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Abstract 

Titanium metal and its alloy components find extensive applications in various industries such as 

aerospace, medicine and automotive due to its light weight-strength ratio. More importantly, 

titanium-based components with better surface finishing are required in the titanium manufacturing 

industries. However, these components suffer from surface roughness and brittleness due to the 

formation of alpha-case layer. Recently, the etching process has been widely used for metal surface 

modification, but the etching mechanism and the choice of etchant are not well prescribed. On the 

other hand, the adsorption of halogen molecules on the metal surface has received much attention 

due to their technological applications and relevance for material surface processing, corrosion and 

etching. This is considered as a promising approach towards selecting an effective etchant for the 

metal surface etching process. In this study, the first-principle approach has been used to study the 

adsorption behaviour of halogen molecules and ions on Ti (100) and (110) surfaces. Their 

adsorption mechanism was deduced from the calculated adsorption energy, heats of formation, 

desorption energy, work function, charge density difference and density of states. In particular, to 

understand how different etchant can influence the properties of titanium metal surface during 

etching process. 

Firstly, the free halogen molecules (HF, HCl, HBr and HI), as well as the clean Ti (100) and (110) 

surfaces were investigated to deduce the reactivity and surface stability, respectively. It was 

established that the HF dissociate easily due to its lowest dissociation energy and higher 

electronegativity, which suggest stronger interaction with the Ti surfaces. The halogen molecules 

stability trend was found to follow the order of HF>HCl>HBr>HI consistent with the 

electronegativity strength. Furthermore, it was also found that Ti (110) is the most stable surface 

displaying the lowest surface energy as compared to Ti (100) surface.  
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Secondly, the adsorption of halogen molecules on Ti (100) and Ti (110) surfaces was studied to 

investigate the chemical interaction and their reactivity. The halogens were adsorbed on three 

possible adsorption sites (Top, Bridge and Hollow) and their reaction is spontaneous. Moreover, 

the bridge and top sites were found to be the most favourable sites on Ti (100) and Ti (110) surfaces, 

respectively. Our results showed that all halogen molecules dissociate spontaneously on both Ti 

surfaces. The findings revealed that the adsorption of halogen molecules on Ti surfaces is 

energetically favourable suggesting adsorption energy strength order of 𝐸𝑎𝑑𝑠
𝐻𝐹 > 𝐸𝑎𝑑𝑠

𝐻𝐶𝑙 > 𝐸𝑎𝑑𝑠
𝐻𝐵𝑟 >

𝐸𝑎𝑑𝑠
𝐻𝐼 . This indicates that the adsorption of HF molecule on these surfaces is thermodynamically 

more stable than HCl, HBr and HI molecules. Also, our results revealed that the adsorption of 

halogen ions (F-, Cl-, Br- and I-) is more favourable than the adsorption of halogen molecules (HF, 

HCl, HBr and I) on the bridge site in both Ti surfaces considered. The F ion was found to be the 

most preferable than Cl, Br, and I ions. 

In addition, the interaction of halogen ions with Ti surfaces was deduced with regards to electron 

charge. We found that the amount of electron charge transferred depends on the adsorption energy 

strength. In particular, it was found that the F atom accepts more electrons than other halogen ions. 

Moreover, the spherical shape was observed, this suggests that the charge density distribution 

between Ti atom and halogen exhibit ionic bonding behaviour. We also found that the adsorption 

of halogen has a stronger effect on the work function of Ti surfaces depending on the halogen ion. 

The magnitude of the induced work function varies from the halogen ionic order of F>Cl>Br>I.  

Lastly, in order to describe the dependence of the surface coverage of an adsorbed molecule, F2 and 

Cl2 molecules were adsorbed on Ti (100) surface at different coverages. We observed the formation 

of etching products TixFy and TixCly species on the surface. The heats of formation (EHF) and 

desorption energy of volatile etch products were calculated. Our findings show that the formed 

volatile molecules (TixFy and TixCly) are energetically favourable ( EHF <0), suggesting an 
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exothermic process. We also found that the TixFy clusters is more stable with lower heats of 

formation than the TixCly species. Moreover, the desorption energy of the formed volatile (TiF4) 

species was found to be lower than TiCl4 indicating that that TiF4 species desorb easily. This 

demonstrates that F2 is more suitable for surface etching as compared to Cl2.   
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Chapter 1  

Introduction 

This chapter gives a brief background on titanium metal and its applications, the formation of alpha-

case layer and the structural aspects for titanium phases. Secondly, the chapter also discuss surface 

etching and adsorption of halogen molecules. Lastly, the motivation, intention of the study, research 

hypothesis, research questions, motivation, objectives and outline of the study are presented.  

1.1. Background 

Titanium and its alloys have a long tradition in the manufacturing of automobile, aerospace and 

biomedicine components [1]. There are several manufacturing techniques for titanium parts such as 

machining [2], forging [3] and investment casting [4], but investment casting has become one of 

the most attractive methods. Investment casting process is the only metal casting process that can 

produce near-net-shape to a very high-quality standard [5]. However, during investment casting, 

titanium reacts with oxygen, nitrogen and intermetallic compounds that result in the formation of 

the alpha-case layer [6]. Formation of this layer causes fatigue and results in material micro-failures 

due to surface cracks and must be removed before the components go to the application [7].  

Etching is one of the most advanced surface modifications in titanium production and plays an 

important role in the investment casting process [8]. The etching technique is used to remove the 

top layer from the material through electrochemical reaction [9], corrosion [10] or by breaking the 

atomic bond that attached at the top surface [11]. Industries rely on etching mechanism essentially 

for making superior and quality metal components [12]. Basic principle related to etchant is to 

produce a uniform surface with small surface leakage. There are various studies on the surface 
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etching phenomenon, but the etching mechanism is not well understood and remain limited, 

especially at the atomic scale [13]. 

Previously, various method has been used to modify or etch the alpha-layer from titanium 

components, such as chemical treatment, electrochemical treatment, chemical vapour and thermal 

oxidation [14, 15, 16]. Currently, the most commercialist method used to etch the alpha-case layer 

is through wet chemical milling solutions [17]. A mixture of hydrofluoric acid (HF) and nitric acid 

(HNO3) is a common solution used in the wet etching of titanium or metal pieces. However, these 

solutions are highly exothermic and dangerous, and therefore, compromises workplace safety due 

to the toxicity of their acidic, particularly HF [18]. The second major problem associated with HF 

etching is hydrogen embrittlement and the etching mechanism is not well-studied [19].  

Other halogen acid solutions can etch titanium substrate, however, the etching types may differ due 

to their distinction in nature [20] and induce pitting etching [21]. Halide’s ions, especially Cl-, 

dissolve in water can penetrate through the nature of the alpha-case layer and etch the substrate [22]. 

Hydrogen bromide (HBr) and potassium hydroxide (KOH) have been suggested as an alternative 

solution to remove the alpha-case layer on titanium components [23]. Niraula et al [24] used a 

hydrogen bromide-based etching solution to chemically etch the CdTe surface. This etchant offered 

a highly stable etching where the etching rate was varied by changing the solution composition. 

