiO> 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 2400 °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 pA) are higher compared to 30 nm-thick anatase TiO> films (~30—
60 pA, 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].
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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.-TiOz). 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 =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.-T1Oz 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-17 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 ate
presented in Figure 19b. As expected, based on the SiO» 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 TiO»
coatings. This may be due to the differences in photocatalytic activity and the band
gap of anatase and rutile TiO> [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.-TiO»
(TDMAT+H:0) is imperative. In terms of the interfacial SiO» layer and the
photocurrent onset potential, the lower PDA temperature was observed to be
preferable. For instance, ALD am.-TiOx 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.-TiOz 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.-TiO» coatings grown by using
TDMAT+H>O 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 TiO; grown at 100 °C during a long PEC
stability test which is, in fact, concordant with literature. Instead, ALD TiO>
(TDMAT+H:0) 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 TiO: 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 TiO: thin films, large part of
the work focused on post deposition annealing-induced crystallization of amorphous
TiOz 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 TiO» were
also discussed in context of the results. Besides the in-depth understanding of ALD-
grown TiO 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.-TiO», i.e., oxygen vacancies and Ti3+
defects, can be tuned via the ALD growth temperature when using the TDMAT and
H>O as precursors in the ALD process at 100-200 °C. These Ti3* defects have been
proposed to account for hole conduction through the am.-TiO> photoanode
protection layer. In fact, this Thesis demonstrated that the high ALD growth
temperature of 200 °C leads to Ti**-rich am.-TiO; exhibiting clearly higher electrical
conductivity than am.-TiO> 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
TiOs structure. This in-depth understanding enables more detailed development and
optimization of am.-TiO; 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 SiO> layer can be detrimental to charge transport in ALD
TiOz/Si-based photoelectrode, and consequently, the PEC cell performance. Based
on the morphology analysis of TiO/S8iO2/Si heterostructutes, 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 SiO> layer thickness. Less
than 2 nm-thick SiO> can be obtained at 400 °C and the SiO> 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 SiO; 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 TiO» thin films dissolve
under alkaline PEC conditions and PDA-induced crystallization is imperative
achieving desired chemical stability. Regarding the anatase TiO» 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 SiO; is thicker after the PDA at
2400 °C, the higher degree of TiO: crystallization improves the photocatalytic
activity towards the oxygen evolution reaction.

The insights into crystallization of the am.-TiO thin films upon PDA, may pave

the way to fabrication of new TiO> 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.-
TiOz bilayer structure would be interesting approach to develop more efficient TiO»-
based photocatalysts. Furthermore, controlling the phases via the ALD growth
temperature and the PDA treatment can also enable N-doped rutile, Ti>*-doped
anatase, and spatially controlled TiO: phase patterning at least to some extent.

The results regarding visible-light absorption of am.-TiO; and fabrication of
crystalline rutile TiO> 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.-TiO; 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 TiO> photoelectrode coating and to study long-term stability of
protective TiO: 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.-TiO/photoanode  structures.
Furthermore, focusing on electrocatalyst research is important, and for instance,
improving the selectivity towards desired products in COz 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 H» production), and low
manufacturing costs (<300 $/m?) are general milestones to target in future

[10,13,199].
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ABSTRACT: Amorphous titania (am.-TiO,) has gained wide T T T ypsT 2 / Structure—properties
. . . . e
interest in the field of photocatalysis, thanks to exceptional Amorphous — 'Y X & &)
disorder-mediated optical and electrical properties compared to Tit*-rich Tisizc v = o, e
crystalline TiO,. Here, we study the effects of intrinsic Ti** and | S -
nitrogen defects in am.-TiO, thin films via the atomic layer
deposition (ALD) chemistry of tetrakis(dimethylamido)titanium- -
(IV) (TDMAT) and H,O precursors at growth temperatures of o &,

100—200 °C. X-ray photoelectron spectroscopy (XPS) and R J
computational analysis allow us to identify structural disorder- Sub-nanoscale porous
induced penta- and heptacoordinated Ti** ions (Tis,.**), which P [E—— \ Electronically leaky
are related to the formation of Ti** defects in am.-TiO,. The Ti*'- 465 460 455 Visually black

rich ALD-grown am.-TiO, has stoichiometric composition, which Binding energy (eV)

is explained by the formation of interstitial peroxo species with

oxygen vacancies. The occupation of Ti** 3d in-gap states increases with the ALD growth temperature, inducing both visible-light
absorption and electrical conductivity via the polaron hopping mechanism. At 200 °C, the in-gap states become fully occupied
extending the lifetime of photoexcited charge carriers from the picosecond to the nanosecond time domain. Nitrogen traces from the
TDMAT precursor had no effect on optical properties and only little on charge transfer properties. These results provide insights
into the charge transfer properties of ALD-grown am.-TiO, that are essential to the performance of protective photoelectrode
coatings in photoelectrochemical solar fuel reactors.

ALD TiO, A s

Crystalline
anatase TiO,

XPS intensity (a.u.)

H INTRODUCTION electrochemical cells.*™® Particularly, amorphous “black”
titania is regarded as a significant potential material for
photocatalytic applications.””°

Atomic layer deposition (ALD) is known for providing thin
films with excellent controllability, uniformity, and conformal-
ity, and provides a potential method to modify the TiO, defect
composition in a controlled manner via surface chemical
reactions."'™'* Particularly, the ALD growth temperature is an
essential factor affecting surface reaction pathways during the
growth process.ls’16 For example, an alkylamido organo-
metallic ALD precursor, tetrakis(dimethylamido)titanium
(TDMAT), has been shown to leave nitrogen residues into
as-grown TiO, thin films, especially at lower growth temper-
atures.>'”"® Use of a higher growth temperature (200 °C) has
been found to decrease the amount of nitrogen but

Since the discovery of photoelectrochemical (PEC) water
splitting introduced first by Fujishima and Honda in 1972
using n-type rutile titanium dioxide (TiO,), photocatalysts
based on crystalline TiO, have been widely studied materials.'
Doping crystalline TiO, with substitutional nitrogen is an
efficient means to extend the light absorption from UV to
visible range and enable visible-light active TiO,.” Recently,
immense interest in amorphous TiO, (am.-TiO,) has emerged
for its exceptional charge transfer properties in photocatalytic
applications. Based on computational studies, the am.-TiO,
structure consists of mainly Ti—Og octahedra and also under-
(e.g, Tis.) and overcoordinated (e.g, Tis) titanium ions,
whereas in crystalline TiO, only six-coordinated (Tig) ions are
present.”* For example, in computational models of am.-TiO,,
pentacoordinated Ti ions (Tis.) are reported to be rather
abundant (>20%).>° However, experimental methods for the
analysis of the amorphous structure considering coordination
numbers of Ti ions are rarely reported. The disordered
structure of am.-TiO, can induce exceptional optical and
electrical properties that have been demonstrated to improve
photocatalytic activity and protect photoelectrodes in photo-
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simultaneously result in the formation of Ti** species.'”'”

These Ti** defects can increase electrical conductivity and
induce visible-light absorption in am.-TiO,.'* The mechanism
is different from the visible absorption induced by substitu-
tional nitrogen doping of crystalline TiO, but similar to the
hydrogenated “black” TiO, that can be also categorized as
reduced TiO, with a disordered structure.”'>"”~>* The
commonly accepted view is that an oxygen vacancy within
TiO, is surrounded by three pentacoordinated Tig. ions and
initially two of them are Ti** ions.”*** These Ti** defects carry
unpaired excess electrons that can couple with phonons from
vibrations of surrounding ions and form quasiparticles called
electron polarons.”** These polarons can hop from Ti** ion to
an adjacent Ti** jon converting it to a Ti>" ion, which is known
as polaron hopping”**® Based on molecular dynamics
simulations, Deskins et al. proposed that electron transport
in amorphous TiO, depends on the distances between
adjacent Ti*" ions, whereas hole transport is related to the
distances between Ti** ions." Consequently, these computa-
tional results imply that the polaron hopping mechanism is
responsible for the conductivity of TiO, and strongly related to
the concentration of Ti** defects.””””*> This charge transport
mechanism and its relation to the Ti** defects is also supported
by experimental studies.””*® Furthermore, Ti** defects form
energy states within the band gap enabling light absorption in
the visible range.”'>*"**

Regarding charge carrier dynamics and kinetics, careful
investigation of in-gap states, especially electron and hole traps,
in am.-TiO, is needed.”® According to the current under-
standing, the disordered structure, undercoordinated ions, and
elongated metal—oxygen bonds in amorphous metal oxides

may induce electron and hole traps in the band gap.””

Additionally, Ti*" defects have been reported to generate in-
gap trap states with intrinsic self-trapped electrons.”**%*°
However, the nature and relationship of these trap states and
the structure of am.-TiO, are still under debate. Experimen-
tally, in-gap trap states have been studied by various methods,
such as photoelectron spectroscopy (PES) and transient
absorption spectroscopy (TAS).”**'~** Based on the reported
PES valence band (VB) spectra, electron trap states of TiO,
are commonly located around 0.2—1.2 eV below the Fermi
level*"**?¢?%31 Transient absorption spectroscopy, instead,
provides a method to study the dynamics of charge carriers,
and thus determine, e.g., carrier lifetime that is a critical factor
to determine the photocatalytic activity of a material.*>”>°
This work utilizes X-ray photoelectron spectroscopy (XPS)
analysis and density functional theory (DFT) calculations to
identify structural disorder-induced penta- and heptacoordi-
nated Ti ions (Tis/,.'*), and examines how titanium and
nitrogen defects of amorphous TiO, can be controlled by the
ALD growth temperature while using TDMAT and H,O as
precursors. The lower deposition temperature causes trapping
and adsorption of nitrogen-containing reaction byproducts,
whereas the higher growth temperature leads to enhanced
byproduct desorption as well as increased concentration of
Ti** and penta-/heptacoordinated Tis;;** species. The
structural disorder of am.-TiO, involving under- and over-
coordinated Ti ions is found to provide trap states for charge
carriers, which recombine in the picosecond time domain. Ti**
defects with intrinsic self-trapped electrons in the band gap
states allow visible-light absorption, extend charge carrier
lifetime to the nanosecond (ns) time domain, and induce
electrical conductivity. The structural disorder alone induces
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only broadening of core-level peaks, whereas the formation of
Ti*" defects mediates a chemical shift also in the 2p binding
energy of neighboring Ti** ions. Controlling the optical and
electrical properties of amorphous TiO, by modifying the
defects is a promising approach to tailor optimized am.-TiO,
thin films for many fields of applications including photo-
catalysis and protective photoelectrode coatings in photo-
electrochemical solar fuel reactors.

B EXPERIMENTAL SECTION

Substrates. The P-doped (resistivity: 1—10 Q cm) n-
Si(100) wafers from SIEGERT WAFER GmbH (Germany)
cleaved into 10 mm X 10 mm X 0.525 mm pieces were used as
substrates in photoelectron spectroscopy (PES), grazing
incidence X-ray diffraction (GIXRD), and ellipsometry experi-
ments. For UV—vis spectroscopy, transient absorption spec-
troscopy (TAS), and electrical conductivity measurements,
UV-grade fused silica (quartz) (10 mm X 10 mm X 1 mm)
from Prizisions Glas & Optik GmbH (Germany) was used as a
substrate.

Atomic Layer Deposition. The ALD of TiO, was carried
out using a Picosun Sunale ALD R-200 Advanced reactor and
tetrakis(dimethylamido)titanium(IV) (Ti(N(CHj;),),,
TDMAT, electronic grade 99.999+%, Sigma-Aldrich) and
Milli-Q type 1 ultrapure water as precursors. To reach the
proper TDMAT precursor vapor pressure, the bubbler was
heated to 76 °C, and to prevent condensation of the precursor
gas the delivery line was heated to 85 °C. The water bubbler
was maintained at 18 °C using a Peltier element for stability
control. Argon (99.9999%, Oy AGA Ab, Finland) was used as
a carrier gas. During the deposition, the continuous Ar flow in
the TDMAT and H,O lines was 100 sccm. The ALD cycle
consisted of the 1.6 s TDMAT pulse followed by the 0.1 s H,0
pulse. Between each pulse, the excess precursor was pumped
during the 6.0 s purge period. TiO, films were deposited at the
growth temperatures of 100, 150, 175, and 200 °C. The
thicknesses of TiO, films were verified by ellipsometer
(Rudolph Auto EL III Ellipsometer, Rudolph Research
Analytical) using the helium—neon laser (A = 632.8 nm) as a
light source. The required number of ALD cycles for 30 nm
thick TiO, at growth temperatures of 100, 150, 175, and 200
°C were 480, 636, 733, and 870, respectively. Based on the
GIXRD measurements shown in Figure S1, the as-deposited 30
nm thick thin films grown at temperatures between 100 and
200 °C were amorphous.

Anatase TiO,(30 nm) Reference. The anatase TiO,(30
nm) samples were prepared from ALD TiO, (30 nm, 100 °C)
grown on Si(100) substrates by a heat treatment in air at 500
°C for 45 min.

Photoelectron Spectroscopy (XPS, Ultraviolet Photo-
electron Spectroscopy (UPS)). Photoelectron spectroscopy
(PES) measurements consisting of X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron spectrosco-
py (UPS) were conducted using a NanoESCA spectromicro-
scope (Omicron Nanotechnology GmbH) in ultra-high
vacuum (UHV) with a base pressure below 1 X 107'° mbar.
For core-level XPS, focused monochromatized Al Ka (hv =
1486.5 V) was used as excitation radiation, whereas in UPS
measurements focused non-monochromatized He Ia radiation
(hv = 21.22 V) from HIS 13 VUV Source (Focus GmbH)
was utilized to study the valence band structure. The angle-
resolved XPS (ARXPS) measurements were carried out using
non-monochromatized DAR400 X-ray source (Al Ka) and

https://doi.org/10.1021/acs.jpcc.1¢10919
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Argus hemispherical electron spectrometer (Omicron Nano-
technology GmbH). The core-level XP spectra were analyzed
by least-squares fitting of Gaussian—Lorentzian lineshapes and
using a Shirley-type background. UPS valence band spectra
were analyzed by fitting a Tougaard-type background. The Ti
2p spectra were fitted using the anatase TiO, Ti 2p;, reference
peak shape for the six-coordinated Ti** peak (Tig."*), and the
amorphous disordered structure was represented by the
pentacoordinated Ti** (Tis.**) and Ti** peaks. The binding
energy (BE) scale of the spectra was calibrated by fixing the
0> peak of TiO, to 530.20 eV. CasaXPS version 2.3.22
PRI1.0°® was used as analysis software, and the Scofield
photoionization cross-sections were used as relative sensitivity
factors.””

Computational Analysis of Core-Level Shifts. Model-
ing the amorphous phase of titania (am.-TiO,) is challenging
due to its lack of long-range order and a defined crystal
structure. Previous computational studies have employed
molecular dynamics to generate structural models for am.-
TiO, using the melt-and-quench method.”*® As the structural
models for am.-TiO, necessarily have large unit cells
containing >200 atoms, sampling the core-level shifts (CLSs)
of all atoms for many structures becomes unfeasible. Moreover,
it is not clear how representative the melt-and-quench
structures are for the experimental am.-TiO, structures.
Because of structural ambiguity, we performed calculations
for both the crystalline anatase phase and a model of am.-TiO,.

Spin-polarized calculations were performed using the Vienna
AD initio Simulation Package (VASP; version 5.4.4).>"** The
GGA + U approach was employed using the Perdew—Burke—
Ernzerhof (PBE) functional'*** with a Hubbard correction®®
of U =4.2 eV applied to the 3d orbitals of Ti atoms. This value
for the correction has been used previously in calculations
involving amorphous TiO,*® and anatase;*° see the Supporting
Information for more details concerning the choice and impact
of the U value. The valence—core interactions were treated
with the projector augmented-wave (PAW) method,"”** and
the valence configurations were 2s*2p* (O) and 3s*3p®4s*3d*
(Ti). A plane-wave basis set with a cutoff energy of 500 eV was
used for geometry optimizations and core-level shift calcu-
lations. The pristine anatase bulk was optimized using a 12 X
12 X 4 I'-centered k-point mesh until residual forces were less
than 0.01 eV/A. The optimized lattice parameters are a = 3.86
and ¢ = 9.74 A, which are in fair agreement with experimental
values (a = 3.78 A, ¢ = 9.51 A).**" The band gap was found to
be 2.64 eV, which is close to the previously reported value of
2.87 eV using the PBE functional with a Hubbard-U value of
4.0 €V.>" A 144 atom 4 X 3 X 1 supercell of the optimized bulk
was used for subsequent calculations to reduce the interaction
of the oxygen vacancy with its periodic image. Model
structures for am-TiO, (15 in total) were obtained from the
work of Mora-Fonz et al.s The unit cells and atomic positions
of the model structures” were re-optimized using the present
computational setups. The lowest energy structure (see Figure
S2a) was used in the core-level shift calculations. Due to the
large size of the amorphous TiO, unit cell and the large
supercell for anatase, the sampling of the Brillouin zone was
restricted to the I'-point.

The oxygen vacancy formation energy E;*° was calculated as

1
E™ =Ege + EE02 + Ey )
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where E, is the total energy of the pristine structure, E{j; is the
total energy of the same structure containing a single oxygen
vacancy, and E is the energy of an oxygen molecule in the gas

phase. Bader charge analyses were performed using the code
developed by the Henkelman group.”” >

CLSs were calculated with respect to a reference atom in the
final state picture, i.e., complete screening of the core hole by
valence electrons was assumed. The core-level shifts were
computed systematically for all atoms in the supercells. The
structures with a core hole in Ti 2p or O 1ls were obtained
using a PAW potential with an electron—hole in the 2p and 1s
shell of Ti and O, respectively. As the studied systems have
band gaps, the charge neutrality in the presence of a core hole
was maintained by employing a homogeneous jellium
background. To facilitate the comparison with experiments, a
Gaussian fit was applied to the CLS peaks, with a standard
deviation of 0.43. The parameters are chosen such that they
reproduce a qualitatively similar width at half-maximum as the
peaks in the experimental spectra. All CLS values were shifted
so that the maximum of the largest fitted Gaussian peak was
centered at zero.

