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ABSTRACT
Increasing energy consumption is one of the greatest challenges the humankind is
facing in the 21st century. Fossil fuels cannot be used to solve the problem due to
the already alarming CO 2 concentration in the atmosphere and consequent global
warming.

A more sustainable solution must be found by replacing the polluting

oil and coal based energy production with clean renewable energy sources. From
these solar energy is one of the most promising due to its practically unlimited
capacity. However, the capacity shows strong uctuations due to the day/night cycle
and intermittent cloud coverage, which necessitates ecient technologies for storing
and transporting solar energy. This can be achieved by storing the energy directly
into chemical bonds. In photoelectrochemical water splitting water molecules are
dissociated into hydrogen and oxygen molecules. Hydrogen has the highest energy
density of all fuels and can be stored and converted into electricity on demand. The
water splitting reaction takes place on semiconducting metal oxide photoelectrodes.
This Thesis focuses on studying and optimizing the properties of atomic layer deposited (ALD) TiO 2 photoanodes. Titanium dioxide is a versatile material for both
light absorbing photoactive layers and for passivating and protecting other semiconductor materials used in photoelectrodes. The ALD method makes it possible to
accurately control the thickness of the TiO 2 lm and to deposit conformal homogeneous layers even on highly 3D-structured substrates. However, TiO 2 possesses
some challenges, as the chemical stability of the as-deposited ultra-thin lms is poor
in alkaline electrolytes and the large band gap prevents light absorption outside the
ultraviolet region. Based on the results of this Thesis, these disadvantages can be
remedied or mitigated with thermal treatments following the growth of the TiO 2
◦
Annealing the lms in vacuum at 500900 C leads to the formation

thin lm.
of O

−

species, which were shown to stabilize the TiO 2 lm while maintaining the

amorphicity. On the other hand, it was found that annealing in oxidizing conditions
leads to the crystallization of the lm with simultaneous improvement in both stability and catalytic properties. Additionally, TiO 2 derived microstructured TiSi was
studied as an intermediate layer for optimizing charge carrier separation and charge
transfer in a TiO 2 /TiSi/Si heterojunction photoanode. As evident by the results
of this Thesis, metal-like TiSi islands can act as eective charge transfer mediators
and recombination centers in Z-scheme photoanodes.
This Thesis underlines the importance of the knowledge-based approach to optimize
the molecular and electronic properties of the ALD grown thin lms in general
and in particular, the properties of the TiO 2 thin lm for water splitting reaction.
Especially the electron spectroscopic techniques in both traditional spectroscopic
mode and more novel imaging spectromicroscopic mode will enable a solid base for
understanding the optoelectronic properties of various photonic materials for future
applications.
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INTRODUCTION

Modern technological development and globally rising standard of living set an everincreasing challenge of supplying the mankind with sucient amount of energy. The
world total energy consumption is about 161 petawatthours with an annual increase
of 2.9 % [1,2]. From this energy 34 % is produced from oil, 27 % from coal and 24
% from natural gas. In addition to the limited reserves, the burning of these energy
sources releases vast quantities of CO . In 2018 the total CO emissions were almost
34 gigatons with an annual 2.0 % growth [2]. CO is one of the primary greenhouse
gases in Earth's atmosphere, and since the beginning of the industrial revolution its
concentration has risen from 280 to 414 ppm, with a current increase of 2.2 ppm
per year [3]. According to the International Panel on Climate Change (IPCC), a
CO level above 450 ppm might cause a global warming of more than 2 C. This
would have severe impacts on ecosystems and human society. [4] The human-induced
warming has already reached approximately 1 C above the pre-industrial levels, and
the temperature is increasing 0.10.3 C per decade [5].
A sharp reduction in global CO emissions is required to stop the harmful climate
prospects. One solution is a signicant increase in renewable energy sources. At the
moment renewable energy (solar, wind, geothermal, biomass, waste, and biofuels)
constitutes only 4.5 % of all energy consumption [2]. From this 25 % is produced by
solar energy. However, the annual growth rate of 28.9 % in solar energy (in 2018)
is the fastest of any energy form. Additionally, the exploitable capacity of solar
energy is practically unlimited. For example, all current energy consumption could
be fullled by covering 0.15 % of Earth's surface with 10 % ecient solar panels. In
practice, sustainable energy production of course requires a combination of dierent
renewable sources.
One major limitation in solar energy is its intermittent nature because of the day
night cycle and clouds. The uctuating production and consumption rates are
demanding for the electricity transmission networks, and thus large-scale storage
2
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solutions have to be developed and implemented. One promising possibility is to
store solar energy in the chemical bonds of molecules in solar fuels. Compared to
other storage solutions, such as batteries or gravity-based systems, solar fuels excel
in both energy density and ease of transportation. [4] In terms of energy density
and also chemical simplicity, H 2 is the most eective solar fuel. H 2 is also abundant, since it can be generated from normal water. Conversion and storage of solar
energy into the chemical bonds of H 2 by photoelectrochemical (PEC) water splitting has become an intense research subject. The phenomenon was rst discovered
by Fujishima and Honda in 1972 on n-type rutile TiO 2 photoelectrode surfaces [6].
Since then the same reaction has been observed and studied on multiple dierent
semiconducting metal oxide photocatalyst surfaces under laboratory conditions. Unfortunately, large-scale cost-eective and ecient hydrogen production systems that
can compete with fossil fuels have remained elusive. Currently the best PEC systems have reached solar-to-hydrogen (STH) eciencies of 518 % and the ongoing
research keeps improving the performance [7]. Despite this, the energy produced
with PEC water splitting is still signicantly more expensive than the average electricity prices [8]. The increasing environmental taxes and exhaustible resources of
fossil fuels together with the improved PEC eciency and prolonged lifetime are,
however, expected to make the solar energy based hydrogen production a viable
option in the future.
The fundamental principle of PEC water splitting is that an aqueous electrolyte
is in direct contact with the photoelectrode surface. Incoming solar illumination
generates electronhole pairs inside the electrode material, and an internal electric eld separates these charge carriers towards cathodic and anodic parts of the
electrode. Electrons traveling to the cathode reduce water molecules into H 2 in
hydrogen evolution reaction (HER), and simultaneously holes traveling to the anode oxidize hydroxyl groups into O 2 in oxygen evolution reaction (OER). This
direct photoelectrochemical decomposition of water sets strict requirements for the
electrode surfaces: the semiconductor materials must generate sucient voltage for
water splitting, the band gap of the electrodes must be small enough to absorb a
signicant portion of the incoming solar irradiation, the semiconductor band edge
locations must straddle the hydrogen and oxygen redox potentials, the electrode surfaces must be stable against photocorrosion under prolonged exposure to electrolyte
and the material has to facilitate eective charge transfer across the photoelectrode
electrolyte interface [9]. In large-scale energy production the material has to be also
economically feasible compared to the value of the generated energy. Atomic layer

1.1 Research objectives and scope of the Thesis
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deposited (ALD) TiO 2 fullls many of these requirements and has attracted tremendous research interest as a photoanode material [1019] due to its abundancy, costeectiveness and non-toxicity. Additionally, the ALD technique enables easy and
accurate thickness control and perfect conformality of TiO 2 even on nanostructured
surfaces.
However, TiO2 has also some signicant challenges. The band gap of TiO 2 varies
approximately from 3.0 to 3.6 eV [2022]. This corresponds to the UV region of
the solar spectrum, which limits the amount of absorbed energy. The problem can
be mitigated by band gap engineering, where new electronic states are generated
inside the gap. This can be done, for example, by doping the material [2326] or
by generating defect states [2730]. Another option is to use TiO 2 in combination
with other smaller band gap semiconductors, such as Si or GaAs [10, 11, 16, 31, 32].
In this case TiO2 can be used for collecting the UV region of the solar spectrum or
as a protective top coating. Both of these options require rm chemical stability
and ecient charge transfer between the ultra-thin TiO 2 lm and the underlying
semiconductor. An additional setback is that ALD grown amorphous TiO 2 is not
chemically stable under alkaline conditions. Amorphous phase is otherwise more favorable in many water splitting applications compared to the crystalline polymorphs
anatase or rutile. Thus amorphicity preserving post-treatments are required.

1.1 Research objectives and scope of the Thesis
The aim of this Thesis is to improve the prospects of ALD grown TiO 2 to be used
as a photoelectrode material in water splitting devices of practical relevance. This
photoelectrochemical method could provide a clean and cost-eective solution for
storing solar energy into the chemical bonds of H 2 molecules. The specic objectives
of the Thesis are
1. to improve the chemical stability of TiO 2 under alkaline conditions by posttreating the ALD-grown lm in reductive or oxidative conditions.
2. to adjust the electronic structure and optical absorption properties of TiO 2 for
optimizing the photocurrent for photoelectrochemical water splitting.
3. to study the conversion of amorphous TiO 2 into TiSi, which can be used as
an intermediate layer in multilayered photoanode structures for optimizing
the charge carrier separation and charge transfer across the heterojunction
interface.

4
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Aside from advancing the development of TiO 2 based photoelectrodes for water
splitting, the second aim of this Thesis is to highlight the diversity and usefulness of
spectromicroscopy for studying the localized elemental composition and electronic
properties of the semiconductor photoelectrode surfaces. Photoemission electron
microscopy, especially in energy-ltered mode, is a rather novel research method
compared to many other electron spectroscopic and microscopic techniques. The
facilities are not common, although some synchrotron radiation and laboratory photon source based facilities exist. Also careful and comprehensive image data analysis
is scarce in literature. For this reason, the experimental chapter of the Thesis incorporates an extensive description of the physical principles of spectromicroscopy
and also a detailed explanation of the applied image enhancement and analysis procedures.

1.2 Structure of the Thesis
The Thesis explains the basics of photoelectrochemical water splitting concentrating
especially on the material properties of TiO 2 based semiconductor photoanodes.
Also the sample preparation and novel research methods play a key role in this
work. The Thesis is divided into the following chapters:

Chapter 2

Chapter 3

introduces the reader to the basic concepts of photoelectrochemical
water splitting and hydrogen production. The Chapter explains the
chemical reactions and physical properties of solar illumination assisted
water dissociation. Emphasis is put on TiO 2 based n-type photoanodes
and their electronic properties. Also the structure of dierent photoelectrochemical cell congurations is discussed.
provides a comprehensive description of the experimental methods used
in this work. The rst part concentrates on the atomic layer deposition, especially on the growth of TiO 2 from tetrakis(dimethylamido)titanium(IV) precursor. The second part explains the physical principles of photoelectron spectroscopy and specically the characteristics
of photoemission electron microscopy. Also the data analysis of both
conventional spectroscopic data and higher-dimensional spectromicroscopic data are discussed. The third part is a short overview of the
photoelectrochemical methods.

1.2 Structure of the Thesis

Chapter 4

Chapter 5

5

describes the key ndings of this work. The rst part of the results
focuses on the post-treatments of atomic layer deposited TiO 2 lm in
reductive or oxidative conditions. The eect of these treatments on
the chemical stability, conductivity, and solar absorption is discussed
in the context of water splitting photoanodes. The second part shows
the results of a more drastic treatment of TiO 2 lm, where the oxide is
converted into microstructured TiSi islands. TiSi is applied as an interlayer between a silicon substrate and TiO 2 overlayer, where it alters the
band alignment and charge transfer properties of the heterojunction.
concludes the Thesis with a summary of the key results. The Chapter
also gives a brief outlook of the research that could advance the eld
in the future.

Original research Papers
A detailed description of the conducted research can be found in the four original
research Papers at the end of this Thesis.

I

Paper describes the reductive post-treatments of TiO 2 lms. Two methods, vacuum annealing and atomic H exposure, are compared in the preparation of partially
reduced photoanode surface coatings. In Paper
the thermal post-treatments are
made in oxidative conditions. This leads to the crystallization of amorphous TiO 2
into rutile TiO2 , thus reshaping the chemical stability and optical absorption properties. Paper
focuses on how an atomic layer deposited TiO 2 can be converted
into microstructured TiSi islands by thermal annealing in vacuum. Paper
can
be considered as an extension to Paper
. Dierent TiSi structures are fabricated
by modifying the original TiO 2 lm thickness. The eect of a TiSi interlayer in
a TiO2 /TiSi/Si photoanode structure is studied for optimizing the charge carrier
separation and photocurrent onset potential.

II

III

III

IV

2 PHOTOELECTROCHEMICAL WATER
SPLITTING
This chapter is an introduction to the photoelectrochemical (PEC) water splitting,
where the oxidation of water molecules leads into the formation of O 2 and H2 gases.
The reaction takes place on photoactive electrode surfaces where solar illumination
provides the energy required for breaking the chemical bonds. The chapter concentrates especially on TiO 2 based photoanode materials, and their advantages and
challenges in collecting solar light and providing an electrodeelectrolyte interface
with suitable energetics and chemical stability.

2.1 Operation of a photoelectrochemical cell

The most crucial components in a PEC cell are the electrodes which absorb the
incoming solar irradiation and convert its energy to electronhole pairs. The electrodes must provide an electric eld, which separates the electrons and holes to the
opposing sides of the cell. Typically the holes are transported to a semiconducting
photoanode for oxygen evolution and the electrons to a semiconducting or metallic
photocathode for hydrogen evolution. For alkaline electrolyte the chemical reactions
are the following:
4 H2 O + 4 e−
4 OH− + 4 h+
2 H2 O

2 H2 + 4 OH−
2 H2 O + O 2
2 H2 + O 2

0
Ered
= −0.828 V
0
Eox
= −0.401 V
0
Ecell
= −1.229 V,

(2.1)

0
where the reduction and oxidation potentials ( Ered
and Eox0 , respectively) are measured against a normal hydrogen electrode (NHE).

2.1 Operation of a photoelectrochemical cell
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The Gibbs free energy change for the total reaction can be calculated by
0
ΔG = −nF Ecell
,

(2.2)

where n is the number of electrons in moles transferred in the reaction, F is the
0
is the electrochemical voltage of
Faraday constant ( F = 96485.33 C mol−1 ), and Ecell
the cell. At standard conditions this equates to ΔG = 237 kJ/mol H2 . The positive
Gibbs free energy change implies that the reaction proceeds thermodynamically
uphill. In other words, external energy is required to drive the reaction. This
is in contrast to photocatalytic reactions, such as photo-assisted degradation of
pollutants, for which the Gibbs free energy is decreased. [4, 33]
The operation of a PEC cell requires that the energy of the photoexcited electrons
surpasses the thermodynamic potential of the water splitting reaction, i.e. 1.229 eV
as calculated from the cell voltage. The maximum wavelength λ of the incoming
photons can be calculated by
hc
(2.3)
λ= 0 ,
Ecell
where h is the Planck's constant ( h = 6.626 · 10−34 J s) and c is the speed of light
0
= 1.229 eV this equals to approximately 1000
(c = 299 792 458 m s−1 ). For Ecell
nm, which corresponds to the whole UVvisible and even near-infrared range of the
solar irradiance. At sea level the total solar irradiance is 1000 W/m 2 , of which 78
% has a suitable wavelength for driving the water splitting reaction (Figure 2.1).
However, the true available power is considerably less than the incoming 780 W/m 2 .
Firstly, the amount of energy that exceeds the band gap of the photoelectrode
is lost thermally. Secondly, the above-calculated theoretical 1.229 eV energy is
not sucient for real-life water splitting. The electron transfer processes at the
semiconductorelectrolyte interface produce losses due to the concentration and kinetic overpotentials needed to drive the OER and HER [35, 36]. Thus the practical
required photon energy is typically considered to be 1.62.4 eV [35, 37, 38]. This
corresponds to wavelength limit of 775515 nm.
Another limiting factor in the energy conversion eciency is the absorption of the
photoelectrode material. The absorbance A of a material can be dened as

A = − log10

T
,
1−R

(2.4)
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Figure 2.1:

Solar irradiance outside the atmosphere (extraterrestrial radiation, ETR)
and through an air mass 1.5 global (AM1.5G) according to the ASTM G-173-03 [34]. The
shaded area illustrates the irradiance that has theoretically sucient energy for electrochemical water splitting.

where T is the transmittance and R is the reectance of the material. A thicker layer
usually increases the absorption, but may impede the charge transfer properties.
The absorption coecient of a material can be dened by converting the logarithm
in Equation (2.4) from base 10 to the natural logarithm and dividing the absorbance
by the thickness x of the absorbing layer:

α=−

ln(10)
T
log10
.
x
1−R

(2.5)

The inverse of the absorption coecient ( α−1 ) corresponds to the distance that
absorbs 63 % (i.e. 1−1/e) of the incoming light. This is typically close to the
semiconductor thickness where the total impact of charge carrier generation and
charge transfer is optimized [9].
The absorption coecient can be utilized in determining the optical band gap of a
semiconductor by drawing a Tauc plot. Here the quantity (αhν)n is plotted against
the photon energy hν and the intersection of the slope with the hν -axis corresponds
to the band gap value. The exponent n can take on values of 3, 2, 3/2, or 1/2,
corresponding to indirect forbidden, indirect allowed, direct forbidden, and direct
allowed transitions, respectively. [9, 39]
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2.2 Electronic structure and properties of TiO2
Titanium dioxide has been one of the most studied metal oxide semiconductor materials for water splitting applications since the phenomenon was originally discovered by Fujishima and Honda in 1972 [6]. TiO 2 is an n-type semiconductor with
a band gap varying from 3.0 to 3.6 eV (corresponding to wavelengths from 413 to
344 nm) depending on the crystal structure, and the conduction band minimum
(CBM) located near the Fermi level ( EF ) (Figure 2.2) [2022]. The large band
gap limits the photoactivity of TiO 2 and permits the solar absorption only at UV
wavelengths. This can be mitigated by narrowing the band gap by, e.g., generating
defects in the material [2730] or by doping it with other elements [2325]. On
the other hand, the low absorption can be benecial when TiO 2 is applied as a
protective layer on top of other more photoactive semiconductor materials, such as
Si or GaAs (Figure 2.2). Typically the chemical stability against photocorrosion
increases with increasing band gap, which makes TiO 2 an excellent material for this
application. [10, 11, 16, 31]

–3
–1
–4

+

H /H2

–5

O2/H2O

0
1

–6
2
–7
3

Potential vs RHE (V)

Energy relative to vacuum (eV)

In general, TiO2 has a suitable band alignment for water oxidation, as the valence
band maximum (VBM) is located at a higher potential than the water oxidation
potential. This enables hole transfer from the electrode to the water molecules. Also,
the TiO2 reduction potential ( −0.75 V vs. RHE [40]) is below the required water
oxidation potential (1.23 V vs. RHE), which prevents the reduction of the electrode
itself under operating conditions. For several other photoelectrode materials, such
as Si and GaAs in Figure 2.2, either the band alignment is not suitable for water

–8
TiO2

GaAs

Si

Figure 2.2: The gray bars illustrate the conduction band (CB) and valence band (VB)
positions of selected typical photoelectrode semiconductor materials at pH = 0. The dashed
lines show the redox potentials for O2 /H2 O and H+ /H2 pairs. [35,40,41].
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n-type
semiconductor

electrolyte
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CB

EFn

EF

EFp
H 2 O + O2

h

OH–
VB
h+

Figure 2.3:

Schematic illustration of an n-type semiconductor in contact with liquid electrolyte. Near the surface of the semiconductor the valence and conduction bands (VB and
CB) bend upward due to the electric eld. This ensures ecient charge carrier separation of
the photoexcited electronhole pairs. Holes are guided towards the semiconductorelectrolyte
interface for water oxidation while electrons drift towards the bulk phase. The photoexcitation of electrons generates imbalance in charge carrier concentration, which separates the
Fermi level into quasi Fermi levels for electrons (EF n ) and holes (EF p ).
oxidation or the oxidation potential of the material itself is so low, that the required
potential would lead to the oxidation and degradation of the electrode.
Natural TiO2 can be found in three crystalline phases: rutile, anatase and brookite. Especially the rst two structures have been studied extensively for decades.
In recent years, however, the dierent amorphous phases of TiO 2 have started to
attract more scientic interest [10, 21, 42, 43]. The more routine utilization of ALD
has facilitated cost-eective and reproducible fabrication of stoichiometric or welldened defective amorphous TiO x with x ≤ 2 [11]. One such material is the oxygen
decient or disordered black TiO x , where the defects increase the charge carrier
mobility and make the oxide electronically leaky [13, 21, 44]. Thus the TiO x layer
does not inhibit the charge transfer when used as a protective lm between a small
band gap semiconductor and electrolyte. Additionally, as the name 'black' implies,
the material absorbs a larger portion of the visible light than conventional crystalline
white TiO2 thus making it more eective photocatalyst material.
Undoped TiO2 is an n-type semiconductor [45], which exhibits upward band bending
at the semiconductorelectrolyte interface (Figure 2.3). This makes TiO 2 photoelectrodes suitable for supporting the OER, as the internal electric eld within the
spacecharge region ensures rapid charge carrier separation by guiding the photogen-
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erated holes towards the electrodeelectrolyte interface while steering the excited
electrons towards the bulk phase.

2.3 Structure of a photoelectrochemical cell
The most basic PEC cell can be constructed from a single p- or n-type semiconductor electrode (Figure 2.4(a)). However, in many cases a single large band gap
photoelectrode is not sucient for absorbing adequate amount of photons at energies high enough for water splitting (> 1.6 eV). This restriction can be overcome
by adding two or more smaller band gap semiconductors in series (Figure 2.4(b)).
These semiconductors can have complementary absorption properties for dierent
wavelength ranges of the solar irradiation [35]. This tandem conguration enables
the individual tailoring of valence and conduction band edge locations for both HER
(a)

(b)
electrolyte
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electrolyte

e–
e
H2 +
OH–

n-type
semiconductor

EF

electrolyte

e–

H2 +
OH–

CB

–
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Figure 2.4: Energy diagrams for dierent PEC congurations: (a) a single band gap

cell with n-type anode and metal cathode, (b) a dual band gap cell with n-type anode and ptype cathode, (c) a single n-type photoelectrode integrated with a PV cell for additional bias
voltage, (d) a dual band gap Z-scheme cell with metallic recombination interlayer. [33,35]
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and OER as the reactions take place at separate semiconductorliquid interfaces.
An alternative method is to combine a single photoanode/cathode in series with
a photovoltaic (PV) cell that provides the additional bias required for the water
splitting reaction (Figure 2.4(c)).
From the research perspective an additional benet of the tandem or separate PV
conguration is that the cell performance can be studied in sections, such as in
this Thesis where the attention is paid mostly to the OER reaction at the photoanode surface. The potential dierence provided by the photocathode or an internal
photovoltaic cell can be replaced by an external bias voltage.
A more novel PEC conguration is the so-called Z-scheme structure [33], which mimics the charge carrier path of the natural photosynthesis. The structure comprises
of two semiconductors with a type II band alignment (Figure 2.4(d)). This allows
the reduction of the semiconductor band gaps while still making the CB potential
more negative and the VB potential more positive [33, 46, 47]. In an all-solid-state
Z-scheme system the photogenerated electrons from the CB of the photosystem I
(PS I) are recombined with the photogenerated holes at the VB of the PS II. Metal
or metal-like particles, such as Au, Ag, or TiSi can be employed as recombination
centers at the interface between the two semiconductors [4850], [Paper IV].
In Z-scheme systems the charge transfer is more favorable compared to typical type
II heterojunction used in a tandem PEC conguration. This can be explained by
the electrostatic attraction between the electrons and holes across the interface [33].
The charge transfer path of a Z-scheme cell requires that energy of the CB in PS I
is higher than the energy of the VB in PS II. TiO 2 is an excellent PS II material
(anode) for Z-scheme because the CB located close to the Fermi level.