Hydrogen iodide is a suitable alternative to conventional chlorine or bromine in the etching process 

[25]. In order to obtain a better understanding of the etching mechanism and corrosion phenomenon, 

a computational approach has become an attractive theoretical method [26].  

Density functional theory (DFT) was used to investigate the etching mechanism on Al2O3 surface 

by NbF3 and CCl4 [27]. Simulations were performed using Schrodinger Material Science Suit with 

Perdew, Burke and Ernzerhof (PBE) functional. It was demonstrated that the etching mechanism 

follow two steps, where the etchant (HbF3) convert part of the Al2O3 surface layer into AlFx which 
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is the most favourable volatile etch products [27].  Furthermore, Natarajan et al [28] utilised DFT-

GGA with PBE functional to study the atomic etching of monoclinic alumina surface by HF 

molecule. It was reported that HF dissociates, resulting in the production of AlFx species, and that 

the desorption energies of AlF3 and Al2F6 are high, ranging from +5.08 and +5.25 eV, respectively. 

1.2. Motivation 

There is a high demand for titanium material components in the production of new commercial 

automobile and titanium manufacturing industries [29]. This is due to their outstanding properties 

such as high strength, low density and corrosion resistance makes Ti a more attractive material for 

their industrial applications [30]. An etching technique is currently the most commercialised 

approach for modifying and removing the alpha-case layer from the titanium surfaces. Despite the 

fact that this method is critical in metal production, the etching process is still limited and poorly 

understood, particularly at the atomic level [31].  

Among the manufacturing technology sectors, knowledge and understanding of the etching process, 

as well as etchant solution is essential for making superior quality metal components. Thus, there 

is a need to check for other etchant solution, which can provide a desirable outcome. Halogen 

molecules such as HCl, HBr and HI have the potential to etch the surface metal [20]. The 

comparison of these halogen molecules and ions with regards to their ability to interact with the Ti 

surface is significant towards discovering the best etchant.  

Halogen molecules and ions play an important role in technological application such as metal 

surface modification, corrosion and etching [32, 33]. It was noticed that the presence of halogen 

influences the electrochemical behaviour on the metal surface, which is major to etching, corrosion-

protection and electro-catalysis reaction [34, 10]. Halogen adsorption on the metal surface particular 

on titanium surface is of much interest in the field of electrochemistry and surface modification [35]. 
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Thus, understanding their interaction and the adsorption strength, can be able to provide adsorption 

stability, electron-charge transfer and charge density differences, which is critical for the etching 

process.  

Adsorption of halogen molecules and ions have received more attention recently due to their higher 

electronegativity, reactivity, and the ability to form a chemical compound with metal surfaces [36, 

37]. However, the halogen ion showed to be the most effective etchant solution than halogen 

molecules [38]. Investigating the effect of halogen ions on the metal surface is important, and 

critical for understanding the corrosion and etching process of the metal surface. Thus, from the 

technological point of view, halogen adsorption on a metal surface is essential in order to understand 

the fundamental mechanism involved in the etching process. It has also been indicated previously 

that the key role manner of etching is through ion-metal interaction on the metal surface [39]. 

Computational technique provides an understanding of chemical bonding and hybridisation of 

surface interaction with adsorbate molecules and atoms [26].  

1.3. Intention of the study  

In this study, DFT is used to investigate the adsorption behaviour of halogen molecules (hydrogen 

fluoride, hydrogen bromide, hydrogen chloride and hydrogen iodide) on titanium surfaces. The goal 

of this research is to evaluate the adsorption mechanisms and adsorption-desorption energies of 

various halogen compounds on Ti (100) and Ti (110) surfaces in order to determine their capacity 

to etch titanium surfaces. The impact of halogen molecules and ions adsorption will be compared 

and assessed using their adsorption energy values. This will give the chemical interaction between 

halogen ions and titanium surfaces.  
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In addition, adsorption coverage on Ti surfaces will be investigated for the most stable halogen ions. 

Desorption energy and heats of formation will be calculated to examine the energy barrier for an 

etch product to desorb and form or removed from the surface. Furthermore, charge density 

difference, Mulliken charge analysis, density of states will be analysed, as a step towards 

understanding the corrosive nature of ion-metal interaction [10]. The results will give a better 

understanding of the etching agent and the formation of etchant products, to be able to proceed 

toward the preferred etching mechanism. 

1.4. Research hypothesis 

The interaction of titanium metal surface with halogens and ions can enhance the etching. There is 

significant correspondence between dissociation adsorption mechanisms and the surface etching 

process. The following questions will be addressed to verify and compare the adsorption of halogen 

molecules and ions on Ti surfaces. 

i. How can the halogen molecules and ions interaction enhance the Ti surfaces? 

ii. What is the effect of halogen molecule and ion adsorption on Ti surfaces?  

iii. How does the adsorption strength of halogen molecules and ions is affected for different Ti 

surfaces? 

iv. What is the interaction behaviour of different halogen ion at various Ti surface positions? 

v. How does halogen adsorption impact/affect the electronic behaviour in terms of charge-

electron transfer during adsorbate-adsorbent interactions? 

vi. What is the effect of adsorption coverage and etching products?  
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1.5. Objectives 

The main goal of this project is to investigate the interaction of HF, HBr, HCl and HI molecules on 

titanium surfaces. The objectives of this study are to:  

i. investigate the stability of Ti surfaces by calculating the surface energy 

ii. investigate the dissolution mechanism of halogen molecules on titanium surfaces by 

optimisation of both the molecules and titanium surfaces. 

iii. investigate the interaction between titanium metal surface with HF, HCl, HBr and HI 

molecules, to check the most reactive halogen by calculating adsorption energy.  

iv. investigate the electronic density of states and charge density distribution of HF, HCl, HBr 

and HI on titanium surfaces, to check electronic properties and orbital interaction. 

v. investigate the effect of halogen ion on titanium surface by calculating the surface work 

function after adsorption 

vi. determines the stability of etch products by calculating the heats of formation 

vii. investigate the desorption energy on Ti surface at different coverages, to assess the most 

preferential desorb etch product. 

viii. investigate the Mulliken charge analysis on adsorbed titanium surfaces 

1.6. Outline  

The outline of this thesis is as follows: 

Chapter 1 address a brief background on titanium and its alloyed metal applications, the formation 

of alpha-case layer and surface etching techniques. The Chapter also gives the main applications of 

halogen adsorption on the surface, motivation, research hypothesis, research questions, objectives 

and intentions of the study. 



   

7 

 

In chapter 2, both experimental and theoretical review on metal surface etching are discussed. This 

chapter also reflected on the previous work related to etching and metal-molecule adsorption. The 

main part consists of chemical, halogen adsorption and atomistic metal surface etching.  

Chapter 3 present the computational methods and the theoretical techniques that will be used in 

performing the simulation calculations. In this Chapter, the DFT and plane-wave pseudopotential 

method, the computer codes and material model properties are described.  

Chapter 4 discuss the Ti (100) and Ti (110) surfaces, and halogen molecules. The Chapter discusses 

the DFT calculation results of Ti (100) and Ti (110) surface properties, and electronic properties of 

halogen molecules generated in this study.  

