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Kurzfassung 

Diese Dissertationsschrift beschäftigt sich mit der Atomlagenabscheidung (ALD) dünner TiO2- 

Schichten auf p-Typ Silizium, untersucht die elektronischen Eigenschaften der abgeschiedenen Schichten 

und beschreibt die elektrochemische Charakterisierung von TiO2/Si-Photoelektroden. Die 

Abscheidungsparameter, die elektronischen Eigenschaften und die Stabilität der TiO2/Si-Proben werden 

miteinander korreliert.  

Mittels der ALD-Technik wurden TiO2-Schichten mit zwei verschiedenen Prekursoren (Titan- 

Isopropoxid und Titan-Methoxid) auf Si-Substraten abgeschieden. Labor- und Synchrotron basierte 

Röntgen-Spektroskopietechniken wurden benutzt, um die abgeschiedenen Schichten zu charakterisieren. 

Die Qualität der Schichten wurde dabei mittels Röntgen-Photoelektronenspektroskopie (XPS) beurteilt, 

wobei die Stöchiometrie, das Ti
3+

/Ti
4+

-Verhältnis sowie Defektzustände in den TiO2-Filmen Kriterien 

darstellten. Um verschiedene Polymorphe von TiO2 zu erhalten, wurde die Heizmethode der Schichten 

innerhalb der ALD-Prozedur variiert. 

Die elektronischen Eigenschaften amorpher und Anatas-TiO2-Schichten wurden mittels 

Synchrotronstrahlung bestimmt und mit denen eines TiO2-Rutil-Einkristalls verglichen. Röntgen- 

Absorptionsspektroskopie (XAS) und resonante Photoelektronenspektroskopie (res-PES) wurden mit 

Synchrotronstrahlung durchgeführt. Dabei diente die XAS der Bestimmung der Art des Polymorphen und 

der elektronischen Struktur der TiO2-Schichten. Res-PES-Messungen wurden an den O1s- und Ti2p- 

Kanten durchgeführt, um Auger-Prozesse mit multiplen Loch-Endzuständen sowie polaronische und 

Ladungstransferzustände zu untersuchen und um die elektronische Bandlücke der TiO2-Schichten zu 

bestimmen. 

Eines der Hauptergebnisse dieser Arbeit stellt die Bestimmung der partiellen Zustandsdichten 

(pDOS) von Sauerstoff und Titan im Valenz- und Leitungsband dar. In der Analyse der res-PES-Daten 

wurde die pDOS mit den entsprechenden Bandkantenpositionen kombiniert, um die energetische Lage 

der Ladungsneutralitätsniveaus (‚Charge neutrality levels‘) der verschiedenen TiO2-Polymorphe zu 

ermitteln. 

Photoelektrochemische Messungen wurden an unbeschichteten und TiO2-beschichteten Si- 

Photoelektroden durchgeführt. Dabei wurde die elektrochemische Performance der Photoelektroden in 

verschiedenen Elektrolytmedien mit pH-Werten zwischen 1 und 13 untersucht. Die Beschichtung der Si- 

Oberfläche mit einer dünnen TiO2-Schicht verbesserte die Performance der Si-Photoelektrode, wobei die 

Stabilität der Elektrode in allen untersuchten Elektrolytmedien während der gesamten Messdauer von 12 



 
 

Stunden erhöht wurde. Außerdem wurde festgestellt, dass die TiO2/Si-Photoelektrode weniger 

empfindlich auf Änderungen des pH-Wertes reagiert. 

Die elektrochemischen Ergebnisse werden auf Basis der elektronischen Eigenschaften der TiO2- 

Schichten diskutiert. Die durch die spektroskopischen Messungen bestimmte elektronische Bandlücke 

sowie die photoelektrochemischen Charakterisierungen werden zur Erklärung der Performance und 

Stabilität der TiO2/Si-Photoelektroden herangezogen. 

Die Arbeit adressiert außerdem die Stabilität von mikrostrukturierten Photoelektroden (SiMP), 

die elektrochemisch präpariert wurden. Zunächst verschlechterte sich die Stabilität der SiMP schneller als 

bei der planaren Si-Photoelektrode. Jedoch führte die Nutzung einer TiO2-ALD-Schutzschicht auf der 

SiMP zu einer besseren Gesamtperformance der SiMP auch im Vergleich zum System TiO2/ planares Si. 

 

 



 

 

Abstract 

 This thesis focuses on the deposition of thin TiO2 films on p-type Si using atomic layer 

deposition (ALD) technique, on the study of the electronic proprieties of the grown films and on the 

electrochemical characterization of TiO2/Si photoelectrodes. The deposition parameters, electronic 

properties and electrochemical performance and stability of the TiO2/Si samples are correlated. 

 

The ALD technique is used to deposit TiO2 with two different precursors namely Titanium 

isopropoxide and Titanium methoxide onto Si substrates. Laboratory as well as synchrotron based X-ray 

spectroscopy techniques are used to characterize these films. The growth quality of the TiO2 ALD films 

is determined by analyzing X-Ray photoelectron spectroscopy (XPS) data in terms of stoichiometry, 

defect states and Ti
3+

:Ti
4+ 

ratios. The ALD technique was modified with different heating arrangements 

to obtain various polymorphs of TiO2. 

 

The ALD and anatase TiO2 films are characterized using synchrotron radiation to study their 

electronic properties and these films are compared with single crystal rutile TiO2. X-ray absorption 

spectroscopy (XAS) and resonant photoelectron spectroscopy (res-PES) measurements are performed 

with synchrotron radiation. XAS measurements are used to determine the polymorphs as well as the 

electronic structure of TiO2. Res-PES measurements are conducted at the O1s and Ti2p edges to study 

multiple hole Auger decay processes and polaronic and charge transfer states as well as to determine the 

electronic band gap of the TiO2 layers. One of the main findings of this thesis is the determination of 

the partial density of states (pDOS) of O and Ti in the conduction and valence band. The combination 

of the pDOS and the band edge positions obtained from res-PES measurements are used to calculate 

the charge neutrality level of the TiO2 polymorphs. 

 

The photoelectrochemical measurements are conducted on bare-Si and TiO2/Si 

photoelectrodes. The electrochemical performance of these photoelectrodes is studied in electrolytes 

having pH values ranging from 1 to 13. The deposition of TiO2 on Si enhances the 

photoelectrochemical performance of the Si photoelectrode. The TiO2 increases the stability of the 

photoelectrode in all electrochemical media over 12 hours of experimental condition. Moreover, it is 

also observed that the TiO2/Si photoelectrode is less responsive to the pH value of the electrolyte. The 

electrochemical findings are explained on the basis of the electronic properties of the TiO2 layer. The 

electronic band gap obtained from spectroscopic measurement and the photoelectrochemical 

measurements are used to explain the performance and stability of the TiO2/Si photoelectrodes. The 

thesis also addresses the stability of Si microstructured photoelectrodes (SiMPs) prepared by an 

electrochemical method. The stability of the SiMPs deteriorates more rapidly than that one of the 



 
 

planar Si photoelectrode. However, using a protective ALD TiO2 layer on these SiMPs the overall 

performance is even more enhanced than on the TiO2/planar Si system.  
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Chapter 1  

INTRODUCTION 

1.1 Introduction and motivation  

In the 21
st
 century, the scientific community is looking for the alternate source of energy than the 

traditional fossil fuels and nuclear energy. In 1970, Honda and Fujishima introduced the concept of 

photocatalytic water splitting using TiO2 as an absorber (1). Then, the photocatalytic water splitting for 

hydrogen became an intensive field of research due to its potential to be used as the future technology for 

energy. For the purpose of water splitting, generally, semiconducting materials are needed which can 

utilize solar irradiation to be converted into chemical energy. Among all the semiconducting materials, 

metal oxides are considered to be proper candidates for water splitting due to the chemical stability and 

easy processing. Metal oxides such as Fe2O3, TiO2, Cu2O, BiVO4 etc. show the ability for catalytic water 

splitting. However, most of the metal oxides have unfavorable band gaps and band edge positions for 

water splitting. On the other hand, the semiconducting material such as Si, InP, GaP, etc are not stable in 

electrochemical medium. For the stability of traditional semiconductors in water splitting devices a 

coating of conducting and chemically stable material can be used. Hence the metal oxides can be used as  

conducting protective layers on semiconducting materials. Nevertheless, most of the metal oxides have 

low carrier density, high recombination of charges and small diffusion length. Titanium dioxide (TiO2) has 

a higher electron mobility (2.3×10
-4

 cm
2
/Vs) and a carrier density of around 10

17
/cm

2
 as compared to other 

metal oxides and is also comparably stable in electrochemical medium. Due to its excellent electrical 

properties it is used as a coating material for semiconductors such as Si, InP, and Cu2O (2) against 

photoelectrochemical corrosion in electrochemical systems. But the electronic and electrical properties of 

different polymorphs of TiO2 films also affect the performance of the water splitting devices.   

Titanium dioxide is one of the most investigated materials in the last two decades not only due to 

its application in water splitting but also in other fields such as dye-sensitized solar cell, pigments, 

cosmetics, gas sensors and photonic devices (3). TiO2 has also the self cleaning property in which it 

decomposes the organic molecules attached to it and hence can be used in the self-cleaning smart windows 

(3). The electrochromic property of TiO2 makes it available for application in smart switchable windows 

(3). Other than devices it can be used as a coating material on implants in human body due to its non-toxic 
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property (3). The next generation non-volatile memory can be substituted by TiO2 due to the resistance 

switching behavior (4).   

The above mentioned application of TiO2 involved both electronic and surface properties. 

Moreover, the electronic and surface properties of TiO2 are subjected to the synthesis techniques. 

Therefore, depending upon the application, a specific preparation technique is adopted. For example, for 

the use in photocatalysis, the wet chemical route or chemical vapor deposition (CVD) techniques are 

preferred. Oon the other hand, for the study of resistive switching and surface coating atomic layer 

deposition (ALD) technique is preferred.  

Apart from the application based studies, TiO2 can be used as a model to understand the material 

properties of metal oxides. TiO2 has been investigated in both the procedure of scientific studies such as 

experimentally and theoretically. Some of the properties like density of states, local coordination 

geometry, and defect states were studied theoretically but with the advancement of experimental facility 

such as, x-ray absorption spectroscopy, resonance photoemission spectroscopy, and resonance x-ray 

emission, it becomes possible to study above properties experimentally. Availability of experimental 

techniques to study fundamental properties of TiO2 not only helps to understand the properties of the 

material but is also helpful to modify the material with in close proximity of synthesis techniques.    

The aim of this thesis is to study the electronic properties in combination with synthesis 

techniques. The synthesis of TiO2 films is done by atomic layer deposition (ALD) techniques using the 

titanium tetra isopropoxide (TTIP) and titanium methoxide. For the study of growth parameters both 

laboratory and synchrotron based X-ray sources are used for photoelectron spectroscopy measurements. 

To study the electronic properties, synchrotron based photoelectron spectroscopy and absorption 

spectroscopy are used. The prepared TiO2 ALD layers are used to enhance the photocatalytic stability of 

the Si photoelectrodes. Finally, the relation between the spectroscopic properties of TiO2 and the 

photoelectrochemical property and stability of TiO2/Si photocathode are investigated.  

In this chapter, in the later part, details regarding the studied material system explaining about the 

anatase, rutile and brookite phases of TiO2 and their respective properties are given. An overview of the 

literature work regarding the electronic properties is also stated. Following this, the concept of 

photoelectrochemical (PEC) will be stated taking Si as photoabsorber. Thereafter, in Chapter 2 a 

description about the experimental details used is given. The experimental part consists of the synthesis 

technique (ALD), characterization techniques such as X-ray photoelectron emission, resonate 

photoelectron emission and X-ray absorption techniques using synchrotron radiation and techniques used 
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in PEC measurements. The results of the above experiments are presented in Chapter 3 where the data 

presentation and explanation are given. In the final Chapter 4 the summary of the thesis and outlook are 

given. 

1.2 Material details  

1.2.1 Crystal structures  

Titanium dioxide is found in three different polymorphs in nature, which are anatase, rutile, and 

brookite. Other than these three phases, the phase diagram of titanium oxide suggests that titanium can be 

bonded with different number of oxygen atoms producing Ti2O, TiO, Ti2O3, Ti3O5 and TiO2 at room 

temperature (5). Apart from these titanium oxides it can stay in a composition of TinO2n-1 where n ≥4 and 

the stoichiometry of these oxides lay between Ti2O3 and TiO2. This group of titanium oxides is known as 

Magnéli phase, but this phase has less thermodynamic stability than the other phases. From the application 

point of view anatase and rutile are of more importance in scientific study. Both anatase and rutile have a 

tetragonal crystal system. In these two polymorphs Ti is surrounded by six divalent oxygen atoms with 

distorted octahedral arrangement. The two polymorphs differ by their distortions in octahedral 

arrangement (6). The octahedra in anatase share their vertices but in rutile they share edges. Among all 

these polymorphs of TiO2, rutile is the most stable phase. But when the diameter of the TiO2 nanoparticle 

is below 14 nm the anatase phase becomes thermodynamically more stable than the rutile phase (7). 

Depending on the crystal size and impurity level in anatase a heat treatment between 700 to 1000 ºC can 

transform anatase to rutile permanently (8). The physical properties of anatase and rutile are given in the 

Table 1 below: 

Table 1: Important physical properties of anatase and rutile. (3) 

Phases Crystal 

system 

Lattice 

constant (Å)  

Density 

(Kg/m
3
) 

Refractive 

index 

Electron 

mobility(cm
2
/V-s) 

Dielectric 

constant 

Anatase Tetragonal a=b= 3.782  

c= 9.502  

3830 2.49 10 31 

Rutile Tetragonal a= b=4.587

c= 2.953Å 

4240 2.903 1 86 

In Figure 1 the unit cell of rutile (left) and anatase (right) are shown. In the unit cell of rutile TiO2 

the position of Ti atoms are at [0,0,0] and [½,½,½]; each of them is surrounded by six oxygen atoms.  The 

oxygen atoms surrounding Ti do not form a square in the equatorial plane since the TiO6 coordination 

polyhedron is distorted. In the rutile structure the bond angle between the O-Ti-O bonds in the plane of 
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shortest distance are 98.9º and 81.07º causing the shape of a distorted octahedron. In the rutile TiO2 the 

bonds length of equatorial Ti-O bond is 1.946Å and the epical Ti-O bond length is 1.983Å. The lattice 

constants of rutile TiO2 is a=b= 4.587Å, c= 2.953Å [ (8) (9)]. The bond length of the titanium and oxygen 

atoms in TiO2 is presented in Table 2 for anatase, rutile and amorphous phases. 

Table 2: The bond length of Ti-O and O-O in the TiO2 (rutile). 

Bond 

length  

Rutile (Å) Anatase  (Å) Amorphous (Å) Ref. 

Apical Equatorial Apical Equatorial Apical Equatorial 

Ti-O 

 

 

2.0 

 

1.97 
 

2.0 

 

1.95 
 

1.94 

 

 

(9) 

O-O Edge 

sharing 

Corner 

sharing 

Edge 

sharing 

Corner 

sharing 

Edge 

sharing 

Corner 

sharing 

 

2.56 2.8 2.49 2.82 2.67  (9) 

 

Figure 1: Unit cell of rutile on the left with lattice constants (a = b = 4.587Å, c = 2.953Å) and 

anatase on the right with lattice constants (a = b = 3.782Å, c = 9.502Å). In the stick ball diagram, the red 

balls represent oxygen and the white balls titanium atoms. 

The Ti atoms in the anatase unit cell occupy the positions at [0,0,0,], [½,½,½], [0,½,¼ ] and [-

±½,0,3/4]. The lattice constants for anatase are a=b=3.782Å, c= 9.502Å [ (10) (11)]. The bond length of 

Ti-O in the equatorial plane is 1.937Å and along the apical direction the Ti-O bond length is 1.966Å. In 

this case also each Ti atom is coordinated a six O atoms to form a distorted octahedron. Unlike rutile, in 

anatase the equatorial oxygen atoms are not in the plan that forms the octahedron. In the equatorial plane 

the two oxygen atoms opposite to each other are below the plane and other pair of oxygen atoms above the 

equatorial plane. The bond angle of O-Ti-O for short and long bonds is 102.308º and between the two 
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short bonds is 92.604º. The position of the O atoms and the angle between O-Ti-O result in anatase in a 

more distorted octahedron than in rutile.  

In the rutile crystal the TiO6 octahedral units are connected to two neighboring octahedra by 

sharing edges along the [001] direction and connected to eight TiO6 unitby sharing the vertices along the 

plane of (001) (12). On the other hand, anatase TiO6 octahedra are connected to four neighbors by sharing 

edges along the directions [100] and [010] forming a zigzag chain (3). 

1.2.2 Electronic structure 

 In this section the electronic structure such as VB, CB edges, band gap, defect states and 

electronic properties from XAS of Ti L2,3 edge will be discussed. The electronic structure discussed here 

will be based on previous experimental as well as theoretical studies on TiO2.  

1.2.2.1 Valence band and conduction band  

Titanium as a d-group element has the electronic configuration [Ar] 3d
2
 4s

2
 and that of oxygen is 

1s
2
 2s

2
 2p4. Ti

4+
 and O

2-
 react with each other to form TiO2 resulting in electronic configuration of O2p

6
 

Ti3d
0
 4s

0
. The ratio of Ti to O in a perfect TiO2 crystal is 1:2. Ti

4+
 cation has a small diameter which 

enables it with strong polarization power and as a result of this TiO2 has 70% of ionic and 30% of covalent 

bond character (13). Mostly the density functional theory (DFT) method is used to calculate the electronic 

structure of TiO2. By using this calculation method the band gap is determined by taking the energy 

separation between the highest occupied state (or the valance band maxima VBM) and the lowest 

unoccupied state (or the conduction band minima CBM). According to the theoretical calculation the 

valence band (VB) consists of mainly O2p and the conduction band (CB) of Ti3d states (14). The 

contribution of individual atoms in the VB and CB presents the partial density of states (pDOS) and their 

combined contributions in each band represent the total density of states (DOS). With the advancement of 

computational power the calculation methods are providing more detailed insight in the electronic 

structure of these metal oxides. In the recent calculation it has been demonstrated that the VB has a 

considerable contribution of Ti3d states and the CB has a certain contribution of O2p states [ (15) (16)]. 

The presence of Ti3d states in the VB and of O2p states in the CB leads to a hybridization of O2p and 

Ti3d states to form VB and CB [ (17)]. The lower part of the VB is consisting of O2s and the width of this 

state is 1.9 eV on the other hand, the width of the upper part of the VB is around 6.22eV for anatase. In 

case of rutile the lower VB has a width of 1.94 eV, the upper VB is 5.9eV. The CB width for both anatase 

and rutile are around 5.9 eV (18). 



 

[6] 
 

 The contribution of O2p and Ti3d states in the VB is mostly studied in theoretical works.  The 

resonance photoelectron spectroscopy can be used to investigate the contribution of O2p and Ti3d states in 

the VB experimentally. In the resonant photoelectron spectroscopy measurements on rutile TiO2, Drera et 

al. (19) showed the VB at 8.2 eV to have a higher intensity which corresponds to the O2p-Ti3d 

hybridization while the VB at 5 eV results due to non-bonding states of Ti-O. Eventually they also 

observed two satellite peaks in the VB region at binding energy (BE) around 12 and 18.5 eV.  The satellite 

peaks especially the peak at 12 eV, has constant BE below the resonance photon energy. The 

photoemission peaks correspond to the Ti3d
2
4p

2
 initial states. When the photon energy approaches the 

resonance energy the intensity of this peak increases as well as the BE is changing and leads to an Auger 

decay (LVV) at higher photon energy. The satellite has constant BE below the resonance photon energy 

due to the excitonic like state that is localized in the band gap of rutile.  

Table 3: Comparison of band gap rutile determined by different calculation method band gaps are 

calculated considering it as a direct band gap. 

1.2.2.2 Band gap of TiO2 

The minimum distance between the CBM and VBM in rutile is at the Γ point and hence it has a 

direct band gap (18). Recent calculations by Chinedu et al. showed that rutile can have an indirect band 

gap (30). On the other hand, the theoretical calculations have shown that anatase can have both a direct 

 Rutile  Anatase 

Method Band gap (eV) Reference   Method Band 

gap 

(eV) 

Reference 

PP-PAW 1.70 (20)  DFT+PBE 1.94 (21) 

Variational density 

functional perturbation  

1.87 (22)  LDA 2.00 (23) 

PWGGA 1.90 (24)  PPCFs 2.02 (9) 

PP-PW 2.03 (25)  OLCAO 2.04 (26) 

SCC-DFTB 2.46 (27)  LSD-

GGA+U 

2.40 (28) 

PP 2.80 (29)     

LCAO-BZW 3.05 (30)  GGA+HF 3.54 (31) 

LCMTO 3.25 (32)  B3LYP 3.68 (33) 

HF-PP 3.4 (34)  PBE–G0W 3.73 (21) 

DFT-HF Hybrid 3.54 (24)  HSE06–

G0W0 

4.05 (21) 

PBEO-LCAO 4.05 (35)  PBE+25%HF 4.50 (36) 



 

[7] 
 

and indirect band gap [ (23), (31)]. The theoretical determination of the band gap on subject of different 

calculation methods and the consideration of potential. The band gap of rutile ranges from 1.7 eV to 4.45 

eV depending upon the calculation methods [ (20), (35)]. In Table 3 the band gaps calculated by different 

methods are shown. 

The differences in the band gap of TiO2 with different calculation methods show the limitation of 

the calculation methods. Especially in the case of the DFT calculation method, the proper description of 

electron-electron correlations (37) cannot be taken into account and also have the problem with the 

residual electron self-interaction (38). More over the calculation method is more likely to be useful for 

predicting the electronic structure of TiO2 in the ground state. These limitations in calculation method cost 

in the estimation of proper width of band gap. To eliminate the problem of self interaction of electrons in 

the calculation method, Vladimir et.al introduced the Hubbard potential (U) [ (39), (40)]. The term U is 

added to the localized orbitals in which the electrons have repulsive interaction and for the calculation of 

hybrid density functional method is used [ (41), (42)]. The hybrid density functional method has 

contributions of the Hartree-Fock exchange and DFT exchange-correlation functional theory. The 

inclusion of U into the theoretical measurements provides accurate value for band gap in comparison to 

the experimental band gap. However, the selection of the values of U is empirical in order to match the 

band gap to the experimental value. In the work of Dompablo et al. is demonstrated that with the different 

weight of U value the band gap of both anatase and rutile changes in both calculation methods such as 

GGA and LDA as shown in Figure 2 (a) (16). In another work Vu et al. also showed that with DFT+U 

calculation the band gap can increase from 2.5 to 4.5 eV with U values from 3 to 10 eV in Figure 2(b) 

(43). The experimental band gap of rutile and anatase TiO2 is found to be 3.0 and 3.2 eV (3).  

 

Figure 2: Band gap calculations of anatase and rutile using   LDA+U and GGA+U (a) and using 

DFT+U for anatase TiO2 with different values of U. The figures are reproduced from [ (16), (43)]. 

(a) (b)
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The experimental band gaps obtained by optical measurements point at indirect band gaps, of both 

TiO2 phases, which are often compare with the electronic band gap of TiO2 obtained by theoretical 

calculations.  However, in theoretical calculations the many body interaction and excitonic effects are not 

taken into consideration. Due to the ambiguous comparison between two quantities, the band gap of TiO2 

seems to be different in each case. The electronic band gap of TiO2 is generally obtained determining the 

VBM position from UPS measurements and the CBM from inverse photoemission spectroscopy (IPES) 

The band gap obtained by this method is about 3.6±0.5 eV for rutile (44). The electronic band gap 

determined from dipoles allowed transitions and from experimentally determined dipoles allowed a gap of 

4.2 eV (45). The presence of the excitonic states also affects the electronic band gap of TiO2 in all the 

polymorphs. In the anatase polymorph, the excitonic states are localized while in rutile these states are 

delocalized. The work of Letizia et al. shows the compression of the electronic and optical properties 

taking into consideration many-body correction (46). The transition involved here are at 3.42, 3.55 and 

3.59 eV in anatase. The optically active transition is only possible at 3.59eV while the other two 

transitions at lower energy are dark excitons. The transition at 3.59 eV is related to bright excitons. The 

dark excitons below the allowed optical transition are caused by O2p to the farther Ti3d states while in 

case of optically allowed (bright) transition the O2p electron will be excited into the Ti3d states. The 

theoretical calculation here are in agreement with the experimental value due to the consideration of 

electron-hole interaction in the calculation method.  

The experimental electronic band gap of TiO2 can be obtained from the analysis of X-ray electron 

spectroscopy.  The XPS is able to identify the VBM of TiO2 while XAS can be used to define the 

conduction band edge. The VB XPS and XAS are aligned to the Fermi level to determine the electronic 

band gap of TiO2. From XPS (VBM) and XAS (CBM) the band gap of anatase and rutile is 4.15 and 

4.72eV respectively (47). In another work the band gap of TiO2 is determined from X-ray emission 

spectroscopy (XES) and XAS. In this case the band gap in this case determined 2.6 eV, which is far below 

the optical band gap of TiO2 (48).  

1.2.2.3 Defect states in TiO2 

 In semiconducting materials defect states play an important role since they can change both the 

electrical and the optical properties of the semiconductors. Modifying the defect states can tailor the 

material properties of the semiconductors. In case of TiO2, is a matter of whether the defect states are 

mainly due to the oxygen vacancies or due to titanium interstitials, but there are some studies where the 

oxygen interstitial defects are also described. In the literature, it is always discussed that the defects in 
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TiO2 comes from the reduction of TiO2.The reduction process can result in the formation of TiO2-x or 

Ti1+xO2.  

 After reduction, when TiO2 is converted into TiO2-x, the defects in the material are caused by the 

formation of oxygen vacancies (VO) due to the removal of oxygen atom. But it has also been found that 

TiO2-x can also crystallize in a stable Magnéli phase with a stoichiometry between Ti2O3 and TiO2. When 

the stoichiometric ratio of O to Ti is less than 2 (x >10
-4

), the highly reduced TiO2 can give rise to the 

formation of crystallographic shear (CS) planes. The CS plans in TiO2 help to eliminate the defect in the 

material [ (49)]. Defects due to oxygen vacancies have been modeled and observed by both experimental 

and theoretical methods. Moreover in case of anatase and rutile, the oxygen defect states can be produced 

by using difference process of reduction method. In theoretical studies, the position of oxygen vacancy 

defect states in TiO2 is a matter of concern. In earlier studies the oxygen vacancy defect states are 

considered to be at the bottom of the conduction band and are delocalized [ (50)]. With the improvement 

of computational methods the introduction of self-interaction of electrons (Hubbard U) into the calculation 

methods give rise to the observation of delocalized defect states in the band gap at about 1 eV below the 

conduction band edge [ (51), (28)]. On the other hand, defect states have been observed by different 

experimental groups using X-ray photoelectron spectroscopy (XPS) (52), ultraviolet photoemission 

spectroscopy (UPS) (53), and electron energy loss spectroscopy (EELS) (54) located at, around 1eV below 

the Fermi level.  

After reduction of the TiO2 it is possible that an extra Ti atom occupy an interstitial site of TiO2 

providing a defect state in it. The interstitial Ti defect in TiO2 acts as a shallow donor (55). The interstitial 

defect in TiO2 is mainly practical by theoretical calculations. The interstitial defect also creates a localized 

state in the band gap. In the work of Cho et al. using LDA, it is demonstrated that the existence of an 

interstitial defect state is at 0.2 eV below the conduction band minima (20). In another work, Lee et al. 

(56) calculated the electronic states using the screened exchange (sX) hybrid density functional method. 

They found that the interstitial Ti defect is around 0.7 to 1.3 eV below the conduction band depending on 

the charge of the defect. The oxygen vacancy (VO) with zero charge lays at around 0.7 eV to 2 eV below 

the conduction band depending on the charge at the defect side. There are less experimental evidences for 

Ti interstitial defects in TiO2 than for oxygen vacancies. Most of the work is based on UPS studies using 

TiO2 single crystal. In photoelectron emission experiments [ (57), (58)] the interstitial defect in TiO2 is 

found to be at around 0.7 to 0.9 eV below the conduction band minimum.  

In TiO2 both type of defects (oxygen vacancy and titanium interstitial) are formed by reduction of 

TiO2. It has been explained that when the sputtered reduced TiO2 is oxidized by vacuum annealing the Ti 
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interstitials get into the bulk (59). On the other hand by annealing the reduced TiO2 in the presence of O2 

the Ti interstitials migrate to the surface (58). In the theoretical work of Robertson et.al it has also been 

shown that the energetic positions of oxygen vacancies and Ti interstitial in the band gap overlap with 

each other (56). From the theoretical and experimental studies it is difficult to conclude which kind of 

defect states is present in TiO2. It is possible that both, oxygen vacancies and he Ti interstitials co-exist as 

defect states in TiO2. 