3 ATOMIC LAYER DEPOSITION AND
ANALYSIS OF TiO2 FILMS
This chapter describes the preparation and modication procedures that were utilized for the TiO2/Si samples studied in this work. Atomic layer deposition (ALD)
was used for growing the TiO 2 ultra-thin lms. The lms were modied by various oxidative and reductive treatments that aected their chemical composition,
oxidation state, electronic structure, crystallinity and optical properties. The samples were mainly studied with photoelectron spectroscopy (PES) due to its surface
sensitivity and ability to dierentiate the chemical states of the elements. PES was
employed in several dierent modes including traditional X-ray photoelectron spectroscopy (XPS, also known as electron spectroscopy for chemical analysis, ESCA),
ultraviolet photoelectron spectroscopy (UPS), synchrotron radiation induced photoelectron spectroscopy (SR-PES), and photoemission electron microscopy (PEEM).
Also photoelectrochemical (PEC) measurements played an important role for determining the in situ stability and photoactivity of the modied TiO 2 lms.
3.1 Sample preparation
3.1.1 Cleaning of Si substrates in vacuum

Most of the TiO2 lms studied in this work were grown on P-doped n-type Si(100)
single crystal wafers. Special attention was paid on cleaning the substrate surface
prior to TiO2 deposition. Traditionally Si surface cleaning has been performed by
wet chemistry using a combination of hot alkaline and acidic hydrogen peroxide solutions and hydrouoric acid. This proces known as RCA cleaning [51,52] is eective
for removing organic contaminants and the native oxide lm. However, it does not
aect the bulk impurities, especially the detrimental Ni and Cu contamination [53].
It also requires an additional ex situ step in a process where other treatments can

14

3 Atomic layer deposition and analysis of TiO 2 lms

be made in a well-controlled vacuum environment. To overcome these limitations, a
thermal annealing and atomic hydrogen based cleaning procedure was developed to
remove both the surface contamination, including the native oxide, and the metal
impurities that segregate from the bulk.
The cleaning procedure was done in three stages: 1) The sample was annealed
at 1000 ◦ C for 10 min (P < 1·10−8 mbar) to remove the native oxide. 2) The
temperature was decreased to 800 ◦ C and an atomic hydrogen beam (EFM H Atomic
hydrogen source, Omicron NanoTechnology GmbH, HV = 1000 V, Iemis = 40 mA,
If il = 1.99 A, PH2 ,chamber = 1.0·10−7 mbar) was targeted to the sample surface for
10 min in order to remove the segregated Cu impurities. 3) The cracked hydrogen
exposure was continued for another 10 min at 400 ◦ C to remove the segregated
Ni impurities. This treatment resulted in an oxide and metal free Si surface and
preserved the crystalline structure.

3.1.2 Atomic layer deposition of TiO2
All TiO2 lms studied in this work were grown by ALD. The method has been widely
utilized in producing both protective and photoactive ultra-thin lm coatings for
electrodes used in articial photosynthesis [10, 11, 13, 16, 21], [Papers I, II, III, and
IV]. ALD is extremely suitable for this application, because the lms are perfectly
conformal without any shadowing eects. This is important since in many cases
porous or highly topographically structured substrates are used for maximizing the
active surface area [18, 19], [Papers III, IV]. The lms are also relatively solid
without pinhole defects, which enables the use of very thin protective or passivating
layers [10,11,15,54]. The thickness of the lms can be modied easily and extremely
precisely, and also the deposition area can be scaled up for production use. One more
important aspect is the ability to control the chemical and optical properties of the
lm by modifying the deposition parameters, such as the deposition temperature
[43, 55].
ALD is based on sequential dosing of the precursor and reactant chemicals onto the
substrate. Usually this happens at an elevated temperature and with the pressure in
mbar region. Unlike in many other deposition methods, such as chemical vapor deposition (CVD), the precursor and the reactant are not present simultaneously. This
together with the self limiting growth of both chemicals ensures a well-controlled
layer-by-layer growth mode. In this work the ALD depositions were carried out using
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bonds with the surface O atom according to the reaction

TiO2 − OH∗ + Ti(N(CH3 )2 )4 → TiO2 − O − Ti(N(CH3 )2 )∗3 + NH(CH3 )2 ,

(3.1)

where the asterisks denote the surface species [55]. In step 2 the by-products
(dimethylamine) and excess unreacted TDMAT are purged from the reaction chamber. Either N2 or Ar (both 99.9999 %, Oy AGA Ab, Finland) was used as the
purging gas. In step 3 a pulse of reactant, in this case deionized water (DI-H 2 O),
is allowed to react with the surface. This leads to the replacement of the remaining
dimethylamine groups with hydroxyl groups according to the reaction [55]

TiO2 − O − Ti(N(CH3 )2 )∗3 + H2 O → TiO2 − TiO2 − OH∗ + 3(NH(CH3 )2 ). (3.2)
In step 4 the by-products (dimethylamine) and excess DI-H 2 O are again purged
from the reaction chamber.
To obtain adequate amount of TDMAT in step 2, the vapor pressure of the TDMAT
was increased to 3.6 mbar by heating the precursor bottle to 76 ◦ C. The precursor
gas delivery line was heated to 85 ◦ C to prevent condensation. The DI-H 2 O bottle
was sustained at 18 ◦ C by a Peltier element for stability control. The substrate
temperature was stabilized for 30 min before starting the deposition. The following
pulse timings and N 2 or Ar ow rates were used: step 1: carrier gas ow 100 sccm,
1.6 s pulse, step 2: 6.0 s purge, step 3: carrier gas ow 100 sccm, pulse: 0.1 s pulse,
step 4: 6.0 s purge.

3.2 Surface analysis by photoelectron spectroscopy and spectromicroscopy
This section describes the physical principles of photoelectron spectroscopy and the
general structure of the apparatus used for collecting the spectroscopic information.
The spectroscopic methods have a long history dating back to the 1950's [56], and the
basic principle of the measuring device has not changed drastically since then. However, the latter part of this section is dedicated to a much more novel method called
photoemission electron microscopy (PEEM) or spectromicroscopy, which combines
the spectral information retrieved in PES with nanometer scale lateral resolution.
The PEEM part concentrates especially on a NanoESCA type instrument, which
was introduced by Omicron GmbH in 2005 [57, 58].
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3.2.1 Principles of photoelectron spectroscopy
Photoelectron spectroscopy relies on the photoelectric eect, where photoelectrons
are emitted from a solid sample by irradiating it with UV light or X-rays [59, 60].
The kinetic energy ( Ek ) distribution of the emitted photoelectrons depends on the
energy of the incident photons ( hν ) and the elemental and chemical composition
of the sample. An additional amount of energy, called the work function ( φs ), is
required to remove the photoelectron from the inuence of the surface, i.e. to move
it from the Fermi level to the vacuum level ( Evac ). Thus the Ek of the photoelectrons
follows the equation
(3.3)
Ek = hν − Eb − φs ,
where h is the Planck's constant, ν is the frequency of the electromagnetic radiation,
and Eb is the binding energy of the electron. [61] In PES the Ek can be measured
by the spectrometer. The Fermi levels of the sample ( EF,s ) and the spectrometer
(EF,sp ) are coupled electrically either to the same ground potential or through a
known bias potential dierence ( Vbias ). Figure 3.2 illustrates the energy levels of a
photoelectron when it moves from the sample to the spectrometer.
Sample

Spectrometer

Edec
= e·Vdec

Eacc
= e·Vacc

Ek
Ek

h
Evac
EF,s

CB
VB

s

sp

EF,sp

e·Vbias

Eb

Figure 3.2: An energy diagram of an electron when it moves from the sample to the spectrometer. Part of the photon energy (hν ) is consumed for breaking the coulombic attraction
(binding energy, Eb ) and overcoming the sample work function (φs ). The remaining energy
is left as the kinetic energy of the electron (Ek ). In NanoESCA system (section 3.2.4) the
photoelectron is then accelerated and decelerated by electric elds (Eacc and Edec ) before
entering the spectrometer energy analyzer, where the Ek inside the spectrometer can be
measured.
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The accelerating and decelerating electric elds ( Eacc and Edec ) are measurement
specic parameters and the spectrometer work function ( φsp ) can be determined by
calibration measurements. This enables the calculation of Eb without the knowledge
of the sample work function just by measuring the kinetic energy of the emitted
photoelectron.
Knowledge of the electron binding energies is the foundation for photoelectron spectroscopic methods, because each element has its own unique electron conguration
and thus a characteristic distribution of electron binding energies. Additionally, the
binding energy exhibits subtle variation as the chemical surroundings of the atom
change. For example, electrons in Ti 2p core level have approximately 2 eV smaller
binding energy if a Ti ion in titanium oxide is in 3+ oxidation state instead of 4+ oxidation state. Thus the elemental composition and chemical compounds of a sample
can be identied by measuring the intensity (number of electrons per time unit) of
the emitted electrons as a function of binding or kinetic energy. This makes electron
spectroscopy extremely powerful technique for studying the chemical composition of
solid surfaces, such as TiO 2 and TiSi lms that are the main interest in this Thesis.
The photoemission process that generates the photoelectrons in a solid sample can be
described with a three-step model that includes the photo-excitation of electrons, the
transport of the electrons inside the bulk phase and the transmission of the electrons
through the surface as illustrated in Figure 3.3. The three-step model is a purely
phenomenological approach, but it helps to break up the photoemission process into
more comprehensible subprocesses. [62] These subprocesses are described in more
detail in the following sections.

3.2.1.1

Photoexcitation of electrons

The rst step in the three-step model covers the penetration of the incoming photons through the surface and the interaction of the photons with the electrons. In
photoelectron spectroscopic methods the photon source has to be monochromatic
and have a well-dened photon energy because it is directly related to the accuracy
of determining the Eb . In this Thesis the photons were produced either by a gas
discharge lamp, a (monocromatized) X-ray source or a synchrotron (section 3.2.2
for details).
When the incoming beam of photons encounters the sample surface, it is refracted
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Figure 3.3: A schematic illustration of the three-step model of photoemission process.
In step one the incoming photon ux excites electrons from core levels or valence band
to a higher energy state above the Fermi level. In the second step these electrons travel
through the solid sample, and the interaction with other electrons generates a large quantity
secondary electrons (SE) with relatively low kinetic energy. In the third step the electrons
may transmit through the sample surface and form a photoemission spectrum that can be
measured with electron spectroscopic methods.
and starts to travel through the sample until the photons get absorbed, i.e. the
energy is lost to electron excitations. The probability for photon absorption is
described by the photoionization cross section ( σ ). It depends on the photon energy
and the material through which the photons are propagating. [63] Figure 3.4 shows
an example of photoionization cross section values for selected core levels of Ti.
As can be seen, the absorption probability is highest when the photon energy is
just above the electron binding energy. For this reason, the utilization of dierent
photon sources for dierent measurements is vital for achieving high signal-to-noise
ratio (SNR). For example, Ti 3d energy band has approximately four orders of
magnitude higher photoionization cross section with He I α radiation (hν = 21.22
eV) compared to the cross section with Al K α X-rays (hν = 1486.6 eV).
In principle the photoexcitation shifts the electron to an energy level which is located the amount hν higher in energy. However, the process may be disturbed by
the formation of intrinsic satellite peaks. This means that due to the Coulombic
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Figure 3.4: Photoionization cross section of selected core levels of Ti as a function of

photon energy. The vertical gray lines display the approximate binding energy of 2s, 2p,
3p, and 3s core levels. Data taken from [6466].
and exchange interactions between electrons, the emission of one electron can leave
the remaining ion in an excited state. The required energy is supplied by the kinetic
energy of the photoexcited electrons and therefore leads to the formation of photoelectrons that have slightly smaller kinetic energy (a few eV) than the electrons
emitted from the ground state of the ion with one hole. [62] In electron spectroscopy
the signal generated by these lower energy electrons is called a shake-up satellite
and it forms a new peak next to the photoemission main line.

3.2.1.2

Electron transport in solids

The excited photoelectrons travel in all direction inside the solid sample and undergo interactions where they can be scattered elastically or inelastically. The most
probable interaction is scattering from other electrons but also crystal defects and
phonon generation cause inelastic scattering [62]. In inelastic scattering the electron loses part of its energy and does not any more contribute to the well-dened
intensity at hν eV above the original binding energy. The distribution of energy
loss in a scattering process is random and non-discrete. This causes the inelastically
scattered electrons to form a continuous secondary electron background which is
superimposed with the sharp photoelectron peaks (Figure 3.3, step 2). The intensity of the secondary electron signal increases towards the low energy end of the
spectrum because most electrons undergo several scattering processes when traveling through the solid. The mean path length that the electron travels between two
inelastic scattering events is called the inelastic mean free path (IMFP).

Attenuation length (nm)
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Figure 3.5: Universal curve. Adapted from [69]
In addition to inelastic scattering, the electrons may be scattered elastically. In
this process the energy of the electron is conserved and only the direction changes.
For this reason, the shortest distance between two inelastic scattering processes is
typically 2030 % shorter than the IMFP [67]. This discrepancy is taken into account
in the attenuation length (AL, λ) [68].
In PES most of the useful information can be retrieved from electrons that have not
scattered inelastically, i.e. they carry information about their original energy level.
The number of these electrons decreases if the excitation takes place deep inside the
bulk phase. The number of photoelectrons that reach the surface without inelastic
scattering can be described with the BeerLambert equation [61, 68]:

Iz = I0 e−z/λ cos(θ) .

(3.4)

Here Iz is the intensity of the electron signal at the surface, I0 is the original intensity
at a depth z inside the material, λ is the attenuation length and θ is the angle at
which the electrons are travelling with respect to the surface normal.
Figure 3.5 shows experimental λ values for several dierent elements [69]. In PES
experiments the kinetic energies vary typically from 10 to 1000 eV. Thus the photoelectron signal attenuates to 1/ e in less than 1 nm and practically all detectable
signal originates from a less than ten nm thick layer. Usually the information depth
is considered to be 3 λ which according to equation (3.4) covers 95 % of the total
signal intensity [61, 68]. The short attenuation length of the photoelectrons inherently ensures the high surface sensitivity of the PES experiments. This makes PES
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extremely suitable method for studying ultra-thin lm structures, such as the TiO 2
and TiSi lms studied in this Thesis.

3.2.1.3

Transmission of electrons through the surface

The nal step in the three-step model for photoionization is the transmission of the
photoelectrons through the sample surface. If the momentum of the electron along
the surface normal is high enough, it can exit the more or less periodic potential
of the bulk phase and overcome the potential barrier at the surface. Otherwise
the electron will be reected back to the sample. The cut-o energy below which
the electrons can not exit the sample is dened by the sample work function. The
measurement of the cut-o energy actually provides a convenient way of determining
the sample work function, as will be explained in section 3.4.4. An important detail
in the transmission of the electrons through the surface is that the momentum
component perpendicular to the surface normal is conserved [62]. This enables the
measurement reciprocal space band structure by using angle resolved photoelectron
spectroscopy or NanoESCA in k-space mode. [58, 70].

3.2.2 Light sources for photoelectron spectroscopy
As mentioned in section 3.2.1.1, the energy of the incoming photon ux strongly
aects the ionization probability and thus the signal intensity. The photon energy
also denes the kinetic energy of the excited photoelectrons and thus determines the
attenuation length. For these reasons, dierent measurement modes require dierent
photon sources.
The PES measurements in Papers I and IV are conducted completely with the
NanoESCA system, which aords three dierent photon sources: a monochromatized Al Kα X-ray source, a gas discharge ultraviolet (UV) source, and a Hg arc
UV source. In Paper III part of the measurements are conducted in the MAX
IV laboratory using a synchrotron radiation light source. In Paper II part of the
XPS measurements were conducted in Multilab system utilizing a conventional dual
anode X-ray tube based light source [71, 72].
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Focused X-ray source

The NanoESCA system (section 3.2.4) includes a focused monochromatized Al K α
X-ray source (FXS) (Ulvac-Phi, Inc., model 36-100). The focusing improves the
photon ux on the sample surface, which is extremely desirable for PEEM measurements with a small analysis area and a relatively weak photoelectron signal.
Additionally, the monochromator enables much higher energy resolution compared
to conventional X-ray tubes, which improves the identication of overlapping peaks
from dierent chemical states. The focusing is realized by generating the primary
electron beam with a focused LaB 6 based electron gun instead of using a more conventional lament with a large emission area. The well-dened electron beam is
targeted to an Al anode and the characteristic Al K α X-rays are diracted to the
sample via an ellipsoidal quartz(100) crystal monochromator. The electron beam
size on the anode can be adjusted approximately from 5 to 100 μm, and the resulting X-ray spot size on the sample has roughly the same are due to the symmetric
Rowland circle geometry. The monochromator lters the Bremsstrahlung and additional characteristic lines from the spectrum allowing only K α1,2 to pass to the
sample. After monochromatization the X-ray energy is 1486.5 eV and X-ray line
FWHM 0.26 eV. [73]

3.2.2.2

Gas discharge He I α UV source

The VB measurements in Papers I, II, III, and IV were done by using He I α
radiation (hν = 21.2188 eV) as the excitation source. The low energy improves the
photoionization cross section of the valence electrons for several orders of magnitude
compared to Al Kα induced measurements. The radiation was produced with a VUV
Source HIS 13 (Omicron Nanotechnology) which is based on cold cathode capillary
discharge. The source has a He gas lled insulating tube. When high potential
dierence (typically 500700 V during the normal operation) is applied along the
tube, the electric eld results in a break through and continuous discharge. The
characteristic UV light (in this case mostly He I α) is generated when the ionized
atoms relax to their ground state. The light is introduced to the sample through
a two-stage dierential pumping capillary and focused with a gold coated toroidal
mirror. [74]
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Hg arc UV source

The Hg arc UV source is mainly aimed for lens alignment during spectromicroscopic
measurements. The device consists of a HBO 103W/2 type lamp, which produces a
typical Hg discharge spectrum. The integrated heat lter separates most of the visible and infrared (IR) spectrum letting only the main UV line at 4.9 eV (wavelength
248 nm) to be transmitted to the sample. The combination of the low energy and
high intensity produces a very strong (secondary) electron yield, which can be used
for tuning the lens settings of the energy analyzer. However, the excitation energy
is not adequate for actual measurements. [75]

3.2.2.4

Synchrotron radiation

Synchrotron radiation is the most versatile excitation source for several electron
spectroscopic methods due to its extreme brightness (or brilliance) and adjustability. A synchrotron consists of a storage ring where electrons travel at high energies,
typically several GeV and close to the speed of light. In modern synchrotron facilities the radiation is usually produced by insertion devices, such as undulators,
where the periodic magnetic eld compels the electrons to sine-wave-like trajectories.
The radial acceleration of the electrons results in the emission of very intense electromagnetic radiation. Compared to traditional laboratory based X-ray sources the
brightness (i.e. intensity) of the synchrotron radiation is several orders of magnitude
greater [76]. An additional benet of synchrotron radiation is that the wavelength
can be tuned. This enables, for example, the optimization of the photoionization
cross section and the variation of the information depth in electron spectroscopic
measurements.
The synchrotron radiation generated by the undulator in the storage ring is utilized
at the beamlines. These usually consist of a monochromator, mirrors, slits, and
the experimental station(s). The structure of the I311 beamline [77] of the MAX II
storage ring at the MAX IV Laboratory is illustrated in Figure 3.6. The spectroscopic low energy electron microscopy (SPELEEM, Elmitec Elektronenmikroskopie
GmbH) endstation was used to obtain the PEEM results presented in Paper III.
In PEEM measurements the information volume corresponding to each image pixel
is extremely small. With laboratory based PEEM systems, such as NanoESCA,
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Figure 3.6:

Schematic layout of the I311 beamline. The beamline consists of an undulator, horizontally focusing pre-mirror (M1), rotating plane mirror (M2), plane grating
(G), spherical focusing mirror (M3), exit slit (S1), spherical re-focusing mirrors (M4M7)
and PEEM endstation at the end of the beamline. An additional PES endstation is located
between the mirrors M5 and M6, but it was not utilized in this work. [77]

this requires larger acceptance angles and longer exposure times, which reduces
the spatial resolution. The high brightness of synchrotron radiation enables more
accurate electron detection setups in terms of both spatial and energy resolution
without compromising the signal-to-noise ratio or the duration of the data collection.
Additionally, the line width of the radiation itself can be adjusted to optimize the
overall energy resolution. This facilitated, for example, to distinguish the TiSi and
elemental Si compounds in the Si 2p core level images in Paper III.
The easily tunable photon energy enables synchrotron radiation to be used for Xray absorption spectroscopy (XAS). In this technique, the electron emission current
is measured as a function of photon energy. As the photon energy exceeds the
absorption edge of an element in the sample, the core electrons can be excited to
the unoccupied electronic states leading to a sharp increase in the X-ray absorption
coecient. Information about electronic structure, i.e. the elemental and chemical
composition of the sample, can be deduced by analyzing the shape of the absorption
curve in the vicinity the absorption edge. XAS can easily be combined with a
PEEM lens system for electron yield measurement. This way XAS can be used for
measuring localized electronic properties in the sample, as shown in Paper III. Also,
the information depth of XAS can be tuned by measuring the photoelectron current
in the total or partial yield mode. The rst one leads to a larger information depth
due to the long IMFP of the low energy secondary electrons, whereas the latter
(usually measured from an Auger transition) has a shorter IMFP and thus smaller
information depth.
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3.2.3 Electron detection in photoelectron spectroscopy
In addition to a photon ux with high intensity and well-dened energy, PES requires a method for detecting the emitted photoelectrons. This is typically realized
with an electron spectrometer that consists of an electrostatic lens system, a hemispherical electron energy analyzer (HSA) and an electron detector (Figure 3.7). The
lens system collects the photoelectrons emitted from the sample within a predened
solid angle. The lens system also applies the necessary accelerating and decelerating
electric elds as explained in Figure 3.2. After the lens system the electrons are
injected to the energy analyzer where a radial electric eld ( E ) generated between
two hemispheres (radiuses R1 and R2 ) deviates the electrons to circular trajectories.
Depending on the strength of the electric eld only electrons with a certain kinetic
energy called the pass energy ( Ep ) can travel through the gap between the hemispheres and escape the analyzer through the exit slit. Electrons with too low or too
high kinetic energies will collide with the inner or outer hemispheres, respectively.
Finally, an electron detector, typically a channeltron multiplier, calculates the number of electrons and converts it to a digital signal. The multiplication is based on
a cascade eect, where the successive collisions with the channeltron walls produce
a large measurable ux of secondary electrons. [78] The spectroscopic information
can be collected by scanning the accelerating or decelerating electric elds inside
Hemispherical
analyzer
E

R2
R1

Entrance
slit

Exit
slit
Electrostatic
lens system

e–

Figure 3.7:

R0

Electron
detector

Sample

Schematic structure of a typical electron energy analyzer. Electrons emitted
from the sample travel through the electrostatic lens system and the entrance slit to the
hemispherical analyzer, where the radial electric eld E bends them to circular trajectories.
If the kinetic energy of an electron equals the analyzer pass energy, the trajectory will have
a radius R0 and the electron can pass the exit slit and be collected by the electron detector.
Electrons with lower or higher kinetic energy will be absorbed by the analyzer surfaces.
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the lens system and varying the electric potential of the hemispheres. This way the
spectrometer can be used to record the number of photoelectrons as a function of
kinetic energy.
In purely spectroscopic (as opposed to imaging) systems the electron detection area
dened by the lens system is relatively large, usually tens or hundreds of micrometers. This improves the data collection eciency and SNR but leads to a poor spatial
resolution and averaging of data over a large area. This is not a problem for laterally
homogeneous samples such as ALD grown TiO 2 lms, but for spatially varying surfaces, such as the TiSi structures in Papers III and I , more sophisticated spatially
resolving spectromicroscopic methods are needed.

