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CHAPTER I 

INTRODUCTION 

 

Because of optical transparency and low electrical resistivity, transparent 

conducting oxides (TCOs) have been developed for many applications such as anti-

reflection coating, heat reflecting mirrors, gas sensors, solar cells, transistors, light 

emitting or photo diodes, defrosting windows, electromagnetic shielding and flat-

panel displays (Chiou and Tsai, 1999; Gordon, 2000; Patel et al., 2003; Shaheen et 

al., 2001). Cadmium oxide (CdO) was the first TCO introduced in 1907 (Lewis and 

Paine, 2000). Later, other TCO materials were introduced such as zinc oxide (ZnO), 

tin oxide (SnO), indium tin oxide (ITO) and cadmium tin oxide (CTO). In the last 

decade, thin films of TCOs have attracted attentions from many research groups 

because of the need for effective transparent electrode for organic light-emitting 

diodes (OLEDs) employed in display devices (Kim et al., 1999). ITO is widely used 

as a transparent anode electrode (hole injection layer) for OLEDs in many commercial 

displays (Tang and VanSlyke, 1987). In principle, the anode electrodes in OLEDs 

require TCO with high work function (WF) to match with the highest occupied 

molecular orbital (HOMO) of organic semiconductor materials (Wang et al., 2010). 

However, the WF of ITO is about 4.1-4.7 eV (Sugiyama et al., 2000) which is lower 

than the HOMO level of organic semiconductors which is typically 5.7-6.3 eV 

(Helander et al., 2011). The problem introduced by this mismatch in the energy may 
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be alleviated by introducing additional layers between the ITO electrode and the 

active layer. This increases the production cost. Thus, many research groups have 

focused on the development of methods to increase the WF of ITO. 

It has long been known that WF of ITO can be modified by various methods. 

For examples, cleaning in acid-base solution (Nuesch et al., 1999), UV ozone 

treatment (Kim et al., 2004; Sugiyama et al., 2000) and oxygen plasma etching 

(Chaney et al., 2003; Ding et al., 2000) have been shown to be able to increase WF of 

ITO. However, it is still unclear whether it is the physical or chemical changes to the 

surface which have the greater impact on the change of WF. Recently, Halander et al. 

reported that the increase of WF of ITO could be controlled by the degree of surface 

chlorination, and that the value of WF above 6.0 eV was achieved (Helander et al., 

2011). In addition, they demonstrated that the performance of OLED could greatly be 

improved when using a chlorinated ITO as the electrode.  

To be able to control WF of ITO and to know the accurate value of WF are 

crucial for designing high performance OLED. Photoemission spectroscopy (PES) is 

one of a few techniques for determining WF of solids. In addition, PES is a direct and 

powerful technique for investigating the electronic structures and chemical 

information of solids and solid surfaces. Most of the experimental results reported in 

the past decades regarding the energy level alignment at organic material/electrode 

interfaces were obtained by using PES. It was realized already WF of ITO could be 

altered by exposing to the exciting UV (h = 21.2 eV) during PES measurements, the 

technique known as ultraviolet photoelectron spectroscopy (UPS). The reduction of 

WF of ITO by 0.5 eV during UPS measurements was reported (Schlaf et al., 2001). 

The reduction of WF was suggested to be due to the formation of the surface dipole 
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induced by UV irradiation. Accurate value of WF of ITO may be obtained by PES 

measurements using low intensity X-ray (Al K radiation, h = 1486.7 eV), the 

technique known as low-intensity X-ray photoelectron spectroscopy (XPS) (Yi et al., 

2006). 

This work focused on the investigation of the change of WF of ITO exposed to 

monochromatic synchrotron vacuum ultraviolet (VUV). The photon energy of VUV 

used in this work was chosen to be in the region where the  trend of the attenuation 

coefficients for ITO and for hydrocarbon surface contamination are obviously 

distinguishable, and the variation of the coefficients in UV or VUV for ITO and for 

hydrocarbon surface contamination is different from that in UV and X-ray regions. 

This thesis work aims to provide more important pieces of information to explain the 

mechanism behind the change of WF of ITO induced by light. In addition to 

monochromatic VUV, polychromatic light covering visible light to soft X-ray is also 

used for irradiation to observe the change in WF of ITO. Various schemes of in-situ 

experiments were carried out to observe the change in WF of ITO by Ar+ ion sputter 

and oxygen and air exposures. Finally, PES was used for investigations of WF of ITO 

surface-treated chlorine and by caesium-fluoride. 
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CHAPTER II 

BACKGROUND 

 

This chapter is a summary of the literature review on ITO, emphasizing on the 

topics related to this thesis work. General information of ITO, such as the crystal 

structure, electrical and optical properties are given in the first part of this chapter. 

Different deposition techniques for preparing ITO thin film are mentioned shortly. 

The background of the work function (WF) of ITO and surface-treated ITO is given 

before mentioning about the energy alignment at the interface of electrodes. 

 

2.1 General properties of ITO 

It is well-known that ITO is one of the most used as transparent conducting 

electrodes. This is due to the fact that its conductivity of about 110
4
 

-1
cm

-1
 is 

achievable while the transmittance in visible light region can be as high as 95% (Ma 

et al., 1995). At present, OLED lighting and display make the most use of ITO thin 

film as the transparent electrode (Kim et al., 1999). 

2.1.1 Crystal structure of ITO 

 ITO is formed by substitutional doping of In2O3 with Sn. The crystal structure 

of In2O3 at normal pressure and room temperature is a cubic bixbyite type structure 

with the space group Ia3 (Elfallal et al., 1993). The lattice parameter is 1.0117 nm and  
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the density is 7.12 g/cm
3
. The conventional unit cell consists of 16 formula units of 

In2O3, with 80 atoms in the unit cell. Two kinds of non-equivalent In
3+

 sites are 

present in In2O3 structure as shown in Figure 2.1. 

 Figure 2.1 shows one quarter of the cations which is located on trigonally 

compressed octahedral sites, referred to as b sites, while the remaining three quarters 

are located on highly distorted octahedral d sites. Indium atoms, on both b and d sites, 

reside at the center of a distorted cube with the six corners occupied by oxygen atoms, 

while the remaining two corners unoccupied. In the case of the b site, oxygen 

vacancies are located along the body diagonal, the separation between indium and 

oxygen atoms is 2.18°A. In the case of the d site, oxygen vacancies are located along 

a face diagonal, the separation between indium and oxygen atoms are 2.13, 2.19 and 

2.23°A. 

 For ITO, it was found that tin atoms preferentially occupy by Sn
4+

 replacing 

the In
3+

 at the cation site as shown in Figure 2.2 (Huang et al., 2013). When tin atoms 

substitute for indium atoms, they form either SnO or SnO2. The material retains its 

bixbyite structure. However, if the doping level is extremely high, the tin atoms may 

enter interstitially and distort the lattice structure. As a polycrystalline structure, the 

ITO crystal grain size depends on various processing parameters such as substrate 

temperature and deposition rate. 
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Figure 2.1 In2O3 crystal structure and two non-equivalent sites of In atoms in 

In2O3 crystal. Atomic species are color coded as follows: In (pink) and 

O (red). Blue lines indicate the unit cell edges (Huang et al., 2013). 

 

Figure 2.2 ITO crystal structure. Atomic species are color coded as follows: In 

(pink), O (red), and Sn (green). Blue lines indicate the unit cell edges 

(Huang et al., 2013). 
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2.1.2 Electrical properties of ITO 

ITO thin film is a highly degenerate n-type semiconductor with a large band 

gap of about 4 eV (Gupta et al., 1989). The high conductivity of the ITO is due to the 

electrons donated to the conduction band. Because of the high carrier density, the 

conductivity approaches the level of metallic conduction. 

The most commonly used parameters for demonstration of the electrical 

properties of ITO thin films are electrical conductivity (𝜍), mobility of charge carriers 

(𝜇), and carrier density (𝑁) as follows: 

     𝜍 = 𝑁 × 𝜇 × 𝑒   (2.1) 

where 𝑒 is the electron charge. In order to obtain films with high conductivity, high 

carrier concentration and mobility should be simultaneously realized. The low 

resistivity value of ITO film is due to a high charge carrier concentration, as the 

resistivity (𝜌) is given by 

     𝜍 =
1

𝜌
     (2.2) 

and 

     𝑅𝑠 =
𝜌

𝑡
     (2.3) 

where Rs is the sheet resistance of ITO thin films and 𝑡 is the thickness of the films. It 

means that the high charge carrier depends on the low of sheet resistance of ITO thin 

films.  
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The free charge carrier concentration of In2O3 has been reported to be in the 

range 10
19

-10
20

 cm
-3

. Extrinsic doping can vary the electrical properties of indium 

oxide significantly. The doping level is critical for electrical properties. Figure 2.3 

shows the carrier concentration as a function of tin doping level. The doping level is 

typically chosen to be 8-10% to obtain conductivity of more than 10
3
ohm

-1
cm

-1
 The 

highest carrier concentration, which corresponds to the lowest resistivity, occurs when 

the tin doping level is about 10%. ITO has metal like electrical properties because the 

carrier density is typically in the range of 10
20

-10
21

 cm
-3

. 

 

Figure 2.3 Illustration of the experimental and calculation of the carrier 

concentration as function of the tin doping level (Elfallal et al., 1993). 
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2.1.3 Optical properties of ITO 

The optical properties of ITO thin films are known to depend strongly on the 

deposition parameters, microstructures, levels of impurities and growth techniques. 

The variations of reflection (R) and transmission (T) characteristics of ITO films with 

its sheet resistance, thickness, Sn concentration have been discussed with detail as 

well (Bender et al., 1999). 

Figure 2.4 shows the optical transmission (T) and reflection (R) spectra for a 

typical ITO film. The ITO film shows high transmission in visible and near-IR 

regions of the electromagnetic spectrum as well as high reflectance to thermal infrared 

radiation. The high optical transmittance of these films is a direct consequence of their 

being a wide bandgap semiconductor. The effect of tin doping in In2O3 is generally to 

increase the bandgap which results in a high transmission. The transmission and 

reflection properties exhibited by ITO thin film have been widely put to good use in 

the field of sensor fabrications and applications. 

 

Figure 2.4 Typical transmission (T) and reflection (R) for ITO thin film 

(Hartnagel, 1995). 
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2.2 Deposition Techniques of ITO films 

ITO films can be prepared by various techniques such as thermal evaporation 

(Paine et al., 1999), sputtering deposition (Choong Hoon et al., 1995; Meng and dos 

Santos, 1996), chemical vapor deposition (CVD) (Kane et al., 1975), and spray 

pyrolysis (Kodigala Subba et al., 2000) etc.  

It is well-known that different deposition techniques usually produce ITO 

films with different properties. The choice of deposition techniques is determined by 

various factors such as quality and reproducibility of the films, the cost and 

complexity of the equipment, and specific disadvantage of each technique. 

2.2.1 Thermal Evaporation Technique 

Thermal evaporation involves evaporating a solid by heating the material to 

sufficiently high temperatures. The condensation of the vapor onto a cooler substrate 

yields thin solid films. The high temperature can be achieved directly or indirectly 

(via a support) by variety of physical methods. Such as resistively heating or by firing 

an electron or ion beam at the boat containing the material to be evaporated.  

The reactive thermal evaporation is achieved by introducing oxygen into the 

chamber during deposition and is one of the most widely and successfully used 

techniques for good quality ITO depositions. For ITO deposition, the typical source is 

a 95% In - 5% Sn alloy (by weight). This technique has several advantages: it is 

capable of yielding films which do not contain significant amount of uncontrollable 

contaminations; it is relatively easy to operate; it involves a minimum of critical 

process parameters; and it does not cause radiation damage to the substrate (George 

and Menon, 2000). 
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Film properties strongly depend on oxygen partial pressure and film thickness, 

deposition rate, substrate temperature and tin concentration (Ali et al., 2005). 

Evaporation rate is the most important parameter for the film quality. In order to 

obtain reproducible results and high-quality coatings it was necessary to carefully 

control the amount of oxygen. However, the substrate temperature is another crucial 

parameter. The temperature also affects the crystalline of the film. It was found that 

the substrate temperatures shall be raised from 300°C up to 450°C during evaporation 

in order to enhance conductivity and transmittance are available in the literature. 

2.2.2 Spray Pyrolysis Technique 

The spray hydrolysis method has been used for the preparation of TCO films 

for many years because it is relatively simple and cheap. Pyrolysis refers to the 

thermal decomposition of gaseous species at a heated substrate. It is sprayed by the 

spray nozzle with the help of a filtered carrier gas onto a preheated substrate under 

normal atmosphere conditions or controlled atmosphere. The ITO spray is obtained 

from an alcoholic solution of anhydrous indium chloride (InCl3) and tin chloride 

(SnCl2 2H2O) with nitrogen acting as the carrier gas. It has been reported the 

resistivity of 110
-3

 -cm for ITO film with transmission greater than 90% at 550 nm. 

However, many important control parameters are position of the substrate, the gas and 

solution flow rates and the chemical composition of the spray solution (Ashok et al., 

1980). 

2.2.3 Screen Printing Technique 

This technique is suitable for large scale non-device orientated applications 

where relatively thick layers of ITO are required such as in liquid crystal displays, 

black wall contacts and anti-reflection coatings for solar cells. Typically, the 
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deposited thickness varies in the range 10 to 30 m and the post deposition 

crystallization temperature can be as high as 600°C for a period exceeding an hour. 

Although the resistivity (>410
-4

 -cm) of the ITO film is reported to be comparable 

to those obtained by other deposition techniques, its transparency is markedly lower     

(< 80%) (Bessais et al., 1993). 

2.2.4 Chemical vapor deposition Technique 

Chemical vapor deposition (CVD) is a process in which a chemical reaction 

involving gaseous reacting species takes place on, or in the vicinity of, a heated 

substrate surface. 

This technique shows its merits in large-scale applications, simplicity (it may 

not require high or ultra-high vacuum), reproducibility and relatively low cost. 