 

Chapter 5 present the adsorption mechanism of halogen molecules and ions on Ti (100) and Ti (110) 

surfaces. The Chapter investigates the interaction of halogen ions with Ti surfaces at different 

adsorption sites. Adsorption energy strength, bond lengths, work function, charge density 

redistribution and density of states properties are discussed.  

In chapter 6, we discuss the effect of halogen ion adsorption on Ti (100) surface at different atomic 

coverage. In addition, the formation of titanium halides (etch products) molecules are analysed. We 

calculated the heats of formation and desorption energy of each etch product molecules formed.  

Finally, Chapter 7 present the summary and conclusion on the results obtained in this study, 

recommendations and future work are also described.     
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Chapter 2  

Literature Review 

This Chapter intended to give a scientific background and the work performed previously. It will 

introduce the theoretical and experimental work on alpha-case layer formation, surface etching, 

halogen molecule and ions adsorption, and chemical interaction with the metal surfaces. Research 

on titanium and its alloys continues to be the subject of interest due to the ever-increasing demand 

for titanium for both architectural and structural purposes. The most research interest in investment 

casting of titanium is in the surface etching of material components.  

Titanium components depend significantly on interstitial impurities, surface modification and the 

control of removing alpha-case layer [40]. A precise chemical etching technique for a metal surface 

is essential for manufacturing technology for the fabrication of various metal components. It is well 

known that etching techniques are frequently used for the fabrication of metal components. 

Substantial research for chemical etching effort has been devoted previously, however, results 

remain limited and unclear. Above, all titanium is ubiquitous industrial metal due to high demand 

in various application. 

2.1. Background 

Titanium and its alloys materials are of much importance in various specialised application and the 

great application of Ti-based components are based on their surface properties. Ti-based material 

can potentially replace other metallic material if they can be produced more competitively [41]. 

Titanium alloy components are generally fabricated either by investment casting, forging or powder 

metallurgy [42].  
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During investment casting, the alpha-case layer is formed on the surfaces of titanium components, 

this is due to high reactive with oxygen when they are subjected to oxidising environments [43]. 

The alpha-case layer makes the surface harder and brittle, which results in cracks manifestation and 

decrease fatigue life [44]. Various causes have been attributed to the formation of the alpha-case 

layer, this layer is formed due to the reactions between molten metal and investment material [45]. 

Parthasarathy et al [46] found that the alpha-case layer is formed during solidification through 

oxygen enrichment. The crack initiation and the saturated of periodic was observed on titanium 

alloy after exposed to ambient air. Work done by Sung et al [47] shows that the alpha-case layer is 

not formed only by interstitial element, but also substitutional metallic element dissolved from 

mould material. Therefore, the post-fabrication process is required such as surface modification. 

This post-fabrication remains the main post-process surface and must be taken to avoid unwanted 

chemical reaction [48]. 

Surface etching process is the most used technique for metal surface modification and the removal 

of material from the substrate. Etching of Ti-based material has been problematic because most of 

the alloyed are designed to withstand oxidation and corrosion [49]. Etching usually removes the 

surface area, which is not desired on the finished surface. Different etching processes are deployed 

depending upon the particular materials. The etching process is described in three main steps or 

terms; adsorption-interaction, production formation (etch products) and product desorption.  

Common etching techniques include wet chemical etching [50], reactive ion etching [51] and 

plasma etching [52]. Chemical etching is employed as a manufacturing surface technique to produce 

micro-size components and it has long been accepted as one of the non-traditional machining 

processes. These processes use a strong chemical etchant solution to remove the top surface part in 

the work piece material [53]. Plasma etching is an extension of the technique of physical sputtering, 

this technique was introduced to reduce liquid waste disposal in manufacturing and achieve 



   

10 

 

selectivity’s that difficult to obtain with wet chemistry [54]. Reactive ion etching (RIE) combines 

the plasma and ion beam etching process to achieve both selectivity and directionality. This etching 

technique has several variable factors that correspond to an output parameter, etch rate, selectivity 

and surface roughness [55]. The difference in etching mechanism and technique arises from the 

stability of materials and etchants towards various chemical species. The etching rate and etching 

selectivity of micro/macro molecules are well connected with the strength of the available bonds in 

the material [56]. Table 2-1 shows the major difference between wet etching, atomic etching, as 

well as plasma/dry etching techniques. These etching approaches were found to be the most method 

for many applications to achieve desired surface structure, morphology or chemistry [57].  

Table 2-1. Comparison of wet etching with dry, plasma and reactive ion etching. 

 Wet etching Plasma/dry etching, RIE 

Etchant chemicals (acids, alkaline) reactive gas (ions, radicals) 

etchant rate/selectivity high good and controllable 

Advantage low equipment, fast process, 

easy to implement 

small etching, no contamination, 

no hazardous chemical, ecological 

begin technology. 

Disadvantage high contamination, 

hazardous chemical, 

unfriendly technology, high 

waste process 

high equipment cost, potential 

radiation damage, implementation 

depend on the application. 

Directionality any isotropic can be isotropic or anisotropic 

 



   

11 

 

Du et al [58] investigated aluminium-silicon (Al-Si) alloy etching using both chemical and laser 

etching. It was demonstrated that the chemical etching and laser finishing removes the surface 

aluminium layer and exposed the silicon on the surface. Also, the coefficient and weight loss rise 

as the etching time increases. Furthermore, it was found that when laser power increases, frictional 

etching and weight loss reduce at first, then rise as chemical etching time increases. In addition, the 

optimal etching duration was reported to be 2 min for chemical and 1000 W for plasma etching. 

Wet chemical etching unlike plasma or RIE is usually isotropic and can be highly selective to other 

materials. The etching technique roughen polycrystalline metals and multiple mixtures or alloy, in 

which preferentially etching grain boundaries, crystallographic defects and dislocation [59].  

Recently, acidic etching treatment is the only adopted approach that can modify both the overall 

pore structure and its surface of the high reactivity of metal with acidic solution. Zahran et al [60]  

reported that when extending the etching times, both roughness and wetting increased, with the 

exception of 10 minutes, when roughness rose but moisture dropped. Moreover, the effect of 

hydrofluoric acid etching rate on titanium topography, chemistry, wettability and cell adhesion was 

investigated [60]. In addition, it was also reported that HF acid treatment on Ti surface modifies 

their chemical composition, which becomes stable after 3 min of etching. The wetting and 

roughness increase with a longer etching time up to 7 min [60]. The etching rate of pure HF is too 

slow to modify the overall pore structure inside the Ti scaffold. Fluoride formed from the reaction 

with HF solution further improved capability by attaching fluorine ions to the Ti surface, which 

confirmed to be a major effect of etching [61]. This proved that due to rapid etching rate of the Ti 

surface, the porosity, pore size, and pore neck size increased as the treatment time rose. However, 

explosive hydrogen gases are generated during the reaction. In which it induces the formation of 

titanium hydride (TiHx) at the metal surface with consequent embrittlement [61].  
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Deshmukh et al [62] used chemical milling containing a mixture of HF and HNO3 to remove an 

alpha-case layer from the titanium surface and after the removal of the alpha-case layer, the titanium 

surfaces were examined using SEM as well as X-ray diffraction. The results show that the etching 

time is more effective in completely removing the alpha-case layer by chemical etching. Donachie 

et al [19] confirmed that the material removal rate for chemical etching of titanium in HF is between 

0.015 and 0.03 mm/min. As mentioned early that titanium has a high natural attraction to hydrogen, 

this becomes another concern when using HF acid bath, the hydrogen content can be adsorbed into 

the surface and create outer layer hydrogen embrittlement. Hence, time-limited that part can spend 

in the bath.  