V

3.2.4 Photoemission electron microscopy
Photoemission electron microscopy or spectromicroscopy can be considered as an extension to the conventional photoemission electron spectroscopy. The main idea is to
provide lateral resolution while preserving the high spectroscopic energy resolution.
This requires the electron intensity data to be acquired in three dimensions: two lateral dimensions and the energy dimension. Traditionally the two lateral dimensions
have been accomplished by scanning either the position of the photon source, the detection area of the electron energy analyzer or the sample position [57,58,79,80]. All
these methods require a two-dimensional point-by-point scanning procedure which
makes the data collection process slow. Additionally, the method based on the
movement of the photon source necessitates a tightly conned photon ux, which is
dicult to implement with sub-micrometer resolution.
More developed spectromicroscopy designs utilize parallel imaging where scanning is
executed only in one lateral dimension in conjunction with a line detector. Another
advanced option is the so-called full eld of view parallel imaging, where each spot
within the analysis area is studied simultaneously. This method is utilized, e.g., in
the NanoESCA spectromicroscopy system manufactured by Scienta Omicron GmbH
[81], and the system has been used in all Papers included in this Thesis.
NanoESCA is a novel multitechnique surface analytic system, which combines a
PEEM lens system with an aberration corrected imaging energy analyzer and several
dierent excitation sources. In a typical conguration the excitation can be produced
by a Hg arc UV source ( hν = 4.9 eV), gas discharge He I α UV source (hν =
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21.22 eV) or monochromatized Al K α X-ray source (hν = 1486.5 eV). The most
distinct feature in NanoESCA is, however, the variety of measuring modes. The same
system can be utilized for non-energy-ltered PEEM, conventional XPS with various
detection areas and energy-ltered PEEM (EF-PEEM), i.e. spectromicroscopy. This
variety is made possible by the imaging double energy analyzer (IDEA), where two
hemispherical analyzer are connected in a tandem arrangement (Figure 3.8) [57]. In
the PEEM mode, the photoelectron signal is collected directly through the PEEM
column without passing it through any energy ltering. The electron detection is
carried out in parallel using a 2D micro channel plate (MCD) and a CCD camera.
The high lateral resolution (down to 30 nm) of the NanoESCA is based on a low energy electron microscopy (LEEM) lens system, originally developed by Ernst Bauer
and Wolfgang Telieps [8385]. Lens column has an an immersion objective lens,
which means that the sample is part of the objective electrode conguration. Under
normal operation the sample surface and the stationary part of the lens have a 12
kV potential dierence across an approximately 1.8 mm wide vacuum gap. This
generates a 6.7 MV/m electric eld, which directs the emitted photoelectrons to
parabolic trajectories towards the lens system. After the objective lens, the PEEM
column has and exchangeable and adjustable contrast aperture in the dispersive
plane for limiting spherical and chromatic aberration, an electrostatic octupole stigmator for correcting small misalignments in the optical axis.After the stigmator the
electrons travel through two projection lenses which are used for selecting the detection mode, and a deector which directs the electron beam through the entrance
slit of the energy analyzer. [82] In PEEM mode the hemispherical energy analyzer is
turned o and the projection lenses focus the electron ux directly to an MCP and a
uorescent screen. In this mode the image is formed mostly by secondary electrons,
and due to the high intensity this mode can be used, for example, for locating the
points of interest on the sample surface and also for aligning the lens system. [57]
For XPS mode the rst hemisphere is switched on and the projection lenses are
adjusted to adapt the electron ux to the pass energy of the analyzer. In this mode
the analyzer operation closely resembles that of a conventional hemispherical energy
analyzer explained in section 3.2.3, and the system can be used for recording typical
XPS or UPS spectra. An advantage compared to normal XPS equipment is that the
eld of view (FoV) can be rst located in PEEM mode and the size can be easily
adjusted from micrometers up to several hundred micrometers.
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Hemispherical
analyzer

a)

b)

E

e–

Closed spherical
analyzer

c)

E

e–

Imaging double hemispherical
analyzer (IDEA)

E

e–
Transfer
lens



Maximum 2
dispersion

Figure 3.9:

Schematic illustration of hemispherical energy analyzer constructions. (a) A
normal single HSA induces a strong α2 aberration at the exit point, which blurs the image.
(b) A closed spherical analyzer cancels out the aberration but is not feasible for electron
transport in an out of the analyzer. (c) Mirroring the second hemisphere enables electron
insertion and collection while maintaining the aberration free trajectories at the exit point.
Modied from [57, 82]
angles have trajectories with varying eccentricities. The aberration is strongest
after π rad revolution (i.e. after passing one hemisphere) but completely cancels
out after a full 2π rad revolution (Figure 3.9(b)). For a feasible realization of
transporting the electrons in and out of a full revolution analyzer, the IDEA has
one hemisphere mirrored to the opposite side and a transfer lens added between the
hemispheres. This way the radial electric eld in the second hemisphere cancels out
the α2 distortion caused by the rst hemisphere (Figure 3.9(c)).

3.3 Analysis of spectroscopic data
A PES measurement is usually started by recording a wide energy range survey
spectrum, e.g. covering binding energies from 0 to 1200 eV. All elements contribute
at least one photoemission line within this energy range. The objective of the survey
scan is to identify the elements present on the surface. For this reason, the intensity
and SNR are optimized at the cost of energy resolution by using a large FoV, high
Ep and a wide analyzer entrance slit. Figure 3.10 illustrates an example of a survey
spectrum measured on a reduced TiO 2 surface, where Ti, O, and also C related
spectral features are visible.
In addition to photoemission peaks the survey spectrum depicts Auger electron
peaks, indicated with labels LMM and KLL in Figure 3.10. These spectral features

XPS signal intensity (a.u.)

Survey spectrum
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1000
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Figure 3.10: An XPS survey spectrum of an ALD grown TiO2 surface after a 400 ◦ C
annealing in ultra-high vacuum (UHV). The inset shows a detail spectrum of Ti 2p with
synthetic components tted for 4+ and 3+ oxidation states. The spectra are measured using
NanoESCA in XPS mode.
are formed when a photoelectron escapes from the material and another electron
lls the hole in the core level. The energy released in this relaxation process may
be transferred to a third electron, which is then emitted from the material. These
electrons are called Auger electrons, and the labeling is based on the core levels in
which the hole is located during the Auger process. [86, 87]
Typically the most intensive non-overlapping photoelectron peak for each element
is selected for a detail spectrum measurement, e.g. Ti 2p transition in the inset
in Figure 3.10. The detail spectrum is measured with energy resolution optimized
settings (small Ep and narrow analyzer slit) for identifying the exact binding energy
and line shape of the transition. The binding energy of the electrons in an atom
exhibits small variation caused by the initial and nal state eects, which take place
before and after the photoexcitation process, respectively [62, 88].
The initial states describes the ground state energy of an atom just before the photoexcitation process. This initial state may be aected by changes in the chemical
environment, such as oxidation, which introduces a core level shift (CLS) in the
observed photoemission lines or binding energies. For example, in the case of TiO 2
the Ti atom has lower electronegativity than O. Thus the loss of valence electrons
induces an eective positive charge to the Ti atom, which then increases the binding energies of the remaining electrons. For Ti this shift can be up to about 5.5 eV
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(the dierence between Ti 0 and Ti4+ oxidation states). Additionally, the chemical
environment of the surface atoms diers from that of the bulk atoms, which induces
an additional surface core level shift (SCLS). This eect is however much weaker
than the CLS, and can usually be observed only with extremely surface sensitive
synchrotron radiation based PES measurements [89].
Final state eects are phenomena that aect the photoelectron energy after the
photoexcitation process. Most notably the remaining electrons of the ionized atom
and also the electrons in the surrounding atoms undergo relaxation (atomic and
extra-atomic relaxations), which reduces the total energy of the system. Thus the
emitted but not yet completely decoupled photoelectron may acquire more kinetic
energy than what could be assumed based on the original energy level conguration.
[61, 88]. On the other hand, the escaping photoelectron may excite some of the
remaining valence electrons into higher energy states. This leads to reduced kinetic
energy, which is observed as shake-up satellite peaks located a few electron volts
higher in binding energy than the main photoemission line [88]. Similarly, the
photoelectron may excite oscillations in other electrons, which leads to plasmon
loss peaks [61, 90].
The magnitude of the nal state eects on the kinetic energy of the photoelectron
depends on the studied system. The two extreme models for the eect are the sudden
approximation and the adiabatic approximation. In the sudden approximation the
photoelectron is assumed to exit the system so rapidly that the relaxation processes
do not aect the kinetic energy. On the other hand, in the adiabatic approximation
the system is expected to reach an equilibrium state before the electron exits the
system. In reality the situation is somewhere between these two extremes. The
sudden approximation is most accurate when the emitted photoelectron has a high
kinetic energy and the studied material is a metal or other good conductor. In this
case, the interaction time is short and the freely moving valence electrons can eectively screen the core hole. In insulators and other poor conductors, and especially
with low kinetic energies, the relaxation processes are much more inuential thus
leading to strong satellite features. [88, 91, 92]
The measured photoelectron spectrum is a superposition of photoemission lines (affected by the initial and nal state eects), Auger electron lines and the background
formed by the inelastically scattered electrons. In order to isolate the signicant
information from the spectrum the data is usually deconvoluted into components
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as shown in the inset in Figure 3.10. The inelastic background is subtracted by
tting a Shirley or linear type background and the remaining peak area is lled with
synthetic components, often Gaussian or Lorentzian distribution functions, corresponding to dierent chemical states. The intensity, i.e. the area of the component,
I , is proportional to the number of atoms in that specic chemical environment
within the analysis volume. However, the probability of an electrons in a specic
transition contributing to the measured spectrum depends on ionization cross section of the electron σ , the attenuation length λ, and the transmission function of
the energy analyzer TE . These factors can be combined in the relative sensitivity
factor S , which can be determined either experimentally or from literature for each
transition and element. Thus the relative concentration of an element x can be
expressed as
Ix /Sx
nx
,
(3.5)
cx =  = 
ni
In /Sn
where nx is the amount of substance x in the analysis volume [90].

3.4 Analysis of spectromicroscopic image data
The analysis method described above has typically been applied to large area (FoV
from hundreds of micrometers to millimeters) photoelectron spectroscopy, but the
same principles can be utilized for obtaining extremely localized (tens of nanometers)
information from spectromicroscopic measurements. This section demonstrates the
basic image analysis methods together with the data correction and ltering procedures used in this Thesis.

3.4.1 Deduction of spectroscopic data from image sequences
In NanoESCA the spectromicroscopic measurements are carried out in full eld
parallel imaging mode, i.e. the energy axis is scanned during the measurement.
This produces a stack of individual images les, each corresponding to a specic
electron binding energy. The result can be considered as a 3-dimensional intensity
matrix I(x, y, E), where each voxel represents the intensity of the photoelectron
signal at a specic location (xi , yj ) on the sample surface at binding energy Eb .
The spectroscopic data can be deduced from the image les by slicing the stacks
along the energy axis. This results in a set of normal PES spectra, where each
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do not correspond to the true photoelectron signal. The problem can be corrected
by recording a dark eld image (i.e. an image without any photoelectron signal)
with the same exposure time and subtracting this data from each measured image.

Outlier ltering:

In addition to the dark eld current dierences between the
channels, the CCD camera also has varying noise. This superimposes the real data
with randomly scattered very bright or dark pixels. To mitigate this artifact the
images were run through an outlier lter. Values above or below preset threshold
values were replaced by the average brightness value around that pixel.

Temporal CCD uctuation ltering: The overall sensitivity of the CCD camera
varies in the time scale of tens of seconds. For this reason, images in an energy scan
have varying brightness levels which does not correspond to the true photoelectron
signal intensity. As opposed to the two previous localized artifacts, this disturbance
changes the whole image collectively. Thus the uctuation can be ltered by setting
the average brightness of the dark corners outside the screen area to zero for each
image in the stack.

Flat eld correction:

The sensitivity of the detector is not constant across the
eld of view. This is caused by the hexagonal net structure in the MCP, dust
particles between the screen and the camera, changes in the MCP multiplication
eciency etc. One way to correct these variations is to measure a at eld image
from a homogeneous part of the sample and to divide all experimental data with
this at eld signal [93]. In this work, however, all EF-PEEM intensity data is
shown as relative atomic concentrations. This inherently corrects for the at eld
uctuations, because the concentration calculation includes a division operation as
shown in equation (3.5).

Non-isochromaticity of the images
Despite the α2 aberration correction the IDEA introduces signicant non-isochromaticity in the image data [94]. This means that the data points in dierent parts of
the image represents dierent energy values. The largest variation appears along the
energy dispersive axis of the analyzer ( y -axis in Figure 3.12). The variation depends
on the microscope setting, such as the pass energy and the entrance slit width, and
varies from tens of meV to more than one eV. In this work the error introduced
by the non-isochromaticity has been corrected by measuring a work function map
from a homogeneous at reference surface using the same settings as for the actual
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Figure 3.13: The secondary electron cut-o edge of an annealed TiO2 lm. The red
lines indicate the linear ts to the slope and the level background. The work function φs
was interpreted as the intersection of these two lines.

with a lateral resolution better than 200 nm [98, 99]. Additionally, in NanoESCA
the energy scanning is performed by adjusting the sample bias voltage while the
spectrometer is kept at a constant potential. This automatically distinguishes the
sample and spectrometer secondary cut-o edges without the need for an external
bias voltage [100, 101].
The work function determination was performed by making linear ts to the secondary electron cut-o edge and the background on the low kinetic energy side of
the edge. The work function was interpreted as the intersection of these two linear
ttings as illustrated in Figure 3.13. In spectromicroscopic measurements the tting had to be performed for all ( x,y ) pairs in the image stack. A Matlab script was
written to automate the tting procedure.
In NanoESCA a high extraction voltage is applied between the sample and the
PEEM entrance lens. This generates a Schottky eect, which lowers the work function according to the equation


Δφs = −e

eE
4π0

1/2
,

(3.6)

where 0 is the vacuum permittivity ( 0 = 8.854188 · 10−12 F m−1 ). [102, 103] In
NanoESCA the electric eld is typically 12 kV across a 1.8 mm gap, which results
in a φs lowering of 0.098 eV. This was taken into account in the reported φs values.
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the electrode material because they are an indication of low recombination rates
and thus low losses. On the other hand, the light current needs to be maximized for
eective water splitting. Some of the samples were also tested for long term stability
by biasing them to constant potential for several hours under simulated operating
conditions.

V

In Paper I the samples were subjected also to EIS measurements. EIS is a
powerful tool for investigating the dielectric and transport properties of materials [104]. The EIS results were analyzed by tting electrical equivalent circuits
(EEC), where resistor-capacitor pairs connected in series presented the dierent
layers of the TiO2 /TiSi2 /Si layer structure. The method unveils knowledge about
the electronic properties of the buried layers and interfaces inside the sample.

4 EFFECT OF POST-TREATMENT METHODS
ON TiO2/Si PHOTOANODES
This chapter presents the experimental results included in the four Papers that comprise the core of this Thesis. TiO 2 has been extensively studied for articial photosynthesis applications since the 1970's [6], but modern research methods can still
reveal new perspectives on this material. Especially the variety of growth methods,
such as ALD and several liquid chemistry based techniques combined with posttreatment procedures, such as thermal treatments or reductive gas exposures, have
brought renewed interest in the subject.
The rst section of this chapter focuses on the thermal post-treatments of ALD
grown TiO2 and their implications on the chemical stability and charge transfer
properties of the photoelectrodes. Special attention is paid to the versatility of the
so-called black TiO2, which can be grown by ALD and where the amorphicity and
oxygen deciency provide interesting post-modication prospects. The second section presents a more radical post-modication method, where TiO 2 is converted into
TiSi under reductive high temperature conditions. The resulting microstructured
TiSi surface can be utilized as an intermediate layer between two semiconductors
for tailoring their band alignment and charge transfer properties.
4.1 Thermal post-treatments of black TiO2

TiO2 is generally considered to be a chemically stable material for both photoactive
photoanodes and for protecting other unstable small band gap semiconductor anodes
[10,11,105]. However, the results in Papers I and II indicate, that this is not true for
ALD grown amorphous TiO 2 if water splitting is performed under alkaline conditions
(1 M NaOH, pH = 13.6). As Figure 4.1 illustrates, the as-deposited 28.7 nm thick
TiO2 lm becomes completely dissolved in less than 5 hours whereas a thermally
post-treated sample shows prolonged stable operation.

Current density at 1.23 V
vs. RHE (A/cm2)
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Figure 4.1: The photocurrent density of two TiO2 /Si photoanodes during a long stability
test under continuous simulated solar irradiation in 1 M NaOH. The black curve shows
rapid degradation for the as-deposited ALD TiO2 lm while the red curve proves stable
photocurrent for a lm that has been post-annealed at 500 ◦ C in vacuum. The images
clearly indicate the dissolution of the as-deposited TiO2 lm. Adapted from Paper I.

4.1.1 Reductive post-annealing for improved stability
In this work the eects of reductive post-treatment of ALD grown TiO 2 lms were
studied by comparing two dierent reduction methods: low pressure atomic H based
chemical reduction and thermal annealing in ultra-high vacuum (UHV) [Paper I].
The studied 28.7 nm thick amorphous TiO 2 lms were ALD grown on cleaned Si(100)
substrates and the UHV annealings were performed at a temperature range from
400 to 900 ◦ C. The thermal post-treatment led to the formation of TiO x suboxide
species with x < 2. Depending on the temperature, the concentration of the Ti 2+
and Ti3+ species was up to 80 % of all titanium atoms. The amount of reduced
titanium was unexpectedly high, as many studies have concentrated on only couple
of percent of reduced Ti ions. The propensity for strong reduction was attributed
to the amorphicity and intrinsic oxygen deciency of the 200 ◦ C deposited TiO2 .
Stoichiometric crystalline TiO 2 is considerably less reducible, and even the ALD
grown TiO2 lm with 100 ◦ C deposition temperature showed less defects and thus
less prociency for reduction as illustrated in Figure 4.2.
The reference post-treatment method in Paper I, the atomic H exposure, was carried
out by using the same H 2 cracker as described in section 3.1.1. This resulted in a very
similar mixture of original Ti 4+ and reduced Ti2+ and Ti3+ species as the thermal
treatment, although the formation of Ti 2+ was delayed with H treatment. The most
interesting result was, however, that despite the similarities in Ti reduction, the
concentration and chemical state of the O anions was completely dierent depending
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Figure 4.2: Comparison of Ti 2p XPS spectra measured on TiO2 lms deposited at 100
◦ C (left) and 200 ◦ C (right). The 100 ◦ C lm is close to stoichiometric TiO composition
2
(only Ti4+ oxidation state), whereas the 200 ◦ C lm shows approximately 20 % suboxide
Ti concentration. This dierence is reected to the reduction behavior, as the 700 ◦ C
UHV annealing has much stronger eect on lm with the higher deposition temperature
and higher initial oxygen deciency.
on the post-treatment method, as illustrated in Figure 4.3. For example, 800 ◦ C
annealing and 10 min H exposure both reduce approximately 67 % of the Ti ions on
the surface. However, in the H exposure the O atoms are removed from the structure
and the oxygen concentration drops from the original 70 % to 55 %. On the other
hand, the thermal reduction maintains the original oxygen concentration, and a
new chemical state, labeled as O − , is developed on the high binding energy side of
the original O2− peak. Photoelectrochemical stability tests under simulated solar
irradiation showed that the thermally reduced (at 500 ◦ C or above) TiO2 is stable
against photocorrosion, whereas the H treated and as-deposited lms dissolved. Xray diraction (XRD) was employed to verify that both treatments preserved the
amorphous structure. Thus the improved stability was attributed to the formation
of undercoordinated O − centers, which can act as charge transfer channels and thus
stabilize the surrounding matrix. Similar results have been found for amorphous
IrO2 , which structurally resembles TiO 2 and can also be used as a photocatalyst in
water splitting reactions [106108]. The thermally induced stability demonstrates
that with a suitable post-treatment amorphous leaky TiO 2 can be successfully
applied as a protective ultra-thin lm on top of other semiconductor photoelectrodes
or used as a photoactive anode material.

4.1 Thermal post-treatments of black TiO 2
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Figure 4.3: Comparison of selected XP spectra from thermally and atomic H post-treated
TiO2 lms. Adapted from Paper I.

Additionally, both thermal and atomic H post-treatments generate new electronic
states inside the band gap. The shallow states narrow the eective band gap thus
increasing the solar absorption towards longer wavelengths. Similar results are typically achieved by doping the TiO 2 matrix with e.g. N, C, or S [2426]. The reductive
post-treatments oer a complementary method for band gap engineering without the
need for introducing additional elements to the matrix.
4.1.2 Crystallization of amorphous black TiO2

Contrary to the previous reducing thermal UHV and atomic H treatments, the stability of TiO2 can be improved also by annealing it in oxidizing conditions. As shown
in Paper II, annealing in air at 300 ◦C or above leads to photocorrosion resistant
crystalline TiO2. The studied samples were prepared with the same ALD parameters
as the ones used for the reductive post-treatments. However, this time the annealing
was carried out in a tube furnace in ambient atmosphere. As illustrated in Figure
4.4 the grazing incidence X-ray diraction (GIXRD) patterns clearly show a transformation TiO2 from amorphous phase into rutile at temperatures 300 ◦C and above.
Based on the SEM images (Figure 3 in Paper II) the nucleation of crystals starts
already at 250 ◦C. As a detail, at 350 ◦C annealing temperature the GIXRD shows
a strong anatase peak, which then disappears at all higher annealing temperatures.
The appearance of this additional phase coincides with the surface segregation of
residual N, which is trapped in the lm from the incompletely dissociated TDMAT
precursor. This implies that N plays an important role in the phase stabilization of
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Figure 4.4: GIXRD patterns of the oxidatively annealed TiO2 surfaces with reference

data. Annealing at 300 ◦C or above leads to formation of rutile phase. Interestingly, at
350 ◦C also a strong anatase peak is observed, but it disappears again at higher annealing
temperatures. [Paper II]
TiO2 . As the residual N desorbs from the surface at 400 ◦ C, TiO2 crystallization
proceeds from the less stable anatase into the more stable rutile phase.
The oxidation and crystallization of the TiO 2 lms leads to drastic decrease in
conductance and optical absorption of visible light with a simultaneous redshift
in the optical band gap, as illustrated in Figure 4.5. Photoelectrochemical results
a

b

c

unstable

stable

max. jph

Figure 4.5: Conductivity, optical band gap and absorbance at the 400800 nm wavelength

range for ALD grown TiO2 lms after the deposition at 200 ◦C and after annealing in
ambient atmosphere at 200500 ◦C. [Paper II]

4.2 From TiO2 to TiSi interlayers
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under simulated solar irradiation in Paper II show, that oxidative annealing induced
crystallization also improves the photocurrent density. This can, at least partially, be
explained by the red-shifted optical band gap, which increases the light absorption
within the UV region. Together the chemical stability, decreased absorption of
visible light and increased absorption of UV light make oxidatively annealed TiO 2
an excellent material to be used, for example, in tandem or Z-scheme water splitting
cells (section 2.3) [35], where the absorption band needs to be well-dened and the
outermost layer has to be stable when in contact with an electrolyte.

4.2 From TiO2

to TiSi interlayers

In Paper I the reductive annealing of TiO 2 in UHV was studied at temperatures up
◦

to 900 C. This led to a partial reduction and formation of dierent suboxide species
(Ti oxidation number < 4). However, if the annealing temperature is increased to
950

◦

C or above, the oxide becomes thermodynamically unstable. This leads to a

complete reduction followed by the formation of a new TiSi phase where the Ti is
mixed with the Si of the underlying substrate.