However, it has not been fully exploited in growing ITO films. The technique 

involves a reaction of one or more gaseous reactive species on a solid surface 

(substrate). ITO films are generally grown by the vaporization of suitable organ 

metallic compounds, such as indium and tin acetyl acetonates, indium 2-ethyl 

hexanoate and tin chloride. The vapor containing the condensate material generated in 

the evaporation zone is transported to a substrate located in the reaction zone usually 

by an inert N2 or Ar gas. The deposition parameters are the substrate temperature, 

substrate material, gas flow rate and the geometry of the deposition system, were 

found directly to influence the electrical properties greatly. Variation in the 

morphology of the films deposited by CVD results typically from the nature of the 

chemical reaction involved (Maruyama and Fukui, 1991). 
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2.2.5 Sputtering Technique 

The sputtering phenomenon has been known since 1852 and exploited for 

deposition of various films (Wolf, 1965). Sputtering involves knocking atoms or 

molecules out of a target material by accelerated ions from an excited plasma and 

condensing it on the substrate either in its original or in a modified form. The 

sputtering method is one of the most extensively used techniques for the deposition of 

ITO films. The sputtered ITO films have been deposited by either DC or RF power. In 

general, most ITO sputter sources consist of hot pressed 90% In2O3 : 10% SnO2 

compound targets (Thøgersen et al., 2011). 

The quality of these films depends strongly on sputtering parameters such as 

sputtering rate, substrate temperature, gas composition and partial pressure in the 

chamber, etc (Thøgersen et al., 2011). Precise control and monitoring of variations of 

the film qualities with these parameters are important for production of ITO films for 

different purposes. 

 

2.3 Work function 

Since the reports of ITO have shown good efficiency for transparent 

conductors, interest in the measurement of WF of ITO has rapidly increased. Wu et 

al. reported the WF of O2 plasma treated ITO was increased (Wu et al., 1997). 

Berntsen et al. also reported that WF increased by O2 plasma treatment (Berntsen et 

al., 1997). However, the difference behaviors of WF of ITO can be observed by Park 

et al. It was found that WF of O2 plasma treated ITO is 4.40 eV. The WF obtained 

that is lower than commonly value of about 4.7 eV. This suggests that the low WF of 

ITO due to the adsorption of carbon contamination during storage in a vacuum before 
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the measurement of WF (Park et al., 1996). The discrepancies of the values of WF of 

ITO that might be introduced when measuring in different conditions. Thus, it is 

important to measure absolute values of the WF of ITO so that ones can be explained 

the mechanism behind the variation of the WF. 

It has long been known that WF of ITO can be modified by various methods 

of surface treatment. It was suggested that the physical or chemical changes to the 

surface which also have the impact on the change of the WF. 

 Nuesch et al. employed UPS to investigate the WF of ITO with acid and bases 

surface treatments. The ITO samples were cleaned in ultrasonic bath with chemicals 

solvent such as ethanol, acetone, de-ionized (DI) water followed by water solution of 

detergent. After that, the samples were cleaned by plasma treatment under an 

atmosphere of O2 or Ar2 with substrate temperature about 50°C for 5 minutes. Finally, 

each ITO was dipped with different acid or bases solutions. Figure 2.5 shows the 

cutoff spectra of the electron energy distribution curves of ITO with different 

treatments. It was found that all of the WF of ITO could be increased by acid 

treatment. By using H3PO4 solution, the WF could be increased about 0.7 eV, 

comparing to the untreated ITO. On the other hand, cleaning in the bases solution 

yields a decrease of WF. With the N(C4H3)4OH solution, the obtained of WF of ITO 

was about 0.5 eV smaller than the untreated ITO. It was suggested that the significant 

change of WF was not a result from changes in the bulk of ITO, but from the 

formation of a layer of ions on the surface of ITO, known as a surface dipole layer 

(Nuesch et al., 1999).  
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Figure 2.5 The cutoff spectra of the electron energy distribution curves of acid 

and base treatment (Nuesch et al., 1999). 

 

 Sugiyama et al. studied the WF and chemical composition at the surface of 

ITO with the removal of carbon contamination by UV-ozone and by argon sputtering. 

The WF was measured by using UPS with He I radiation as the excitation photons 

and chemical composition was measured by using XPS with Mg Kα (1253.6 eV) as 

the excitation photons. Before ITO samples were treated either with UV-ozone or Ar
+
 

sputtering, the samples were cleaned in an ultrasonic bath with acetone and exposed 

to ipropanol vapor. UV-ozone cleaning was carried out in air for 15-30  minutes. The 

Ar
+
 sputtering was done at 3×10

-7
 Torr of Ar pressure with 2-keV Ar ions for 10 

minutes. The experimental results showed that the UV-ozone treatment increases WF 

of ITO from 4.5 eV (untreated) to 4.7 eV. It was found that WF of the ITO samples 

cleaned by Ar
+
 sputtering decreased to  4.3 eV. The surface chemical composition and 
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WF investigated in this work are given in Table 2.1. It suggested that Ar
+
 sputtering 

does not only remove carbon contamination but also oxygen in the bulk. This is in 

contrast to the UV-ozone treatment that could remove carbon contamination but did 

not change the chemical composition of the ITO surface. This work suggested that 

both surface compositions of ITO (In:Sn:O ratio) and C-containing contaminants 

affect the WF of ITO (Sugiyama et al., 2000). 

 

Table 2.1 Chemical composition and WF of ITO with different treatment 

(Sugiyama et al., 2000). 

                                                                                                                                                                                                         

a
Estimated by XPS. The values in ( ) are the ratio without carbon.

                                                                                      

b
Estimated by UPS with a retarding-field type analyzer. 

 

 The effect of in situ O2 plasma treatment and annealing on WF of ITO were 

also explored by Ding et al. (Ding et al., 2000). UPS with He I radiation was used in 

this work for determining the WF. This work emphasized the in situ treatment 

 

Treatment 

Chemical composition in at. % a  Ratio Work function/ 

eV b O In Sn C In/Sn O/In 

Acetone/i-PrOH 

 

46.0 

(56.8) 

31.5 

(38.9) 

3.5 

(4.3) 

19.0 

- 

9.0 1.46 4.5±0.1 

UV-ozone 51.6 

(56.4) 

35.7 

(39.0) 

4.2 

(4.6) 

8.5 

- 

8.5 1.45 4.75±0.1 

Ar+ sputtering 50.4 

(54.9) 

37.5 

(40.8) 

4.0 

(4.3) 

8.1 

- 

9.4 1.34 4.3±0.1 
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avoiding exposure to air prior to UPS measurements. Various schemes of sample 

treatment and the measured WF are summarized in Table 2.2. It was found that WF of 

ITO treated with in situ oxygen plasma. 

 

Table 2.2 WF and hole injection barrier of ITO with different treatments (Ding et 

al., 2000). 

Treatment WF (eV) EF-HOMO (eV) 

As-loaded or vaccum annealing 4.4 1.2 

Ex situ ozone exposure 4.6 1.0 

Ozone exposure + annealing 4.5 1.1 

In situ oxygen plasma exposure 5.2 0.7 

Oxygen plasma exposure + annealing 4.4 1.2 

 

 Song et al. employed Angular-dependent XPS (ADXPS, Al Kα at 1486.6 eV) 

and UPS with He I radiation to study the surface chemical composition, the chemical 

states and WF of ITO surface treated with solvent cleaning, oxygen, argon, nitrogen 

plasma treatment and Ar
+
 sputtering (Song et al., 2001). Initially, the ITO sample 

were cleaned with detergent in distilled water and then followed by solution of 

ethanol and acetone in an ultrasonic bath for 15 minutes. The samples were 

subsequently treated with plasma treatment under oxygen, argon, or nitrogen 

atmosphere. ADXPS measurements were done with different take-off angles aiming 

to obtain the information within different depths. The results suggested that all 

methods employed caused changes only at ITO surface. The O2 plasma was found to 

be more effective for increasing the WF than solvent. The increase of WF was found 
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when carbon contamination was reduced and the O/In ratio was increased. On the 

other hand, Ar
+
 sputtering led to the decrease of WF by 0.5 eV. The O/In ratio was 

also found to be decreased. 

 Accurate determination of WF is thus important. Photoemission spectroscopy 

(PES) has long been as one of a few techniques for measuring the WF of ITO. It is 

well known that WF of ITO could be altered to lower values during PES 

measurements.
 
The reduction of the WF up to 0.5 eV has been first reported when 

UV light (21.2 eV) was used in PES measurements (Schlaf et al., 2001). 

 Systematic investigation on the influence of UV and soft X-ray (SX, 1.4 keV 

Al Kα) irradiation on the change of WF of ITO also showed that the WF of ITO 

decreases with increasing fluence of UV and SX irradiation (Yi et al., 2006). It was 

clear that standard UPS measurements induce the reduction of the WF of ITO within a 

second or less. XPS measurements also shows that a more gradual WF change over 

the course of hundreds of seconds. The reduction of WF was not observed when using 

low flux Al-K excitation. The reduction of the WF was suggested to be caused by 

photo-induced chemical interaction on the surface. So far, no clear evidences have 

been confirmed. 

 In comparison, Kelvin probe WF measurements in situ confirmed this artifact, 

and also demonstrated that low intensity X-ray photoemission (LIXPS) of WF 

measurements do not result in a WF reduction (Beerbom et al., 2006). The Kelvin 

probe is a non-contact and non-destructive of the sample. The WF can be defined by 

measuring the flow of charge which has difference of the average WF between a 

sample and vibrating plate (tip) (Dieter, 2001). Thus, Kelvin probe (KP) WF values 

are often higher than those measured by UPS. KP integrates over the size of the 
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samples; although it relies on measuring a current, it has been shown that it correctly 

maps the surface potential also for poor conducting surfaces. Whereas UPS measures 

the lowest WF patch on the surface, even if it is only a small fraction of the surface 

area and thus UPS is very surface sensitive. The vacuum level (VL) shift relative to 

the substrate EF (dipole formation), or the ionization potential (IP) can be determined 

(Kim et al., 2000). 

 It is well known that one of the difficulties to improve the performance of 

OLEDs is to find an optically transparent anode electrode with sufficiently high WF. 

The low WF of ITO led to the problem of hole injection which has a large energy 

barrier for hole injection at the interface between ITO surface and hole transport 

materials (HTMs). The mismatch of the energy level affects the performance of 

OLEDs. This results in low efficiency devices, requiring high operating voltage 

(Milliron et al., 2000). Many efforts to modify ITO surface to obtain the required WF 

are summarized below. 

 More effective method to increase the WF of ITO was experimented by 

modifying ITO surface with solution of iodine, bromine and bromine vapor 

evaporation (Sun et al., 2003). UPS with He I radiation was used in this work for 

determining the WF. Prior to surface modifications, the ITO samples were cleaned by 

detergent and DI water in ultrasonic bath and UV ozone treated for 20 minutes. After 

that the samples were treated in I2 solution (with concentration  0.15 M), Br2 solution 

(with concentration  0.15 M) or Br2 vapor evaporation (with concentration  2.0 M). The 

WF of the ITO samples studied in this work is given in Table 2.3. The increase of WF 

of 0.9 eV could be achieved by using treating ITO in Br2 vapor. The increase of WF 

was explained by the formation of surface dipole layer which the negative charge of 
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iodine and bromine acts as a barrier for electrons to escape out from the surface. This 

leads to the increase of WF. This work also demonstrated the improved performance 

of OLED with ITO modified by bromine. The increase in WF and reduce in hole 

injection barrier of modified surface of ITO yield higher efficiency of OLED, which 

has high current density and luminescence and low drive voltage. Figure 2.6 shows 

current density and luminescence as a function of operating voltage of OLEDs that 

employed bromine-modified-surface ITO and untreated ITO as an anode electrode. 

 

Table 2.3 WF and hole injection barrier of ITO with different surface 

modifications (Sun et al., 2003). 

 

Treatment Work function (eV) EF-HOMO (eV) 

Non-treated ITO 4.4 1.2 

Ex situ ozone exposure 4.5 1.1 

In situ oxygen plasma exposure  5.2 0.7 

I2 solution (0.15 M) 5.2 0.5 

Br2 solution (1.2 x 10
-3

 M) 5.3 0.6 

Br2 vapor (2.0 M) 5.4 0.4 
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Figure 2.6 Current density (b) Luminescence versus voltage of OLED with 

bromine-vapor treated ITO and standard ITO (Sun et al., 2003). 

 

 Recently, there has been report of a systematic investigation of the thermal 

decomposition of C60F36 thin films on ITO (Mao et al., 2013). The WF of ITO can be 

enhanced by introducing a surface dipole layer, results in the increase of the WF of 

ITO to 5.62 eV at annealing of 120°C. By using XPS It was found that F atoms are 

chemically bonded onto the ITO surface after annealing. The schematic illustration of 

the increased of WF of ITO after annealing is shown in Figure 2.7.  
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Figure 2.7 Schematic diagram showing the effect of polar In–F bonds on the 

substrate WF (Mao et al., 2013). 

 

 A systematic study of the enhancement of WF of ITO by chlorination and the 

effects on device performance was recently reported by Helander et al. (Helander et 

al., 2011). It was found that WF of ITO could be tuned between 6.1-4.7 eV by the 

degree of surface chlorination, or the amount of chlorine atom chemically bound to 

the surface of ITO. Before chlorinating process, the ITO samples were cleaned with 

alconox, acetone, and methanol in an ultrasonic bath and followed by exposing to 

UV-ozone for 15 minutes. Surface chlorination of ITO was performed in a closed 

Pyrex reaction vessel with o-dichlorobenzene under UV radiation with different 

exposure times between 0-10 minutes. Figure 2.8A shows that the secondary electron 

cut-off spectra of chlorinated ITO (Cl-ITO) with different exposure times. The cut-off 

spectra were shifted from the higher to lower binding energy with increasing exposure 

time, indicating an increase in WF. The intensity of the Cl 2p was also found to 

increase with exposure time, as shown in Figure 2.8B. Figure 2.8C shows an increase 

in the intensity of the Cl 2p core level at the low take-off angles. This indicates that Cl 

atoms were confined to the surface of Cl-ITO and also shows that the surface of the 

Cl is only one monolayer. Figure 2.8D shows the WF of chlorinated-ITO as a linear 

function of Cl surface coverage. This work also demonstrated the surface stability of 
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Cl-ITO samples, which are more stable than untreated ITO surface, as shown in 

Figure 2.8E. It was suggested that the increase of WF was caused by Cl atoms on the 

surface inducing the dipole surface which is equivalent to the induced of dipoles 

layer. This surface dipole increases charge on the external surface, preventing 

electrons to be removed from the surface.  

 

Figure 2.8 (A) Secondary electron cut-off energy, (B) Cl 2p peak in function of 

treatment time. (C) Take-off angle of Cl 2p. (D) WF of Cl-ITO with Cl 

surface converage. (E) The change of WF CL-ITO and ITO over time 

(Helander et al., 2011). 