Previously, Rossouw et al [63] used the mixture of 5% HF and 20% of HNO3 to remove the alpha-

case layer however, the results shown are acceptable to no hydrogen retention. The effect of a 

chemical etching by HCl solution on the surface was investigated, this chemical treatment mostly 

applicable on a large scale [64]. Oh et al [65] investigated the etching characteristic of high-purify 

Al in HCl solution. The electrochemical etching was carried out in a cell with a carbon cathode at 

85± 2 0C. It was demonstrated that HCl solution generated more consistent etching tunnels in this 

investigation, however due to its strong corrosiveness, the size and distribution of etch pits was not 

uniform with the low density. Furthermore, Causier et al [66] investigated the etching behaviour of 

the InP surface in HBr/Br2 aqueous solution. This experiment was performed under controlled 

temperature and hydrodynamic conditions at constant Br2 concentration. It was demonstrated that 

the etching process was found always linear with time, however, its rate depends on the HBr/Br2 

concentration. In addition, dissolution mechanism of InP in HBr/Br2 solution appears to be ruled by 

the surface chemical states.  
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Recently, the stability of titanium surfaces and their alloy in bromide and chloride-containing 

solution has received considerable attention due to the development of self-organised Ti 

nanostructures under optimised electrochemical condition [67]. The most common etchant solutions 

used are summarised in Table 2-2, most widely used contain HF/HNO2, HCl/H2O2, Cl/Ar or 

HBr/Cl2. These etchant solutions are in relation to etching condition such as chemical etching, 

plasma etching and reactive ion etching. In such case of etching, one expects a dependency of the 

etching yield on the chemical composition of the ions [68]. 

Table 2-2. Summary of different etchant solutions for different etching processes. 

Etchant solution material application method Ref: 

HF/NaCl AISI 302 chemical etching experimental [69] 

HF/H2O2 Ti3SiC2 wet etching experimental [70] 

HCl/Stearic acid ZnO chemical etching experimental [71] 

F-/H2O2 Cu wet etching experimental [72] 

Cl2/Ar Ti nanostructure RIE experimental [73] 

HF/HNO2 Ti-6Al-4V chemical etching experimental [62] 

HBr/Cl2 Si/SiO plasma/dry etching experimental [74] 

HF AlO2/Al thermal etching theoretical  [75] 

CHF2 Si/SiO DFT/Plasma theoretical [76] 

HCl/H2 SiC DFT/ chemical theoretical [77] 

HF TiO2/Al2O3 DFT theoretical  [13, 78] 

F2 Si (100)/(111) DFT theoretical [79] 
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Atomic layer etching (ALE) opened a new degree of control in material processing and lowering 

the cost by removing the need for etching steps [80]. It becomes increasingly important method for 

advancing the understanding of metal surface etching. Continues improvement of the ALE method 

and equipment will undoubtedly progress the field of etching. Atomic layer etching has been 

introduced as the most suitable method for extreme nano-scale devices because it can etch a material 

at an atomic scale without physically and chemically damaging the substrate [81]. ALE process is 

sequential based on halogenation and bombardment of energetic ions that lead to anisotropic etching. 

Positively charged ions gain directionality by being accelerated normal to the surface via a negative 

voltage bias on the substrate. To remove layer from the wafer surface, energetic ions act in tandem 

with neutral chemical species from the plasma [82].  

Generally, an atomic layer etching process is thermal chemistry and the reaction taking place 

involves surface modification by adsorption of reactive ion species that activate the metal surface. 

Secondly, the atomic layer etching is a reactive ion that produces stable volatile etch products. It 

was found that the HF reactant converts Al2O3 to AlF3 as a reaction intermediate, allowing SnF(acac) 

and H2O to exit as reaction products [83]. Many ALE method techniques are based on fluorination 

and exchange ligands reaction on the metal surface. However, the chemical details of ligand-

exchange lead to selective ALE between various materials [84]. Lee et al [85] investigated atomic 

layer etching of Al2O3, HfO2 and ZrO2 surfaces using HF and dimethylaluminum chloride (DMAC). 

The results analysis shows that the exposure of the surface in HF/DMAC led to efficient etching 

attributed to the formation of stable and volatile chloride or fluoride species. All surfaces were 

etched linearly with respect to the HF/DMCA coverage. The magnitude of fluoride had the same 

ordering as etch rates for all surfaces.  
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Walch et al [86] investigated the etching of Si (100) surface by F and Cl using DFT with B3LYP 

functional. The computations were done with the GAUSSION-94 code, with 6-31G basis set for F 

and 4-31G basis set for Cl and Si. It was reported that Cl differs from F in that it has lower binding 

energies and considerably larger non-bonded repulsions. Furthermore, the study discovered a lower 

pathway to SiF4 with no barrier to adding F atoms. It was also reported that fluorine etching was 

accomplished by the production of SiFx species as etch products in the gas phase, although the 

mechanism of F etching was unknown [86]. Migani et al [87] reported that the formation of this 

volatile species such as SiFx and SiClx upon halogenation or halogen adsorption on the metal surface 

plays a crucial role in the purification or etching metal surface [87].  

First-principles calculations utilising a plane-wave pseudopotential method within the VASP code 

was used to investigate the production and desorption process of etchant products [88]. The 

simulations were run using the Cerperley-Alder exchange-correlation functional and the local 

density approximation. I was found that the desorption of etchant products occurs when there is 

more than 1ML coverage adsorption on the metal surface. In addition, SiCl3 formation and 

desorption were observed to be less favourable than SiCl4. However, this poses some difficulty in 

building up a surface model for SiCl4 formation and desorption. Furthermore, the findings revealed 

that desorption of SiCl2 can occur at high temperatures, reducing the likelihood of SiCl4 formation 

[88]. Winters and Coburn [89], explored metal surface etching using halogens such as fluorine 

atoms or molecules, the study used ion bombardment for metal surface etching. It was reported that 

the inherent characteristics of halogen atoms, as well as their propensity are the major causes 

creating a stable volatile compound [89]. It was found that ion adsorption etched a material surface 

wherever the surface's interaction state leads to the production of stable volatile compounds. In 

another study, reactive ion etching was conducted using ions bombardment to promote the 

production and desorption of etching reactive products [68].  



   

16 

 

2.2. Structural aspect 

Titanium is the 22nd element in the periodic table and the first in a group of metal known as transition 

metals. The density of titanium is 4.5 g/cm3 in which is almost half that of copper and less than 60% 

the density of stainless steels [19]. The tensile and yield strength of titanium are comparable to those 

of most stainless steels, this results in a high strength-to-weight ratio account for the widespread 

use of titanium components, in various industry applications [90]. Nearly more than 80% of titanium 

is used in the aerospace industry and found widespread application in the medical industry as well 

as chemical processing [91].  