There is a small number of studies describing the oxygen interstitial defects in TiO2. In this type of 

defect the extra oxygen atom does not stabilize as a charged species in the interstitials position of the 

lattice. The extra oxygen will bond to the oxygen in the lattice forming O-O bonds (50). Unlike the 

oxygen vacancy it works as an electron trap in TiO2 as observed by theoretical calculations increasing the 

bond length of O-O from 0.970 to 1.484 Å (60).  

1.2.2.4 XAS of Ti L2,3-edge 

The X-ray absorption spectroscopy is one of the most important spectroscopic techniques to study 

the electronic and structural properties of the materials. It is also helpful to correlate changes in intrinsic 

properties with the local chemical environment. In this method the electron from the Ti2p orbital is excited 

into the Ti3d states which are supposed to be the empty states. The XAS at Ti L2,3 edge allows to probe 

into the empty states of Ti3d states which has an effect on the local symmetry, coordination and bonding 

with the O atom. While experimental data of XAS are consistent the theoretical counterpart has more 

variation regarding the explanation about the cause of XAS peaks at the TiL2,3 edge. To explain the origin 

of the peak in the XAS spectra the orbital crystal field theory is most accepted where the transitions are 

marked for Ti2p3/2 to t2g and eg states showing peaks at the L3 edge and Ti2p1/2 to t2g and eg states showing 

peaks at the L2 edge (61). The orbital crystal field theory is based on the independent single particle 

system. But under experimental conditions the result is not due to the single particle system because in the 

orbital crystal field calculation the interaction between the core hole and the excited electron is neglected 

along with the particle interaction between them. In recent theoretical works, the above mentioned points 

are taken into consideration to explain the XAS spectra of the TiL2,3 edge. The hole-electron interaction is 

considered in Bther-Salpeter equation (BSE) to produce XAS spectra. This calculation is successful in 

reproducing the XAS spectra of SrTiO3 (62) while rutile TiO2 (63) was not matching the experimental 

data. Time dependent density functional calculation have been used by Fronzoni et al. to simulate the XAS 

spectra of TiO2 but these spectra poorly agree with the Ti L2,3 edge of rutile TiO2 (64). Recently, it could 

be demonstrated that the first-principle multichannel multiple scattering (MCMS) method with the core 

hole-electron interaction (excitons) to calculate the Ti L2,3 edge XAS spectra (65) is in agreement  with the 
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experimental spectra. The contributions of individual transitions at the L2 and L3 edge are also determined 

by this method to explain the splitting of eg at L3 edge. In another work published by Blaha et al. the BSE 

calculation method is used to calculated the XAS at early 3d elements where the TiL2,3 edge spectra are 

well reproduced (66). Moreover the branching ratio and the spin orbit splitting in XAS are also reproduced 

with this method.  

1.3 Photoelectrochemical (PEC) water splitting   

The photoelectrochemical (PEC) water splitting is the light driven process of electrolysis with the 

help of photoelectrocatalysts that perform act as specific electrodes in order to separate H2 and O2 from 

water (67). In this process the photoexcited electrons will react with the electrolyte to reduce the water to 

produce H2 whereas the photo excited holes will react with electrolyte to perform oxidation of water for 

O2 generation. Both, the reduction and oxidation of water can be performed using semiconducting 

electrocatalysts that can absorb light or employing an absorber with a co-catalyst on top of the electrode 

surfaces to improve the water splitting process. For the purpose of splitting of water into H2 and O2 

(electrolysis) the total amount of energy required is 237 KJ/mol. The equivalent of electrical energy is 

1.23V. In the process of photoelectrochemcial water splitting the photon energy is converted into electrical 

energy and then the electrical energy is converted into chemical energy. The PEC water splitting can be 

formed by using only semiconducting materials which can absorb the photons to convert them into 

electrical energy. A schematic presentation of the PEC water splitting using a semiconductor electrode is 

shown in the Figure 3. 

 

Figure 3: Schematic diagram of a photoelectrocatalytic water splitting system. The band edge 

positions are related to the energy scale at the left side. The abbreviation SS represent the surface states 

on semiconductor. 
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In a semiconducting material photons of appropriate energy generate pairs of charge carriers 

(electron-hole). The generated charge carriers will move from the semiconductor surface to the electrolyte 

and interact with the electrolyte to perform redox reaction as shown in the Figure 3. The photo excited 

electrons from the conduction band of semiconductor react with the electrolyte to trigger the hydrogen 

evolution reaction (HER) while photo-excited holes in the valence band will react with the electrolyte to 

provoke oxygen evolution reaction (OER). The generation of H2 and O2 is only possible when the 

photovoltage generated by the semiconductor electrodes is ≥1.23V. There are certain requirements for 

photoelectrocatalytic water splitting using semiconducting materials which are listed below; 

 Band gap and band edge position of the semiconductor 

Semiconductors that can be used for water splitting should generate a photovoltage of at least 

1.23 V. Hence the semiconducting material should  be able to absorb light of photon energy energies 

>1.23 eV i.e the  light of a wavelength ~1000 nm and shorter should be absorbed by these kind of 

semiconductor materials and generating electron-hole pairs. Even under ideal conditions, the 

semiconducting material should have a band gap of 1.7 eV . Only a semiconductor with such a band gap 

can produce enough photovoltage to be required for photoelectrochemical water splitting. Under 

experimental condition there are lots of factors due to which the PEC system losses energy. The loss of 

energy in PEC device is determined by (i) polarization within the PEC, (ii) poor charge separation and 

recombination of photo-generated electron-hole pairs, (iii) overpotentials required for OER and HER, (iv) 

electrical resistances of both electrodes (v) IR drop in the electrolyte and (vi) contact resistance at the 

electrodes. All these factors contribute to a total loss of ≥ 0.4eV in the PEC system (67). Therefore a 

suitable semiconducting material needed for water splitting should have a band gap of about ~ 2.2  eV 

(68).  

 

Figure 4: Schematic diagrams of the band alignment of semiconductor for overall HER and OER. 

In figure (a) a p-type semiconductor band edge position for HER and in figure (b) an n-type 
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semiconductor band edge position for OER are shown. The band edge positions are shown with respect to 

the electrochemical scale related to normal hydrogen electrode (NHE) potential. 

Other than the band gap itself the energetic band edge positions with respect to the redox 

potentials are precondition to guarantee efficient water splitting performance by the semiconductor 

electrode. To generate the potential for water splitting valence band edge and conduction band edges need 

to be more positive to oxidation potential and more negative to reduction potential, when respectively 

using the electrochemical scale. Correct valence and conduction band edge positions with respect to redox 

potentials of water for effective water splitting are shown schematically in Figure 4. 

 

 Electrical properties of photoelectrodes 

The efficiency of a photoelectrochemical device also depends on the electronic properties of the 

semiconducting material. The charge carrier life time, its diffusion length, the rate recombination of 

photoexcited electron-hole pairs and the resistivity of the semiconductor will influence the 

photoelectrocatalytic performance of the PEC device [ (69), (70)]. 

 Stability against chemical and photo corrosion 

The corrosion of photoelectrodes in contact with an electrolyte is one of the most important issues 

of PEC water splitting. Most of the semiconductors used for water splitting are not stable for a long time 

in a photoelectrochemical environment. The exposure of the semiconductors in the aqueous electrolyte 

deteriorates the activity of the semiconductors. Most of them are either photo-corroded or change to some 

other inactive form of the same material. In the electrochemical process in aqueous electrolyte the 

photoelectrodes have to move through an anodic and/or cathodic process resulting in oxidation or 

reduction of photoelectrodes. The photoanodes are stable against photoelectrochemical corrosion when the 

free enthalpy of oxidation (Epd) is more negative than the oxidation potential of water and the 

photocathodes are stable when the free enthalpy of reduction (End) is more positive than the reduction 

potential of water reduction as presented in the equations below (71). 

                                                        (1.1) 

                                                                     (1.2) 

 The above mentioned properties are necessary for an ideal PEC water splitting system.  After the 

discovery of the PEC water splitting device by Fujishima and Honda (1) lots of efforts have been put to 

identify appropriate semiconducting materials for PEC water splitting device.  
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Figure 5: The band gap and band edge position of the most investigated semiconducting material 

with respect to the redox potentials of water for photoelectrocatalytic water splitting (72). 

 The Figure 5 shows the band edge position of different semiconducting materials with respect to the 

redox potentials of H2O (72). Among all these categories of semiconducting materials most of them are 

either not stable in an electrochemical environment or do not fit into the requirements for a water splitting 

electrode. The compound semiconductors such as p-InP with an efficiency of 12% (73) in the process of 

hydrogen evolution can be used for PEC device, but these materials are very prone to electrochemical 

corrosion as compared to oxides. On the other hand transition metal oxides such as TiO2, Fe2O3, WO3 etc. 

are very stable in an electrochemical environment but the band edge positions, and the band gaps are not 

favorable for efficient water splitting. Under these conditions, the combination of two semiconductors can 

be used in a tandem cell in PEC devices for water splitting. The semiconducting material silicon can be 

used in a tandem cell configuration for light induced water splitting. 

1.3.1 Si as a photoelectrodes for PEC device  

 Silicon with its most established technology for a device preparation and processing has been very 

successful in the field of photovoltaics. With a band gap of 1.1eV and excellent electronic properties such 

as high mobilities and a change in conductivity by doping can also be used in photoelectrochemical 

systems for water splitting devices. Apart from the band gap for absorption of light, the band edge position 

of a Si electrode is one of the crucial factors for water splitting. The valence band edge of the Si is about 

0.63eV more negative than the water oxidation potential and the conduction band about 0.5eV more 

negative of the reduction potential of hydrogen in solution at pH 0 as shown in Figure 6 using the 

electrochemical scale. Since p-Si has its CB above the reduction potential H2/H
+
, it can be used as 

photocathode in a half cell geometry to run the hydrogen evolution reaction. Therefore, it needs an 

external potential to split water electrochemically. Such a potential can be supplied using a p-n Si tandem 

cell. 
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Figure 6: Schematic band edge positions of Si with respect to the redox potential of water splitting 

at pH 0 under equilibrium conditions. 

As discussed above due to the small band gap of silicon, neither a p- nor an n- type Si 

photoelectrode can be used for water slitting alone. Moreover, to perform the oxidation reaction 

employing a semiconducting oxide higher pH values (~13) as found in KOH or NaOH electrolytes have to 

be used while for reduction reaction low pH electrolytes (e.g. 1M H2SO4) are frequently used. The 

electrolyte condition affects the performance of the Si photoelectrodes. In addition to this, Si has no 

catalytic effect, i.e the charge carriers migrating across the Si-electrolyte interface cannot perform 

chemical reactions efficiently. So for efficient electrical to chemical energy conversion, the Si surfaces 

must be covered with a co-catalyst.  

The n-type Si in PEC device needs higher overpotentials and a co-catalyst to perform water 

splitting. Other than the photo-electrical problem, one of the most important challenges involved with Si 

photoanode is the photo corrosion. When n-type Si is illuminated with photons photo-generated electron-

hole pairs get separated at the Si-electrolyte interface. The electrons move to the cathode via the back 

contact while the holes interact with electrolyte. The hole simultaneously interacts with both electrolyte 

and Si surface. As a result of oxidation both, the electrolyte and the Si surface, gets oxidized. Formation of 

SiO2 on Si deteriorates the photoelectrochemical activity of Si over the period. To retain the 

photoelectrochemical activity of n-Si the surface oxidation in the photoelectrochemical medium needs to 

be checked. From early eighties till date, Si as photoanode has been studied and the performance and 

stability have been increased over the time. Various approaches have been made to protect the electrode of 

n-type Si against photoelectrochemical corrosion. Among these the distinguished works are chemical 

passivation introducing H-terminated (74)or a methylizated Si surface (75) but also the formation of a 

SiO2 layer with Au nano emitters (73), coating of Si with various conducting materials such as graphene 
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(76) and TiO2 is possible[ (77), (78)]. The thin layer of conducting TiO2 seems to be promising to check 

the photocorrosion of n-Si in PEC device whit out affecting the photo activity.  

P-type Si has a better electrochemical stability than n-type Si but the charge transfer rate at the Si 

surface to the electrolyte is very small which leads to a low quantum yield (79). More over the band edge 

position of p-Si is such that it can generate only 550mV of photo-voltage. This amount of voltage is not 

enough to carry out redox reaction in electrolyte. Therefore, a p-type Si photocathode needs to be coupled 

with a catalyst to obtain efficient PEC water splitting. The catalyst such as noble metal Pt (80) or other 

metal based catalyst such as MoS2 (81), Ni, NiMo (82) have been used to improve the catalytic properties 

of p-Si. The depositions of the catalyst on Si photocathodes are done by electrochemical, chemical or 

vapor deposition techniques. During the process of catalyst deposition on Si it gets oxidized and the 

photocatalytic activity decreases. In addition to the fabrication of Si photocathodes when the photocathode 

is merged in the electrochemical medium it gets oxidized over the time which limits the catalytic activity 

of Si photocathode.  

The PEC device can be brought to day life use only when the stability of the device can be 

extended. For this the device need to be work self sufficiently, i.e., the PEC device must be able to 

produce ~2.0 V to perform water splitting and must be stable under acidic and/or alkaline condition. 

Nocera et al. developed an artificial leaf that can produce O2 and H2 without any external biased (83). But 

the stability of this device last for 12hours only. Moreover, this type of tandem PEC cell is not understood 

properly. Therefore the device technology needs to be developed for long term stability and understanding 

of PEC devices. 

 In the present study, we investigate the effect of TiO2 on Si photocathode when the deposition is 

carried with the ALD method. The properties of the deposited TiO2 over layer are studied by X-ray 

photoelectron spectroscopy and are correlated with the photoelectrochemical measurements from TiO2/Si 

photocathodes.  
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Chapter 2  

EXPERIMENTAL 

This chapter is dedicated to the description of experimental techniques used in this thesis. The 

experimental part is divided into two parts: techniques used for preparing sample and techniques used for 

characterizing the samples. The technique involved in synthesis of TiO2 is the atomic layer deposition 

(ALD). The grown samples are investigated with spectroscopic techniques such as x-ray photoelectron 

spectroscopy (XPS) using both laboratory and synchrotron sources, and X-ray absorption spectroscopy 

(XAS) using synchrotron radiation at the BESSY II beamline U49/2-PGM2. The functioning details about 

ALD will be given and will be followed by the spectroscopic experimental details.  

2.1 Atomic Layer Deposition (ALD) 

The idea for atomic layer deposition (ALD) of thin film was carried out by Prof. S.I. Kol’tsov in 

1960s in USSR. Later on the experimental success of ALD deposition film was brought by Prof. V.B. 

Aleskovskii (84). But in 1970s the technique was rediscovered by Suntola et al. (85) and brought into the 

use in scientific research as well as industrial application. The research in this field of deposition 

techniques is intensified after 1990s and till today it is a major field for research due to its application in 

semiconductor industry. 

The ALD process belongs to the family of vapor to solid deposition techniques used for deposition 

of thin films. The special features of ALD such as conformality coating of complex structures, control 

over the thickness in atomic scale and pinhole free thin film deposition, make it advantageous over the 

other deposition techniques such as chemical vapor depiction (CVD), physical vapor deposition (PVD) 

and molecular beam epitexy (MBE). ALD does not need very high temperature for the deposition and it 

can work under atmospheric pressure, so it can be used to deposit material on any kind of substrates.  

The ALD process is a continuous cyclic deposition process. Each of these cycles consist of two 

half cycles and each of the cycles carry different precursors to the substrate.  These half cycles does not 

allow the two precursors to interact with each other in the gaseous phase inside the reaction chamber.  The 

half cycles can be divided into two parts mainly the first part carries the precursor to the substrate and the 
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second part purges the unreacted and or byproducts of the gas.  The working concept of the ALD process 

can be understood from Figure 7.  

 

 

Figure 7: Schematic diagram of atomic layer deposition process: (a) the first precursor is inserted 

and chemisorbed on the surface, (b) purging with nitrogen to remove the remnants after chemisoprtion, 

(c) insertion of the second precursor to react with the first one on the substrate and (d) final purging to 

remove by products.  

A schematic description of the ALD process is presented in the figure 3 and it consists of four 

steps with two half cycles. In the step 1 as shown in Figure 7(a) the gaseous species will be inserted into 

the reaction chamber. The gaseous precursor will be chemisorbed on the surface and this reactant species 

will perform self terminating reaction. This means that only a monolayer of the precursor can be absorbed 

on the substrate and the extra amount of precursor will not react with the absorbed species.  In the second 

step the unabsorbed and un-reacted species need to be removed. So the reaction chamber is purged with 

nitrogen gas to remove the unreacted species. For the purging generally nitrogen or other inert gases are 

used, so during the purging the gas will not react with the absorbed species.  After purging the second 

reaction species is inserted into the reaction chamber to react with the absorbed species in the third step.  

In this step the second reacting species will remove the blocking group in the first reactant that is 

responsible for self termination. This chemical reaction will give to a layer of desired material and this 

layer of desired material is also self terminated. After the completion of this process the reaction chamber 

need to be purged with nitrogen in the final step as shown in Figure 7(d) to remove the byproduct.  This 

final step produces the desired material without any byproducts on it. For the growth of the desired 

thickness of a film these cycles are repeated in the sequential order.   
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The deposition of film starts in the first cycle of ALD, so the growth rate in this technique is 

calculated as growth per cycle (GPC). In this technique the sample is stabilized first by heating treatment. 

Each cycle in ALD is self limiting, so the growth rate cannot be changed changing the ALD parameters 

such as precursor pulse time, purging time and time between each pulses. The temperature or some other 

parameter that will change the reaction mechanism on the substrate can only change the growth rate. The 

growth is controlled by only the surface properties of the substrate and hence ALD is known as a surface 

controlled process.  

 

Figure 8: Schematic representation of ALD processing window growth rate vs. substrate 

temperature and different regions of ALD processing temperature. 

The substrate temperature is a crucial parameter for growth rate and the quality of the films grown 

by ALD. The ALD process is successful in certain range of temperature and this temperature range is the 

ALD window. The schematic diagram of ALD window is shown in Figure 8 above. The growth rate and 

the film quality do not change in the operating window of ALD. Before the ALD window the precursor 

either condensed in the chamber or has not enough energy to react with the surface. When the precursor 

has not enough energy to react the GPS is lower than normal ALD and when the precursor condensate the 

GPC is higher than normal ALD. On the other side of the ALD window (higher temperature) the precursor 

may decompose or desorbed from the substrate.  In this temperature range, the decomposition of precursor 

will lead to the increase in the growth rate of the material where as desorption of the precursor from the 

substrate results in slower growth of the material.  
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2.2 Characterization Techniques 

The material prepared by ALD is characterized by X-ray photoelectron spectroscopy (XPS) and 

X-ray absorption spectroscopy (XAS). The growth process of TiO2 is characterized by XPS with the 

laboratory X-ray source system where the detail study about the growth and the spectroscopic properties 

of TiO2 is conducted by XPS and XAS using synchrotron radiation at BESSY II, Berlin with beamline 

U49/2-PGM2.  

In this portion of the chapter a short description about the synchrotron radiation with specification 

of the beam line U49/2-PGM2 used for experiments will be given. It will be followed by details of 

different experimental methods like XPS, XAS, res-PES and data interpretation from respective methods. 

 2.2.1 Synchrotron radiation  

The X-rays are highly energetic electromagnetic radiation discovered by Wilhelm Conrad 

Röntgen in 1895 in Würzburg (86). The X-rays are produced when the accelerated electrons collide with a 

target and the electrons lose their energy in the form of heat and radiation. In the process of collision 99% 

of energy is lost as heat and only 1% contributes to the radiation.  The radiation coming out of this 

collision is highly energetic and these rays are known as X-rays. The wavelength of the X-ray ranges from 

0.01 to 10 nm and that of energy ranges from 100 eV to 100 keV.  X-ray tubes are the primary source of 

X-ray in the laboratory and these kinds of sources cannot change the energy of the X-ray.  

In 1930’s high-energy physicists studied the collision of subatomic particle where the particles 

have constant speed in the circular path. The constant speed of the particles in the circular path is 

maintained by accelerating in a fixed frequency electric field using magnetic field. During the circular 

motion the particles emit unwanted electromagnetic radiation which is generally known as cyclotron 

radiation.  The x-ray radiation are realized when the velocity /energy of the electron are increased and this 

radiation is known as synchrotron radiation.  The effect velocity of electron and synchrotron radiation was 

discovered by Elder, Gurewitch, Langmuir, and Pollock in 1946 (87). 

Figure 9(a) shows the schematic diagram of a synchrotron radiation facility (88).  In the first step 

the electron generated in the electron gun is accelerated to the speed near to the speed of light. The 

accelerated electron is inserted into the booster ring where the electrons are achieved the 99.9999985% of 

the velocity of light. The accelerated electron from the booster is inserted into the storage ring where it 

travels in a circular path speed equivalent to the velocity of light.  
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Figure 9: A schematic diagram of synchrotron a radiation facility (a) and curve of the 

advancement of X-ray light source over the years (b). The images are taken from (89) (a) and (90) (b). 

When the highly energetic electrons move in the circular path of the storage ring they emit 

synchrotron radiation on changing of their trajectory.  The trajectories of the moving electrons are changed 

by bending magnets and the wigglers and undulators known as insertion devices. The electron beam when 

changes its path due to the magnet the electron oscillate perpendicular to the magnetic field direction. The 

oscillations of the electron beam give rise to the emission of X-rays as synchrotron radiation. The opening 

angles of the magnets provide different spatial distribution in the radiation and the opening angle (1/γ) is 

defined as in equation 2.1: 

  
 

   
  ,                                                                 (2.1) 

where E is the energy of electron (in GeV), m0 is the rest mass of the electron and C is the speed 

of light.  

 The beam lines carry the emitted radiation from the synchrotron ring to the experimental station. 

The X-ray radiation is monocromatized by using a grating monochromator and the desirable photon 

energy can be obtained with tuning of the monochromators. One of the interesting features of synchrotron 

based X-ray source is the photon flux. The photon flux is defined as the number of photons per time and 

relative energy width.  On normalizing the photon flux to the angular divergence the brightness of the X-

ray can be obtained.  When the brightness is normalized to the area of the radiation source the brilliance of 

X-ray is obtained and the brilliance can be given as in equation 2.2. The brilliance of X-ray light source 

over the years is shown in Figure 9(b) [ (89)] 

               
                 

                                
                                         (2.2) 
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2.2.2 Experimental setup at synchrotron  

The experiments at BESSY II are carried out with the beam line U49/2 PGM2. The insertion 

device of this beam line is an undulator and it consists of 84 periods and is 49.4 mm long. The 

monochromator used in this beamline has a plane grating with 1000 and 300 lines per mm [ (90)].   The 

photon energy from 85 to 1890 eV can be obtained with the accuracy higher than 0.1 eV. This range of 

energy is covered by three odd harmonics (1
st
, 3

rd
, and 5

th
) and with the change in energy the harmonics 

change automatically. For calibration of the beamline photon energy, N2 gas phase 1s→π* edge 

absorption spectra is used. The brilliance at different photon energy of the beamline is shown in Figure 6 

(a) with the three harmonics.  

 

Figure 10: Brilliance of U49/2 PGM2 beam line at different photon energy (a) and the 

broadening of photon energy with different slit width for different photon energy (b). 

The energy resolution of the photon energy depends on the exit slit width. Figure 10(b) shows the 

dependence of energy broadening with the exit slit width. The broadening here is from the photon energy 

not from the experimental resolution determined by the analyzer.  For the experiment in multi bunch 

hybrid mode generally the 20 and 30 μm are used for XPS and XAS respectively, but at low α mode 

higher slit width such as 50 μm is used.  

The end station of beamline has ASAM system with SPECS Phoibos 150 hemispherical electron 

analyzer for photoelectron spectroscopic (PES) measurements. For the XAS measurements two Keithley 

picoamperemeter  devices are employed where one of these device used to measure the sample current to 

get the total electron yield (TEY) and another is used to measure the current (I0) due to the photon flux on 

refocusing mirrors. The Specs Lab 2 software is used to control and to collect the data from 

measurements. The software is connected to the beam line computer to change the photon energy for X-

ray absorption measurements. The ability of software to change the photon energy and measure the record 

data from analyzer and Keithley devices enable us to perform the experiments like PES, XAS, CIS, CFS 

and res-PES with the same instrument.  
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2.3 Experimental methods 

2.3.1 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface analyzing technique to study the elemental 

composition of the surface.  Due to the elemental specific application of XPS, it is also known as electron 

spectroscopy for chemical analysis (ESCA). The XPS system was first developed by Siegbahn and 

coworker in mid 1960’s at the University of Uppsala, Sweden (91). In this method of surface 

characterization, the surface is illuminated with monochromatic light which cause the emission of 

electrons from the illuminated surface. The monochromatic source of light can be the  gas discharged lamp 

as source of UV light , or the commercial laboratory based X-ray sources such as Mg Kα (1253.6 eV) and 

Al Kα (1486.6 eV). Another source of monochromatic X-ray is synchrotron radiation where a range of 

monochromatic X-ray can be obtained according to the requirements.  XPS techniques are very surface 

sensitive due to the low attenuation length of photoelectrons.  The attenuation length depends on the 

photon energy hence the synchrotron radiation enables to get the electron from different depth   from the 

surface of the material.  

2.3.1.2 XPS theory 

The electrons in the core level of molecules are localized to a specific atom like the electrons 

localized in atomic orbital. These core levels in the molecules are filled with the electronic density of 

states and these core levels are quantized in nature. This means the discrete core levels have discrete 

energy and the energy differences between each level are large enough to be distinguished. In the process 

of X-ray photoelectron spectroscopy the energy level of the electrons are determined to identify the 

element.  In a simplified picture, when the surface is bombarded with monochromatic light (X-rays) of 

energy hυ (h is Plank’s constant and υ is the frequency of the light) the electron from the surface will be 

ejected with certain kinetic energy (Ek). From this the binding energy (EB) of the electrons (core levels) 

can be determined using the equation 2.3:  

          ,                                                             (2.3) 

where,   is the work function of the material.  

The analyzer measure the kinetic energy of the emitted electrons and the accuracy of measurement 

depends on the calibration of the analyzer. When the analyzer and the sample are in electrical contact the 

Fermi level can be taken as the reference other than the work function. Since it is not always easy to 
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determine the work function of the investigated materials, taking Fermi level as reference point for 

experiment is more convenient. In such case the equation 2.3 can be simplified as in equation 2.4.  

                                                                           (2.4) 

The binding energy is the finger print of the orbital as well as the material itself. Other than the 

core level binding energy of the electrons depends on the final state configuration of the core levels after 

the emission of electrons (relaxation/ screening of the core hole) (ΔErelax), the chemical environment of the 

atoms (ΔEchem.) and also the electron correlation (ΔEcorr) and the relativistic energy (ΔErel). 

                                                                        (2.5) 

There are more effects from the final state that affects the binding energy of the emitted electrons 

and the line shape of the spectra.  One of the strong effects of final state is the spin-orbit coupling. Due to 

the spin-orbit coupling the XPS peaks for none zero angular momentum quantum number (p, d, and f sub 

shells) split into two peaks. The spin-orbit coupling gives rise to two possible states with two different 

values of spin s (parallel spin and anti parallel spin) and is given by       .  For p-orbital core level 

with one electron out the j value will be 3/2 and 1/2 for spin s  ½ and -½ respectively. The p3/2 peak will be 

at lower binding energy where as p1/2 will be at higher binding energy.  The spin-orbit split peaks have 

branching ratio according to the multiplicity       . For p-orbital core level the p1/2 and p3/2 have the 

branching ratio of 1:2. The final state effect also contributes to another peak which is called the shake-up 

satellite. In this process the emitting electrons on the way lose their energy to excite valence electrons in to 

the conduction band (unoccupied state). These emitted electrons with less kinetic energy than the core 

electrons have peak at higher binding energy and this peak is known as shake-up satellite.  

In the final state the relaxation process can occur through two processes.  In one case the core hole 

can be filled with the electron from the higher orbital and the extra amount of energy can be released as 

photons. In the second case the core hole can be filled with another electron from the higher sub shell and 

the difference amount of energy will knock out another electron. This ejection of electron due to relaxation 

process is known as Auger electron.  

2.3.1.3 Application of XPS 

The photoelectron spectroscopy can be used to get information about both the qualitative and 

quantitative properties of the material on the surface. In the qualitative analysis, binding energy of emitted 

electrons can be used to know the chemical composition and chemical status of the element in compound. 
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In the quantitative analysis, the information about the quantity of each component in a chemical 

compound (elemental ratio) and composition of a surface into the surface (depth profile) can be obtained.  

 Chemical composition and the oxidation state of element  

The photo emitted electrons from same orbital have different energy for different elements.  The 

equation 2.5 offers a unique value for each element, which makes possible to have information about the 

elemental composition on the surface.  