Grazing Incidence X-ray Diffraction (GIXRD). The
phase structure of the ALD TiO, samples was defined via
grazing incidence X-ray diffraction (GIXRD, PANalytical
X’Pert® MRD diffractometer) with Cu Ka radiation (4
1.5406 A, hv = 8.05 keV) and 45 kV and 40 mA cathode
voltage and current, respectively. The samples were scanned in
20 between 20 and 52° using grazing-incidence angle = 0.3°.
The background was removed from each of the scans to allow
easier comparison of the measured GIXRD patterns.

Electrical Conductivity Measurement. Electrical con-
ductivity was determined by measuring the sheet resistance of
the am.-TiO, thin film grown on quartz substrates using the
four-probe method. In the measurement, four nickel-plated
tungsten probe tips (Picoprobe ST-20-5-NP, GGB Industries
Inc.) were positioned on the sample surface (size 10 mm X 10
mm) in line with equal 2 mm spacing, and a linear scan
voltammetry measurement was performed at 100 mV/s with
an Autolab PGSTAT101 potentiostat (Metrohm AG). The
sheet resistance, R, for the given configuration was calculated

by

T AV

R, = 07744 — =2
In(2) I

@

where AV is the voltage difference over the two inner probe
tips, I is the current through the outer two probe tips, and the
constant 0.7744 is the geometric correction factor.>®
Conductivity was then calculated as follows

. 1
conductivity = —
p

1
Rt (3)
where p is the film resistivity and t is the am.-TiO, film
thickness.

Steady-State UV—Vis Spectroscopy. The optical proper-
ties were measured on 30 nm thick am.-TiO, films deposited
on quartz substrates. Measurements were conducted by
measuring both the transmission, T, and reflectance, R, of
the am.-TiO, film with an integrating sphere module of a
spectrophotometer (PerkinElmer 1050). A reflection-corrected

formula was used for calculating the absorption A = —log[T/ (1
_ R)].57

https://doi.org/10.1021/acs.jpcc.1¢10919
J. Phys. Chem. C 2022, 126, 4542—4554



The Journal of Physical Chemistry C

Sub-Nanoscale Porosity Modeling. The sub-nanoscale
porosity of ALD am.-TiO, thin films was determined based on
the refractive index results measured by ellipsometer (Rudolph
Auto EL III Ellipsometer, Rudolph Research Analytical) using
the helium—neon laser (4 = 632.8 nm) as a light source and
the Lorentz—Lorenz effective medium approximation
(EMA).*® The sub-nanoscale porosity was calculated using
the EMA equation

2 2 2
n"—1 _ (1 _ ) Manatase ~ +p e — 1
2 - 2 L)
n+2 Manatase +2 Mair +2 (4)
where p is the sub-nanoscale porosity and #, 1, and n, are

the refractive indices of am.-TiO,, anatase TiO, reference (n =
2.396), and air (n = 1.000), respectively.

Transient Absorption Spectroscopy (TAS). Transient
absorption spectra of all the samples were measured using a
femtosecond pump—probe setup. The samples were excited
with a wavelength of 320 nm in a transmittance mode in both
UV—vis and near-infrared (NIR) regions. The fundamental
laser pulses were generated using the Ti:sapphire laser, Libra F
(Coherent Inc., 800 nm) with a repetition rate of 1 kHz. The
fundamental beam was split into two, and the main part of the
beam was directed onto the optical amplifier (Topas C, Light
Conversion Ltd.) to produce the desired wavelength of 320
nm in our study. The rest of the fundamental beam was
delivered to a white continuum generator (sapphire crystal) for
sample probing. The probe light was further split into
reference and signal beams, which were focused on the
samples. The lifetime decay of the samples was measured up to
S ns for all the samples.

B RESULTS AND DISCUSSION

To investigate the effect of the ALD growth temperature on
the chemical and electronic structures of am.-TiO,, the 30 nm
thick ALD am.-TiO, grown at 100, 150, 175, and 200 °C was
measured by XPS and UPS. Figure 1 shows Ti 2p and O 1s XP
spectra of the 30 nm thick ALD am.-TiO, deposited at
different growth temperatures. Annealing the sample grown at
100 °C in air at 500 °C resulted in anatase TiO, (Figure S1),
which served as a reference for the six-coordinated Ti'*
(Tig).>* Anatase TiO, showed a narrow Ti 2p;,, peak at
459.0 + 0.1 eV that was fitted with a constrained peak width
and position to the spectra recorded for ALD am.-TiO,
samples. All of the Ti 2p spectra of ALD am.-TiO, thin films
in Figure la show clear evidence of Ti** defects as a shoulder
at 457.3 + 0.1 eV.'>"? The middle component is assigned to
structural disorder-induced Ti* ions (Tisss.""), which are
related to the nearest or next-nearest neighbors of oxygen
vacancies or interstitial peroxo species that are responsible for
the formation of Ti** defects in am.-TiO,. The peak separation
in the binding energy (BE) between Tig** and Tisq/7* peaks
was 0.39 eV. Figure 1b shows that the O 1s peak consists
mainly of the O—Ti component (O>7) at 530.2 ¢V and a
minor peak at 532.0 + 0.2 eV, regardless of the ALD growth
temperature. The component at higher BE is assigned to either
—OH/O—C or interstitial peroxo (0,2”) species. Additionally,
Figure S4 highlights the differences between Ti 2p spectra and
the similarity of O s spectra shown in Figure 1. Interestingly,
despite the distinct presence of oxygen vacancies-induced Ti**
ions, the O/Ti atomic ratios of all am.-TiO, thin films are close
to 2 (Figure SS), implying the displacement of oxygen ions
within the films instead of removal of them upon vacancy
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Figure 1. (a) Ti2p and (b) O 1s XP spectra of the 30 nm thick ALD
am.-TiO, grown at 100, 150, 175, and 200 °C. Anatase TiO, (30 nm)
is used as a reference sample for the six-coordinated Tig.** peak.

formation. The result can be rationalized by the presence of
local oxygen-rich centers such as interstitial peroxo species.

As a comparison with the proposed experimental XPS Ti 2p
peak fitting (Figure 1), Figure S6 presents the more traditional
peak fitting of the Ti* component and analysis of the full
width at half-maximum (FWHM). The FWHM is clearly larger
for am.-TiO, compared to crystalline anatase; moreover, the
peak width increases as the ALD growth temperature is
increased (details on the fitting parameters are presented in
Table S2). The fitting results suggest that it is not sufficient to
fit the Ti* 2p of am.-TiO, with only one component. Using a
second component results in an adequate fit. A slight shift in
the binding energy of Tig.** and Tig/s/7*" peak positions can
originate from differences in the amount of more rare over-
and undercoordinated Ti ions (Tig.*, Ti,.**, Ti,**) and wide
distributions of bond lengths and angles, which are also partly
attributed to local effects of polarons.”™**

To the best of our knowledge, there are no previously
reported efforts to identify Ti** ions (Tisse7"*), which are
related to the nearest or next-nearest neighbors of oxygen
vacancies, experimentally by photoelectron spectroscopy as
proposed in this work. Therefore, we performed density
functional theory calculations of CLSs mediated by an oxygen
vacancy or interstitial peroxo species in anatase TiO, and an
am.-TiO, structure. Figure 2 presents the results from the
computational analysis of oxygen defect-induced CLSs in
anatase TiO,. In the case of pristine anatase, there were no
CLSs in either Ti 2p or O 1s since all of the Ti/O sites have
identical environments.

In the second case, the oxygen vacancy was formed by
removing one of the lattice oxygens from the 144-atom bulk
anatase supercell and re-relaxing the atomic positions of the
resulting structure (see Figure 2c). Upon vacancy creation, the
two excess electrons can either localize fully on nearby
pentacoordinated Tis,. cations or partially, with one electron on
a Tis. ion and the other one delocalized over the entire

https://doi.org/10.1021/acs.jpcc.1¢10919
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Figure 2. (a) Ti 2p and (b) O 1s core-level shifts of anatase TiO,. The top row corresponds to pristine TiO,, the middle row corresponds to TiO,
with one oxygen vacancy, and the bottom row corresponds to an interstitial peroxo species containing TiO,. The vertical lines indicate the CLS of
individual atoms. (c) Pristine anatase bulk shows the oxygen atom that is removed to create the oxygen vacancy (red sphere) and the titanium
atoms (gray spheres) coordinated to it. (d) Structure of the anatase bulk with interstitial peroxo species (red spheres) showing the Ti atoms
(Tiz*) directly coordinated to the peroxo species and the three Ti atoms (Tig**/3*) that surround the oxygen vacancy. Ti>" ions are indicated by a

darker shade of gray.

20,23 ..
structure. For the oxygen vacancy containing anatase, three

groupings of peaks in the Ti 2p spectrum can be identified.
Most Ti atoms in the bulk have CLS values within 0.11 eV of
each other (blue peak labeled as Tiz.*"). These atoms are not
directly connected to the created vacancy and are six-
coordinated and have the same Bader charges as in the
pristine bulk. The next group of shifts with lower binding
energy are within 0.32 eV of each other, i.e., more spread out
than the Tig.** peak. The maximum of the fitted Gaussian peak
(violet peak labeled as Tis . **) is shifted by —0.29 eV from the
Tig.** peak. There are six shifts in total, three at —0.12 eV, two
at —0.22 eV, and one at —0.43 eV. The most negatively shifted
value in the group comes from the pentacoordinated Tis. next
to the oxygen vacancy, which accepts the least excess charge
from the vacancy. The five others are Ti4. atoms that are the
next-nearest neighbors to the vacancy. The most negative shifts
in the Ti 2p spectrum come from the two pentacoordinated
Tis>* cations, where the excess electrons from the vacancy are
localized. The peak (orange peak labeled as Tis**) maximum
is shifted by —1.39 eV compared to the Tiz** peak. The O 1s
CLS of the oxygen vacancy containing anatase has two groups
of values. Most oxygen atoms in the bulk have values within a
range of 0.28 eV. Five oxygen anions give more positive values
with the peak maximum (note: the fitted peak is not shown in
Figure 2b) shifted by 0.36 eV compared to the main peak.
These are oxygen anions that are the next-nearest neighbors to
the vacancy and are in the same atomic layer as the vacancy.

In the third case, since the experimental XPS data show that
amorphous titania retains a constant oxygen/titania ratio for
increasing the ALD growth temperature (Figure SS), the
possibility of having interstitial peroxo species in the anatase
bulk was also investigated (see Figure 2d). The structure was
generated by displacing one oxygen from its lattice position
and placing it close to another oxygen. This creates an
interstitial O, species (0,>”) connected to three heptacoordi-
nated Ti,, cations. The displaced oxygen leaves behind an
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oxygen vacancy with three pentacoordinated Tis, cations. The
anatase structure with interstitial peroxo species has very
similar Ti 2p shifts compared to anatase with an oxygen
vacancy. The most negative Tig>* shift differs only by 0.04 eV,
meaning that the oxygen vacancy created by the displacement
of the lattice oxygen gives the same CLS signature as one
created by the removal of oxygen. The main difference
between the two spectra is the Tig/g/7*" peak. The maximum
of the fitted peak is shifted slightly more to the negative CLS
for the peroxo structure (—0.37 eV). This is due to the fact
that the three Ti,.** cations that are coordinated to the peroxo
species also have negative shifts compared to the ideal Tig.**
further away from the defect sites. The O 1s spectrum of the
peroxo anatase shows that the shifts of the oxygen anions are
slightly more spread out than in the case of anatase with
oxygen vacancy. In addition, the peroxo species gives a positive
shift with a fitted peak maximum at +1.87 eV.

These computational results provide strong support for the
proposed experimental XPS peak fitting (Figure 1), and
especially, for identifying oxygen displacement-induced Ti**
ions (Tisse/7") from the spectra. In addition to the more
negative shift of the Tig/s/,c'" peak (—0.37 eV) due to the
interstitial peroxo species, oxygen vacancy formation via
displacement of oxygen ions corresponds well with the
experimentally determined rather stoichiometric and constant
O/Ti ratio of 2. Albeit there are no remarkable differences
between measured XPS O 1s spectra (Figure 1b), the slightly
more distinct peak around 532 eV may imply more peroxo
species in Ti**-rich am.-TiO, grown at 200 °C.

Besides anatase TiO,, oxygen vacancy-induced core-level
shifts in am.-TiO, were also computed. The calculated Ti 2p
and O 1s core-level shifts for pristine and oxygen vacancy
containing am.-TiO, (Figure S7) and the details of the analysis
are presented in the Supporting Information. The Ti 2p shifts
of pristine am.-TiO, are spread out but no obvious peak
assignment correlating to the five-, six-, or seven-coordinated

https://doi.org/10.1021/acs.jpcc.1¢10919
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Ti atoms can be made, i.e., the shifts do not correlate with the
coordination number of the Ti atoms. Experimentally, this
pristine amorphous phase should, in principle, give a broader
peak than the anatase bulk due to the large spread of CLS. This
is indeed observed in the experimental XPS Ti 2p data in
Figure S6. Similarly, the O 1s shifts also span a broad range,
with negative shifts showing slightly more separation between
the shifts. For the oxygen vacancy containing am.-TiO,, the
shifts coming from five-, six-, and seven-coordinated Ti**
cations are somewhat bunched together compared to the
pristine bulk. The two Ti** cations have significant negative
shifts, with the maximum of the fitted peak sitting at —1.37 eV.
This is in quite good agreement with the assigned experimental
Ti** peak, which is shifted by —1.7 eV compared to the anatase
reference peak. Furthermore, despite the wide distribution of
assorted Tig/g7c" core-level shifts that are not clearly
correlating with any specific Ti ion bonding environment in
am.-Ti0O,, the computational peak fitting function was able to
deconvolute two distinct Tis/q/7 peaks with CLS of —0.35 eV
for oxygen vacancy containing am.-TiO, but not for pristine
am.-TiO, (Figure S7). However, it should be noted that
compared to computational results from anatase TiO,, am.-
TiO, is more challenging and the in-depth understanding of
how a position of individual Tis/s/7c*" ion correlates with the
observed CLS remains unclear.

Figure 3 presents the N 1s XP spectra of 30 nm thick ALD
am.-TiO, deposited at different growth temperatures. Three

T % 0 F I
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[H,N(CH,),I" 1£0.1]
[401.6 Ti-N(CH,),
+0.1]! | [398.6
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Figure 3. N Is XP spectra of 30 nm thick ALD am.-TiO, grown at
100, 150, 175, and 200 °C.

nitrogen components were identified based on the surface
reactions related to the TDMAT + H,O process shown in egs
§_7 1459

Ti(OH),* + Ti[N(CH,),1,

- TiO,-Ti[N(CH,),],* + 2HN(CH,), (5)
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TiO,—Ti[N(CH,),],* + 2H,0

— Ti(OH),* + 2HN(CH,), 6)

—OH* + HN(CH;), — —(O")[H,N(CH,),]" @)
The component at low binding energy (398.6 + 0.1 eV) was
assigned to unreacted Ti—N(CHj;), bonds due to the
incomplete TDMAT dissociation (eq 5).'**’ Regarding ALD
from TDMAT and H,0O, dissociation of TDMAT through the
scission of the N—Ti bond is energetically more favorable than
breaking of N—C bonds of the TDMAT molecule.’!
Moreover, dimethylamine (N(CH,),) formation is preferred
at growth temperatures <200 °C, whereas at higher temper-
atures decomposition of TDMAT and dimethylamine
molecules leads to the increase of methane and carbon-
containing species, i.e., carbon contamination in the coating,(’2

Consequently, the middle component most likely originates
from trapped or re-adsorbed HN(CHj,), reaction byproducts
(eq 6), which can also react with surface —OH groups and
form protonated H,N(CHj;)," species (eq 7) causing the high
binding energy peak in N 1s spectra."*” Figure S8, showing
the angle-resolved XPS (ARXPS) analysis of the N 1s
spectrum for 30 nm thick as-deposited ALD am.-TiO, grown
at 100 °C, confirms that the component at 400.1 eV has higher
intensity with 60° photoelectron take-oft angle, indicating the
corresponding species to locate closer to the surface compared
to the high binding energy (401.7 eV) N species. This further
supports assigning the component at 400.1 eV to the
HN(CHj), reaction byproducts instead of interstitial nitrogen,
which is also known to appear around 400 eV.*> The oxidized
nitrogen species (Ti—N—O) can also have N 1s around 400
eV.**% Although the Ti—N—O species cannot be completely
excluded based on the N 1s binding energy alone, their
presence is considered unlikely. The formation of oxidized
nitrogen species would require the decomposition of the
HN(CHj,), product, which is stable up to 227 °C.?

The relative concentrations of titanjum and nitrogen species
as a function of the ALD growth temperature, presented in
Figure 4, were obtained by a quantitative analysis of the XP
spectra. Figure 4a shows that as the growth temperature is
increased, the concentrations of Ti** and oxygen displacement-
induced Ti** ions (Tise/7*) steadily increase, simultaneously
with the decreasing number of Tig** ions, and when the
growth temperature of 150 °C is exceeded, >50% concen-
tration of O ions displacement-mediated titanium defects (Ti>*
+ Tig/s7.'") starts to dominate the amorphous titania
structure. At the growth temperature of 200 °C, the amount
of Ti®" defects is more than double compared to am.-TiO,
grown at 100 °C. The results are also concordant with the
theory that the concentration of Tis/s" ions increases
together with the Ti** defects since they both arise due to the
displacement of oxygen ions in the am.-TiO, structure.”>>

Deskins et al. used classical molecular dynamics to study
amorphous TiO, with different stoichiometries and calculated
the probabilities of Ti**—O—Ti*" and Ti**—O—Ti** linkages
and average Ti*/Ti* and Ti**/Ti*" distances.” There are
always two Ti** ions involved in the Ti**—~O-Ti** bond
structure but because Ti**—O—Ti** connections also exist, the
concentration of Ti** defects cannot be directly calculated by
multiplying the probability by 2. Consequently, concerning the
experimental results shown in Figure 4a, the am.-TiO,
deposited at 100 °C (Ti**/Tiy, = 12%) may have Ti**—~O—

https://doi.org/10.1021/acs.jpcc.1¢10919
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Ti** linkage probability even less than 0.0S, which, based on
the work by Deskins et al,, corresponds with am.-TiO; gp_5 0o
and average Ti’*/Ti*" distance of 3—7 A. By contrast, am.-
TiO, deposited at 200 °C (Ti**/Tiy, = 32%) exhibits most
likely higher Ti**~O—Ti*" linkage probability and thus average
Ti**/Ti** distance around 3 A, which is the minimum distance
within am.-TiO,.* These differences in the hopping distance
were suggested to explain enhanced hole conduction in am.-
TiO, with a higher Ti** defect concentration.” Despite the fact
that in this work, the O/Ti ratio of am.-TiO, thin films is close
to 2 (Figure SS), and Deskins et al. studied amorphous titania
with different stoichiometries, both studies involve similar
phenomena and Ti** defects within am.-TiO,.*

Regarding nitrogen impurities as a function of ALD growth
temperature shown in Figure 4b, the concentrations of
TDMAT fragments, i.e,, HN(CHj3), and H,N(CHj,)," species,
are clearly higher in am.-TiO, grown at 100 °C than at 150—
200 °C, whereas the amount of unreacted Ti—N(CHj;),
remains rather constant. This is probably due to the slower
desorption or re-adsorption of the reaction byproducts during
the ALD growth at lower growth temperatures, albeit there are
still some trapped HN(CHj;), in am.-TiO, deposited at 200
°C. Based on the relative concentrations of elements of the
am.-TiO, samples shown in Table S3, all of the samples
contain also some carbon impurities (3—5 atom %). It is,
however, not feasible to differentiate these species from
adventitious carbon that results from the sample transfer
between the ALD chamber and the XPS system.