Titanium ore exists in one or a mixture of the two different crystalline structure: α-phase which is a 

hexagonal closed packed (HCP) structure with a space group of P63/mmc and β-phase which is a 

body-centred cubic (BCC) structure with a space group of Im_3m [92]. The transition temperature 

between alpha-beta phases is about 882 0K for pure titanium, which is the most fundamental phase 

transformation in titanium casting. Figure 2-1 shows the atomic arrangement of two titanium crystal 

structures: (a) titanium crystal structure arranged in a body cantered cubic (BCC) (b) titanium 

crystal structured arranged in hexagonal closed packed (HCP) structure and (c) atomic arrangement 

in face centred cubic.  

Generally, different titanium crystal structure plays an important role in determining respective 

structural properties. For example, in α-phase causes an improvement in creep strength, high-

temperature strength, while increasing the β-phase fraction increases room temperature strength 

[93]. Among all Ti-based material, commercially pure titanium is the most commonly used within 

the α-phase. However, interstitial site (elements) in HCP crystal structure produces non-symmetric 

strain field and therefore effectively interact with dislocation [94]. As a result, in strengthening 

effect because exploited in commercialist pure titanium. 
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(a) 

 

(b) 
 

 

(c) 

Figure 2-1: Atomic arrangement of titanium crystal structures (a) Body centred cubic (BCC), 

(b) Hexagonal closed packed (HCP) and (c) Face-centred cubic (FCC). 

2.3. Fundamental principle of etching 

As explained in the previous section, conventional treatment for removal of alpha-case layer using 

chemical etching. Generally, metal etching treatment results in dissolution, i.e. etching away 

material from the surface via corrosion mechanism [95]. To enable a better content of etching 

processes it is fundamental to understand, at atomic scale, the basic mechanism involved. Most 

structural surfaces are in fact metallic or metal alloys, it is important to consider how metal surfaces 

are etched. 
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2.3.1. Metal etching  

Etching of metal in solution/ion is defined as a simultaneous transfer of mass and charge across the 

metal-solution interface. Etching relies on the action of a corrosive etchant to dissolve away the 

unwanted surface area, the selective removal of material from the surface through chemical action 

of an etchant species [96]. The direct charge transfers between the surface and the solvent are via 

electronic contact [97]. This is a physiochemical process that involves the making, breaking or 

rearrangement of bonds between atoms. The main reactants that contribute to aqueous corrosion are 

electrochemical. Following the mass loss from structural components, may be embodied by the 

general dissolution reaction:      

                                                                  𝑀 → 𝑀𝑍+ + 𝑧𝑒−                                                                 (2-7) 

This reaction is accelerated by the complexation of the surface metal atoms by species in the 

environment. The atomistic investigations of this process show that the surface structure provides a 

high degree of control leading to surface faceting. In the case when the metal surface is covered by 

thin oxide, deleterious etching/corrosion effects arise from the dissolution of metal atoms directly 

exposed by virtue of cracks or pores [98]. In many applications, the surface materials are treated 

concurrently during manufacturing processing, each metal surface must be chemically treated with 

unique functional groups that allow the growth of a distinct material surface [99].  

The removal of atoms from the surface by etching is a complex process that involves chemical and 

electrochemical reaction [9]. These are distinguished by the fact that it involves the participation of 

free charge carrier. The first neighbourhood of an atom at the surface directly affects the probability 

with which the etchant can break its back-bond to the rest of the structure and the atom is removed 

or remain attached. Removal of material from the surface occurs, as results of the chemical reaction 

between surface atoms and the etchant molecules. Figure 2-2 shows a schematic illustration of metal 
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surface etching [100]. The reality is that the form of the material changes when it is exposed to 

etchant, and various materials respond to etchant in different ways. The atomistic model of chemical 

etching is a non-equilibrium process in which both atomistic (microscopic) morphology and 

macroscopic orientation-dependent etch rate are determined by the relative values of atomistic 

reaction rates. Surface termination plays an important role in catalysing the removal of the surface 

atoms by following a back-bond attack. The active etching species, which produce the back-bond 

attack during the etching sub-process, is a polar molecule. The weakening of the back-bond depends 

only on the total number of terminated atoms sharing the bond and is independent of the particular 

distribution.  

 

Figure 2-2: Schematic illustration of etching process on the metal surface [100]. 

2.3.2. Metal dissolution 

Metal dissolution involves some mystery, due to the transition of a neutral metal atom bound to its 

neighbours through metallic bonding across the electrochemical layer, this phenomenon has been 

in the recent year highlighted [101]. Metallic dissolution is usually controlled by multiple surface 

reaction mechanism that involves chemical effects. The metal dissolution in an acidic medium has 
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been studied and its dissolution depends mainly on the concentration of acid and temperature [102]. 

This reflects the complex structure of an alloy surface at wet solution, atomic and mesoscale level 

[103].  

Previous studies reported that Ti metal dissolution in acidic media indicates the existence of three 

regimes of dissolution via active, passive and trans-passive [104]. In which one major limitation of 

the previous studies are that the species attacking the metal surface is not clearly identified. Only 

the overall reaction kinetics with respect to nominal concentration is reported, with limited 

information on the detailed mechanism [104]. Taylor et al [105] used DFT to investigate and model 

electrochemical interface to the simulation metal atom deposition and dissolution mechanism. The 

simulations were carried out with the VASP software, which included the PW91 exchange-

correlation functional and an ultrasoft pseudopotential. A model is shown to provide a flexible basis 

for understanding the effect system perturbation to the surface structure of dissolution potential 

energy. The change in potential energy of dissolving ion as a function of its progress across the 

electrochemical layer shown to be highly dependent. 

2.4. Surface etching 

Surface etching is one of the various surface treatment method that is recently applied and under 

investigation. Surface treatment introduces the possibility that the change in geometry produced by 

the treatment may affect the mechanical properties of the material [99]. Even though, the effect 

changes in surface morphology on mechanical properties of metallic due to surface etching, the 

treatment has not yet discussed fully [106]. The etching of Si (111) surface in HF solution has been 

studied, the etching process characterised based on different etching rates for each individual 

surface species. It was reported that the etching procedure causes full H-termination on the surface, 

and the stepped Si (111) surface was used to determine the surface morphology as the etching 

solution pH ranged from 2 to 8. [107]. Ramakrishnaiah et al [108] investigated the effect of 
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hydrofluoric acid etching duration on silica-based ceramic surfaces. It was reported that the surface 

was etched with 5 percent HF for four different time intervals before being inspected under a 

scanning electron microscope to analyse the patterns. It was also seen that the microstructure of 

silica-based ceramics was dramatically altered by increasing the etching time with hydrofluoric acid, 

as well as the surface roughness and wettability. The results reveal a significant change in the crystal 

structure and surface roughness. However, it was discovered that etching over a longer period of 

time led in an increase in the number and breadth of pores, with the number of pores increasing at 

a quicker pace than the depth of the pores. 