On the other hand the binding energy can shift due to the chemical environment or the chemical 

state of the element in the material. The shift in binding energy depends on number of electrons taking part 

in chemical bonding and as well as type of chemical bonding. Due to the chemical bonding when the 

population of electrons in the outermost shell decreases the effective charge experienced by the core 

electron increases and hence the binding energy shift to higher binding energy position. On the other way 

around when the population of electron in the outer most shell increases the effective charge experienced 

by the core electron decreases and hence the binding energy moves to lower energy.  The shift in binding 

energy (ΔEB) is given by equations 2.6 and 2.7.  

       
      

   
    

     
      

   
    

                                      (2.6) 

       
    

   
    

     
         

                                            (2.7) 

where Ei is the initial state energy, Ef corresponds to final state energy, and A, B correspond to 

two different atoms.  

 Elemental ratio of the surface  

Photoelectron spectroscopy can also be used to determine the elemental ratio on the surface of the 

material.  The intensity of the spectra depends on the concentration of the element present. More 

physically the intensity depends on certain factors like incident photon flux (φ), atomic density (n), atomic 

cross section for the transition to occur (σ), the inelastic mean free path at the desired photon energy (λ), 

the distance (x) and the angle (θ) at which the photoelectrons are collected. Mathematically the intensity of 

the PES (I) is given by the equation 2.8. 

                
 

 

   

                                                                          (2.8) 
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For different elements the above factors are different and hence when the intensity of two 

elements is compared these factors must be taken into consideration. Considering two elements A and B 

on the surface the intensity of these two elements can be given as IA and IB. The physical parameters 

affecting the intensity of the PES can be defined as atomic sensitivity factor S. The values for inelastic 

mean free path and the atomic cross-section can be obtained from the data base [ (92), (93)]. The ratio of 

the two elements present on the surface can be determined by taking the ratio of peak intensity after back 

ground correction as shown in the equation 2.9.  

 

 
 

     

     
                                                                        (2.9) 

The same approach can be used to determine the ratio between oxidation states in the material by 

taking the intensity ratio of each peak due to the different oxidation states.  

 Depth profiling  

In the quantitative analysis the PES spectra can also give information about the composition of the 

material from the surface to deep into the material. The depth profiling can be done in two ways, 

destructive depth profiling and non destructive depth profiling. In the destructive depth profiling the ion 

beam is used to etch the surface layer by layer and after each layer the XPS spectra is recorded in order to 

determine the chemical composition. On the other hand the non destructive depth profiling can be done 

using different photon energies, which can only be done using synchrotron radiation. Since the emitted 

electrons have different inelastic mean free path at different photon energy the information from different 

depth of the sample is obtained. 

With the concept of depth profiling the thickness of the over layer grown on a substrate can be 

determined with PES.  

 

Figure 11: Schematic diagram of substrate and over layer for PES measurements. 
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Figure 11 shows a substrate covered with an over layer. The intensity of the substrate, Is, is 

generally given by the equation 2.10.   

The intensity of the substrate is given by  

                    
                                               (2.10) 

However, in this case, Is will be attenuated by the extra mean free path offered by the over layer:  

                         
           ,                               (2.11) 

where λs, and λsov are the inelastic mean free paths of the substrate before and after adding an over 

layer. 

On solving the equation the thickness of the over layer is obtained as following  

            
   

  
 
  

   
                                                  (2.12) 

Or with over simplification it can be given as  

           
  

                                                          (2.13) 

   2.3.2 X-ray absorption spectroscopy (XAS)  

X-ray absorption spectroscopy (XAS) is another process of photon in electron out through the 

photo electric effect. In XAS process the X-ray of energy ranging from hundred eV to tens of KeV is 

absorbed by the material depending on their X-ray absorption cross section (σ). The absorption probability 

of the X-ray for specific material is given by Lambert Beer’s law: 

                                                                      (2.14) 

Where I0 and I are the incident and transmitted intensity of X-ray respectively, µ is the absorption 

coefficient and x is the thickness of the material. The absorption coefficient µ is the inverse of the 

penetration depth.  

The X-ray excites the electrons belonging to the strongly bonded core level or weakly attracted 

electrons in valence band into the unoccupied state or continuum states. The XAS spectra are measured as 

the absorption intensity with the photon energy. The intensity of the XAS peak is proportional to the 
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electron excitation probability from initial state to final state Pif. Hence the absorption cross section (σif) 

can be defined according to Fermi’s golden rule,  

        
   

 
  

   

 
 
  
 
 

  
               

   
                                       (2.15) 

Where α is the fine structure constant (1/137), e is the direction of the electric field vector and P is 

the dipole moment operator.  The total absorption cross section can be given by integrating over the σif. 

                                                                       (2.16) 

The density of state ρf(E) in the infinite final state life time will have definite contribution when 

the  transition energy will be             . 

Equation 2.15 implies, the absorption cross section will have a definite value when the electron 

from the core state (i) will move to the final state (f) upon excited by X-ray incident light. The possible 

transition from initial state to final state depends on the energy of the X-ray and the dipole selection rule. 

When the incident X-ray have lower energy than the binding energy of the initial state electron then the 

electron will not movie to the final state obtaining the absorption cross section value zero. When the 

photon energy is higher than the binding energy of the initial state electron then the x-ray will be absorbed 

and the electron will be transferred from initial to final state if the dipole selection rule will be satisfied. 

This transition will cause a definite value of absorption cross section and hence the XAS peak will be 

observed.  

2.3.2.1 Dipole selection rule 

The transition from initial state (  ) to final state (  ) occurs only when the transitions are dipole 

allowed with appropriate photon energy. In the equation 2.15 the dipole moment operator follows the 

dipole selection rule and when this rule is followed then only there will be absorption. Hence the dipole 

selection rules for allowed excitation are given as bellow: 

i. Change in orbital angular momentum quantum number; Δl= ±1 

ii. Change in  magnetic quantum number ; Δml= 0,±1 

iii. Change in spin quantum number ; Δms= 0 

iv. Change in total angular momentum ; Δj= 0, ±1 

The above mention selection rule can be applied to the single electron excitation process. For 

many electron processes the selection rule can be described taking the summation of individual quantum 
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numbers.  The total orbital angular momentum of the atomic system can be gives as the summation over 

the orbital angular momentum of electron              and on the other hand the total spin quantum 

number can be given as summation over the spin quantum number of each electrons (            . The total 

angular momentum is represented by J, but the total angular momentum can be defined in two different 

ways depending on the number of electrons in the atom.  

For the light elements the total angular momentum of an atom can be given by the Russell-

Saunders (L-S) coupling. The total angular momentum of an atom is the vector sum of the total orbital 

momentum and the total spin angular momentum, i.e.               . The value of J ranges from |L-S| to 

|L+S|.  

To determine the total angular momentum for heavy element the L-S coupling is not valid for 

transition of electron core level to unoccupied level.  In this case the spin-orbit interaction in individual 

electron is stronger than the spin-spin or orbital-orbital interaction of individual electrons.  So to get the 

total angular momentum, j-j coupling is followed and is given by summation over the individual angular 

momentum (l) and spin momentum (s), i.e.,                   . 

The quantum number of an atom with multiple electrons can be represented by the total spin 

quantum number S, angular momentum number L, total angular momentum J and the primary quantum 

number is n.  The spectroscopic notation of an atom is given by quantum number 
2S+1

LJ. 

For multiple electron transition the dipole selection rule is given as bellow: 

i. Change in orbital angular momentum; ΔL = 0, ±1  

ii. L= 0↔0 is not allowed ( S orbital to S orbital transition is not allowed) 

iii. Change in spin quantum number ;  ΔS= 0 

iv. Change in total angular momentum ; ΔJ = 0, ±1  

v. J= 0↔0 transition is not allowed 

The dipole operator has an odd parity and the parity also changes with an electric dipole transition. 

So for the allowed transition the parity of the wave function must change. 
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2.3.2.2 X-ray linear dichroism  

The absorption of polarized light is dipole dependent. This means that the absorption of X-ray is 

different in different orientation of the dipoles in the materials. The equation 2.15 shows that the intensity 

of the absorption depends on dipole moment operator and this defines the polarization of the transition 

according to the relation  

                                                                   (2.17) 

Where Px, Py, and Pz are the electric dipole moment operators along x, y, and z directions 

respectively. The constant ei represents the charge on the i
th
 particle and xi, yi and zi are the Cartesian 

coordinates.   

The intensity of the X-ray absorption (dipole allowed transition) is the dot product of the incident 

electromagnetic wave (photon) and the transition dipole moment (94) and is given as bellow; 

         
             

                                                    (2.18) 

Or                                                                     (2.19) 

Where E is the polarization of the electric field vector of electromagnetic wave (photon) and θ is 

the angle between electric dipole moment and the E. 

Linear dichroism is the difference in absorption of horizontally polarized light (I║) and vertically 

polarized light (I┴). The X-ray linear dichroism (XLD) can be given as bellow  

     
     

     
                                                               (2.20) 

2.3.3 Resonant photoelectron spectroscopy (res-PES) 

The X-ray absorption spectra (XAS) can be represented by the resonance photoelectron spectra 

with resolved energy of absorption. The XAS can be resolved into number of spectra scanned with 

different photon energy at resonance energy range collected over the valence band region. 

At the resonance energy the elemental cross section for X-ray absorption increases and hence the 

number of emitted photoelectron for the element with resonating to the incident energy increases. So PES 

for a particular element has several order higher magnitude than the other elements in the same material at 

resonance energy. Generally the res-PES is taken over the VB region and due to the higher absorption 
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cross section for particular element the PES has higher intensity at a define photon energy in the VB 

spectra. The res-PES is able to identify the contribution of each element to the VB of the materials and 

hence it enables to find the contribution of different elements in partial density of states (pDOS) at 

occupied states (valence band states). On the other hand, VB spectra taken with different photon energy of 

a core level absorption edge are summed up to define the conduction band. The XAS spectra at a certain 

absorption edge of the element can be considered as the partial density of states in the conduction band 

due to that element.  

 

Figure 12: Schematic representation of Kramer-Heisenberg mechanism with ground, intermediate 

and final states presenting both excitation and de-excitation processes. The diagram is reproduced from 

(95). 

The res-PES is a second order photo electrical process consisting of excitation and de-excitation 

of electron upon photon incident.  In the excitation process the core electron is excited to transfer into an 

intermediate state and there after the electron at the intermediate state decays with emission of electrons 

via Auger process to the final state as shown in Figure 12. The excitation and de-excitation processes can 

be described by second order quantum formula known as Kramers-Heisenberg formula (95).  

In the process of res-PES the electron from the ground state      is excited into the intermediate 

state      and the intensity of this transition is determined by the transition operator T1. The full width of the 

resonance will determine the lifetime (Γi) of the intermediate state. The excited intermediate state       will 

decay through the photoemission process into the final state      and the transition intensity will be given 

by the transition operator T2. Since the final transition is the photoemission process the transition operator 

T2 describes the resonant Auger decay process.  

In this two steps process the emitted electron intensity will be the function of X-ray energy Ω and 

emitted photoelectron energy ω as well as energy Eg,i,f  (energy of ground, intermediate and final states) is 

given by Kramers-Heisenberg relation: 
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                                  (2.22) 

The interference of the intermediate states that decay to the same final state can change the 

intensity of the decay but not the energy position, hence the equation 2.22 can be further simplified by 

ignoring the interference effect: 

          
        

         
 

           
  
 

 

   

  

  

             
  
 

 

                                     (2.23) 

2.3.3.1 De-excited process (decay of intermediate states) 

The res-PES process is accompanied by one excitation process from ground state to the 

intermediate state and a de-excitation process intermediate state to the final state. The de-excitation 

process is more helpful to determine the lifetime, bonding hybridization and the arrangements of chemical 

bonding in the material. But the decay process can lead to the emission of photon and or emission of 

photoelectrons due to Auger decay.  

The excitation process leaves behind core hole in the sub-shell of the atom, and the core hole can 

be filled by the electron from the next higher sub-shells. The filling of the core hole by the electron from 

the higher sub-shell will result in emission of photon due to the energy differences as shown in Figure 13 

(a). On the other hand there is also possibility that the energy of due to the filling of core hole can be 

transfer to the valance state electron and will cause the emission of photoelectrons in the form of an Auger 

electron as shown in Figure 13(b).  

 

Figure 13: Schematic diagram of the de-excitation process showing two possible way of decay 

result, emission of photon (a) and emission of Auger electrons (b). 
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The photoemission process due to the core hole filling has to follow the dipole selection rule since 

this is an optical phenomenon. But when the core hole filling results in emission of photoelectron the 

Columbic operator becomes more important than that of the dipole moment operator. Hence the Auger 

decay process does not need to follow the dipole selection rule. The Auger decay can occur through 

spectator or participator or spectator and participator processes.  

The above mentioned two final processes (photoemission and photoelectron emission) depend on 

the atomic number of the element (96). For the element below the atomic number 15 the Auger decay 

process is dominating and with the increase in atomic number the photoemission process increases. For 

elements with atomic number higher than 60 the photoemission process becomes dominating.  

A part of this thesis work is dealing with the non radiative decay mechanism of TiO2 in res-PES 

measurements. So in the present part of this chapter different Auger decay mechanism will be discussed.  

2.3.3.2 Auger decay process 

The core hole generated by core ionization or core-excitation is not in equilibrium energetically. 

The average life time of this kind of core hole is only few femtoseconds and hence the core hole decay 

quickly. The core hole is filled by the electron from the next higher sub shell and the extra amount of 

energy is transferred to another electron, subsequently the electron is knocked out from the orbital.  This 

emitted electron is known as the Auger electron. The final state after the Auger decay is a two hole stable 

state.  The Auger electron has a constant kinetic energy, therefore the binding energy is photon energy 

dependent and the kinetic energy (K.E) is given by  

                 ,                                                       (2.24) 

 where EK,Auger, EB,2h and hν are the kinetic energy of Auger electron, binding energy of the two 

holes final state and the incident energy.  

For example, when a core hole for 1s (K-shell) level is formed by photoemission, then an electron 

from the 2p (L-shell) will fill the core hole and another electron from the 2p will be emitted as an Auger 

electron. This Auger transition will be named as KL2,3L2,3 Auger.  

At non resonance energy excitation there can be other two decay processes namely Coster-Kronig 

(CK) and super Coster-Kronig (sCK) can also exist (97).  In the CK Auger decay the core hole is filled by 

the next sub shell with same principal quantum number. When a core hole is created in L shell and the 

electron from the L shell fills the core hole emitting an electron from the M shell than the Auger transition 
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is L2L3M4,5 CK Auger decay. The ionization energy of the M shell electron must be less than the 

transferred energy from L3 to L2 than only the CK Auger decay would be possible.  The CK Auger process 

is very fast compare to the normal Auger decay in 3d metals for L2 shell and hence is dominating 

phenomena in de-excitation process (98). But due to the low kinetic energy the CK Auger peak is not clear 

detectable as it has the same intensity of the back ground.   

In the super Coster-Kronig, the participating electrons filling the core hole and the emitted 

electrons have same principal quantum number.  This means that the sCK Auger decay occurs inside a 

single shell. 

The de-excitation process in case of resonant photoelectron spectroscopy is more complex than 

the non resonant one.  The Auger process involved in res-PES is discussed here. 

Upon resonant excitation the core electron excited into the intermediate unstable state and the 

transition for a 3d element can be written as bellow: 

                                                                            (2.25) 

 

Figure 14: Schematic diagram of res-PES process (a) and the decay process via participator 

decay (b) and spectator decay (c). 

The core hole will decay when the excited electron from the intermediate state will fill the core 

hole and as a consequence the decay process leaving behind single valence hole. The electron from the 

valence state will be emitted as a photoelectron and this process is known as spectator decay and is shown 
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schematically in Figure 14(b). The intermediate decay process of participator decay can be given by the 

equation 2.26: 

                                                                     (2.26) 

                                                                  (2.27) 

The participator decay is like the normal photoemission and hence the kinetic energy of the 

emitted electron depends on the excited photon energy. The participator decay is accompanied by a one 

valence hole.  

In another possible decay mechanism the core will be filled by the valence electron and another 

electron from the valence will be emitted as Auger process as shown in Figure 10(c). The electron emitted 

by this process is the spectator electrons and the Auger decay is the spectator Auger decay.  The spectator 

decay can be expressed as in the equation 2.28. 

                                                                        (2.28) 

In spectator Auger decay the kinetic energy of the electron depends on the energy difference 

between the core level and the refilling electron. Hence the kinetic energy in this case is constant and is 

independent of excitation energy.   

Different Auger decay transitions have different lifetimes. The life time of participator Auger 

decay is faster (τ = 500 fs) than spectator auger decay (τ = 1 fs). The involvement of two electrons in 

participator decay process makes it faster than the spectator decay. The lifetime and final hole state of the 

different Auger processes is given in the Table 4. 

Table 4: Lifetime and final state hole of different decay processes. 

Process Final state hole Lifetime (τ) References  

Excitation  - <1 as  

Participator 1h 500 as  

Spectator 2h 1 fs (99) 

Croster-Kronig 2h <spectator  

Super Coster-Kronig 2h 1/10 Coster Kronig  

Core hole - <6 fs (100) 
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2.3.3.3 Measurement and Study of res-PES 

 

 

              Figure 15: Schematic diagram of res-PES measurement. The X-axis is the excitation energy that 

represents the conduction band and the Y-axis the initials state energy (valence band). The vertical red 

region is the resonantly excited states (exciton). The intensity along the horizontal line is the participator 

auger decay (1 hole final state) and the intensity making an angle 45° with the horizontal is the spectator 

Auger decay (2 holes final state). The CIS and CFS can be obtained from res-PES by taking the cut along 

the constant binding energy and kinetic energy, respectively. 

The res-PES measurement is equivalent to the normal photoelectron spectroscopy. In res-PES 

measurement a number of PES are taken across the valence band region with the photon energy around the 

absorption edge of the desired element. The monochromator connected to the controller automatically 

switch the photon energy by steps in energy. At each photon energy, the VB spectra are collected and then 

the photon energy changes after VB spectra. This cycle is continued for a range of photon energies along 

the absorption edge. The data collected for res-PES measurement are transferred to a matrix of data with 

X-axis as function of photon energy and Y-axis as binding energy of the VB by using the script written by 

Matthias et al. (101). The intensity of the photoelectrons are given in the color code in the logarithmic 

scale and the brightness of the point in res-PES related to the intensity. Figure 15 shows a schematic 

representation of the res-PES measurement. From the single res-PES measurement several information, 

such as content initial state (CIS), constant final state (CFS), and XAS can be obtained.  The Auger decay 

profile can also be detected from the intensity in the res-PES measurements. The one hole final state 

corresponding to the participator decay has constant binding energy and is marked as zero degree with the 

X-axis. On the other hand the two holes final state (spectator decay) has the constant kinetic energy and 

this is observed at an angle of 45º to the photon energy axis. The integration of the res-PES along the 

energy will give rise to the XAS of the element at that edge.  
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2.3.3.4  Charge neutrality level (CNL) 

The band alignment of semiconductors or semiconductor-metal depends on the interfacial state of 

the materials and hence also changes the electronic properties of the material overall. At the interface of 

metal-semiconductor a defect state is formed known as metal induced gap state (MIGS) and in 

semiconductor-semiconductor interface the defect state is the virtual gap states (ViGS) (102). The MIGS 

or ViGS have the branch points which change the charge density of the valence band of semiconductor.  

The net charge in the MIGS or ViGS depends on the position of the Fermi level with respect to the branch 

points. When the Fermi level is below, equal or above the branch point the charge of the MIGS is positive, 

zero or negative respectively. So the branch points are the levels that neutralize the charges at the inter 

face and hence called as charge neutrality level (CNL). The CNL play the role of and effective Fermi level 

at the interface of metal-semiconductor or semiconductor-semiconductor. The CNL is used to define the 

metal-semiconductor or semiconductor-semiconductor interface. In case of metal-semiconductor interface 

the CNL are pinned at the interface. On the other hand the interface of the semiconductors can be defined 

by aligning the CNL of each semiconductor. Unlike Fermi level the CNL of semiconductor does not 

change at the interface and it is an intrinsic property of the semiconductor.  

 

Figure 16: Schematic diagram showing the DOS of VB (dark shaded region), CB (lightly shaded 

region) and the determined CNL from VB and CB. 

The averaged band structure of the Brillouin zone Greens function equaling to zero gives the CNL 

of the semiconductor [ (103), (104) ]. In other words the CNL is the averaged weight of the density of 

states in occupied and unoccupied states. This means the CNL is the mid gap of the bonding and anti 

bonding sates. Schematic representation of the CNL is given in Figure 16 where the CNL lies in the 

middle of the weight of the DOS in valence band and conduction band. It can be given as equation 2.29: 
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 ,                                                      (2.29) 

where N1 is the number of states at valence band energy E1 and N2 is the number of states in 

conduction band energy E2. 

2.3.4  Photoelectrochemical measurements  

The photoelectrochemical measurements are performed using a VERSSTAT 4 potentiostat. A 

single compartment bottom cell made up of Tafelon is used to characterize the photoeletrodes. The Si, 

TiO2/Si and TiO2 coated Si micro pillars (SiMPs) are used working electrode (photoelectrodes). The back 

contacts of photoelectrodes are made by carefully removing the SiO2 layer on the back and using InGa 

eutectic to form Ohmic contact. The Ag/AgCl electrode with 3M KCl is used as the reference electrode 

while that of Pt foil is used as counter electrode in the photoelectrochemical system. The potentials during 

the measurements are applied with respect to the Ag/AgCl reference electrode and then potential is 

converted into reverse hydrogen electrode (RHE) applying the equation 2.30. 

                                              (2.30) 

Where, E
0
AgCl= 0.197 V, ERHE is the equivalent reverse hydrogen electrode potential, EAgCl is the 

applied potential with respect to the Ag/AgCl electrode. 

The photoelectrodes are tested by three electrochemical methods; cyclic voltammetry (CV), linear 

scan voltammetry (LSV) and the chronoamperometry. The CV and LSV are used to test the 

photoelectrochemical activity of the photoelectrodes while the chronoamperometry test is used to check 

the photocatalytic stability of the photoelectrodes. The scanning rate of 50 mV/s was used for the cyclic 

voltammetry and linear scan voltammetry experiments. The areas of working electrodes are always kept 

constant and are 0.38 cm
2
. The current collected are normalized to the illumination area of the 

photoelectrodes to determine the current density. The 0.5 M phosphate buffer solutions of pH 7 and 0.1 M 

H2SO4 of pH 1 are employed to study the properties of the photocathode. The used electrolytes were 

purged for about 20 min. with N2 in order to minimalized the oxygen gas content. 

For the photoelctrochemical studies a tungsten lamp (Euromax fiber optic light source EK1) with 

light intensity of 40 mWcm
-2

 at wavelength of 610 nm was used. The intensity of the lamp was always 

adjusted with a solar cell. The absorption of the light due to the electrolyte is neglected here. 

 

AgClAgClRHE EpHEE 0059.0 
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Chapter 3  

RESULTS AND DISCUSSION  

In this chapter results regarding the deposition of TiO2 films by ALD and their electronic 

properties studied by X-ray photoelectron spectroscopy are presented. This chapter is divided into three 

sub chapters depending on the results.   

The first section of this chapter is dedicated to the detailed analysis of the growth of TiO2 by the 

ALD technique using X-ray photoelectron spectroscopy. This mainly deals with the growth process of 

TiO2 by ALD, the effect of growth parameters such as temperature, pressure, and the type of ALD 

processing, i.e. thermal and plasma.  

In the second chapter the electronic properties of thin TiO2 films grown by ALD are studied using 

synchrotron radiation and laboratory based X-ray spectroscopy. This is followed by the study of dichroism 

in TiO2 ALD films by X-ray linear dichroism experiments.       

The final section of this chapter deals with the application of TiO2 film as a protecting layer for 

photoelectrodes used for photocatalytic water splitting. The PES is used to determine the role of protecting 

layer against photo corrosion.  

3.1 Deposition of TiO2 by ALD 

The titanium dioxide is deposited using two non-corrosive and halide free precursors namely 

titanium tetra isopropoxide Ti{OCH(CH3)2}4 (TTIP) and titanium tetra methoxide Ti(OCH3)4 (TiOMe) as 

source of Titanium in the ALD process. The melting point of TTIP is 17 °C and hence this precursor can 

have high vapor pressure at room temperature. On the other hand the TiOMe is a solid at room 

temperature (melting point is 200 °C). In both cases, H2O is used as the source of oxygen. In the early 

stage of investigation, to get the standard films of TiO2 by ALD, both depositions are carried out at only 

one temperature for each precursor used. A laboratory made ALD system is used to grow the TiO2 and the 

base pressure of the system is kept at 10
-6

mbar. The growth parameters are given in the Table 5. 
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Table 5: The growth parameters used in deposition of TiO2 using  TTIP and TiOMe in the ALD system.  

Precursors Precursor 

temp. 

Chamber 

temp. 

Precursor 

pulse time 

(s) 

H2O pulse 

time (s) 

Time 

between 

two pulses 

(s) 

Substrate 

temp. 

TTIP Room temp. 100 °C 4  0.5  15  250 °C 

TiOMe 180 °C 100 °C 6  0.5  30  300 °C 

The substrate temperature and the time interval between two pulses are different for each 

precursor. The substrate temperature for TTIP and TiOMe are 250 °C and 300 °C respectively. The 

growth temperature chosen here are the temperature region where the growth rate per cycle is constant for 

TTIP and TiOMe [ (105), (106)]. The growth temperatures are well below the decomposition temperature 

325 °C and 350 °C for TTIP and TiOMe respectively [ (107), (106)] The time interval in the case of 

TiOMe (30 s) is higher than in the case of TTIP (15 s) in order to get the appropriate vapor pressure during 

deposition due to the fact that TiOMe is a solid precursor.  

The mechanism of deposition of TiO2 using metal alkoxide depends on the operating temperature 

for the deposition. In case of TTIP the reaction byproducts can be different species such as C3H6(g), 

(CH3)2CHOH (g), CH3COCH3(g) and ((CH3)2CH)2O(g) in different ranges of the operating temperatures [ 

(108). When the substrate temperature is above 347 °C the byproducts propane and hydrogen hinder the 

ALD process by removing the adsorption sites for self-limited growth (105). In the present experiment the 

deposition temperature chosen is 250 °C and at this temperature the growth mechanism can be described 

using the equation 3.1. 

                                                                      (3.1) 

The solid precursor titanium tetra methoxide is the most table metal alkoxide used for deposition 

of TiO2. Pore et al. (106) showed that the composition of the film is consisting of H:C in the ratio of 3:1 in 

the deposition temperature range  of 200 °C to 350 °C.  So the reaction mechanism for the deposition of 

TiO2 using TiOMe can be described by the equation 3.2. 

                                                                     (3.2) 

The samples are grown in an in-situ ALD system at the U49/2-PGM beam line at BESSY-II, 

Berlin. The substrate temperature is maintained constant by placing the samples on a ceramic heater and 

the samples are kept for 10mins on the heating plate to realize equilibrium in temperature throughout the 

sample. After the deposition, the sample is transferred to the measuring chamber only after the base 

pressure of ALD chamber reaches 10
-7 

mbar, since the chamber is attached directly on the experimental 
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chamber of PES experiments. The samples are irradiated with the X-rays having energy of 640 eV and the 

photoelectrons are collected with the hemispherical analyzer as explained in the experimental part (see 

chapter 2.2.2 Experimental setup at synchrotron). The data are collected with the pass energy of 20eV and 

with the scan rate of 0.1eV s
-1

. 

Two sets of samples are grown and characterized with in-situ XPS. A first sample set is grown 

using the TiOMe precursor for 10, 40, 100 and 200 ALD cycles. In another sample set TTIP precursor is 

used and the samples are grown for 50, 100, 150 and 200 ALD cycles. The growth parameters are given in 

Table 5. 

 

Figure 17: Overview spectra of TiO2 deposited on Si/SiO2 using TiOMe(a) and TTIP (b) recorded 

at 640 eV photon energy. The numbers in the labeling presents the number of ALD cycles.  The red boxes 

in the plots show the position of C1s while blue and green boxes indicate the Ti2p and O1s respectively. 

The quality of the film is of primary importance for study of fundamental properties of the 

material as well as its application in various fields.  In the vapor deposition techniques using metal 

alkoxides, the films are mainly contaminated with carbon. Depending on the deposition conditions the 

amount of carbon in the film varies and it also affects the quality and properties of metal oxide films.  The 

carbon contamination of the TiO2 films deposited in this work is investigated by using the C1s region in 

the PES survey spectra. In Figure 17 the PES survey spectra of TiO2 ALD films after different ALD cycles 

using TiOMe (Figure 17(a)) and TTIP (b) are shown. The peak at 285 eV (marked with red boxes) 

corresponds to the C1s contribution. The C1s intensity of TiO2 films prepared by in-situ ALD is very less 

compared to the Ti2p (blue boxes) and O1s (green boxes) intensities. Moreover, the in-situ facility to 

measure XPS allows the measurement of the sample without contamination from outside. Therefore the 

carbon peak is due to the amount of carbon present in the sample. The intensity is a measure of the amount 

of elemental carbon within the material and here the lower intensity of the C1s peak suggests that the 

samples contain lower amount of carbon in them. 
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The XPS spectra of Si2p peak are shown in Figure 18 for TiO2 grown using TiOMe (a) and TTIP 

(b). The peak at 99.5 eV corresponds to elemental Si where as the peak at higher energy of 103.7eV 

corresponds to the Si
4+

 states. The Si
4+

 is due to the presence of native oxide on the Si surface. In Figure 

18 the peak intensities at 99.5 and 103.7 eV both are attenuated after each deposition cycles.   