  

Figure 2.9A shows a schematic energy-level diagram of the OLED with Cl-

ITO anode. The reduction of the barrier height when coating with 4,4'-N, N-

dicarbazole-biphenyl (CBP) on the Cl-ITO with different the WF. The hole injection 

barrier can be reduced about 0.7 eV (Figure 2.9B), which is due to the increase of the 
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WF and that the operating voltage of the OLED could be reduced significantly 

because of the reduction of the hole injection barrier (Figure 2.8C). 

 

 

 

Figure 2.9 (A) Schematic energy-level diagram of the OLED with Cl-ITO anode. 

(B) UPS measurement of the hole injection barrier, (C) current density 

versus voltage with different WF (Helander et al., 2011). 

 

2.4 Energy level alignment 

The mechanism of operation of organic devices, for example OLED, is the 

following (Grobosch, 2011): 

- The injection of charge carriers of different polarities from cathode and 

anode, respectively, into the organic multilayer (metal-organic interface). 

- The transfer of charge carriers from one organic layer to another (organic-

organic interface). 
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- The electron-hole recombination and emission of radiation. 

The properties of the interface between the organic layers and the electrodes 

are determinant for the efficiency of the devices. Therefore a good understanding of 

the interface between the organic layers and the electrodes is crucial to achieve good 

organic optoelectronic devices. Often, the WF of the sample is obtained from the 

measurement of the contact potential on a reference material, whose WF is well-

known as the minimum energy required to remove an electron from the sample. 

Energy level alignment at organic material/electrode interfaces is one of the 

main fundamental issues about the optoelectronic devices. The simple Schottky-Mott 

model has been often applied to organic contacts.  

Figure 2.10 shows the Schottky-Mott model when an organic semiconductor is 

put in contact with an electrode. The Schottky-Mott model assumes an alignment of 

the vacuum level and a band bending in the space charge layer (SCL) to achieve 

alignment of the bulk Fermi levels. Therefore the barrier height for hole extraction 𝐵 

corresponds to: 

     𝐵 = 𝑀 −𝑆   (2.4) 

where 𝑀 is the WF of the metal and 𝑆 is the WF of the organic semiconductor. 

In case of the vacuum level does not align at the interface. This interface 

dipole (ID) induces vacuum level shift Δ as shown in Figure 2.5(a). Therefore the 

Mott-Schottky barrier height should be modified by the amount of Δ: 

     𝐵 = 𝑀 −𝑆 − ∆   (2.5) 

The Δ depends on the nature of the contact. It has been shown that localized 

energy levels of the organic material are shifted depending on the distance to the 

metal interface, until depletion region thickness is reached. This dipole can increase or 
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decrease the potential barrier present at the interface. However, this dipole is only one 

contribution to the interface barrier, the difference between the WF of the electrode 

(anode-cathode) and the energy level (HOMO-LUMO) of the organic material is 

another significant contribution, which allows predicting, at least roughly, the 

behavior of the contact. 

 

 

Figure 2.10 Interface band alignments, a) before contact, b) after contact without 

and c) after contact with an interface dipole (Grobosch, 2011). 
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Most of the experimental publications that have been reported in the past 

decades regarding the energy level alignment at organic material/electrode interfaces. 

It has been obtained by photoemission spectroscopy (PES). For the investigation of 

the chemistry and electronic properties of interfaces X-ray photoelectron spectroscopy 

(XPS) and ultraviolet photoelectron spectroscopy (UPS) are often used. UPS has been 

extensively used to study the energy level alignment at the interfaces. The UPS 

spectra give information about the electronic structure of the material and its WF. The 

energies of several important molecular levels can be directly obtained from the UPS 

spectrum by simple analysis, including the vacuum level, the Fermi level (for metallic 

surfaces) and the HOMO or valence band maximum (for semiconducting surfaces) as 

shown in Figure 2.11. It also measures the change Δ of WF that can be tracked by 

remeasuring the Ecutoff after deposition of an organic monolayer. 

 

Figure 2.11 Schematic of determination of the interface parameters at organic 

material/electrode interfaces using ultraviolet photoemission 

spectroscopy (Grobosch, 2011).  
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CHAPTER III 

EXPERIMENTAL TECHNIQUES AND  

EXPERIMENTAL SETUP 

 

This chapter describes the background of photoemission spectroscopy and 

experimental set up. The PES experiment was carried out at the photoemission 

beamline (BL3.2Ua) at the Synchrotron Light Research Institute (SLRI). Thus the 

synchrotron radiation source and the beamline instrument setup for using 

photoemission spectroscopy measurements are described. Moreover, the preparation 

of the samples and experiment parameters are also included in this chapter. 

 

3.1 Photoemission spectroscopy (PES) 

Photoemission Spectroscopy (PES) is a widely used technique to investigate 

electronic structure and chemical analysis of atoms, molecules, solids, gases and 

liquid. The technique based on the photoelectric effect was first observed by Hertz 

since 1887 and then described by Albert Einstein in 1905 (Einstein, 1905; Hertz, 

1887). The concept of photons was used to explain the ejection of electrons from a 

metallic surface as shown in Figure 3.1. 
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Figure 3.1 Schematic drawing illustrating the process of photo-ionization. 

 

When the photons with sufficient energy interact with atoms in a sample, 

photoelectrons are emitted from the sample. The kinetic energy (Ekin) of the 

photoelectrons is measured by an electron energy analyzer. The experimental 

technique has been developed in the mid-1950’s by Kai Siegbahn and his research 

group at the Uppsala University in Sweden, known as Electron Spectroscopy for 

Chemical Analysis (ESCA) (Hagström et al., 1964). 

In the energy consideration, the photoemission process is governed by the 

conservation of energy. Before the photon interact with the target atom (𝐴), the 

equation can be written as 

    𝑣 + 𝐴 = 𝐴+ + 𝑒−   (3.1) 

 The total energy of the initial state is defined by the summation of the photon 

energy (𝑣) and the energy of the target atom (𝐸𝑖). For final state, the ionized atom 

(𝐴+) in final state can absorb the energy of the photon into the energy of final state 

(𝐸𝑓) and then emitting a photoelectron (𝑒−) from the target atom with the kinetic 

energy 𝐸𝑘𝑖𝑛  , 
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      𝑣 + 𝐸𝑖 = 𝐸𝑓 + 𝐸𝑘𝑖𝑛    (3.2) 

The kinetic energy (𝐸𝑘𝑖𝑛 ) of the photoelectron is given by  

      𝐸𝑘𝑖𝑛 = 𝑣 − 𝐸𝐵    (3.3) 

where 𝐸𝐵 (𝐸𝑓 − 𝐸𝑖) is the binding energy difference in energy between the ionized 

and neutral atoms. The binding energy in solids is normally defined with respect to 

the Fermi level (𝐸𝐹) at the top of the occupied state in metals, which is separated from 

the vacuum level by the sample work function (𝑊𝐹 or 𝑠) as shown in Figure 3.2. 

WF is the minimum energy required to remove an electron from the solid, then the 

equation becomes. 

    𝐸𝑘𝑖𝑛 = 𝑣 − 𝐸𝐵 −𝑠   (3.4) 

Figure 3.2 shows the energy distribution of electrons exited by photons. The 

photoelectrons originate from the occupied energy levels, including the valence band 

and core level. For the binding energy of core levels, each element has a characteristic 

of electronic states that are different for all elements. Besides, the spectrum of the 

valence bands that is made up of electrons forming bonds provides information for 

investigations of the electronic structure of solids. 
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Figure 3.2 Schematic view of the photoemission illustrating the excitation to the 

ionization of various energy levels, divided into core level and valence 

level (Hüfner et al., 2005). 

 

Photoemission of solids may be explained within the frame of the three-step 

model and the free-electron final state approximation (Hüfner et al., 2005). The three-

step model is a phenomenological approach that splits the photoemission process into 

three steps. First, the electron is excited by a photon from an initial state into a final 

state, then it travels through the sample to the surface and finally it escapes through 

the surface into the vacuum, where it is detected by the analyzer. The three step model 

is illustrated in Figure 3.3. 
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Figure 3.3 The three-step model for photoemission: (1) excitation of the 

electron, (2) electron travel to the surface, and (3) finally escapement 

(Hüfner et al., 2005) 

 

Generally, PES spectra are measured inside the spectrometer as demonstrated 

in Figure 3.4. When the sample is electrically contracted with the spectrometer. The 

Fermi level of the sample and the spectrometer align to be equal. The initial kinetic 

energy 𝐸𝑘𝑖𝑛
′  at the surface of the sample can be written in term of the electron kinetic 

energy 𝐸𝑘𝑖𝑛  in the spectrometer 

     𝐸𝑘𝑖𝑛 = 𝐸𝑘𝑖𝑛
′ + 𝑠 −𝑠𝑝𝑒𝑐    (3.5) 

Where 𝑠𝑝𝑒𝑐  is the WF of the spectrometer. The measured value is the kinetic energy 

of the electron inside the spectrometer becomes. 

    𝐸𝑘𝑖𝑛
′ = 𝑣 − 𝐸𝐵 −𝑠𝑝𝑒𝑐    (3.6) 
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Figure 3.4 Schematic energy level diagram for a sample is in electric equilibrium 

with the spectrometer (Fadley, 1978). 

 

In addition, the kinetic energy of photoelectron can also be emitted as a 

function of emission angle (𝜃, ∅), the electron spin orientation (𝜍), or the photon-

energy or polarization, the basic process is illustrated in Figure 3.5. These momentum 

of the photoelectrons can also be measured in addition to the kinetic energy (𝐸𝑘𝑖𝑛 ) 

band structure of the single crystal material. Angle-resolved photoemission 

spectroscopy (ARPES) provides information about the electron structure of crystals 

and the energy band dispersion can then be obtained as equation follows; 

    𝐸𝑘𝑖𝑛 =
𝑝2

2𝑚
,    (3.7) 

     𝑝 =  𝑝  =  2𝑚𝐸𝑘𝑖𝑛     (3.8) 

Where the relation between energy and momentum (𝑝 ) can be obtained from the 

emission angle (𝜃, ∅), which the components of parallel (𝑝‖) and perpendicular (𝑝⊥) to 

the surface.  
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Figure 3.5 The modern diagram of PES experiment. (Hüfner et al., 2005) 

 

Figure 3.5 is a diagram of PES experiment indicating technical basis of the 

experiment consisting of main components for performing PES measurements. This 

consists of a photon source, a sample and an electron energy analyzer. The equipment 

is in ultrahigh vacuum (UHV). UHV will be discussed in more details in the next 

section. 

 

3.1.1 X-ray Photoelectron Spectroscopy (XPS) 

 Photoelectron spectroscopy for chemical analysis is often known as X-ray 

photoelectron spectroscopy (XPS). XPS is capable of probing the core-level electrons, 

whose binding energies depend on the elements from which the photoelectrons 

originate. The binding energy of a specific element will be affected by chemical state 

and electronic state of the elements within a material. Both composition and the 

chemical state of surface constituents may be determined by XPS. An example 

spectrum of binding energies are characteristic for specific electron orbitals in specific 
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atoms that can be seen in Figure 3.6. The atomic shell from which the electrons are 

ejected label as O1s, C1s, In3d and Sn3d. 
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Figure 3.6 Example of an XPS spectrum taken from a ITO thin film. 

 

In addition to photoelectrons, Auger electrons may also be generated during 

the decay process. The Auger electron emission was described by an empty core 

electron hole (an electronic level with a missing electron), an electron from a higher 

energy level may fall into the empty level and fill that hole. The created core-hole can 

be filled by several processes that are schematically shown in Figure 3.7. The 

consequence is that a hole now exists in the higher energy level. This hole may de-

excite itself by imparting energy to another electron in an electronic level with similar 

binding energy. When this happens, the excess energy can either be emitted as a 

photon (fluorescent decay) or can cause an Auger decay. Because of this dependence 

upon three energy levels, the Auger electron peaks are broader than the photoelectron 
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peaks in a spectrum of electrons emitted from a material when it is irradiated by x-

rays. Auger electrons therefore have a constant kinetic energy when varying the 

photon energy, while photoelectrons have a constant binding energy (Briggs and 

Seah, 1990). 

Further, the more detailed XPS analysis involves the studies of small chemical 

shifts. The binding energies of the core-level electrons are very sensitive to any 

changes in the chemical environment. Such changes can be revealed by small 

chemical shift of the core-level peaks for a given element. 

 

 

Figure 3.7 Schematic diagram of the AES process in basic steps, fluorescent 

decay, and Auger decay (Briggs and Seah, 1990). 

 

   3.1.1.1 Chemical shift 

  Chemical shift is dependable on the oxidation state and chemical 

environment of the atoms (such as oxidation state, electro-negativity of neighboring 

atoms, number of surrounding atoms). In this sense, a major advantage of the Gelius 

model is that it allows the binding energy difference, ∆𝐸𝐴,𝐵 , of a particular core-level 
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c for a given element in two different chemical environments, A and B. In 

consideration of the first order approximation, the energy of an electron in a core-

level depends on the Coulomb interaction between core electron and nucleus screened 

by valence electron charge. A change in a particular atom will cause a spatial 

rearrangement of the charges, thus the potential around the atom was described by 

follows 

    ∆𝐸𝐴,𝐵  =  𝐾𝑐 𝑞𝐴 − 𝑞𝐵 + (𝑉𝐴 − 𝑉𝐵)     (3.9) 

is become 

    ∆𝐸𝐴,𝐵  =  𝐾𝑐𝑞𝑖 +  (𝑞𝑗 𝑟𝑖𝑗 )𝑗≠1    (3.10) 

The first term describes the difference in the electron-electron interaction 

between core orbital c and the valence charges qA and qB, respectively. Kc is the 

coupling constant between core and valence electrons and qi charge on atom i.  

The second term has the character of a Madelung potential (approximation), 

where the sum is over potentials arising from all the other ionic charges qj centered at 

positions rij relative to the atom i in the material. This equation is on the order of 10 

eV. As a result, the observed chemical shifts in solids are usually on the order of a 

few eV or less. 

 

   3.1.1.2 Spin-orbit splitting 

  When an electron with relativistic velocity moves in an electrical field, 

it will experience an effective magnetic field. The magnetic moment of the electron, 

can couple to this magnetic field, causing a perturbation of the energy levels of the 

atom. Spin-orbit splitting is also observed in the spectra and it may be considered as a 

final state effect, which appears for all core levels besides s-subshells. It arises from a 



46 

magnetic interaction between spin of the electron (up or down) and its orbital angular 

momentum. Most obviously 3p and 3d, the spectrum shows that emission does not 

give rise to a single photoemission peak, but a closely spaced doublet as follow this 

equation  

      𝑗 =  𝑙 ± 𝑠    (3.11) 

when j is define the total angular momentum, l is angular momentum and the 

electrons' magnetic moment is proportional to the spin s. 