To acquire a deeper understanding of how titanium and
nitrogen defects influence the in-gap states, the XPS valence
band (VB) spectra of am.-TiO, grown at 100, 150, 175, and
200 °C were measured. The analysis of XPS valence band
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spectra in Figure Sa reveals an in-gap state in the binding
energy range of 0.3—0.4 eV, which can be assigned to the Ti**
3d electronic state.”*”" Similar defect state is also seen in the
computational density of state analysis when oxygen vacancy is
introduced in the anatase TiO, lattice (Figure S9).
Accordingly, the intensity of the in-gap state increases linearly
with the Ti** concentration determined from the Ti 2p
transition between growth temperatures of 150 and 200 °C. At
100 °C, some deviation from the trend is observed (Figure
Sb). This deviation is likely due to the high amount of nitrogen
species within the 100 °C grown am.-TiO,, which may also
introduce the density of states within the band gap466
Nevertheless, the observed in-gap state peak is clearly mainly
induced by the Ti®* defects and not by the N species. The
anatase TiO, reference does not have any Ti** and shows no
in-gap state. An attempt was made to measure in-gap states
with ultraviolet photoelectron spectroscopy (UPS) but the
peak was not clearly resolved (Figure S10). The UPS VB
measurement is more surface sensitive than the XPS VB
measurement due to much lower photoelectron energies (15
vs 1480 eV).%” Thus, the apparent discrepancy is likely due to
the surface effects, either impurities or difference in surface vs
bulk composition. Previously, we observed the onset of the
Ti**/?* 3d peak at 0.72—0.50 eV in the UPS data only after
annealing at 400 °C in a vacuum despite the presence of
Ti**/?* species in the as-deposited ALD am.-TiO, thin film,
and the onset coincided with the removal of adventitious
contamination,'”

To understand how the Ti’*-mediated defect states
influence the properties of am.-TiO,, steady-state absorbance,
transient absorption spectroscopy, and electrical conductivity
measurements were carried out. Steady-state absorbance

https://doi.org/10.1021/acs.jpcc.1¢10919
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Figure 6. (a) Integrated absorbance in the visible range and electrical conductivity and (b) sub-nanoscale porosity of 30 nm thick ALD am.-TiO,

grown at 100, 150, 175, and 200 °C.

spectra in the UV—vis range are presented in Figure S11a, and
further analysis of the optical band gap is shown in Figure
S11b. The results in Figure S11a show increasing visible-light
absorption with increasing ALD TiO, growth temperature.
Here, visible-light absorption is caused by the Ti** defects that
have energy states within the band gap. The broader UV—NIR
range absorption measurement presented in Figure S12
revealed that the 200 °C grown ALD am.-TiO, has a broad
Ti** 3d defect-mediated absorption band within the band gap
with a maximum at 937 nm (1.32 eV) and the defect band
edge at 0.24 eV (5200 nm). The small amount of Ti** 3d
defect states in the 100 °C grown ALD am.-TiO, is not
sufficient to form a defect band-like absorption. The main
absorption edge of amorphous TiO, is less steep compared to
crystalline TiO,*® due to the tailing of electronic states into the
band gap.3’12'69‘70 Although the visible-light absorption was
strongly affected by the growth temperature, only a subtle
increase from 3.53 to 3.61 eV was observed in the optical band
gap (Figure S11b) and concurrent shift (0.1 eV) toward higher
binding energies was observed in the XPS VB edge position
(Figure Sa), suggesting a slight widening of the band gap.
Interestingly, the band gap values were large compared to
those of the bulk anatase TiO, (3.2 eV) and 30 nm thick
anatase TiO, thin film (3.4 eV).> Such a blue-shift could have
been caused by the quantum confinement effects,”’ while the
band gap broadening with ALD growth temperature could be
induced by the high concentration of Ti** states giving rise to
the Moss—Burstein effect.'>”* It has been proposed that due to
the shallow nature of Ti*" defect states, the electrons could be
excited thermally to the conduction band (CB) and induce free
carrier absorption and electronic conductivity.”>”* However,
the observed defect band edge at 0.24 eV shows that the band
does not reach the conduction band and thermal excitation is
unlikely.

In contrast to the growth temperatures of 150—200 °C, am.-
TiO, grown at 100 °C showed only little absorption for the
wavelengths above 350 nm. Especially, features at 400—500 nm
associated with substitutional N-doping®>’* were not observed
(Figure S11a, inset). This suggests that the nitrogen precursor
traces, mainly present in the 100 °C grown ALD am.-TiO,, do
not induce absorption in the visible range, and furthermore,
with only a low concentration of Ti*", the thin film can be
considered transparent to the visible light.

Figure 6a emphasizes the relation between visible range
absorbance and Ti** defects by presenting the integrated
absorbance in the wavelength range of 400—800 nm as a
function of relative Ti*" ion concentration. We note that the
absorption band has the maximum outside the visible range at
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937 nm but the integrated area is proportional to the
absorption band area. Am.-TiO, grown at 100 °C shows
only minor visible-light absorption and has the lowest Ti**
concentration (Ti**/Tig, = 12%). Then, the visible range
absorption increases with the concentration of Ti** defects.
Compared to the visible range absorbance, electrical
conductivity starts to increase steeply after 20% Ti**/Tiy,
concentration is reached (Figure 6a). The observed electrical
conductivity corresponds to the computationally studied
polaron hopping mechanism, which is strongly related to the
unpaired electrons of Ti** defects and distances between
adjacent Ti** ions, as discussed also earlier in this work.*”%**
Furthermore, this is supported by Nunez et al., who found a
correlation between the concentration of Ti** and conductivity
by comparing ALD TiO, grown using either TDMAT or TiCl,
precursors.”’ They stated that the conductivity of TiO, thin
films is consistent with the hopping mechanism, instead of
conduction via the conduction or valence bands.”’ The
hopping mechanism also explains the differences in the onsets
of visible-light absorption and conductivity. Thus, around 20%
Ti%*/Ti,, concentration is needed for a sufficient amount of
unpaired electrons and proximity of Ti** ions for continuous
electron flow through defect pathways to induce electrical
conductivity, whereas visible-light absorption occurs with
lower Ti**/Ti,, concentration since it depends only on the
concentration of occupied Ti** 3d in-gap states and is not
affected by the average distances of Ti** ions. With a high
enough Ti** concentration, as in the case of the 200 °C grown
am.-TiO,, the Ti** 3d states overlap sufficiently for
delocalization and form a defect band responsible for the
increased electrical conductivity. This defect band does not
however reach the conduction band, and therefore, the
conduction mechanism via free (delocalized) electrons in the
conduction band is not supported.

Ellipsometer measurements (Figure S13) revealed a
significant change in the refractive index of am.-TiO, as the
ALD growth temperature was changed. In general, a higher
refractive index can be interpreted as a higher density material
and, for example, for titania, the refractive index is reported to
vary between 2.1 and 2.9 depending on the phase and the
density of TiO,: am.-TiO, (2.1—2.4), anatase TiO, (2.4—2.5)
and rutile TiO, (2.8—2.9)."*”>7® Thus, we propose that the
observed differences in the refractive indices are due to the
sub-nanoscale porosity within the am.-TiO, structure being the
highest for am.-TiO, grown at 200 °C. The sub-nanoscale
porosity of ALD am.-TiO, modeled by the Lorentz—Lorenz
effective medium approximation (EMA) is presented in Figure
6b. The same model was also used earlier by Dufond et al. to

https://doi.org/10.1021/acs.jpcc.1¢10919
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study the effect of ligands within ALD am.-TiO, grown usin;

titanium isopropoxide (TTIP) and H,O as ALD precursors.®

Based on the modeling and the results in Figure 6b, the am.-
TiO, grown at 150 °C is the most dense (n = 2.35, p = 2%),
likely due to the rather low concentration of both nitrogen and
titanium defects. The Am.-TiO, grown at 100 °C, instead,
includes N-bearing TDMAT fragments that decrease the
packing density of am.-TiO, leading to a slightly higher sub-
nanoscale porosity of around 4%. Increasing the ALD growth
temperature to >150 °C results in more oxygen displacement-
induced Ti*" ions (Tis/s/7"") and Ti** defects that imply the
formation of oxygen vacancies, i.e, local sub-nanoscale
porosity within am.-TiO,. Therefore, the Ti**-rich am.-TiO,
grown at 200 °C exhibits the lowest refractive index of 2.14,
corresponding to the sub-nanoscale porosity of 11%.

In addition to the refractive index, Figure S13 shows the
ALD growth per cycle (GPC) calculated by dividing the thin
film thickness by the number of ALD cycles. There is a distinct
decrease in the GPC, as the ALD growth temperature is
increased from 100 to 200 °C. Some reasons for lower GPC
are proposed to be attributed to slower adsorption of TDMAT
or intermediate product desorption.'*® It should be also
noticed that the thermal decomposition of TDMAT may affect
the self-limiting ALD process at 200 °C.'® We consider that,
possibly, the intermediate product desorption and nonideal
ALD process at 200 °C are the reasons for the observed
unprecedented Ti**-rich nature and sub-nanoscale porosity of
our ALD am.-TiO, grown at 200 °C."

Transient absorption spectroscopy (TAS) was carried out to
study the charge carrier dynamics in am.-TiO, thin films. am.-
TiO, samples were excited at 320 nm and monitored at 410—
1250 nm (3.0—1.0 eV). The excitation (pump) energy used
was 60 pJ/cm” The excitation wavelength was chosen to
match the band gap absorption (Figure S1la), ie., to excite
electrons from the valence band to the conduction band, but it
also excites electrons from any band gap state to the
conduction band.

Two types of responses were observed depending on the
am.-TiO, deposition temperature. The positive broad
absorbance band with a maximum in the 600—800 nm range
was recorded for am.-TiO, deposited at 100 °C (Figure S14)
and 150 °C (Figure S15). This response can be assigned to the
carriers in the CB or to the carriers, either holes or electrons,
trapped to the in-gap states 1.5—2.5 eV above the valence
band.®® The carrier lifetimes for 100—150 °C grown am.-TiO,
were extremely short, less than 10 ps, as presented in Figure 7.
Quite surprisingly, this broadband response is similar to

@ 100 °C
A 150°C
¥ 175°C
m 200°C

AA (mOD)

10 100 1000
Time (ps)
Figure 7. TAS decay spectra at 750 nm (1.65 eV) in the picosecond

time domain of 30 nm thick amorphous ALD am.-TiO, grown at 100,
150, 175, and 200 °C.
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crystalline TiO, thin films with the exception that in crystalline
TiO, the carrier lifetimes are in the nanosecond range.“ The
short carrier lifetime indicates fast recombination of trapped
charge carriers in am.-TiO, and is assigned to its defective
nature.”® Indeed, the XPS VB spectra (Figure 5a) show an
increased amount of band gap states for all of the am.-TiO,
compared to the crystalline TiO, reference. On the contrary,
for 200 °C grown am.-TiO,, the response is negative (Figure
S17), and arises from bleaching of the ground state absorption
in the visible and NIR range.”” Yet, the response (AA) was still
of broad band nature in the 600—800 nm range. Since the
origin of the ground-state absorption is the transition from the
VB and in-gap states to the CB, the explanation for the
observation is the excitation of the electrons of in-gap states by
the pump pulse. This transition gives rather a long lifetime of
the charge carriers, extended to the ns time scale. The am.-
TiO, deposited at 175 °C (Figure S16) presents an
intermediate case when both types of responses were observed
simultaneously, a fast decay of the positive response (fast
recombination of the carriers in the CB) characteristic for am.-
TiO, and slow relaxation of the ground-state absorption
bleaching (relaxation of the electrons back to the in-gap states)
exhibited by Ti**-rich “black” am.-TiO,.

The carrier lifetime of the 200 °C grown am.-TiO, is similar
to the crystalline Ti0,.°® This is at first surprising since the
carrier lifetime is known to increase with amorphous to
crystalline transition due to the decrease in the amount of
oxide defects and trap states. The “black” am.-TiO, grown at
200 °C is loaded with oxide defects, and one would expect
carrier lifetimes to become even shorter due to the fast
recombination at the oxide defects and trap states. We have to
bear in mind that the 200 °C grown “black” am.-TiO, thin film
has an exceptionally high concentration of Ti** defects that
seem to correlate with the extended carrier lifetime. The long
carrier lifetime indicates slow recombination of charge carriers,
which indicates a decrease in the amount of trap states. Thus, it
seems plausible that Ti*" defects fill trap states responsible for
the carrier recombination. In the case of 200 °C grown am.-
TiO,, these trap states are fully occupied resulting in an
increased carrier lifetime. In a broader context, carrier lifetimes
can be increased either by removing defects and trap states, i.e.,
crystalline TiO, or by saturating the material with defects, as
was shown here for “black” am.-TiO, grown at 200 °C.

Vequizo et al. presented a photodynamic mechanism of
photogenerated electrons in nonreduced and reduced SrTiO;
photocatalysts.”® In nonreduced SrTiO; with a minor amount
of oxygen vacancies and Ti** defects, electrons can be deeply
trapped at the intrinsic in-gap states after the pump pulse and
then subsequently be excited to the conduction band by
absorbing vis—NIR light. However, in reduced and Ti**-rich
SrTiO;, in-gap states are already occupied by electrons leading
to an extended lifetime of charge carriers photoexcited by the
pump pulse and absorption of lower energy IR photons by
electrons at shallow trap states.*> Our proposed mechanism for
the extended carrier lifetime of 200 °C grown am.-TiO, with
an also high degree of Ti** defects is in accordance with this
model, albeit our probe range was limited to >1 eV transitions.

To assess the contribution of TDMAT fragments to the
carrier dynamics, a comparison was made with amorphous
TiO, grown by the ion-beam sputtering (IBS) method. The
IBS am.-TiO, does not contain any nitrogen impurities but Ti
2p is similar to ALD am.-TiO, grown at 100 °C (Figure S18),
indicating low Ti** concentration and lattice disorder-mediated

https://doi.org/10.1021/acs.jpcc.1¢10919
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broadening of the Ti*" peak compared to the crystalline TiO,.
The TA spectra of IBS am.-TiO, were found to be similar to
the ALD am.-TiO, grown at 100 °C (Figure S19) but the
carriers had more than ten times longer lifetimes (>100 ps).
This suggests that even though the TA spectra are not affected
by the N-bearing TDMAT fragments in the am.-TiO, thin
film, they may still contribute to carrier trapping. The similarity
of Ti 2p spectra recorded for the amorphous IBS TiO, and
ALD TiO, thin films in Figure S18a also indicates generality of
the proposed component analysis, where in addition to
hexacoordinated (Tiz*") ions, penta- and heptacoordinated
(Tis/.**) ions are also required to fit the Ti 2p spectrum of
amorphous IBS TiO,.

As reported by Khan et al,, conversion from the am.-TiO, to
polycrystalline anatase phase leads to a strong increase in
carrier lifetimes, from ps to ns range, 3> which can be now
experimentally rationalized by the absence of penta- and
heptacoordinated (Tis/,.**) ions in crystalhne T107_ that are,
on the contrary, rather common in am.-TiO,.> > The Ti** 3d
in-gap state is also removed upon oxidation but is not
responsible for the short carrier lifetimes. Conversely, the
introduction of high Ti** concentration to the am.-TiO, was
followed by carrier lifetimes similar to the polycrystalline TiO,.
On the other hand, our results suggest that N-bearing TDMAT
fragments in the am.-TiO, thin film could contribute to the
short carrier lifetimes acting as carrier traps.