In Figure 18(a), it’s visible that the decrease in peak intensity at 99.5 eV is nto linear with the 

number of cycles. It decreases sharply from 20 to 40 ALD cycles. In contrast, the change in intensity of 

the peak from 100 to 200 ALD cycles is less compared to the change from 10 to 40 ALD cycles. 

Nevertheless, the attenuation of intensity of Si2p peak with the number of ALD cycles confirms the 

deposition of TiO2 by ALD using TiOMe. The attenuation of the Si2p peak intensity can be used to 

determine the thickness of the over-layer on Si.   

The Si2p spectra after the deposition of TiO2 using TTIP are shown in Figure 18(b). The 

attenuation of Si2p from the deposition can be observed by comparing the intensity after 50 cycles and 

100 ALD cycles. The decrease in intensity from 50 to 200 ALD cycles is linear with the increasing cycle 

number. The linear decrease in the intensity is due to the increased thickness of TiO2 by ALD growth.  

In Figure 18 (a,b) the Si 2p peaks shift towards lower binding energy after deposition of TiO2. The 

shift in binding energy of Si2p is due to the final state effect of emitted photoelectron when the Si is 

covered with metal oxide [ (109), (110)]. The attenuation and the shift in peak position of Si2p confirms 

the deposition of TiO2 using these two precursors. The XPS peak intensity of the under-layer material can 
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Figure 18: Photoelectron spectra of Si2p taken after deposition of TiO2 using titanium tetra 

methoxide (a) and titanium tetra isopropoxide. These data are collected with the incident photon energy 

of 640eV at synchrotron radiation. The numbers in the labeling represent the number of ALD cycles 

used to grow TiO2. 
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be used to determine the thickness of the over-layer using equation 2.13. In the table below the determined 

thicknesses of the TiO2 layer deposited using two precursors are given.  

Table 6:  Determination of thickness of deposited TiO2 layer in dependence of the ALD cycle 

number for TiOMe and TTIP precursors. 

ALD Cycles Thickness of TiO2 (nm) using 

TiOMe 

 ALD Cycles Thickness of TiO2 (nm) using 

TTIP 

10 0.2  50 0.75 

40 0.8  100 1.5 

100 1.05  150 2.25 

200 1.38  200 3.0 

The Table 6 shows, that in case of TiOMe precursor the growth rate per cycle (GPC) is 0.02nm 

for the first 40 cycles. In the subsequent cycles the growth rate goes lower, for instance the GPC from 40 

and 100 cycles is 0.005nm GPC which is far below the first 40 cycles.  On the other hand the GPC is 

constant through the number of cycles for the TTIP precursor.  Here the GPC is constantly 0.015 nm in the 

investigated cycle number range. The overall GPC for TiOMe is 0.006 nm and for TTIP it is 0.015 nm. 

The growth rate in case of TiOMe could be due to its lower vapor pressure as compared to the TTIP which 

has the highest vapor pressure among the titanium alkoxides (105).  

In the previous works about the deposition of TiO2 using TiOMe, the GPC is found to be 

0.04 nm/cycles (111) and the present study shows a much lower growth rate. The ALD system used for 

the present experiments is home-built and dedicated to liquid/vapor based precursor. In the present study 

with the TiOMe the generation of vapor pressure was low so the growth rate is quite low compared to the 

literature data.  For the TTIP precursor the growth rate per cycles is 0.015 nm at the substrate temperature 

of 250°C and this GPC is close to the literature value (0.03 nm) of TiO2 growth rate using this precursor 

(105). In the literature there are some contradictory result regarding the GPC of TiO2 using TTIP in the 

different temperature ranges. Doring et al. found that the growth rate of TiO2 film is 0.15 nm/cycle at 150 

°C (112).  Later the literatures show more consistent values on the growth rate of TiO2 using the precursor 

TTIP. In the temperature range 200-250 °C the GPC was found to be 0.05-0.06 nm/ cycles (113) and 

0.068 nm/ cycle at the substrate temperature 150 °C (114). 

Figure 19 shows the O1s spectra of TiO2 on Si substrate deposited using TiOMe and TTIP by 

ALD method. In Figure 19 (a) and (b) the O1s peak is consisting of two peaks at 532.4 and 530.7 eV. The 

peak at 532.4 eV is the O1s peak signal from the substrate Si with native SiO2; whereas the peak at lower 

binding energy at 530.7 eV corresponds to the O1s from the deposited TiO2. The intensity of the peak at 

532.4 eV decreases with the increase in ALD cycles. This decrease is faster in case of the TTIP precursor 
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than in case of the TiOMe. After 200 ALD cycles the peak at higher binding energy (Si substrate related) 

is still visible for the TiOMe precursor but for TTIP it is not clearly visible and has only a small shoulder.  

For both the precursor the shift in the binding energy of the O1s towards the lower binding energy 

confirms the deposition of TiO2, whereas the decrease in intensity of the peak at higher binding energy 

shows the deposition rate. The O1s spectra of TiO2 on Si substrate are in agreement with the Si2p 

spectroscopic data in Figure 18. 

 

Figure 19: Photoelectron spectra of O1s taken after deposition of TiO2 using titanium tetra 

methoxide (a) and titanium tetra isopropoxide. These data are collected with the incident photon energy of 

640 eV at synchrotron radiation. The numbers in the leveling represents the number of ALD cycles used to 

grow TiO2. 

 

Figure 20: Ti2p spectra of TiO2 deposited on Si/SiO2 using TiOMe (a) and TTIP (b) by ALD 

method. The spectra are recorded after different ALD cycle numbers as labeled in the legend. In the inset 

of these figures the deconvolution of Ti
4+

 and Ti
3+

 states of Ti2p at Ti2p3/2 edge are shown. 

Titanium can stay in two oxidation states, Ti
3+

 and Ti
4+

, forming Ti2O3 and TiO2 respectively. The 

aim of the deposition is to form the pure TiO2 without contamination and Ti
3+

 states.  The PES of Ti2p can 

be used to examine the quality of the TiO2 deposited by ALD using these two precursors. Figure 20 (a) 
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and (b) show the Ti2p spectra for samples grown with TiOMe and TTIP respectively. The spectra are 

normalized to 1 at highest intensity and zero at lowest intensity. The spectra here cannot be used for the 

quantitative determination of TiO2 on Si/SiO2 substrate. The main peak at 459.2eV corresponds to the 

Ti2p with Ti
4+

 oxidation states. The highest peak intensity at 459.2 eV is due to the deposition of TiO2 on 

Si. But under careful analysis it can be seen that the peak at the Ti2p3/2 edge has a tail towards lower 

binding energy. This peak can be deconvoluted into two peaks as shown in the inset of Figure 20 (a) and 

(b). The fitting of the curves are done using the Fityk software (115). The peak at lower binding energy 

refers to the Ti
3+

 oxidation states and the higher binging energy peak is for Ti
4+

 states. The ratio of the Ti
3+

 

to Ti
4+

 is tabulated in the Table 7. The lower ratio of Ti
3+

:Ti
4+

 indicates that the material deposited is 

mainly consisting of TiO2 rather than Ti2O3.The Ti2p spectra are consisting of 3 more peaks; where the 

peak at 464.8 eV corresponds to Ti2p1/2 while two satellite peaks at 472.2 and 477.8 eV can be observed.   

Table 7:  Ti
3+

 to Ti
4+

 ratio for TiO2 deposited by ALD with TiOMe and TTIP. The determination is 

done using the fityk software to fit the Ti2p curve into two curves at the Ti2p3/2 edge into two curves for 

Ti
4+

 and Ti
3+

 oxidation states. 

ALD Cycles  Ti
3+

:Ti
4+

 

(TiOMe) 

 ALD Cycles  Ti
3+

:Ti
4+

 

(TTIP) 

10 0.109  50 0.142 

40 0.050  100 0.120 

100 0.044  150 0.126 

200 0.043  200 0.116 

 

Figure 21: The valence band spectra measured with 458 eV photon energy for TiO2 deposited for 

different ALD cycles as labeled using both the precursors TiOMe (a) and TTIP (b). 

The low photon energy 458 eV is used to collect the valence band spectra of theTiO2 films (Figure 

21). Since the films are very thin the lower photon energy is used to get the information mostly from the 

surface rather than from the bulk (substrate). All the valence band spectra are normalized to one at 8 eV 

for better comparison of the spectra from different samples. In the VB spectra of 10 ALD cycles with 
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TiOMe the broad peak at that energy starts from zero binding energy and extends into the VB. This is due 

to the very thin film of TiO2 and the signal is from the Si/SiO2 substrate. With the increase in number of 

cycles the peak broadening decreases. On the other hand after 50 cycles of ALD with TTIP the VB of Si is 

not visible.  The photoelectron spectra of all the elements such as Si2p, Ti2p and O1s are in good 

agreement that the growth rate in case of TTIP precursor is higher than in case of the TiOMe precursor.  

The position of the valence band maximum is obtained by extrapolating the slope of the spectra to 

zero intensity. The VBM positions are found to be 3.21 and 3.17 eV for TiOMe and TTIP deposited TiO2 

films respectively. The TiO2 films grown by TiOMe and TTIP have a state in the gap at binding energy 

around 1 eV below the Fermi level and generally this state is addressed to defect states. The defect states 

start right after the Fermi level and have a width of 2 eV. The origin of the defect state in TiO2 is due to 

Ti3d states within the band gap (3), but there is also a debate on the origin of the defect states of TiO2 in 

the literature. It is also believed that the defect state can arise due to oxygen vacancies in the TiO2 lattice 

(116).                                                                                                                                                                  

The photoelectron spectroscopy can be use to investigate the elemental ratio in the material. 

Combining the core level spectra of Ti2p, and O1s the elemental ratio in the grown TiO2 films can be 

determined.  The stoichiometry of grown TiO2 films can be determined using the equation 2.9. 

 

 
 

     

     
,                                                                  (2.9) 

where IA is the intensity of Ti2p and IB is the intensity of O1s. 

SA and SB are the atomic sensitivity factors of Ti2p and O1s respectively but in this case we 

consider the sub-shell photo ionization cross-section since all other parameters are close to each other for 

these elements. The intensity of the core level spectra depends on the sub-shell photo ionization cross-

section. In the present case the ionization cross-section for Ti2p and O1s are 1.202 Mb and 0.4119 Mb 

respectively [ (93)]. The stoichiometry (O:Ti) of TiO2 prepared by ALD with TiOMe and TTIP is given in 

Table 8.  

In the perfect TiO2, the stoichiometry or the O:Ti ratio is always 2. Table 8 shows that the TiO2 

prepared by TTIP precursor is more close to the stoichiometry ratio but the TiO2 films from TiOMe have 

stoichiometry around 1.7 which is lower than the ideal ratio.  
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Table 8: Stoichiometry of TiO2 films prepared using TiOMe and TTIP. The ratio O:Ti is 

determined by  using the equation 2.9. 

ALD Cycles  O:Ti 

(TiOMe) 

 ALD Cycles  O:Ti 

(TTIP) 

10 0.47  50 2.2 

40 1.6  100 2.2 

100 1.67  150 1.97 

200 1.7  200 1.97 

In the spectroscopic data analysis of TiO2 grown using two precursor TiOMe (solid) and TTIP 

(liquid), the characteristic of film and ALD system is studied. It is found that the growth rate in case of 

TiOMe is lower compared to the TTIP. The TTIP grown TiO2 contains higher amount of Ti
3+

 states 

compared to TiO2 grown using TiOMe. But on the other hand the stoichiometry of TiO2 from TTIP is 

close to the ideal value 2 whereas in the first cycles of TiOMe the oxidation is low and an O:Ti ratio is of 

only 0.47 present in the film. Moreover, even after 200 ALD cycles the stoichiometry could not reach to 

the ideal value of 2 when the TiOMe precursor was used. One of the most important differences is that the 

TiOMe needs to be heated at 180 °C to get the appropriate vapor pressure. So comparing the growth 

parameters and quality of TiO2, the TTIP is found to be the better precursor than the TiOMe. So the 

further studies including ALD characteristics and the electronic properties are carried out using TTIP as 

precursor. 

3.1.1 Affect of substrate temperature on TiO2 ALD growth using TTIP 

The TTIP precursor has an ALD window between 200-250 °C (108). In this work the temperature 

range is extended at both ends of the ALD window (i.e. the temperature range of 150 °C to 315 °C is 

investigated) to check the growth rate as well as the quality of TiO2 deposited. In this study of temperature 

dependence, the deposition is carried out with the in-situ ALD system at BESSY U49/2- PGM2 beam line. 

P-type Si with native SiO2 is used as substrate for deposition.  

The Si2p core level can be used to determine the thickness of the TiO2 over-layer deposited on the 

Si/SiO2 substrate. When the TiO2 over-layer is deposited on Si the number of photo emitted electrons 

coming from the Si decreases due to the loss of kinetic energy of the electrons through the TiO2 layer. At 

investigated the substrate temperatures 200 ALD cycles have been performed on the Si/SiO2 substrate. 

 Figure 22(a) shows the signal of Si2p before and after deposition of TiO2 at different 

temperatures.  For comparison study the peak at higher energy due to the Si
4+

 state is normalized to one so 

that the decrease in intensity of Si
0
 can be detected and the thickness of TiO2 can be estimated. The signal 

to noise ratio gets worse when the TiO2 is deposited at 250 °C or above as much smaller intensity is 
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detected. Moreover, the shift in binding energy of the Si
4+

 peak suggests that the deposition at 250 °C and 

above has higher growth rate than the deposition at 150 °C. In addition, the O1s spectra in  Figure 

22 (b) show that the TiO2 deposited at 150 °C carries a clear SiO2 contribution at 532.7eV whereas with 

the increase in deposition temperature this peak diminishes. At the growth temperature of 200 °C a peak at 

higher binding energy is still observable but above 250 °C this peak is not visible at all.  The thicknesses 

of the 200 ALD layers deposited at different temperature are tabulated in Table 9 and the thickness is 

calculated using equation 2.9. 

 

 Figure 22: Si2p (a) and O1s (b) core level spectra of TiO2 deposited at different substrate 

temperatures using TTIP. Photon energy of 640eV is used for PES measurements and the labeling in the 

figure corresponds to the respective temperatures. 

 

Figure 23: Core level spectra of Ti2p (a) and valence band spectra  (b)of deposited TiO2 films at 

different temperatures as labeled in part (a).  The inset in figure (b) shows the in-gap (defect) states of the 

TiO2 films. 

The quality of the TiO2 films can be evaluated from the Ti2p core level and valence band spectra 

of the TiO2 films. In Figure 23 (a) the Ti2p core level has a peak at 459.5eV corresponding to the Ti
4+
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states with a accompanying Ti
3+

 shoulder at lower binding energy. The film grown at 150 °C shows the 

highest amount of Ti
3+

 states, while The Ti
3+

 intensity goes on decrease with the increase in growth 

temperature. The Ti
3+

:Ti
4+

 ratio is one of the most important factors to determine the quality of the TiO2: 

therefore the Ti2p3/2 peak is fitted into two curves to get the Ti
3+

:Ti
4+

 ratio as shown in Figure 20. The 

valence band maxima of the films are determined form the VB spectra in Figure 23 (b) and the VBM is 

found to be 3.20 eV other than the film grown at substrate temperature 150 °C. In all films grown at 

different temperatures in-gap state around 1eV below the Fermi level are observed.  This defect can be 

clearly seen in the inset figure of Figure 23(b). The films grown at 150 °C have no clear distinguishable 

defect states since the Si VB overlaps with the Ti defect states.  Under careful analysis it can be seen that 

the intensity of the defect state decreases with the increase in substrate temperature. So, the increase in 

temperature causes the decrease of intensity of Ti
3+

 states as well as of defect states in TiO2. From this a 

conclusion can be drawn that the Ti
3+

 states are corresponding to the defect states in TiO2 can be studied to 

understand the affect of substrate temperature on growth and quality of the TiO2 layer prepared by ALD 

method. The stoichiometry calculation states that the grown material has ideal stoichiometry when the 

substrate temperature is 200 °C or more. The growth rate is very low (0.75Å) but in the temperature range 

of 200 to 290 °C the growth rate is around 1.5 Å and this growth rate is in agreement with the literature 

(105). With temperature raising the growth rate increases but this increase can be due to the starting of the 

decomposition of the TTIP precursor, since the onset of its decomposition is around 250 °C (108). From 

the spectroscopic measurements and the data analysis it is evident that at substrate temperature  of 150 °C 

the growth of TiO2 is not favorable for this precursor by ALD methods. The correlation between the Ti
3+

 

states in the film and the defect intensity can be also observed from Table 9. The intensity increase of Ti
3+

 

states goes along with an increase of the intensity of the defect states and the correlation between these 

two parameters suggests that the defect (in-gap) states are due to the presence of Ti3d state in the valence 

band. 

Table 9: Thickness, Ti
3+

:Ti
4+

 ratio and the intensity of defect states of TiO2 films deposited at 

different substrate temperature using TTIP precursor as Ti source and H2O as O source. 

Substrate temp. 

(°C) 

Thickness of TiO2 

film (GPC/nm) 

Stoichiometry 

O:Ti 

Ti
3+

:Ti
4+

 Intensity of the 

defect state 

150  1.5 (0.075) 1.7 0.161 - 

200  2.9 (.0144) 1.96 0.135 0.08 

250  2.9 (0.144) 2.0 0.088 0.068 
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The temperature dependent ALD growth and the spectroscopic analysis show that the growth is 

constant between 200 and 290 °C. In this temperature range not only the growth rate is constant but the 

film quality such as stoichiometry, and Ti
3+

 to Ti
4+

 ratio approaches the ideal value for TiO2. Due to the 

constant growth rate (ALD characteristic) and good film quality the further studies are conducted with the 

substrate temperature of 250 °C.  

3.1.2 Affect of heating procedure on TiO2 ALD growth using TTIP 

During the optimization of the deposition parameters we studied the affect of different heating 

processes like heat radiation (indirect heating) and resistive heating (direct heating by applying electrical 

power to the sample holder clips). In Figure 24 comparisons of the Ti2p, O1s and Si2p core level spectra 

of TiO2 on Si/SiO2 substrate are shown. In both types of substrate heating 200 ALD cycles are deposited 

using TTIP as Ti precursor and H2O as oxygen precursor. The Ti
3+

 to Ti
4+

 ratio in these films can be 

evaluated from Figure 24(a). The Ti2p spectra show that the Ti
3+

 content is lower for the sample grown 

with direct heating compared to the sample grown with indirect heating. Figure 24(b) shows the O1s 

spectra and a shoulder at higher binding energy around 533 eV is visible for both films. This shoulder 

could be due to the absorbed –OH on the TiO2 surface; due to the fact that the film deposited by direct 

heating is thick to get the O1s contribution from the SiO2 substrate (117).  The Si2p signal in Figure 24(c) 

suggests that the TiO2 film is thicker with direct than the indirect heating. From the analysis of the Ti2p 

and Si2p spectra the ratio between Ti
4+

 and Ti
3+

 and the growth rate of the films can be determined as 

explained in previous sections.  The growth rate per cycle is 0.015 and 0.025nm with a Ti
3+

:Ti
4+

 ratio 

0.077 and 0.045 for samples grown with indirect and direct heating respectively. In the direct heating 

process the higher growth rate can be addressed to the CVD type growth of TiO2. The point of the 

substrate where the heating power is applied has higher temperature than the rest of the substrate surface. 

This inhomogeneous temperature distribution can contribute to CVD like growth mode due to local 

heating. Not only the growth process but also the electronic properties of the TiO2 deposited using two 

different heating techniques are different and this will be discussed in the later part of this chapter on the 

basis of XAS measurements. 

290  3.5 (0.175) 2.0 0.047 0.039 

315  3.5 (0.175) 2.05 0.051 0.023 
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Figure 24: A comparison of core level spectra of Ti2p (a), O1s (b) and Si2p (c) core level spectra 

of TiO2 deposited by two heating processes. In the indirect heating process the sample is heated by heat 

radation  and in direct heating process is heated resistively. 

3.1.3 Affect of substrate on ALD TiO2 growth using TTIP 

The ALD being a low temperature deposition process is most important for the deposition on 

various substrates in the field of microelectronics as well as catalysis. When ALD is used to deposit TiO2 

on different substrates it has different interface as well as electronic properties [ (111), (118)]. In the 

present study we also we investigated the growth of TiO2 films and their spectroscopic properties on 

different substrates.  

The XPS spectra of TiO2 films deposited with 100 TTIP/H2O cycles on different substrates 

namely Si, WO3, RuOx, CuxOy and AlON are shown in Figure 25. The O1s spectra (Fig. 25a) have a wide 

full width at half maximum (FWHM) due to the oxygen component from the substrate.  In case of RuOx 

substrate the O1s has a distinct shoulder at lower energy which corresponds to the oxidation of Ru (119). 

Along with the contribution of oxygen from the substrate there is also substrate –OH bonding at higher 

binding energy. The contamination and/or the substrate contribution will be eliminated during the 

calculation of oxygen to metal ratio. The Ti2p peak (Fig. 25b) is at 459.5 eV and it has a shoulder at lower 

binding energy which shows the amount of Ti
3+

 in the TiO2 films.  The VB (Fig. 25c) is measured with 

458eV photon energy for higher surface sensitivity to get the information mostly from the TiO2 over layer 

on different substrates. The VB spectra are used to determine the VBM of the TiO2 films on different 

substrates and it is around 3.3 eV below the Fermi level for almost all the samples. But discrepancies are 

there for films grown on RuOx and CuxOy and these could be due to the lower thickness of TiO2 on these 

substrates. In the VB spectra the in-gap (defect) state is around 1 eV below the Fermi level for all the 

samples. In case of RuOx substrate the VBM is visible and coincides with the defects state of TiO2 due to 

the lower deposition rate on this substrate. 
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Figure 25: XPS spectra of TiO2 deposited on different substrates at 250 °C using TTIP as 

precursor. The O1s core level (a), Ti2p core leve (b) and VB (c) are shown in this figure. The substrates 

used are Si, WO3, RuOx, CuxOy and AlONas labeled within the diagram. 100 ALD cycles are performed on 

each substrate.  

 Table 10 overviews the stoichiometry, Ti
4+

/Ti
3+

 ratio and VBM position of these TiO2 layers on 

different substrates. All TiO2 films grown on different surfaces show an O:Ti ratio of around 2. In the 

quality evaluation of the film the Ti
4+

 to Ti
3+

 ratio is one of the most important factors and from Table 10 

it is clear that for the TiO2 grown on WO3 or CuxOy this ratio is better compared to the Si and other 

substrates (AlON, RuOx).The determination of the VBM for these films is more crucial since the 

contribution of the substrate at the VB edge cannot be avoided even if the photon energy used here is more 

surface sensitive than the photon energy (640eV) used to measure the core levels. Therefore in the VB 

measurements a state from RuOx and CuxOy are visible and cause a shift of the VBM of the TiO2 over-

layers on them. The TiO2/RuOx sample shows the in-gap states which extend into the Fermi level and this 

contribution shows that the interface of TiO2-RuOx has Ru metal like interface (119). The same effect is 

also seen for the TiO2 grown on CuxOy substrate where the VB is mostly consisting of substrate signals. 

An interesting feature is that the intensity of the in-gap sate varies with the substrate. The decrease in 

intensity of the in-gap state is in order Si> WO3> AlON.  The comparison of electronic properties of TiO2 

on different substrates will be discussed in the later part along with the XAS studies.  

Table 10: Stoichiometry, Ti
3+

:Ti
4+

 ratio and VBM position of TiO2 grown on different substrates. 

ALD layers O:Ti ratio Ti
3+

:Ti
4+

 VBM position 

Si 2.2 0.116 3.3 

WO3 2.2 0.066 3.46 

RuOx 2.1 0.105 2.74 

CuxOy 1.9 0.054 2.36 

AlON 2.1 0.135 3.69 
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3.1.4 X-ray absorption spectroscopy of TiO2 

X-ray absorption spectroscopy measures the absorption of the incident X-ray as function of its 

energy. The XAS measurements are carried out scanning over the metal (Ti) L-edge and O K-edge with 

simultaneously varying the photon energy and collecting the total electron yield (TEY) with the help of a 

KEITHLEY ampere meter.  The data collected here are presented as the plot of absorption intensity as 

function of photon energy.  

In XAS the X-ray is absorbed by the atom and the core level electron is excited into the 

conduction band in the resonance energy range. The unoccupied states of the material can be probed with 

the XAS measurements. In addition the XAS can provide information about structural, electronic and 

chemical environment of the material. When TiO2 is excited with photon energy in the range of 452 to 

480 eV electrons from the Ti2p (2p1/2 and 2p3/2) will be excited into Ti3d states in the conduction band.  

 

Figure 26: Ti L2,3 edge XAS spectra of TiO2 prepared by ALD, direct heating ALD and the single 

crystal rutile (a), as well as of ALD grown TiO2 at different substrate temperatures (b) and on different 

substrates with normal ALD technique. The spectra shown here are collected with total electron yield from 

the sample. 

In Figure 26(a) XAS spectra at the Ti L2,3 edge for TiO2 prepared by different ALD processes such 

as normal  ALD (the samples are heated with using an indirect heating), direct heating ALD (samples are 

heated by resistive heating) are shown along with the XAS of rutile single crystal for comparison. In 

Figure 26(b and c) the Ti L2,3 edge spectra for TiO2 grown at different temperature on Si/SiO2 substrate 

and TiO2 grown on different substrates at 250 ºC substrate temperature are shown.  All the spectra in the 

Figure 26 are normalized with the atomic absorption coefficient. In general the XAS spectra of titanate 

family appear to be rather similar.  The Ti L2,3 edge XAS signal has the same profile of spectra for 

orthorhombic TiO2 [ (120), (121)], SrTiO3 (122),  as well as amorphous and nano-crystalline TiO2 (123). 

The XAS spectra can be characterized by two main regions namely L3(2p3/2) and L2(2p1/2) in the energy 

range 456-462 eV and 462-468 eV respectively (124). These two distinct regions appear due to the spin 

(a) (b) (c)
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orbit splitting of Ti2p1/2 and Ti2p3/2 core levels.  There are five main peaks and two low intense peaks at 

lower photon energy of the XAS spectra. The two low intense peaks are labeled as A and B and are known 

as pre-edge peaks. Next to the pre-edge peak the highest intense peak is labeled as C, the following double 

(broad) peak is named as D and D' at around 460 eV and finally there two higher energy peaks at around 

463 and 465 eV are named as E and E'. Towards higher photon energy two satellites (S
1
 and S

2
) are visible 

at photon energies of 470.54 and 476.03 eV and these results are in accordance with the literature [ (124), 

(125), (126)].  

The characteristic peaks C, D and D' can provide information about the polymorphs of TiO2. In 

Figure 26(a) the peak around 460 eV has a single broad peak for ALD TiO2 samples , while that of direct 

heating ALD and the rutile reference samples have double peaks D and D'. One of the interesting fact is 

that the intensity of the peak D is higher than D' for direct heating ALD sample and for single crystal rutile 

sample the intensity ratio of these peak is reversed. Moreover the peaks E and E' are of equal intensities 

for direct heating ALD and rutile samples while the indirect heating ALD samples exhibits a higher E' 

than E intensity. In case of rutile and direct heating ALD samples the intensity of peak C is higher or 

comparable to the doublet peaks at D and D' but in case of indirect heating ALD samples it is reversed. In 

the present study, the sample prepared by direct heating ALD resembles with the XAS spectra of anatase 

TiO2 (123). However, the films prepared by indirect heating ALD have neither antase nor rutile 

polymorphs. In case of SrTiO3 the peak at around 460 eV appears as a single peak but in case of ALD 

layers this absorption band is more broadened as in case of nano-crystalline or amorphous TiO2 (127). In 

the literature no detail about the single broad D peak is given and it is found that this single peak is 

observed for nano-crystalline or amorphous TiO2 layers. So we believe that our ALD grown TiO2 layers 

are lacked of long range crystalline ordering and these layers can be amorphous or nano-crystalline. The 

direct heating ALD samples have anatase polymorphs and this phase is only visible with direct heating. In 

the process of direct heating the sample has higher temperature than 250 ºC (around 300 ºC) at the touch 

point of the electric finger used to apply electrical power to the samples. On deposition of TiO2 the film 

gets crystallized at the touch point of electric finger and the crystallization continues over the whole 

surface.  