Moreover, Juodzbalys et al [109] used different acids such as HCl, HCl-H2SO4, H2SO4/HCl-H3PO4 

and H2SO4-HCl to study Ti surface etching. It was found that the precise etchant selection and 

processing sequence are critical in preparing the rough Ti surface. In addition, it was also reported 

that treatment with just hydrochloric acid or sulphuric/hydrochloric acids and phosphoric acids 

produced fairly comparable outcomes. The best results were obtained using sulphuric and 

hydrochloric acids in sequence and at different times. However, HCl/H2SO4 etching generated 

sporadic holes. Work by Le Guehennec et al [110] proved that numerous holes could be etched by 

using a mixture of HCl and H2SO4 at a temperature higher than 100oC. Metal surface treatment 

technology, combined with Ti and its alloy can retain the original corrosion resistance. The previous 

research on the detailed parameter of the metal etching recipe, concentration, temperature and time 

limitation has been proposed are different [111].  

Gosalvez et al [112] investigated the atomistic simulation of wet chemical etching of crystalline 

silicon surface at different coverage using Cellular Automaton (CA) approach. The gradient 

corrected BLYP functional was used to conduct ab initio calculations using the Amsterdam density 

functional code (ADF). It was reported the dependence of the etching process on coverage, 

including the dependence of the fastest etched plan orientation. Only the fastest etched plane on 
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coverage is controlled by only a few surface configurations involving indirect second neighbours 

and the relative value of the corresponding removal probabilities. David and his co-workers [12] 

used first principle calculations employing plane-wave pseudopotential method within the 

DACAPO code, to investigate the reactivity of ion etching on the metal oxide surface such as Fe3O4 

and NiO. It was reported that the RIE technique is influenced by bond making and bond breaking 

at the etching surface is due to orbital interaction. 

Silicon etching yields in F2, Cl2 Br2 and HBr have been investigated as function of ion bombardment 

energy and angle in high density plasmas [113]. It was observed that etching-speed in HBr plasmas 

is lower than in Cl plasmas, and that etching yield decreases fast at ion angles greater than 60o. The 

probability of a spontaneous chemical reaction in a fluorine-based system was reported to be much 

higher as compared to the Cl/Br based system [113]. This effect was related to the atomic size 

(halogen atom size). Thus, the fluorine with a smaller size ensures the entry of this particle into the 

metal surface layers of the treated material and the formation of volatile molecules [113, 114]. 

Moreover, the chemical reaction of Cl/Br atoms with Si metal surface is only by a finite number of 

the bonds and the absolute values of etching rates are slower as compared to the fluorine under 

similar range conditions [113, 115].  

In addition, Lim et al [116] studied the etching kinetics and surface conditions for KNbxOy thin 

films in both fluorine and chlorine-based plasma chemistry. Variable processing parameters 

included feed gas Ar content (0-75% Ar), gas pressure (4-10 mTorr) and input power (400-700 W) 

at a constant biase power of 100 W. It was observed that the fluorine-based etching chemistry shows 

higher etching rates than chlorine-based. In correlations between F and Cl based, the etching regime 

with lower effective reaction probability between KNbxOy to Cl atom. This effect was associated 

with to lower volatility of NbClx than the NbFx molecule. 
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Previous researchers [117] studied atomic layer etching on Si (100) and Si (111) surfaces by Cl2 

adsorption and desorption. The results observation showed that the etching rate of silicon surfaces 

depend on the Cl2 pressure. In addition, the adsorption of these ions at various coverage resulted in 

the desorption of the formed atomic halide species [118]. Pavlova et al [119] used the first principle 

to demonstrate the adsorption and desorption of Cl on Cu (111) surface. The calculations were 

carried out using DFT and PBE functional within the VASP program. It was found that Cu (111) 

surface was etched, and the etched products desorbed in the form of CuClx molecules from the step 

edge.  

Previously, molecular dynamics calculations were used to study the etching simulations on titanium 

metal and oxide by Cl2 and HCl molecules. The etching ratio between HCl and Cl were found in 

good comparison with experimental results [38]. Bright et al [120] investigated the dissolution 

kinetics of TiO2 powder in HF-HCl solutions as a function of time, temperature, and acid content. 

It was found that the rate of dissolution is linear with time and proportional to HF but independent 

of HCl. Work by Fracassi and his co-workers [121], found that fluorine atoms act by making 

titanium atoms more reactive towards chlorine gases in fluorinated and chlorinated gases mixture. 

Previous reports have exclusively concluded that surface fluorination under acidic condition is 

responsible for lowering the surface energy [122]. In general, it is useful to investigate if and how 

the action of ions changes the metal surface. 

Ma et al [123] investigated how fluorine adsorption affected the relative stability of (100) and (110) 

surfaces of TiO2 using DFT approach employing GGA-PBE functional as implemented on VASP 

code. It was revealed that F adsorption significantly weakens the Ti-O bond in (110) but strengthen 

the Ti-O bond in TiO2 (100) surface. DFT has been demonstrated to be a high-quality approach to 

investigate surface adsorption of molecules or ions on metals and as well as at the metal/solution 

interface [33, 124]. Most previous theoretical studies explored the interaction of halide atoms with 
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metal oxide, very few studies have focused on bare metal (Ag, Ni) [125, 126]. Grassman et al [127] 

used experimental and DFT to investigate the Cl2 etching reaction on Al (111) surface. The 

experiments were carried out under ultra-high vacuum (UHV) with a base chamber pressure of 2 x 

1010 Torr, while DFT calculations were performed using VASP code utilising GGA-PW91 

functional model. It was found that at 100 K, the etch product was determined to have a most-

probable velocity of 517±22 m/s. In addition, it was also reported that the adsorption of Cl2 formed 

aluminium chloride and the present of activator AlCl3 chemisorption having potential energy above 

vacuum level. The calculations yield results that are consistent with experimental findings and 

mechanistic description. 

Kim et al [128] used a quantum mechanics training set implemented on the Amsterdam density 

functional program to simulate etching of SiO2 surfaces with an HF etchant. The molecular 

dynamics simulations were performed using optimised ReaxFF. It was found that when HF 

molecules adsorbed and collided with SiO2 surface, the H-F molecule dissolved, and a new Si-F 

bond was formed. It was discovered that a single layer of SiO2 substrate was removed and SiFx (x=4, 

5 and 6) and H2O molecules were produced with different incident energies with respect to time. 

Furthermore, among the SiFx that contributed to the etching process, SiF4 species was revealed to 

be the major volatile molecules. SiF5
- and SiF6

- were also produced from unreacted active HF 

reacting with SiF4 [128]. 

Fluorine-based etchants are commonly employed in processing etching because F ions and 

molecules are the most reactive of all the halogens, producing volatile compounds like SiF4 when 

they react with metal surfaces [129]. Hamaguchi et al [130] performed classical molecular dynamics 

simulations for Si and SiO2 etching using F and Cl. Authors employed the SW potentials to represent 

the Si and halogen interaction while for SiO2 and halogen interaction potentials were constructed 

from SW potentials. It was reported that for the same impact energy, the fluorinated layer was found 
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to be considerably bigger than the chlorinated layer. Furthermore, during F etching, the etch 

products include more halogen atoms per Si than for Cl etching. 