The schematic illustration in Figure 8 summarizes the ALD
growth temperature-induced controllability of Ti** defects

Anatase TiO, am.-TiO,(100 °C) am.-TiO,(200 °C)
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Figure 8. Schematic illustration of electrical conduction in am.-TiO,
by the polaron hopping mechanism. Ti** defects in am.-TiO,
populate the Ti 3d state within the band gap with an excess charge
carrier polaron that can “hop” from a Ti" site to a Ti*" site, i.e., Ti**—
Ti* < Ti*~Ti*. Pure anatase TiO, does not have any electronic
state within the band gap and no Ti** defects to initiate electron
hopping. Conductivity scales with the Ti** concentration can be
controlled with ALD growth temperature. With increasing Ti**
concentration, the Ti** 3d states within the band gap become close
enough and form a defect band. By common theory, an oxygen
vacancy, Oy, generates two Ti** sites and decreases the coordination
of neighboring Ti** cations. Furthermore, the O ion that formed Oy,
can bond with another oxygen creating an interstitial O, species
(0,77) connected to three heptacoordinated Tiy, cations. Amorphous
TiO, is rich in under- and overcoordinated Tis/;. cations, whereas
crystalline TiO, consists of only six-coordinated (Tig.) cations.

within am.-TiO, and their effect on the electrical conduction
mechanism. From the PEC application point of view,
comprehensive research regarding tunable charge carrier
dynamics, absorption, and electrical “leakiness” of ALD am.-
TiO, presented in this work provides a better understanding of
possible tailoring of properties related to protective ALD am.-
TiO, photoelectrode coatings made of nonconductive or
degenerated/intrinsically “leaky” amorphous ALD am.-TiO,
grown using TDMAT and H,O precursors.””*™* Further-
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more, the controllable and direct synthesis of “black” am.-TiO,
via atomic layer deposition is of wide interest in photocatalyst
applications,””"” whereas low conductivity of low-temperature
grown am.-TiO, may be applied as a high-k dielectric.*"*
Such a diversity in the properties of amorphous titania could
also provide an interesting approach to area-selective ALD,
e.g, by possible differences in adsorption of self-assembled
monolayers (SAMs) or preferential growth of metallic or oxide
materials on conductive (high density of donor defects) and

nonconductive (Iow density of donor defects) substrates.***

B CONCLUSIONS

In summary, a comprehensive electron and optical absorption
spectroscopy study were conducted for atomic layer deposited
am.-TiO, to provide insights into the amorphous structure of
titania and its charge carrier dynamics. The correlation
between our electron spectroscopy results and a first-principles
core-level shift analysis allowed us to differentiate penta- and
heptacoordinated (Tis ;") ions, induced by oxygen vacancies
and interstitial peroxo species within the amorphous TiO,
structure. The formation of Ti**
chemical shift to the Ti** 2p core-level spectrum of am.-TiO,,
which could not be explained by the structural disorder alone.
Furthermore, we showed that Ti** and nitrogen defects in am.-
TiO, can be tailored in a controlled and elegant manner via
tuning the ALD growth temperature between 100 and 200 °C
when using TDMAT and H,O as the precursors. The lower
deposition temperature results in nitrogen-bearing precursor
traces within the am.-TiO,, whereas the higher growth
temperature leads to increased concentration of Ti**
oxygen displacement-induced Ti*" ions (Tis/e/zc*)-

The am.-TiO, grown at 100 °C shows no visible-light
absorption but after the Ti** concentration (Ti**/Tiy,)
exceeds ~12%, the visible light absorption increases with the
amount of Ti** defects resulting in “black” am.-TiO, at ALD
growth temperature of 200 °C. The onset of electrical
conductivity requires >20% Ti**/Tiy, and the conductivity
mechanism was identified as polaron hopping-induced
conductivity. The transient absorption (TA) response of am.-
TiO, grown at 100 °C was similar to crystalline TiO, in terms
of the TA spectrum but the carrier lifetime was only <10 ps (vs
few ns for crystalline TiO,) due to the amorphous structure. In
contrast, the high concentration of Ti** defects in “black” am.-
TiO, was shown to decrease the recombination rate and
thereby increase the carrier lifetime to the nanosecond time
domain, which is comparable to the crystalline low-defect
TiO,. Nitrogen traces from the TDMAT precursor, on the
other hand, had no remarkable effect on either the optical or
the charge transfer properties.

These results provide new atomic-level insights into the
formation and controlling of intrinsic Ti** defects in ALD
grown am.-TiO,. The ALD grown am.-TiO, has stoichiometric
composition despite the high (up to 33%) Ti** concentration,
which is explained by the formation of interstitial peroxo
species with oxygen vacancies. The Ti** defects mediate the
enhanced charge transfer of am.-TiO, that is a critical
parameter in the optimization of ALD TiO,-based protective
photoelectrode coatings in photoelectrochemical solar fuel
reactors.

defects was found to induce a

and
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ABSTRACT: The physicochemical properties of titanium dioxide Effect of ALD growth temperature  Crystallization upon annealing
. on amorphous TiO,
(TiO,) depend strongly on the crystal structure. Compared to anatase, ;

rutile TiO, has a smaller bandgap, a higher dielectric constant, and a
higher refractive index, which are desired properties for TiO, thin films in 100°C Anatase
many photonic applications. Unfortunately, the fabrication of rutile thin
films usually requires temperatures that are too high (>400 °C, often even

600—800 °C) for applications involving, e.g, temperature-sensitive
substrate materials. Here, we demonstrate atomic layer deposition

(ALD)-based fabrication of anatase and rutile TiO, thin films mediated Lk
by precursor traces and oxide defects, which are controlled by the ALD
growth temperature when using tetrakis(dimethylamido)titanium(IV)
(TDMAT) and water as precursors. Nitrogen traces within amorphous
titania grown at 100 °C inhibit the crystal nucleation until 375 °C and stabilize the anatase phase. In contrast, a higher growth
temperature (200 °C) leads to a low nitrogen concentration, a high degree of oxide defects, and high mass density facilitating direct
amorphous to rutile crystal nucleation at an exceptionally low post deposition annealing (PDA) temperature of 250 °C. The mixed-
phase (rutile—brookite) TiO, thin film with rutile as the primary phase forms upon the PDA at 250—500 °C that allows utilization in
broad range of TiO, thin film applications.

Oxide defects/Nitrogen traces/Density

B INTRODUCTION separation and photocatalytic activity is a controllable
fabrication of anatase—rutile phase junction structures that
are reported to outperform pristine single-phase anatase and
rutile, eg. in photoelectrochemical water splitting applica-
tions.”%”

Unfortunately, the major challenge with rutile thin films in
many applications is the need of high processing temperatures
(>400 °C, often even 600—800 °C).”> Some aqueous-phase
processes enable growth of rutile nanocrystals at low
temperatures (<200 °C), and atomic layer deposition of the
anatase—rutile mixed phase is reported around 300 °C, but
particularly, methods for obtaining pure rutile thin films at low
temperatures are exceedingly limited.”*~’ Epitaxial ALD of

Titanium dioxide (TiO,) is one of the most widely applied and
studied photocatalyst materials, being earth-abundant, non-
toxic, and stable in various environments.' ™ Generally, TiO,
appears in four phases: amorphous, anatase, rutile, and
brookite. The first three are the most commonly used having
their own advantages, whereas brookite has remained mainly
inapplicable due to the challenges in fabrication of its pure
form.*® Amorphous titania (am.-TiO,) thin films, typically
grown at low temperatures, can provide exceptional optical
properties and charge carrier dynamics due to the disordered
structure and intrinsic Ti** defects.®”'° However, concerning

hotocatalytic applications, defect-induced gap states ma
P vt PP L 8P Y rutile TiO, thin films on substrates with the rutile-structured
increase the possibility to detrimental electron—hole recombi-

nation, and the chemical instability of am.-TiO, without Sn0,, R;lgOz, or IrO, seed layer has been demonstrated around
2 . o . - ;
additional electrocatalysts limits the operating conditions.'' ™ 250 “C.7 Another potential way to promote rutile formation

Crystalline defect-free TiO,, instead, is chemically stable and mvol.ves dopant 10n-1n.dl.1ced OXygen vacancies or Oxygen-

exhibits reduced charge carrier recombination.'>'”'® deficient growth conditions to obtain disordered oxygen
When comparing the two main crystalline TiO, phases,

anatase and rutile, the metastable anatase TiO, is often Received: July 11, 2022 P |

regarded as a better photocatalyst than the thermodynamically Revised:  August 17, 2022 ’

stable rutile.® In fact, based on recent research, rutile is Accepted:  August 18, 2022 A q

photocatalytically more active in some reactions, especially, Published: August 30, 2022 }Q\

oxidative ones, whereas anatase promotes reduction reac- =

tions.'” Another interesting approach to enhance charge carrier

© 2022 The Authors. Published by . .
American Chemical Society https://doi.org/10.1021/acs.jpcc.2c04905
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sublattice enhancing the rearrangement of ions to form easier
the constrained and dense rutile phase.”"*>*’

One possible approach to modify the defect structure of
titania is atomic layer deposition, known for its controllable,
uniform, and conformal thin film growth via self-limiting
surface reactions.'>**3%3! Previously, we have shown that
intrinsic precursor traces and oxide defects are highly sensitive
to ALD growth temperature when using tetrakis-
(dimethylamido)titanium(IV) and water as precursors.lo
Interestingly, the growth temperature is also shown to steer
the crystallization process toward anatase or rutile TiO,
phases, but understanding of this phenomenon in more detail
has remained without comprehensive investigation.'”"®

This work shows the role of ALD growth temperature-
controlled (100—200 °C) intrinsic precursor traces and oxide
defects on TiO, thin film crystallization upon post deposition
annealing (PDA, 50 min at 200—500 °C and S00 min at 250
°C). X-ray photoelectron spectroscopy (XPS) is used to
investigate the evolution of intrinsic titanium (ie., Ti** and
under- and over-coordinated Ti*") and nitrogen (TDMAT
fragments or reaction byproducts) defects within the
amorphous titania upon PDA in air. Surface chemical analysis
together with grazing incidence X-ray diffraction (GIXRD)
measurements, X-ray reflectivity (XRR), and scanning electron
microscopy (SEM) offers insights into the defect-mediated
crystallization of ALD TiO, and fabrication of the rutile—
brookite TiO, thin film at an exceptionally low PDA
temperature of 250 °C.

B EXPERIMENTAL SECTION

Substrates. The P-doped (resistivity 1—10 Q-cm) n-type
Si(100) wafers from SIEGERT WAFER GmbH (Germany)
cleaved in 10 mm X 10 mm X 0.525 mm pieces were used as
substrates in all of the experiments.

Atomic Layer Deposition. The ALD of TiO, was carried
out using a Picosun Sunale ALD R-200 Advanced reactor and
tetrakis(dimethylamido)titanium(IV) (Ti(N(CHs),),,
TDMAT, electronic grade 99.999+%, Sigma-Aldrich) and
Milli-Q_type 1 ultrapure water as precursors. To reach the
proper TDMAT precursor vapor pressure, the bubbler was
heated to 76 °C, and to prevent condensation of the precursor
gas, the delivery line was heated to 85 °C. The water bubbler
was sustained at 18 °C by a Peltier element for stability
control. Argon (99.9999%, Oy AGA Ab, Finland) was used as
a carrier gas. During the deposition, the continuous Ar flow in
the TDMAT and H,O lines was 100 sccm. One ALD cycle
consisted of a 1.6 s TDMAT pulse followed by a 0.1 s H,0
pulse. The excess precursor was pumped away from the
reaction chamber during the 6.0 s purge period between each
pulse. TiO, films were deposited at growth temperatures of
100 and 200 °C. The required numbers of ALD cycles for 30
nm-thick TiO, at growth temperatures of 100 and 200 °C were
480 and 870, respectively.

Post Deposition Annealing. The post deposition
annealing for the samples was performed in atmospheric air
by placing the samples into a pre-heated tube furnace for 50
min. After the heat treatment, the samples were removed from
the tube furnace and let to cool down freely.

X-ray Photoelectron Spectroscopy. Majority of the X-
ray photoelectron spectroscopy measurements were conducted
using a NanoESCA spectromicroscope system (Omicron
Nanotechnology GmbH) in ultrahigh vacuum (UHV) with a
base pressure below 1 X 107'° mbar. In NanoESCA, focused

monochromatized Al Ka (hv = 1486.5 eV) was used as an
excitation radiation for XPS. The investigation of evolution of
intrinsic Ti and N defects as a function of oxidation
temperature was carried out by using a non-monochromatized
DAR400 X-ray source (Al Ka) and Argus hemispherical
electron spectrometer (Omicron Nanotechnology GmbH).
The core level XP spectra were analyzed by the least-squares
fitting of Gaussian—Lorentzian lineshapes and using a Shirley-
type background. Ti 2p spectra were fitted as in our previous
work'’ by using the Ti 2p;, reference peak shape measured
for crystalline TiO,, i.e., the six-coordinated Ti** peak (Tiz.*),
and the amorphous disordered structure was represented by
under- and over-coordinated Ti* (Tis;,.**) and Ti** peaks.
The binding energy scale of the spectra was calibrated by fixing
the O®~ peak of TiO, to 530.20 eV. CasaXPS$ version 2.3.22
PR1.0*> was used as an analysis software and the Scofield
photoionization cross-sections as relative sensitivity factors.”®

Ultraviolet (UV) Light Treatment/Ar* lon Bombard-
ment. Ti** defects were generated within am.-TiO, thin films
via UV treatment and Ar" ion bombardment. The treatments
were carried out using a NanoESCA system (Omicron
Nanotechnology GmbH) equipped with an Hg arc UV source
(HBO 103 W/2 type lamp, 4.9 eV, 3 h) and an Ar" ion gun
(30 s with 5 kV acceleration voltage; Py, = 2.5 X 10™° mbar).

Grazing Incidence X-ray Diffraction and X-ray
Reflectivity. Structural properties of TiO, thin films were
analyzed by GIXRD and XRR using two diffractometers
(PANalytical Empyrean multipurpose and XPert’® MRD
diffractometers) equipped with a Cu Ka X-ray source (4 =
1.5406 A, hv = 8.05 keV). In GIXRD measurement, samples
were scanned in the 26 ranges of 24—34 and 20—52° at the
grazing incidence angle of @ = 0.3°. The background was
removed from each scan to allow easier comparison of the
XRD patterns. In XRR measurement, samples were scanned in
the coupled w-26 range of 0.5—4°. XRR data was modeled by
the GenX program (version 3.5.5.) to extract TiO, film
thickness, mass density, and surface roughness using a single-
layer model of TiO, on a Si substrate.”

Scanning Electron Microscopy. The surface morphology
of TiO, thin films was studied by scanning electron
microscopy (Zeiss Ultra SS, Carl Zeiss Microscopy GmbH).
The SEM images were measured by using in-lens mode with a
working distance of 2.3—2.4 mm, electron high tension (EHT)
of 1.00 kV, and aperture size of 30.00 um.

B RESULTS AND DISCUSSION

The amount of intrinsic oxide defects and nitrogen traces in
am.-TiO, depends on the ALD growth temperature when
using TDMAT and H,O as precursors.'’ The ALD process at
100 °C leaves nitrogen containing TDMAT fragments or
reaction byproducts within the am.-TiO, film, whereas the
growth at 200 °C leads to a low nitrogen content but an
increased amount of Ti**. The amount of under- and over-
coordinated Tis/,** ions scales with the amount of Ti**
defects. Furthermore, we have shown that am.-TiO, grown
at 100 °C prefers crystallization into the anatase structure
whereas 200 °C growth temperature induces direct crystal-
lization into rutile at the same oxidative annealing temperature
(400—500 °C).">'® To understand how the intrinsic defects
contribute to the crystallization upon post deposition
annealing in air, 30 nm-thick ALD TiO, films grown at 100
and 200 °C were first investigated by X-ray photoelectron
spectroscopy before and after PDA at 500 °C.

https://doi.org/10.1021/acs.jpcc.2c04905
J. Phys. Chem. C 2022, 126, 15357—15366



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

—
[
~

Tl 2p I AE(LC';/7CI= 0.3‘9 eV ()[4 =

[532.0 £ 0.2]

100 °C XPS intensity (a.u.) 200 °C
XPS intensity (a‘u.‘)

As dep.

Of’(peroxo) /
-OH/0-C

I I T ST i P

T (C)N‘1‘SI‘ T T

XPS intensity (a.u.)

468 465 462 459 456
Binding energy (eV)

533 532 531 530 529 528
Binding energy (eV)

404 402 400 398 396 394
Binding energy (eV)

Figure 1. (a) Ti2p, (b) O 1s, and (c) N 1s XP spectra of 30 nm-thick as-deposited and post deposition-annealed ALD TiO, grown at 100 and 200
°C.

Figure 1 shows Ti 2p, O 1s, and N 1s XP spectra of as-
deposited amorphous and crystallized (PDA S00 °C) ALD
TiO, grown at 100 and 200 °C (surface concentrations of
elements are presented in Table S1). Figure la shows that
oxide defects, i.e, Ti*" and Tis/,** defects, were completely
removed from both samples upon PDA at 500 °C despite the
difference in the initial amounts. Only six-coordinated Ti**
ions (Tig*) were present in PDA 500 °C samples supporting
the crystallized structure, i.e., Ti—Og octahedra are the building
blocks of crystalline TiO,***° Few subtle changes were
observed in the O 1s transition (Figure 1b) consisting of the
O—-Ti component (0?7) at 530.2 eV and minor O,>~/—OH/
O—C and O—N peaks at 532.0 + 0.2 and S31.1 + 0.1 eV,
respectively. The 532.0 eV component of as-deposited samples
corresponds to the interstitial peroxo (0,””) species as
discussed in our previous work.'” The O 1s O—N peak was
detected only in the TiO, (100 °C) PDA 500 °C sample. In
addition, a difference was observed in the O 1s linewidths that
decreased upon the PDA from 1.16 to 1.14 and 1.07 eV for
100 and 200 °C grown samples, respectively (Figure S1). The
narrower O 1s linewidth is attributed to the lower nitrogen
concentration and higher degree of crystalline order for the
200 °C grown sample after the PDA. It should be noted that
the broader peak and a high binding energy tail of the O Is
spectra could be attributed to hydroxyl groups.'**” However,
the concentration of possible hydroxyl groups was too low to
be reliably differentiated from the O 1s spectra, and no
difference was observed between the growth temperatures.

The removal of Ti3* defects upon the PDA was
accompanied by the disappearance of the Ti** gap state peak
at 0.3—0.4 eV from the XPS valence band spectra (Figure S2).
Again, a subtle difference was observed between the growth
temperatures. Upon the PDA, the valence band edge position
shifted 0.20 eV toward lower binding energy for the 200 °C
grown sample but no change was observed for the 100 °C
grown sample. This may relate to the band gap difference
between rutile TiO, (E, = 3.0 eV) and anatase TiO, (E, = 3.2
ev).>?

N 1s spectra in Figure Ic reveal strong difference between
the samples. Nitrogen containing reaction byproducts and

15359

TDMAT fragments within am.-TiO, were clearly detected for
the 100 °C grown sample as represented by the three
components at 401.5 + 0.1, at 400.0 & 0.1, and at 398.6 + 0.1
eV.'%313 After the PDA at 500 °C, an additional component
at lower binding energy (396.0 + 0.1 eV) emerged in the ALD
TiO, grown at 100 °C. The component at 396 eV is typically
reported to relate to substitutional nitrogen located at O*~
sites, i.e., Ti—N-like species within the TiO, lattice.>*~** Due
to dimethylamine decomposition at >275 °C,* unreacted
TDMAT ligands (Ti—N(CH,),) and protonated dimethyl-
amine (H,N(CH,),") species are proposed to decompose
during the PDA leading to the formation of TiO, with Ti—O—
N and Ti—O—N-O species at 398.4 + 0.1 and 401.9 + 0.1
eV, respectively. These species contribute to the O—-N
component in O 1s (Figure 1b).** The formation mechanism
of these nitrogen species within the TiO, lattice is discussed in
more detail in Figure 4. The N 1s signal detected at 400.0 +
0.1 eV was assigned to dimethylamine ALD process
byproducts (HN(CHj;),) and their decomposed and oxidized
N-O species locating primarily at the surface from where
these species may have partially desorbed during the PDA.
Indeed, in our previous study, these species (N 1s at 400.0 +
0.1 eV) showed strong surface enrichment (1.8 at.% vs initial
0.2 at.%) after similar PDA at 350 °C that resulted in partial
crystallization.'” Therefore, it is suggested that the desorption
of dimethylamine species is followed by crystallization and the
remaining nitrogen species at higher temperatures are oxidized
to N—O species that have similar N 1s binding energy with
dimethylamine. Surface decomposition of pure dimethylamine
takes place at >27S °C, and therefore, it is unlikely to have
these species at the surface after PDA at 500 °C.** Compared
to the am.-TiO, thin film grown at 100 °C, only a minor
amount of nitrogen was observed in ALD TiO, grown at 200
°C.