 Figure 3.8 show the In 3d core level in ITO thin film. It becomes more 

obvious if the spectrum was expanded in the region of the 3d emission. For example, 

a d-orbital can be either d3/2 or d5/2. The intensity ratio of the two spin-orbit 

components is dictated by the ratio of there spective multiplicities as: 

      𝑔 =  2𝑗 + 1    (3.12) 

 For example, the ratio of the degeneracy of In3d3/2 and In5/2 is 4:6, In2p1/2 and 

In2p3/2 is 2:4.  
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Figure 3.8 Spin-orbit coupling leads to a splitting of the 3d photoemission of 

Indium into a doublet. 
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3.1.2 Ultraviolet Photoelectron Spectroscopy (UPS) 

 Although in principle, XPS can also be used to investigate the electronic 

structure of the valence region of a solid (Figure 3.6 the spectrum can also be covered 

the valence region). But the most severe problem is that the photoionization cross 

section for the valence electrons is much lower than that of the core electrons, when 

using high photon energy for the excitation. The structure in the valence band is best 

achieved at lower photon energies because of both the superior energy and 

momentum resolution, which has a high cross section for the electrons in the valence 

region. This technique is common to study the electronic structure of the valence 

region using ultraviolet light known as UPS. 

 Figure 3.9 shows an UPS spectrum of a ITO thin film. This energy is 

measured with respect to the Fermi energy at EF = 0 eV. The Fermi level of the whole 

system should be aligned under the thermal equilibrium conditions when all parts are 

in electrical contact. It is important to note here that the Fermi level position obtained 

from the metallic (using Fermi edge of gold) surface remains fixed and can be used 

for semiconducting samples. It is clearly shown that the binding energy is located 

about 18 and 26 eV it is the structure 4d band for In and Sn, respectively.  

 In additional, UPS has been extensively used to study the energy level 

alignment at the interfaces. The energies of several important molecular levels can be 

directly obtained from the UPS spectrum by simple analysis, including the vacuum 

level, the low cutoff energy, the Fermi level and the HOMO or valence band 

maximum. This part will be discussed in more details in the next section. 
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Figure 3.9 Example of an UPS spectrum measured from an ITO thin film. 

 

3.2 Inelastic mean free path (IMFP) and surface sensitivity 

 The inelastic mean free path (IMFT or λ) of an electron travelling within a 

solid can be defined as the average distance of an electron without losing its energy 

by inelastic scattering. The IMFP is not only dependent on the material structure but 

is also on the kinetic energy of the photoelectrons emitted. Figure 3.10 shows the 

mean free path of electron as a function of the electron kinetic energy. It can be seen 

that the minimum of IMFP about 2-5 Å at kinetic energy of 50-100 eV (range of 

UPS). The kinetic energy between 100-1000 eV (range of XPS), the IMFP is increase 

up to 20 Å. This means that the escape depth of electron with energy of about 10-

1000 eV in solids is rather short, and thus photoemission technique is a very surface 
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sensitive technique because only electrons from the top few atomic layers can escape 

without loss of energy.  

 

Figure 3.10 The mean free path of electron as a function of the electron kinetic 

energy (Hüfner et al., 2005). 

  

 The IMFP is actually defined by the following equation which gives the 

probability of the electron travelling a distance, d , is given by 

     𝑃(𝑑) = exp −𝑑
𝜆     (3.13) 

where 𝜆 is the IMFP for the photoelectron with kinetic energy Ek. The probability for 

an electron from a depth d to escape without inelastic scattering P(d), is shown as a 

graph in Figure 3.11. Figure 3.11 shows a graph of the probability that a 

photoelectron is emitted to vacuum without being inelastically scattered as a function 

of depth, its probability decays exponentially to zero for a distance d > 5λ. For  =90°, 

 1𝜆 corresponds to 63% of elastically emitted photoelectrons, 2𝜆 to 86% and  3𝜆 to 
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95%. It means that the electrons (>95%) detected mainly are from the depth within 

 3𝜆 of the surface. 

 

Figure 3.11 Schematic picture of the probability that a photoelectron is emitted to 

vacuum without being inelastically scattered as a function of travel 

distance of photoelectron in solids (Hüfner et al., 2005). 

 

 For flat and homogenous samples, the surface sensitivity can also be used to 

determine the thickness of surface film. The intensity from the substrate decreases 

exponentially due to inelastic scattering process of photoelectrons with the increased 

thickness of upper layer, as shown in equation  

     𝐼𝑑 = 𝐼0exp −𝑑
𝜆     (3.14) 

where, 𝐼0 is the intensity from depth 𝑑 in the substrate, 𝐼𝑑  is the intensity form the 

over-layer at the surface and 𝜆 is the IMFP. 

 For quantitative consideration, the core levels of each element can be used to 

gives the surface information on the chemical state of the composition (Lee and 
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Flynn, 2006). This expression may be used for all homogenous samples. The atomic 

concentration (𝐶𝑥 ) of element can be determined from the following equation.  

     𝐶𝑥 =
𝑛𝑥

 𝑛𝑖𝑖
=

𝐼𝑥 𝑆𝑥 

 𝐼𝑖 𝑆𝑖 𝑖
   (3.15) 

Where 𝐼𝑥  is the relative peak area of photoelectrons from element x, 𝑛𝑥  is the number 

of atoms of the element x per volume area of the surface, 𝑆𝑥  is the atomic sensitivity 

factor that depends on the probability to detect the photoelectron and a particular 

photoemission event to occur. 

Finally, the other important aspect about PES measurement is its surface 

sensitivity. PES turns out to be one of the best surface analytical tools. This limitation 

is governed by the fact that photoelectrons emitted from the greater depths suffer 

energy loss by inelastic scattering processes, leading to a relatively short escape depth 

and IMFP extending ~30-50 Å maximum.  

 

3.3 Ultrahigh vacuum (UHV) 

 In order to detect the photoelectrons that escape from the surface of solids, 

PES experiments require a high vacuum condition because of the IMFP of 

photoelectrons needs to be travel longer than distance the sample surface and analyzer 

without intermediate collisions. 

 Vacuum technology is the science of the removal of all (or nearly all) gases 

from a chamber, the measurement and manipulation of the vacuum environment. The 

definition of vacuum is related to molecular density, mean free path and the time 

constant to form a monolayer (Weston, 2013). The levels of vacuum can be classified 

into 3 regions as shown in Figure 3.12. Those ranges are separated at the pressure in 
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the range of 10
-3

 Torr and 10
-7

 Torr with the molecule density in the range of 4×10
13

 

and 4×10
9
 molecule/cm

3
, respectively. As there are lots of molecules even in vacuum, 

ultrahigh vacuum (UHV) is the vacuum regime characterised by pressures lower than 

about 10
−7

 Pa or 100 nanoPa (below 10
−9

 mbar, ~10
−9

 Torr). There are several units 

used for measuring vacuum pressure. The conversion from the most common unit, 

Torr (or millimeters of mercury, mmHg) and others units, i.e., Pascal (SI unit, 1 Pa = 

1 N/m
2
) and mbar (1 mbar = 100 Pa) is 

    1 mbar  = 100  Pa, 

    1 mbar  = 1  Torr 

    1 Pa  = 7.5×10
−3

 Torr, 

    1 Torr  = 1.33  mbar, 

      = 133  Pa. 

 

 

Figure 3.12 Vacuum particle density comparison schematic (Weston, 2013). 
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 3.3.1 The kinetic theory of a vacuum.  

 A vacuum environment is gas at reduced pressure and thus any theory of 

vacuum must account for laws which have been shown by  

      𝑃𝑉 = 𝑛𝑘𝐵𝑇    (3.16) 

where P is the pressure, V is the volume, n is the molecular density, T is the 

temperature and kB is Boltzmann’s constant. Thus one obtains the rate of incidence of 

molecules (I) on the surface when m is mass of a molecule follow by 

     𝐼 =
𝑃

 2𝜋𝑚𝑘𝐵𝑇
    (3.17) 

 To investigate the physical properties of gas in terms of the motions of the 

molecules, we are to consider ―mean free path‖ of all the molecules under the same 

conditions of temperature and pressure. The mean free path between molecular 

collisions in the gas phase can be defined in equation follow 

      𝜆 =
1

𝑛𝜋𝑑2 2
    (3.18) 

where d is the diameter of the sphere representing the molecule. As the pressure or 

density of the gas is reduced, the mean free path increases. 

 Table 3.1 is the example case of nitrogen molecule at room temperature (T = 

293 K) to illustrate how their values vary with the pressure. It can be seen that a time 

constant to form a monolayer during experiments in UHV condition is important to 

keep in mind because only low pressure can maintain a clean surface long enough to 

perform the experiments. When n0 is the number of atoms in a monolayer, the ―time 

constant‖ to form a monolayer can be written as 

      𝜏 =
𝑛0

𝐼
     (3.19) 
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 In general, a monolayer can be formed in the order of one or two seconds 

under the pressure of 10
-6

 Torr as there are lots of molecules even in vacuum. 

Therefore, detailed surface studies require a highly controlled environment with a 

pressure in the range of 10
-10

 Torr, in order to ensure the surface cleanness throughout 

the reasonable measurement time (few hours) and exclude any possible interactions 

between the adsorption and the sample surface. 

 Normally for safety of the experiment, PES experiments require the base 

pressure is about 1×10
-6

 Torr. However, the pressure must be below 1×10
-9

 Torr 

(ultrahigh vacuum) to protect the surface without contamination during the 

measurement. UHV conditions are necessary because only low pressure can maintain 

a clean surface (Briggs and Seah, 1990). 
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Table 3.1 Molecular density n, rate of incidence of molecular I, mean free path , 

and the time constant  to form a monolayer for N2 at room 

temperature by assumed the sticking coefficient  to be unity. Defined 

the density of one monatomic layer n0 = 10
15

 cm
-2

 (Weston, 2013).  

Pressure 

(Torr) 

Molecular 

density, n (cm
-3

) 

Number of 

molecules 

incident 

I (cm-
2
s

-1
) 

Mean free 

path,   

Monolayer to 

form time,   

760 192 10  233 10  700 A


 3 ns 

1 163 10  204 10  50 m  2 s  

10
-3

 133 10  174 10  5 cm 2 ms 

10
-6

 103 10  144 10  50 m 2 s 

10
-9

 73 10  114 10  50 km 37 min 

10
-12

 3×10
4
 4×10

8
 50000 km 25.5 days 
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3.4 Hemispherical electron energy analyzer 

 A schematic diagram of a hemispherical electron energy analyzer is shown in 

Figure 3.13. Hemispherical analyzers are most initially used for PES system (Fadley, 

1978). The idea of the analyzer is to let the photoelectron pass between the two 

hemispherical surfaces of inner radius 𝑅1  and out radius 𝑅2 which is maintained at a 

potential applied electric field via the application of suitable voltages to the 

hemispheres and a micro-channel plate (MCP) detector at the end of the trajectory. 

The inner sphere is held at a positive potential while the outer spheres is negative. The 

entrance and exit slit lie on the medium radius 𝑅0. The energy resolution of this 

analyzer can be simply described in an equation below 

     ∆𝐸 = 𝐸𝑝𝑎𝑠𝑠  
𝑤

2𝑅0
+

𝛼2

4
     (3.20) 

where, 𝐸𝑝𝑎𝑠𝑠  is a pass energy, 𝑤 is slit width, 𝛼 is acceptance angle. The pass energy 

is a function of potential difference applied in between the inner and outer spheres. 

From the equation, the resolution depends on diameter of the analyzer; the larger 

diameter is higher resolution. The smaller pass energy results in the higher energy 

resolution as well. However, the pass energy is set to a specific value during the 

measurement, the acceptance angle is also to achieve the high resolution. The energy 

scan is obtained by varying the retardation voltage in front of the entrance slit. 
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Figure 3.13 A schematic diagram of the hemispherical electron energy analyzer. 

 

3.5 Photon source 

In PES experiments, photons with various energies are used as for excitation. 

Thus, PES can be categorized into several classes, according to the light source used 

to generate photoelectrons. The common light sources include x-ray, ultraviolet and 

synchrotron radiation. The field of photoelectron spectroscopy can be divided in two 

regions depending on the type of photon source used.  

 For the investigation of core-level states, called X-ray photoemission 

spectroscopy (XPS). The X-ray gun thermally emitted electrons are accelerated 

toward anode. The principle of X-ray generation is the following: a tungsten filament 

(cathode) is heated up and produces electrons by thermionic emission. When the 
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electron hit the anode, they create holes in the core of the anode material, resulting in 

de-excitation from higher energy levels and hence emission of X-ray radiation. The 

most X-ray sources are from Al and Mg anode tubes emitting Al Kα and Mg Kα 

radiation at 1486.6 eV and 1253.6 eV, respectively. The illustration of X-ray gun is 

shown in Figure 3.14. 

 For the investigation of valence band states, called ultraviolet photoemission 

spectroscopy (UPS). Helium discharge lamb is usually used as a light source contain 

helium gas kept in an enclosure and when applying an electric field the gas becomes 

ionized. Upon relaxation of ionized (exited) atoms in the gas which emits He I and He 

II radiation of energy 21.23 eV and 40.82 eV, respectively, (Barr, 1994; Hüfner, 

2003).  

 Recently, in order to improve the energy and spatial resolution, the x-ray 

source can be further monochromatized through specially-designed quartz crystal. X-

ray radiation are then monochromatized and focused on the sample using quartz 

crystal monochromator in a specific geometry as shown in Figure 3.15. The large 

surface area of the crystals define a large solid angle and hence a high X-ray flux. The 

crystals are also optimized for high energy resolution.  

 However, Synchrotron light sources provide great flexibility for photon energy 

because of the energy of Synchrotron light typically covers a large range of the 

photon energy continuously from UV to soft X-ray or hard X-ray region. The energy 

of the photon can be tuned to suit a specific PES experiment. Other characteristics of 

synchrotron radiation include high photon flux, brilliance (brightness) and polarized 

light. 
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Figure 3.14 Illustration of X-ray gun using Al and Mg anode tubes emitting Al Kα 

and Mg Kα radiation (Hofmann, 2012). 

 

 

 

Figure 3.15 Illustration of the modern of X-ray monochromatized using quartz 

crystal (Hofmann, 2012). 
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3.5.1 Synchrotron light 

 Synchrotron light is the radiation emitted by a charge particle moving in a 

circular motion with the speed close to the speed of light, as shown in Figure 3.16. 