4.2.1

Islanded growth of TiSi structures

TiSi structures have widely been used in nano- and microelectronics as ohmic contacts and also as interconnect materials for PEC devices. Thus, understanding the
transformation of ALD deposited TiO 2 ultra-thin lms into TiSi may provide costeective and realizable method for fabricating these structures as an integral part
of sequential ALD growths.
The formation of TiSi was studied by ALD-growing a 28.7 nm thick TiO 2 lm
on top of an atomic H cleaned (section 3.1.1) Si(100) substrate. The sample was
then annealed at 950
in Figure

◦

C in UHV for 10 min. This led to the structure illustrated

4.6. The conversion of TiO 2 into TiSi is initiated by the formation of

nucleation centers across the original TiO 2 lm. The nucleation centers then expand
to somewhat spherical regions of microstructured TiSi islands, as shown in Figure
4.6. Based on the AFM results in Paper III, the TiSi structure is highly corrugated:
the conversion of a 28.7 nm thick TiO 2 lm into TiSi leads to a topographical
variation of over 300 nm. Thus the reduction of Ti and consequent intermixing with
the Si substrate involves pronounced mass transfer.
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100 m

5 m

Figure 4.6:

SEM images of the microstructured TiSi regions. On the left the dark area
represents the remaining TiOx lm and the brighter areas consists of the topographically
microstructured TiSi islands. The image on the right shows a magnied view of one of the
TiSi regions.
The expansion mechanism of the TiSi regions was studied by collecting EF-PEEM
data across the TiO 2 /TiSi boundary (Figure 4.7). Based on the core level images
of Ti 2p, Si 2p, O 1s, the TiSi region is completely oxygen free, whereas the regions far outside the islands consist of a mixture of TiO x species with Ti atoms in
dierent oxidation states. An interesting detail in the line prole in Figure 4.7(b)
is that the TiSi region is surrounded by an approximately 4 μm wide rim of high
Ti2+ concentration. This indicates that the expansion of the TiSi regions proceeds
via a TiO intermediate. Another interesting detail is that no Si diusion was observed through the remaining TiO x lm outside the TiSi regions. This is in contrast
to studies performed on metallic Ti/Si surface, where the Si diusion is observed
already at 400800 ◦ C [109111].
TiO2 (b)

TiO2
Ti2O3
TiO
TiSi

XPS signal int. [a.u.]

(a)

5 m

Figure 4.7:

0
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8
12 16
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20

EF-PEEM data of a TiSi/TiOx boundary. (a) An EF-PEEM image of Ti4+
2p3/2 core level. The bright red crescent on the left side corresponds to high concentration
of oxidized Ti whereas the area on the right has very low intensity due to completely reduced
Ti. (b) line proles of dierent Ti oxidation states taken from the position indicated by the
blue arrow in (a). Adapted from Paper III.
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Figure 4.8: Ti 2p XP spectra of a TiSi surface immediately after annealing at 950 ◦ C
in UHV and after 48 h air exposure. Most of the Ti is preserved in reduced TiSi form.
Inside the reduced regions, Si was detected in two dierent chemical states which
were identied as pure elemental Si and Ti bonded Si in silicide (denoted as Si 0
and SiTiSi , respectively). The lateral resolution of the laboratory X-ray source based
NanoESCA is limited to approximately 500 nm for core level images. For this reason,
the more detailed structure of the TiSi regions was studied by synchrotron radiation
induced PEEM (SR-PEEM). The results (see Figure 4 in Paper III) illustrate, that
the Ti and SiTiSi are almost entirely detected inside the high-lying ridges (brighter
areas in Figure 4.6), whereas the valleys between the ridges contain mostly pure Si
and only a small amount of Ti.
The stability of TiSi against oxidation was tested by exposing the reduced surface
to ambient air for 48 hours. Pure Ti is extremely reactive against air, but in silicide
form only a small fraction of Ti was oxidized back to Ti 4+ species (Figure 4.8). This
is benecial when TiSi is used as a photoelectrode interface material that should
retain its metal-like conductivity during the fabrication process.

4.2.2 Band alignment and charge transfer in TiO2 /TiSi/Si
photoanodes
The feasibility of TiSi as a photoanode intermediate layer was studied in Paper
I by measuring the energy band alignment and charge transfer properties of different TiO2 /TiSi/Si structures. Ecient solar irradiation induced water splitting

V

48

4 Eect of post-treatment methods on TiO 2 /Si photoanodes

requires that the electrode energy bands straddle the water reduction and oxidation
potentials. Additionally, adequate band bending is required for eective electron
hole pair separation and all layers must have sucient conductivity for supporting
the required charge transfer. In Paper I a TiSi interlayer was applied between a
Si(100) substrate and approximately 30 nm thick TiO 2 overlayer. The microstructured TiSi lm was fabricated by the same process as described above. The eect
of such interlayer has previously been studied by e.g. Perego et al. [112] who have
conducted comparable experiments for TiO 2 /X/Si systems, where the interlayer X
has been either Si3 N4 , Ti rich SiOx , or Al2 O3 . They found that proper selection of
interlayer material can aect the band alignment across the TiO 2 Si interface. In
this work research was conducted on three dierent TiSi interlayers. Although the
material was the same in all cases, the microstructure of the lm was modied by
altering the thickness of the original TiO 2 lm which was then converted into TiSi
by UHV annealing. The studied lm thicknesses were 3 nm, 10 nm, and 30 nm.

V

As illustrated in Figure 4.9, the thickness of the TiO 2 greatly aects the TiSi
microstructure. The 3 nm and 10 nm TiO 2 lms lead to unconnected islands, where
the size distribution correlates with the lm thickness. The 3 nm lm produces
islands with diameter variation approximately from 10 to 100 nm, whereas the 10
nm thick lm leads to much bigger islands with a diameter from 50 to 500 nm. An
interesting change happens between the 10 and 30 nm TiO 2 lm thicknesses, as the
thicker lm results in the coalescence of the TiSi islands and thus in the formation
of a continuous conductive TiSi network.
The eect of the TiSi micro-structure on the photoelectrochemical properties was
studied by measuring linear sweep voltammetry under simulated solar illumination and electrochemical impedance spectroscopy (EIS). Based on the voltammetry
results, the samples with TiSi lms generated from the 3 and 10 nm TiO 2 lms expressed approximately 0.1 V more negative photocurrent onset potential compared
to the samples without TiSi or with a TiSi interlayer fabricated from the 30 nm TiO 2
lm. Additionally, the EIS results proved, that the TiSi interlayer decreases the resistance across the heterojunction thus improving the charge transfer properties of
the TiO2 /TiSi/Si photoanode.
In order to understand why the TiSi interlayer aects the onset potential and charge
transfer properties of the three-layer photoanode system, a complete band energy
diagram was reconstructed. Figure 4.10 shows the band positions of VBM, CBM,

4.2 From TiO2 to TiSi interlayers
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Figure 4.9:

SEM images of TiSi/Si surfaces. The TiSi lms have been fabricated from
3, 10 and 30 nm thick TiO2 ALD lms (images (a), (b), and (c), respectively. Figure (d)
illustrates the TiSi island coverage in all three situation. [Paper IV]

Evac and selected core levels for each intermediate deposition step and all three
dierent TiSi lm thicknesses. Most notably, the 3 nm and 10 nm TiSi structures
increase the band bending of the underlying Si substrate by about 0.1 eV leading
to a total upward bending of 0.34 eV. On the other hand, the 30 nm TiSi interlayer
leads to a band bending close to that of pure Si surface. Similar dierences in band
bending were preserved even after the deposition of a 3 nm thick TiO 2 overlayer.
Based on the band alignment reconstruction and the electrochemical measurements,
Z-scheme model for charge carrier transport was proposed. Here the TiSi islands
at the heterojunction interface act as recombination centers and high conductivity
charge transfer channels. Increased band bending leads to more eective charge
carrier separation, where the photogenerated holes from the Si and the photogenerated electrons from the TiO 2 overlayer are transferred eectively towards the TiSi
interface.
Figure 4.10 shows also the WF values of the samples based on an average value over
the whole analysis area (95 μm). However, the imaging capabilities of NanoESCA
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Figure 4.10: Band energy diagram of clean Si (a), titanium silicide coated Si with dierent TiSi interlayers (3, 10, and 30 nm) (bd), and TiO2 /TiSi/Si heterojunction systems
where 3 nm of TiO2 has been deposited on top of the structure (eh). [Paper IV]
enabled the collection of WF data also with a lateral resolution of approximately
100 nm. These WF maps are shown in Figure 4.11. For pure Si and 3 nm and 10
nm TiSi surfaces the WF values are homogeneous across the surface. However, the
TiSi lm fabricated from the 30 nm thick TiO 2 layer shows considerable dispersion
between the TiSi regions (highest WF) and the intervening Si areas (lowest WF).
The homogeneity of WF values for the small TiSi islands can be explained by the
pinch-o eect [113] where the barrier variation of suciently small island features
becomes pinched o by the surrounding semiconductor regions. Similar results have
been observed on Ni island/n-Si systems [114, 115]. With small Ni islands the effective barrier height drifts closer to that of the surrounding semiconductor surface.
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(3, 10, and 30 nm). [Paper IV Supplementary information]
Figure 4.11:

However, as the islands become larger, the band bending inside the islands behaves
more independently and the barrier height moves closer to the barrier height of a
continuous metallized surface.
As a summary, thermally fabricated TiSi microstructure can be used as an interfacial layer between an ALD grown TiO 2 lm and Si substrate for improving the
eciency of photoanodes used in water splitting. The primary material, TiO 2 , for
TiSi fabrication can conveniently be produced as an integral part of the ALD deposition chain, and the properties of the thermally fabricated TiSi microstructure can
be modied by varying the original TiO 2 lm thickness. With suitable island size
the TiSi interlayer leads to increased band bending in the Si substrate, and thus
improved charge carrier separation and more negative photocurrent onset potential.

5

CONCLUSIONS AND OUTLOOK

Atomic layer deposited TiO 2 is a promising material for electrodes used in photoelectrochemical water splitting due to its abundancy, cost-eectiveness, conformality
and easily controllable lm thickness. However, the chemical stability under alkaline
conditions, large band gap corresponding to the UV region of the solar spectrum and
charge carrier separation and charge transfer properties require further optimization.
In this Thesis a combination of electron spectroscopic and spectromicroscopic techniques together with photoelectrochemical and optical measurements was used to
study how dierent post-treatments and interface layers aect the properties of an
ALD TiO2 coated photoanode.
The results of this Thesis clearly indicate that suitable reductive and oxidative posttreatments can improve the chemical stability of the TiO 2 ultra-thin lms in alkaline
electrolytes. In order to understand the eect of the reductive treatments on the
TiO2 lm in detail two dierent reduction methods were utilized: thermal reduction
in UHV at 400900 ◦C and chemically active reduction using atomic hydrogen.
Both methods resulted in seemingly similar Ti suboxide formation and preserved the
amorphous structure. However, only the vacuum annealed surface was chemically
stable in 1 M NaOH under simulated solar illumination. Additionally, the O/Ti ratio
was kept practically constant in the annealed samples despite the strong reduction
of Ti. Based on the XPS results, oxygen was shifted to a more oxidized O − state.
In the H treated samples the O concentration was signicantly decreased and all
remaining O was preserved in the O 2− state. The increased chemical stability of the
annealed lms was thus attributed to the O − ions, which are essentially defects in
the anionic network. Similar formation of O − ions has been detected by Pfeifer et
al. in amorphous IrO2 based photoelectrode coatings [106108]. Also in their study
these reactive defect centers improved the water splitting capabilities.
The other method for improving the chemical stability of the TiO 2 lms was annealing in oxidative conditions. Post-annealing in ambient air at 300500 ◦C transformed
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the lm into crystalline rutile structure, or at 350 ◦ C to a mixture of rutile and
anatase. The original as-deposited lm consisted of so-called black TiO 2 , which has
attracted a lot of research interest [20, 116118] since its discovery by Chen et al. in
2011 [119]. As the name suggests, the lm appears visually black, and the material
has noticeable absorption at the visible range of the solar spectrum. During crystallization the lm became white and the absorption above 400 nm (3.1 eV) dropped
to practically zero. The crystallization also induced a redshift in the optical band
gap from 3.6 eV to 3.13.2 eV. As a result of crystallization, the resistivity was increased and the electronically leaky [10,13] amorphous TiO 2 was transformed into
an insulator. However, the crystalline structure signicantly improved the chemical
stability and also the photocatalytic eciency, thus making the oxidatively annealed
ultra-thin TiO2 lm a viable option for coating other small band gap semiconductor
photoelectrodes.
The interface between the outer TiO 2 lm and the inner semiconducting electrode
material always produces losses in charge transfer. The eect of a TiSi interlayer
was studied as a possible solution for mitigating this problem. The TiSi layers were
prepared by increasing the UHV annealing temperature above the oxide decomposition temperature of approximately 950 ◦ C. Based on the results, O is removed
from the structure and Ti mixes with the underlying Si substrate generating highly
topographically microstructured TiSi islands. The phenomenon has been previously
studied with metallic Ti/Si systems by, e.g., Nemanich et al. [120123]. In these
studies, the Ti layer thickness was typically varied from submonolayers to couple of
nanometers, which led to the formation of much smaller islands and much less pronounced mass transfer. The intermixing was observed also by Arranz and Palacio,
but without any thermal processing the TiSi formation was limited to a few monolayers thick uniform TiSi lm at the Ti/Si [124] or Si/Ti [125] interface. Based on
the SR-PEEM results in this Thesis, the high-lying micro-islands are composed of a
mixture of Ti and Si, whereas the low-lying valleys mostly consist of Si. SR-PEEM
in XAS mode however revealed that there is some Ti left in the valleys, which is a
divergent result from those published by Nemanich et al. [120].
The eect of the TiSi interfacial layer on the charge transfer and PEC properties
was studied in detail by fabricating TiO 2 /TiSi/Si photoanodes with varying TiSi
structures. The thicknesses of the original TiO 2 lms used for TiSi formation were
3, 10 and 30 nm. The study revealed that the TiSi island size correlates with the
thickness of the TiO 2 layer. In addition, the PEC properties were aected, and the 3
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5 Conclusions and outlook

and 10 nm lms led to most negative photocurrent onset potentials thus improving
the photoanode eciency. The improvement was attributed to the increased band
bending the TiSi structure induced in the Si(100) substrate. The reconstruction of
the band energy diagram indicated that the charge transfer across the TiO 2 /TiSi/Si
heterojunction follows a Z-scheme model, where the TiSi islands act as recombination centers. The TiSi islands may also provide a low resistance charge transfer
channel between the insulating SiO x regions, as TiSi was found to be resilient against
oxidation.
All PEC measurements in this Thesis were carried out on photoanodes where the
ALD grown TiO2 lm formed a contact with the aqueous electrolyte. TiO 2 is known
to have some degree of photocatalytic activity [126], and for example the oxidative post-treatment clearly improved the catalytic properties. However, commercially feasible energy conversion necessitates current densities of the order of several
mA/cm2 . Driving the OER or HER reactions at such rate is probably not possible on
pure TiO2 surface, but requires additional catalyst materials at the photoelectrode
electrolyte interface. Typical catalyst materials are, for example, RuO x [17, 32, 127],
IrOx [11, 17, 106, 107], CoO x [54, 128, 129], and NiO x [16, 21, 130132]. Many of these
can be grown by ALD, and could thus be easily incorporated in the TiO 2 based
photoelectrodes in the forthcoming studies. Another common photocurrent improvement method aside the catalysts is to increase the reactive surface area by generating
nanostructures, such as nanorods or nanonets, on the surface [19,127,133135]. Due
to the extreme conformality of ALD grown lms, these nanostructures would form
an interesting template for depositing additional TiO 2 or catalyst lms for improving
the photoelectrochemical eciency.
An additional direction for the upcoming research would be to integrate the results of
this Thesis into complete articial photosynthesis, where the water splitting reaction
is combined with CO 2 reduction. The overall process leads to the generation of
oxygen gas and hydrocarbons using only solar light as an external energy source.
Current fossil fuel based power plants could be attractive point sources for CO 2 [4].
Converting these emissions into solar fuel would help to solve both the solar energy
storage challenges and the problem of the rapidly increasing CO 2 concentration in
the atmosphere.
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ABSTRACT: Amorphous titanium dioxide (a-TiO2) combined
with an electrocatalyst has shown to be a promising coating for
stabilizing traditional semiconductor materials used in artiﬁcial
photosynthesis for eﬃcient photoelectrochemical solar-to-fuel
energy conversion. In this study we report a detailed analysis of
two methods of modifying an undoped thin ﬁlm of atomic layer
deposited (ALD) a-TiO2 without an electrocatalyst to aﬀect its
performance in water splitting reaction as a protective photoelectrode coating. The methods are high-temperature annealing in
ultrahigh vacuum and atomic hydrogen exposure. A key feature in
both methods is that they preserve the amorphous structure of the ﬁlm. Special attention is paid to the changes in the molecular
and electronic structure of a-TiO2 induced by these treatments. On the basis of the photoelectrochemical results, the a-TiO2 is
susceptible to photocorrosion but signiﬁcant improvement in stability is achieved after heat treatment in vacuum at temperatures
above 500 °C. On the other hand, the hydrogen treatment does not increase the stability despite the ostensibly similar reduction
of a-TiO2. The surface analysis allows us to interpret the improved stability to the thermally induced formation of O− species
within a-TiO2 that are essentially electronic defects in the anionic framework.

■

electric “leakiness”.2,4−6 In other words, the electronically
defective nature of the amorphous TiO2 makes it more
conductive. Good conductivity is important in avoiding
tunneling barriers that reduce the photocurrent or increase
the required overpotential.7 In insulating, tunneling based
protection layers these losses would constitute a signiﬁcant
disadvantage because the ﬁlm has to be at least several
nanometers thick to avoid pinhole defects.8,9 In the chemical
sense, the increased conductivity can be attributed to the
reduction of Ti4+ cations to the Ti3+ state. This can be achieved,
for example, by n-type doping, where tetravalent Ti is
substituted by pentavalent cation such as Nb or Sn or by
substituting O with F.10 Another option is to modify the bond
structure by creating O vacancies or Ti3+ interstitials.10 The
advantage of the latter method is that no new elements have to
be introduced to the structure.
In the present study we report a detailed analysis of two
approaches for modifying ALD grown a-TiO2 ultrathin ﬁlms to
address the question of intrinsic stability of a-TiO2 in
photoelectrochemical (PEC) energy conversion: thermal treatment and atomic hydrogen treatment. The PEC properties and
the electrochemical stability of the post-treated a-TiO2 ultrathin
ﬁlms are investigated with standard electrochemical measurements in conjunction with simulated solar irradiation and

INTRODUCTION
The ever-growing demand for energy and increasing concern
for sustainable development are forcing humankind to seek for
new technologies for harnessing energy from renewable
sources. One promising alternative is the production of
hydrogen by a solar energy-driven process called artiﬁcial
photosynthesis. In this process, the energy of the incoming
photons is converted into chemical energy of the molecular
bonds by dissociating water molecules into hydrogen and
oxygen.1 The dissociation reaction requires semiconducting
electrodes that are stable in electrochemical conditions, can
eﬃciently absorb solar energy, can support the redox reaction
of water molecules on their surfaces, and are cost-eﬃcient.
Several traditional semiconductor materials such as silicon,
gallium arsenide, and gallium phosphide have electronic
structures with suitable band potentials to enable the water
oxidation half reaction. However, these materials are unstable
under oxidizing conditions. Thus, the oxidation of the electrode
material itself competes with the water oxidation leading to
either photocorrosion or passivation of the electrode surface.1−3 For this reason the electrode surface must be coated
with a suitable protective layer. One promising material for this
application is titanium dioxide (TiO2), which has attracted
tremendous research interest during the last decades.
Traditionally the TiO2 research has concentrated on its
crystalline anatase, rutile, and brookite polymorphs, but in
recent years several studies have revealed that the amorphous
counterpart might actually be more advantageous due to its
© 2018 American Chemical Society
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During the ALD, the Si substrate temperature was kept at 200 °C.
The vapor pressure of the TDMAT was increased to 3.6 mbar by
heating the precursor bubbler to 76 °C, and the precursor gas delivery
line was heated to 85 °C to prevent condensation. The water bubbler
was sustained at 18 °C by a Peltier element for stability control. The
substrate temperature was stabilized for 30 min before starting the
deposition. The 200 °C ALD growth temperature was selected
because it results in amorphous growth whereas higher ALD
temperatures produce strongly crystallized anatase TiO2.13,14 On the
other hand, much lower temperatures would result in incomplete
precursor dissociation leading to higher remnant impurity concentrations, especially nitrogen from TDMAT. Low temperatures also
produce more stoichiometric TiO2 which, based on our preliminary
experiments, cannot be modiﬁed by the post-treatments as eﬀectively
as the ﬁlms grown at 200 °C (Figure S2).
After the ALD deposition, the samples were cooled down in
nitrogen gas before transferring them back to UHV for posttreatments and photoelectron spectroscopy (PES) measurements.
The exposure to ambient atmosphere during the transfer was
approximately 5 min.
The post-treatments were performed in the preparation chamber of
the NanoESCA spectromicroscopy system (Omicron NanoTechnology GmbH)15 and they were divided into two sets: (1) thermal
treatment and (2) atomic hydrogen treatment. Thermal treatments
were conducted cumulatively in 100 °C steps from 400 to 900 °C in
UHV keeping the chamber pressure in the 10−9 mbar range during the
annealings. The upper limit for the annealing series was selected based
on our previous studies where a-TiO2 became completely reduced
above 950 °C.12 The heating setup consisted of a resistive PBNheating element mounted to a manipulator close to the backside of the
sample and the sample held in a Mo sample plate. The temperature
was increased to the target value in approximately 3 min and then kept
constant for 10 min after which the sample was let to cool down to
<100 °C. The temperature was monitored with a pyrometer. After
each annealing step, the sample was transferred to the analysis
chamber under UHV conditions for PES measurements or
alternatively removed from the UHV system for PEC studies.
The atomic hydrogen treatments were performed in the same
preparation chamber as the thermal treatment series. The sample
temperature was kept at 300 °C during the atomic hydrogen exposure.
The hydrogen treatment series was made cumulatively so that the total
exposure times of 1, 5, 10, and 50 min were achieved. The hydrogen
ﬂux was produced by using EFM H Atomic Hydrogen Source
(Omicron NanoTechnology GmbH). The source is based on leaking
hydrogen gas through a heated tungsten capillary which causes thermal
dissociation of hydrogen molecules with a dissociation eﬃciency close
to 100%.16 The following parameters were used: e-beam acceleration
voltage = 1000 V, e-beam emission current = 40 mA, ﬁlament current
= 2.00 A. Hydrogen gas pressure in the preparation chamber was
adjusted to 1.0 × 10−6 mbar, and the sample was set in line with the
capillary tube. After each hydrogen exposure step the sample was
transferred to the analysis chamber for PES.
The PES measurements were conducted in the analysis chamber of
the NanoESCA system with a base pressure below 1 × 10−10 mbar.
Focused monochromatized Al Kα radiation (hν = 1486.5 eV) was
utilized for core level XPS whereas valence band UPS spectra were
measured with a focused nonmonochromatized He Iα radiation (hν =
21.22 eV) using HIS 13 VUV Source (Focus GmbH). The spectra
were collected with a photoemission electron microscope (PEEM)
paired with a single hemispherical energy analyzer. The energy
resolution of the analyzer was set to 400 meV (pass energy 100 eV, slit
1 μm) and 100 meV (pass energy 50 eV, slit 0.5 μm) for XPS and
UPS, respectively. The analysis area was set to 230 μm in diameter for
XPS and 95 μm for UPS, corresponding to the maximum spot sizes of
the radiation sources. Large analysis areas ensured that the results
represent the average surface composition. Previous small area XPS
results have shown that both the ALD grown and post-treated surfaces
are homogeneous.
The chemical states of the elements were determined from the core
level XP spectra by least-squares ﬁtting of asymmetric Gaussian−

correlated with the molecular and electronic structure obtained
by photoelectron spectroscopy analysis. In both thermal and
atomic hydrogen treatment, a 28.7 nm thick a-TiO2 ﬁlm
deposited on a Si single crystal is used as a substrate. The ﬁrst
modiﬁcation method is based on high-temperature annealing
(up to 900 °C) in ultrahigh vacuum (UHV). Interestingly, Xray photoelectron spectroscopy (XPS) and X-ray diﬀraction
(XRD) results reveal that the amorphous structure is preserved
despite the high annealing temperature. In the thermal method
the improved ”leakiness” is shown to be induced by charge
transfer within the ionic framework of a-TiO2. Moreover, the
elemental composition of the a-TiO2 ﬁlm is not altered by the
treatment. On the other hand, in atomic H treatment, the H
atoms react with O leading to the desorption of water
molecules and creation of O vacancies. Ultraviolet photoelectron spectroscopy (UPS) is used to show that in both
methods the valence band structure of a-TiO2 is severely
modiﬁed by occupied Ti 3d derived states above the valence
band maximum (VBM) of a stoichiometric TiO 2.10,11
Furthermore, our PEC results reveal that a-TiO2 is susceptible
to severe photocorrosion under photoelectrochemical water
splitting conditions. Achieving the PEC stability for a bare aTiO2 coating without an electrocatalyst requires the thermally
induced formation of oxide defects in the ionic framework.
These ﬁndings regarding the intrinsic stability of thermally
treated a-TiO2 are likely to promote the use of a-TiO2 thin
ﬁlms in photoelectrochemical and other functional applications.
Moreover, the a-TiO2 combined with an active electrocatalyst
exhibits advantageous approach stabilizing traditional semiconductor materials used for water splitting reaction.