Some metal surfaces, such as V, Nb, Ta, Mo, Ti, and other metal alloyed surfaces, were 

spontaneously etched using fluorination reactants stronger than HF, such as XeF2 and F2 [131]. 

However, after etching the top layer, it was found that the underlying metal layer was also damaged. 

After fluorination all these metal yields volatile metal fluorides VF5 (-68 kJ/mol), TaF5 (-79 kJ/mol), 

NbF5 (-74 kJ/mol), MoF6 (-53 kJ/mol), TiF4 (-62 kJ/mol) [131]. The reaction formation for these 

metal fluorides was reported to be favourable at 250 0C and all are volatile. On the other hand, other 

metal surfaces are difficult to etch utilising the fluorination and oxidation reactions due to their 

unfavourable and unstable surfaces. Because PtO3 is not a stable oxide, it may be difficult to etch 

platinum metal or oxide surfaces using fluorination. Although the production of PtO2 on the Pt 

surface is conceivable, PtF4 is not a volatile substance [132].  

2.5. Titanium surface etching 

The etching phenomena of Ti surfaces in halides media is important not only in corrosion but also 

in several technologies and industrial applications such as pickling of Ti, manufacture of Ti-based 

automobile parts [133], and formation of self-organised TiO2 nanotubes [134]. The composition 

nature, thickness and hence the resistance of the protective titanium to etching depends on the 

environmental conditions. In the presence of halides, the titanium oxide is not immune anymore 

and localised corrosion commences relatively easily resulting in passivity breakdown and high 

dissolution [135]. Etching behaviour of titanium oxide surfaces and its alloys in etchant containing 

different corrosive species or ions such as HF–HNO3 have been reported [136]. The etching 

mechanism showed two stages are involved: F- destruction of the titanium oxide layer and pure 

titanium substrate dissolving. It was reported that the titanium substrate dissolved quickly in HF 
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solutions containing less than 0.1 Mol. L-1. Furthermore, fluoride enhances both etching and HER 

rates, according to the findings. It was also reported that increasing HF concentrations, the quantity 

of dissolved titanium from S-Ti increased. Shankar et al [137] studied the etching resistance of 

thermally oxidised Ti in boiling HNO3 solution. The polarisation curve of Ti etching was reported 

with respect to pH related solution [137].  

Wang et al [138] investigated Ti metal surface corrosion in fluoride solution based with critical 

concentration values between 0.0005 M-0.002 M. It was observed that the fluorine ion accelerates 

the corrosion of titanium and destroying the protectiveness of the film. It was demonstrated that, at 

greater concentrations, the fluoride ion may interact not only with the outer layer but also with the 

interior layer. Work by Ban et al [139] investigated the surface etching of commercially pure 

titanium (cp Ti) surface in concentrated H2SO4. This study shows that etching cp Ti with 

concentrated H2SO4 is an efficient way to modify the cp Ti surface for biological application. The 

activation energy for cp Ti to dissolve in H2SO4 was observed to be 67.8 kJ/mol.  

The effect of HF on Ti metal surface was investigated using potentiodynamic polarisation. Results 

analyses reveal that HF and HF2 remain the species that influence chemical and electrochemical 

dissolution steps. The electrochemical dissolution increases as the HF concentration rises at a fixed 

voltage [140]. Other important mechanistic details include the transfer of metal ions, the interfacial 

chemistry occurring between the Ti surface and the solution. Liu and his co-workers [141] studied 

the chemical etching behaviour of titanium in a bromine-methanol electrolyte. The etching 

procedure was carried out for 10, 30, 120, and 300 seconds in a 1 to 9 by volume combination of 

liquid bromine and methanol electrolyte. The study provided evidence that pitting corrosion is 

induced on the bare titanium due to the attack of bromine. Furthermore, as the etching duration rises, 

the roughness of the titanium substrate increases due to the increased pitting corrosion.  
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Titanium implants surface were chemically etched using HF and HCl/H2SO4 solutions. The initial 

exposure was to hydrofluoric acid, followed by a mix of hydrochloric acid and sulfuric acid. As a 

results, implant surfaces that have been chemically acid etched have better osseointegration 

strengths than those that have been machined. The difference in HF volume percent and removal 

torque have a weaker relationship [142]. Towards an attempt to explore the use of a new electrolyte 

that can etch titanium other than fluorides. Jiang et al [143] recently explored the metastable pitting 

of Ti surface using potentiodynamic and potentiostatic polarisation in Cl- containing solutions. This 

modified mechanism is well compared with the one described for pit initiation on the passive films 

of other metals.  

Despite the frequent use of HF, many questions remain unresolved, including the optimal etching 

time and its effect on the surface remain unclear [60]. Kim et al [144] used acid-etched with 10% 

HCl acidic and laser etched to treat titanium ASTM grade-2 surface. Therefore, laser etching of 

titanium surface was effective in improving bond strength as compared to the acid etching method. 

Previous work proved that a uniform surface could be fabricated after etching in H2SO4 for 72 h 

and through HCl etching for 30 h [109]. Work by Zhang et al [145] modified the surface 

morphology of TiO2 nanorods using aqueous H2O2-NH3 and H2SO4 solutions. The etching rate with 

H2O2-NH3 was fast and the morphology was modified from the top faces.   

Recently, the insight into etching of metal surface by halogen ions/atoms have become from studies 

that probe surface structure with atomistic scale precision [146]. Researchers have applied 

molecular modelling to understand the mechanism, pathways and their associated parameters, 

however, a complete analysis remains a significant challenge. Work done by Wang et al [13] found 

that a selective etching phenomenon occurred on the anatase TiO2 (100) surface by HF using DFT 

approach with Quantum Expresso software. The results revealed that HF stabilises the grown facets 

at low concentration but selectively destroy the grown (100) facets at high temperature.  
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It has been reported that aqueous solution containing bromine act as effective etchants for etching 

crystal faces. The TiBr4 compounds were observed during the chemical etching of titanium with 

bromine-methanol electrolyte [141].  In addition, it was found that etching in the bromine-methanol 

electrolyte causes pitting corrosion to occur on exposed titanium. Due to the breakdown of the metal 

substrate, the depth of pits rises as the etching duration increases [141]. Work done by Sazuo et al 

[147] shows that titanium exhibits a much higher susceptibility to localised corrosion in bromide 

compared with chloride. It was also suggested that pit initiation of unalloyed titanium in bromide 

solution is related to the adsorption of Br- on bare titanium or the formation of bromide nuclei.  

Surface etching technique can be typically accomplished based on halogen ion adsorption on the 

metal surface [10], because the key role manner of etching is through ion-metal interaction. This 

was complemented by studies that have explored halogen adsorption, surface chemistry and the 

nature of the species from the metal surface [39]. The removal of material from titanium metal 

surface by etching is key in various industries. Even though chemical etching has been practiced 

for centuries, atomistic detailed mechanisms are not yet being disclosed. Various etching processing 

has been explored; it was found that aqueous halides solution and dry gas could be used to etch the 

metal surface. Therefore, if the halogen adsorption mechanism is well understood it could help in 

the development of new electrolyte metal surface etching [148].  