Most synchrotron light sources use an electron as the charge particle. The moving 

electrons pass to the bending magnets, undulators and wigglers. Under changed 

direction by the Lorentz force, the electrons lose energy by emission of 

electromagnetic radiation which is the synchrotron light. The synchrotron light is 

delivered pass through the beamline to experimental station which selected the photon 

energy by a monochromator (Duke, 2008).  

In general, the salient properties of synchrotron radiation are summarized 

below: 

• Continuous spectrum: wide tunability in photon energy or wavelength is cover 

from the infrared to X-rays. 

• High brilliance and high flux: many orders of magnitude higher than that with 

the conventional X-ray tubes. 

• Highly collimated: a small radiation angular divergence angle inversely 

proportions to electron beam energy (1/gamma). 

• High level of polarizations: both linear and circular or elliptical. 

 



61 

 

Figure 3.16 Angular distributions of radiation emitted by a charged particle moving 

along a circular orbit with (a) in the electron’s frame and (b) after 

transformation into the lab frame. In the last case the light is called 

―synchrotron radiation‖ (Winick and Doniach, 2012). 

 

3.6 BL3.2Ua PES beamline 

3.6.1 The Siam Photon Source 

Synchrotron Light Research Institute (SLRI) is the first and only synchrotron 

radiation research facility in Thailand (Kengkan et al., 1998). The layout of the light 

source of the SLRI is shown in Figure 3.17. The linear accelerator (LINAC) is used to 

generate an electron accelerator of a 40 MeV. The 40 MeV electrons are transported 

to the booster synchrotron (SYN) and accelerated to 1.2 GeV. Then, the electrons are 

transported and stored in the storage ring (STR) (Pairsuwan, 2007; Songsiriritthigul et 

al., 2010). 

There are many different techniques at SLRI that can be used to reveal 

information of materials with atomic scale such as X-ray Absorption Spectroscopy 

(XAS), X-ray Fluorescence (XRF), Small Angle X-ray Scattering (SAXS), Deep X-
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ray Lithography (DXL), Macromolecular Crystallography (MX), Infra Red 

Spectroscopy (IR) and Photoemission Spectroscopy (PES).  

 

Figure 3.17 Artistic impression of the light source at SLRI. The inset is the 

accelerator complex at SLRI. 

 

 The beamline 3 (BL3) consists of two branch lines for PEEM and PES 

experimental stations, as shown in Figure 3.18. This thesis work was carried out at the 

BL3.2Ua beamline. The BL3.2Ua employs a varied-line spacing plane grating 

monochromator and utilizes synchrotron light from the insertion device, namely an 

undulator. Photons with energy between 40-160 and 240-1040 eV can be delivered to 

a sample in the PES experimental station (Nakajima et al., 2013; Songsiriritthigul et 

al., 2001). The radiation is produced from the undulator which provides high flux of 

soft x-rays from coherent electron motions along the periodic magnets. The undulator 

radiation shows harmonic peaks in specific photon energies, the flux at a harmonic 



63 

peak is much higher than production from the bending magnet source as shown in 

Figure 3.19.  

 

Figure 3.18 The optical layout of the BL3 beamline (Songsiriritthigul et al., 2007).  

 

Figure 3.19 Calculated spectra of synchrotron light at SLRI generated from 

bending magnet, undulator, multipole wiggler and wavelength shifter 

magnet (Songsiriritthigul et al., 2007). 
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 The PES experimental station is equipped with the photoemission system with 

different sample preparation systems. The system is connected to the molecular beam 

epitaxial system (MBE) and a R2P2 radial transporter with a load lock chamber, as 

shown in Figure 3.20. The samples prepared in the preparation systems can be 

transferred to the PES analysis chamber via the linear and rotary sample transport 

systems, allowing various in situ experiments to be performed at BL3.2Ua. Two 

different electron energy analyzers are available at the BL3.2Ua; i.e. a 135-degree-

sector CLAM2 analyzer is located in front of the PES station and a hemispherical 

SCIENTA R4000 analyzer is located the PES station (The hemispherical Alpha110 

energy analyzer was also used for this work before R4000 setup). Both systems were 

supplied by the Thermo VG Scientific. The experimental station chamber is shown in 

Figure 3.21. 

 In addition, the analysis chamber is equipped with a hemispherical SCIENTA 

R4000 analyzer, Low-energy electron spectroscopy (LEED) is used for determining 

surface crystal structures of samples, a 5 kV electron gun is used for a surface 

sensitive Auger electron spectroscopy (AES) and Ar ion sputtering of 3 keV is used 

for ion bombardment on the surface.  
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Figure 3.20 The schematic diagram of the PES experimental end station of 

BL3.2Ua. 

 

 

Figure 3.21 Experimental station at the BL3.2Ua with the Alpha110 analyzer and 

R4000 analyzer. 
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 3.6.2 Alpha110 energy analyzer 

 The Alpla110 energy analyzer is a 180° hemispherical electron energy 

analyzer. The energy resolution can be selected by selecting the width of the entrance 

slit of the analyzer 5 meV, small area XPS capability down to 100µm and angle 

resolved XPS capability with an angular resolution of ±1°. The mean radius is 110 

mm. It has a rather wide gap between the two hemispheres. The detector is a multi-

channeltron array; it has 7 channeltrons. Figure 3.22 shows the analyzer cross-section 

and the position of the Alpha-plates. The electron-emitting angle is 50degrees with 

respect to the incoming beam of synchrotron light. The Alpha110 energy analyzer 

installed at the photoemission experimental station of BL3.2Ua is also shown in 

Figure 3.21. 

 

Figure 3.22 Side view of the Alpha110 analyzer. 
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 3.6.3 SCIENTA R4000 energy analyzer 

 The SCIENTA R4000 energy analyzer is one of high-resolution hemispherical 

electron energy analyzers with a mean radius is 200 mm. It consists of the electron 

spectrometer supporting high voltage power supply cabinet and personal computer for 

instrument control, read-out and data management. The detector is a standard 

multichannel panel (MCP)/phosphor screen with a charge coupled device (CCD) 

camera. 

 One of the outstanding features of this analyzer is its high energy resolution 

that reaches the sub-meV region. Another unique feature of the R4000 analyzer lies in 

its 2-dimensional detection scheme that can measure the intensity of photoelectrons 

over a wide angle range simultaneously. The lens in R4000 can provide two different 

operation modes: transmission mode and angular mode that can be operated an 

acceptance angle of +/-15 degrees. This R4000 has an acceptance angle that can cover 

30 degrees, 14 degrees and 7 degrees is particularly useful for covering large 

momentum space at the same time. The energy resolution of the analyzer is 

determined by pass energy and analyzer entrance slit. There are analyzer lens tables 

for 1, 2, 5, 10, 20, 100 and 200 eV pass energies, and 9 slits (straight and curved) 

from 0.1 to 4 mm. The analyzer is installed with the lens aligned 55 degree with 

respect to the optical axis of the synchrotron light, as shown in Figure 3.21.  
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 3.6.4 Sample holder 

 The samples holders are made of tantalum. The sample is placed and hold by 

clip as shown in Figure 3.23. For insulating sample or substrate, carbon tape or 

aluminum sheet is need to allow the conductivity. The sample holder can be 

transferred from the load-lock chamber to the PES analysis chamber by mammal 

handing. Figure 3.23 shows the sample mounted on the sample holder in the analysis 

chamber. 

  

 

Figure 3.23 The sample holder used for PES measurements at the BL3.2Ua. 

 

3.7 Determination of work function by PES 

Figure 3.24 shows photoelectron spectra illustrating a method to determine a 

WF of solids. In the measurements, the sample was negatively biased. The negative 

bias push all secondary electron out from the surface of solids (Schlaf et al., 2001). 

Thus the cut-off at low energy region of the photoelectron spectra can be easily 

observed. The WF of the sample 𝑠 , can be determined from the following relation: 

    𝑠 = 𝑣 − 𝐸𝑐𝑢𝑡𝑜𝑓𝑓 − 𝐸𝐹    (3.21) 
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where 𝑣 is the photon energy of the excitation, 𝐸𝐹  is the Fermi energy level and 

𝐸𝑐𝑢𝑡𝑜𝑓𝑓  is low kinetic energy cutoff (Grobosch, 2011). If the sample is semiconductor, 

the Fermi level may be determined from a photoelectron spectrum of metals. 

Normally the Fermi edge of gold is used to find 𝐸𝐹  when the sample is electrically 

contacted with the gold. The bias voltage of about -3 volts is good enough for 

measuring the WF of ITO. 

 

Figure 3.24 Schematic of UPS spectrum after apply negative bias voltage 

(Grobosch, 2011). 

 

 Figure 3.25 shows typical valence band spectra of ITO which were taken 

with the sample non bias and -3.2 V bias. The spectrum with the bias voltage to the 



70 

higher kinetic energy with high intensity and shape peak. The shift to high kinetic 

energy results in a high secondary electron background. Also shown inelastic cutoff 

and Fermi edge (refer to Au sample) are also shown. The relation between spectrum 

width, photon energy, and WF of the ITO sample is given in the following equation 

3.21 (Park et al., 1996). 
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Figure 3.25 Typical UPS spectra of ITO taken with normal spectrum and -3.2 V 

bias applied to the sample. 
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3.8 Photon fluence 

Photon fluence is defined as the number of photons, 𝑑𝑁, that enter an 

imaginary space of cross-sectional area 𝑑𝐴, which is given as 

      𝜑 =
𝑑𝑁

𝑑𝐴
    (3.22) 

According to the definition, the photon fluence can be calculated by the multiplication 

of the number of photons impacting to the unit area of the sample and the irradiation 

time. 

      𝜑 = 𝐷𝑡    (3.23) 

where 𝐷 is photon flux density is number of incident photons per area in 1 second 

(cm
-2

) and t is the irradiation time (s). 

 3.8.1 Photon flux density 

 The photon flux is used to calculated the photon flux density (D) defined as 

    𝐷 = 𝑃
𝐴     (3.24) 

Where 𝐴 is the exposed areas of the sample at the irradiation chamber and 𝑃 is the 

photon flux. In the measurement, the photon flux can be obtained as the 

photoelectrons per unit time per the quantum efficiency of the photodiodes. 

      𝑃 =
𝐼𝑠

𝑒𝑄𝑠
    (3.25) 

Where 𝑒 is the electric charges (1.6×10
-19

 C), 𝐼𝑠 is photodiodes current and 𝑄𝑠 is the 

quantum efficiency of the photodiodes at a given photon energy. 𝑄𝑠 also depends on 

the photon energy used. 
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 3.8.2 Photon fluence at BL3.2Ua measurement 

 The photon flux (𝑃) can be obtained by measuring the current of the 

photodiode (Is). Figure 3.25 shows a set up for measuring the photon current in the 

real-time monitoring during PES. The gold mesh photocurrent (Ip) for monitoring the 

number of photons. The photon flux can be obtained based on 𝑄𝑠, Is and Ip as the 

follow.  

    𝑃 =
𝐼𝑠

𝑒𝑄𝑠
=

𝐼𝑝

(0.65)𝑒𝑄𝑔
   (3.26) 

Where 𝑄𝑠 is the quantum efficiency of the photodiodes and 𝑄𝑔  is the quantum 

efficiency of the gold mesh. However, the beam cannot pass to the sample position if 

photodiode was used to monitor the number of photons. By the way, the quantum 

efficiency of photodiode is used to convert the generated the number of photons with 

known Ip when the photons irradiate the sample and can be used 𝑄𝑔  to determine the 

photon flux (𝑃). 

 

 

 

Figure 3.26 Set up for measuring the photon current. 
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3.9 Experimental parameters 

3.9.1 Synchrotron exposure experiments : The WF changes of ITO surface 

caused by synchrotron was investigated by monochromatic VUV light and 

polychromatic light (zero-order light) were used for irradiation to observe the change 

of WF. 

- VUV irradiation : It is a to revisit phenomena related to the reduction of the 

WF of ITO induced by UV irradiation (photon energy 21.21 eV). For explaining this 

effect, the ITO samples were exposed to the photons with energy of 40, 60 or 80 eV 

and repeatedly measured to obtain the WF (as a function of increasing the number of 

scan or exposure time). XPS was used to check in the surface chemical composition 

before and after irradiation. 

- Zero-order light irradiation : This is for the investigations of the changes in 

WF of ITO induced by zero-order light. The samples were irradiated for 10, 20 and 30 

minutes. XPS was performed to check the surface chemical composition before and 

after irradiation. 

 3.9.2 Modification of the surface ITO experiments : The WF of ITO 

was investigated after the surface of ITO is modified by chlorine functionalized ITO, 

cesium-fluoride functionalized. Gas and oxygen exposures were also experimented. 

- This experiment was to find out how external factors such as carbon 

contamination and Ar ion sputtering could affect the F, CsF and Cl functionalized 

ITO and also cleaned ITO. XPS was used to fine out the chemical composition of the 

treated ITO. 
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3.10 Sample preparation 

The samples used in this work are ITO thin films deposited on glass slides. 

The samples were supplied by Nanocs Inc. The surface resistance is lower than 5 

ohms/square and the optical transparency is more than 90%. The thickness of ITO 

film on a glass slide is about 60 nm. ITO samples were first cleaned by using 

chemical solvents following the process given below. Then cleaned ITO was surface 

treated with various treatment parameters such as cesium-fluoride functionalization 

ITO (CsF-ITO) and chlorination ITO (Cl-ITO). Finally, the samples is placed on the 

sample holder as shown in Figure 3.26. 

 

 Preparation of cleaned ITO (Note, 1995) 

There are two important steps which are used to clean the surface of ITO. 

 The first step is called standard wash for grease and solvent removal. The 

washing procedures can be summarized as follows: 

- Immerse in boiling trichloroethylene (TCE) and acetone, each for about 

1 minute. 

- Ultrasonicate in isopropyl alcohol (2-propanol) for 1 minute. 

- Wash with flowing DI water for 1 minute. 

- Dry the sample in a high purity nitrogen stream. 

 The second one is for removing residual organic/ionic contaminations. The 

procedures are: 

- Immerse in a (5:1:1) solution of H2O : NH4OH : H2O2 that is 

maintained at 75 – 80°C for 10 seconds. 

- Immediately quench the solution under running DI water for 1 minute. 
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- Wash in DI water for 5 minutes. 

- Dry the sample in a high purity nitrogen stream. 

 

 Preparation of chlorinated ITO 

 ITO is cleaned by using chemical solvent, then its surface is modified using 

chlorine by following steps : 

- Before chlorinated ITO preparation, the substrates were exposed to UV 

generated for an additional 3 min. 