Despite the strong chemical changes in Ti and N species
upon the PDA, only subtle changes were observed in the
elemental surface concentrations (Table S1). The O*7/Ti ratio
was close to 2 for all the samples suggesting stoichiometric
TiO,, although ionic coordination of titanium differs between
as-deposited amorphous and crystallized (PDA 500 °C)

https://doi.org/10.1021/acs.jpcc.2c04905
J. Phys. Chem. C 2022, 126, 15357—15366
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Ti0,.'%*° The nitrogen concentrations were 0.9 and 0.2 at.%
for the samples grown at 100 and 200 °C, respectively. In
addition, all the surfaces had 2—35 at.% of carbon. Detailed
analysis of carbon species in the film was compromised due to
the build-up of adventitious carbon during the sample transfer
via air. TiO, films also contain hydrogen that cannot be
directly probed with XPS, but hydrogen bonded to nitrogen
species was indirectly analyzed from N 1s spectra. Indeed, Xia
et al. recently studied the same TDMAT + H,0 ALD process
and, by using elastic recoil detection analysis (ERDA),
observed elevated hydrogen concentration in ALD TiO,
grown at 100 °C (H/Ti = 0.5) compared to the film grown
at 225 °C (H/Ti = 0.1).”” The difference in the hydrogen
content was found to follow the same growth temperature
trend with N-bearing TDMAT fragments.

Grazing incidence X-ray diffraction measurements were
conducted to study the crystallization of 30 nm-thick ALD
TiO, grown at 100 and 200 °C upon PDA at 300, 400, and
500 °C. Figure 2a reveals that am.-TiO, grown at 100 °C

(a) ALDTIO, (b ALDTIO,
S| enatase 30 nm, 100 °C = 30 nm, 200 °C
S| 2586 Si(100) &) Si(100)

2 2

5 % | brookite brookite
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E E
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af 0 2 _— o

X PDA 300 °C X PDA 300 °C

< %

15} @ [ et s
As deposited As deposited

® A wile TO, (R050417)|  ® A utile TiO, (R050417)

w K anatase TIO, (R120064)| W anatase TiO, (R120064)

2 JbBrookis TiO, (R050363) 2 Jbrookite TIO, (R050363))_

4 4

N
N

26 28 30 32 34 24 26 28 30 32 34
26 () 20 ()

Figure 2. GIXRD patterns of 30 nm-thick ALD TiO, grown at (a)
100 °C and (b) 200 °C upon post deposition annealing. The XRD
references are from the RRUF database.”” The insets show the SEM
images after PDA at 500 °C.

retains the amorphous phase during the PDA at 300 °C but
shows similarly strong anatase peaks at 400 and at 500 °C,
suggesting abrupt crystallization. Previously, we have observed
that the abrupt am.-TiO, to anatase TiO, transition depends
on the ALD growth temperature and takes Place already at 300
°C for a growth temperature of 150 °C."® In contrast, am.-
TiO, grown at 200 °C shows gradual crystallization to mainly
rutile TiO, already at 300 °C. In addition to the rutile phase,
some brookite phase characterized by the peaks at 30.8 and
25.8° is also present after the PDA in TiO, grown at 200 °C.
For both growth temperatures, complete crystallization was
reached upon the PDA at 500 °C.'”'® Broader XRD peaks
reflect in average smaller grain size for the rutile TiO, films
compared to the anatase TiO,, as supported by the SEM
images in the insets of Figure 2.

As-deposited and PDA 500 °C samples were analyzed by
XRR, and TiO, film thickness, mass density, and roughness
were extracted via modeling (Figure S3 and Table 1). The
thickness of the sample grown at 100 °C decreased by 3.3%
during the PDA, while only a marginal change was observed in
the 200 °C grown sample. The densities of TiO, films grown at
100 and 200 °C were 3.5 and 3.9 g/cm3, respectively. The
PDA induced a small decrease in film roughness but had only
little if any effect on the film density. The difference in film
densities after the PDA can be understood by the higher bulk
density of rutile vs anatase TiO, (4.2 vs 3.9 g/cm’). Quite

15360

Table 1. XRR Modeling Results for 30 nm-Thick ALD TiO,
Grown at 100 and 200 °C on Si after Deposition and after
Post Deposition Annealing at 500 °C

TiO, density  TiO, thickness TiO, rou%hness

(g/cm?) (nm) (nm
100 °C, as-deposited 3.52 304 0.83
100 °C, PDA 500 °C 3.50 294 0.73
200 °C, as-deposited 3.94 33.5 1.06
200 °C, PDA 500 °C 3.93 33.6 0.91

surprisingly, the apparent mass densities did not change upon
crystallization. The decrease in film thickness in the case of the
100 °C grown sample is likely due to the desorption of excess
precursor traces and re-structuring of the film.

These density results are concordant with the values
reported by Abendroth et al. for am.-TiO, grown by using
the TDMAT + H,0 ALD process at growth temperatures of
120—200 °C.”” The density increased from 3.65 g/cm® (120
°C) to 3.95 g/cm® (200 °C) and reached the highest value of
4.1 g/cm3 at growth temperatures of 320—330 °C, resulting in
an anatase—rutile mixed phase with a relatively high N
concentration of around 6 at.%. Furthermore, Busani and
Devine reported similar densities for anatase (3.62 g/cm®) and
mixed anatase—rutile (3.85 g/cm?®) TiO, thin films deposited
by PECVD, but before the PDA at 600 °C, the density of their
am.-TiO, was smaller (3.2 g/ em?).*® Piercy et al. observed
ALD TiO, film density to increase with growth temperature
from 3.3 g/cm® (38 °C) to 3.8 S/cm3 (150 °C) when using
TiCl, and H,O as precursors.”” Also, the concentration of
trace CI” within the TiO, films decreased with the growth
temperature and was reported to significantly decrease with
TiO, crystallization above 160 °C. Go et al. fabricated ALD
TiO, at 80 °C with TDMAT and Oj; using a process where
crystallization was induced by the duration of oxygen plasma
exposure during the ALD growth cycle.* Short (3 s) plasma
exposure resulted in less dense (3.73 g/cm®) am.-TiO,, while
30 s plasma exposure was sufficient to grow anatase TiO, with
a density of 4.15 g/cm®. The duration of O, plasma exposure
affected also to the amount of N traces within the TiO, film
and was <2 at.% for the two samples.

Concerning rutile formation, Rafieian et al. reported that
tuning of the oxygen concentration during reactive magnetron
sputtering can be utilized to fabricate sub-stoichiometric and
stoichiometric am.-TiO,, which crystallize into rutile and
anatase upon annealing in air at 500 °C, respectively.29
Furthermore, according to Li et al., oxygen deficiency prefers
rutile formation upon rapid thermal annealing (RTA) at 800
°C for 4 min.”' However, even though the am.-TiO, grown at
200 °C showed a considerable concentration of Ti**, the film
was not oxygen-deficient as the 0% /Ti ratio was close to 2,
and still, the film crystallized as rutile.

The difference in ALD TiO, crystallization was mediated by
the ALD growth temperature that affected essentially the
concentration of oxide defects and nitrogen traces. Thus, we
tested if the crystallization could be steered toward rutile by
the introduction of Ti** defects, i.e., oxygen vacancies, to the
as-deposited TiO, using UV light treatment and Ar" ion
bombardment (Figures S4 and SS). The test was performed
using ALD TiO, grown at 150 °C that contains less nitrogen
traces compared to TiO, grown at 100 °C but still favors
crystallization to anatase TiO,.'”'® Neither the UV light
treatment nor the Ar" ion bombardment changed the

https://doi.org/10.1021/acs.jpcc.2c04905
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crystallization from anatase upon the PDA at 500 °C, even
though the concentration of Ti** defects, within XPS
information depth, exceeded that of the 200 °C grown sample.
Thus, the result suggests that Ti** defects were not the
declarative factor determining the crystallization.

Crystallization to anatase TiO, is more common for PDA
temperatures <500 °C. McDowell et al. reported that am.-TiO,
grown from TDMAT and H,O at 150 °C, containing nitrogen
impurities but no Ti**, crystallized into the anatase phase upon
1 h of annealing in air at 500 °C.* Furthermore, Pore et al.
found that nitrogen and particularly Ti—N bonds prefer
formation of pure anatase instead of the anatase—rutile mixed
phase.* Similar results were also reported by Cheng et al. who
considered the anatase phase stabilization to occur due to the
compressive stress induced by substitutional nitrogen ions
preventing the formation of more dense rutile TiO,.”'
Regarding the anatase to rutile phase transition due to the
ionic size effect, nitrogen presumably inhibits the phase
transformation, but on the other hand, oxygen vacancies
induced by N doping should promote rutile formation.”> Our
results suggest that intrinsic nitrogen defects in am.-TiO, delay
and steer the crystallization toward anatase TiO,, and without
nitrogen traces, a more dense am.-TiO, favors crystallization to
also more dense rutile TiO,.

The scanning electron microscopy images in the insets of
Figure 2a,b highlight the prominent difference in the
morphology and grain size of anatase and rutile TiO, (PDA
500 °C). The same SEM images in a larger image size are
presented in Figure 3. ALD TiO, grown at 100 °C exhibits

100 °C)
(b)),

ALD TiO,(30 nm,
¢ :

As dep

Figure 3. SEM images of 30 nm-thick ALD TiO, grown at (a—d) 100
°C and (e—h) 200 °C: (a, e) as-deposited and after post deposition
annealing (50 min) at (b, f) 300 °C, (¢, g) 400 °C, and (d, h) 500 °C.
All the images were taken with the same magnification.

exceptionally large anatase grains with a lateral size of >10 ym,
which is over 300 times larger than the film thickness. Based on
literature, anatase grains with similar magnitude of size have
been fabricated by post deposition annealing of ALD grown
amorphous Ti—Nb—O or Ti—Ta—O mixed oxide films.*>
Crystallization of undoped ALD grown am.-TiO, into anatase
is reported to result in micron-wide grains, instead.””>* The
rutile thin film (PDA-treated TiO, grown at 200 °C), by
contrast, consists of much smaller grains (<1 ym).

As implied by GIXRD results (Figure 2) and sizes of the
anatase and rutile grains, the crystallization kinetics of ALD
am.-TiO, grown at 100 and 200 °C are totally different. Figure
3 shows that full crystalline coverage on TiO, grown at 200 °C
is obtained already during PDA at 300 °C (Figure 3f), whereas
TiO, grown at 100 °C shows no crystal nucleation after the
same PDA treatment (Figure 3b). However, during PDA at
400 °C (Figure 3c), large grains appear in a 100 °C grown film.
To find the nucleation temperature of ALD TiO, grown at 100
°C, the PDA temperature range of 300—400 °C was studied in
more detail. Figure S6 reveals that, upon PDA 350 °C
treatment, some tiny crystal nuclei appear probably due to
random impurities or defects but PDA at 375 °C leads to
partial surface crystallization with large round grains with a
diameter over 10 um.

To understand how the oxide defects and nitrogen precursor
traces evolve upon crystallization of ALD TiO,, the Ti and N
species at the surface were analyzed as a function of PDA
temperature. Figure 4 shows the Ti and N species (cf,, Figure
1) for the N-rich ALD TiO, grown at 100 °C (Figure S8 shows
the XPS spectra). The concentration of Ti defects (Ti*" and
Tis/;."* species) was shown to decrease gradually with
increasing PDA temperature until they disappeared completely
at 400 °C that coincided with the crystallization. In the case of
ALD TiO, grown at 200 °C, the Ti defects disappeared already
at 250 °C (Figures S7 and S9) in line with the lower
crystallization temperature. The evolution of N species in the
case of the 200 °C grown sample was included in our previous
work; besides 350 °C PDA temperature where surface
enrichment of 1.8 at.% N (N Is at 400.0 + 0.1 eV) was
detected, the amount of N at the surface was too low (0.2 at.
%) for the analysis.'” In contrast, N species in ALD TiO,
grown at 100 °C showed a clear evolution with PDA
temperature while there was only a slight decrease in the
total amount of surface N (from 0.86 to 0.78 at.% N and from
2.8 to 1.8 at.% N/Ti). As the temperature increased from 200
to 400 °C, the amount of protonated dimethylamine
(H,N(CH;),") reaction byproducts (i.e., HN(CHj;), reacted
with the —OH group at 401.5 eV) decreased with a rather
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Figure 4. Evolution of (a) Ti and (b) N species as a function of the PDA temperature for 30 nm-thick ALD TiO, grown at 100 °C. The binding
energy values of N 1s components in panel (b) are depicted in brackets.
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concomitant increase in Ti—O—N species (at 398.4 €V). Thus,
it is suggested that, during the PDA, N—C bonds break and
CH, desorbs as follows

Ti — (O7)[H,N(CH,),]* (s)
— Ti— O — N (s) + 2CH,(g) (1)

For the PDA temperature above crystallization, a high
binding energy component appears in N Is at 401.9 eV,
slightly above the H,N(CH,)," component observed for lower
temperatures at 401.5 eV. The binding energy corresponds to
strongly oxidized nitrogen species,”* and it is suggested that,
for temperatures >400 °C, Ti—O—N species oxidize to Ti—
O—N-O0. Substitutional nitrogen (N 1s at 396.0 eV) appeared
for temperatures above the crystallization temperature (400
°C). Such substitutional N species induce visible-light
absorption that is desirable in photocatalysis.*’ However, in
our case, the amount of substitutional nitrogen was too small
to induce visible-light absorption (cf,, Figure S1c in ref 18). In
addition, at 300 °C, a minor increase in the N Is peak
component at 400.0 eV was observed for the ALD TiO, grown
at 100 °C, which suggests surface segregation and subsequent
desorption of HN(CHj), that were observed to take place at
350 °C for the ALD TiO, grown at 200 °C."> Furthermore,
these dimethylamine reaction byproducts and unreacted
TDMAT ligands (at 398.6 eV) will likely react or oxidize to
N—O-like species during the annealing.

Nitrogen is known to inhibit the TiO, crystal nucleation and
raise the nucleation temperature.*® Nitrogen also stabilizes the
anatase phase.”””' According to Hukari et al, the nucleation
onset temperature of stoichiometric am.-TiO, is in the range of
250-300 °C, whereas an additional nitrogen content can raise
the nucleation temperature up to 400 °C.>* Our results show
that the excess of N-bearing TDMAT fragments or reaction
byproducts within am.-TiO, can cause the aforementioned N-
mediated effects. Nitrogen defects can also contribute to the
exceptionally large anatase crystal size detected for ALD TiO,
grown at 100 °C. Similarly large crystals have been observed to
result from explosive crystallization of Ti—Nb—O or Ti—Ta—
O mixed oxide films prepared by Pore et al.”> In the explosive
crystallization process, the amorphous material crystallizes
rapidly in a self-sustaining manner due to the latent heat
released during the crystallization and consequently inducing
further amorphous material to convert into crystalline
form.>>3*%7 Although the explosive crystallization is an
autocatalytic phenomenon, the speed of the process depends
still on the temperature and orientation of the crystal growth.*®
However, as shown in Figure S6¢ and in the work by Pore et
al,, crystallization fronts proceed until collision with an
adjacent grain and therefore inhibited nucleation and low
distribution density of crystal nuclei is a desired feature when
targeting formation of exceptionally large grains.”>*® By
increasing temperature, further energy barriers for nucleation
are overcome and complete crystallization is obtained (Figure
S6d).>?

In contrast to the ALD TiO, grown at 100 °C, the ALD
TiO, grown at 200 °C containing only little N traces evidences
strictly different crystallization properties. As shown in Figure
Sa, the ALD TiO, grown at 200 °C shows partial surface
crystallization already at 250 °C. Furthermore, Figure S depicts
that extending the PDA duration at 250 °C from S0 min
(Figure Sa) to SO0 min (Figure Sb) resulted in complete
surface crystallization with crystal size <1 um. The GIXRD

z

ALD TiO,
30 nm, 200 °C
Si(100)

)“”\ PDA 250 °C 500 min
,'tl"‘\ PDA 250 °C 50 min

; As deposited

GIXRD intensity (a.u.)

e
I rutile TiO, (R050417

| anatase TiO, (R120064

i} 1 |_brookite TiO, (Rp50363)|

1

25 30 35 40 45 50
26(°)
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Figure S. SEM images of 30 nm-thick ALD TiO, grown at 200 °C
after PDA at 250 °C (a) for 50 min and (b) for S00 min. (c) GIXRD
patterns of the samples. The XRD references are from the RRUF
database.*

patterns (Figure Sc) show both rutile and brookite TiO, peaks
indicating the mixed-phase TiO, thin film with rutile as the
primary phase. The rutile to brookite ratio was found to
increase with increasing PDA temperature (cf. Figure 2).

Two distinct crystal morphologies were observed after
crystal nucleation of am.-TiO,: needle- and round-like crystals
(Figure Sa). Li et al. stated that the preferential growth of
different rutile crystal morphologies in the aqueous-phase
process is attributed to the concentration of TiOH®" ions
around the TiO, nucleus.”® A low TiOH* concentration
around the nucleus induces needle-like morphology, whereas a
high concentration prefers radial growth of crystalline material.
Comparing this crystallization mechanism to our observations,
we propose that the different crystal morphologies may be
analogously induced by local variations in oxide defect density
within the am.-TiO, structure.