The XAS spectra of Ti L2,3 edge for TiO2 films deposited at different substrate temperatures  are 

shown in  Figure 26(b). The samples grown in the temperature range from 200 to 290 ºC have similar 

XAS spectra. The sample grown at 150 ºC has only one broad signal at L3 edge without strong C peak 

(only shoulder-like) compared to the other samples. The main peak at L3 edge is at 458.5eV and the 

shoulder is at lower photon energy. This kind of spectral profile at Ti L2,3 edge is due to the lower 
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oxidation states of the titanium such as in Ti2O3 and Ti5O9 [ (128) (129)]. The peak D of the sample grown 

at 150 ºC is shifted by 100meV due to the higher screening effect of conduction band electrons to the core 

holes (128). The Ti
4+

:Ti
3+

 ratio of this sample is (6) lower than for the other samples grown at higher 

temperatures as given in Table 9. On the other hand the TiO2 deposited at 315 ºC shows two distinct peaks 

at D and D' in the XAS spectrum. This signature corresponds to the anatase phase of TiO2. Due to the 

higher substrate temperature the growth rate is also higher and at this temperature the TTIP starts to 

decompose. The higher growth rate and anatase phase like spectrum signature of TiO2 films deposited at 

315 ºC are due to the CVD like growth while in the temperature range of 200-290 ºC the normal ALD 

growth is observed. From these data it can be concluded that the TTIP precursor has the ALD window in 

the temperature region between 200 to 290 ºC and the films of TiO2 grown within this temperature 

window are amorphous or nano-crystalline without long range crystalline ordering.  

The affect of the kind of substrate on TiO2 can be observed from Figure 26(c) in the XAS spectra 

at the Ti L2,3 edge. The TiO2 deposited on Si, AlON and RuOx substrates have similar features. This 

indicates that the growth of the TiO2 is same on AlON and RuOx surfaces as on the Si surface. In case 

TiO2 growth on copper oxide and tungsten trioxide the TiO2 grown XAS spectra have a different profile 

than the other substrates.  In these two substrates the peak C and D are of equivalent intensity and has a 

shoulder D' at higher energy. In addition the L2 edge peaks E and E' are well separated from each other 

and weak lower energy pre-edge peaks (A and B) are also visible. The characteristic peaks of TiO2 when 

grown on CuxOy and WO3 are seen in anatase TiO2.  But the peak D is not completely developed rather it 

is a shoulder at higher photon energy. So it can be concluded that the TiO2 layers grown on Si, AlON and 

RuOx are amorphous films while the TiO2 grown on WO3 and CuxOy have partial amounts of antase phase 

in these films.  

From the XPS analysis of TiO2 deposited using TTIP and TiOMe precursors growth rates per 

cycle of 0.015 and 0.006 nm respectively were determined (see chapter 3.1 Deposition of TiO2 by ALD). 

The growth rate is lower due to the lower vapor pressure generated by TiOMe solid precursor. Also with 

different ALD processes the polymorphs of TiO2 films can be modified. From the XAS analysis it is 

observed that with the direct heating ALD TiO2 films with anatase phase and with the indirect heating 

ALD amorphous TiO2 films can be obtained. The substrates have only a little effect on the polymorphs of 

TiO2 when it is deposited by ALD method. A little amount of anatase phase is found in TiO2 films 

deposited on CuxOy and WO3 while on Si, AlON and RuOx substrates amorphous or nano-crystalline films 

are formed.  By the use of the easy processing of ALD using TTIP precursor and by changing kind of the 

heating process the properties of the grown TiO2 layers can be modified and different polymorphs like 
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amorphous and anatase can be obtained.  So for further study of the electronic properties of TiO2, TTIP 

precursor is used in ALD process. Both amorphous and anatase films can be realized on Si/SiO2 substrates 

by selecting the according substrate heating procedure. For comparison the single crystal rutile sample is 

used to study the electronic properties by X-ray spectroscopic methods.  

In the section 3.2 a detailed analysis of XAS at the Ti L2,3 edge of amorphous, anatase and rutile 

will be preformed. The XAS will be addressed with the res-PES study at the Ti L2,3 edge. In another 

section 3.2.2.4 the band gap determination of TiO2 combining both XSP and res-PES will be performed. 

In that section the partial density of states will be determined by using res-PES at both Ti L2,3 and O K 

edges.  

3.2 Investigation of electronic properties of TiO2  

The TiO2 has different polymorphs and the polymorphs can be produced with different synthesis 

techniques. Depending on the polymorphs and different interfaces the electronic properties and hence the 

functionality of TiO2 layer change too. In the previous section the growth of TiO2 deposited by ALD has 

been investigated with XPS and XAS measurements and a change in growth profile as well as in the 

quality of the films have been observed. In this section the electronic properties of TiO2 will be studied 

using XAS and res-PES measurements.  Firstly, the XAS of TiO2 will be extended regarding the previous 

chapter and afterwards the res-PES data analysis for electronic studies.  

3.2.1 X-ray absorption spectroscopy of TiO2 at Ti and O edge.  

In the previous section the XAS was mainly discussed in terms of polymorph discrimination. In 

this chapter a closer look to the XAS data regarding the electronic properties will be done. The XAS 

spectra of TiO2 as shown in Figure 26 can be divided into two main regions namely L3(455 to 462eV) and 

L2 (462 to 467 eV) where as introduced above the L3 edge peaks are named as C, D and D' and in L2 edge 

E and E' are labeled; and along with the main peaks a pair of pre-edge peaks A and B and a pair of 

satellites S
1
 and S

2
 at higher photon energy appear. The characteristic peaks D and D' are used as a 

fingerprint to identify the polymorphs of TiO2 (123) as discussed in the previous chapter. In general the 

peaks are assigned to as t2g(C), eg(D-D')  at the L3 edge and t2g(E) and eg(E')  at the L2 edge. The 

assignment is done on the basis of atomic crystal field theory [ (124), (130)].  

The origin of the different peaks in the absorption spectra at the Ti L2,3 edge is a matter of debate 

in the literature. Thereby, one of the most widely accepted explanation of XAS spectra is the atomic 

crystal filed explanation proposed by de Groot (130). Over the time many other theoretical works have 
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tried to explain the XAS spectra at the TiL2,3 edge. Among them the inter particle approximation (IPA) 

(131), many body perturbation theory solving Bethe-Salpeter (132) and most recently multichannel 

multiple –scattering calculation (MMSC)method (133) have been applied.  

In the following the results of these theoretical approaches are shortly described. The XAS spectra 

at theTiL2,3 edge appear due to the excitation of electrons from Ti2p3/2(L3) and Ti2p1/2(L2) to the 

unoccupied Ti3d states. In the atomic-multiplet calculation TiL2,3 edge XAs spectra consist of four peaks 

containing two strong peaks for the L3 edge and one strong and one weak peak for the L2 edge (65). In 

contrast, in the IPA calculation only three peaks appear at the TiL2,3 edge. On the other hand the BSE 

approach gives more exact spectral information of the Ti L2,3 edge XAS. In this calculation method the 

Coulomb interactions of core hole-excited electrons are included.  The theoretical calculation involving 

the BSE approach is in agreement with the experimental XAS data. The separation between the L2 and L3 

edge arises as result of spin-orbit splitting and amounts in the experimental data to 5.2 eV, 5.26 eV and 

4.88 eV for ALD layers, anatase and rutile TiO2 respectively, while in the BSE calculation it is about 

5.65 eV. In Figure 26(a) the branching ratio of L3 to L2 is about 1:1 and the separation between the main 

peaks at L2 and L3 edge is around 2 eV. The theoretical calculation of XAS spectra using BSE method (66) 

also matches to these experimental values. The detail about the peak separation and the spin obit splitting 

energy are given in Table 11.  

Table 11: Crystal field and spin orbital splitting of ALD layers, anatase films and rutile TiO2. The 

values are determined from the XAS spectra presented in the Figure 26a. 

The pre-edge peaks A and B are clearly visible for anatase and rutile samples while in case of 

ALD sample only one broad peak A is visible in Figure 26(a). The pre-edge peaks are of the spin-

forbidden transition and it can be associated with the structural defects.  The crystal field theory proposed 

by de Groot shows that the pre-edge peaks appear as the result of octahedral crystal field splitting (130). 

The origins of these peaks are associated with the excitonic transitions within the band gap as suggested 

by Brydson et al. (134). These states can act like bands where the charge due to the core hole can be 

screened by the Bloch like wave functions. The theoretical work of Krüger et al. showed that using 

MMSC with the partial screening potential between the core hole and excited electron, delivered the pre-

  ALD layers(eV) Anatase(eV) Rutile(eV) 

Crystal field splitting L3(C-DD') 1.56 1.96      2.30 

L2(E-E') 2.15 2.36 2.50 

Spin-orbit splitting 5.2 5.26 4.88 
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edge peak appearance in agreement with the experimental data (65). Here the partial screening potential 

was taken as 10%.  

The most intense peak in the XAS profiles of anatase and rutile samples at the Ti L2,3 edge is C 

but for the ALD sample the peak is less intense than the D-D' peaks. By the theory of crystal filed splitting 

the C peak at the L3 edge can be explained as the transition of Ti2p core electron to the t2g orbitals (130).  

Herby, the excitation of electrons into Ti3d states can result the formation of an exciton, where an 

interaction between the core hole and the excited electron is necessary. The core level can be stabilized by 

the formation of excitons if there are not enough electrons in the conduction band to screen the Coulomb 

interaction.   

 

 

Figure 27: The VB and XAS (TEY) are aligned with respect to the Fermi level for ALD, anatase and rutile 

TiO2. 

Figure 27 shows the VB and XAS (TEY) spectra aligned with respect to the Fermi level.  The 

XAS peak C lies below the Fermi level. The dipole allowed transition which gives the electronic band gap 

is 4.2 eV (45). When the peak C is from Ti2p to t2g then the position of C peak will carry band like 

character but it appears within the band gap. The gap state C can be due to the pure excitonic transition. In 

the present analysis it is difficult to identify the nature of the excitonic states as stated by Letizia et al. that 

the anatase and rutile have localized and delocalized excitonic states (46). In our XAS measurement the 

excitonic band width is around 1.3 eV for all the three kinds of TiO2 investigated. The experimental 

absorption spectra show excitonic band edges at 3.7-3.9 eV for rutile and 3.9 eV for anatase with respect 

to VB (46). But in XAS measurements the excitonic states are found to be at 2.2 eV with respect to the 
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VB. The res-PES measurement at O1s edge is able to get the quantification of polaronic contribution to 

the electronic properties of TiO2. The relative polaronic intensity is given in the Table 17 and is around 

25%.  The existence of polarons increases the screening potential between the core hole and excited 

electrons. Indeed polarons (135), i.e. the electron phonon coupling, and oxygen vacancies can decrease the 

excitonic edge stronger than direct excitons (46).   

The L3 eg (D-D') peak and L2 t2g (E) and eg (E') peaks can be discussed using the atomic crystal 

field theory since these peaks have band like features. The broad peak at 460 eV (Figure 26a) is originated 

from the transition of electrons from Ti2p to eg at the L3 edge while the E and E' peaks are originated due 

to the transition from Ti2p to t2g and eg orbitals respectively.  The splitting of the eg peak at the L3 edge 

which is used as a fingerprint to identify the polymorphs of TiO2 (see previous chapter) is a matter of 

debate in the literature.  The explanation of splitting of Ti L3 eg peak was proposed by de Groot et al. using 

crystal field theory in the distorted octahedron of TiO6 [ (130), (61)]. This approached was strongly 

questioned by Crocombette et al. (136) who declared the theory of ligand splitting at octahedron TiO6 as 

responsible for eg splitting.  In the recent studies Krüger et al. used multichannel multiple scattering theory 

that resembles with the measured XAS patterns [ (65), (137)]. According to this not only the TiO6 

octahedron but also a long range ordering is necessary for the splitting of the eg peak at the L3 edge. When 

the cluster size is of 60 atoms and the diameter of the cluster becomes 1.1 nm then the splitting of the eg 

appears (65).  Generally, the eg orbital can be splitted into two sub orbitals ag and b1g and the difference in 

absorptions in these sub orbitals splits the eg peak into two peaks. On the other hand Krüger et al. (65) 

showed that the absorptions at this two sub orbitals are very similar so these cannot lead to the splitting of 

the eg peak at the L3 edge of TiO2. The splitting of the eg peak is a combined effect of long range ordering 

of TiO6 octahedrons with a small contribution from the distortion of the octahedrons. In the XAS spectra 

of our samples in Figure 26(a) the ALD sample has not splitting at the eg peak and from this it might be 

inferred that the TiO2 grown by ALD is lack of long range ordering.  

3.2.1.1 Res-PES of ALD, anatase and rutile TiO2 at the Ti2p edge 

The res-PES measurements at the Ti2p edge are taken by collecting the photoelectron spectra at 

the VB region with incident photon energies below resonance (450 eV) to the far resonance (485 eV). In 

the process of res-PES measurements the electrons from the Ti2p core levels will be excited into the 

unoccupied CB and then the excited electron in the CB will decay via emitted photoelectrons.  The res-

PES measurement is helpful to determine the unoccupied states as well as intermediate Ti 3d states. Figure 

28 shows the res-PES data of ALD (a), anatase (b) and rutile (c). The res-PES measurements are taken for 

initial state energies from VB region to -75 eV in the photon energy range 450 eV to 485 eV. Along the 
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initial state energy region the increase in intensity shows the different contributions to the res-PES map. 

The photoelectron emission lines are shown by horizontal lines in the res-PES map. In the binding energy 

range -5 to -8 eV and increase in intensity is visible and is due to the emission in the VB.  At higher 

binding energies other states such as O2s, Ti3p, and Ti3s states are visible at -23, -38 and -63 eV 

respectively with a Ti3p satellite at -51.5 eV (marked as ‘Ti3p St.’ in the figure). Near the resonance 

energy region an increase in intensity in the initial state energy region of -42 to -52eV is observed and this 

increase is accompanied by the change in the photon energy. The increase in photon energy and the 

change in position of the intensity along the initial state energy correspond to Auger like decay profile and 

will be discussed in the next paragraph in detail. 

 

Figure 28: res-PES map of ALD (a), anatase (b) and rutile (c) TiO2 at Ti2p edge in the energy 

range of 0 to 65 eV (VB) regions. The photoelectron spectra are collected with step of photon energy of 

0.25 eV.  

Figure 29 shows the res-PES measurement of ALD TiO2 layers divided into two binding energy 

ranges from 3 to -32 eV (a) and from -32 to -70 eV (b) keeping the same photon energy range.  The Partial 

Electron Yield (PEY) spectrum of the ALD TiO2 films is obtained by integrating the res-PES map over the 

whole initial state energy range measured and is added into the res-PES aligning the photon energy equal 

to each other. Looking to the res-PES map it is clearly visible that before the resonance energy there is no 

increase in intensity and when it approaches towards the resonance energy the increase in intensity is 

observed for the whole initial state energy range.  The res-PES near the resonance photon energy can be 

divided into two parts of energy ranging from 456 to 462 eV and 462 to 467 eV. In the range of 456 to 462 

eV the transition from Ti2p3/2 to unoccupied Ti 3d states occurs and it is known as transition from the L3 
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edge while in the energy range of 462 to 467 eV the Ti2p1/2 (L2 edge) electrons will be excited into CB. By 

aligning the PEY spectra to the res-PES data it is very clear that the high intensities at around 460 and 465 

eV within the res-PES maps corresponds to the L3 and L2 edge regions.  In the XAS spectra two pre-edge 

peaks (A, B) are visible in the energy range from 456 to 458eV (refer to Figure 26) but in the res-PES data 

these two peaks are not visible in any of the TiO2 samples. The intensity of the pre-edge peaks in the XAS 

spectra is very low and the res-PES measurements are taken with energy steps of 0.25 eV. So the lower 

intensity and the measurement resolution might not be good enough to detect the pre-edge states. 

Moreover, below the resonance no decay mechanism is observed in the res-PES map.  

 

Figure 29: Res-PES map of ALD TiO2 at the Ti2p edge in the energy range of 0 to 65 eV (VB) 

regions. The photoelectron spectra are collected with photon energy steps of 0.25 eV. The initial state 

energy region is divided into two plots; one is from 3 to -32eV (a) and the other one represents the range 

from -32 to -70eV keeping the photon energy range identical in both the plots. The red (a) and white (b) 

spectra are the PEY determined from the res-PES map by integrating over the whole initial state energy 

range. The arrows in (b) illustrate the Auger decay channels.  

The higher intensity in the res-PES map can be seen at the energy of 459 eV which is just near the 

resonance energy. At this photon energy, the electron from the Ti2p3/2 will be excited into the excitonic 

states near the CBM forming an exciton. In Figure 27 we found the highest peak at the L3 edge is in the 

gap and is localized, therefore the higher intensity at 459 eV is from the excitonic transition. In the photon 

energy range of 459 to 462eV (L3 region) the highest intensity changes with the photon energy are 

observed towards the initial state energy region between -41.7 eV and -49 eV.  The increases in the initial 

state energy with the photon energy in this res-PES reflect the Auger decay of excited electrons.  The 

emitted photoelectrons in these initial state and photon energy ranges will have a kinetic energy (KE) of 

around 414 eV and this KE of electron for the Ti atom corresponds to the Ti L3M23V Auger decay. The 
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exact KE of the emitted electrons in this region is difficult to predict since the excitonic state at 459 eV 

and the Ti2p3/2-eg band transition at 460 eV are very close to each other at the L3 edge.  

The evidence of the Auger decay is clearer at the L2 edge and it extends into far resonance photon 

energy region till 485 eV. At the L2 edge two intensity profiles are visible as marked in Figure 29(b) by 

arrows. As marked here these two Auger intensity profiles start at the low energy edge (463 eV) of the L2 

edge and the corresponding KEs are 414 and 420 eV. The difference in the two Auger lines is 6 eV which 

is equivalent to the spin orbit splitting energy of Ti2p (Table 11). The first Auger line (L3M23V) has the 

highest intensity at the photon energy around 460 eV, afterwards the intensity decreases but increases 

again and gains the higher intensity around 465eV photon energy at initial state energy of -51 eV. The 

increase of the intensity at this point is due to the combination of photoemission of the Ti3p satellite and 

the Auger decay. The horizontal line along the photon energy at -51eV initial state energy in Figure 28 

shows the Ti3p satellite emission peak and it combines with the Auger decay at 465 eV to give rise to the 

highest intensity of L3M23V decay. From the resonance energy measurements at the Ti L edge we found 

that the transitions at the L2 and L3 edges are accompanied by Auger decay processes.  

In Figure 30 the comparison of the PEY obtained from integrating the res-PES data and the CIS at 

different VB positions such as -1, -5.8 and -7.8 eV initial state energies deduced also from the res-PES 

data are shown. The CIS taken at VB states of -5.8 and -7.8 eV show the same transition peaks as that of 

the PEY for all measured samples shown in Figure 31. The transition peaks at the L3 and L2 edges in the 

XAS data are well reproduced in the PEY curve as well as in the CIS data at -5.8 and -7.8 eV. In the ALD 

and rutile samples there is no difference in the peak patterns of PEY and CIS at different VB energies (-

5.8, 7.8 eV) but in case of the anatase samples the CIS at -5.8eV has a broad peak with a shoulder at the L2 

edge. On the other hand the most visible difference is that the CIS data at -1eV initial state energy is not 

matching with the spectra profiles obtained in XAS or PEY data for all the three samples.   

 

Figure 30: The PEY obtained from the res-PES map is shown along with the CIS at -1 eV and at 

two valence band states at binding energies of -5.8 and -7.8 eV for the ALD (a), anatase (b) and rutile (c).  
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The two VB CIS spectra at -5.8 and -7.8 eV differ from each other only in intensity and are also 

clearly recognizable in the PEY data. The intensities of the -5.8 and -7.8 eV CIS data differ in the same 

way at the L3 and L2 edges respectively for the ALD sample; while in anatase the difference is more 

pronounced at the L2 edge and in rutile there is no difference at the L3 edge at all.  The CIS taken at -1eV 

has only two broad peaks with one peak at each edge in the ALD sample where the two peaks are of equal 

intensity. In contrast, in anatase and rutile the L3:L2 edge peak ratio goes on increasing. Moreover, the L3 

eg edge peak in ALD TiO2 is at 459.3 eV while it is at 459.1 eV in anatase and at 458.5 eV in rutile for 

CIS at -1 eV.  
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3.2.1.2 X-ray linear dichroism in TiO2 

The X-ray linear dichroism in TiO2 was determined by collecting two XAS measurements at two 

different sample positions with respect to the linearly polarized incident beam. The sample was placed 45º 

to the incident beam and then rotated to a position (grazing angle) where the incident beam is nearly 

parallel to the surface of the sample.  A schematic diagram of the measurements is shown in Figure 31 and 

the XLD is determined by taking the difference in absorption intensities of XAS at grazing and 45º angles. 

The percentage of XLD can be determined by using equation 3.3 which is a modified version of equation 

2.20.  

 

Figure 31: Schematic diagram of the tow different incident angles of X-ray beam with respect to the 

sample for XLD measurements. 

        
              

              
                                                                (3.3) 

Here, we set (Igrazing+I45) as the atomic absorption coefficient (AAC). The XLD is given as the 

percentage of the AAC. There by the XLD intensity values are in percentage of the absolute absorption 

intensity.  

The XLD measurements are conducted on ALD samples and the anatase sample prepared by 

ALD. The XLD for 200 ALD layers and the anatase layer of TiO2 are shown in Figure 32. The arrows in 

this figure indicate the individual XLD transition 1–6. Comparing the XLD intensities in Figure 32, it 

seems that anatase sample has very less XLD effect compared to the 200 ALD layers sample. The main 

XLD effects at the different transition energy are shown in Table 12 and Table 13. For the ALD grown 

TiO2 sample, the highest positive XLD effect is at 466.16 eV (peak 6) with XLD 54 % in the L2 edge and 
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the highest negative XLD is at 458.82 eV (peak 4) with XLD -62.0 %at L3 edge, whereas the anatase 

sample has the highest positive and negative XLD values of 23 and -4.0 % at 458.02 (L3 edge, peak 3) and 

466.32 eV (L2 edge, peak 6), respectively. All XLD transitions at the L3 and L2 edges are summarized in 

Table 12 shown in Figure 33. 

 

Figure 32: XLD of 200 ALD layers of TiO2 and anatase phase of TiO2 at Ti-L2,3 edge. 

Table 12: Energy positions of the main XLD and their corresponding intensities for the 200 ALD 

layers TiO2 and anatase TiO2 layers. The main transitions in Figure 32 are marked from 1 to 6 at L2 and 

L3 edges. The subscripts 3 and 2 with number 1-6 represent the L3 and L2 edge transition respectively. The 

individual peak position in this table is given in eV. 

 Peak positions 200 ALD 

layer 

XLD 

intensity (%)  

Anatase XLD intensity 

(%) 

 

 

 
L3 

pre-edge 

 

 

13 456.4 -24 456.46 7 

23 457.09 -27 457.2 23 

defect 33 458.08 43 458.02 -4 

t2g 43 458.82 -62 459.24 -3 

eg 53 459.68 37 459.7 4 

63 460.83 43 460.9 2 

 

 

 
L2 

pre-edge 

 

12 461.94 -15 462.07 6 

22 462.42 -6 462.7 5 

defect 32 463.53 10 463.63 -2 

      t2g 42 464.17 -18 464.44 -3 

      eg 52 465.01 30 465.25 -4 

62 466.16 54 466.32 5 
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Figure 33: XLD of TiO2 ALD films at Ti-L2,3 edge after 50, 100, and 200 ALD cycles. 

Table 13: XLD intensities at the Ti L2,3 edge in percentage for 50, and 100 ALD layers along with 

the XLD intensity of anatase TiO2 layers. 
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For different thicknesses of TiO2 layers grown by ALD, the XLD effect was studied and for all 

three samples prepared with 50, 100 and 200 ALD cycles there is found a prominent XLD behavior with 

very similar XLD patterns as shown in Figure 33. The XLD after 50 ALD cycles looks more like the XAS 

spectra itself, but with higher thickness the XLD signal changes and carry similar curve shapes for the 

samples grown with 100 and 200 ALD cycles The XLD percentages in dependence of the ALD cycle 

number are given in  

Table 13. For the 50 ALD layers sample, the XLD intensity at 458.08 (peak 33), 459.68 (peak 53), 

460.83 (peak 63), 463.53 (peak 32), 465.01 (peak 52), and 466.16 eV (peak 62) have values higher than 

100 %. This is a consequence of the fact that the XLD percentage was calculated with respect to the AAC 

in order to make a reasonable comparison between the XAS and the XLD data of different thick ALD and 

anatase layers of TiO2. 

 

Figure 34: XAS of ALD and anatase layers of TiO2 and their corresponding XLD at the O K edge. 

The XLD at the O K was also determined for the ALD and anatase TiO2 layers which are shown 

along with the corresponding XAS measured at 45°angle in  

Figure 34.  We find for the anatase layer the characteristic split in the O1s signal while the 200 

ALD layers sample just shows a broad absorption band. For both samples, the XLD signals are very weak 

(5 %), but it can be clearly seen that the XLD is only observed for the first absorption bands; whereas 

there are no signals for higher transition energies. 

Considering the different preparation conditions of TiO2 films, the XLD signals observed are 

different, indeed. Consequently, this means that for the different preparation conditions we are able to 
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identify the strength of the local distortion. The main findings are the appearance of the XLD signal in the 

ALD layers, the particular shape of the XLD for the anatase polymorph, and the assignment of the first 

transitions of the XLD/XAS signals. In our XLD data at the Ti2p edge, we find a characteristic pattern 

shown in Figure 32 and Figure 33. There, we labeled the individual features with integer numbers of 1–6. 

We might be able to differentiate the individual multiplet branches by their individual contributions to the 

XLD signal. XLD thereby can contribute in understanding the XAS transitions in more detail. 

For the Ti-L edge signals, we expect detailed information as the five 3d atomic levels are split by 

excitonic states, the band like transition. In the different samples, the local dipole momenta do not affect 

the characteristic splitting; instead the dipole momenta modify the intensity of the individual transitions. 

This reflects the fact that a change in the orbital overlap (caused by a local distortion) reduces/enhances 

the transition probability and not the eigenvalue of individual transitions (as long as we consider only 

weak perturbations). We may be able to learn about positive (enhancement) or negative (reduction) 

intensity changes of the regular XAS signals depending on whether the local dipoles are in line with the 

electrical field vector or not. 

The XLD at O1s-edge seems to be very weak for both, the 200 ALD and the anatase TiO2 layers. 

At the oxygen edge, the weak XLD effect could be due to the cancelation of dipole momenta. But in case 

of anatase, the XLD signal is a bit higher than for the amorphous ALD-grown TiO2, the significant XLD 

intensity in anatase TiO2 is contributed by the lower cancelation of dipole momenta of non-orthogonal 

bonding angles. The XLD signal in anatase informs about distorted Ti–O bonds but still the layer remains 

in its anatase polymorphism. 

To understand the cause of XLD in the ALD and anatase TiO2 layers we compare the 

experimental XAS and XLD curves with charge-transfer atomic multiplets calculation using CTM4XAS 

program by Stavitski and de Groot (138). The comparison between the calculated and the measured XLD 

is given in Figure 35. The octahedral symmetry Oh for the Ti
4+

 with a CFS (10Dq) is used to calculate the 

XAS of the ALD layers. The calculated XLD spectrum has been broadened; its intensity is arbitrarily 

scaled for comparison with the experimental XLD data. The arrows in the diagram represent the individual 

XLD components as determined from our experiments as listed in Table 13. 

From this comparison we find that the transitions 1, 2, and 3 show no XLD signal in the 

calculation in both the L3 and L2 edges. The only contributions to the XLD signal come from transitions 4 

5 and 6 (eg). It is notable that the t2g signal leads to a negative XLD signal while the eg transitions cause a 

positive contribution. Insofar, our experimental data agree quite reasonable with these calculations except 
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the contributions of the transitions 1 to 3. This assignment can now be used for the interpretation of the 

XLD signals of our ALD samples. There is less agreement considering the relative intensities of the 

individual contributions. At the L2 edge, for example the negative contribution of the t2g is much more 

pronounced in the calculations compared to the experiment. This gives some evidence that not only the 

atomic multiplets have to be considered but there are covalent interactions between O2p and Ti3d states. It 

should be mentioned that this finding could only be derived from the XLD data and would not be 

detectable from an analysis of the XAS data alone. 

 

Figure 35: XAS and XLD of 200 ALD layers of TiO2 at the Ti L2,3 edge. The lower part shows the 

calculated spectra using CTM4XASwith labeling of main peaks. The individual transitions are marked by 

arrows (brown excitonic state/t2g, green eg). 