■

MATERIALS AND METHODS

The P-doped (resistivity 1−20 Ω cm) n-type Si(100) wafers were
purchased from Wafer World, Inc. (Florida). The 400 μm thick, 3-in.
diameter prepolished wafers had been cut in (100) orientation with
±1° accuracy. For the experiments 10 × 10 mm2 squares were cleaved.
The Si substrates were ﬁrst cleaned by sonicating them for 45 min in
99.5% EtOH followed by a combination of annealing and atomic
hydrogen treatments in UHV. The details of the UHV cleaning
procedure are described in ref 12. In short, the samples were ﬁrst
annealed to 1000 °C to remove native oxide. After this they were
exposed to atomic hydrogen at 800 °C (10 min) and 400 °C (10 min)
at pH = 1.0 × 10−7 mbar, which removed the segregated Cu and Ni
impurities, respectively. In all stages, the sample temperature was
monitored with a pyrometer (Land Cyclops 160B) using an emissivity
value of ε = 0.60. The pyrometer reading was calibrated against type K
thermocouple measurements in a separate system. After annealing, the
surface cleanness and structure were veriﬁed by X-ray photoelectron
spectroscopy and low energy electron diﬀraction (LEED) (Figure S1
in the Supporting Information and ref 12). After the UHV cleaning,
the samples were cooled down in vacuum and transferred to the ALD
system through the atmosphere. The exposure to air was kept less than
5 min.
ALD deposition of a-TiO2 was carried out using a Picosun Sunale
ALD R200 Advanced reactor. Tetrakis(dimethylamido)titanium(IV)
(Ti(N(CH3)2)4, TDMAT, 99%, Strem Chemicals Inc., France),
deionized water, and N2 (99.9999%, Oy AGA Ab, Finland) were
used as the Ti precursor, O precursor, and carrier/purge/venting gas,
respectively. a-TiO 2 ﬁlms were prepared with two diﬀerent
thicknesses: 28.7 nm for PEC and XPS/UPS measurements and 200
nm for XRD measurements because the thinner ﬁlm did not give
suﬃcient XRD signal intensity. The number of ALD pulses for the
ﬁlms were 804 and 5600, respectively. The ﬁlm thickness was veriﬁed
by ellipsometry (Rudolph Auto EL III Ellipsometer, Rudolph Research
Analytical).
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Lorentzian line shapes after subtracting a Shirley type background
(Table S1). The determination of the electron band structure near the
Fermi edge was made by analyzing the UPS valence band spectra.
Because of large inelastic secondary electron background a Tougaard
background was subtracted and the remaining intensity was ﬁtted with
Finite Lorentzian Asymmetric peaks (Table S2). The analysis was
made in CasaXPS software version 2.3.17PR1.117 using the Scoﬁeld
photoionization cross sections as relative sensitivity factors. The
binding energy (Eb) scale was calibrated by setting the O 1s main peak
(O in a-TiO2) to 530.20 eV.
The inﬂuence depth of the hydrogen treatment was estimated by
comparing the measured Ti 2p photoelectron spectroscopy results
with a simulation. For this comparison the Ti 2p attenuation length
was calculated by using the TPP-2M18 formula in the QUASESTougaard software package.19 For the 1028 eV kinetic energy
(corresponding to Ti 2p3/2), the formula gave an attenuation length
of λ = 2.2 nm.
Thermal treatment of ALD grown a-TiO2 is known to induce
crystallinity in some cases.13,20,21 For this reason, structural characterization of the 200 nm thick samples both in as-deposited (after ALD
growth) and thermally treated conditions was carried out by using
XRD (Panalytical Empyrean multipurpose diﬀractometer) with Cu Kα
radiation (λ = 1.5405 Å) and 45 kV and 40 mA cathode voltage and
current, respectively. The samples were scanned in 2θ between 20 and
40°. The XRD data was postprocessed by subtracting the background
and removing the Cu Kα2 X-ray satellite peaks.
Photoelectrochemical performance was studied in a homemade
PEC cell (PTFE body, volume 3.3 cm3), using a three-electrode
system controlled by Autolab PGSTAT12 potentiostat (Metrohm
AG). The studied samples were inserted between a rubber O-ring and
a stainless steel plate. The steel plate on the back side provided the
electrical contact and the O ring ensured a well-deﬁned 0.28 cm2
planar projected electrode surface area. An Ag/AgCl electrode (LeakFree LF-2, Warner Instruments, LLC) and Pt wire (surface area 0.82
cm2) were used as reference and counter electrodes, respectively, in an
aqueous solution of 1 M NaOH (pH = 13.6). The potential values
were converted to the reversible hydrogen electrode (RHE) scale by
the equation VRHE = VAg/AgCl + 0.197 V + pH × 0.059 V. A simulated
solar spectrum was produced with a HAL-C100 solar simulator (Asahi
Spectra Co., Ltd., JIS Class A at 400−1100 nm with an 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 photon ﬂux was directed
to the sample front surface through a 5 mm thick quartz glass window
and 18 mm thick electrolyte layer. The PEC testing was started by
studying the current−voltage characteristics in dark and under
simulated sunlight (Figure S3). After this linear sweep voltammetry,
the sample was subjected to an electrochemical stability test by biasing
the sample to water redox potential of +1.23 V vs RHE under
simulated solar light. Both light and dark currents were measured by
chopping the light oﬀ and on every 5 min. The data collection was
continued for 60 min corresponding to a total of six light/dark cycles.
The as-deposited and 500 °C UHV annealed samples were also
subjected for a longer stability test under continuous illumination.

Figure 1. Chronoamperometric testing of four a-TiO2/Si electrodes in
1 M NaOH (aq.) under the illumination intensity of 1.00 Sun. Black:
as-deposited ﬁlm without post-treatment, blue: annealed at 400 °C,
red: annealed at 500 °C, green: hydrogen treated for 10 min at 300 °C.
The inset shows the photocurrent density of the as-deposited and 500
°C annealed samples during a long stability test under continuous
irradiation. The photographs illustrate the surface at the end of the
stability test. Photoanodes were kept at constant +1.23 V vs reversible
hydrogen electrode (RHE).

inset of the Figure 1. Similar results were obtained for the
hydrogen treated and the 400 °C thermally treated surfaces. On
the other hand, all samples annealed at 500 °C or higher
showed stable photocurrents for at least 20 h and close to zero
dark current. It was also found that as the thermal treatment
temperature approached 900 °C, the photocurrent declined.
This is likely due to the insulating Si oxide layer that is formed
at the Si−a-TiO2 interface, as will be discussed later.
The instability of the as-deposited, hydrogen treated, and
below 500 °C annealed samples was somewhat surprising,
because there are reports of apparently similar ALD grown
amorphous TiO2 ﬁlms used as PEC electrodes.4,22 In many
cases, the TiO2 ﬁlm has been even much thinner than 30 nm.7
It should also be noted that in most studies, Ni, IrO2, or some
other electrocatalyst material has been evaporated or sputtered
on top of the TiO2 layer.4,7,8,22,23 On the basis of our results,
the protective properties of the a-TiO2 ﬁlm may not originate
from the native ﬁlm itself, but they may be attributed to the
combination of TiO2 and the electrocatalyst. However, with a
thermal treatment the as-deposited a-TiO2 ﬁlm can also be
made stable for PEC applications.
Molecular Structure of Amorphous TiO2. To achieve
molecular level understanding of the reasons why thermally and
hydrogen treated a-TiO2 ﬁlms exhibit such diﬀerent photoelectrochemical behaviors, we analyzed the samples by XPS.
Special attention was paid to the formation of the diﬀerent Ti
2p oxidation states in both treatment series. The measured O
1s and Ti 2p XP spectra are shown in Figure 2.
Ti was identiﬁed in three diﬀerent oxidation states, which
correspond to Ti4+ (stoichiometric a-TiO2) at 459.00 ± 0.20
eV, Ti3+ at 457.20 ± 0.20 eV, and Ti2+ at 455.95 ± 0.20 eV. All
subsequent analysis is based only on the 3/2 spin−orbit
coupled state but both 1/2 and 3/2 states had to be ﬁtted
because the splitting is only about 5.7 eV thus causing overlap
2+
between Ti4+
3/2 and Ti1/2 components. The 1/2 states were ﬁtted

RESULTS AND DISCUSSION

Photoelectrochemical Activity and Stability. The PEC
behavior of the thermally and hydrogen treated a-TiO2 samples
was tested by studying their PEC responses at +1.23 V vs RHE.
Figure 1 illustrates the photocurrent density as a function of
time for four samples. The highest current was actually reached
with the untreated as-deposited sample. However, after about
10 min illumination, the photocurrent started to decrease
sharply. This indicates that the current is not due to the oxygen
evolution reaction but instead caused by the dissolution of the
a-TiO2 layer and therefore an indication of a-TiO2 photocorrosion. The result was conﬁrmed with a long exposure in 1
M NaOH which dissolved the 30 nm ﬁlm completely in 5 h as
shown by the current density drop and the photograph in the
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Figure 2. Ti 2p and O 1s XP spectra for (a) thermal treatment and (b) hydrogen treatment series. The Ti 2p spectra are ﬁtted for both 3/2 and 1/2
doublets with three synthetic oxide components in each spin−orbit coupled state.

with an area ratio of 0.43 ± 0.03 compared to the
corresponding 3/2 state. It is noteworthy that no metallic Ti
was observed at any stage of the post-treatments. In O 1s
spectra, four diﬀerent chemical states were identiﬁed. In all
cases the main peak (set to 530.20 eV in calibration)
corresponded to O2− anions in a-TiO2. In the thermal
treatment series another state was identiﬁed at 531.33 eV,
which is denoted as O−. In the literature, this binding energy
region is usually associated with hydroxyl groups, 24,25
carbonate-like species or other carbon related impurities,26 or
oxygen-deﬁcient titanium oxide (such as TiOx, where 1.35 < x
< 1.65).27 The ﬁrst two explanations would be plausible on the
as-deposited surface, because it may have hydroxyl groups or
carbon impurities that have adsorbed from air or remained in
the structure as residues from the incompletely reacted ALD
precursors. However, the peak at 531.33 eV is visible only after
500 °C and higher thermal treatments when the hydroxyl
groups and carbon impurities have desorbed from the surface
(Figure S4). Above all, our results clearly show that the O 1s
peak at 531.33 eV is not associated with the decrease of oxygen
content, because the O/Ti ratio remains constant throughout
the thermal treatment series (see Figure 3). Thus, the buildup
of O− peak is assumed to result from localized charge transfer
between anionic and cationic frameworks during thermally
induced reduction, as will be discussed later. Second minor
component (Eb = 532.25 ± 0.10 eV) in O 1s spectra appeared
during high temperature annealings at 800 and 900 °C. This
peak, denoted as OSi, is associated with Si oxide impurities. At
these temperatures small amount (<1.8 at %) of oxidized Si was
observed in Si 2p spectra (Figure S5). Importantly, both O−
and OSi were observed only in the thermal treatment series. On

Figure 3. O concentration as a function of the relative Ti3+/2+
concentration. For the annealing series, the O content remains
constant despite the strong reduction observed in Ti 2p transition. In
the hydrogen treatment series, the O concentration approached the
50% limit which implies a TiO stoichiometry.

the other hand, the spectra measured from the hydrogen
exposed samples started to show a slowly growing component
at 531.50 eV as the hydrogen exposure time was increased. This
component was associated with a process where a chemisorbed
hydrogen atom does not desorb from the surface but forms Ti−
O−H compounds. The concentration of the OH− component
is in all cases less than 6% of all O atoms, which indicates that
most of the reactions between a-TiO2 and H lead to the
desorption of O as water molecules.
The bottom spectrum in Figure 2 noted as as-deposited
represents the situation directly after ALD growth without any
post-treatment. In this case the O 1s spectrum can be ﬁtted
1202
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with one asymmetric Gaussian−Lorentzian component. In
addition to O and Ti, the as-deposited surface had
approximately 1.5 at % of carbon and <0.3 at % of nitrogen
impurities (Figure S4). These are however completely removed
after the ﬁrst thermal or hydrogen treatment and do not
contribute to our results. Otherwise the surfaces were clean
with the exception of the previously mentioned Si oxide after
800 and 900 °C annealing steps. The origin of the Si was traced
back to the TDMAT precursor material by continuing the
annealing at 900 °C for a total of 30 min. After this prolonged
treatment, the Si had disappeared from the surface. This implies
that there is a limited source of segregating Si trapped inside
the ALD ﬁlm instead of Si from the substrate diﬀusing through
the ﬁlm. From the photoelectrochemical point of view this
small Si impurity concentration may actually be beneﬁcial
because Si doping has been shown to improve photocatalytic
activity of TiO2 nanotubes.28
It is noteworthy that the ALD grown surface is not
stoichiometric TiO2 but has approximately 26% of Ti in Ti3+
oxidation state, which can be accounted for interstitial Ti ions
or O vacancies.10,29 As the postprocessing advances to higher
temperatures or longer hydrogen exposure times the amount of
Ti suboxides (Ti3+ and Ti2+) starts to increase. This increases
the number of excess electrons in the structure that occupy the
electronic states near the Fermi edge, which in turn improves
the conductivity.10 For PEC applications this is an important
aspect as the photocurrent must be transferred through the aTiO2 ﬁlm. Despite the somewhat similar reduction behavior of
Ti in both the thermal and hydrogen treatment series, the
chemical compositions of the surfaces are strongly distinct
when comparing the diﬀerent reduction methods. This is
illustrated in Figure 3 which shows the relative O concentration
on the surface. The calculation is based on the total area of the
components shown in Figure 2.
For stoichiometric TiO2, the theoretical O concentration is
67 at %. In our case, the value should be slightly lower because
26% of Ti is in the Ti3+ oxidation state already in the asdeposited ﬁlm. The discrepancy between the theoretical value
and the observed 70 at % value originates mainly from a small
error in the relative sensitivity factor of Ti 2p, which does not
account for the TiO2 satellite features outside the analyzed
energy region. The most pronounced feature in Figure 3 is,
however, the diﬀerence between thermally and H treated
samples. In the H treatment series, the O content decreases
with increasing H exposure time. This is as expected because, as
shown in Figure 2b, the Ti becomes strongly reduced but
almost all of the remaining O stays in the original O2− oxidation
state. This implies that O reacting with H atoms is removed
from the material, most probably as water, and only a small
concentration of Ti−OH compounds is formed. The removal
of a neutral O atom from the structure leaves two excess
electrons on the empty states of Ti cations. The electrons can
be either localized or distributed among the 5-fold coordinated
Ti3+ ions surrounding the O vacancy. According to the
simulations conducted by Di Valentin et al.,10 the energetically
most favorable situations are when the electrons are localized to
the Ti3+ ion next to the vacancy and the next nearest
neighboring Ti cation or alternatively one electron is localized
to 5-fold coordinated Ti3+ and the other electron is completely
delocalized.
Contrary to the hydrogen treatment, the thermal treatment
leaves the O concentration practically constant at 70 at % in all
studied annealing temperatures. This result is unexpected

because Ti is strongly reduced and one could assume that this
leads to a decreasing O content. The explanations for this
anomalous behavior are scarce in the literature because most of
the Ti oxide research has traditionally concentrated on
crystalline anatase or rutile forms instead of the amorphous
phase. In crystalline TiO2, the thermal treatment usually leads
to a reduction of only a couple of percent of Ti cations.30 In
that case, the question of what the O/Ti ratio represents is not
valid nor easy to study. For example, Ti3+ cations are known to
readily diﬀuse toward the bulk,11,31 which may alter the results
with small concentrations.
One possible explanation for the high O content can be
trapped molecular O2. This is however unlikely, because in
crystalline TiO2 molecular O2 is known to desorb at about 110
°C,32 and the desorption energy should not diﬀer too much for
amorphous TiO2. Thus, the desorption is expected to occur at
much lower temperature than what is used in the thermal
treatment series. More plausible explanation is localized charge
transfer from anions to cations. For example, Pfeifer et al. have
studied charge transfer in amorphous IrO2, which has a
structure very similar to amorphous TiO2. They have
introduced an IrO2 reduction model, where the creation of
an Ir vacancy results in two Ir3+ ions and six localized reactive
O − species. 33−35 Interestingly, we also observe the O −
formation in a-TiO2, even without the Ti vacancy formation.
If suﬃcient amount of thermal energy is introduced to a Ti−O
bond, the electron transfer from anionic to cationic framework
can result in stable 5-fold-coordinated Ti3+ and 2-foldcoordinated O− states in the matrix. This model is supported
by the observed binding energy changes in the Ti 2p transition.
In the as-deposited ﬁlm, the Ti4+ peak is located at 458.80 eV
but starts to shift linearly toward higher binding energies (up to
459.20 eV) as the temperature of the thermal treatment is
increased. This can be explained by the increased number of O−
species, which attract electrons from the neighboring, still 6fold-coordinated Ti4+ species, thus increasing their eﬀective
nuclear charge.
More detailed analysis of the Ti reduction can be obtained by
analyzing the relative concentrations of diﬀerent Ti oxidation
states in Figure 2. Figure 4 illustrates the evolution of these
states as the total Ti suboxide (Ti3+ and Ti2+) concentration
increases. In the thermally treated samples, the reduction starts
with only Ti3+ being formed at temperatures below 400 °C. At
higher temperatures, however, the formation rate of both Ti3+
and Ti2+ suboxide species is somewhat similar and follows the
total suboxide concentration linearly. In contrast, at the
hydrogen treated surfaces the initial reduction is strongly
focused on the formation of the Ti3+ states, and the amount of
Ti2+ species starts to increase signiﬁcantly only after the total
suboxide concentration has reached about 70%.
To better understand the diﬀerence between these reduction
mechanisms, we conducted Monte Carlo simulations with two
diﬀerent reduction mechanisms (see the Supporting Information for details). The reason for these simulations was to
qualitatively validate the reduction mechanisms that were
deduced based on the XPS data of the Ti oxidation states.
For thermally treated samples, the best agreement between
the simulation (solid blue lines in Figure 4a) and experimental
data was obtained with a mechanism where the original Ti4+
state can be reduced directly to Ti3+ or Ti2+. The reduction
from Ti4+ to Ti2+ state is a possible alternative for the reduction
from Ti4+ to Ti3+ oxidation state because the process does not
involve external atoms, such as hydrogen, to be introduced into
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increases and the relative Ti2+ concentration starts to increase
sharply as shown by the Ti2+/Ti3+ ratio in the Figure 4c.
In addition to the diﬀerent reduction mechanisms in thermal
and hydrogen treatment simulations, the latter required a
modiﬁcation in the x-axis scaling. The simulated curves had to
be scaled down by 17% to match with the measured data
points. This can be interpreted so that 17% of the Ti atoms
inside the XPS information depth are deeper than the inﬂuence
depth of the hydrogen exposure. Thus, these atoms can never
be reduced which leads to a sharp decrease in the Ti3+
concentration earlier than what the unscaled simulation
predicts. On the basis of the Beer−Lambert law and the
attenuation length of the Ti 2p photoelectrons (λ = 2.2 nm),
the hydrogen exposure inﬂuence depth is calculated to be 4.0
nm.
The above-discussed reduction mechanisms are summarized
in eqs 1 and 2 for thermal treatment and hydrogen treatment,
respectively. The ↑ sign in eq 2 depicts the desorption of water
molecules from the surface.

+2H

+2H

2TiO2 ⎯⎯⎯→ Ti 2O3 + H 2O↑ ⎯⎯⎯→ 2TiO + H 2O↑

(2)

In thermal treatment at above 400 °C, the reduction process
may lead directly to either Ti3+ or Ti2+ formation whereas in
hydrogen treated samples the Ti3+ is the preferred reduction
product as long as there is a signiﬁcant amount of
stoichiometric TiO2 available.
In addition to the oxidation states, the thermal and hydrogen
treatments may aﬀect the molecular ordering of the a-TiO2
ﬁlms. Qualitative information about these structural changes
can be obtained by analyzing the XPS peak shapes. Accurate
curve ﬁtting of the Ti 2p spectra in Figure 2 required that the
full width at half-maximum (fwhm) of the peaks was allowed to
vary. Blue squares and circles in Figure 5 illustrate the variation
of the Ti4+ component fwhm. Other oxidation states gave
Figure 4. Relative concentration of Ti oxidation states in (a) thermal
and (b) hydrogen treatment series and (c) the Ti2+/Ti3+ ratio as a
function of the total suboxide concentration. All experimental values
(squares and circles) are determined from the Ti 2p transition shown
in Figure 2a. The error bars represent the range of variation from
repeated measurements. The solid blue lines represent the Monte
Carlo simulation results.

the matrix. On the other hand, for hydrogen treatment a double
reduction from Ti4+ to Ti2+ state is not likely because a
reduction event can be considered as a process where one
hydrogen atom at a time encounters the titanium oxide surface
and removes one O atom. This process can take place if the Ti
atom is either a part of the original TiO2 structure or it can
already be in a partially reduced Ti2O3 form. Thus, the removal
of one O atom as OH compound leads to Ti2O3 or TiO
conﬁguration, respectively. The simulation results (blue lines in
Figure 4b) support this type of “one step reduction”
mechanism. The exclusive reduction options either from Ti4+
to Ti3+ or from Ti3+ to Ti2+ lead to a behavior, where the
formation of Ti3+ cations is pronounced at the beginning.
However, as the amount of Ti4+ cations decreases and Ti3+
cations increases, the probability for Ti3+ to Ti2+ reduction