In general, the crystallization of am.-TiO, can be considered
a random process that is affected by many factors. Nucleation,
i.e., how TiOg4 octahedra join each other, determines whether
am.-TiO, crystallizes as anatase or rutile.’”” Growth of
metastable anatase is statistically more likely since there are
more possibilities for octahedra to join at right angles
compared to joining linearly sharing two edges required for
the rutile phase.”” Apparently, the chemical composition and
structure of the am.-TiO, thin film predetermined the resulting
phase structure upon the PDA. We note that the crystallization
can be affected by, for example, film thickness, substrate, and
PDA process parameters that should be studied separately.
Also, it is worth pointing out that crystallization can proceed at
even lower temperatures if the duration of the PDA treatment
is extended.

The effects of intrinsic defects on crystallization of ALD am.-
TiO, upon PDA are summarized in Table 2. Lower growth
temperature (100 °C) prefers trapping of TDMAT-based
nitrogen species that leads to delayed crystal nucleation (at 375
°C) and exceptionally large anatase grains (>10 ym). Higher
ALD growth temperature (200 °C) results in higher mass
density and higher concentration of intrinsic oxide defects but
less nitrogen traces. Interestingly, this am.-TiO, favors direct
crystallization into mixed rutile-brookite phase TiO, with rutile
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Table 2. Summary of Growth and Crystallization of am.-TiO, Thin Films Grown by ALD Using TDMAT and H,O Precursors

at the Growth Temperatures of 100 and 200 °C

ALD growth temperature

100 °C 200 °C
T Precursor traces® +++ +
H
S Oxide defects® + +++
b
< Mass density 3.5 glcm® 3.9 glcm?®
Crystal
o Nucleation 375°C 250 °C
£ observed at°®
©
o
c
c
©
c
o
®
2 Primary phase®
3
3
RUTILE
o
ANATASE (BROOKITE)?

“Nitrogen species originated from dimethylamide ligands of TDMAT molecules. The plus signs represent the surface concentration determined by
the XPS measurement. bOxygen vacancies, interstitial peroxo species (0,>7), and Ti**/Tig.** ions formed via displacement of oxygen ions within
the stoichiometric amorphous TiO, structure The plus signs represent the surface concentration determined by the XPS measurement. “The
results are based on a PDA time of S0 min. “The drawings of crystalline TiO, structures were produced by VESTA software® using rutile®* and
anatase® crystal structure models provided by the American Mineralogist Crystal Structure Database.®° “Ratile is the main phase. The proportion

of brookite decreases at higher PDA temperatures.

as the primary phase already at 250 °C, which is exceptionally
low for TiO, thin films. ALD of the anatase—rutile mixed
phase thin film has been reported at 300 °C.”>***” Fabrication
of rutile-rich thin films at relatively low temperature is of
interest in optical and photocatalytic applications since rutile
exhibits optically anisotropic nature, a high refractive index,
and desirable catalytic activity in oxidation reactions.”'”%’
Lowering the fabrication temperature of photocatalytically
active TiO, thin films enables applications involving temper-
ature-sensitive materials such as polymers. Furthermore,
enabling low processing temperatures (250—400 °C) to form
rutile-rich TiO, thin films without an additional seed layer is of
interest for high-k applications, such as dynamic random-access
memory (DRAM) capacitors. 162 Our work demonstrated that
tuning the ALD TiO, process parameters enabled lowering the
fabrication temperature of the rutile-rich TiO, thin film to 250
°C. Controlling the thin film defects was essential to lowering
the crystallization temperature, and we believe that the
provided mechanistic understanding paves the way to further
optimize the process for even higher rutile purity at even lower
temperatures.

Bl CONCLUSIONS

The role of intrinsic defects on crystallization of am.-TiO, thin
films grown by ALD using TDMAT and H,O precursors upon
PDA treatment in air was studied as a function of ALD growth
temperature (100—200 °C). The am.-TiO, film grown at 100
°C contained 0.9 at.% of nitrogen-bearing traces of the
TDMAT precursor that inhibited crystal nucleation up to 375
°C and led to explosive crystallization of large anatase grains
(>10 pm). In contrast, the am.-TiO, grown at 200 °C
contained less precursor traces (0.2 at.% N) and crystallized
into the mixed-phase (rutile—brookite) TiO, thin film with
rutile as the primary phase at 250 °C. The concentration of

15363

* defects increased with ALD growth temperature, and
upon crystallization, these oxide defects were completely
removed. Increasing the amount of Ti*" defects within am.-
TiO, either by UV treatment or Ar*-ion sputtering did not
affect the crystallization. The mass densities of ALD TiO, thin
films were 3.5 g/cm3 for the film grown at 100 °C and 3.9 g/
cm® for the film grown at 200 °C. The mass densities did not
change during the crystallization. Therefore, it is suggested that
the growth of denser am.-TiO, mediates direct crystallization
into a more dense and stable rutile phase, while the growth of
less dense am.-TiO, with precursor traces favors crystallization
into a metastable anatase phase. Often, am.-TiO, thin films
crystallize first into anatase and subsequently transform from
an anatase to rutile phase requiring typically PDA temperatures
>500 °C. By controlling the ALD growth temperature, we were
able to demonstrate direct amorphous to rutile-rich TiO, thin
film fabrication at 250—500 °C that has potential applications
in the fields requiring high-x thin films such as DRAM
capacitors. Moreover, the fabrication of crystalline TiO, thin
films at an exceptionally low temperature of 250 °C enables
applications involving temperature-sensitive materials such as

polymers.
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ABSTRACT: Titanium dioxide (TiO,) can protect photoelec- Substrate treatment NON-PROTECTIVE PROTECTIVE
trochemical (PEC) devices from corrosion, but the fabrication of ~SIO thickness (nm)  amorphous ALD TiO,  anatase TiO,
high-quality TiO, coatings providing long-term stability has
remained challenging. Here, we compare the influence of Si Native RCA
wafer cleaning and postdeposition annealing temperature on the ! oHlce: 3C:2 HF
. 3 g Native RCA
performance of TiO,/n*-Si photoanodes grown by atomic layer oxide SC2
deposition (ALD) using tetrakis(dimethylamido)titanium
(TDMAT) and H,O as precursors at a growth temperature of
100 °C. We show that removal of native Si oxide before ALD does
not improve the TiO, coating performance under alkaline PEC
water splitting conditions if excessive postdeposition annealing is
needed to induce crystallization. The as-deposited TiO, coatings
were amorphous and subject to photocorrosion. However, the TiO, coatings were found to be stable over a time period of 10 h after
heat treatment at 400 °C that induced crystallization of amorphous TiO, into anatase TiO,. No interfacial Si oxide formed during
the ALD growth, but during the heat treatment, the thickness of interfacial Si oxide increased to 1.8 nm for all of the samples.
Increasing the ALD growth temperature to 150 °C enabled crystallization at 300 °C, which resulted in reduced growth of interfacial
Si oxide followed by a 70 mV improvement in the photocurrent onset potential.

»
»

Improved PEC performance

Thinner interfacial SiO,

H INTRODUCTION alignment with respect to the substrate semiconductor and the
Photoelectrochemical (PEC) solar fuel production from H,0 energy level of a chemical reaction.” The electrically “leaky”
and CO, is one of the potential methods for storing solar TiO, has the ability to conduct holes due tgﬁmidgap defect
energy in chemical form as hydrogen and hydrocarbons." Solar states in the electronic structure of am.-TiO,.”” However, the
fuel production at a large scale using a PEC reactor requires stability of am.-TiO, without additional co-catalyst has
photoelectrodes that are efficient, chemically stable, and cost- remained controversial.’ In contrast to am.-TiO,, crystalline
effective. Titanium dioxide (TiO,) is a common photocatalyst TiO, is thermodynamically stable under alkaline water splitting
for solar fuel production but lacks efficiency due to the band conditions.® Furthermore, with sufficient contact to catalyst
gap in the UV range. One viable approach to increase the material, the crystalline n-type TiO, coating can also behave as
efficiency is to use semiconductor materials of high-efficiency a charge transfer layer and conduct electrons from the
solar cells, such as Si, GaAs, and GaP, as photoelectrode catalyst—electrolyte interface to the semiconductor substrate
materials, but because of their intrinsic chemical instability in a photoanode and vice versa in a photocathode.”'’ In our
under PEC conditions, a protective coating is required.” recent studies, we have reported means to thermally modify
Recently, the stability of semiconductor photoelectrodes has the defect structure of ALD-grown am.-TiO, thin film under
been successfully increased by TiO, thin film coatings grown oxidative® and reductive'' conditions. Based on our research,

by atomic layer deposition (ALD) using either amorphous™* annealing in air at 500 °C results in stable and photocatalyti-

or crysta‘llines TiO,. However, the fabricatif)n of high-quality cally active crystalline TiO,.° However, compared to the
TiO, thin films providing long-term stability to the photo- oxidation a heat treatment in reductive ultrahigh vacuum

electrodes has remained challenging and the stability of (UHV) at 500 °C can retain the amorphous phase for TiO
amorphous TiO, (am.-TiO,) has shown to be controversial.’ ?

In addition to corrosion protection, the TiO, photoelectrode
coating serves as a charge transfer layer between the
semiconductor and the catalyst surface of the photoelectrode.
Therefore, TiO, photoelectrode protection layers need to be
either electrically “leaky” and thick (4—143 nm) am.-TiO,,’
dielectric, and ultrathin (~2 nm) to allow the tunneling of
charge carriers’ or a semiconductor with a favorable band
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and enhance the stability due to the formation of O~ species
via electron transfer from O to Ti."'

Atomic layer deposition providing good controllability,
uniformity, and conformality can be used to fabricate high-
quality and pinhole-free TiO, photoelectrode protection
layers.”'>"* The choices of precursors and process conditions
affect the TiO, phase structure. ALD of crystalline TiO, has
been reported using TiCl, (at 200 °C) or TTIP (at 250 °C) as
titanium precursors and H,O or O; as oxygen sources,
respectively.'#'> The growth of TiO, using more volatile
TDMAT and H,O allows ALD at growth temperatures as low
as 50 °C, which enables growth on sensitive materials.'®
However, based on our knowledge, there are no reports on
thermal ALD from TDMAT and H,O between 100 and 200
°C that results in a full?r crystalline TiO, film without
additional heat treatment.”'” Growth at higher temperatures
could result in crystalline TiO,, but the thermal decomposition
of TDMAT challenges the self-limiting ALD process.””>°

Substrate pretreatment, interface engineering of a TiO,/
semiconductor heterojunction, and the morphology of TiO,
are the key factors affecting charge carrier transport of the
heterojunction and thus the performance of photoelectr-
odes.”'#*1?* For example, on Si-based electrodes, the growth
of a resistive interfacial silicon oxide layer at the TiO,/Si
interface can prevent the charge transfer.””> According to
Scheuermann et al, less than 2 nm thick SiO, has no
substantial effect on conductivity, but the performance of the
photoanode could be remarkably improved by preparing a
TiO,/Si heterojunction with a less than 1 nm thick interfacial
silicon oxide.”> Cho et al. reported the effect of the substrate
surface energy on the grain size of as-deposited ALD TiO,
films grown from TTIP and O; on SiO,, Al,O;, HfO,, and Pt
substrates."* The deposition on a high-surface-energy substrate
can lead to large anatase grains (2—3 pm) due to the higher
interfacial energy between TiO, and the substrate, which
decreases the number of crystal nuclei on the surface.'*
Furthermore, Pore et al. were able to prepare much larger
explosively crystallized anatase TiO, grains with a width of
several tens of microns by postannealing amorphous Ti—Nb—
O or Ti—Ta—O mixed oxide films.”* The large anatase grain
size accompanied with small grain boundary volume is
reported to improve the thermal stability and photocatalytic
activity of TiO, thin films,”*** which are also desired features
for protective photoelectrode coatings since corrosion
reactions are often initiated at grain boundaries.

The surface termination of the Si substrate depends on the
surface treatment and can strongly influence the ALD growth
that is essentially a surface-mediated process.”*>**~** Prior to
ALD, native SiO, can be removed from the surface by HF
treatment, which terminates the Si surface by Si—H bonds.*®
The hydrogen-terminated Si surface is hydrophobic, lowering
the initial ALD growth rate of TiO, due to the slower
adsorption of ALD precursor molecules on the Si surface.””*®
For example, McDonnell et al. reported 185 times greater TiO,
deposition rate on an oxide-terminated Si compared to a H-
terminated surface using TiCl, and H,0.”® Devloo-Casier et al.
reported that HF treatment of Si changed the growth mode
from layer by layer to island growth for HfO, using
tetrakis(ethylmethylamino)hafnium and H,0.*” In contrast
to the HF treatment, boiling in HCI-H,0,—H,0 (RCA SC-2
treatment””) leads to a hydrophilic surface due to the high
density of surface hydroxyl groups,>*' which are reported to
influence the crystallization and grain size of ALD TiO, grown

from TiCl, and H,O precursors.”"** Therefore, the substrate
pretreatment is of primary importance especially to the
fabrication of ultrathin pinhole-free tunnel oxides and 2D
materials for the semiconductor technology'” but can be also
utilized in area-selective growth.”*

This work examines the influence of silicon wafer pretreat-
ment (1) on the initial ALD TiO, (0—2 nm) growth; (2) on
the TiO,/Si interface composition; and (3) on the perform-
ance of TiO, (30 nm) protective coating on Si under
photoelectrochemical (PEC) water splitting conditions. ALD
TiO, thin films were grown from TDMAT and H,O
precursors at 100 °C (1) on native Si oxide; (2) on oxide-
free Si surface after exposing the Si wafer to dilute HF solution;
and (3) on chemical Si oxide that forms on an HF-dipped Si
wafer surface during boiling in HCI-H,0,—H,0. The as-
deposited TiO, thin films were amorphous and dissolved
under alkaline PEC conditions. The stability of the TiO, thin
film over a time period of >10 h under PEC conditions was
obtained after heat treatment in air at 400 °C that induced
crystallization of am.-TiO, into anatase TiO,. Nondestructive
X-ray photoelectron spectroscopy analysis was applied to
quantitatively analyze the morphology of TiO, (2 nm)/SiO,/
Si heterostructures and revealed that no interfacial Si oxide
formed during the ALD growth, but during the heat treatment,
the thickness of interfacial Si oxide increased to 1.8 + 0.1 nm
for all of the samples. By increasing the growth temperature
from 100 to 150 °C, the crystallization temperature can be
decreased from ~400 to 300 °C,'” which limits the growth of
interfacial Si oxide and is shown to result in more significant
improvement in the PEC performance compared to the wafer
pretreatments.

It is evident from the results shown here that growing a high-
quality ALD TiO, thin film on Si wafer depends on how the Si
surface is cleaned, albeit the choice of the cleaning method
affected only little the final structure and properties of the 30
nm thick TiO, thin film as a photoelectrode coating on Si.
Further improvement in the quality of the TiO,/Si photo-
electrode would require either the development of the ALD
growth process itself or the postgrowth heat treatment of the
as-deposited TiO, thin film to result in a crystalline low-defect
TiO, structure at a lower temperature and thereby avoiding the
formation of interfacial Si oxide that is detrimental to the
charge transfer. These properties are not sensitive to the
doping of Si substrate, and therefore, our results obtained using
degenerately doped n*-Si as the substrate are applicable to Si-
based photoelectrodes in general.

Bl MATERIALS AND METHODS

Substrates. In the experiments, the degenerately Sb-doped
(resistivity 0.008—0.02 Q cm) n*-Si(100) wafers from
SIEGERT WAFER GmbH (Germany) were used as
substrates. The use of degenerately doped Si substrates
allowed the investigation of photogenerated charge carriers
within TiO, coating only, while Si substrate served as a
conductor. Prior to atomic layer deposition of TiO,, some of
the substrates were treated with hydrofluoric acid (HF), some
with HF followed by RCA SC-2 treatment (Radio Corporation
of America standard clean 2),” and some of the substrates
having a thin native oxide (SiO,) layer were used as received
from the wafer vendor. In the HF treatment, the Si wafer was
immersed in 2.5% hydrofluoric acid (HF) for 10 s, then rinsed
in two different deionized water (DI-H,0) containers, in the
first one for 3 s and in the second for 10 s. After this, the

https:/doi.org/10.1021/acsomega.1c04478
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samples were blown dry with nitrogen. The HF treatment
etches the native oxide layer, resulting in a H-terminated
hydrophobic Si surface.””*" In the RCA SC-2 treatment, i.e.,
chemical oxidation, the Si wafer was soaked in a 6:1:1 H,0/
30% H,0,/37% HCl solution at 70—75 °C for 10 min.”® After
the treatment, the wafer was rinsed with DI-H,O and blown
dry with nitrogen. This treatment produces a silicon wafer with
a thin silicon oxide layer that is hydrophilic due to the high
density of hydroxyl groups (—OH) on the surface.’””’
[Caution: HF is highly corrosive and requires the use of
Teflon, rather than glassware, and can easily penetrate the skin,
bond with Ca?*, 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 be worn at
all times when carrying out these sample preparations.]

Water Contact Angle (CA) Measurements. The water
contact angle measurements were performed using an
Attension Theta contact angle meter equipped with an
Automatic Single Liquid Dispenser. The DI-H,O drop size
used for the experiments was 5.0 + 0.5 yuL. The drop was
stroked on the surface and given to stabilize for 2—3 s. The
right and left contact angles were recorded for 10 s (15 frames
per second), and the contact angle was determined as an
average of the right and left contact angles.

Atomic Layer Deposition (ALD). ALD of TiO, was
carried out using a Picosun Sunale ALD R-200 Advanced
reactor and tetrakis(dimethylamido)titanium(IV) (Ti(N-
(CH;),),, TDMAT, electronic grade >99.999%, Sigma-
Aldrich) and deionized water as precursors. To reach the
proper TDMAT precursor vapor pressure, the bubbler was
heated to 76 °C, and to prevent condensation of the precursor
gas, the delivery line was heated to 85 °C. The water bubbler
was sustained at 18 °C by a Peltier element for stability
control. Argon (99.9999%, Oy AGA Ab, Finland) was used as
a carrier gas. During the ALD, the Si substrates were held at
100 °C. A lower deposition temperature was chosen to get
more stoichiometric TiO, and to hinder the growth of the
resistive interfacial silicon oxide layer. The thickness of the
TiO, (480 ALD cycles) film was measured by ellipsometry and
was 30 nm (Rudolph Auto EL III Ellipsometer, Rudolph
Research Analytical). Based on the calculated growth rate, the
number of ALD cycles for studying the initial growth was
selected to be 1, 8 (S A), and 32 (2 nm). At a 150 °C growth
temperature, 636 ALD cycles were required for a 30 nm thick
TiO, thin film."”