A point must be cleared here, that the anatase has no natural dichroism as the rutile has. While in 

rutile the oxygen planes perpendicular to the c-axis are aligned in parallel planes causing an intrinsic 

dipole moment, the irregular Ti-O bond lengths in anatase disturb this kind of symmetry. Still there might 

be some distortions in the direct neighborhood of the Ti atoms also because of the irregular bond lengths 

and bonding angles but this seems to be not the case. However, the observed XLD effect at the Ti L2,3 

edge in anatase is very weak and almost negligible as it is much weaker when compared to the XLD 

signals of the ALD layers of TiO2. The transitions associated to 4, 5, and 6 appear very weak with an 

intensity below 2%. Even more surprising is the fact that the transitions at the L2 edge appear even weaker 

and are at the detection limit of our measurements. Very remarkable are the details of that anatase XLD 

signal. Here we identify primarily the transitions 1, 2, and 3, where the latter is the most prominent with an 

absolute intensity of around 5% (Table 13). There are two different explanations for that observation. 
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First, there might be electronic modifications in that polymorph based on the fact that in anatase the 

content of Ti
3+

 is extremely low (< 5%) while in the ALD films it is around 10%. However, these facts 

must be observable in the XAS data, and not in the XLD data. As a second explanation we argue that the 

dipole moments might cancel out almost perfectly as the nano-crystalline particles have a small size and a 

homogeneous distribution. May be we cannot conclusively decide on the origin of the XLD signal in 

anatase but we favor the explanation given in terms of the defect states (hole polaron) which we discuss in 

the section below. 

Following this argumentation the sharp peak around 458eV in the absorption spectra of Ti L2,3 

edge is attributed to the transition into excitonic states which are within the electronic band gap. This 

assignment is supported by the compilation of the pDOS shown in Figure 42 of the section 3.2.2.4. There 

the first transitions of the Ti2p XAS spectrum are positioned within the gap. In addition they coincide with 

the photoelectron emission of gap states; this agreement is almost perfect and yields a defect state located 

about 1eV below the Fermi energy. 

From the res-PES measurements, the polaronic band gap of TiO2 is determined as shown in Figure 

42. The polaronic band starts in the VB and extends into the band gap of the TiO2 and the polarons in TiO2 

can change the Ti-O and O-O bond lengths. The details of the bond length in different polymorphs are 

given in the Table 2. Valentin et al. (139) showed in their theoretical calculation that the Ti-O bond length 

changes due to the formation of polarons, where the Ti-O bond length along the equatorial changes from 

1.94 to 2.005 Å while along the axial the change in bond length is from 2.014 to 2.040Å. For amorphous 

TiO2 such data are not available in the literature but our res-PES measurement shows that the ALD layers 

(amorphous) TiO2 have polarons and that may result in the distortion of the octahedral due to the change 

in bond lengths of the Ti-O bonds. So it can be concluded, that the formation of polarons in anatase and 

amorphous TiO2 may results in XLD due to the change in bond length of Ti-O bonds in both axial and 

equatorial directions.  

This assignment is consistent with our calculations for the amorphous ALD layers shown in 

Figure 35, where the t2g states cause a negative XLD signal while the eg cause a positive XLD signal. The 

pre-edge features are not reproduced by the calculation at all. The assignment of the anatase XLD features 

is also consistent with this interpretation. Here, there is no natural dichroism in ALD as well as in anatase 

TiO2, i.e. there are no octahedral distortions or their induced dipole moments average out by the random 

distribution of the nano-scaled crystallites. Consequently we observe just the polaronic defect levels 

within the gap. As such states can carry only a single spin moment, the transition probability at the L3 edge 
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is much higher. This explains why we observe smaller XLD in ALD layers and almost negligible intensity 

in anatase layers at the Ti L2 edge. 

3.2.2 Auger decay and polarons in TiO2 films investigated by res-PES 

3.2.2.1 Analysis of core level and VB spectra of three kind of TiO2  

In this chapter the differences in the electronic properties of the ALD layers, Anatase layers and 

single crystal rutile TiO2 will be investigated and compared. The analysis will be done from the XPS, XAS 

and res-PES measurements performed on these samples.  

 

Figure 36: Ti2p (a) and O1s (b) core level and VB spectra (c) for ALD, anatase and rutile TiO2 as 

labeled in the diagrams. The core level spectra were recorded with 640 eV of photon energy while the VB 

spectra are taken at two different photon energies (460 and 480eV) at and above the Ti2p resonance 

energy, respectively. 

In Figure 36(a,b) PES spectra of Ti2p and O1s for ALD, anatase and rutile samples are compared. 

The Ti2p3/2 peak intensities of respective TiO2 films are normalized to one for better comparison. The Ti2p 

core level spectra show the same characteristic shape for all the three samples measured. But in case of 

ALD samples a distinct shoulder at lower binding energy is appeared which corresponds to Ti
3+

 states (see 

paragraph 3.1 and subsections). This shoulder shows that the ALD TiO2 film has higher amount Ti
3+

 states 

compared to anatase and rutile single crystal samples. The Ti2p3/2 peak is fitted with two sub-peaks to 

determine the Ti
3+

:Ti
4+

 ratio in the TiO2 samples. In the O1s spectra there is no visible difference in all the 

three samples excepting that the rutile spectra is shifted to lower binding energy by 200 meV. The O1s 

spectra have a tail toward the higher binding energy and this is due to adsorbed–OH ions on the TiO2 

surface. The Ti2p and O1s can be used in combination to determine the stoichiometry of the TiO2 films 

and rutile single crystal. For the determination of the O:Ti ratio the contribution of –OH bonds to TiO2 is 

avoided by fitting the O1s peak with two sub-peaks and neglecting the corresponding –OH sub-peak in the 
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calculation. The quantitative values of Ti
3+

:Ti
4+

 and the stoichiometry ratio of ALD, anatase and rutile 

TiO2 are given in the Table 14. 

The VB spectra of ALD, anatase and rutile samples are taken at 460 and 480 eV (Ti2p on and off 

resonance) photon energies and are shown in Figure 36(c). The on and off resonance energy are taken to 

examine the contribution of Ti3d states in the valence band. All VB spectra in Figure 36(c) are normalized 

to the intensity at 8 eV. The VBM of the three samples are determined extrapolating the slope of VB to 

zero and it is found to be around 3 eV. The details about the VBM positions are given in the Table 14.  

The widths of the VB in our measurements are found to be 5.5 eV which is in agreement with the 

literature values [ (140), (141)]. In general it is considered that the VB is consisting of O2p states in metal 

oxides. The theoretical studies have been demonstrated that there are certain contributions of Ti3d states in 

the VB of TiO2 having the highest contribution around 4 eV below the VBM [ (140) (16)]. The VB at on 

(460 eV) and off (480 eV) resonance shows an appreciable difference. At the Ti2p resonance energy, the 

VB spectra show the contribution of Ti3d states. It can be seen in all these three samples that near the 

VBM the intensity of the VB spectrum taken with photon energy of 460 eV is lower and gradually 

increases deep into the VB. As found in theoretical studies the Ti3d states are negligible near the VBM 

region (140) but in our study we demonstrated that the 3d contribution already starts at the VBM edge. 

Nevertheless the Ti3d contribution near the VBM is less compared to the O2p contribution. The VB 

spectra are normalized at 8 eV bellow the Fermi level in order to check the contribution of O2p and Ti3d 

states in VB since recent theoretical calculations showed that Ti3d and O2p states far below the VBM 

have equal contributions [ (43), (142)]. When the photon energy moves away from the Ti2p resonance 

energy the intensity of the VB near the VBM increases as seen for the spectra recorded with photon 

energy of 480 eV and this informs about the contributions of O2p states in the VB. Therefore the 

availability of both the Ti3d and O2p states suggests that the VB is consisting of hybridizations of both of 

these states (143). 

Table 14: VBM, O:Ti ratio and Ti
3+

:Ti
4+

 ratio of ALD, anatase and rutile samples. 

 

 

 ALD Anatase Rutile 

VBM ( eV) 3.22 3.31 3.05 

O:Ti 

Stoichiometry 

1.97 1.96 2 

Ti
3+

:Ti
4+

 0.08 0.04 0.027 
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In the VB spectra a peak in the forbidden gap is visible for ALD samples while in anatase and 

single crystal rutile samples this peak is absent. The in-gap state in the ALD sample is found around -

0.9 eV with respect to the Fermi level. This position corresponds to the Ti3d defect states found in the 

band gap of TiO2 [ (56) (58)].  In the upper panel in Figure 36(c) the intensity of the in-gap state is higher 

when the VB is recorded at the Ti2p resonance energy.  The intensity of the in-gap state decreases from 

0.36 to 0.11 when the photon energy used is moved from 460 to 480 eV.  The intensity increase of the in-

gap state at resonance energy shows that the in-gap is due to Ti3d states. In the analysis of the Ti2p 

spectra, the ALD films show highest amount of Ti
3+

 states compared to the anatase and rutile samples. The 

exact amount of Ti
3+

:Ti
4+

 ratio is given in the Table 14. The in-gap state intensity is proportional to the 

amount of Ti
3+

 states (144). In literature the appearance of the in-gap states is discussed as reduced TiO2 

(145). 

3.2.2.2 Comparison of XAS of three polymorphs of TiO2 at the O K-edge. 

The XAS of TiO2 ALD, anatase films and rutile single crystal at O K-edge are measured scanning 

over the photon energy range of 525 to 570 eV and collecting the current from the sample (total electron 

yield -TEY). The energy step here used is of 0.1 eV. For better comparison the XAS spectra are 

normalized to zero and one as atomic absorption coefficient.  

 

Figure 37:  XAS spectra of ALD, Anatase and Rutile TiO2 samples in the energy range of 525 to 

560 eV (a) and the enlarged part of these spectra in the energy range of 525 to 540 eV (b). The spectra 

shown here are collected with total electron yield from the sample. 

The X-ray absorption at the OK-edge reveals the density of unoccupied states of O2p states in the 

metal oxides (143), where electrons from the O1s orbital are excited into the unoccupied O2p states. The 

intensity of the XAS spectra depends on the available unoccupied states, or in other words the intensity 

can inform about the hybridization between O2p and Ti3d4s4p orbitals (143). The XAS spectra can be 
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divided into two main regions, from 528 to 535 eV (peak A and A') and 536 to 548 eV (B and B') as 

shown in Figure 37(a). The peaks A and A' have different intensities for the ALD, anatase and rutile TiO2 

samples. These two peaks are not very distinct in the ALD samples while in the anatase and rutile samples 

these peaks are well separated. Moreover the higher photon energy region has more characteristic 

differences in all these three samples. The ALD sample has equal intense B and B' peaks while in the 

anatase sample the peak B has a lower intensity in comparison to the B'. The rutile TiO2 has lower intense 

B peak and B' peak is divided into two more peaks.  

The peaks A and A' at lower photon energy are addressed to the hybridization strength of O2p 

with the metal 3d states in the transition metal oxides (146), while the broad  region  (peaks B and B') at 

higher photon energies allows to determine the strength of hybridization between O2p and metal 4s4p 

states (147). The broadness of about 15 eV in the higher photon energy range indicates strengthens of the 

covalent bonding in TiO2 polymorphs (148). The relative intensity of the A and A' region with respect to 

the B and B' region provides information about the bond strength of Ti3d-O2p and Ti4s4p-O2p 

hybridizations. In the ALD films the A and A' peaks have relative lower intensity with respect to B and B' 

than in the anatase and rutile TiO2. This could lead to the conclusion that the Ti4s4p-O2p hybridization is 

stronger in ALD than in the other polymorphs. This fact is supported by the comparison of the peaks A 

and A' between the ALD, anatase and rutile samples shown in Figure 37(b). Here, the ALD sample has 

lower intensity than the anatase and rutile samples. Generally, stronger intensity corresponds to stronger 

hybridization between Ti3d-O2p states. So, the comparison of the O K-edge XAS spectra near the 

resonance energy show that the anatase and rutile polymorphs have stronger Ti3-O2p hybridization than 

the ALD layers but it’s difficult to determine the amount of hybridization in each case. The XAS at the O 

K-edge of ALD films has a different profile than the anatase and rutile TiO2 polymorphs. In addition, it 

owns has weak Ti3d-O2p and strong Ti 4s4p-O2p hybridization while in anatase and rutile it is the other 

way around. Vayssieres et al. have shown that TiO2 nanoparticles have higher Ti4s4p-O2p than Ti3d-O2p 

hybridization due to the higher surface area (148). In case of the ALD sample the resulting XAS spectra 

can be due to the missing of a long range ordering of TiO2 atoms in the thin films. As discussed above, the 

XAS spectra at the Ti L2,3 edge also support this fact (149).  

3.2.2.3 Res-PES of TiO2 films at O 1s edge  

In res-PES measurements at the O1s edge the photoelectron spectra are collected over a range of 

photon energy starting below the resonance and finishing at far resonance energy to investigate the 

oxygen-derived states in TiO2. Near the resonance energy electrons from the O1s core level are excited 

into empty CB states. In this excitation process intermediate states are created and these intermediate 
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excited states are involved in the oxygen derived states (150). In Figure 38 the res-PES measurements are 

taken with excitation energy scanned from 525 to 565 eV with step width of 0.25 eV over the initial state 

energy range of 0 to -60 eV for ALD TiO2 film. This res-PES measurement gives information about the 

auger decay (constant kinetic energy), constant initial state (CIS), constant final state (CFS) and the XAS.  

 

Figure 38:  Res-PES of TiO2 ALD films at the O 1s edge in the energy range of 0 to 65 eV (VB) regions. 

The photoelectron spectra are collected with step width of photon of energy 0.25 eV. 

The two dimensional plot of the res-PES data at the O1s resonance photon energy allows us to 

study the different features at specific energies. With the increase in photon energy the intensity in the plot 

changes due to the emission of photoelectrons. The change in intensity diagonally near the resonance 

energy is resulted from the excited O1s core level electrons by the second order light from the 

monochromator illustrated by the red line in Figure 38. Significant increases in the intensity due to the 

spectral features are marked with white color lines. The increase in intensity in the range of -4 to -8 eV 

initial state energy (labeled with VB-I and VB-II) over the whole range of photon energy is due to the VB. 

The increase in intensity observed at -23 and -38 eV initial state energy corresponds to photo emitted 

electrons of O2s and Ti3p orbitals. At the photon energy of 530 eV, an increase in emission intensity is 

observed over the whole initial state energy region. This increase in intensity corresponds to the transition 

of electrons from O1s to the O2p states and is known as excitation states. Above the resonance energy 

edge the intensity increases with the increase in photon energy but at the same time the maximum intensity 

also shifts to the higher initial state energy with the increase in photon energy. This means that the 

emission line has a constant kinetic energy which is the feature of Auger lines. Two inclined white lines 
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making an angle with the horizontal axis of 45º are the Auger decay lines. Such kind of Auger process is 

observed above the photon energy of 535 eV and more. The white line having a constant kinetic energy of 

512 eV is addressed to the O-KLL Auger line. Under careful analysis other trends of increase in intensity 

can be observed in the photon energy range of 530 to 535 eV too. This is discussed in more detail in the 

following paragraph.  

3.2.2.4 Multiple Auger decay at the O 1s edge.  

Detailed res-PES intensity profiles are shown in Figure 39; here the res-PES data of anatase and rutile 

TiO2 are shown also.  With both the increase in photon energy as well as in initial state energy higher 

intensity is clearly visible correlating this intensity profiles to Auger processes.  Apart from the main 

Auger line (KLL Auger) along 45° with respect to the horizontal axis, two more intensity profiles are 

observed. These two high intensity profiles are found in the photon range from 530 to 535 eV and marked 

with two white lines at angles of 56º and 67.5º with the horizontal axis.  These lines correspond neither to 

constant initial state energy nor to constant kinetic energy. Based on this fact the idea that these higher 

intensity contributions are due to normal photoelectron emissions or normal Auger processes can be 

discarded. In addition, some other intensity profiles can be observed in the res-PES maps. In particular two 

broad Auger lines appear in the higher photon energy range between 532 and 542 eV having angles of 51º 

and 34º with the horizontal axis. The Auger lines with different angles than 45º inform that there are 

involved processes other than the normal KLL Auger. 

 

Figure 39: Res-PES map of TiO2 (ALD (left), anatase (middle) and rutile (right) samples) taken at 

the O 1s edge. The intensity profiles in the res-PES map are denoted by the lines and have different angles 

with respect to the horizontal axis.  
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 The different Auger lines observed in the res-PES map at the O1s edge can be explained on the 

basis of multiple hole Auger decay processes as suggested by M. Richter in his Ph.D work (101). The 

identification of different Auger processes can be determined from the angle of the intensity profile in the 

res-PES map. The angle α can be defined as given in equation (3.1). 

 

 

where n is the number of holes in the final state, Δintial is the change in initial state energy and Δexc. 

is the change in excitation energy for the intensity profile in the res-PES map. 

When the n=1,2 (one hole and two holes final state) the α values are 0º and 45º corresponding to 

the participator and spectator decay respectively. For higher values of n (3,4 ) the Auger process will be 

consisting of both the participator and spectator decay (151). For different n values the respective α and 

their decay processes are given in Table 15. 

Table 15: Multiple Auger decay processes with the number of final state hole (n), angle of the 

intensity profile in res-PES map and the respective decay process via participator (P) or spectator (S) 

electrons. 

Final state hole (n) Angle of inclination () Decay process 

1 0° Participator 

2 45° Spectator 

3 67.5° Participator  + Spectator 

4 78.75° Spectator  + Spectator 

In the res-PES maps of the ALD and anatase samples the Auger lines have the same profiles near 

the Fermi level. In the rutile single crystal the intensity profiles are different. In the rutile sample there is 

only a slope in the intensity profile near the resonance excitation energy with an angle of 78.5º which 

corresponds to the 4 hole Auger decay, but the 4hole auger process is also accompanied by the 101.5 º and 

this feature is absent here. So in rutile TiO2 there are no 4 hole Auger decay process. The intensity profile 

near the excitonic transition in rutile is due to the onset of the transition, while this feature is absent in the 

data of the ALD and anatase samples. The intensity profile of the ALD and anatase samples in this range 

(energy range 530 to 532 eV) are broad. Apart the from above mentioned angles in Table 15, there are 

other intensity profiles in the res-PES maps making different angles with the horizontal axis like 34°, 51° 

and 56° as mentioned above. Here other processes than listed in Table 15 might be running.  

(3.1)                                            , 
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The concept of resonance photoelectron spectroscopy resulting in participator (P) and spectator 

(S) Auger decay processes has been described in the previous section 3.2.2.3. In this section multiple 

Auger processes involving combinations of spectator and participator Augers decays will be described. 

The decay process involving (S+P) can be seen in the res-PES map with an angle of inclination of 67.5º 

and results in three holes in the final (valance) state. On the other hand the intensity profile with 78.75º 

inclinations has four holes in the final state and is due to the combination of two spectator (S+ S) 

processes.  

The three hole (S+P) Auger process have been investigated in metal oxide as well as in carbon 

systems [ (152), (153)]. This phenomenon needs higher density of core holes and this can be obtained near 

the resonance energy edge. The three hole auger process occurs within 2 eV from the Fermi energy. 

Moreover the res-PES measurements are done with synchrotron light; so due to the high intensity of light 

the decay process can be observed clearly. Apart from the experimental needs the material property should 

satisfy three more requirements.  

i) The material should have localized states in the band gap so that photo excited electrons at 

resonance can relax via these states from the excited conduction band states.  

ii) The resonantly excited electrons which relaxed via the localized states must have higher 

life time than the spectroscopic decay.   

iii) The third requirement is the availability of highly mobile and delocalized electrons (Bloch 

wave function) in the valence band. These electrons will recombine with the excited holes 

in the core state. Generally these kinds of valence electrons are observed in covalent 

materials.  

The three hole final state Auger process can be described using the schematic diagram in Figure 

40. In step (i) the O1s core electron is excited by the resonating photon energy into an unoccupied state in 

the conduction band. The excited electron in the conduction band relaxes into the localized state in the 

band gap as shown in the step (ii). The electron in the localized state is stabilized by the valence band hole 

forming an exciton. Generally, the excitonic electrons have higher life time than the excited electrons in 

the conduction band.  

In the next step the electron from the valence band fills the core hole and the hole V1 is formed in 

the VB (step iii). The energy due to the transition of the valence electron to the core hole is transferred to 

the next electron in the VB. The electron from the VB is then emitted as KLL auger decay resulting in the 

hole V2 (step iv).  This phenomenon leads to the emission of a spectator electron (spectator Auger decay) 
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leaving behind two electrons in the final state (valence band).  The spectator Auger decay can be seen 

under an angle of 45º in the intensity profile of the res-PES map at the O1s edge.  

 

Figure 40: Schematic representation of the (S+P) Auger process at the O 1s edge in TiO2 layers. 

The steps i-vi explain the process of resonant photoelectron emission and the three hole (S+P) auger 

decay. The V1,V2,V3 are the final state holes in the valence band. The resultant excitonic state is a trap 

states. The excitation of the core electron and the formation of excitons are shown in steps (i, ii). The 

second process leads to the normal KLL decay in the steps (iii and iv). Finally the steps (v and vi) show 

the emission of the participator electron from trap level.  

In the next process the excited trapped electron is emitted as participator. Since the initial core 

level hole is filled by the electron from the VB, the trapped electron is emitted by forming another hole in 

the VB. Here, the VB electron will fill one of the core holes created by another resonant photoemission 

and forms the hole (V3) in the VB. The energy due to this transition is transferred to the electron in the 

excitonic state and the excitonic electron will be emitted as participator decay with lower kinetic energy 

than then KLL Auger electron. This process is illustrated as steps (v and vi) in Figure 40 .  

All the above described processes occur simultaneously to result in an Auger decay emitting both 

spectator and participator electrons. So the whole process of (S+P) electron emission involves the 

resonantly excitation of core holes and their refilling by VB electrons. 

The res-PES measurements at the O1s edge are used to identify different Auger decay processes in 

ALD, anatase and rutile TiO2. We identify the 2h (S) and 3h (S+P) Auger decay processes having angles 

of inclination of 45º and 67.5º respectively in different polymorphs of TiO2. Another intensity profile 

observed near the resonance photon energy under an angle of inclination of 56º cannot be explained by 2h 
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or 3h Auger decay processes. There are more intensity profiles found in carbon systems having angles 

more than 90º and these are corresponding to the ‘negative’ Auger process like in graphene system the -4h 

Auger process is attributed to an angle of 101.25º (154). The Auger process making an angle 56º can be 

defined as the -3h Auger process involving a two photon system (-3h/2photon). The Auger decay process 

depends on the strength of hybridization as well as on the in-gap states in TiO2. The -3h Auger decay start 

after resonance energy and extend into 5eV away from the resonance.  

From the res-PES map the amount of different auger decay processes can be estimated by careful 

analysis. For quantification we use curve fitting technique for VB spectra at different photon energies and 

identify the 2h, 3h and -3h/2photon Auger decay processes. In the res-PES map it can be noticed that the 

3h and -3h/2 photon Auger processes occur near the resonance energy while the 2h Auger process is 

continued to the far resonance energy. So, to determine the different contributions the following 

methodology is used: 

 The Auger decay far above the resonance energy is mostly due to the 2 hole decay process. 

 The spectrum at the photon energy 563eV is taken and is drawn against the KE. 

 This spectrum is normalized by subtracting the VB spectrum well below the resonance energy. 

 The peak due to the 2 hole decay is fitted with multiple peaks and the ratio of the individual peak 

areas to the main peak is determined. 

 Another spectrum near the resonance energy is taken and the VB contribution is subtracted from 

this spectrum too. 

 The remaining spectrum is again fitted including the 2h Auger spectrum obtained at the photon 

energy of 563 eV. Here we assume that the 2h Auger intensity is same throughout the whole 

photon energy range.   

 The rest of this spectrum is fitted with 3 more peaks, which will show finally the relative 

contributions of 3h, -3h/2 photon and the excitonic emission.  

 Above resonance energy 6 spectra are taken with 1 eV interval of photon energy and the whole 

above described procedure is repeated to determine the different Auger contributions in the 

resonance energy range. 

In Figure 41 an example spectrum near resonance (531 eV) for the illustration of the above 

described procedure is shown. The Auger peak is fitted into four peaks to identify the 2h, -3h/2photon, 3h 

and excitonic contributions in the Auger decay processes. The quantifications of different Auger processes 

are given in Table 16 for ALD and anatase TiO2 samples. It shows that the contribution of 2h Auger decay 

is highest among all others in all these three polymorphs ALD, anatase and rutile. Near the resonance 
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energy the 2h Auger process contribute 35-40% of total Auger decay while the -3h/2photon has 

contribution around 30% and 3h has contribution around 15%. From the table it can be marked that the 

when the photon energy moves away from the resonance energy the 2h Auger contribution increases and 

while that of 3h and -3h/2photon sharply decrease. This confirms that the multiple Auger decay process 

only occurs near the resonance energy due to the formation of excitons and their prolonged life time.  In 

addition the -3h/2ph Auger intensity near the resonance energy is higher for ALD layers than the anatase 

layers. The -3h/2ph is strongly related to the in gap state (defect state) in the TiO2 and the higher amount 

of this Auger intensity implies the higher amount of defect states. The quantification of Auger process 

from res-PES and the VB study in Figure 36 shows that the ALD layers has higher amount of defect states 

in comparison to the anatase and rutile TiO2. 

 

Figure 41: Determination of the Auger decay contributions proceeded by the procedure described 

above. The spectrum taken at 531 eV photon energy from the res-PES map at the O1s edge  is fitted into 3 

peaks and a non-uniform peak showing only the contribution of the 2h Auger decay while the other 3 

peaks contribute to exciton, -3h/2ph and 3h Auger decay. Here a curve for an ALD sample is shown 

exemplarily.  

Table 16: Quantification of multiple Auger decays in ALD and anatase samples. The values are 

determined by fitting the individual curves at the given photon energy as described in text. 

Photon 

energy (eV) 

ALD Anatase Rutile 

2h% -3h/2ph 

% 

3h% 2h% -3h/2ph % 3h% 2h% -3h/2ph% 3h% 

530 35.4 34.5 12.3 44 24.8 16 42 25 17.5 

531 42.8 35 14 39.5 30.5 15.5 35 24.6 18 

534 71.8 12.5 8.7 47.6 26.2 15 61.5 25.3 13 

536 67.4 15 7 71.2 18 9 68 26.5 12.4 
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3.2.2.5 Partial density of state (pDOS) and band gap determination  

In Figure 42 the partial electron yield (PEY) of oxygen and titanium and the valence band (VB) at  

455.2 and 526 eV are plotted with reference to the Fermi level for the ALD, anatase and rutile TiO2 

samples. The combination of the normalized VB and the PEY in the CB can deliver the band edge position 

and the band gap of TiO2 layers when plotted with reference to Fermi level.  In Figure 42 the upper panels 

show the occupied VB and unoccupied CB and the lower panels depict the CIS spectra to get information 

about defect states. The CIS is taken at the highest intense VB peak (at -5 eV initial state energy) in order 

to probe the in-gap defects which are considered in literature as oxygen vacancy (155). Another CIS at -10 

eV of initial state energy is taken to investigate the charge transfer state between O2p-Ti3d4s. The CIS 

data are taken from the res-PES measurements at the O1s edge.  

 

Figure 42: Partial density of states (p-DOS) of O and Ti in VB and CB for ALD (a), anatase (b) 

and rutile (c) TiO2 samples. The p-Dos of O and Ti in CB are deduced from the integrated res-PES 

measurements over the whole photon energy. For the VB p-DOS the VB are taken below the O 1s and Ti 

2p resonances, respectively, and normalized to one at -7.5 eV. The same scaling factor is then used to 

normalize the PEY of O1s and Ti2p, however these data are multiplied by 0.33 in each case for better 

illustration. The VB and the CB are aligned by taking the core level and aligning with the Fermi level. The 

lower panel shows the CIS spectra taken at -5 eV and -10 eV. 

The PEY at the Ti2p and O1s edges are determined from the res-PES measurements for three 

different kinds of TiO2 samples (ALD, anatase and rutile). The PEY is obtained by the summation of VB 

spectra over the resonance photon energy range.  Since the resonant photon electron spectroscopy operated 

through an intermediate state (unoccupied state of CB) (95), the intensity of the photo-emitted electrons 

will be proportional to the number of electrons residing in the intermediate state after excitation from the 

core level to the unoccupied state. Therefore the integration of res-PES map over the total photon energy 

provides the PEY of the Ti2p and O1s edges. Consequently, the PEY from the res-PES maps are the 

replica of the partial density of states (p-DOS) of Ti and O in the unoccupied states.     
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The VB spectra are taken at two photon energies below the resonance energy of Ti2p (460 eV) 

and O1s (531 eV) to exclude the contributions from the excitons at resonance. For the quantification and 

better comparison purpose, the VB is normalized to 1 at -7.5 eV. The PEY data are normalized by the 

same normalizing factor as used for the VB and then multiplied by a factor of 0.33 in order to put the CB 

and VB in the same scale. The combination of PES at off resonance energy and the PEY can be helpful to 

deduce the VBM and CBM along with the contribution of pDOS due to O and Ti in VB and CB 

respectively. The CIS spectra at -5 and -10 eV are also normalized by the same factor as used in case of 

VB and are also aligned with respect to the Fermi level.  