Figure 5. Structural disorder of thermally and hydrogen treated
surfaces. For Ti, the disorder increase is interpreted from the fwhm
widening of the Ti4+ 2p state (blue squares and circles). For O, a
qualitatively similar behavior can be seen in the increase of the area of
the shoulder peaks (peaks O− and OH− in Figure 2) (red diamonds
and triangles).
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The XRD results were consistent with the XPS results
showing no indication of crystalline phases of TiO2 in the
thermally treated ﬁlms. This is most advantageous in terms of
using the ﬁlms for PEC applications, because amorphous ﬁlms
are known to protect the underlying semiconductor better than
crystalline ﬁlms and also exhibit higher photocurrent
conductivity.2 The only emerging diﬀraction feature as a result
of annealing was the SiO2 related peak which appeared during
the 900 °C thermal treatment. TiO2 is known to donate O to Si
at high temperatures, which produces a thin SiO2 ﬁlm at the
Si−TiO2 interface.36 Importantly, the insulating SiO2 ﬁlm at the
interface limits the current transfer required for eﬃcient
photoelectrochemical water splitting. This explains the
observed PEC response where higher annealing temperatures
produced smaller photocurrent densities.
Modiﬁcation of the Valence Band Structure. Figure
7a,b shows the UP spectra of the thermal and hydrogen treated
a-TiO2/Si samples. The valence band (VB) (Eb ≈ 3.3−12 eV)
is ﬁtted with three states corresponding to TiO2 orbitals.37,38
The highest energy band is associated with the nonbonding O
2p orbitals (π-type). Below that are the π- and σ-type molecular
orbitals of TiO2. In the spectrum of the as-deposited sample
there is an additional peak at 10.2 eV (denoted as γ) which is
produced by the impurities such as OH or CO groups on the
surface.11,39 This state disappears immediately during the ﬁrst
thermal or hydrogen treatment, which together with the core
level XP spectra veriﬁes the purity of the studied ﬁlms.
Additionally, a new peak with the same binding energy appears
after 800 and 900 °C thermal treatments. This is caused by Si
oxide formed when the residual Si impurity from the ﬁlm
segregates to the surface.40 The UPS spectral feature observed
at the 2−3 eV range is a combination of the valence band
structure and He Iβ satellite line. The latter accounts for
approximately 30% of the total intensity at this energy range.
For pure stoichiometric TiO2, the band gap is about 3.0−3.4
eV depending on the crystal structure38,41,42 and the
conduction band minimum is located close to the Fermi
energy. This is in good agreement with our as-deposited sample
where the valence band maximum (VBM) is located at a
binding energy of 3.3 eV as determined by extrapolating the
linear region of the lower energy side of the VB to the zero
intensity baseline. During the treatments, the VBM shows
minor gradual shift to 3.5 or 3.6 eV for thermally and hydrogen
treated samples, respectively. In hydrogen treatment series the
density of the nonbonding O 2p states decreases with
increasing exposure time which is in concordance with the
aforementioned removal of O atoms from the structure. On the
other hand, in thermally treated samples the density of the O
2pn/b states remains rather constant from 400 to 700 °C. After
this, there is a sudden decrease in the density which can be
associated with some of the O atoms reacting with the surface
segregated Si atoms resulting in the formation of the γ state.
The Ti 3d state just below the Fermi edge is playing a major
role in determining the photoactivity of the a-TiO2/Si surface.
These in-gap states provide a pathway for electron transfer
between the bulk electrode material and the electrolyte9,41 and
also eﬀectively narrow the band gap thus improving the
absorption of longer wavelengths.43 The in-gap states divide the
band gap in two smaller sub gaps thus providing an
intermediate stepping stone for photoexcitation at lower
energies.44 The in-gap states of TiO2 have often been ascribed
to dopants or impurities (e.g., C, S, N, W, Mn),10,38,43−45
Ti3+/2+ interstitials,10,11 or bridging O vacancies.10,37 In our

qualitatively similar results. In the hydrogen exposure series, the
fwhm growth is only 24% whereas in thermally treated samples
the peak width increases 66% as the suboxide concentration is
increased from the original 26 to 73% (900 °C and 10 min
treatments). The increase in peak width is a sign of increasing
structural disorder.34 This can be interpreted as a relaxation of
internal stress among the chains of the octahedral TiO2 units.
Thus, it can be concluded that the thermal breaking of Ti−O
bonds and the formation of Ti3+ and O− species introduce
structural changes in the amorphous material. Figure 5 also
shows the relative concentration of O− (in thermal treatment)
and OH− (in hydrogen treatment) states compared to the total
O content. For hydrogen treated samples, the OH− increase is
relatively weak, because most of the O ions participating in the
structural changes desorb from the material as water molecules.
For the thermally treated samples, the increase in O− states
correlates excellently with the Ti 2p fwhm changes thus
consolidating the model that the peak widening is caused by
changes in molecular bonding and subsequent deformation of
the amorphous structure. Interestingly, the onset temperature
for the O− species formation coincides with the temperature
where photoelectrochemical stability was obtained. Thus, we
may conclude that the O− species stabilizes the a-TiO2 from
photocorrosion.
Phase Stability of the Amorphous TiO2. Thermal
treatment of a-TiO2 at high temperature is known to induce
partial crystallization, especially if the annealing is made in
atmospheric pressure.2,13 Our analysis of the Ti 2p spectral
features clearly indicated that the annealing in UHV increases
the structural disorder. This was further supported by XRD
measurements of similarly heat treated 200 nm thick a-TiO2
ﬁlms as shown in Figure 6 along with the spectra measured
from rutile and anatase reference samples.

Figure 6. XRD patterns from the thermally treated a-TiO2 ﬁlms in
addition to the spectra measured from the rutile and anatase reference
samples. The ﬁlms do not show any crystalline TiO2 features at
temperatures from 200 °C (as-deposited) to 900 °C. The SiO2 peak in
the 900 °C diﬀractogram is due to thin SiO2 ﬁlm at the Si−a-TiO2
interface. The anatase and rutile references were obtained from TiO2
ﬁlms grown at 100 and 200 °C followed by annealing in air at 700 °C
for 45 min, respectively.
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Figure 7. Ultraviolet photoemission valence band (VB) spectra after (a) thermal and (b) hydrogen treatments of a-TiO2. The main components
originating from the a-TiO2 ﬁlm are the σ and π molecular orbitals together with the O 2p nonbonding orbitals. In addition to these components, the
reduced a-TiO2 has a signiﬁcant Ti 3d component as shown in blue in the magniﬁed views. In the case of the as-deposited surface the γ component
can be associated with the σ states of hydroxyl groups adsorbed from the atmosphere.11 For 800 and 900 °C annealed samples, the same component
position corresponds to the electronic states in SiO2 which is formed by the surface segregated Si.40 Part c illustrates the area of the Ti3+/2+ oxidation
state related Ti 3d peak. For hydrogen treatment series the area of Ti 3d suboxide states increases linearly whereas in thermal treatment the area
starts to saturate after 700 °C annealing.

appearance of the in-gap Ti3+/2+ 3d electronic states narrows
the eﬀective band gap. Importantly, both methods preserve the
amorphous phase of the a-TiO2 ﬁlm. This is advantageous for
photoelectrochemical applications as several recent studies have
shown that the underlying semiconductor electrodes can be
protected more eﬃciently with a conformal a-TiO2 ﬁlm rather
than with its crystalline counterparts.
The studied post-treatment methods lead to considerably
distinct chemical compositions as summarized in Figure 8. In
the thermal treatment series, the relative concentration of O
and Ti atoms remains constant but some electrons are
transferred from anionic to cationic network. This leads to
the formation of localized Ti3+ and Ti2+ species and O− species.
Importantly, the annealing procedure in UHV does not
introduce any crystallization, but on the contrary decreases
the structural order by relieving the strain in the amorphous
lattice. By comparison, the atomic hydrogen treatment removes
O atoms creating O vacancies surrounded by Ti cations in Ti3+
or Ti2+ valence state.
From the photoelectrochemical point of view, the asdeposited a-TiO2 is susceptible to severe photocorrosion
under photoelectrochemical water oxidation conditions. The
stability of a-TiO2 can be obtained after heat treatment at >500
°C in vacuum. This was attributed to the formation of O−
species that are essentially electronic defects in the anionic
framework. At elevated temperatures above 500 °C, the a-TiO2
thin ﬁlm starts to react with the underlying Si substrate which
produces an insulating SiO2 interface layer thus lowering the
photocurrent. On the other hand, the hydrogen treated samples
were found to be unstable in alkaline electrochemical
conditions. On the basis of the photocurrent measurements,
the photocorrosion of the hydrogen treated samples was
comparable to that of the as-deposited samples.

case, the impurity contribution can be excluded because the asdeposited surface has the highest C and N concentration
accumulated from the air exposure and ALD precursor residues
but still shows no in-gap density of states. Instead, when the
surface is exposed to elevated temperatures or hydrogen atoms,
the area of the Ti3+/2+ 3d component starts to increase rapidly.
For hydrogen treated samples, the density of the in-gap state
shows rather linear increase as a function of the total hydrogen
exposure induced suboxide concentration, as illustrated in
Figure 7c. The position of the peak remains constant at Eb =
0.54 eV, which suggests that the peak is related to only one type
of chemical state. The observed binding energy is in good
agreement with the theoretically calculated value for Ti3+/2+ 3d
states caused by O vacancies,10 thus supporting the model that
the peak is produced solely by the removal of O atoms.
In the thermal treatment series, the growth of the Ti3+/2+ 3d
component is more subtle, especially above 60% suboxide
concentration, and the peak position shifts toward the Fermi
edge with the increasing treatment temperature. The shift from
Eb = 0.72 to 0.50 eV can be interpreted such that the peak is a
convolution of two diﬀerent chemical states: the Ti3+ cation
where Ti has only one localized excess electron or Ti2+ with
two localized excess electrons as discussed previously in the
reduction mechanism section. Thus, the increasing Ti2+/Ti3+
ratio pushes the total in-gap density of states to smaller binding
energy.

■

CONCLUSIONS

The presented results show two methods for modifying the
molecular structure and electronic states of the ALD grown aTiO2 thin ﬁlm on a semiconductor electrode surface. Both the
thermal treatment in UHV and the atomic hydrogen treatment
lead to a partially restructured amorphous phase, where the
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Figure 8. Schematic representation of the chemical and electronic
changes in the a-TiO2 ultrathin ﬁlms as a result of the thermal and
hydrogen post-treatments. The thermal treatment breaks bonds
between Ti and O atoms leaving the elemental composition intact.
The electron transfer from O to Ti results in excess electrons that
occupy the Ti 3d state, which improves charge transfer properties.
Additionally, the thermal treatment enhances the photoelectrochemical stability of the ﬁlm via formation of O− species that are essentially
electronic defects in the anionic framework. In contrast, atomic
hydrogen treatment creates an electronically “leaky” ﬁlm via formation
of O vacancies resulting in a photoelectrochemically unstable ﬁlm.

In addition to optimizing the surface chemical and electronic
structure, large scale manufacturing of cost-eﬃcient water
splitting devices would require optimization of the morphological structure, such as utilization of porous nanomaterials or
nanowires.46,47 This would increase the reactive surface area
thus increasing the achievable photocurrent. However, the
planar model systems used in this study provide valuable
information about the possible a-TiO2 post-treatment routes.
Combining the knowledge obtained here with the nanostructured substrates and highly active electrocatalyst materials2,4,8 can lead to a signiﬁcant improvement in photoelectrodes
utilizing a-TiO2 ultrathin ﬁlm coatings.
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ABSTRACT: Visually black, electrically leaky, amorphous titania (am-TiO2)
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 Ti3+ in the ﬁlm. Oxidation of Ti3+ upon
heat treatment leads to a drop in conductivity, a color change from black to
white, and crystallization of am-TiO2. ALD-grown black TiO2, 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 TiO2.
KEYWORDS: atomic layer deposition, titanium dioxide, oxide defects, crystallization, protecting overlayers, photocatalysis,
water splitting
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venting gas.8 N-type Si(100) wafer was used as a substrate with
the exceptions of optical and electrical measurements for which
a transparent quartz (SiO2) glass was used as a substrate. The
TiO2 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 TiO2
after deposition and after annealing in oxidizing (air) and
reducing (UHV) conditions. The oxidized sample depicts
characteristic absorption behavior of rutile TiO2 with
absorption edge at 387 nm (3.2 eV) and no absorption in
the visible range. In contrast, the absorption edge for the asdeposited TiO2 was observed at 344 nm (3.6 eV), which is
strongly blue-shifted from the absorption edge of rutile TiO2
and the absorption edge is followed by a broad absorption that
gives rise to the black color of the TiO2 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 asdeposited sample following approximately a logarithmic trend
from 350 to 800 nm suggests trapped charge carriers within the
band gap, which are assigned later to Ti3+.10 This is supported
by the blue-shift in absorption edge compared to rutile TiO2
which we interpret as the Moss−Burstein eﬀect11 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 TiO2.12 Recently, we showed that the same

lack titania (TiO2) is a promising material for providing
increased photocatalytic eﬃciency due to its pronounced
solar absorption compared to conventional white or transparent, nonconductive TiO2 with large bandgap (3.0−3.2 eV)
which is capable of absorbing light only in the UV range.1
Black TiO2 is often synthesized from white TiO2 via treatment
in a reductive H2 atmosphere that introduces disorder via oxide
defects or H dopants into the TiO2 structure.1−4 On the other
hand, transparent amorphous TiO2 (am-TiO2) 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.5 However, the
stability of ALD grown am-TiO2 under PEC conditions has
remained controversial, since most studies have involved an
additional catalyst overlayer on am-TiO2.6 Recent work by Yu
et al.7 revealed a metastable intermediate within an ALD
grown am-TiO2 thin ﬁlm on Si photoanode that induced
corrosion, despite the additional Ni overlayer. We have shown
that bare ALD grown am-TiO2 is subject to rapid photocorrosion under PEC conditions.8 Even crystalline TiO2 that is
believed to be extremely stable, has been shown to suﬀer from
photohole induced corrosion under PEC conditions.9 There is
an urgent need for better understanding of the TiO2 corrosion
mechanism to be able to develop TiO2-based materials for
photocatalytic energy conversion devices. Here we report a
direct synthesis of black TiO2 by ALD and address the
question of inherent stability of ALD-grown electrically leaky
titania.
ALD of TiO2 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/
© 2019 American Chemical Society
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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 TiO2 was found
to be amorphous followed by gradual crystallization upon
oxidation. In addition to rutile, the crystallized ﬁlms were
found to contain some brookite TiO2, 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 TiO2 under
these oxidative annealing conditions, although complete
crystallization into the most stable rutile TiO2 via less stable
anatase TiO2 is often observed in the annealing treatments of
TiO2.13 Furthermore, the nitrogen concentration within the
black am-TiO2 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 TiO2 was studied with XPS and
ultraviolet photoelectron spectroscopy (UPS), respectively.
Figure 4 shows photoelectron spectra by comparing the asdeposited and 500 °C oxidized samples. It is evident from the
XP survey spectra that the surfaces of ALD grown TiO2 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 2p3/2 and Ti 2p1/2 peaks at binding energies of
458.8 and 464.5 eV, respectively, are accompanied by wellknown charge transfer shakeup satellite peaks 13 eV above the
main peaks.14 These binding energies and satellite peaks are
consistent with the Ti4+ state of the TiO2. 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 Ti3+, which can explain the
increased absorption in the Vis range15 and increased
conductivity.

Figure 1. Absorbance of a 30 nm thick black TiO2 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 TiO2 ﬁlms
after deposition (black) and after annealing in air at 500 °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 amTiO2 under PEC conditions, which was attributed to the
formation of O− species via electron transfer from O to Ti.8
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 TiO2 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 TiO2 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

Figure 2. (a) Conductivity and (b) optical band gap and integrated absorbance from 400 to 800 nm for the ALD grown black TiO2 ﬁlms after they
have been annealed at diﬀerent oxidation temperatures. Inset in a shows the dramatic change of the I−V characteristics for the as-deposited TiO2
ﬁlm and the TiO2 ﬁlms after oxidation treatment at 200 °C and higher temperatures.
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Figure 3. (a) SEM images, (b) GIXRD patterns, and (c) normalized GIXRD intensities of the anatase and rutile peaks for the ALD-grown black
TiO2 ﬁlms at diﬀerent oxidation temperatures. Inset in c shows XP spectra of N 1s.

The O 1s XPS peak is centered at 530 eV as expected for
O2− anions of the TiO2 structure16 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 halfmaximum (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 TiO2. We note that no such gradual
change in neither Ti3+ concentration or in O/Ti ratio with
temperature was observed (Figure S2a). The majority of Ti3+
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.17 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 asdeposited 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 2p3/2 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 disorder18 and the subtle deviations in electronic
structure compared to crystalline rutile TiO2 presented above
characterize the unique electronic structure of amorphous

Figure 4. XP (a) survey spectra, (b) O 1s, (c) Ti 2p, and (d) UPS
spectra of the valence band (VB) for the ALD-grown black TiO2 ﬁlm
and 500 °C oxidized ﬁlm.
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ALD. We have demonstrated that the physicochemical
properties of TiO2 can be controlled by postannealing
treatments either in reductive or oxidative conditions. The
black as-deposited TiO2 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 TiO2 into a photoelectrochemically
stable phase of black TiO2 retaining its amorphous structure.8
On the other hand, oxidation in air at 500 °C crystallizes TiO2
into rutile phase with the maximum eﬃciency as photocatalyst
for photoelectrochemical H2O oxidation. The unprecedented
diversity of ALD-TiO2 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 TiO2.

II

ALD TiO2. We note that the careful monitoring of the
oxidation-treatment-induced changes in the electronic structure allowed the distinction between the doping,19 Ti2+/3+
defects,8 oxygen vacancies,20 and the lattice-disorder-induced
in-gap states.
The inﬂuence of oxidation on the performance of initially
black TiO2 as a photocatalyst for H2O oxidation was studied as
shown in Figure 5 and Figure S3. In accordance with our
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Figure 5. Photoelectrochemical stability and photocurrent (in 1 M
NaOH) of the ALD grown, initially black, TiO2 ﬁlm after oxidation in
temperature range from 200 to 500 °C.

■

previous work,8 the as-deposited black TiO2 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 saturation value for samples oxidized at >400 °C. The photocurrent was found to improve with the degree of TiO2
crystallization and reach saturation for crystallized rutile TiO2.
The improvement in PEC stability was found to correlate
with crystallization, which supports earlier results that the
stability of crystalline TiO2 outperforms the amorphous
phase.21 Albeit the complete crystallization of TiO2 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 TiO2 thin ﬁlm. Although
am-TiO2 has been shown to both experimentally and
theoretically exhibit several orders of magnitude higher
dissolution rates in 1 M NaOH than crystalline polymorphs,22
we emphasize that the stability of black am-TiO2 can also be
improved by controlling the defect distribution.8
The unique properties of disordered ALD-TiO2 include
controlling the Ti3+ self-doping via growth temperature and
thermal modiﬁcation of defect and crystal structure. Recently
we showed that annealing in UHV results in increase in Ti3+
states in the ﬁlm and promotes PEC stability via the formation
of O−.8 The facile modiﬁcation treatments manifest the
diversity of ALD-TiO2 in applications ranging from conductive
interlayers, to electrically leaky protection layers and photocatalyst materials.
In the present study, we have shown that black TiO2 with
enhanced absorbance in the wavelength range of 400−800 nm
can be deposited as a conformal amorphous thin ﬁlm using

UV−vis absorption, XPS, PEC data as a function of
oxidation temperature, and experimental details (PDF)
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a b s t r a c t
We present a widely scalable, high temperature post-growth annealing method for converting ultra-thin ﬁlms of
TiO2 grown by atomic layer deposition to topographically microstructured titanium silicide (TiSi). The photoemission electron microscopy results reveal that the transformation from TiO2 to TiSi at 950 °C proceeds via island formation. Inside the islands, TiO2 reduction and Si diffusion play important roles in the formation of the
highly topographically microstructured TiSi interface with laterally nonuniform barrier height contact. This is advantageous for efﬁcient charge transfer in Si-based heterostructures for photovoltaic and photoelectrochemical
applications.
© 2016 Elsevier Ltd. All rights reserved.

Titanium silicide (TiSi) nanostructures have been widely used in
nano- and microelectronics as ohmic contacts and interconnect materials [1] and, in recent years, photoelectrochemical (PEC) devices developed for water splitting [2–4]. TiSi has an exceptionally broad band-gap
from 1.5 eV to 3.4 eV that is alone large enough to allow photocatalytical
splitting of water [4]. The efﬁciency of a PEC device can be increased by
interfacing a semiconductor material with an electrocatalyst (EC). Key
parameters in the optimization of PEC materials for water splitting are
the electronic band positions with respect to water redox potentials.
Under electrolyte contact, the Fermi levels of a photoelectrode and electrolyte redox species align via charge transfer resulting in band bending
within the semiconductor photoelectrode. If an EC covers a semiconductor substrate completely, the electronic band alignment is determined by the EC. In contrast, if the EC layer is discontinuous, the band
alignment can behave like the semiconductor but the surface has the
catalytic activity of the EC. Based on the “pinch-off” theory this behavior
is valid for catalyst particles with dimensions smaller than the depletion
width of the semiconductor [5]. The depletion width is strongly affected
by the degree of free charge carriers, and is in the range of few micrometers for a lightly doped Si [6].
Here we demonstrate a simple atomic layer deposition (ALD) and
thermal annealing based method for fabricating a topographically
microstructured discontinuous TiSi surface on Si substrate. This allows
for energy band engineering of photoelectrodes via exploitation of the
⁎ Corresponding author.
E-mail address: mika.valden@tut.ﬁ (M. Valden).
URL: http://www.tut.ﬁ/surfsci (M. Valden).
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pinch-off effect. Hill et al. recently showed that the pinch-off effect produced by cobalt silicide heterostructures grown on silicon photoanodes
can signiﬁcantly improve their PEC performance [7]. The ALD process
described in the present study is envisaged being a generic technological approach to the fabrication of metal silicide particles (e.g. TiSi, CoSi,
NiSi) on Si [1,8,9].
In this study TiSi is fabricated from ALD grown TiO2 ultra-thin ﬁlm
which is extremely conformal and homogenous. The ﬁlm is transformed
into TiSi by post-annealing which also makes it thermally stable for subsequent ﬁlm depositions. Our results reveal the initial stages of the island mediated process where the titanium dioxide ultra-thin ﬁlm
undergoes a transformation to suboxides and subsequently to titanium
silicide. Furthermore, the laterally resolved chemical composition of the
resulting microstructured TiSi surface texture is analyzed.
The phosphorus doped (resistivity 1–20 Ω cm) n-type Si(100) wafers were purchased from Wafer World, Inc. (Florida, USA). The
400 μm thick, three inch diameter pre-polished wafers had been cut in
(100) orientation with ± 1° accuracy. For the experiments 10 ×
10 mm2 squares were cleaved. The details of the annealing and hydrogen plasma based in situ cleaning of the silicon substrates are described
in the Supplementary Material. The cleaned silicon substrates were
transferred ex situ to Picosun Sunale ALD R200 Advanced reactor for titanium oxide deposition. The air exposure during the sample transfer
was kept as short as possible, approximately 5 min.
ALD of titanium dioxide was carried out at a substrate temperature of 200 °C. Deposition consisted of 804 cycles of
tetrakis(dimethylamido)titanium(IV) (TDMAT) and deionized
water leading to a ﬁlm thickness of 28.7 ± 0.3 nm as veriﬁed
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radiation (SR) facility (Lund, Sweden) [12]. SPELEEM was utilized in
photoelectron emission, low energy electron microscopy (LEEM) and
imaging X-ray absorption (XAS) secondary electron yield modes.
In addition to XPS and EF-PEEM studies the surface morphology of
the 950 °C annealed island structured sample was studied by scanning
electron microscopy (SEM; Zeiss Ultra 55, Carl Zeiss Microscopy
GmbH) and atomic force microscopy (AFM; Veeco Dimension 3100
AFM, Veeco Instruments Inc.).
Both NanoESCA and SPELEEM III had a heating assembly in their
preparation chambers for heat treatments of the samples. For studies
performed in the NanoESCA system the ALD grown TiO2 was initially
annealed at 950 °C for 10 min to form titanium silicide islands. Studying
the edge areas of these islands with PEEM revealed details of the reduction process involved in the transformation of titanium (sub)oxides to
titanium silicide. Subsequently the sample was annealed to 960 °C for
10 min to reduce the remaining titanium oxide areas to continuous titanium silicide ridge-like microstructure.
SEM images in Fig. 1A–C illustrate the TiSi island structure after the
950 °C annealing. Islands nucleate at seemingly random locations and
with inhomogeneous size distribution. The ALD grown TiO2 ﬁlm is homogenous, and therefore it is likely that the nucleation has been initiated by small impurity particles or crystal defects in the Si substrate. It is
noteworthy that the nucleation does not happen instantaneously but
requires 5 min to 10 min at 950 °C temperature. Temperatures of