- ITO is dipped with o-dichlorobenzene (Aldrich) in a closed Pyrex Petri 

  dish that is treated by UV treatment under air atmosphere which  

  difference of time such for 2, 4, 6, 8 and 10 min. 

- After treatment with UV radiation, the substrates were exposed to UV-

  generated for an additional 3 min to fully oxidize any residual chloro-

  carbon fragments on the surface.  

- Finally the substrates were died using compressed N2. 

 

 Preparation of Caesium-Fluoride ITO 

 ITO is cleaned by using chemical solvent, then its surface is modified using 

Caesium-Fluoride by following steps : 

- CsF was dissolved in DI water at different concentrations and was then 

spin coated onto the substrates at 5000 rpm for 30 s. CsF 

concentrations of 0.04, 0.1, 0.25, 0.5, 1, 2, 5, 10, 15, 20, 25, 30 and 50 

mg ml
−1
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- The samples were then immediately baked in a N2 environment for 10 

  min at 150°C.  

- Finally, the substrates were rinsed with DI water in order to remove

  the residual cesium and fluorine and then dried using compressed N2. 

 

 

 

Figure 3.27 The ITO sample was spot welded on the molybdenum sample holder. 
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CHAPTER IV 

RESULTS AND DISCUSSIONS 

 

This chapter presents the experimental results and discussions of PES 

experiments for determination of work function (WF) of ITO. The experiments were 

carried out at BL3.2Ua of the Synchrotron Light Research Institute (SLRI), and thus 

the spectrum of synchrotron light from the beamline was characterized and given in 

the first part of this chapter. The second part focuses on the change in WF of ITO 

induced by synchrotron light irradiation. The last part is related to the changes in WF 

of ITO after modifying the ITO surface. 

 

4.1 Synchrotron light at BL3.2Ua 

It is noted that the light source at SLRI is operated in a decay mode; i.e. the 

electron current in the storage ring decreases with time. Consequently, the photon flux 

of all beamlines at SLRI simultaneously reduces with the electron beam current. At 

BL3.2Ua, a real-time monitoring system is implemented to follow the change in the 

photon flux. As mentioned in the previous chapter, a gold mesh is installed between 

the last optical element and the sample. The drain current from the mesh (Ip) is, in 

fact, sufficient to be used as a signal for normalization of the photoelectron spectra. 

During the course of this thesis work, the undulator, the light source of BL3.2Ua, was 

operated with a fixed gap of 26.5mm and the photon energy for the excitation and 

exposures was chosen by the monochromator. Figure 4.1 is the drain current of the 



81 

gold mesh (Ip) showing the variation of the photon flux generated by the undulator 

with the 26.5mm gap. The peaks at 40, 80, 120 and 160 eV correspond to the 1
st
, 2

nd
, 

3
rd

 and 4
th

 harmonic radiations, respectively. 
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Figure 4.1 The drain current measured from the gold mesh located in front of the 

PES experimental station. 

 

However, in this thesis work, absolute values of the photon flux are required 

in order to calculate the photon fluence irradiated on samples. Thus, a photodiode is 

used for measuring the absolute photon flux. The gold mesh and the photodiode are 

installed on the same linear motion drive so that both can be moved into the optical 
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axis of the beamline. The calibration curve to provide the actual photon flux is shown 

in Figure 4.2. 
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Figure 4.2 The calibration curve to provide the photon flux for photon energy of 

40, 60 and 80 eV at BL3.2Ua. 

 

 The number of photons irradiating on a unit area, photon fluence (φ), can be 

obtained from the following relation: 

φ =  
𝑃(𝑡)

𝐴

𝑡

𝑡=0

 𝑑𝑡 

where 𝐴 is the irradiated areas (cm
2
) of the sample at the irradiation chamber (0.3 mm 

horizontal × 0.1 mm vertical at the sample position) and P(t) is photon flux 

(photons/s) and t is time (s). 
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 With the calibration curve above, the quantum of efficiency of gold (𝑄𝑔) can 

be obtained. Figure 4.3 shows a linear fit of the average quantum efficiency of gold 

with the number of scans for each photon energy of 40, 60 and 80 eV. With a known 

quantum efficiency of gold, the photon fluence can directly be calculated from the 

drain current of the gold mesh, which is given by 

𝜑 =  
𝐼𝑝(𝑡)

(0.65)𝑒𝐴𝑄𝑔
𝑑𝑡

𝑡

𝑡=0

 

It is noted again that the transmission of the gold mesh is 65%. 
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Figure 4.3 Quantum efficiency of gold for photon energy of 40, 60 and 80 eV. 
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4.2 Effect of synchrotron VUV irradiation on WF of ITO 

The objective of this part is to study the changes in WF of ITO induced by 

synchrotron light irradiation. WF was measured by two exposure conditions; i.e. 

exposured with monochromatic light (VUV irradiation) and with polychromatic light 

(zero-order light irradiation). 

 4.2.1 Monochromatic light irradiation 

 Initially, ex-situ chemically cleaned ITO samples were measured at the photon 

energy of 600 eV before irradiation to investigate the surface chemical composition. 

Then ITO was exposed to synchrotron light under the different exposure conditions. 

After each exposure step, the surface chemical composition samples were checked by 

core level electron spectroscopy again. For VUV irradiation, the ITO samples were 

exposed to VUV with photon energies of 40, 60 and 80 eV and repeatedly measured 

the WF (as a function of increasing the number of scan or exposure time).  

 Figure 4.4 shows a series of secondary electron spectra which were taken from 

an ex-situ chemically cleaned ITO by exciting with 40, 60 and 80 eV 

monochromatized light. The determination of the cut-off of low kinetic energy 

secondary electrons is illustrated for the first scan of the measurements. The spectrum 

of the first measurement results in the highest cut-off energy (about 3.85 eV). The 

successive measurements yield lower cut-off energy, indicating the reduction of the 

WF of ITO after exposing to 40, 60 and 80 eV light. To quantify the exposure of ITO, 

the number of photons illuminating on the ITO for every scan was calculated. Thus, a 

plot of the WF as a function of photon fluence was obtained and shown in Figure 4.5. 
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Figure 4.4 Spectra of secondary electrons emitting from ex-situ chemically 

cleaned ITO samples when excited with 40, 60 and 80 eV 

monochromartized light, showing the shift of the spectra towards lower 

kinetic energy with increasing number of scans. 
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Figure 4.5 Plots of the change in work function of ITO versus photon fluence 

measured by using VUV light with photon energy of 40, 60 and 80 eV. 

 

 Figure 4.5 shows the plots of the change in WF of ITO versus photon fluence 

measured at photon energy of 40, 60 and 80 eV. The WF of ITO decreased with 

increasing exposure time or fluence of photons from the initial value of ITO WF, 

which is about 4.74 eV. After irradiation with the photon energy of 40, 60 and 80 eV, 

it was found that the WF was rapidly decreased and then a slowly decreased when the 

photon fluence increased. It can be observed that the changes in the WF of ITO might 

be related to the photon energy. The total shift of the WF excited by photon energy of 

40, 60 and 80 eV at photon fluence of 1.5x10
18

 photons/cm
2
 is 3.5%, 3.0% and 1.5%, 
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respectively. The rate of the reduction is decreases when the photon energy increased. 

These results suggested that VUV with low photon energy induces more change in 

WF than VUV with high photon energy. This is in agreement that previously reported 

by Yi et al. (Yi et al., 2006). According to the previously reported paper, the 

reduction was decreased about 12.13% in a few minutes in a UPS measurement (using 

He I 21.21 eV) and the reduction found in XPS and LIXPS (low intensity XPS) 

measurements were 6.36% and 3.81%, respectively (Beerbom et al., 2006). 

 Figure 4.6 shows the PES spectra of C1s, O1s, In3d and Sn3d taken from a 

cleaned ITO sample before and after VUV irradiation. The PES measurements were 

performed by using light with photon energy of 600 eV. The spectra were normalized 

by the photon current (Ip) of the gold mesh for each scan and then the secondary 

electrons background of the spectra was subtracted using the shirley background 

algorithm (Shirley, 1972). This background algorithm was used in the spectral 

analysis and carried out throughout this thesis work. The binding energy in this thesis 

work was referred directly to the Fermi level at 0.0 eV. The binding energies C1s and 

O1s were 284.6 eV and 530 eV, respectively. The In3d and Sn3d peaks can be 

separated into spin-orbit splitting with the binding energy of In3d5/2 at 444.3 eV and 

3d3/2 at 451.8 eV, the peak positions of Sn3d5/2  was 486.3 eV and of Sn3d3/2  was 

494.8 eV. The difference in intensity of the different elements before and after VUV 

irradiation could be observed. C1s and O1s are reduced after VUV irradiation 

however In3d and Sn3d are increased, indicating that the surface contamination on 

ITO samples was reduced. 
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Figure 4.6 C1s, O1s, In3d and Sn3d spectra of ITO before and after VUV 

irradiation. 
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Figure 4.6 C1s, O1s, In3d and Sn3d spectra of ITO before and after VUV 

irradiation (Continued). 
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 It is noted that the C1s peak is mainly from carbon contamination. However it 

is important to mention also that the O1s peak is originated from both oxygen 

contaminations and ITO. The curve-fitting was used to estimate the elemental 

composition. The curve-fitting results of the O1s on clean ITO before and after VUV 

irradiation during WF measurement are shown in Figure 4.7(a). Three oxygen species 

with peak positions at 530.3, 531.0 and 532.3 eV were considered (Wang et al., 

2004). The first peak at the lowest binding energy of 530.3 eV was assigned to 

oxygen in In2O3, the medium binding energy of 531.0 eV was assigned to oxygen in 

amorphous ITO or oxygen deficiency phases. The highest binding energy of 532.3 eV 

was assigned to oxygen in the surface contamination. Furthermore, a large difference 

of the O1s area before and after VUV irradiation was found in the ratio for each 

component. The oxygen surface contamination (peak at 532.3 eV) decreased from 

28.3% to 16.5% after exposure to VUV irradiation. The peak area of lowest binding 

energy of the oxygen in the In2O3 increased from 28.4% to 64.8% and that of oxygen 

defect decreased from 43.3% to 18.7%. The significant decrease in the oxygen surface 

contamination (peak at 532.3 eV), it might be due to the environmental contamination 

(water, CO, CO2, hydrocarbons) on the surface (Schlaf et al., 2001). 

 In order to verify the effect of surface contamination, the sample was sputtered 

with Ar ions for 5 min at 3.0 keV to remove the contaminants from ITO surface. 

Figure 4.7(b) shows deconvolution of O1s peak for the sample after 5 min of 

sputtering before and after 40 eV VUV irradiation. The three species of oxygen are 

studied. The result shows that the amount of 3 species of oxygen did not change after 

prolonged VUV irradiation. 
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 The XPS results on the composition of indium, tin and oxygen taken from the 

sputtered and cleaned ITO samples are given in table 4.1. For the cleaned sample, 

when irradiated with VUV the concentration of carbon contamination was decreased 

from 21.6to 19.8%. As a results. we could observe the increase of O, In and Sn from 

64.4, 10.6 and 3.4 to 64.9, 11.7 and 3.6, respectively. It is interesting to note that 

during 40 eV VUV irradiation (PES measurements), the WF of the sputtered ITO 

does not change. 
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Figure 4.7 The O1s spectra of ITO before and after treated with VUV irradiation. 

a) Cleaned ITO b) sputtered ITO. 
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Figure 4.7 The O1s spectra of ITO before and after treated with VUV irradiation. 

a) Cleaned ITO b) sputtered ITO (Continued). 
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Table 4.1 Surface compositions of non-sputtered and sputtered samples before 

and after 40 eV VUV irradiation. 

 

 

 To estimate the amount of light absorbed by contamination and ITO, mass 

absorption coefficients for ITO and surface contamination were calculated and are 

shown in Figure 4.8. The variation of the mass absorption coefficients between ITO 

and surface contamination as a function of photon energy can be observed at photon 

energy between 20-100 eV. High mass absorption coefficients indicates more photon 

absorption and also may introduce more interaction with the surface. It is obvious 

from the figure that the mass absorption coefficient for surface contamination at 21.2 

eV (normally used in laboratory UPS measurements) is much higher than that at 40, 

60, and 80 eV (used in this work). In UPS measurements, the reduction of WF is 

much higher than observed in this work when using 40, 60 and 80 eV photons. This 

suggests that the amount of energy absorbed by the contaminations layer related to the 

magnitude of the reduction of WF. In the opposite, the amount of energy absorbed by 

ITO shows no relation to the magnitude of the reduction of WF of ITO. 

 

Treatment 

Chemical composition in at. %  

O In Sn C 

Before irradiation 64.4 10.6 3.4 21.6 

After VUV irradiation 64.9 11.7 3.6 19.8 

Ar
+
 sputtering 05 min 60.8 29.0 10.2 - 

Ar
+
 sputtering 05 min  

& After VUV irradiation 

60.7 29.3 10.0 - 
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Figure 4.8 Calculated mass absorption coefficients of hydro carbon 

contamination, ITO and In2O3. 

 

 4.2.2 Zero-order light irradiation 

 In addition to the VUV irradiation, ITO samples were also irradiated by using 

polychromatic beam (zero-order light) that produced by the U60 undulator at a gap of 

26.5 mm. Prior to the zero-order light irradiation, the spectra were measured to obtain 

the WF of ITO by PES measurements with the photon energy of 40 eV. Then the ITO 

samples were exposed to the zero-order light with different exposure times (10, 20 

and 30 min) with I0 current about 3 µA. After irradiation under zero-order light, the 

WF of ITO spectra were measured again with the photon energy of 40 eV. In order to 
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observe the 40 eV of VUV irradiation effect during PES measurement, the WF was 

measured with a series of PES measurements. 

 Figure 4.9 shows the spectra of secondary electrons in the cut-off energy 

region for a cleaned ITO sample and after irradiation with the zero-order light for 10, 

20 and 30 min. The secondary cut-off energy reveals a slightly shift toward higher 

kinetic energy with the exposure time. However, the shift of the secondary electron 

cut-off energy of the samples with and without treated by the zero-order irradiation 

are quite different when the number of scans was increased. For the sample without 

irradiation of the zero-order light, the secondary electron cut-off shifts toward a lower 

kinetic energy than that taken from the sample irradiated with the zero-order light. In 

summary, a plot of the WF as a function of photon fluence was obtained, and shown 

in Figure 4.10. 
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Figure 4.9 The secondary electron cut-off energy of cleaned ITO irradiated with 

the zero order light for 10, 20 and 30 min. The spectra were measured 

by using the excitation with photons energy of 40 eV. 