The VBM of ALD, anatase layers and rutile TiO2 can be determined from the extrapolation of the 

VB to the horizontal binding energy scale at zero intensity. The VBMs are found to be at -3.22, -3.31 and -

3.05 eV below the Fermi energy for ALD, anatase and rutile TiO2 samples respectively. In the ALD films 

the in-gap peak appearing at -0.9 eV corresponds to defect states and this in-gap state in anatase layer is 

very negligible small (as shown in the inset of Figure 42(b)) while in rutile it is not visible at all. The CBM 

is determined by considering the FWHM of the CIS spectrum taken at -10 eV initial state energy and is 

found to be at 1.15, 1.02 and 1.07 eV with reference above the Fermi level for the ALD, anatase and rutile 

samples respectively. Hence the band gap of ALD, anatase and rutile layers is found to be 4.37, 4.33 and 

4.12 eV respectively as listed in Table 17. 

Table 17: VBM, band gap, O/Ti ratio, pDOS of O1s and Ti2p in CB, relative intensity of polarons, 

and relative intensity of charge transfer (CT) states for ALD, anatase and rutile TiO2 samples.  All these 

data are collected from the res-PES measurements at the Ti2p and O1s edges. 

 ALD Anatase Rutile 

VBM ( eV) 3.22 3.31 3.05 

Band gap (eV) 4.37 4.33 4.12 

O-Ti elemental 

ratio 

1.97 1.96 2 

 

pDOS 

 

O1s 

7.62 9.25 7.8  

 

Ti2p 

6.64 4.17 4.10 

Relative 

intensity  of Polarons 

28% 24% 20%  

 

Relative 

intensity  of CT states 

64% 81% 97% 
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The VB intensities at two different photon energies of 455.2 and 526 eV close to the Ti2p and O1s 

resonances of respectively, are the same but show a small difference near the VB edge (near VBM region). 

The VB spectra taken with photon energy of 526eV have lower intensity compared to the 455.2eV data 

and show the influence of polaronic states. This can be seen in the lower panels of Figure 42. The 

polaronic states starts at around -7.5 eV and extend up to the Fermi level. The polaronic state intensity also 

increases towards the VBM and therefore the VB intensity decreases when excited with the O1s near-

resonance photon energy. The equal intensities in the VB spectra recorded with Ti2p and O1s edge photon 

energies show the availability of both the Ti3d and O2p states. This suggests that the VB is consisting of 

the hybridizations of both of these states. The VB spectra at the Ti2p resonance (460 eV) and off 

resonance (480 eV) in Figure 36(c) show the presence of Ti3d states in the VB. It already starts at the 

VBM edge and has equal intensity like the O2p spectra about 4 eV below VBM edge. The equal 

contribution of Ti3d and O2p states far below the VBM is also shown in recent theoretical studies [ (43), 

(142)].  

The CB information is obtained from the pDOS of the O1s and Ti2p. The Ti-derived pDOS starts 

right from the edge of the VBM; that means at around 3 to 3.2 eV below the Fermi level (depending on the 

kind of TiO2 sample) and extend into the conduction band. The Ti2p XAS (PEY) spectra are due to the 

occupation of photo-excited electrons from the Ti2p core level to the hybridized O2p-Ti3d4s states in the 

conduction band. The in-gap states of the Ti2p XAS are due to the emission of photoelectron from the 

Ti3d4s state to the Ti3d
1
4s

1
 in the gap. The evidence of Ti3d

1
4s

1
 can be drawn from the LMV Auger 

decay at the Ti L edge in the Ti2p res-PES map (refer to Figure 29). The Coulomb interaction between the 

localized O2p
5
 sates and the Ti3d

1
4s

1
 may be the stabilization factor for this in-gap state. Jakub et.al, also 

observed the localized Ti3d state in the band gap of TiO2 in their experiments based on hard X-ray RIXS 

(142). The Ti3d states in the gap are stabilized by the Coulomb interaction from the Ti3p hole (95). In the 

present case the electrons are excited from the Ti2p level leaving holes in the core. The core hole may be 

filled by the valence electron and form localized O2p
5
 states.  As a result of the Auger decay the localized 

hole at O2p stabilizes the in-gap state Ti3d
1
4s

1
. The same effect is also found in ZnO (156). Along with 

the localized Ti3d
1
4s

1
 in-gap states we also observed a peak at around 1eV below the Fermi level in the 

VB spectra in particular for the ALD sample. This in-gap state shown in the VB spectra corresponds to the 

Ti3d states. In the ALD samples the Ti3d state and the localized Ti3d
1
4s

1
 states have the same position in 

the gap while in anatase and rutile samples the Ti3d state is not detected. The appearance of the Ti3d 

states in the ALD sample could be due to the presence of higher amount of Ti
3+

 states compare to the 

antase and rutile samples (refer to Table 14). 



 

[85] 
 

The pDOS of the O2p contribution in the CB can be determined from the res-PES measurement at 

the O1 edge. The O1s PEY spectra start around 1eV below the Fermi level and the intensity increases into 

the conduction band in all three samples of TiO2. From the existence of O2p states within the band gap the 

presence of both localized and delocalized O2p states can be inferred. The presence of a localized O2p 

band in the band gap is associated with the O2p
5
-Ti(3d4s)

1
 hybridization. The stabilization of this state 

could be due to the Coulomb interaction between the VB hole (O2p band) and the electron in the Ti3d4s 

band. The presence of O2p5 state in the VB refers to the presence of unoccupied O states in the 

conduction band.  

The lower panels in Figure 42 include the polaronic and charge transfer (CT) states taken at CIS 

of -5 and -10 eV respectively. In the CIS spectrum at -5 eV resonance and anti-resonance profile are 

observed over the scanned photon range. The anti-resonance stars already in the VB region and its 

intensity increases in the band gap. The process of anti-resonance can be explained on the basis of 

interaction between two similar kind of outgoing electron wave functions and is known as Fano process [ 

(157), (158)]. In the previous section we discussed the local formation of the O2p
5
 state by the removal of 

one electron. The O2p
5
 state forms the polaronic state and can decay to O2p

4
 by direct photoemission. The 

final O2p
4 

state can also be achieved by an indirect photoemission channel where an O2p
6
 intermediate 

state is formed by filling up an O2p
5
 state followed by decay into the final state by auto-ionization process. 

These two resulting electrons have wave functions with different phases and their interaction gives rise to 

the Fano like profile. The Fano profile can have different q values. In the present case the samples show a 

3h Auger decay; so their Fano profile has a q value greater than 1 (>1). The relative intensity of the 

polaronic states is defined by normalization of the CIS curve with the intensity at -7.5 eV in the BV. The 

minimum of anti-resonance in the CIS is taken as the intensity of the polaronic states in each sample 

measured and is presented in Table 17.  

The CIS taken at -10eV shows a peak at the O1s resonance (at the Fermi level). This represents a 

charge transfer (CT) of an electron from an O2p states to an empty metal state. The analysis of the res-

PES map shows that the 3h Auger decay starts just above the -10eV. The 3h Auger decay takes place with 

the presence of unoccupied metal states in the band gap. The VB electrons of the O2p states is transferred 

to the unoccupied TI3d4s states in the bad gap and decays with 3h final states. The Ti derived pDOS is 

found to be in the band gap about 1eV below the Fermi level to which the electrons move from the O2p
5
 

in the VB state. Indeed the CT states are commonly observed in transition metal oxides as well as in other 

metal oxide systems like Ga2O3 [ (150), (159)]. The transfer of electrons from O2p states into Ti3d4s 

unoccupied states forms a band through which the electrons transfer. From the CIS at -10 eV the width of 
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the CT can be determined by taking the FWHM of the CT peak and the upper end of the FWHM is 

considered as the CBM in this analysis. The relative intensities of the CT states for ALD, anatase and 

rutile TiO2 are given in the Table 17. 

 

Figure 43: Schematic band diagrams of ALD (left), anatase (middle) and rutile (right) TiO2. The 

VBM, CBM, CT and Polaron bands are determined from the res-PES map. The respective poisitions are 

aligned with respect to the Fermi level. 

The information about the VB and the contributions of Ti and O derived states in the CB are 

obtained from the res-PES measurements. The pDOS of O1s and Ti2p show the contributions of both the 

metal and oxygen states in the conduction band while the contributions in the VB are calculated from the 

PES. The VB and the pDOS are aligned with respect to the Fermi level to determine the band gap of TiO2. 

The VBM position is clear but the CBM location determination by photoemission spectroscopy is a matter 

of debate. In the present case the FWHM of the charge transfer is used to identify the CBM of TiO2 since 

the charge transfer takes place between the O2p states and the unoccupied metal states in the gap. So the 

FWHM can be considered as a point where the CBM is loacated. A schematic presentation of the band 

edge positions and the band gap including the CT and polaron bands obtained from the analysis of VB and 

pDOS shown in Figure 42 is given in Figure 43. 

3.2.2.6 Determination of CNL in TiO2 

The CNL energies for TiO2 are calculated by the weighted oxygen and metal density of states in 

the valence and conduction bands [ (103), (104)]. In our analysis we obtained the pDOS from the res-PES 

measurements at the O1s and Ti2p edges. From the VB spectra we determine the DOS of Ti and O 
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contributions to the VB. Since the analysis suggests that the VB is consisting of O2p-Ti3d hybridization 

states, the contributions of the Ti and O are consider as equal to each other in VB. The determination of 

the weight of Ti and O DOS in the conduction band is rather trivial. The PEY from the res-PES 

measurements can be used to quantify the Ti and O contributions in the CB. To determine the CNL we 

used values such as band gap, Ti and O pDOS in VB and CB resolved form our analysis of the res-PES 

measurements. The width of the CB is determined by taking the ionization potential (IP) from the 

literature since the electron affinity has different values ranging from 4-6 eV in the literature.  The IP of 

anatase and rutile is 8.30 and 7.83 eV respectively (160). In addition our ALD samples do not have any 

defined polymorphs so we consider the I.P of ALD TiO2 layers as 8 eV. The CNLs are calculated using 

equation 2.29 and are presented with respect to the vacuum level.  

Table 18: CNL of the ALD, anatase and rutile TiO2 samples with respect to the vacuum level 

determined from the res-PES measurement data. 

 ALD (eV) Anatase (eV) Rutile  (eV) 

CNL without CT  7.2 6.77 7.06 

CNLCBM  7.61 7.56 7.2 

CNLEF  7.48 7.44 7.14 

CNLCBM 
(only Ti) 

 6.37 6.00 5.95 

CNLEF 
(only Ti) 

 6.73 6.33 6.17 

Table 18 shows the CNLs for ALD, anatase and rutile TiO2 samples calculated using the VB, CB 

states from the res-PES data and the IP from literature as mentioned above. In our study we found that  the 

CNL is around 7.5 eV below the vacuum level while in theoretical work the CNL of TiO2 is located 

around 6.1 eV (2.2 eV w.r.t VBM) (104). In the theoretical work the band gap of TiO2 is considered as 3.2 

eV and the electron affinity was taken as 4 eV while in our measurement the band gap is around 4.3 eV. 

Other than the band gap the density of states is an important factor to determine the CNL in metal oxides. 

In our analysis TiO2 have both Ti and O unoccupied states in the gap around the Fermi level. However, the 

unoccupied localized states observed in our res-PES data are not considered in theoretical calculations. So, 

to determine the extent of density of states in the CB we took the pDOS starting from different energy 

positions considering the same CBM. On considering the CB states starting from the Fermi level (CNLEF) 

the CNL shifts by 150 meV towards the vacuum level in comparison to the CLNCBM, where the CB states 



 

[88] 
 

taken into consideration start at the CBM. When the CT band is excluded in calculation (CNL without CT) 

the CNL further approaches the theoretical value.   

It is a general practice that the CB of metal oxides is considered to be based on the metal derived 

states, so in the CNL calculations of metal oxides only contributions of metal states are considered. When 

we only include the Ti pDOS contribution in the determination of the CNL (CNL* 
(only Ti)

)
 
the values are 

much closer to the theoretical values of 6.1 eV for the anatase and rutile TiO2. In contrast, in the ALD 

sample the analysis shows that it contains higher amount of titanium derived states in the CB. With the 

help of res-PES measurements we can probe into self trapped polaronic states and this creates O2p empty 

states in the CB.  

The res-PES measurements and analysis can provide different qualitative and quantitative 

electronic properties of TiO2. This method is useful to determine the electronic band gap of any material 

systems where the optical spectroscopy cannot be used. The positions of defect or in-gap states are 

identified by res-PES measurements. A single measurement is used to determine the pDOS in VB as well 

as in CB with the quantitative contribution of oxygen and titanium derived states. The observation and 

quantification of the polaronic as well as the CT bands are possible.  The identification of individual O and 

Ti pDOS in the VB and CB enables us to calculate the CNL experimentally.  Furthermore, we point out 

that the theoretical calculation of the CNL does not consider the oxygen derived localized unoccupied 

states that contribute to the pDOS of the CB.   

3.3 TiO2 protective layer for Si photocathodes 

In this chapter the ALD grown TiO2 films are used as protective layer against 

photoelectrochemical corrosion. The relation between the spectroscopic properties of TiO2 and their effect 

on TiO2/Si photo cathodes are established. Firstly, the effect of TiO2 on the stability is examined under 

photoelectrochemical environment. Then the TiO2 is used to control the interfacial SiO2 thickness and the 

effect of SiO2 thickness onto the photoelectrochemical performance is checked. Finally, the spectroscopic 

properties of ALD grown TiO2 will be related to the photoelectrochemical properties of TiO2/Si 

photoelectrodes. 

Silicon as a photocathode itself presents lower photo to current conversion ability due to the lower 

quantum efficiency, i.e. the photogenerated electrons which react with the electrolyte cannot compete with 

the recombination of the photogenerated electron hole (e
-
/h

+
) pairs at the interface of the p-Si / electrolyte 

(161). Due to the higher recombination of photo-generated e
-
/h

+
 pairs the output photovoltage of the p-Si 
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photocathode is lower and has a higher over potential to generate hydrogen. Though the p-Si photocathode 

is thermodynamically more stable against reductive photocorrosion the formation of SiO2 at the interface 

to Si cannot be avoided which cause a higher recombination rate of e
-
/h

+
 pairs (162). Therefore, the 

combination of a large band gap semiconductor with a small band gap semiconductor in one photocathode 

system may allow overcoming the drawbacks of each material. Hence we introduced here heterojunctions 

of silicon (band gap of 1.12eV) and titanium dioxide (~ 4.3eV) which will allow achieving higher stability 

and separation of charge carriers. 

The TiO2 ALD layers are grown using TTIP as described before in section 3.1 on p-type Si of 

resistivity 10-20 Ωcm. The (photo) electrochemical measurements were performed using a VERSSTAT 4 

potentiostat with a bottom cell as the electrochemical cell, Ag/AgCl reference electrode, a Pt counter 

electrode and the silicon based working electrodes. For all presented figures the potential scale was 

converted into the reverse hydrogen electrode (RHE) according to eq. 2.30. 

,                              (3.2) 

where E
0
AgCl= 0.197 V. 

The scanning rate of 50mV/s was used for the cyclic voltammetry experiments; the area of 

working electrode was always kept at 0.38cm
-2

. The 0.5M phosphate buffer solutions of pH 7 and 0.1M 

H2SO4 of pH 1 are employed to study the properties of the photocathode. The used electrolytes were 

purged for about 20 minutes with N2 in order to minimize the oxygen gas content. For the 

photoelectrochemical studies a visible light source (Euromax fiber optic light source EK1) with light 

intensity of 40 mWcm
-2

 and 610 nm wavelength was used.    

 

Figure 44: Deposition of TiO2 on Si by ALD using TTI precursor. The PES spectra are recorded 

for the Ti2p (a), O1s (b) and Si2p (c) core levels. In part (b) and (c) the spectra of the Si substrate and the 

TiO2 covered Si are shown. 
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Figure 44 shows the successful deposition of TiO2 on Si substrate. The shift in O1s in Figure 

44(b) and the decreases in intensity of Si2p peak in Figure 44 (c) show the deposition of TiO2 and the 

thickness of the film. In the previous section on ALD deposition of TiO2, the thickness of TiO2 layer 

deposited on Si for 200ALD cycles is found to be 3 nm.  

 

Figure 45: Cyclic voltammetry (CV) of Si and TiO2/Si (a) and the Linear scan voltammetry (LSV) 

of Si, TiO2/Si , Pt/Si and Pt/TiO2/Si (b) under visible light irradiation in 0.1M H2SO4. In (a) the CV plot of 

the 1
st
 and 25

th
 cycles are shown for bare Si and TiO2/Si. 

In Figure 45(a) a comparison of 1
st
 and 25

th
 CV of Si and TiO2/Si under illumination in 0.1M 

H2SO4 is shown. As can be seen the onset potentials for bare-Si and TiO2/Si shift towards more cathodic 

direction with increasing number of CV cycles. The shifts in onset potential after 25 CV cycles for bare-Si 

and TiO2/Si are from -340 to -574 mV vs. RHE and from -311 to -335 mV vs. RHE respectively. 

Moreover the saturation current remains unchanged for both electrodes. This indicates that with the cycle 

number the catalytic activity of the bare-Si photocathode change is more prominent compared to TiO2/Si 

electrode.  

Linear scan voltammetry (LSV) was used to measure the photocurrent density against applied 

potential. The LSV data for bare-Si and TiO2/Si, Platinum nano-particle on Si (Pt/Si) and Pt nano-particle 

on TiO2 coated Si (Pt/TiO2/Si) photocathodes are shown in Figure 45(b). The onset potentials of the 

photocathodes at -1 mA/cm
2
 are -340, and -311 mV vs. RHE for bare-Si and TiO2/Si respectively. The 

onset potential of Pt/Si shifts towards more anodic direction and the shift is around 400 mV vs. RHE 

compared to Si. The saturation current of about -20 mA/cm
2
 starting at -1.1 eV vs. RHE is observed for 

bare-Si. The saturation current starts at -1 V vs RHE and reaches about -21 mA/cm
2
 for the TiO2/Si 

photocathode. The saturation current in Pt/Si photocathode is -18 mA/cm
2
 and starts at -400 mV vs. RHE. 

Among these photoelectrodes the TiO2/Si has highest saturation current. 
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Figure 46: Schematic band diagram of Si, SiO2 and TiO2 separately (a), of Si/SiO2 interface (b) 

and Si/SiO2/TiO2 interfaces in the equilibrium condition (c). 

The increase in photocurrent density and the shift in onset potential for the TiO2/Si can be 

understood by the band diagram of the p-Si/n-TiO2 heterojunction. The schematic band diagrams of 

Si/SiO2 interface and Si/SiO2/TiO2 interfaces are shown in Figure 46. In this diagram all the band edge 

position are shown with respect to the vacuum level. The p-Si photocathode is always covered with a 

native oxide and its thickness is about 1 nm, as obtained from the XPS Si 2p spectra (Figure 44c). The 

photogenerated charge carriers can tunnel through the insulating SiO2 layer of thickness ~1 nm. In case of 

TiO2/Si photo cathode the interfacial SiO2 layer is also about 1nm thick and hence the charge carriers can 

tunnel thought this thin insulating layer too. The band alignments of p-Si (-5.05 eV), SiO2 (-5.4 eV), TiO2 

(-4.9 eV) are done considering the electron affinity and aligning the respective Fermi levels with the redox 

potential (E
0

H2/H+= -4.7eV at pH=0) in Figure 46(a). Figure 46(b) shows the band alignment of Si/SiO2 

with the electrolyte. At the SiO2/electrolyte interface there will be a band bending of 0.7eV towards the 

electrolyte. The band bending at the interface between p-Si and SiO2 will be around 0.35 eV and this band 

bending will form electron accumulation layer at the p-S/SiO2 interface. On illumination and under 

applied potential the photogenerated electrons will move through the SiO2 layer to the electrolyte to 

perform the reduction reaction.  

On the deposition of the TiO2 layer at 250 ºC by ALD a very small (0.1 to 0.2nm) increase in the 

thickness of SiO2 is observed. But the p-Si photo cathode becomes more stable under 

photoelectrochemical environment. The TiO2 layer with an electronic band gap of 4.37eV does not 

decrease the photo catalytic performance of the photocathode and on the other hand the TiO2 layer shifts 

the onset potential around 40 mV towards anodic direction. Figure 46(c) shows the schematic diagram of 
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Si/SiO2/TiO2/electrolyte interface under equilibrium condition. The Fermi level of the TiO2 ALD layer 

lays 200 meV below the reduction potential of H2O. In the literature the Fermi level of TiO2 also found 

above the reduction potential of water (163). Nevertheless the processing conditions also change the band 

edge position and hence the relative Fermi level also changes (164). When the Fermi level of the TiO2 is 

higher than the reduction potential the band bending will give rise to the depletion layer at the interface 

between TiO2/electrolyte. The depletion layer will not allow electrons flow through it, therefore when 

TiO2 is used as an absorber the photo generated holes move to the electrolyte to perform oxidation 

reaction to produce O2 (165).  

In the present study considering the Fermi level of TiO2 and the reduction potential, the TiO2 

would have electron accumulation layer at the TiO2-electrolyte interface. The band bending at TiO2/SiO2 

and Si/SiO2 interfaces will be 0.5 and 0.15 eV, respectively, and in both cases it will be accumulation type 

band bending. In the res-PES measurements of ALD TiO2 layers the CT band is obtained due to the 

transfer of electrons from oxygen to titanium metal levels. The width of the CT band is about 1.78 eV and 

it starts around 0.6 eV below the Fermi level and extend into the CB. The CT bands are localized bands 

that start already in the band gap. Moreover, the localized polaronic band in TiO2 starts far below in the 

VB and extends into the CT band. The localized band itself cannot move but the charge carriers can move 

through it since these bands consist of occupied states.  

 The photocathode here is consisting of Si as photo absorber and the thin film of TiO2 is used as a 

protector against photo corrosion. The thin TiO2 with wide optical band gap will not absorb the light and 

only Si will absorb the light of incident wavelength. The photo generated charge carriers have to move 

through the SiO2 and TiO2 layer to the electrolyte. The performance of the Si photo cathode depends on 

the surface layer on it. Since TiO2 is a wide band gap material it may block the flow of charge carriers to 

the electrolyte but the LSV measurements show that the electrons can easily move through the TiO2 layer.  

The primary aim to put TiO2 on Si photocathode is to protect it against chemical degradation. Figure 46 

(c) shows that the alignment of TiO2 and H
+
/H2 energy levels and according to literature electron 

accumulation layer will be formed at the TiO2/electrolyte interface (164). The accumulation layer will help 

in flow of electrons through the TiO2 layer to the electrolyte but it also reduces the TiO2 forming Ti
3+

 

states (164). The formation of Ti
3+

 states in TiO2 will degrade the protecting layer and hence the 

performance of photocathode will deteriorate over the time. In our measurements the TiO2/Si 

photocathode was illuminated for 12 hours and the photocathode does not show any decrease in photo 

response and also from the XPS Ti2p core level spectra an increase of Ti
3+

 states is not found as shown in 

Figure 47 . 
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Figure 47: Ti2p XPS spectra before and after electrochemical measurements of TiO2/Si 

photocathode. The XPS was measured with photon energy of 640 eV. 

  The alignment of the CT band of TiO2 coincides with the VB and CB edges of the Si 

photoelectrodes; and the CT band is the band occupied with electrons and therefore any charge carrier can 

move through it. Moreover the CT band is not a single electronic state rather it works like a band with 

high density of electronic states. This means that the photo generated charge carriers in Si photoelectrodes 

have enough electronic states in TiO2 through which the charge carriers can easily move to the electrolyte 

surface after tunneling through the SiO2 layer. Hence, the presence of the CT band and its position in the 

TiO2 makes TiO2 a transparent metallic like material which provides stability against photo corrosion. Due 

to the metallic like behavior of TiO2 there is no loss in overpotential of Si photoelectrode as presented in 

Figure 45. This fact also observed in literature [ (163) (166)]. 

 
Figure 48: The Onset potential of Si and Si/SiO2/TiO2 photocathodes with varying pH value of the 

electrolyte. The onset at different pH values are compared to the Nernst slope. The potential values shown 

here are with respect to the Ag/AgCl reference electrode.  
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The TiO2 layer also does not affect the loading of the catalyst on the photoelectrodes. In Figure 45 

(b) the Pt/TiO2/Si photoelectrode has the same onset potential as the Pt/Si photoelectrode. On the other 

hand, the TiO2 over-layer on Si has a positive effect on the PEC performance of the photocathode in 

electrolyte media with different pH values. Figure 48 shows the onset potentials of bare-Si and 

TiO2/SiO2/Si at different pH values of the electrolyte. The onset potentials are taken here at a photocurrent 

density of the photocathodes 1mA/cm
2
. The potential must shift by 0.059 V with the unit change in the pH 

of the electrolyte per decade according to Nernst equation. The red curve in Figure 48 shows the ideal 

Nernst plot. The redox potential of the electrolyte changes with the change in pH values and hence the VB 

and CB edge positions of the bare-Si also change (167). The strong change in the band edge position of 

bare-Si with the pH values of electrolyte restricts the generation of the maximal photovoltage from the Si 

photocathode. The generation of the photovoltage is responsible for the onset potential of the photocurrent 

of the photoelectrodes. In case of bare-Si the change in potential per pH is 0.059 V like in Nernst equation 

while in the case of the TiO2/SiO2/Si photocathode the change in potential per pH is 0.015 V. When the 

TiO2 is coated on the Si surface the band bending at the interface is less than in the bare Si/electrolyte 

interface. In addition the band edge position of the TiO2 covered Si does not change with the change in pH 

of the electrolyte resulting in higher photovoltage than in the bare-Si photocathode.   

The weaker dependence of the onset potential of the TiO2/SiO2/Si photocathode with the change 

in pH could be related to the polaronic states in the TiO2 over-layers. It is well known that charge carriers 

move in metal oxide by hopping mechanism thought the existing polarons. The spectroscopic 

measurements of the TiO2 ALD layers in Figure 42 and Figure 43 show that the polaronic band starts in 

the VB and extends into the CT band. The polarons formation in TiO2 is due to localized O2p
5
 states in the 

VB. These localized states cannot move by themselves but the charge carriers can move easily via these 

states by hopping mechanism. In Figure 46(c) the band edge positions of Si and TiO2 are shown along 

with the CT and polarons bands. There the existence of the polaronic band in TiO2 can be seen and this 

band does not alter strongly with pH value changes due to the localized states starting from VB and 

extending into the CT band.  The TiO2 ALD layer has no band bending and shifts in band edge positions 

due to the availability of CT and polaronic states in the band gap.  

The presence of CT and polaronic bands in TiO2 makes it transparent for the flow of charge 

carriers through the TiO2 layer without affecting the electrochemical performance of the photocathode and 

only weak shifting of the onset potential at different pH values of the electrolyte. Therefore, the thin film 

of TiO2 ALD layers behave like metallic coating on Si photoelectrodes making them stable and better 

photoelectrodes for PEC devices. In literature TiO2 have been used to protect both the photocathodes and 



 

[95] 
 

photoanodes against photo corrosion [ (163), (168), (166)]. This shows that our spectroscopic analysis is 

in agreement with our electrochemical data and can be applied to other photoelectrode systems too.  

 

Figure 49: Chronoamperometry test of Si and TiO2/Si photocathodes under illumination at -1V vs. 

RHE (a) and XPS (recorded with 1253eV excitation energy) of Si and TiO2 before and after 

chronoamperometric measurements (b). The label ‘treated’ refers to the samples after 

chronoamperometry. 

In Figure 49(a), the stability of the Si and TiO2/Si photoelectrodes were examined by a 

chronoamperometry test at the constant applied potential of -1V vs. RHE, i.e. at the maximum power 

point. The Si electrode shows stable photocurrent density for 4 hours; afterwards the current density starts 

to decrease from -18 mA/cm
2
 to -12mA/cm

2
 after 12 hours. In the case of the TiO2/Si photoelectrode the 

photocurrent stability extends to 8 hours and afterwards the photocurrent decreases only slightly over time 

from its initial value of -20 mA/cm
2
 to -18.2 mA/cm

2
. The stabilities of the Si and TiO2/Si photocathodes 

were characterized by XPS as shown in Figure 49(b) where excitation energy of 1253 eV was used. The Si 

2p lines confirm the presence of oxidized silicon at the interface. The bulk Si peak is observed at -99.4 eV 

binding energy whereas the second peak shifted 4 eV towards higher binding energy is attributed to silicon 

oxide. As expected the obtained Si 2p lines are more pronounced for the bare-Si photocathode. The ratios 

of both peaks change differently after the photoelectrochemical treatment (chronoamperometry for 12 

hours) for the bare-Si and the TiO2/Si electrodes. While the Si
4+

 to Si
0
 peak intensity ratio is comparable 

for both electrodes before the treatment it changes strongly after the treatment, where the SiO2 peak 

intensity becomes distinctly higher for the bare-Si electrode than for the TiO2 coated Si electrode. Using 

equation 2.12, the thicknesses of the SiO2 layers of the Si and TiO2/Si electrodes are determined to be 0.9 

and 1nm before the electrochemical treatments. The SiO2 peak intensities increase after the 

electrochemical treatment and these intensities are corresponding to SiO2 thicknesses of ~2 nm and ~1.3 

for bare-Si and TiO2/Si photocathodes, respectively. The decrease in photoresponse of bare-Si 
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photocathode could be due to the stronger SiO2 formation on Si during the long time electrochemical 

measurements. In contrast, the deterioration in photoreponse in case of the TiO2/Si is limited due to the 

smaller SiO2 formation underneath the TiO2.  