III

by ellipsometry (see Supplementary Material). After the deposition the
samples were cooled down in N2 atmosphere before transferring them
back to UHV for high temperature annealing.
Two separate UHV systems with a base pressure below 1 ×
10−10 mbar were employed for annealing and subsequent electron spectroscopy experiments. X-ray photoelectron spectroscopy (XPS) and energy ﬁltered photoemission electron microscopy (EF-PEEM) measurements
were carried out using NanoESCA (Omicron NanoTechnology GmbH)
spectromicroscopy system [10]. Focused monochromatized Al Kα radiation (hv = 1486.5 eV) was utilized for core level spectroscopy and imaging whereas secondary electron tail cut-off maps for work function
determination were measured with non-monochromatized He Iα radiation (hv = 21.22 eV) using HIS 13 VUV Source (Focus GmbH). The XP
spectra were collected using a hemispherical analyzer with energy resolution of 400 meV or 50 meV (for high resolution (HR) XPS). For EF-PEEM
measurements the energy resolution of an aberration correcting double
hemispherical energy analyzer (IDEA) was set to 800 meV for core level
imaging and 50 meV for secondary electron imaging. Lateral resolution
for core level images was approximately 500 nm and for He Iα excited
secondary electron images approximately 100 nm.
High spatial resolution EF-PEEM measurements were performed
with a spectroscopic photoemission and low energy electron microscope (SPELEEM) III (Elmitech GmbH) [11] at the soft X-ray beamline
I311 of MAX II storage ring in the MAX IV Laboratory synchrotron

Fig. 1. A–C: SEM images of a highly topographically microstructured TiSi island after 950 °C annealing. Highest magniﬁcation in Fig. C shows the detailed TiSi ridge-like microstructure
inside the island. The white circle in Fig. B shows the area selected for EF-PEEM studies and will be discussed later in detail. D: AFM image of the region framed with a white rectangle
in Fig. B. AFM line proﬁle illustrates the abrupt change in TiOx surface topography when moving from the area outside the island (left side) to the heavily corrugated ridge-like area
inside the island (right side).
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920 °C and below were also tested but this only resulted in titanium
suboxide formation without any indication of silicidation or evolution
of island structures.
SEM images show distinct ridge-like microstructures inside the
islands. Thus the true topography around a selected island was studied
by AFM. Fig. 1D demonstrates that the remaining titanium (sub)oxide
ﬁlm outside the island has retained a smooth surface with a roughness
value Ra of 8.0 ± 0.5 nm. However, inside the islands the roughness
has increased to 79 ± 2 nm with maximum height variations of more
than 300 nm which is ten times the thickness of the original TiO2 ﬁlm.
Also the average height of the surface was approximately 40 nm
lower in comparison with the surrounding partly reduced, but not
silicidized, TiOx surface. This suggests that the annealing process not
only affects the TiO2 ﬁlm but also induces pronounced mass transfer
in the silicon substrate by means of diffusion, corrugation and desorption. According to Zhao et al. [13] silicon from the substrate diffuses to
titanium overlayer where it reacts with oxygen and sublimates as silicon monoxide. In our case, the titanium ﬁlm has abundance of available
oxygen released by the TiOx reduction process.
An interesting detail in Fig. 1B and C is that the TiSi ridges near the
center of the island, i.e. near the initial nucleation point, are small and
almost spherical. When diverging from the center, the ridges became
more elongated and interconnected. For both shapes the width of the
structures is similar, approximately 200–300 nm. The constant width
of the ridges could be explained with the shape stability of the clusters
[14]. For small cluster the symmetrical compact shape is energetically
favorable but as the cluster volume increases the growth proceeds preferably along the longitudinal direction thus increasing the aspect ratio.
The chemical composition of the islands was studied by XPS. Fig. 2A
and B show the Ti 2p and Si 2p spectra measured inside the TiSi island
and on the titanium suboxide surface between the islands. The surface

between the islands is a combination of the original titanium dioxide
and annealing induced suboxides. Three different oxidized states were
identiﬁed corresponding to TiO2 (458.7 eV), Ti2O3 (457.3 eV) and TiO
(455.6 eV). Inside the islands titanium is completely reduced showing
only the TiSi related component at 453.4 eV. The full width at half maximum (FWHM) of the Ti 2p3/2 spectrum inside the silicidized regions
has decreased from 0.57 eV of clean Ti to 0.48 eV in TiSi which is in accordance with the observations by Tam et al. [15]. However, in contrast
to their study, no chemical shift in Ti 2p between clean Ti and TiSi was
observed. On the other hand, Si 2p shows a 0.42 eV shift to lower binding energy. This behavior agrees with the results from Palacio and
Arranz [16] and thus consolidates the silicidation process on the islands.
Also, all oxygen had desorbed from the islands.
To obtain more localized information about the chemical composition of the island structure, EF-PEEM measurements were conducted.
The region of interest was selected from the left side of the island
shown in Fig. 1B and images as a function of kinetic energy were recorded with a 29 μm ﬁeld of view. For the analysis the image series was ﬁrst
energy dispersion corrected using a clean Si(100) substrate as a ﬂat ﬁeld
reference (see Supplementary Material). After this the data was noise
ﬁltered using principal component analysis (PCA) with four abstract
factors. Finally, the image stack was deconvoluted pixel-by-pixel to different chemical states using the components in Fig. 2A as a reference.
The chemical state resolved images of the Ti 2p transition (Fig. 3A–
D) show an extremely sharp transformation interface between the titanium suboxide and silicide regions. Line proﬁles were extracted from
the position indicated by the blue arrow in Fig. 3A. TiO2 and Ti2O3
show relatively homogenous distribution when approaching the island
edge. However, the TiO signal increases 4 μm before the edge. This can
be interpreted to indicate that the island growth proceeds via a TiO
rich rim which expands together with the island edge. In addition, no

Fig. 2. Ti 2p and Si 2p XPS core level spectra of a titanium silicide island (top) and the TiOx surface surrounding the island (bottom). The gray peak behind the Ti 2p3/2 TiSi spectrum in the
inset is measured from a clean Ti reference sample thus showing that the FWHM of Ti 2p3/2 peak has decreased in titanium silicide.
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Fig. 3. A–D: Chemical state resolved EF-PEEM images of the Ti 2p. Region of interest selected from the left side of the island in Fig. 1B. E: XPS signal intensity line proﬁles for each titanium
compound. The proﬁle position is indicated by the blue arrow in A and the line segments at the ends of the arrow represent the line width used for averaging the signal. F: Surface electronic
state resolved image (Work Function contrast).

silicon diffusion through the oxide ﬁlm was observed. This is in contrast
with experiments performed on metallic Ti/Si surfaces where diffusion
is reported already at 400–800 °C [17–19].
The work function (WF) of the silicide island and the surrounding Ti
suboxide region was determined by measuring the distance of secondary electron cut-off edge from the Fermi level. Fig. 3F shows a 0.6–0.8 eV
decrease in WF inside the silicidized region. The WF inside the
silicidized region is to a large extent homogeneous and corresponds to
the WF of a clean Si(100) reference. In particular, the slight variation
of the WF does not coincide with the TiSi particle distribution, which
supports the pinch-off effect. The lowered WF value can be utilized in
ohmic contacts to adjust the Schottky barrier height which is particularly important due to the efﬁcient charge-transport properties of TiSi in
nanoelectronics and solar energy harvesting applications [4].

Lateral resolution in core level imaging performed by the NanoESCA
system is limited to approximately 500 nm. However, the SEM and AFM
images revealed internal submicrometer scale structures inside the silicide islands. To better understand the chemistry of these structural features another TiO2/Si sample was annealed to 960 °C and studied by SREF-PEEM which can achieve a lateral resolution down to 40 nm [20]. The
increase in annealing temperature from 950 °C to 960 °C completed the
reduction process causing the TiSi islands to coalesce into the highly topographically microstructured TiSi ridge pattern covering the whole Si
substrate (Fig. 4). An SR-EF-PEEM image series of Si 2p region was recorded and deconvoluted to elemental silicon and TiSi states based on
the components in Fig. 2B. For titanium a corresponding image series
was recorded using XAS in secondary electron yield mode and the titanium distribution was determined from the area of the Ti LIII peak area
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Fig. 4. SR-EF-PEEM image of the topographically microstructured TiSi ridge pattern after annealing to 960 °C. Blue and green areas correspond to elemental silicon and silicon in TiSi,
respectively (see Fig. 2B for peak reference). Insets show a magniﬁed view of both silicon chemical states together with the Ti XAS signal from the same area.

in each pixel. The insets in Fig. 4 show a clear correspondence between
SiTiSi and Ti. In addition, these signals originate from the areas which are
observed as high ridges in SEM and AFM images. However, there is
some Ti left also in the depressions (Fig. S1). This has not been identiﬁed
in previous studies on metallic Ti–Si/SiO2 systems which claim that the
valleys are composed of pure silicon [21,22]. Aside from the slight difference in the initial conditions, this discrepancy could be explained by the
use of XAS in secondary electron mode with decreased surface sensitivity. Thus it cannot be concluded whether the remaining titanium in the
depressions is on the surface or buried deeper inside the silicon.
Low energy electron diffraction (LEED) measurement of the
silicidized surface showed a 2 × 1 pattern typical for reconstructed
Si(100). The pattern was, however, much dimmer and with a high
background intensity (Fig. S2) when compared to the LEED pattern
that was measured from the UHV cleaned Si(100). The 2 × 1 intensity
maxima showed replicas which could be attributed to the lattice distortion produced by the Ti atoms in the valleys. However, the pattern
did not show any new maxima which suggests that the surface structure of the TiSi ridges has no clear long range order. The same conclusion was obtained from the LEEM images (not shown) that showed
the (0,0) diffraction maximum for the valley regions but not for the
TiSi ridges.
The formation of the highly topographically microstructured TiSi
surface phase can be explained based on the total surface and bulk energy minimization. The classical nucleation theory suggests that in
most cases the surface energy increases and the bulk energy decreases
with increasing cluster size. The total free energy is the sum of these
two and can be reduced by the formation of larger clusters. [21] Cluster
formation requires that sufﬁcient energy is available for overcoming the
nucleation barrier. According to Jeon and Nemanich [19] the nucleation
barrier is higher for C54 TiSi2 phase than C49 TiSi2. Based on their results the ≥ 950 °C annealing is, however, sufﬁcient for the formation
of the thermodynamically more stable C54 TiSi2 phase. This phase
is also more desirable for photoelectrochemical applications, such
as photoanodes used in water oxidation, due to its lower resistivity.

In order to study the chemical stability of the silicidized surface it
was exposed to air (1 ATM) for 48 h. Only 28% of the silicidized titanium
oxidized back to Ti4+ (25%) and Ti3+ (3%). On a clean Ti reference surface 77% of titanium became oxidized during the same oxidation treatment. This high oxidation resistance in ambient conditions can be seen
as one of the key factors that make TiSi compounds so widely exploited
in semiconductor industry.
In summary, we have demonstrated a widely scalable method for
synthesizing a highly topographically microstructured titanium silicide
texture on silicon substrates which allows for energy band engineering
of Si based photoelectrodes via the exploitation of the pinch-off effect.
The synthesis is based on vacuum post-annealing of ALD grown TiO2
ultra-thin ﬁlm and can thus be implemented inside one processing
chamber. This makes the TiSi fabrication feasible in production chains
that include several consecutive conformal coatings used in e.g. surface
protection, passivation or formation of catalytically active surface/interface layer. The presented synthesis route opens up the possibility for
new state-of-the-art interface engineering for photoelectrochemical devices and nano- and microelectronics.
The authors acknowledge the TUT's Graduate School. We also acknowledge ﬁnancial support by the Academy of Finland (decision numbers 141481 and 286713) and by KAUTE Foundation (201500457). We
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Atomic layer deposited (ALD) TiO2 is an attractive material for improving the photoactivity and chemical
stability of semiconductor electrodes in artiﬁcial photosynthesis. Using photoelectrochemical (PEC)
measurements, we show that an interfacial, topographically microstructured TiSi2 layer inside the TiO2/Si
heterojunction improves the charge carrier separation and shifts the water dissociation onset potential to
more negative values. These observations are correlated with the X-ray photoelectron spectroscopy (XPS)
and ultra-violet photoelectron spectroscopy (UPS) measurements, which reveal an increased band
bending due to the TiSi2 interlayer. Combined with the UVeVis absorption results, the photoelectron
spectroscopy measurements allow the reconstruction of the complete energy band diagram for the TiO2/
TiSi2/Si heterojunction and the calculation of the valence and conduction band offsets. The energy band
alignment and improvements in PEC results reveal that the charge transfer across the heterojunction
follows a Z-scheme model, where the metal-like TiSi2 islands act as recombination centers at the
interface.
© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Converting solar energy directly into clean, easily storable
hydrogen fuel has attracted a great deal of interest since its original
discovery by Fujishima and Honda [1]. The method is based on
photosynthetic water splitting, where semiconductor electrodes
are used for photon absorption and charge transfer for enabling
water oxidation and reduction [2]. A typical device consists of two
electrodes: photoexcited holes are transferred to the photoanode
for an oxygen evolution reaction (OER) and photoexcited electrons
to the photocathode for a hydrogen evolution reaction (HER).
Effective operation of the device requires that the photogenerated
charge carriers (electronehole pairs) can be separated efﬁciently
and the charge transfer resistance can be minimized.
In recent years, especially TiO2 has attracted tremendous
research interest as both a photoactive and a protective layer on the
surface of other small-band gap semiconductors such as Si, GaAs,
and GaP. Especially the atomic layer deposited, electronically
”leaky” TiO2 has proven to be a very beneﬁcial material for both

* Corresponding author.
E-mail address: mika.valden@tuni.ﬁ (M. Valden).
URL: http://research.tuni.ﬁ/surfsci
https://doi.org/10.1016/j.actamat.2019.05.032
1359-6454/© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

OER and HER electrode coatings due to its electrical conductance
and passivating properties [3e7]. However, the coupling between
the TiO2 overlayer and the semiconductor substrate requires careful
interface engineering such that the charge transfer and the charge
separation can be optimized. For example, on Si based electrodes
the insulating SiO2 native oxide at the interface can produce an
excess barrier for charge transfer and cause a voltage loss across the
heterojunction [8]. The problem has been mitigated, e.g., by
depositing metallic Ti between the Si and TiO2 layers immediately
after cleaning the Si substrate from native oxide [5,9]. Another
option for improving the charge transfer across the heterojunction
is to nanotexture the interface [10]. Also the charge separation
capabilities, i.e. band bending, have been studied extensively
[4,8,11]. For example Perego et al. [12] have measured how different
interlayer materials at the TiO2/Si interface affect the band alignment of the heterojunction.
Also the Schottky barrier formation at the transition metal silicide/Si interface in general has attracted a lot of interest [13e18].
Different models have related the barrier properties, for example,
to the phase stoichiometry and structure [13], the chemical interactions at the interface [14] or heat of formation [15]. However,
the results have often been contradictory with only a few details of
the silicide fabrication process, layer thickness or oxide impurities
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and how they may affect the energy band structure. Additionally,
lateral nano- or micro-scale variations in the interface structure
produce further anomalies as the electric ﬁeld gets pinched off
inside the silicide structures, as analytically predicted by Tung
[19,20] and later veriﬁed by e.g. Rossi et al. [21,22].
In this study, a micropatterned, laterally inhomogeneous TiSi2
interlayer structure has been fabricated by thermally reducing a
predeposited ALD grown TiO2 ﬁlm on an Si electrode into TiSi2
followed by an ALD growth of a photoactive TiO2 thin ﬁlm onto the
TiSi2 layer. TiSi2 has almost metal-like conductance, and due to the
high temperature annealing in ultra-high vacuum, the insulating
SiO2 ﬁlm can be removed between the Si and the TiSi2 islands. Also,
the properties of the TiSi2 patterns can be adjusted by altering the
thickness of the original TiO2 interlayer before annealing. Furthermore, our photoelectrochemical measurements show that this affects the heterojunction band alignment and thus the onset
potential for water splitting. We have used a combination of
photoelectron spectroscopy (PES) and UVeVis absorption spectroscopy to obtain complete understanding of the band energy
diagram of the TiO2/TiSi2/Si heterojunction. The effects of the band
alignment modiﬁcations have been veriﬁed by photoelectrochemistry (PEC) and surface photovoltage (SPV) measurements. The results show that an ultra-thin TiSi2 interlayer induces a
signiﬁcant improvement (decrease) on the onset potential for
photoelectrochemical water oxidation. The band alignment studies
clearly show that the charge transfer follows the Z-scheme mechanism [23e27], where the interlayer acts as a charge recombination
region.

delivery line was heated to 85 +C to prevent condensation. The
water bubbler was sustained at 18 +C by a Peltier element for stability control. The substrate temperature was stabilized for 30 min
before starting the deposition. The 200 +C ALD growth temperature
was selected because it results in an amorphous growth whereas
higher ALD temperatures produce strongly crystallized anatase
TiO2 [30,31]. On the other hand, much lower substrate temperature
would result in an incomplete precursor dissociation leading to
higher remnant impurity concentrations, especially nitrogen from
TDMAT. Low temperature deposition also produces more stoichiometric TiO2 which, based on our previous research, cannot be
modiﬁed by the post-treatments as effectively as the ﬁlms grown at
200 +C [29].
Three separate depositions were conducted for each TiO2/TiSi2/
Si sample: (1) a 3, 10, or 30 nm thick ﬁlm (84, 280, or 804 ALD
cycles, respectively), which was converted into TiSi2 by post
annealing, (2) a 3 nm thick ﬁlm was deposited on top of the previous TiSi2 interlayer to enable interface analysis by XPS and UPS,
and (3) ﬁnally a 27 nm ﬁlm was deposited to reach a total TiO2 ﬁlm
thickness of 30 nm, which is shown to be practical for PEC applications. Additionally, a control sample without any TiSi2 interlayer
(i.e. without step 1) was grown. After each ALD deposition step the
samples were cooled down in nitrogen gas before transferring
them back to UHV for post-treatments and photoelectron spectroscopy (PES) measurements. The exposure to ambient atmosphere during the transfer was approximately 5 min.

2. Materials and methods

The post-annealing for converting TiO2 ﬁlm into TiSi2 was performed in the preparation chamber of the NanoESCA spectromicroscopy system (Omicron NanoTechnology GmbH) [32]. The
sample was annealed at 950 +C for 10 min. The heating setup
consisted of a resistive PBN-heating element mounted to a
manipulator close to the backside of the sample and the sample
held in a Mo sample plate. The temperature was increased to the
target value in approximately 5 min and monitored with a pyrometer. After the annealing the sample was transferred to the
analysis chamber under UHV conditions for PES measurements.

The P-doped (resistivity 1e20 U$cm) n-type Si(100) wafers were
purchased from Wafer World, Inc. (Florida, USA). The 400 mm thick,
3 in. diameter prepolished wafers had been cut in the (100)
orientation with a ± 1+ accuracy. For the experiments 10 10 mm2
squares were cleaved. The Si substrates were ﬁrst cleaned by sonicating them for 45 min in 99.5% EtOH followed by a combination of
annealing and atomic hydrogen treatments in UHV. The details of
the UHV cleaning procedure are described in Ref. [28]. In short, the
samples were ﬁrst annealed to 1000 +C to remove native oxide.
After this they were exposed to atomic hydrogen at 800 +C (10 min)
and 400 +C (10 min) at pH ¼ 1:0  107 mbar, which removed the
segregated Cu and Ni impurities, respectively. In all stages the
sample temperature was monitored with a pyrometer (Land
Cyclops 160B) using an emissivity value of ε ¼ 0:60. The pyrometer
reading was calibrated against a type K thermocouple in a separate
system. After annealing, the surface cleanness and structure were
veriﬁed by X-ray photoelectron spectroscopy and low energy
electron diffraction (LEED) (See Refs. [28,29]). After the UHV
cleaning, the samples were cooled down in UHV and transferred to
the ALD system through the atmosphere. The exposure to air was
kept less than 5 min.
2.1. Atomic layer deposition
The ALD deposition of TiO2 was carried out using a Picosun
Sunale ALD R200 Advanced reactor. Tetrakis(dimethylamido)titanium(IV) (Ti(N(CH3)2)4, TDMAT, 99%, Strem Chemicals Inc., France),
deionized water, and Ar (99.9999%, Oy AGA Ab, Finland) were used
as the Ti precursor, O precursor, and carrier/purge/venting gas,
respectively. The ﬁlm growth rate was calibrated by ellipsometry
(Rudolph Auto EL III Ellipsometer, Rudolph Research Analytical).
During the ALD, the Si substrate temperature was kept at 200 +C.
The vapor pressure of the TDMAT was increased to 3.6 mbar by
heating the precursor bubbler to 76 +C, and the precursor gas

2.2. Formation of the TiSi2 island structure

2.3. Photoelectron spectroscopy
The PES measurements were conducted in the analysis chamber
of the NanoESCA system with a base pressure below 1 
1010 mbar. Focused monochromatized Al Ka radiation (hn
¼ 1486.5 eV) was utilized for core level XPS whereas valence band
UPS spectra were measured with a focused nonmonochromatized
He Ia radiation (hn ¼ 21.22 eV) using HIS 13 VUV Source (Focus
GmbH). Under the normal operation mode the X-ray source produces 36 W (12 kV  3 mA) of emission power. In some cases this
induced measurable surface photovoltages (SPV) (< 0.15 eV) on the
studied samples thus distorting the band position measurements
[33]. To compensate this, the Si 2p spectra were measured also with
6 W X-ray power and the true band positions were deduced from
these two measurements. Similar compensation was made for He
Ia induced SPV by comparing the X-ray excited Si 2p core level
position with and without He Ia radiation.
The XPS and UPS spectra were collected at the 0+ takeoff angle
with a photoemission electron microscope (PEEM) paired with a
double hemispherical energy analyzer. The spectroscopic data was
collected with only one hemisphere and a channeltron detector. For
energy ﬁltered imaging the second hemisphere was connected in
series with the ﬁrst one and the data was collected with a full ﬁeld
2D multichannel plate detector. The energy resolution of the
analyzer was set to 400 meV (pass energy 100 eV, slit 1 mm) and
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In order to improve the stability of the ALD deposited amorphous TiO2 ﬁlm against alkaline PEC conditions the samples used
for the PEC measurements were annealed in a tube furnace in air at
400 +C for 45 min [29,36]. The heat treatment induced crystallization of amorphous TiO2 into rutile TiO2 with a band gap of 3.2 eV
[36]. After this the photoelectrochemical performance was studied
in a homemade PEC cell (PTFE body, volume 3.5 cm3), using a threeelectrode system controlled by the Autolab PGSTAT12 potentiostat
(Metrohm AG). The PEC tests were conducted for the same four
samples that were used in the PES measurements. This approach
allowed us one-to-one correlation between the PES and PEC results.
First, the back side of the samples was gently ground using a diamond ﬁle, and then the samples were inserted between a rubber Oring and a stainless steel plate. The steel plate on the back side
provided the electrical contact and the O ring ensured a well
deﬁned 0.28 cm2 planar projected electrode surface area. An Ag/
AgCl electrode (Leak-Free LF-2, Warner Instruments, LLC) and a Pt
wire (surface area 0.82 cm2) were used as reference and counter
electrodes, respectively, in an aqueous solution of 1 M NaOH
(pH ¼ 13.6). The potential values were converted to the reversible
hydrogen electrode (RHE) scale by the equation VRHE ¼ VAg=AgCl þ
0:197 V þ pH  0:059 V. Simulated solar spectrum was produced
with a HAL-C100 solar simulator (Asahi Spectra Co., Ltd., JIS Class A
at 400e1100 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 photon ﬂux was directed to the sample front surface
through a 5 mm thick quartz glass window and a 18 mm thick
electrolyte layer.
A uniﬁed PEC test program containing all the procedures was
applied to test the samples using Nova 1.11 software. The PEC
testing was started after a 10 min stabilization time by electrochemical impedance spectroscopy (EIS) at the open circuit potential (OCP) in dark with a frequency range from 0.1 Hz to 43 kHz.
Then, the sample was subjected to a chopped light OCP measurement. Finally, a linear scan voltammetry (LSV) measurement was
performed at 50 mV/s between the OCP and 2.0 V vs. RHE. Three
potential scans were performed in the following order: 1. under

2.5. Grazing incidence X-ray diffraction
The phase structure of the samples was investigated with
Grazing Incidence X-ray diffraction (GIXRD, Panalytical X'Pert3 PRO
MRD) using Cu Ka radiation (l ¼ 1.5405 Å, hn ¼ 8.04 keV) and 45 kV
and 40 mA cathode voltage and current, respectively. The samples
were scanned in 2q between 22+ and 52+ by using a grazingincidence angle of 0.3+ for X-rays. The GIXRD measurements
were conducted after the 3 þ 27 nm TiO2 ALD depositions and the
tube furnace annealing. Thus the crystallinity of both the TiSi2 ﬁlm
and the topmost TiO2 ﬁlm could be studied.
3. Results and discussion
3.1. Topographical and structural properties of the TiSi2 islands
As shown in our previous study [28], a 30 nm thick ALD grown
TiO2 layer can be converted into highly topographically microstructured TiSi2 patterns. In the present study, more attention is
paid to controlling and understanding the structural and electronic
properties of the TiSi2 interlayer. Fig. 1 shows the scanning electron
microscope (SEM) images of three different TiSi2 layers that are
fabricated from the 3, 10, and 30 nm thick TiO2 ALD ﬁlms. As can be
seen, the thickness strongly affects the structure of the TiSi2 surface.
In the case of a 3 nm ﬁlm, the structure consists of clearly separated
TiSi2 islands with a diameter variation approximately from 10 to
100 nm. With a thicker 10 nm ﬁlm the TiO2 to TiSi2 transformation
leads to much bigger islands with a diameter range from approximately 50 nm to 500 nm. In addition, some coalescence can be
observed in this case but most of the islands are still detached from
each other. Interesting change happens between the 10 nm and
30 nm layer thicknesses, where most of the TiSi2 patterns start to
coalesce into a continuous TiSi2 network. As will be discussed later
in more detail, this has a signiﬁcant effect on the charge transfer
properties. TiSi2 has much lower resistivity than, for example, the
underlying Si substrate. Thus a continuous TiSi2 network enables
the photogenerated charge carriers to escape along the surface
plane instead of conducting them through the layer structure. Also
the total coverage of the TiSi2 patterns increases as the original TiO2
ﬁlm and island size become bigger. This is illustrated in Fig. 1(d).
Fig. 2 shows the GIXRD patterns measured from the TiO2/TiSi2/
Si(100) heterojunction systems without TiSi2 and with 3, 10 and
30 nm TiSi2 interlayers. Only rutile (a-TiO2) and TiSi2 related
diffraction maxima can be observed. The intensity of the rutile
peaks remains similar on all four samples, which is expected
because the TiO2 ﬁlm thickness is 30 nm on all four samples. On the
other hand, the intensity of the TiSi2 main peak at 2q ¼ 39:2+ shows
some correlation with the thickness of the TiO2 ﬁlm that was used
for TiSi2 fabrication and also the TiSi2 coverage.
3.2. Photoelectrochemical activity and charge transfer resistance
Fig. 3 illustrates the results of the PEC analysis for all four a-TiO2/
TiSi2/Si samples with varying TiSi2 interlayer thicknesses. The EIS
data in (a) reveals that the samples with a TiSi2 interlayer show
lower impedance compared to the sample without TiSi2, in
particular, in the medium frequency range (0.1e1 kHz). The
simpliﬁed electric equivalent circuit (EEC) that adequately describes the measured EIS data in (a) has three parallel R and C elements in series, (RC)(RC)(RC). The ﬁrst (R1 C1 ) describes the
depletion zone of the Si substrate, the second (R2 C2 ) the TiO2/Si
interface, and the third (R3 C3 ) the TiO2 layer capacitance. We note
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simulated solar illumination, 2. in dark, 3. under simulated solar
illumination. The ﬁrst scan was omitted from the results.