 

 Figure 4.10 shows the change in WF of the ITO irradiated with the zero-order 

light for 10, 20 and 30 min. The WF was measured with 40 eV excitation photon 

energy. Conventional PES measurements were performed to observe the change in 

WF. This plot indicates that the initial WF of clean ITO can be increased to 10%, 12% 

and 14% when treated with the zero-order light for 10, 20 and 30 min, respectively. 

Under the same fluence of 6x10
17

 photons/cm
2
, the effect of 40 eV VUV irradiation 

on ITO is the reduction of WF about 3% while those samples treated with the zero-

order light are pretty stable, the reduction is less than 1%. To explain the cause of the 
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increase in the WF of ITO treated by the zero-order light, PES was used to measure 

the surface chemical composition of the samples before and after irradiation. 
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Figure 4.10 Plots of the change in WF of ITO irradiated with the zero-order light 

for 10, 20 and 30 min versus photon fluence of the excitation 40 eV. 

 

 Figure 4.11 shows the C1s spectra of ITO before and after irradiated with 

the zero-order light for 10, 20 and 30 min. The C1s is assigned to the carbon 

contamination on the surface of ITO. The results show that the intensity of C1s was 

reduced when the zero-order time increased. This result is related to the components 

of ITO surface that could be affected to the WF of ITO. 
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Figure 4.11 The C1s spectra of ex-situ chemically cleaned ITO before and after 

irradiated with the zero-order light for 10, 20 and 30 min. 

 

 Figure 4.12 shows WF of ITO and the change of carbon contamination as a 

function of zero-order irradiation time. As the zero-order irradiation time increases, it 

is found that WF has increased and the total removal amount of carbon contamination 

was increased with exposure time. The table 4.2 shows the chemical composition of 

ITO irradiated with the zero-order light. The results show that the atomic 

concentration of carbon was decreased after zero-order irradiation from 16.1 to 6.9, 

4.4 and 3.5% when exposured to the zero-order light for 10, 20 and 30 min, 
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respectively. However, oxygen is also increased which is attributed to the loss of 

indium and tin, resulting in a change in the relative ratio between indium, tin and 

oxygen.  
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Figure 4.12 The work function of ITO and the change in carbon contamination as a 

function of zero-order irradiation time. 
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Table 4.2 The atomic concentration of ITO irradiated with zero-order light for 

10, 20 and 30 min. 

 

 In order to investigation the components in the O1s peak of ITO. The 

measured O1s peak for each exposure was curve-fitted and shown in Figure 4.13. The 

first peak at the lowest binding energy of 530.3 eV can be assigned to oxygen in the 

In2O3. The peak at the binding energy of 531.0 eV can be assigned to oxygen in 

amorphous ITO or oxygen deficiency phases. The highest binding energy of 532.3 eV 

can be assigned to oxygen in the surface contamination. The Oxygen contamination at 

higher binding energy at 532.3 eV was dramatically decreased from 32.2% to 7.4% 

after treated with zero-order of 10 min and then slightly declined to 6.2% and 6.4% 

after exposured for 20 and 30, respectively. 

 It is interesting to point out that the reduction of surface contaminations on 

ITO when irradiated with zero-order light is much more than when irradiated with 40 

eV VUV. For the zero-order light irradiations, the reduction of C contamination is 

more than 55% while it is only 8.5% for 40 eV VUV irradiation. Only the reduction 

of the surface contaminations may not be the reason for the increase of the WF of 

ITO. The cause for the increase of the WF might be that the zero-order light might 

 

Treatment 

Chemical composition in at. %  

O In Sn C 

Before irradiation 70.7 9.9 3.3 16.1 

Zero-order  irradiation 10 min 77.9 11.0 4.2 6.9 

Zero-order  irradiation 20 min 81.8 10.0 3.8 4.4 

Zero-order  irradiation 30 min 82.7 10.2 3.6 3.5 
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induce chemically interaction between the contaminations and the ITO surface atoms 

causing the formation of dipole layer on the ITO surface. This dipole layer becomes 

more effective with the decrease of thickness of the contamination layer or the 

reduction of the top most contamination layers. This similar to the case of ITO clean 

with UV ozone where the WF can be increase (Sugiyama et al., 2000). 
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Figure 4.13 The O1s spectra of ITO before and after treated with the zero-order 

irradiation for 10, 20, and 30 min. 
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 4.2.3 Additional effects from gas exposure 

 Firstly, the surface contaminations on ITO were removed by using Ar ion 

sputtering with 3.0 keV for 20 minutes. Then, the samples were exposed to oxygen 

under the pressures of 5x10
-8

, 1x10
-7

 mbar, 1 atm. In addition, air exposure was also 

performed. Oxygen gas was fed into the PES analysis chamber through a liquid N-

cooling trap to get rid of possible water vapor. For air exposure, the sputtered sample 

was bought out to air for 20 minutes and bought back to the PES system again. The 

WF was evaluated with different environmental conditions by using PES. The core-

level PES spectra were measured to identify a chemical state and peak area in each 

oxygen exposure conditions.  

 However, to understand the mechanism of carbon and oxygen desorption 

processes on the ITO surface, it is necessary to systematically study the chemical state 

and its change with ITO WF change as a function of oxygen under the controlled 

environment. 

 Figure 4.14 shows the WF of ITO under different environmental conditions. 

The WF was measured by using VUV with photon energy of 40 eV as a function of 

number of scans up to 50 scan. This plots was started from freshly clean ITO samples, 

the WF was started from around 4.7 eV then decreased by VUV irradiation which is 

similar to the previous results. Then fresh samples were in-situ cleaned by using Ar 

ion sputtering. The contamination can be removed by using Ar ion sputtering, which 

would decreased the WF corresponded to previous report of 4.0 eV and its value does 

not change during VUV irradiation. This agrees with the results reported previously 

(Song et al., 2001; Sugiyama et al., 2000). For the samples exposed to oxygen at 

5x10
-8

 and 1x10
-7

 mbar, the WF gradually increased during WF measurements as 



105 

shown in the Figure 4.14. For exposure at 1 atm of oxygen for 20 min, the increases 

of the WF is about 0.4 eV and it does not change during PES measurements using 40 

eV VUV. It was found that the WF can be increased close to initial value by exposure 

to air. However, the WF is still decreased (during VUV irradiation). 
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Figure 4.14 The change of work function induced by VUV irradiation, Ar ion 

sputtering and surface impurities under pressure different oxygen 

environments. 
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 To understand the causes behind the change in WF of ITO, the oxygen 

concentrations were plotted as a function of the change of atomic concentration for 

each pressure exposure condition as shown in Figure 4.15. These results revealed that 

the sputtered samples after adding the oxygen in higher pressure indicates the increase 

of oxygen concentration. It can be seen that the WF largely increases when the change 

of oxygen increased. These results might be one of the reasons for the increases of 

ITO WF. However, the difference between exposure to air and 1 atm may be 

observed. For the sputtered sample exposed to 1 atm of air, the effect of 40 eV VUV 

irradiation is observed with a number of PES measurements. This is not observed for 

the sputtered sample that was exposed to 1 atm of oxygen. 

 More detailed analysis were done by curve-fitting of O1s peak. Figure 4.16 

shows O1s core level peak taken from ITO samples with different oxygen exposure 

conditions. The results can be divided into 3 components at 530.3, 531.0 and 532.3 

eV. The first peak at the lowest binding energy of 530.3 eV can be assigned to oxygen 

in the In2O3, the medium binding energy of 531.0 eV can be assigned to oxygen in 

amorphous ITO or oxygen deficiency phases. The highest binding energy of 532.3 eV 

can be assigned to oxygen from the surface contamination.  
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Figure 4.15 The increase of O1s after irradiated with the different of oxygen 

environmental exposed condition. 
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Figure 4.16 The curve-fitting of the O1s core level peak taken from ITO samples 

with different oxygen exposure conditions. 
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4.3 Effects of surface treatment on WF of ITO  

 4.3.1 Surface chlorination 

 Figure 4.17 shows the WF of the chlorinated ITO samples as a function of UV 

exposure time during the functionalisation process. It is obvious that UV-ozone 

treatment induces great effects on the increase of WF. The WF of the samples before 

sputtering is shown as the lowest curve. It is found that the WF was increased as the 

UV irradiation time increases is about 4.7 to 5.0 eV. However, there has been a report 

that the WFs of chlorinated ITO could be tuned between  4.7-6.1 eV with increasing 

UV exposure time (Helander et al., 2011). Our measured WF values of the 

chlorinated ITO are over 1 eV lower than previously reported. 

 Then the chlorinated ITO samples were sputtered with Ar ion sputtering for 5 

min at 0.5 keV to clear the ITO surface. The WFs of the samples after 5 min of 

sputtering are plotted as the top curve in Figure 4.17. It is interesting to observe the 

increase of WF up to between 5.7 eV to 5.8 eV, with the highest WF of 5.8 eV for a 

UV exposure time of 10 min. This can be attributed to the fact that Ar ion sputtering 

has remove the carbon contaminants on the surface of the Dichlorobenzene (DCB) 

treated ITO. 

 However, when the samples were sputtered for a further 5 min, the WF 

decreased again as shown in the middle curve in the figure. The WFs of the samples 

after a further 5 min of sputtering have been reduced to between 5.1 eV and 5.3 eV. 

There are two possible explanations for this reduction, the first being that the argon 

ion sputtering has not only stripped away the residual DCB, but also the chlorine that 

has been functionalized to the ITO. The second explanation is that the argon ions have 

been physisorbed in the ITO surface. Since argon ions are positively charged, it will 
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not only roughen the surface but also alters the surface potential across the surface. To 

determine the cause of WF reduction, XPS was used to determine the amounts of 

carbon, chlorine and argon on the samples relative to the indium present in ITO 

before and after the sputtering process. 

 

 

Figure 4.17 The work function of the chlorinated ITO samples as a function of UV 

exposure time during the functionalisation process. The bottom line is 

before any Argon ion sputtering, the top line is 5 min of sputtering and 

the middle line is 10 min of sputtering. 

 

 Figure 4.18 shows the number ratios of the carbon 1s peak, the chlorine 2p 

peaks and the argon 2p peaks relative to the indium 3d peaks as a function of the UV 

exposure time in plots (a), (b) and (d) respectively and plot (c) shows the ratio of the 
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carbon 1s peak to the chlorine 2p peaks. The number ratios between two elements 

were calculated using the atomic sensitivity factors for each spectral line follow by  

𝑛𝑥

𝑛𝑦
=

𝐼𝑥 𝑆𝑥 

𝐼𝑦 𝑆𝑦 
 

where 𝐼𝑥 , 𝐼𝑦  are the relative peak area of photoelectrons from element x and y, 𝑛𝑥 , 𝑛𝑦  

are the number of atoms of the element x and y per volume area of the surface, 𝑆𝑥 , 𝑆𝑦  

are the atomic sensitivity factor. 

 Figure 4.18(a) shows the carbon-indium ratio, the reduction of carbon after Ar 

ion sputtering for the first 5 min comparing to before sputtering. It was found that 

most of the carbon contamination has been removed from the surface. The carbon 

present on the ITO surface is a result of the residual chloro-carbon (Cl-C) fragment in 

the samples combined with exposure to the atmosphere in the form of free 

contaminants. There is a further, the smaller reduction in carbon after sputtering 5 min 

again. The total reduction of carbon contamination is about 6-7% from the initial 

value.  

 Figure 4.18(b) shows the chlorine-indium ratio that the chlorine has also been 

reduced in the ITO surface after Ar ion sputtering. For the first 5 min of sputtering the 

amount of chlorine has been reduced a haft of the initial value, this might be due to 

the removal of chloro-carbon fragment from the surface which giving a maximum WF 

of 5.8 eV. However It is may also have been removed some of the functionalized 

chlorine. Then the amount of chlorine has been is halved after a further 5 min of 

sputtering again. The WFs of the samples haven not been increased opposite side the 

WF have been reduced, this may result from the functionalized chlorine on the ITO 

surface was be removed that result to lower the WF. 
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 Figure 4.18(c) shows the carbon-chlorine ratio before and after the argon ion 

sputtering. For the first 5 min, it is clear that the carbon is removed from the sample 

more than chlorine. In detail it is consistent with the removal of chloro-carbon (Cl-C) 

fragment and carbon contamination from the surface. However, after sputtering 5 min 

again there is little change in terms of carbon-chlorine ratio.  

 Figure 4.18(d) shows the argon-indium ratio the presence of argon within the 

sample surface after 5 min of argon ion sputtering. After 10 min, the amount of argon 

in the sample surface doubled and that it is comparable to the amount of chlorine in 

the sample as seen in Figure 4.18(b). Before the sputtering there is obviously no argon 

within the sample. 

 These results suggest that the amount of chlorine in the DCB treated ITO 

samples for a, when it is clear from Figure 4.17 that it does not correspond to the 

highest WF of the samples. The sample with the highest WF had a UV exposure time 

of 10 min but from Figure 4.18(b) it has the second lowest amount of chlorine with 

respect to the indium. In order to whether the chlorine is originated from chloro-

carbon fragment or from chemically bonded chlorine on ITO surface, we exam the 

high-resolution XPS spectra of chlorine 2p peak. This is shown in Figure 4.19 for the 

6 min and 10 min samples that have been sputtered for 5 min. 

 In opposition, at the amount of chlorine in the ITO, the UV exposure time of 6 

min is a maximum amount. But it does not correspond to the highest WF of the 

samples. In contrast, a UV exposure time of 10 min was obtained the highest WF with 

the second lowest amount of chlorine with respect to the indium. It is especially 

important in the case of chlorine is originated from chloro-carbon fragment or from 
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chemically bonded chlorine on ITO surface. The high-resolution XPS measurement 

was used to demonstrate for the elements characterization. 

 

 

Figure 4.18 Plots showing the number ratio of two integrated spectral peaks as a 

function of the UV exposure times and argon ion sputtering times. (a) 

Carbon 1s to indium 3d, (b) chlorine 2p to indium, (c) carbon to 

chlorine and (d) argon 2p to indium. 

 

 Figure 4.19 shows XPS spectra of the chlorine 2p as a UV exposure times for 

(a) 6 min, (b) 8 min and (c) 10 min. The samples have been sputtered by 0.5-keV Ar 

ions for 5 min to remove residual carbon contamination. XPS was performed on the 

samples using the excitation photon energy of 400 eV. As expected, the measurement 
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results shown that the chlorine 2p peak can be separated into spin-orbit splitting with 

the 2p1/2 and 2p3/2 (j = 1/2 and j = 3/2) for the 6 min, 8 min and the 10 min UV 

exposure. 