Heat Treatment. The post-treatment for the TiO,/Si
samples was performed in air by placing the samples directly
into a preheated tube furnace for 45 min. After the heat
treatment, the samples were removed from the tube furnace
and let to cool down freely. The heat treatment temperature
for TiO, grown at 100 °C was optimized to yield the maximum
photocurrent for H,O oxidation (Figure S4). The heat
treatment for the TiO, grown at 150 °C was decided based
on the crystallization temperature.'”

X-ray Photoelectron Spectroscopy (XPS). The chemical
composition and thin film morphology of sample surfaces were
analyzed with X-ray photoelectron spectroscopy (XPS).
Nonmonochromatic Al Ka (hv = 1486.5 €V) X-ray was used
as an excitation source. The core-level XP spectra were
analyzed by the least-squares fitting of Gaussian—Lorentzian
lineshapes and using a Shirley-type background. The binding
energy scale of the XP spectra was calibrated by fixing the Si’

2p;/, peak to 99.3 eV. CasaXPS version 2.3.22 PR1.0. was used
as the analysis software, and the Scofield photoionization cross
sections were used as relative sensitivity factors. The
quantitative analysis of the TiO,/SiO,/Si heterostructure
morphology was based on the attenuation of photoelectron
signal in solid material according to the Beer—Lambert law and
is described in detail in the Supporting Information.

Scanning Electron Microscopy (SEM). The surface
morphology of Si substrates after different pretreatments was
studied by scanning electron microscopy (SEM, Zeiss Ultra SS,
Carl Zeiss Microscopy GmbH). The SEM images were
measured using in-lens mode with a working distance of 2.3
mm, an electron high tension (EHT) of 1.00 kV, and an
aperture size of 30.00 ym.

Electron Backscatter Diffraction (EBSD). The electron
backscatter diffraction (EBSD) analysis was carried out using
SEM (Zeiss Ultra Plus, Carl Zeiss Microscopy GmbH)
equipped with an EBSD system (Symmetry, Oxford Instru-
ments). The EBSD maps were collected using a 70° sample tilt,
an EHT of 10 kV, an aperture size of 120 ym, and a step size of
0.1 pm. Here, pattern quality, i.e., band contrast (BC), maps
were presented. The BC map represents the quality of the
Kikuchi pattern for each measurement pixel; bright signifies
good pattern quality and black poor quality such as in grain
boundaries.

Grazing-Incidence X-ray Diffraction (GIXRD). The
phase structures of the samples were obtained via grazing-
incidence X-ray diffraction (GIXRD, PANalytical X’Pert> MRD
diffractometer) with Cu Ka radiation (1 = 1.5406 A, hv = 8.05
keV) and 45 kV and 40 mA cathode voltage and current,
respectively. The samples were scanned in 26 between 20 and
52° using a grazing-incidence angle & = 0.3°. Background was
removed from each of the scans to allow easier comparison of
the measured curves.

Photoelectrochemical (PEC) Analysis. The photoelec-
trochemical performance was studied in a homemade PEC cell
using three-electrode configuration with an Ag/AgCl reference
electrode, Pt counter electrode, and TiO,/Si sample as the
working electrode following the procedure described in detail
in our previous work.® The measurement was controlled by an
Autolab PGSTAT12 potentiostat (Metrohm AG). An aqueous
solution of 1 M NaOH (pH 13.6) was used as an electrolyte.
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.).

Bl RESULTS AND DISCUSSION

Figure 1 shows Si 2p XP spectra and SEM images together
with water contact angle measurements for the Si(100)
surfaces after different surface treatments, i.e., the surface
condition prior to the atomic layer deposition of TiO,. The XP
spectra of Si 2p transition show a strong doublet peak with Si
2p;/, at 99.3 eV corresponding to elemental Si from the Si
substrate. Other peaks are observed at 103.3 eV for the native
oxide and at 103.1 eV for the chemical oxide that are both
assigned to oxidized Si, mainly Si** oxide, with a slight
deviation in the chemical environment between the two oxides.
In contrast, Si oxide was not detected on the HF-treated
sample, which confirms the temporal passivation of Si surface
against oxidation. The doublet separation of 0.60 eV was
applied in peak fitting for all of the chemical states in Si 2p.

https:/doi.org/10.1021/acsomega.1c04478
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@[T T T T presence of some Si suboxides (Si**—Si'*) reported to exist in
Si 2p a chemically grown Si oxide.*® The amount of adventitious
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Figure 1. (a) XP Si 2p spectra and (b) SEM images and CA
measurements for the native oxide, HF-treated, and HF + RCA SC-2-
treated Si(100) substrates.

SEM images and water contact angles presented in Figure 1b
reveal the disparity in surface morphology and hydrophilicity
between different surface treatments. The surface with native
oxide is flat, and the water contact angle is rather low (40°) in
accordance with the literature.”*> HF treatment results in flat
surface morphology and a large CA (76°), indicating the
hydrophobic behavior caused by the H-terminated Si sur-
face.>’ = Thus, both the native oxide and HF-treated Si(100)
surfaces were flat and homogeneous albeit chemically different.
In contrast, the RCA SC-2 process results in a distinct
nonhomogeneous surface morphology that is strongly hydro-
philic with CA of 7°. The surface is covered with round voids
that have the size of up to 10 ym in diameter. Such a
nonhomogeneous surface morphology can be linked to the H,
bubble formation that takes place vigorously in the freshly
prepared SC-2 solution upon the decomposition of H,O,. Gas
bubbles may have adhered to the surface limiting the surface
reactions and thus led to void formation. Similar void
formation has been reported to result from cleaning in Fe-
contaminated alkaline SC-1 solution (NH,OH/H,0,/H,0),
where Fe catalyzes H,0, decomposition®” but rarely upon
cleaning in acidic SC-2. Bubble-induced void formation can be
effectively mitigated by the implementation of sonication to
the RCA cleaning procedure.*® Despite the nonhomogeneous
surface morphology, the treatment was found reproducible and
served as an interesting substrate for the ALD TiO, thin films.
The hydrophilicity is attributed to the high density of hydroxyl
groups on the surface.”””' Compared to the native oxide, the
Si** 2p peak in the RCA SC-2-treated Si appeared to be 0.2 eV
closer to the Si® peak that is now supported with the difference
in the surface termination and with the nonhomogeneous
oxide layer. The lower binding energy can also indicate the

carbon was similar (4—6 at. %) for all of the surface treatments
(Table S1), and no metal impurities were detected.

To study the influence of surface treatment on the initial
ALD TiO, growth and on the formation of interfacial Si oxide,
surface analysis by XPS was performed as a function of ALD
TiO, cycles and after oxidation in air at 400 °C as shown in
Figure 2. The growth rate of ALD TiO, as determined by
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Figure 2. Thicknesses of TiO, surface layer and interfacial SiO, as a
function of ALD TiO, cycles and after oxidation in air at 400 °C for
different surface treatments.

electron spectroscopy was found to follow a linear trend (0.06
+ 0.01 nm/cycle) on oxidized surfaces, i.e., the native oxide
and HF + RCA SC-2 surfaces, in good agreement with the
average growth per cycle (GPC = 0.063 + 0.003 nm/cycle)
determined for a 30 nm thick ALD TiO, layer using
ellipsometry. In contrast, the initial growth on oxide-free Si
substrate (HF-treated) was strongly hindered up to eight ALD
cycles after which the growth rate continued at the same rate as
with the other Si surfaces. Thus, the HF treatment did not
change the growth from layer-by-layer to island mode,”” which
would have resulted in an increase in the apparent growth rate.
This inhibition period on the oxide-free surface resulted
effectively in a 0.2 nm smaller TiO, film thicknesses compared
to oxide surfaces when total TiO, thickness exceeded 0.2 nm
(~1 monolayer of TiO,). The initial growth rate is lower on
H-terminated Si and higher on SiO, surfaces due to the
enhanced precursor adsorption and surface reactions with
hydroxyl groups on the surface.”®

The thickness of the interfacial Si oxide layer did not change
during the ALD process. Most significantly, the TiO,/Si
interface for the HF-treated surface remained free from Si
oxides, which is largely due to the low growth temperature of
100 °C. A similar result was observed by Methaapanon et al.*®
The thicknesses of interfacial Si oxide in the native oxide and
HF + RCA SC-2 -treated samples were 0.8 + 0.1 and 0.4 & 0.1
nm, respectively. The chemical oxide that forms in the rapid
HF + RCA SC-2 treatment was not fully developed and is
expected to reach the thickness of native oxide with time when
exposed to air. The Si** 2p binding energy for the interfacial Si
oxide was shifted by —0.4 eV compared to the Si** 2p at the
surface (Figure S1). The formation of an interfacial compound
might induce such a binding energy shift. However, based on
our nondestructive angle-resolved XPS analysis, the Ti—O—Si
interface width was only 0.4 nm (~1 monolayer of SiO, or
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TiO,), which does not support substantial mixing of TiO, and
Si oxide (Figure S2).*” More specifically, only Ti*" and no
suboxides of Tj, i.e, Ti'™>*, were present since the normalized
Ti 2p spectra (Figure S2a) recorded at different electron
emission angles were identical. The Si** 2p binding energy
shift was therefore assigned to the TiO, overlayer-induced
change in the chemical environment.”® This contradicts the
work by Dwivedi et al. who reported mixed oxide (SiO, +
TiO,) interfacial layer formation with Ti** for ALD TiO,
grown on HF-treated Si at 100 °C from TiCl, and H,0.**

The heat treatment in air at 400 °C did not affect the
thickness of TiO, overlayer. However, the thickness of the
interfacial Si oxide layer was increased to 1.8 + 0.1 nm for all
of the samples despite the difference before the heat treatment.
No substantial mixing of TiO, with Si oxide was observed, but
the width of the Ti—O—Si interface evidenced a slight increase
from 0.4 nm (as-deposited) to 0.6 nm (400 °C) as analyzed in
more detail in the case of HF + RCA SC-2-treated substrate
(Figure S2). In addition, the thickness of the interfacial Si
oxide was observed to increase linearly with heat treatment
temperature from 200 to 550 °C (Figure S3). Interestingly, the
same heat treatment induced only minor oxide growth on the
bare Si substrate, i.e, 0 ALD cycles in Figure 2. We suggest
that this apparent discrepancy is due to the higher catalytic
activity of the TiO, surface to dissociate O,, i.e., the initial step
of oxidation, compared to SiO, surface.””*" This so-called
catalytic effect on the interfacial SiO, formation has been
observed also for other high-k metal oxide materials on
silicon.*" The heat treatment at 400 °C did not affect the Si*"
2p binding energy, and the morphology analysis did not
support intermixing of SiO, with TiO, (Figure S2).

The heat treatment temperature was optimized in terms of
the performance of the 30 nm thick ALD TiO, thin film grown
at 100 °C on n*-Si to act as a photocatalyst for water oxidation.
We note that in the experiment, only TiO, contributes to the
photocurrent, while the degenerately doped n*-Si substrate
serves as a conductor. The maximum photocurrent was
measured after heat treatment at 400 °C (Figure S4). For
higher heat treatment temperatures, the photocurrent
decreased slightly up to S00 °C followed by a drastic drop at
550 °C. The decrease in photocurrent is attributed to the
increase of the resistive interfacial Si oxide layer thickness
above the tunneling limit, which was estimated to be ~3 nm
based on an experiment performed using ALD TiO, (2 nm)/Si
model system (Figure S3). For temperatures below 400 °C,
the TiO, thin film was not stable under PEC conditions.
Previously, we have shown that a high temperature is required
to convert chemically unstable amorphous ALD TiO, into
stable crystalline TiO,.® Therefore, it can be concluded that
further improvement in the performance of ALD TiO,/Si
photoelectrode would require the development of ALD growth
parameters that enables fabrication of crystalline TiO, at a
lower temperature where resistive interfacial SiO, does not
form. To constrain the thickness of the interfacial Si oxide
below 1 nm limit for imgroved charge transfer as was suggested
by Scheuermann et al,> the oxidation temperature should not
exceed 250 °C in the case of studied 45 min heat treatment
time (Figure S3).

Figure 3 shows GIXRD patterns and BC maps for 30 nm
thick ALD TiO, films after oxidation at 400 °C for different
surface treatments. The GIXRD patterns for oxidized ALD
TiO, thin films corresponded to anatase TiO, for all of the
surface treatments and showed no features of other phases of

(a)

| ALD TiO,(30 nm, 100 °C) ox. 400 °C
| Si substrate + pretreatment |

1.

| B X < & L
‘ TiO,/Si(HF + RCA SC-2) N
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Figure 3. (a) GIXRD patterns and SEM images (insets) and (b) BC
maps of 30 nm thick ALD TiO, films after oxidation at 400 °C for as-
deposited am.-TiO, grown on native oxide, HF-treated, and HF +
RCA SC-2-treated Si(100) substrates. The XRD references are from
RRUF database.**

TiO, such as rutile or brookite. Small differences in the anatase
XRD peak shapes were observed, suggesting differences in
anatase crystal morphology, crystal anisotropy, or thin film
stress. The BC maps in Figure 3b show fern leaf-like grains for
all anatase TiO, thin films. Similar grain morphology has been
reported to be typical for explosively crystallized thin films.'***
The determination of crystallographic orientation and local
misorientation maps from the EBSD data was very challenging
due to stretched and distorted Kikuchi patterns. However, the
anatase thin film on native oxide had the largest crystals with
the lateral size of nearly 20 ym. Thus, the largest crystals were
over 500 times larger than the film thickness. Moreover, the
anatase crystals on HF and HF + RCA SC-2-treated Si
appeared to be exceptionally large (about 10 um) but still
smaller than the largest grains on the native oxide substrate.

In addition to the precursor adsorption and the initial ALD
growth rate, the differences in the water contact angle are
related to differences in the substrate surface energy, which was
reported to affect crystallization and the grain size of TiO,
during the ALD growth.'**” Larger grains are observed on
substrates with higher surface energy that corresponds with a
lower contact angle.'* Our results suggest that a high substrate
surface energy could also mediate the growth of large grains
upon postgrowth heat treatment. However, based on the
substrate surface energy, HF + RCA SC-2-treated Si should
have the largest grains, but the nonhomogeneous and
morphologically uneven surface can provide increased number
of nucleation sites for crystallization compared to the flat
native oxide SiO,.

The XPS results presented in Table S2 show similar
elemental concentrations for all of the as-deposited am.-TiO,
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Figure 4. (a) Chopped light (1 Sun) constant potential amperometry measurement in 1 M NaOH for as-deposited (amorphous) TiO, and at 400
°C oxidized (anatase) TiO, thin films on n*-Si substrates with different surface treatments; (b) 10 h stability tests for the ox. 400 °C samples under
1 Sun. The insets in (b) are SEM images of the surfaces after the 10 h stability test.

films and also some nitrogen traces (1.0—1.3 at. %) that are
most likely dimethylamino fragments from the dissociative
adsorption of TDMAT or dimethylamine readsorbing on
certain sites of the growing film.*’ The surface concentration of
N was found to decrease to 0.3—0.5 at. % upon heat treatment
at 400 °C. This implies that nitrogen traces in am.-TiO, drive
the phase stabilization toward anatase instead of rutile, as
discussed in our previous article.’ TiO, films grown at 200 °C
were amorphous, contained less nitrogen traces, and crystal-
lized into rutile in a similar heat treatment. This raises a
question if the nitrogen traces mediate the explosive
crystallization serving nucleation sites for the large anatase
crystals. According to Hukari et al, nitrogen in am.-TiO,
inhibits the crystallization and raises the nucleation temper-
ature.** Indeed, we have observed crystallization temperature
to depend on the ALD growth temperature,17 which in return
affects the amount of TDMAT traces in the thin film.'® Based
on this, we conclude that the explosive crystallization and the
large grain size are likely caused by the nitrogen-containing
fragments of the TDMAT precursor.

Figure 4a shows chopped light constant potential
amperometry measurement results for TiO,/n*-Si photo-
electrodes before and after oxidation at 400 °C for different
surface treatments. The measurement reveals photoelectro-
chemical performance of TiO,/n*-Si photoelectrodes in terms
of stability and photocatalytic activity for solar water oxidation.
Regardless of the Si surface treatment, the as-deposited
amorphous TiO, films evidenced highly unstable photo-
current: first, the photocurrent increases until after 30—40
min, it starts to decline steadily. For similar TiO,/Si samples,
we have shown that this photocurrent trend leads to complete
dissolution of TiO, coating in <10 h."' Indeed, after the
stability test, the dissolution of amorphous TiO, coatings was
verified for all of the surface treatment by visual inspection of
photoelectrodes showing a color change from yellowish intact
coating to gray as the electrolyte had reached the Si substrate
(Figure SS). Better understanding of degradation mechanism
calls for more detailed studies and is beyond the scope of this
work. In contrast, anatase TiO, films for all Si surface
treatments show a stable photocurrent of ~30 pA/ cm? for 10 h
(Figure 4b). SEM analysis of anatase TiO, samples after the
stability test revealed only a few pinholes in the films as shown
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in the insets in Figures 4b and S6. Thus, despite the minor
differences in 30 nm thick anatase TiO, thin film
morphologies, they all serve as protection layers for Si
substrate that would otherwise dissolve in NaOH.*® Therefore,
it can be concluded that Si surface treatment had little effect on
the PEC performance of TiO,/n"-Si photoelectrodes. How-
ever, we note that this result is not generic to all ALD
processes. For example, surface treatment-induced change in
the growth mode from layer-by-layer to island growth results
more probably in nonprotective ALD coating. Therefore,
optimization of surface treatment is required for each
photoelectrode system.

The current—voltage (I-V) characteristics measured under
simulated solar light after crystallization under oxidative
conditions (anatase TiO,) showed a sluggish increase in
photocurrent and a low photocurrent at 1.23 V (Figure S7)
compared to rutile TiO, fabricated using similar synthesis but
at a higher ALD growth temperature of 200 °C.° The sluggish
increase in photocurrent is an indication of slow kinetics and
high degree of recombination, which we assign to the N traces
in the anatase TiO, thin films. The difference in the
photocurrent at 1.23 V, on the other hand, is also affected
by the difference in band gap energies between anatase and
rutile TiO,, and by the difference in grain size."> Rutile TiO,
has a smaller band gap and therefore absorbs a larger fraction
of solar spectrum, which makes it a better photocatalyst.
Anatase TiO, with a larger band gap is more transparent to
solar light and is therefore better suited as a protective window
material for solar cells.’