 

Figure 50: Si2p core level spectra of with different etching time to remove native SiO2 (a) and 

Si2p spectra after deposition of TiO2 on respective Si substrates (b). 

Figure 49(a,b) shows that the formation of interfacial SiO2 deteriorate the photoactivity of 

electrodes. The thicker SiO2 layer on Si hinders the tunneling of photo generated electrons to the 

electrolyte surface and hence a stronger potential is needed to extract the same amount of charges through 

a thicker layer of SiO2. Consequently, the increase in SiO2 thickness causes a shift of the onset potential 

towards cathodic direction. The thicknesses of the SiO2 interfacial layer must be controlled to realize 

better onset potentials in Si photocathodes. We vary the native SiO2 thickness by etching the Si surface 

with 0.2% HF for 15 and 50 seconds, respectively. The Si2p spectra in Figure 50(a) show the 

corresponding Si
4+

 signals of the native SiO2. The thickness of SiO2 for Si with native SiO2, after 15 

seconds etching (15 S Etch) and after 50 seconds etching (50 S Etch) is 0.7, 0.4 and 0.2nm, respectively. 

Afterwards these electrodes were deposited by TiO2 ALD layers. Here, the interfacial SiO2 thickness 

increases with the ALD deposition. In Figure 50(b) we observed that the Si
4+

 signals in the Si 2p core level 

spectra increased after the TiO2 deposition. The spectra after the TiO2 deposition are noisy due to the 

attenuation of the signals by the TiO2 layers. Using equation 2.12 the SiO2 thickness underneath the TiO2 

layers are determined. The SiO2 thicknesses for the bare Si and the etched samples before and after TiO2 

deposition are given in Table 19.  
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Table 19: Thickness of SiO2 determined using Si2p core level spectra.  The data of bare Si with 

native oxide and etched samples before and after TiO2 deposition are shown. 

The chronoamperometry test and the XPS results in Figure 49  show that the photocatalytic 

activity of the Si photocathode deteriorates due to the increase of the SiO2 interfacial layer. Therefore, if 

the SiO2 interfacial layer can be controlled, the Si photocathode can perform better. It has been suggested 

by Dia et al. that an amorphous SiO2 layer with a thickness of about 1nm can contribute to better activity 

of the Si photocathode (169). But the control of the SiO2 thickness is not very straightforward, since Si is 

prone to oxidation in chemical and electrochemical environments. The SiO2 interfacial thickness was 

controlled by etching the native SiO2 partially and depositing TiO2 by ALD afterwards. From the Si2p 

XPS spectra in Figure 50(a,b) the comparison before and after TiO2 deposition shows a growth of SiO2 on 

deposition of TiO2. From the intensity of the Si
4+

 peak it is observed that the growth of SiO2 is maximal 

when the native oxide is removed almost completely and after the TiO2 deposition the SiO2 thickness 

increases from 0.16 nm to 1.2±0.1 nm.  In case of partially etched SiO2 the growth rate is minimal and 

after the TiO2 deposition the SiO2 thickness increases from 0.38 nm to only 0.7±0.1 nm. 

 

Figure 51: Linear scan voltammetry of bare SiO2/Si and TiO2/SiO2/Si photoelectrodes with SiO2 

interfacial layers of different thickness of. The LSV is taken under the illumination in two working 

electrolytes with pH = 1 (a) and pH = 7 (b). 
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The photoactivity of SiO2/Si and TiO2/SiO2/Si photocathodes with different SiO2 thicknesses are 

shown in Figure 51(a,b) in electrolytes with pH values of 1 and 7, respectively. In both electrolyte systems 

the SiO2 thickness around 0.7±0.1nm (i.e. partially etched SiO2, 15 seconds etching) shows better onset 

potential compare to the bare Si or TiO2 coated native SiO2/Si photo cathodes. In case of the sample where 

the native SiO2 is completely etched the sample has about 1.2 nm SiO2 after the TiO2 ALD, and it shows 

more negative onset potential. This shift in onset potential could be due to the fast formation of SiO2 

during the ALD process. The same trend in the LSV curves of photo cathodes with different interfacial 

oxide thickness are observed in pH=1 and pH=7 electrolytes. In case of pH=1 the onset potential for the 

TiO2 coated native SiO2/Si and 15S Etch Si are -0.330 and -0.133 V (RHE),  respectively, at -1mAcm
-2

 

current density. For pH=7 the onset potential for TiO2 coated native SiO2/Si and 15S Etch Si are-0.446 and 

-0.221 V(RHE), respectively, at -1mA.cm
-2

 current density.  

In the presented section the construction and operation of the photocathode for the hydrogen 

reduction based on a p-Si material is performed. Significant improvement in the performance is obtained 

by applying a protective TiO2 layer and Pt nanoparticles as a catalyst. As it was shown that ALD can be 

used to control the thickness of SiO2, with the control of interfacial SiO2 thickness the onset potential of Si 

photocathode can be moved towards anodic potential. The photocatalytic activity of Si photocathode 

decreases when the SiO2 thickness on Si is higher than 1 nm. The titanium dioxide layer fulfills its 

protective role, which is reflected in quite stable and improved performance of the photocathode. Here we 

combined our spectroscopic results with the photoelectrochemical results of TiO2/Si photocathode and 

tried to understand the working principle of this heterojunction structured electrode. The alignment of the 

Si and TiO2 band edges and the presence of the CT band allow an easy flow of photo generated charge 

carriers. However, due to the alignment of its energy bands with the potential of the HER, the possible 

photovoltage is too low to perform the efficient HER (170). Moreover due to the presence of the CT band 

the TiO2 did not hinder the activity of the catalyst when added on the surface of TiO2/Si electrodes.  

 

 

 

 

  



 

[99] 
 

3.4 Stable Si microstructured photoelectrodes  

In this chapter effect of microstructuring of the Si surface on photocatlaytic water splitting and the 

stability issue will be addressed.  

 A p-type Si wafer with (100) orientation having a resistivity 10-20 Ωcm from CrysTec GmbH 

was taken as substrate for etching. The Si wafer was cut into pieces of 1X1 cm
2
 and prior to 

electrochemical etching the Si pieces are sonicated for 5mins in each of these solutions: isopropanol, 

acetone and deionized water using an ultrasonic bath. The electrochemical etching solution is prepared by 

taking a mixture of HF(48%)-C2H5OH(99%)-H2O in 1:1:2 by volumes [ (171)]. A single compartment 2 

electrode system was used for electrochemical etching.  The electrochemical etching was carried out in 

galvanostatic mode applying current density starting from 2mA/cm
2
 to 40mA/cm

2
 for different etching 

time with a Keithley system. The preparations of microstructured Si are carried out in a fume hood to 

avoid contaminations from the electrochemical system during etching.  

 
Figure 52: Scanning electron microscopy (SEM) images of etched Si after 5, 10, 20 and 30 

minutes of etching with constant applied current densities of 40 mA/cm
2
 in Galvanostatic mode. The upper 

panel shows top view of the Si microstructures and the in the lower panel the cross-sectional view of the 

respective Si microstructures are shows.  

The scanning electron microscope (SEM) images of Si surface after etching with different time at constant 

applied current density is shown in Figure 52. The images shown here are corresponding to increasing 

etching times from 5 to 30 minutes presented here the left to the right. The thickness of the structured 

layers indeed increased with etching time under constant applied current density. After 5 minutes of 
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etching the Si surface is covered with a thick initiation layer and underneath Si micro pillars (SiMPs) are 

formed. With the increase in etching time the initiation layer is also etched and the thickness of SiMPs 

increases due to the anisotropic etching.  After etching for 10 minutes the initiation layer is still present on 

the surface, but after 20 minutes of etching the initiation layer is completely removed, as can be seen in the 

corresponding panel of Figure 52. When the etching time is increased to 60 minutes, the height of the 

microstructured Si pillars increases further and they cannot stand freely, but collapse. After 10, 20 and 30 

minutes of etching the thicknesses of the layers are around 12, 22 and 40 µm respectively.  

 

The elemental composition of the SiMPs was analyzed by XPS. As the electrochemical etching 

process consists of SiO2 formation and subsequent etching with HF, we expect the presence of SiO2 on the 

SiMPs, eventually removed by the HF etching. The XPS Si2p and O1s core level spectra, shown in Figure 

53, indeed suggest that the as grown SiMPs samples are covered by Si-OH/SiO2 that can be removed by 

HF. 

 

 

Figure 53: XPS measurements taken with Mg Kα source for Si2p (a) and O1s (b) of two as grown 

samples of thickness 12µm and 22µm and one HF etched sample of 22 µm. O1s spectra are normalized to 

the same maximum intensity to put in evidence the different peak energy, Si2p spectra are not modified. 

 The Si 2p core level spectra of the as grown samples (thickness 12 and 22 µm) in Figure 53(a) are 

composed of three main peaks at around 100, 103 and 105.5 eV. The peak around 105.5 eV corresponds to 

Si-O+Si-F bonding (172) and the peaks around 103 and 100 eV are attributed to SiOx and Si respectively. 

The appearance of all three peaks in the spectra of the as grown SiMPs samples suggests that the as grown 

samples are covered with Si-OH/SiO2. The O1s core level spectra of the as grown Si microstructured 

pillars (Figure 53(b)) consist of two main peaks at around 533.3 and 535 eV corresponding to Si-O and 
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absorbed H2O [ (173) (174)]. Thus, both the Si2p and O1s XPS spectra of the as grown samples show that 

the SiMPs formed by electrochemical etching are covered by a thick layer of Si-OH /SiO2. 

 The confirmation that the microstructure pillars are formed by Si is given by the changes in the 

Si2p spectrum of the 22μm thick pillars etched with HF, as it shows a higher peak at 100 eV 

corresponding to Si and the peaks at higher binding energies disappear (Figure 53(a)). The etching of Si-

OH/SiO2 is also confirmed by the O1s spectrum of the 22 µm thick micro pillars (Figure 53(b)) as it shifts 

to lower binding energy and the peak at 533 eV corresponds to the SiO2. In addition the intensity of the 

SiO2 peak after etching also decreased as shown in Figure 53(a).   

 The as grown 12 μm sample is covered with about 1µm thick initiation layer and this layer is 

mainly consisting of SiO2 and Si-OH. Hence the peaks are shifted due to the charging effect. On the other 

hand in the thicker sample (22 μm) the initiation layer is partially removed and less SiO2 is present, 

causing the absence of charging. This is reflected in the shift of the Si2p peak back towards the typical 

binding energy. Also the O1s spectrum of the 12 µm sample exhibits the Si-OH peak at higher binding 

energy than the 22 μm sample. 

 The photoelectrochemical activity of the microstructured Si electrodes was checked with 

VERSTAT4 potentiostat with a three electrode bottom cell electrochemical setup. As electrolyte 0.1M 

H2SO4 was used and Ag/AgCl and Pt were applied as reference and counter electrodes, respectively. The 

scan rates for CV and j-V measurements were 50 mV/sec. A visible light source with an intensity of 

40 mW/cm
2
 at the wavelength of 580 nm was used for photoelectrochemical measurements.  

 

Figure 54: Photoelectrochemical activity (j-V curve) of (a) planar Si and microstructured Si 

photocathodes prepared with pillars of different thickness as given in the legend to check the H2 

production performance under visible light irradiation in 0.1M sulfuric acid and the inset plot shows the 

differences in onset potential of SiMPs. (b) Comparison of the PEC activity of the microstructured Si 

samples before and after HF etching.  
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 The photocurrent density vs. voltage (j-V) graph in Figure 54 shows the performance of planar Si 

and SiMPs photocathodes of different thickness in 0.1M sulfuric acid electrolyte. In the j-V curve the 

photocurrent of Si starts to change at around -400 mV (RHE) and reaches saturation at around -1V (RHE). 

The SiMPs photocathodes show the same behavior but in most of the SiMPs photocathodes the 

photocurrent density is higher and the onset potential (shown inset of Figure 54) is lower than for the 

planar Si electrode, with the exception of the 7 µm thick sample where the photo current starts at more 

negative voltage and the saturation current is lower compared to the planar Si photocathode.  

 The increase of the photocurrent density and the shift in onset potential towards anodic direction 

shows the improvement in electrochemical performance of the SiMPs when a thickness larger than 7 µm 

is used. However, we observed that the diameter of the pillars is similar (~ 1 µm) in all the SiMPs samples 

whereas their height is different. Therefore, we tentatively suggest that the photoelectrochemical 

performance depends on the height of the pillars.  

 In our set-up, we found that the saturation current density of the planar Si is about 21 mA/cm
2
 

whereas for the 7, 12, 22 and 40 μm thick SiMPs it displayed values of 18, 25, 24 and 37.5 mA/cm
2
, 

respectively (Figure 54). The difference in saturation photocurrent could be related to the surface 

reflectance. Indeed, the planar Si electrode is expected to have a higher surface reflectance of the incident 

light of about 25% (175), compared to the SiMPs. For example, the photoabsorption property of 

microstructures is discussed in the literature in terms of enhanced light trapping that enhances the 

photocurrent of nanostructured Si (176). Also SiMPs with diameters of around 1μm were used as efficient 

photoabsorbers by Warren et.al [ (177)]. The orthogonal light absorption and the radial diffusion of 

photogenerated minority carriers in microstructured pillars have been demonstrated to efficiently increase 

the photocurrent density of microstructured Si (178). The increase in photocurrent density in case of 

SiMPs samples could be due to the higher light absorption efficiency and larger surface area for water 

reduction reaction. In case of the 7 µm sample the photocurrent density is lower due to the thicker 

initiation layer that hinders the transfer of photo generated minority carriers to the electrolyte.  

 To check the influence of the SiO2 layer covering the SiMPs, we compared the behavior of the 

22 µm thick film with and without HF etching. After the removal of the SiO2, confirmed by the XPS 

analysis, the saturation current density increased from 24 to 30 mA/cm
2
 and the onset moved further into 

anodic direction (Figure 54(b)). Dai et.al have shown that a Si nanowire with 1nm thin layer of SiO2 

exhibits higher photoelectrochemical performance than the planar Si or nanowire with thicker SiO2 layer 

on it (169). A possible explanation for this result is that, due to the removal of the SiO2 layer from the 

SiMPs photocathode, the photogenerated electrons can move to the electrolyte surface with a reduced 
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recombination probability, producing a higher photocurrent as well as the shift of the onset potential in 

anodic direction.  

Table 20: Open circuit potential, onset potential at 1mA/cm
2
 current density and saturation 

current density of Si and SiMPs samples of different thickness and 22 μm sample etched with HF. 

 

 

 The open circuit potentials (OCP) of the Si and SiMPs are measured under light illumination and 

are given in Table 20. For higher OCP the shift in onset of the photocurrent is higher. The 

microstructuring of the electrode surface results in higher OCP of the SiMPs photocathodes than in the 

planar Si with the exception of the 7µm thick SiMPs. The increase of the OCP of SiMPs photocathodes 

reflects the onset shift towards more anodic direction in the j-V characteristics. 

 

 

Figure 55: (a) 1st and 20th light irradiated cyclic voltammetry (CV) curves of 22 μm thick SiMPs 

samples etched with HF. (b) OCP after 1
st
 and 20

th
 CV cycle. 

 The stability of the SiMPs photocathodes is checked by continuous cyclic voltamogram under 

illumination and the results of the 22µm thick sample etched with HF are shown in Figure 55(a), the 

corresponding OCP is shown in Figure 55(b). The photoelectrochemical performance of the SiMPs 
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deteriorates after 20 CV cycles where both the onset potential and the saturation photo current decrease. 

The decrease in photo response is also reflected in the OCP measurements shown in Figure 55(b). The 

OCP of the 22 μm SiMPs electrode decreases from 249 mV in the first CV cycle to 180 mV after 20 CV 

cycles. The decrease in photocurrent density and the shift in onset potential towards cathodic direction are 

related to the photo-generated charge separation at the electrode-electrolyte interface. The decrease in the 

PEC performance of the photocathode could be due to the formation of a thicker SiO2 layer on the 

micropillars. For the stable performance of the photocathodes the SiMPs surface must be modified to 

avoid further oxidation. 

The SiMPs surface can be protected by deposition of a conducting layer on it as already shown in 

the section 3.3. The best SiMPs sample is taken to deposit TiO2 on it and test its electrochemical 

performance and stability for water splitting. The TiO2 layer is deposited onto the 22 μm HF etched 

sample by applying 200 ALD cycles. The LSV measurements for TiO2 deposited on 22 μm_HF SiMPs 

photo cathode is shown in Figure 56. After the deposition of TiO2 onto the SiMPs sample the 

electrochemical performance show a very small change in onset potential but the photocurrent density 

remains the same. The OCP of the TiO2 coated SiMPs is about 20 mV higher than that of the bare SiMPs 

samples (inset in Figure 56).  This increase of the OCP results in a shift of the onset potential in more 

anodic direction by about 30 mV compared to its uncoated counterpart.     

 

Figure 56: LSV measurement under illumination showing j-V curve of TiO2 coated SiMPs in 

comparison to bare SiMPs and planar Si photocathodes. The OCPs of the TiO2 coated and the bare 22 μm 

thick and HF etched (22µm_HF) SiMPs are shown in the inset.  
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Figure 57: Chronoamperemetry test of TiO2 coated and bare SiMPs sample at -0.8 V of applied 

(a) and the j-V curve before and after chronoamperometry test (b). In the latter the curves with circles 

joined with line shows the j-V curve after chronoamperometry test. 

The photoelectrochemical stability of the TiO2 coated and bare SiMPs samples are checked by the 

chronoamperometry test under illumination and the result is shown in Figure 57(a). In case of bare SiMPs 

the current density remains constant within the noise signal for 2 hours of illumination and then it starts to 

decrease gradually. After 10 hours of illumination, the current density of bare SiMPs decreased from 28 to 

20 mA/cm
2
. On the other hand the SiMPs sample coated with TiO2 shows considerable stable current 

density of 30 mA/cm
2
 for 3.5 hours and then a small fluctuation is observed. Unlike the bare SiMPs, the 

decrease in photocurrent density is slow in case of the TiO2 coated SiMPs sample where the value changes 

from 30 mA/cm
2
 to 27 mA/cm

2
 after illumination in electrochemical medium for 50 hours. Furthermore, 

the LSV data of the coated and uncoated electrode before and after the chronoamperometric test (Figure 

57(b)) underline the improved performance of the SiMPs photoelectrode where almost no change is 

observed for the TiO2 coated electrode while a strong degradation is found for the unprotected sample. 

The thin and compact TiO2 film deposited by ALD does not allow the SiMPs to be in direct contact with 

the electrolyte. Moreover the thickness of TiO2 here is about 4 nm and hence the TiO2 cannot effectively 

absorb light. So the coating of the SiMPs with TiO2 does not compromise the optical properties of the 

SiMPs photocathode. The onset potential and the current density show that the TiO2 did not negatively 

affected the electrical property of the SiMPs sample as shown in Figure 56 and Figure 57(b). The 

photogenerated minority charge carriers move through the thin TiO2 film to the electrolyte to perform the 

chemical reaction. The protection of Si against photoelectrochemical corrosion have been studied by using 

insulating Al2O3, (179) conducting graphene layer (180), and semiconducting TiO2 layers (2). In case of 

Al2O3 the limiting thickness for photo generated electrons to be transferred to the electrolyte is 3 nm since 
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the Al2O3 is insulating and the charge carriers have to tunnel through this layer. On the other hand, when 

using TiO2 prepared by ALD the thickness of TiO2 can go up to more than 40 nm since this layer is 

amorphous and carries a high conductivity. In our study the TiO2 grown by ALD is amorphous (181) so it 

has higher conductivity than the crystalline TiO2. The ALD layers facilitate the easy flow of charge 

carriers through the Si/TiO2 interface and protect the Si surface against direct contact to the electrolyte. 

Therefore, after electrochemical dissociation of the electrolyte the H2 and O2 will not be in direct touch 

with the Si surface and none of them can interact with the Si surface to decrease the photoelectrochemical 

properties of the photocathode.   

 The as prepared SiMPs have thick interfacial SiO2 layer developed during the fabrication and the 

presence of this SiO2 layer hinders the photo catalytic properties of the Si and SiMPs photocathodes. In the 

present study the SiMPs are etched with HF to realize the optimal SiO2 thickness and afterwards they are 

coated with TiO2 by ALD method. The ALD layer protects the Si against oxidation and hence increases 

the life time of the photocathodes. The TiO2 coated SiMPs have two benefits for the photocathode 

application in water splitting device. It not only increases the photocurrent density but also shifts the onset 

potential towards anodic direction without any catalyst. Moreover TiO2 coated SiMPs are stable for a long 

period of experiment such as 24 hours or more.  

.  
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Chapter 4 

SUMMARY  

This thesis work embodies a detailed study of TiO2 deposition by atomic layer deposition and 

subsequent characterization of the films by X-ray based spectroscopy. Referring to the characterization 

both the laboratory and synchrotron based X-ray are used to study the growth of TiO2 with ALD and 

simultaneously ensuring the quality of the films.  The electronic properties of the grown layers are 

characterized by X-ray absorption spectroscopy and compared to anatase and rutile reference samples 

single crystal. Additionally, it is already reported that ultra thin TiO2 films are used to protect the Si 

photoelectrode against photo-corrosion. In our work, the effect and the stability of TiO2 overlayer on p-

type Si photoelectrode is studied as well. The thin TiO2 layer is also beneficially against the corrosion of 

Si microstructured electrodes for photoelectrochemical devices prepared by electrochemical etching. It is 

also observed that the deposition of TiO2 can be used to control the thickness of the interfacial SiO2 layer 

which considerably influences the photoelectrochemical process. 

Thin TiO2 films were deposited using ALD technique with different precursors such as Titanium 

tetraisopropoxide and Titanium methoxide. The deposition process was carried out in the temperature 

range of 150 -315 °C to find the proper ALD window for both precursors. The growth rate per cycle 

obtained for TTIP and TiOMe are 1.5 and 0.6 Å per cycle, respectively, as determined by XPS analysis. 

The growth rate for TiOMe is lower than for TTIP due to its lower vapor pressure. From the XPS analysis 

the calculated stoichiometric (O: Ti) ratio of TiO2 deposited either with TTIP or TiOMe is 1.97 

respectively 1.7. In addition, the XPS results show that the Ti
3+

:Ti
4+

 ratio in TiO2 is 0.082 and 0.043 for 

the TiO2 layers grown using TTIP and TiMeO precursors, respectively. The comparative study of the two 

precursors revealed that the growth rate is lower in case of TiOMe while the quality of the films is better 

(higher amount of Ti
4+

 states) than the films produced from TTIP. In contrast, the layers prepared with 

TTIP precursor show better and almost perfect O: Ti ratio of around 2. One of the most important finding 

of our work is that the TiO2 ALD layer has higher amount of defect states in the band gap around 1eV 

below the Fermi level related to Ti3d states. 

The effect of different substrates (Si, WO3, RuOx, CuxOy, AlON) on the growth of TiO2 was also 

investigated. We would like to report that a similar kind of film quality (O: Ti ratio and Ti
3+

:Ti
4+

) is found 

for all the substrates but the growth rate on RuOx substrate is lower than on the others. The XAS 
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measurements can be used as a fingerprint to identify the polymorphs of TiO2 and it was found that the 

ALD films were amorphous in nature. When the TiO2 film is grown at 315 °C the anatase polymorph can 

be obtained while it is not possible to achieve the rutile phase by ALD using TTIP.  

The resonant photoelectron spectroscopy at O1s and Ti 2p edges is used to determine the 

corresponding unoccupied states in the TiO2 ALD layers. Utilizing res-PES analysis we also determined 

the pDOS in the conduction band while the valance band measurements at resonance energies informs 

about the pDOS in the VB. The pDOS of VB and CB is used to determine the electronic band gap of TiO2 

which is found to be around 4.4 eV for the ALD sample while it is around 4.3 eV and 4.1 eV for the 

anatase and rutile reference samples. From the analysis of the res-PES data the oxygen vacancy derived 

polaronic states, the charge transfer band and their positions with respect Fermi level were deduced.  The 

pDOS in the VB and CB is used to determine the charge neutrality level in TiO2. From the res-PES 

measurements we discovered further an unusual Auger decay process where both the binding and kinetic 

energies change. We define that this kind of Auger decay process is related to the formation of three hole 

final states. We conclude that the use of res-PES measurement helps to evaluate various electronic 

properties of TiO2 such as electronic band gap, pDOS, CNL, defect states and Auger processes. Moreover 

the electronic band gap of any colored material can be obtained with this technique since it does not 

involve the absorption of visible light like the UV-visible spectroscopic technique.  

The effect of TiO2 deposition onto Si based photocathodes on their catalytic activity is also 

investigated in this thesis work. The XPS study on Si photocathodes shows that even at cathodic potential 

the Si gets oxidized. The oxidation of Si can be reduced by the thin layer of TiO2 on it. The native SiO2 

thickness increases from 0.9 nm to 2 nm for the bare Si photocathode during long time PEC operation 

while that one of the photocathode covered with TiO2 increases only from 1 nm to 1.3 nm under the same 

conditions. Moreover the thin TiO2 layer on the Si photocathode makes it stable for a period of 20 hours 

under illumination in electrochemical medium. The TiO2 not only stabilizes the Si surface but it has also 

positive effect on the catalytic activity of the Si photocathode. For p-type Si TiO2 is used as a protecting 

layer and it is proved that the TiO2 layer facilitates the easy flow of charge carriers from the Si to the 

electrolyte through the TiO2. The spectroscopic findings and the electrochemical results are correlated to 

investigate the flow of charge carriers through the TiO2 protecting layer on the Si photoelectrode. The 

deposition of TiO2 decreases the band bending at the Si/SiO2 interface which in return results in higher 

open circuit potential and hence the overpotential of the TiO2 coated Si photocathode decreases in 

comparison to the bare electrode. The CT and the polaronic bands of TiO2 are also discussed and aligned 

to the Fermi level. The CT band is consisting of delocalized charges below the CB of TiO2 and hence the 
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charge carriers can easily move through this layer. When the CT band of TiO2 is aligned with the Fermi 

level, the minimum of the CT band lays below the VB maxima and extend into the CB minima of p-Si. 

This shows that both types of charge carriers (electron/hole) can move via the CT to the electrolyte to 

perform the redox reaction. In addition, the TiO2 layer helps the Si surface to suppress direct contact with 

the electrolyte medium to avoid oxidation as well as the reaction of evolved gases (O2 or H2) with the Si. 

The spectroscopic and electrochemical studies of TiO2 ALD layers on Si photocathodes are addressed to 

understand the interfacial properties of the TiO2 coating layer on photoelectrodes.  

In the concluding part of this thesis the photocatalytic activity and the stability of Si micro pillars 

photocathodes prepared by electrochemical etching were investigated. The grown SiMPs are controlled 

and can be reproduced well by this technique. The XPS results on these SiMPs show that they are covered 

with a thick SiO2 layer due to electrochemical oxidation during etching.  The removal of SiO2 overlayer 

results in shifts of the overpotential in photo-electrochemical measurements on SiMPs photocathodes. But 

the SiMPs are not stable for long time in the electrochemical medium. Therefore, the stability of the 

SiMPs is increased by the deposition of TiO2 ALD layers on top of them.  

In conclusion, the thesis is on the deposition of thin TiO2 layers and their spectroscopic 

characterization using XPS, XAS and res-PES. The TiO2 overlayers are useful to increase the stability of 

planar Si and SiMPs photocathodes in photoelectrochemical media. The main outcomes of this thesis are 

the appearance of defect and polaronic states and the determination of the electronic band gap in TiO2 as 

well as the correlation between the spectroscopic data and the effect of TiO2 deposition on the Si 

photoelectrode performance. 
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Abbreviation of phrases  

 

 

AAC Atomic absorption coefficient  

ALD Atomic layer deposition 

CB Conduction band 

CBM Conduction band maxima 

CIS Constant initial state 

CT Charge Transfer 

CV Cyclic voltammetry  

CVD Chemical vapor deposition  

CNL Charge neutrality level 

DOS Density of states 

HER Hydrogen evolution reaction 

GPC Growth per cycle 

KE Kinetic energy 

pDOS Partial density of states 

PEC Photoelectrochemical  

PEY Partial electron yield 

RHE Reverse hydrogen electrode 

TiOMe Titanium methoixde  

TTIP Titanium isopropoxide  

Res-PES Resonance photoelectron spectroscopy 

SEM Scanning electron microscopy 

TEY Total electron yield 

VB Valence band 

VBM Valence band maxima 

XAS X-ray absorption spectroscopy 

XLD X-ray linear dischroism  

XPS X-ray photoelectron spectroscopy  
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