 In the 6-min UV exposure samples, shown in Figure 4.19(a), there are two 

peaks at a lower energy of 200.5 eV for the j = 3/2 orbital and higher energy of 202.5 

eV for the j = 1/2 orbital. These two significantly assigned to the carbon-chlorine (Cl-

C) bond which indicated residual chloro-carbon fragment.  

 In the 8-min UV exposure samples, shown in Figure 4.19(b), two components 

are observed consist of the carbon-chlorine (Cl-C) (at the same position with 6 min 

samples) and indium-chlorine (Cl-In) at peaks energy of 119.0 eV for the j = 3/2 

orbital and higher energy of 201.0 eV for the j = 1/2 orbital.  

 In the 10-min UV exposure samples, shown in Figure 4.19(c), there are consist 

of two peaks that assigned to indium-chlorine (Cl-In) (at the same position with 8-min 

UV exposed samples) 

 The most interesting peak appears in the indium-chlorine bond cannot be 

obtained. This could be result to insufficient functionalize on the ITO surface. 

However, the majority of the chlorine has been bonded to the indium for 8 min and 

the maximum in the 10 min sample. This means that although the 6 min sample has 

more chlorine as seen from Figure 4.19, but it does not correspond to the highest WF 

because the majority of it is from chloro-carbon fragment. 

 Figure 4.20 shows the chlorine 2p XPS spectra for the 10 min UV exposure 

sample after 10 min of argon ion sputtering. A comparison between Figure 4.19(c) 

and 4.20 shows that the chlorine-indium has been significantly reduced in the 

intensity. This could also be result to the reduction of WF as seen in Figure 4.17. 
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 It can concluded that the initial WFs of the chlorinated samples were low. This 

is due to the presence of the residual DCB and chloro-carbon fragment after the 

chlorination. These surface contaminations could be removed by using argon ion 

sputtering. The WF can be increased and found that functionalisation only occurs 

after more than 6 min of UV irradiation. For samples that have been irradiated with 

UV light for 10 min, most if not all, of the chlorine has been bonded to the indium. 

Further sputtering more time results in removal of functionalized chlorine on ITO and 

also decreased the WF. 
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Figure 4.19 The chlorine 2p XPS spectra for the 6 min UV exposure sample, (b) 8 

min UV exposure sample and (c) the 10 min UV exposure sample. The 

samples have been sputtered for 5 min to remove residual carbon. 
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Figure 4.20 The chlorine 2p XPS spectra for the 10 min UV exposure sample after 

10 min of argon ion sputtering. 
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 4.3.2 Surface treated by using caesium fluoride 

 Figures 4.21(a) shows photoelectron spectra of the ITO in the region of the 

low energy cut-off (high kinetic energy cut-off) that represent the valence band 

maximum (VBM) of the ITO. The results shown that the VBM of the ITO samples 

are at 3.1 eV with respect to the Fermi level. It is noted that the Fermi level is obtain 

from a clean gold sample. It is obvious that all CsF treated samples have the same 

energy level of VBM. This implies that the surface modification by CsF have no 

impact on the energy level of VBM.  

 Figure 4.21(b) shows photoelectron spectra of the ITO samples with different 

CsF concentrations in the region of the secondary electrons cut-off. There is a large 

difference in the spectra between the samples with the most dilute and most 

concentrated of CsF. The sample with concentration of 2 mg ml
−1

 CsF is shown the 

cuts off below 34 eV, while 50 mg ml
−1

 CsF is shown the cut-off about 34.5 eV. This 

results implies an increased the WF as the concentration of CsF decreases. The 

samples of 2 mg ml
−1

 CsF ITO is recorded the highest WF. Thus, a plot of the WF as 

a function of modified ITO as a function of the concentration of CsF solution is 

shown in Figure 4.22. 

 Figure 4.22 shows the WF of modified ITO samples as a function of the 

concentration of CsF. They are separated into two sets of concentration of CsF. First 

set, it is obvious that the WF is maximum at 5.75 eV with CsF concentration of 2 mg 

ml
−1

. Then, the concentration increases up to 50 mg ml
−1

, the WF was steady declined 

to lowest of 5.33 eV. However, ITO WF is still improved if compare to the WF of 

plain ITO of this set is about 5.1 eV and also the WF of gold is 5.1 eV too. Normally, 

ITO has a WF of between 4.40 and 4.80 eV depending on the method used to clean 
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the surface. For this set ITO was cleaned by O2 plasma treatment before modified the 

ITO surface. 

 

Figure 4.21 Low energy end of the normalized ultraviolet photoelectron spectra of 

baked modified ITO. (b) High energy end of the normalized UPS of 

modified ITO. 

 

 Additional, to improve the WF of ITO, there must be considered to lower 

concentrations of CsF solution. The second set of CsF functionalized ITO samples 

was observed with concentrations of 0.04, 0.1, 0.25, 0.5, 1, 2, 5 and 10 mg ml
−1

. 

 In the second set, it was found that the WF can be increased when the CsF 

concentration increases up to 2 mg ml
−1

 and then the WF is decreased for the CsF 

concentrations of 5 and 10 mg ml
−1

 as demonstrated by the first set. However, it must 

be noted that the WFs recorded for the second set of samples are slightly lower by 

0.1–0.15 eV for the CsF concentrations of 2, 5 and 10 mg ml
−1

. These results were 

caused by the contamination of the sample surface by atmospheric elements that can 

be confirmed by the detection of C1s peaks in XPS data. 
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Figure 4.22 The WF of modified ITO as a function of the concentration of CsF. 

The red line represents the first set of modified ITO samples while the 

green line is the second set of modified ITO samples using lower 

concentrations of CsF. 

 

 Figure 4.23(a) shows the XPS spectra of F1s for the F-ITO samples with CsF 

concentration of 2, 5, 10, 25 and 50 mg ml
−1

. The F1s peak is shown very small 

intensities for 2, 5, 10, and 25 mg ml
−1

. However, apart from the strongest CsF 

concentration at 50 mg ml
−1

, it is important to note that there is very little to no 

fluorine within the other samples. Consequently, the fluorine coverage which were 

expected on our ITO samples is no longer present and is not contributing to the 

increase in WF. Although the absence of fluorine in the samples, surprisingly, the WF 

still changes with increasing CsF concentration up to 2 mg ml
−1

. 

 Figure 4.23(b) shows Gaussian curve-fitting of the F1s peak for 50 mg ml
−1

 

sample. The indium auger background of the spectra was subtracted using the Shirley 
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background. The F1s spectrum consists of three components. The first one at 684.2 

eV is assigned to the indium-fluorine bond (In–F). The second at 685.9 eV is assigned 

to the caesium–fluorine bond (Cs–F). The third at 687.0 eV is attributed to the 

carbon–fluorine bond (C–F). The Cs–F curve is the largest and this represents the 

residual CsF after DI water washing. The In–F curve indicates that there is some InF3 

remaining after the sample was washed. Although this is very small compared to the 

residual CsF, it shows that the fluorine has indeed been functionalized to the surface 

of the ITO. The C–F curve shows that some contamination in the form of carbon has 

also bonded with the fluorine. This indirectly shows that baking the CsF solution 

results in the release of fluorine. 

  

 

Figure 4.23 The XPS spectra of F1s for the F-ITO samples with CsF concentration 

of 2, 5, 10, 25 and 50 mg ml
−1

. (b) Gaussian curve-fitting of the F1s 

peak.  
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 Table 4.3 shows the In, O and Sn atomic content of ITO surface with the 

concentration of CsF solution of 2 , 5, 10, 25 and 50 mg ml
−1

. When CsF 

concentration increase, it shows that the increase of oxygen content is about 4%. 

However the indium and tin content decreases by approximately 4% and 0.4% 

respectively. This could only be explained by the loss of indium and tin by washing. 

There is also an increase in oxygen which is attributed to the loss of indium and tin, 

resulting in a change in the relative ratio between indium, tin and oxygen. 

 The increase of oxygen content in ITO only explain in case of increase the WF 

However, this does not explain the decrease in WF seen for higher CsF 

concentrations. 

 

Table 4.3 The atomic content of ITO samples were performed with the 

concentration of CsF solution of 2 , 5, 10, 25 and 50 mg ml
−1

.  

 

 Recently, it has been demonstrated that the electronic WF of a copper can also 

be related to its surface roughness when the effect of grain sizes and textures are 

CsF Concentration  

(mg ml
−1

) 

Chemical composition in at. %  

O In Sn 

2 62.32 34.46 3.22 

5 62.61 34.03 3.36 

10 62.58 34.21 3.21 

20 63.30 33.59 3.11 

50 66.81 30.38 2.81 
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minimized. The loss of indium and tin in our samples will change the physical surface 

of the ITO and affection of surface have to be evaluated. 

 Figure 4.24 shows the AFM images of modified ITO surface of the samples 

with CsF concentrations of (a) plain ITO, (b) 2 mg ml
−1

 and (c) 50 mg ml
−1

. The first 

sample shown in Figure 4.24(a) is untreated ITO and has a moderately rough surface. 

This is then smoothed out as the concentration of CsF is increased to 2 mg ml
−1

. This 

is indicated in Figure 4.24(d) where both the average and root-mean squared surface 

roughness (rav and rrms) are shown to be higher for the untreated ITO at 1.55 nm and 

2.20 nm, respectively, compared to the samples with lower concentrations of CsF. 

The 2 mg ml
−1

 CsF sample has the lowest rav and rrms measured at 0.96 nm and 1.23 

nm, respectively. 

 From the 2 mg ml
−1

 CsF sample, rav and rrms start to increase with the 50 mg 

ml
−1 

sample in Figure 4.24(c) showing more numerous and larger peaks in the surface. 

The rav given by AFM measurements for the 25 and 50 mg ml
−1

 samples is 1.62 and 

2.30 nm, while the rrms is 2.20 nm and 3.23 nm. This is an overall increase of 2.4 and 

2.6 times the original values from the 2 mg ml
−1

 CsF to the 50 mg ml
−1

 CsF samples. 

 The decrease and subsequent increase in surface roughness and the relative 

increase in oxygen content of the ITO samples both contribute to the change in WF as 

seen in Figure 4.22. Whilst the change in the composition of the modified ITO is very 

small, the slight levelling of the surface helps to increase the WF to 5.75 eV. 

However, the damage to the surface of the samples is ultimately what drives the WF 

back down to a value of 5.33 eV, despite the increasing oxygen content. This 

indicates that the change in surface roughness has a greater effect on the WF than the 

change in the ITO composition. This can be explained by the fact that the localized 
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surface potential difference increases when the surface is rougher. The electrons in a 

trough in the ITO surface are surrounded by more nuclei resulting a higher potential at 

that point. However, the electrons in an atom near the peak of ITO surface have 

relatively fewer surrounding nuclei and will have a lower potential. This creates a 

potential difference which is proportional to the distance between the peak and 

trough. This directly affects the WF as the potential difference will help an electron 

escape to the surface. Thus, an increase of surface roughness of ITO will result in 

lower WF. 

 

Figure 4.24 Atomic force microscopy (AFM) images of the surface of the (a) plain 

ITO and the modified ITO samples at CsF concentrations of (b) 2 and 

(c) 50 mg ml
−1

. (d) The average (blue) and root-mean squared (red) 

surface roughness (rav and rrms) of the ITO samples as a function of the 

concentration of CsF solution used. 
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CHAPTER V 

CONCLUSIONS AND REMARKS 

 

 This thesis demonstrates that the WF of ITO can be altered by VUV 

irradiation, zero-order light irradiation, surface contamination, and surface treatments. 

In VUV irradiation, it was shown that the reductions of the WF of 3.5%, 3.0% and 

1.5% after exposed to VUV with photon energy of 40, 60 and 80 eV, respectively, at 

photon fluence of 1.5×10
18

 photons/cm
2
. It is obvious that VUV light with lower 

photon energy gives the higher influence on the reduction of the WF. At lower photon 

energy, the penetration power of the radiation is lower. In the other word, the top most 

layer, surface contaminations, absorbs more photons with lower energy than higher 

ones. The absorbed energy may causes the reduction in the surface contaminations 

resulting in the decrease in the WF of ITO. This assumption has been experimentally 

confirmed; when the surface contaminations were removed, no change in the WF was 

observed after VUV irradiation. Whenever, surface contaminations exist the reduction 

of the WF of ITO is always observed. This was confirmed with air and oxygen 

exposure measurements. 

 It is interesting to point out that the WF of ITO can be increased by irradiating 

with the zero-order light. It was found that the WF of chemically cleaned ITO could 

be increased by 10%, 12% and 14% when irradiated with the zero-order light for 10, 

20 and 30 min, respectively. The cause for the increase may be due to the formation 

of a dipole layer of the surface contaminations after exposing to the high photons flux 



128 

of the zero-order light. The dipole layer becomes more effective in increasing the WF 

of ITO as the thickness of the dipole layer reduces.  

 When the surface of ITO was chlorinated, the WF of Cl-ITO with a maximum 

WF of 5.8 eV could be obtained. The effects of carbon contamination and argon ion 

sputtering on the WFs of the chlorinated samples were examined by elemental core-

level PES analyses. By using argon ion sputtering to remove the residual DCB and 

chloro-carbon fragment a drastic increase in the WF is recorded. PES core level 

spectra were taken to determine whether the chlorine has been bonded to the indium 

tin oxide for the samples and found that functionalisation only occurs after more than 

6 min of UV irradiation for the chlorination. For the samples that have been 

chlorinated for 10 min, most if not all, of the chlorine has been bonded to the indium. 

Further sputtering results in removal of functionalized chlorine on ITO. 

 In fluorination treatment, the surface of the ITO samples were modified by 

using varying concentrations of CsF solution. It was found that the WF of the 

modified samples increased to a maximum of 5.75 eV. However, the WF decreases as 

the concentration of CsF solution continues to increase, resulting in an optimal CsF 

solution of 2 mg ml
−1

. It was found that the change in WF due to surface roughness 

overrides the change in WF due to elemental composition, indicating that physical 

changes have a more profound effect on the WF than chemical changes. 

 Base on the results obtained from this thesis work, further studies are required 

to fully understand the mechanism behind the change of the WF of ITO induced by 

electromagnetic wave. It is interesting to carry out further study on the increase of WF 

after irradiating by zero-order light by investigating carbon species before and after 

the irradiation in order to understand what kinds of chemistry occurring during the 
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irradiation. It is also interesting to investigate influence of higher photon energy on 

the change of the WF. 

 For chlorinated ITO surface, more works are needed to understand the atomic 

arrangements at the chlorinated ITO surface. This may be studied by a combined 

computational works with surface X-ray absorption experiments. 
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