I

100 meV (pass energy 50 eV, slit 0.5 mm) for XPS and UPS, respectively. In the spectroscopic mode the analysis area was set to
230 mm in diameter for XPS and 95 mm for UPS, corresponding to
the maximum spot sizes of the radiation sources. Large analysis
areas ensured that the results represent the average surface
composition. In imaging mode the FoV was reduced to 35 mm to
obtain better spatial resolution.
The chemical states of the elements were determined from the
core level XP spectra by least-squares ﬁtting of asymmetric GaussianeLorentzian line shapes after subtracting a Shirley type background. The analysis was made in CasaXPS software version
2.3.17PR1.1 [34] using the Scoﬁeld photoionization cross-sections
as relative sensitivity factors. The valence band maximum (VBM)
and work function (WF) values were analyzed from UPS spectra
and energy ﬁltered image stacks. The value for the VBM was
determined as the intersection between the background and the
linear portion of the valence band leading edge and ﬁnally shifted
0.10 eV to a higher binding energy due to the analyzer related
broadening, as measured on an Ag(111) reference sample. Similarly,
the WF value was determined as the intersection between the
background and the linear portion of the secondary electron cutoff
edge. The WF value was corrected for the Schottky effect by shifting
them to 98 meV higher energy [35]. The binding energy (Eb ) scale of
the energy analyzer was calibrated by setting the Ag(111) single
crystal VBM to 0 eV.
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Fig. 1. (aec) Scanning electron microscopy (SEM) images of TiSi2/Si surfaces. The thickness value (3, 10 or 30 nm) indicates the original TiO2 layer thickness used for the silicide
formation. (d) The TiSi2 island coverage shows sublinear growth as a function of the TiO2 layer thickness.

that the two time constant model (RC)(RC) that is typically applied
to SiO2/Si electrodes is not adequate to describe the samples with
the interfacial TiSi2, which gives rise to the additional time constant
in the medium frequency range (0.1e1 kHz) [39]. The ﬁtted EEC
parameters are presented in Table 1. The TiO2 layer capacitance (C3 )
is directly proportional to the electrochemically active surface area.
Therefore, the increased C3 value of the sample with the 30 nm
TiSi2 interlayer stems from the more rough surface morphology in
line with Ref. [28].
The chopped light OCP measurement in Fig. 3 (b) shows a
negative shift in the OCP upon illumination for all four samples,
which is characteristic to n-type photoelectrodes. However, the
photoresponse is faster and the photovoltage is higher for the 3 and
10 nm TiSi2 interlayers when compared to the samples without
TiSi2 or with the 30 nm coalesced TiSi2 layer. Also, the photocurrent
onset potentials were more negative than the ones we reported for
similar ALD TiO2 (30 nm)/Si photoanodes after different heattreatment temperatures between 200 +C and 500 +C [36]. Therefore, it can be concluded that thin enough TiSi2 interlayers improve
the charge carrier separation at the TiO2/Si interface and facilitate a
more favorable band bending. Finally, the photocurrent onset potential for water oxidation in Fig. 3(c) shows a signiﬁcant shift
(70e100 mV) to more negative values for the 3 and 10 nm TiSi2
interlayers when compared to the samples without TiSi2 or with
the 30 nm coalesced TiSi2 layer. The improved charge separation
and more negative onset potential are also supported by the SPV
experiments made in UHV conditions. Under strong UV illumination the samples with the 3 and 10 nm TiSi2 interlayers exhibit

highest surface photovoltage (See Supplementary Information
Fig. S1 for details.)
An interesting detail in Fig. 3(c) is the rapid increase in both dark
and light currents around 1.5 V vs. RHE for the sample with the
30 nm TiSi2 interlayer. Such an increase in the dark current, i.e.
oxidation of H2O without light, is an indication of low charge
transfer resistance of the TiSi2/Si substrate, which may be a
consequence of the possible doping of n-Si with Ti [40] during the
TiSi2 synthesis at 950 +C. The slightly higher saturation photocurrent of the sample with the 30 nm TiSi2 interlayer, on the other
hand, is assigned to stronger TiO2 absorption that is induced by
more rough surface morphology as pointed out above.
3.3. Molecular bonding of the TiO2/TiSi2/Si heterojunction
Understanding how the TiSi2 interlayer affects the charge
transfer properties, the molecular bonding in addition to the band
energy diagram of the TiO2/TiSi2/Si heterojunction needs to be
determined. Therefore, the samples were studied in a stepwise
manner with both XPS and UPS. Ti 2p, Si 2p, O 1s, VB and WF values
(secondary electron cutoff features) were measured and analyzed
at each step: on a clean Si surface, after formation of the TiSi2 interlayers, and ﬁnally after deposition of the 3 nm TiO2 layer on top
of the TiSi2 interlayers. Fig. S2 illustrates the development of the Si
2p and Ti 2p core level spectra measured on a clean Si surface and
the three different TiSi2 layers. As can be seen, the 950 +C TiSi2
formation temperature is adequate for removing practically all
oxide components from both Si and Ti, i.e. there are no 2p3/2

photoelectron peaks at 103 or 459 eV binding energy regions corresponding to the Si and Ti oxides, respectively [41]. The Si 2p
spectrum of the cleaned substrate consists only of the doublet
separated elemental 1/2 and 3/2 states at Eb;ð3=2Þ ¼ 99.25±0.05 eV.
After the TiSi2 formation, an additional doublet state appears at

Fig. 3. Photoelectrochemical analysis of a-TiO2/TiSi2/Si heterojunction systems in 1 M NaOH. (a) EIS Bode plots showing impedance (solid symbols) and phase shift (open symbols)
measured at the OCP in dark before applying any bias potential. Electrochemical equivalent circuit used for EIS data modelling is shown as an inset in (a) and solid lines show the
ﬁts. (b) Chopped light OCP measurement. (c) Linear scan voltammetry measured at 50 mV/s in dark (dashed lines) and under simulated solar illumination (solid lines).

Table 1
Fitted EIS data for a-TiO2/TiSi2/Si heterojunction systems using (RC)(RC)(RC) electric equivalent circuit.
TiO2(30 nm)/TiSi2(x)/Si

R1 (kU)

C1 (nF)

R2 (kU)

C2 (mF)

R3 (MU)

C3 (mF)

c2

x ¼ 0 nm
x ¼ 3 nm
x ¼ 10 nm
x ¼ 30 nm

4.1
3.9
1.7
1.0

4.7
6.1
7.2
6.2

2.2
0.8
2.5
0.6

1.4
0.9
0.4
1.2

14.3
2.8
1.2
11.0

1.9
2.0
2.0
2.4

0.13
0.35
0.54
0.04

V

Fig. 2. GIXRD patterns from TiO2/TiSi2/Si(100) heterojunction systems. The diffraction
patterns show that the original 3, 10 or 30 nm thick TiO2 ﬁlm has been converted into
TiSi2 during the UHV annealing. The topmost TiO2 ﬁlm has been crystallized into rutile
(a-TiO2) during the 400 +C annealing in air. The numbers in the legend correspond to
XRD references in ICDD [37] and RRUFF [38] databases.
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Eb;ð3=2Þ ¼ 98.85±0.05 eV corresponding to the Ti bound Si atoms.
The area of this peak correlates well with the increasing TiSi2
coverage observed in the SEM images. For Ti 2p, only one doublet
state is detected at Eb;ð3=2Þ ¼ 458.68±0.05 eV originating from the
silicidized Ti. Also in this case the area of the peak increases
concurrently with the SiTiSi2 peak area and the TiSi2 island coverage.
Fig. S3 shows the valence band maxima (VBM) for the Si and TiSi2/Si
surfaces, and the corresponding WF values analyzed from the
secondary electron cutoff are depicted in Fig. S4. The VBM of TiSi2 is
located at the Fermi level within the experimental error. This is as
expected, because TiSi2 in known to be nearly metallic material
with a low resistivity [42].
The WF values for both the clean Si and the three different TiSi2/
Si surfaces are close to each other. The 3 and 10 nm TiSi2 layers
exhibits a slightly higher WF value of 4.72 eV if compared to the WF
value of clean Si (4.61 eV). However, the 30 nm TiSi2 layer shows
again almost the same average WF value as the clean Si. One
noticeable difference is the increased dispersion in WF values in the
case of the 30 nm TiSi2 layer. The work function map shows a clear
contrast between the TiSi2 regions (highest WF) and the intervening Si areas (lowest WF). For the clean Si and the 3 and 10 nm
TiSi2 layers the work function maps are rather homogeneous. The
difference between the TiSi surfaces can be explained by the
”pinch-off” effect [43] where the barrier variation of sufﬁciently
small island features becomes pinched off by the surrounding
semiconductor regions. For example Rossi et al. [21,22] have studied this phenomenon on electrolyte/Ni island/n-Si systems. With
small Ni islands the effective barrier height drifts closer to that of
the surrounding semiconductor surface. However, as the islands
become larger, the band bending inside the islands behaves more
independently and the barrier height moves closer to the barrier
height of a continuous metallized surface. The size of the Ni islands
studied by Rossi et al. varied from 20 nm to 1500 nm, and the upper
limit of the island diameter for pinch-off was found to be approximately 350 nm. The result is in agreement with our measurements,
where the 3 and 10 nm TiSi2 layers with clearly sub-micrometer
sized TiSi2 features show almost no WF variation and the thickest
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30 nm TiSi2 has clearly distinct areas of different WF values. These
large TiSi2 islands prevent the pinch-off effect and lead to a lowered
barrier height (lowered band bending), which decreases the charge
separation performance. In the 3 and 10 nm layers the negative
effect of the TiSi2 particles on the barrier height gets pinched off,
but the particles can still act as effective minority carrier collectors
and thus promote the water splitting reaction [21].
Fig. 4 shows the Ti 2p and Si 2p XP spectra after the 3 nm TiO2
deposition. The 3 nm ﬁlm is thin enough so that all three layers (the
Si substrate, TiSi2 interlayer and TiO2 ﬁlm) can contribute their own
chemical states to the spectra. The oxidized components of Ti (Ti4þ
and Ti3þ) are similar for each sample and represent a partially
reduced ALD deposited TiO2 ﬁlm as reported in our previous
studies [29,36]. Also the previously mentioned TiSi2 can be detected through the TiO2 ﬁlm enabling the full band energy diagram
reconstruction of the whole heterojunction. The Si 2p spectra
resemble those measured in the previous step, just strongly
attenuated due to the 3 nm TiO2 overlayer. Additionally, a small
amount of Si oxide is detected. The spatial distribution of SiOx could

Fig. 4. Ti 2p and Si 2p XP spectra of the TiO2/TiSi2/Si heterojunctions. The spectral
features originate from all three layers: the Si substrate, TiSi2 interlayer (the bottom
spectrum without TiSi2, the upper spectra with TiSi2 interlayers that were formed from
the 3, 10, or 30 nm thick TiO2 ﬁlms) and the TiO2 ﬁlm (3 nm thick).

not be resolved with the available resolution, but as we have previously shown [28], the TiSi2 structures are resilient to oxidation.
Thus the oxidation is assumed to happen on the Si areas that are not
covered by the TiSi2 islands.
3.4. Determination of the band energy diagram of the TiO2/TiSi2/Si
heterojunction
In order to understand why the TiSi2 interlayer affects the onset
potential and charge transport properties of the three-layer photoanode system, a complete band energy diagram was reconstructed. Fig. 5 shows the band positions of VBM, CBM, Evac and
selected core levels for each intermediate deposition step and all
three different TiSi2 ﬁlm thicknesses. The band energy diagram of
the cleaned Si substrate is shown in Fig. 5(a). The Eg value of 1.12 eV
for Si bulk was taken from the literature [4] and the (EF - VBM)bulk
distance of 0.85 eV was calculated from the silicon wafer resistivity
[44]. The band gap for amorphous TiO2 was determined by
measuring the optical absorption of the ﬁlm with a spectrophotometer. The details of this measurement are shown in the supplementary information (Fig. S5).
The SPV corrected binding energy of the Si 2pSurf was evaluated
from XPS measurements. Based on the silicon resistivity, the
depletion width is several hundreds of nanometers [45]. Thus, it is
valid to assume that the band positions within the XPS and UPS
information depth are constant and reﬂect the band positions of
the surface.
The distance between the Si 2p and Si VBM was evaluated from
XPS and UPS measurements. The obtained value of 98.68 eV is in
good agreement with the value of 98.72 eV for the TiO2/Si heterojunction by Hu et al. [4] The knowledge of the above-mentioned
energies allowed the calculation of the 0.23 eV upward band
bending for the cleaned Si surface. Combining this information with
the WF value (4.61 eV) determined from the UPS secondary electron cutoff edge and the literature based Eg (1.12 eV) allowed us to
calculate the CBM and Evac positions above the EF for both the
surface and the bulk phases of Si. As a result of these calculations
we obtained an electron afﬁnity (c) value of 4.11 eV for bulk Si. This
is in reasonable agreement with the generally accepted value of
4.05 eV [46,47] and the value of 4.07 eV obtained by Hu et al. [4].
This result can thus be considered as a convenient validation of all
the previously mentioned calculations and literature value based
assumptions.
Fig. 5(b)e(d) illustrate the similar band diagrams for TiSi2/Si
systems, where the TiSi2 structure has been fabricated from the 3,
10, or 30 nm thick TiO2 ﬁlms. Most notably, the 3 and 10 nm TiSi2
structures increase the band bending of the underlying Si substrate
by about 0.1 eV leading to a total upward bending of 0.34 eV. Also
the Si with the 30 nm TiSi2 interface shows a 0.03 eV higher band
bending than the clean Si substrate, but this small change is near
the experimental detection limit. It should be noted, that the band
positions represent the spatially averaged values at the surface. It is
possible that the band bending is even stronger near the TiSi2
islands but the small size of the islands prevents the spatially
resolved mapping of the localized band energies.
Based on the Evac values of the Si and TiSi2, there is a 0.1 eV
surface dipole (d) at the TiSi2/Si interface with the redistribution of
electron density towards the Si substrate. This dipole at least
partially accounts for the increased Si band bending when the TiSi2
structure is fabricated on the surface [4,33].
Fig. 5(e)e(h) represent the band diagrams for TiO2/Si and TiO2/
TiSi2/Si interfaces, where the TiSi2 interfaces, the thickness of which
range from 3 to 30 nm, are covered by the 3 nm TiO2 overlayer. Also
in this case the strongest Si band bending is observed for the
junctions where the TiSi2 structure has been fabricated from the 3
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Fig. 5. Band energy diagram of the clean Si (a), titanium silicide coated Si with different TiSi2 interlayers (3, 10, and 30 nm) (bed), and TiO2/TiSi2/Si heterojunction systems where
3 nm of TiO2 has been deposited on top of structure (eeh).

and 10 nm TiO2 ﬁlms. On the other hand, the TiO2/Si system
without a TiSi2 interlayer and also the TiO2/TiSi2/Si with the 30 nm
TiSi2 interlayer express a weaker band bending. Given that the TiSi2
induced band bending of Si is only little affected by the TiO2
overlayer, it is reasonable to assume that the band bending is
similar under the amorphous TiO2 that was used in the PES measurements and the rutile TiO2 that was used in the PEC test.
The possibility of adjusting the band bending by altering the
TiSi2 layer thickness and coverage provides a powerful way to tune
the VBM and CBM offsets. This on the other hand affects the charge
separation and charge transport properties across the heterojunction. The band offset between the Si and TiO2 can be calculated
based on the Kraut's method [48,49] using the following equation

DEVBM



¼ ETi 2p  ESi 2p TiO

2 =Si



h

 i

ETi 2p  EVBM TiO  ESi 2p  EVBM Si ;
2

(1)
where the subscripts inside the parentheses denote the speciﬁc
energy levels and the subscripts outside the parentheses denote the
material systems, i.e. TiO2/Si heterojunction or Si and TiO2 bulk
references. In our case the Si and TiO2 VBMs are located far from
each other and the underlying Si substrate gives only a very weak
signal in the extremely surface sensitive UPS measurement. Thus,
the TiO2 VBM position can be determined more accurately by

measuring it directly from the studied heterojunction samples
instead of a bulk reference sample. For this reason the equation can
be simpliﬁed to



DEVBM ¼ ðEVBM ÞTiO2  ESi 2p


TiO2 =Si



 ESi 2p  EVBM Si :

(2)

Knowing the band gap for both Si and TiO2 also enables the
calculation of the CBM offsets when the VBM offsets are known Fig.
6 illustrates these offsets for the heterojunction samples with the 3,
10, and 30 nm TiSi2 interlayers. Smallest offsets are observed when
the TiO2 ﬁlm is deposited directly to the clean Si surface and also in
the case of the 30 nm TiSi2 interlayer. On the other hand, the 3 and
10 nm TiSi2 layers increase the band offsets thus leading to a higher
photovoltage, which improves the separation of excited charge
carriers. VBM offsets ranging from 1 eV up to 2.73 eV have been
reported for TiO2/Si heterojunctions [12,50e52]. The large variation
shows that the VBM offset is sensitive to both the preparation
method of the TiO2 ﬁlm and the interlayer between the Si substrate
and the TiO2 ﬁlm. For example Perego et al. [12] have reported an
offset variation of 0.3 eV by changing the composition of an
approximately 2 nm thick interlayer between the Si and TiO2 layers.
The magnitude of the variation is well in line with our observations,
although in our case only the topographical properties instead of
the composition are varied.
Despite the improved photovoltage and charge carrier separation, higher band offset also means larger barrier height against
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Fig. 7. Schematic illustration of the charge transfer channels in a Z-scheme TiO2/TiSi2/
Si three-layer photoanode in PEC conditions.
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Fig. 6. Valence band maximum (VBM) and conduction band minimum (CBM) offsets
for TiO2/TiSi2/Si heterojunction systems with 0, 3, 10, and 30 nm TiSi2 interlayer
thicknesses.

charge transport across the junction. This means that the hole injection from the Si side to the TiO2 side along the VB or the electron
injection from the TiO2 side to the Si side along the CB becomes
more obstructed. At ﬁrst this may seem contradictory to the PEC
results, where the 3 and 10 nm TiSi2 interlayers resulted in smaller
onset potential and larger or equal photocurrent than without the
TiSi2 interlayer or with the 30 nm TiSi2 interlayer.
The above mentioned results can be rationalized based on a Zscheme model [23e25]. In this model the non-interconnected
metal-like TiSi2 islands endow recombination centers inside the
heterojunction. As schematically illustrated in Fig. 7, the TiSi2
islands improve the charge separation by increasing the Si band
bending and also provide a low resistance charge transfer channel
through the native SiO2. Electrons from the TiO2 overlayer recombine with the holes from the Si substrate inside the metallic TiSi2
islands according to the Z-scheme mechanism for overall charge
transport.
Photons that have higher energy than the TiO2 band gap can be
absorbed in the TiO2 ﬁlm and thus produce photogenerated
electronehole pairs. Similarly lower energy photons excite electrons in the underlying Si substrate. In the Z-scheme model the net
charge transfer leads to the accumulation of holes on the outer
surface of the TiO2 ﬁlm and electron accumulation in the Si bulk. In
PEC conditions the surface accumulated holes are then readily
available for water oxidation.

4. Conclusions
The results constitute a comprehensive study of the electronic
structure of TiO2/TiSi2/Si systems that can be utilized as photoanodes in water splitting reaction. ALD grown ”leaky” TiO2 has been
found to exhibit protective and photoactive properties, and it can
be used as a buffer layer between the electrolyte and small band
gap semiconductors. In this study we used micropatterned TiSi2
interlayer for tailoring the electronic properties of the TiO2/Si

interface. XPS and UPS measurements show that the modiﬁcation
of the TiSi2 interlayer has direct effect on the band alignment across
the heterojunction. TiSi2 layers that are thermally formed from the
3 and 10 nm thick TiO2 ﬁlms lead to the strongest band bending and
largest band offsets. The TiSi2 islands in these structures are small
enough for the pinch-off effect, whereas the TiSi2 interlayer formed
from the 30 nm TiO2 ﬁlm leads to large coalesced TiSi2 islands
where the pinch-off effect does not affect any more. This lowers the
band bending and decreases the photovoltaic efﬁciency by
reducing the charge carrier separation and shifting the onset potential to more positive values. Based on the photoelectrochemical
measurements, the samples with the highest band offset (TiSi2
from the 3 and 10 nm ﬁlms) yield the best water splitting performance despite their increased barrier height for minority carriers
migrating across the junction. This can be explained by the Zscheme model, where the TiSi2 islands at the heterojunction
interface act as recombination centers providing an energetically
favorable route for overall charge transport.
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