Recently, we showed that amorphous-to-anatase phase-
transition temperature for the TDMAT and H,0 ALD TiO,
process can be decreased from ~400 to 300 °C by increasing
the growth temperature from 100 to 150 °C."” Next, we
leverage this finding to improve the performance of the ALD
TiO,/n*-Si photoelectrode.

Figure S shows the characteristics for ALD TiO, (30 nm)
thin films grown at 100 and 150 °C and subsequently oxidized
at 300 and 400 °C. For the amorphous TiO, (growth
temperature of 100 °C, oxidation at 300 °C), the photocurrent
generation is strongly limited due to the high degree of defect
states and fast recombination of photogenerated charge
carriers. The ALD TiO, thin films grown at 150 °C depict
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Figure S. Current—voltage characteristics in the dark (dashed lines)
and under simulated solar illumination (solid lines) measured in 1 M
NaOH by linear sweep voltammetry for ALD TiO, (30 nm) thin films
grown at 100 and 150 °C on n*-Si with native oxide and subsequently
oxidized at 300 and 400 °C. SiO, layer morphologies after oxidation
at 300 and 400 °C are illustrated as insets.

steeper photocurrent onsets after both oxidation temperatures
compared to the TiO, thin film grown at 100 °C and oxidized
at 400 °C. Interestingly, the photocurrent slope decreases
temporarily at 0.14 V for the TiO, thin film grown at 100 °C
but not for the thin films grown at 150 °C. We suggest that this
feature is due to the difference in the degree of nitrogen-
bearing TDMAT traces in the anatase TiO, that affect
photocurrent kinetics. Most strikingly, the photocurrent
onset potentials (+0.02 + 0.02 V) were found similar for the
TiO, thin films oxidize at 400 °C, whereas the photocurrent
onset potential was decreased to —0.07 V for the TiO, thin
film grown at 150 °C and oxidized at 300 °C. The decrease in
photocurrent onset potential followed an increase in the
photocurrent at the water redox potential of 1.23 V. The
improved performance can be assigned to the thinner
interfacial Si oxide layer that forms at a lower oxidation
temperature (i.e, 1.3 nm; cf. Figure S3).

The thickness of the interfacial Si oxide layer is directly
associated with the photovoltage loss in oxide-protected water
splitting anodes and should be minimized for improved
efficiency.***” Here, we have demonstrated that compared to
the postdeposition annealing (PDA) temperature, the silicon
wafer cleaning had only little effect on the ALD TiO,/n"-Si
photoelectrode performance. Currently, the performance is not
limited by the native oxide on Si wafers but by the excessive
PDA temperature that is required to form crystalline low defect
protective TiO, coating. We have found earlier that the
required minimum PDA temperature can be sensitive to the
ALD growth temperature. Here, we have shown the
implication on photoelectrode performance using TiO,/n"-Si
as a model system, but we suggest that the performance of any
Si-based photoelectrode can be improved by decreasing the
PDA temperature that can be enabled by careful optimization
of the ALD process.
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photoelectrode coating for photoelectrochemical applications.
The TiO,/Si thin film morphology was quantitatively analyzed
using nondestructive XPS measurement. Wet chemical
cleaning of Si wafer either by exposing the wafer to dilute
HE solution or by boiling an HF-dipped wafer in HCI-H,0,—
H,0 did not improve the performance of the 30 nm thick
TiO, thin film under PEC conditions for water splitting
reaction compared to the TiO, film grown on native Si oxide
(thickness, t = 0.7 nm). Instead, the HF dip cleaning resulted
in a hydrophobic oxide-free Si surface (t = 0.0 nm) that
hindered the initial TiO, growth and the chemical Si oxide (t =
0.4 nm) that formed in HCl-H,0,—H,0 was nonuniform.
The as-deposited TiO, thin films were amorphous and subject
to photocorrosion. However, the TiO, thin film was found to
be stable over a time period of 10 h at 1.23 V in 1 M NaOH
after heat treatment at 400 °C that induced crystallization of
amorphous TiO, into anatase TiO,. Substrate cleaning prior to
the ALD growth did not significantly affect the anatase grain
size that was the largest (>10 ym) for the films grown on the
native Si oxide. No interfacial Si oxide was formed during the
ALD growth, but during the heat treatment, the thickness of
interfacial Si oxide increased to 1.8 nm for all of the samples.
By increasing the growth temperature from 100 to 150 °C, we
were able to reduce the required postdeposition annealing
temperature to 300 °C that reduced the formation of
interfacial Si oxide and resulted in improved PEC performance.

These results clearly indicate that even though the interfacial
Si oxide and the initial ALD process were sensitive to the Si
substrate cleaning, the choice of cleaning method had only
little effect on the structure and performance of the 30 nm
thick TiO, thin film as a photoelectrode protection layer.
Further improvement in the performance of ALD TiO,/Si
photoelectrode would require the development of new
precursor chemistry for low-temperature ALD, adjusting the
ALD growth parameters, or developing a postgrowth heat
treatment of the as-deposited TiO, thin film to result in a
crystalline low-defect TiO, structure at a lower temperature,
preferably <250 °C, where the formation of interfacial Si oxide
that is detrimental to the charge transfer can be limited to an
oxide thickness of <1 nm.
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ABSTRACT: Visually black, electrically leaky, amorphous titania (am-TiO,)

thin films were grown by atomic layer deposition (ALD) for photocatalytic

applications. Broad spectral absorbance in the visible range and exceptional
conductivity are attributed to trapped Ti** in the film. Oxidation of Ti*" upon
heat treatment leads to a drop in conductivity, a color change from black to
white, and crystallization of am-TiO,. ALD-grown black TiO,, without any heat
treatment, is subject to dissolution in alkaline photoelectrochemical conditions.
The best photocatalytic activity for solar water splitting is obtained for

completely crystalline white TiO,.

ALD TiO,
photo cB
corrosion HZO
—_— oxidation
defect —_—
states h'
M VB white

KEYWORDS: atomic layer deposition, titanium dioxide, oxide defects, crystallization, protecting overlayers, photocatalysis,

water splitting

lack titania (TiO,) is a promising material for providing
increased photocatalytic efficiency due to its pronounced
solar absorption compared to conventional white or trans-
parent, nonconductive TiO, with large bandgap (3.0-3.2 eV)
which is capable of absorbing light only in the UV range.’
Black TiO, is often synthesized from white TiO, via treatment
in a reductive H, atmosphere that introduces disorder via oxide
defects or H dopants into the TiO, structure.'™* On the other
hand, transparent amorphous TiO, (am-TiO,) thin film grown
by atomic layer deposition (ALD) has shown exceptional
charge transfer properties and is therefore utilized as a
protection layer for unstable semiconductor materials in
photoelectrochemical (PEC) applications.” However, the
stability of ALD grown am-TiO, under PEC conditions has
remained controversial, since most studies have involved an
additional catalyst overlayer on am-TiO,.° Recent work by Yu
et al” revealed a metastable intermediate within an ALD
grown am-TiO, thin film on Si photoanode that induced
corrosion, despite the additional Ni overlayer. We have shown
that bare ALD grown am-TiO, is subject to rapid photo-
corrosion under PEC conditions.” Even crystalline TiO, that is
believed to be extremely stable, has been shown to suffer from
photohole induced corrosion under PEC conditions.” There is
an urgent need for better understanding of the TiO, corrosion
mechanism to be able to develop TiO,-based materials for
photocatalytic energy conversion devices. Here we report a
direct synthesis of black TiO, by ALD and address the
question of inherent stability of ALD-grown electrically leaky
titania.
ALD of TiO, was carried out at 200 °C in a commercial
ALD reactor using tetrakis(dimethylamido)titanium(IV)
(TDMAT) and water as precursors and Ar as carrier/purge/

v ACS Publications  © 2019 American Chemical Society
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venting gas.g N-type Si(100) wafer was used as a substrate with
the exceptions of optical and electrical measurements for which
a transparent quartz (SiO,) glass was used as a substrate. The
TiO, film thickness of 30 nm was optimized in terms of PEC
efficiency for water oxidation, and thus chosen for detailed
analysis.

Figure 1 shows the UV—vis absorption results of ALD TiO,
after deposition and after annealing in oxidizing (air) and
reducing (UHV) conditions. The oxidized sample depicts
characteristic absorption behavior of rutile TiO, with
absorption edge at 387 nm (3.2 eV) and no absorption in
the visible range. In contrast, the absorption edge for the as-
deposited TiO, was observed at 344 nm (3.6 eV), which is
strongly blue-shifted from the absorption edge of rutile TiO,
and the absorption edge is followed by a broad absorption that
gives rise to the black color of the TiO, film.

The increased absorption below the band gap energy is
characteristic to free charge carrier absorption or absorption
due to intraband gap states. The broad absorption of the as-
deposited sample following approximately a logarithmic trend
from 350 to 800 nm suggests trapped charge carriers within the
band gap, which are assigned later to Ti**.'" This is supported
by the blue-shift in absorption edge compared to rutile TiO,
which we interpret as the Moss—Burstein effect'' due to the
excess population of the conduction band. Interestingly,
annealing under reductive conditions induced a clear decrease
in the absorption at 528 nm that corresponds to the absorption
of trapped holes in TiO,."> Recently, we showed that the same
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Figure 1. Absorbance of a 30 nm thick black TiO, film measured after
ALD growth (as-deposited), after annealing in air at 500 °C
(oxidized) and after annealing in ultrahigh vacuum (UHV) at 600
°C (reduced). The inset shows pictures of 200 nm thick TiO, films
after deposition (black) and after annealing in air at S00 °C (white).
The difference spectra in the bottom presents the change in
absorbance induced by the heat treatments.

reductive heat treatment improved the stability of black am-
TiO, under PEC conditions, which was attributed to the
formation of O~ species via electron transfer from O to Ti.*
The clear change in optical absorption suggests that the
electron transfer is accompanied by the recombination of
trapped holes.

Oxidation induced changes on the charge carrier distribution
were studied in terms of electrical conductivity and optical
absorption as shown in Figure 2. The oxidation treatment was
carried out under ambient air by placing the sample into a
preheated tube furnace for 45 min. In addition to the
aforementioned broad absorbance in the Vis range and
enlarged bandgap (Figure 2b, Figure S1) black TiO, exhibits
exceptionally high conductivity of 150 S/m (Figure 2a). A
slight change in the properties was observed upon oxidation at
200 °C followed by more dramatic change for increasing
temperatures.

The slight change in the TiO, film properties after oxidation
at 200 °C is reasonable since the ALD growth was performed
at the same temperature. The drastic changes in the electrical

and optical properties correlate perfectly with each other and
can be explained by the oxidation of the trapped charge carriers
that are responsible for the enhanced conductivity and
absorption in the Vis range.

Figure 3 shows scanning electron microscope (SEM) images
and grazing-incidence X-ray diffraction (GIXRD) patterns for
the oxidized samples. The as-deposited black TiO, was found
to be amorphous followed by gradual crystallization upon
oxidation. In addition to rutile, the crystallized films were
found to contain some brookite TiO,, and quite surprisingly,
after oxidation at 350 °C a strong anatase peak appeared. X-ray
photoelectron spectroscopy (XPS) reveals that nitrogen (1.8
at. %) is segregated onto the surface at 350 °C that coincides
with the formation of the anatase phase (Figure 3c inset). This
implies that the small ALD residue concentration of nitrogen
plays an important role in the phase stabilization of TiO, under
these oxidative annealing conditions, although complete
crystallization into the most stable rutile TiO, via less stable
anatase TiO, is often observed in the annealing treatments of
TiO,."* Furthermore, the nitrogen concentration within the
black am-TiO, structure is most likely contributing to the
broad absorption in a range of 500—900 nm shown in Figure 1
by providing nitrogen induced in-gap states.

SEM images (Figure 3a) reveal that crystallization initiates at
250 °C, which is not yet clear from the GIXRD (Figure 3b).
Most importantly, crystallization was found to follow the
oxidation of the trapped charge carriers.

The influence of oxidation on the molecular and valence
band structure of black TiO, was studied with XPS and
ultraviolet photoelectron spectroscopy (UPS), respectively.
Figure 4 shows photoelectron spectra by comparing the as-
deposited and 500 °C oxidized samples. It is evident from the
XP survey spectra that the surfaces of ALD grown TiO, films
are clean with a small concentration of carbon, which is mainly
due to impurities from the air exposure, and <0.3 at. % of
nitrogen (Figure 4a). The Ti 2p XPS transitions appear as
peaks in the binding energy range of 450—480 eV (Figure 4c).
The main Ti 2p;/, and Ti 2p,/, peaks at binding energies of
458.8 and 464.5 eV, respectively, are accompanied by well-
known char%e transfer shakeup satellite peaks 13 eV above the
main peaks. * These binding energies and satellite peaks are
consistent with the Ti*" state of the TiO,. In addition, a clear
shoulder at the binding energy of 457.5 eV can be seen in the
XP spectrum measured from the as-deposited sample. This
peak can be assigned to the Ti**, which can explain the
increased absorption in the Vis range'® and increased
conductivity.
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Figure 2. (a) Conductivity and (b) optical band gap and integrated absorbance from 400 to 800 nm for the ALD grown black TiO, films after they
have been annealed at different oxidation temperatures. Inset in a shows the dramatic change of the -V characteristics for the as-deposited TiO,
film and the TiO, films after oxidation treatment at 200 °C and higher temperatures.
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The O 1s XPS peak is centered at 530 eV as expected for
0% anions of the TiO, structure'® and the peak is slightly
shifted to a lower binding energy upon oxidation (Figure 4b).
This 0.2 eV shift and the decrease in the full width at half-
maximum (fwhm) of the O 1s and Ti 2p XPS peaks take place
gradually with increasing oxidation temperature (Figure S2)
and are a result of the ordering of the amorphous phase to the
crystalline rutile phase of TiO,. We note that no such gradual
change in neither Ti** concentration or in O/Ti ratio with
temperature was observed (Figure S2a). The majority of Ti**
was oxidized already at 200 °C and the O/Ti ratio was close to
2 throughout the temperature range.

The shakeup satellite peak originates from the excitation of a
valence electron to a previously unoccupied state by the
outgoing Ti 2p photoelectron according to the sudden
approximation of photoemission.'” Thus, any change in the
valence band structure, i.e. Ti—O bonding, may reflect to the
charge transfer energy. Indeed, the UPS spectrum of the as-
deposited sample (Figure 4d) reveals in-gap states at 2.5 eV
that are efficiently removed upon oxidation treatments.
Following the removal of in-gap states, the Ti 2p;/, shakeup
separation energy was observed to increase with oxidation
temperature. The changes in the Ti—O bonding are also
evident from the changes in the O 1s binding energy as
pointed out above. Therefore, the in-gap states can be assigned
to the lattice disorder'® and the subtle deviations in electronic
structure compared to crystalline rutile TiO, presented above
characterize the unique electronic structure of amorphous
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ALD TiO,. We note that the careful monitoring of the
oxidation-treatment-induced changes in the electronic struc-
ture allowed the distinction between the doping,'® Ti**/**
defects,® oxygen vacancies,”® and the lattice-disorder-induced
in-gap states.

The influence of oxidation on the performance of initially
black TiO, as a photocatalyst for H,O oxidation was studied as
shown in Figure 5 and Figure S3. In accordance with our
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Figure S. Photoelectrochemical stability and photocurrent (in 1 M
NaOH) of the ALD grown, initially black, TiO, film after oxidation in
temperature range from 200 to 500 °C.

previous work,® the as-deposited black TiO, exhibits PEC
instability and negligible photocurrent at 1.23 V vs RHE in 1
M NaOH. Only slight change in the PEC stability was
observed upon oxidation at 200 °C followed by more dramatic
change for increasing temperatures. Therefore, the oxidation of
trapped charge carriers at 200 °C does not alone provide an
explanation for the PEC stability nor for the increase in
photocurrent with oxidation temperature. A reasonable
stability is obtained after oxidation at 300 °C and above,
whereas photocurrent continues to increase reaching satu-
ration value for samples oxidized at >400 °C. The photo-
current was found to improve with the degree of TiO,
crystallization and reach saturation for crystallized rutile TiO,.

The improvement in PEC stability was found to correlate
with crystallization, which supports earlier results that the
stability of crystalline TiO, outperforms the amorphous
phase.”! Albeit the complete crystallization of TiO, thin film
required oxidation at >400 °C, the SEM images (Figure 3a)
show that the surface is mostly crystallized already at 300 °C.
Thus, the crystallized surface alone is sufficient requirement to
endow improved PEC stability to the TiO, thin film. Although
am-TiO, has been shown to both experimentally and
theoretically exhibit several orders of magnitude higher
dissolution rates in 1 M NaOH than crystalline polymorphs,*
we emphasize that the stability of black am-TiO, can also be
improved by controlling the defect distribution.”

The unique properties of disordered ALD-TiO, include
controlling the Ti** self-doping via growth temperature and
thermal modification of defect and crystal structure. Recently
we showed that annealing in UHV results in increase in Ti**
states in the film and promotes PEC stability via the formation
of O™.% The facile modification treatments manifest the
diversity of ALD-TiO, in applications ranging from conductive
interlayers, to electrically leaky protection layers and photo-
catalyst materials.

In the present study, we have shown that black TiO, with
enhanced absorbance in the wavelength range of 400—800 nm
can be deposited as a conformal amorphous thin film using
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ALD. We have demonstrated that the physicochemical
properties of TiO, can be controlled by postannealing
treatments either in reductive or oxidative conditions. The
black as-deposited TiO, shows exceptionally high electrical
conductivity of 150 S/m, but suffers from poor PEC stability
and dissolves in alkaline conditions. Annealing treatment in
extremely reductive conditions (UHV) at 500 °C transforms
the black as-deposited TiO, into a photoelectrochemically
stable phase of black TiO, retaining its amorphous structure.’
On the other hand, oxidation in air at 500 °C crystallizes TiO,
into rutile phase with the maximum efficiency as photocatalyst
for photoelectrochemical H,O oxidation. The unprecedented
diversity of ALD-TiO, can be rationalized by the propensity of
the molecular structure toward local changes in the bonding
configuration that affects the charge carrier densities via
modified electronic structure. This unfolds the tremendous
optoelectronic properties of TiO,.
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