Lemaire et al [149] investigated thermal and chemical selective TiO2 vapor etching with WF6, as 

well as self-limited atomic layer etching with WF6 and BCl3 using HSC Chemistry 7.1 software. It 

was reported that the WF6 easily etched TiO2 which was attributed to TiO2's capacity to more easily 

extract volatile compounds at low process temperatures. Furthermore, WF6 interacts with TiO2 at 

ambient temperature to create solid WO3 and TiF4, solid TiF4 was entirely volatilised at 125 0C, and 

WF6 began to etch solid WO3 to form volatile WF2O2 at 150 0C [149].    
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Kim and Duin [38] used the ReaxFF reactive force field to simulate the etching of titanium metal 

and titanium dioxide by chlorine and hydrogen chloride [38]. Quantum data was obtained using 

DFT calculations within Jaguar 7.0 program with the B3LYP hydride functional and a LACV3P 

basis set for the Ti and Cl atoms. It was founded that Cl2 is more effective than HCl in terms of 

etching point of view and the etching mechanism is significantly different between Ti metal and 

TiO2. Furthermore, because TiCl4 must be produced, a large number of Cl2 molecules are necessary 

to etch the Ti metal. TiCl4 species have been identified as the most volatile TixCly species, 

contributing the most to etching [38]. 

2.6. Halogen adsorption 

Halogen adsorption has emerged as a prominent interaction in many applications including catalysis, 

corrosion, supra molecular and etching [121]. There is a growing interest in studying the interaction 

of halogens with metal not only because they are among the best-known oxidising agent but they 

play an important role in atmospheric chemistry. 

2.6.1. Molecules and ions adsorption 

The adsorption phenomenon of halogen molecules or ions has captured the attention of researchers 

for several reasons including relatively small volume, surface modification and strong adsorption 

ability [150, 151]. Despite the importance of halogen molecule, atomistic-level quantification 

remains unclear. Adsorption of halogen molecules and ions on metallic surface presents an 

important question in a different field, which has particular importance in electrochemistry [33, 32]. 

Many properties of molecules/ions and metal surface are dictated by the chemical interaction of the 

material and interfaces with its ambient condition. Therefore, the understanding of halogen bonding 

with Ti surface is of uttermost importance. Hence, in this present study, the main focus is on the 

interaction of halogen ions with Ti atoms. 
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Halogen ions (F-, Cl-, Br- and I-) are known as strong corrosive species and chemically very reactive 

to metals [152]. The media containing this kind of ions are commonly used in various industry for 

material surface processing. It has been reported that these media would etch/corrode component 

made of metals [153]. Currently, literature information available for the interaction of halogen 

molecules with metal surfaces is limited [154]. The halogen atoms on a metal surface are considered 

a model for understanding more complicated systems under acid condition. It has been observed 

that adsorption ions affect the number of electrochemical reactions, including adsorption ordering 

from the electrolyte, the kinetics of the electrochemical reaction, metal deposition, etching and 

corrosion [32].  

Halogens form a particular group in the periodic table, therefore, due to their extremely high 

electronegativity can form chemical compounds with all metals and most non-metals [36]. In this 

interconnection, one can expect significant changes in the atomic arrangement and electronic 

structure of the surface when covered with halogen molecules. The first strive to understand halogen 

interaction with metals and its alloys were related to the importance of the etching process in the 

industry [155]. Surface chemistry of halogens on metals is relevant to corrosion, analysis and 

electrochemistry. In particular, the adsorption mechanism for halogen molecules with sufficiently 

high electron affinities is the possibility of electron transfer of the incident molecules at a long 

range. Halogen molecules and its ions are widely used to modify the properties of transition metal 

catalyst, which the most striking example is the hydrofluoric molecule one of the most important 

industrial chemical reactions [155]. 

Adsorption of halogen on a metal surface is much important from the scientific point of view and 

because of potential technological application [156]. Halogen molecule/ions on the metal surface 

are typical electrochemical systems since they constitute one of the models for specific adsorption 

[36]. Knowledge about halogen adsorption on crystal surfaces accumulated, it became clear that 
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this system is of interest from a fundamental point of view. In addition, the halogen adsorption on 

the metal surface is also very attractive for studying phase transition in two-dimensional systems. 

In which phase transitions in halogen could be governed by the electronic properties of the surface 

[157]. However, since halide ions have different chemical compound, the chemical state of the 

halogen molecules within the halide is strongly different [158]. Understanding the role of these 

extensive elements in affecting the corrosion of structural and functional materials across every 

industry. The first attempts to understand halogen interaction with metal surface and 

semiconductors were related to the importance of this process industry, firstly in heterogeneous 

catalysis and microelectronics [155].   

Secondly on an industrial chemical reaction in which ionic species play a central role [159]. In 

particular, interesting molecules with sufficiently high electron affinities is the possibility of 

electron transfer from the surface. Halide ions adsorption on metal oxide surface has been 

investigated in detail but scares research for the bare metal surface. The presence of specifically 

adsorbed anions influences the electrochemical behaviours of a metal or alloy surface that is of 

major relevance for electro-catalysis reaction [124], etching [10, 95] and corrosion protection [160, 

34]. Their adsorption on transition metal surfaces has been investigated but very scarce research for 

titanium and alloy surfaces [161]. It was observed that the adsorption energy value depends on the 

halogen and the metal surface plane. Moreover, the metal-halogen adsorbate energies (Cl, Br and I) 

shows the same periodic trend were decreasing down the group 11 and 10 metals [161].  

Gases containing halogens such as chlorine-based Cl2, CCl4 [162] and fluorine-based CHF3, and 

CF2 [163] are proposed the most dominant etchants in etching substrate. These gaseous etchants 

produce active radicals that can react with the compound or substrate to form volatile by-products. 

Moreover, the fluorine-based etchant is favourable than chlorine-based due to their good etching 

selectivity and environmentally friendly features [162, 163]. Cheng et al [164] investigated 
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dissociation chemisorption of CH3F for atomic layer etching of silicon nitride (0001) surface using 

DFT calculations through VASP code with GGA-PBE functional. It was revealed that the CH3F 

molecule dissociates via an exothermic process with an adsorption energy of -0.74 eV. Furthermore, 

it was reported that the most plausible process began with molecular adsorption with -0.20 eV 

exothermicity. 

A computational study used DFT with PAW method based on VASP code was carried out to look 

at the mechanism of halogen-based (Br and I) covalent on metal (Au, Cu, and Ag) (111) surfaces 

[165]. It was found that the metal surface reduces the barrier to halogen split, with the largest barrier 

for Au and the least for Cu (111). Furthermore, it was reported that the dissociated iodine barrier is 

lower than that of bromine. Dehalogenation also causes a substantial downshift of the halogen's 

core-level in the range of 1-2 eV, depending on the halogen and underlying surface [165]. 

Adsorption of F on Cu, Au, Pd, and Pt (111) surfaces was studied using DFT with PBE functional 

as impended on Quantum ESPRESSO [166]. It was found that the greatest adsorption energy 

amounting to -4.49 eV was calculated in the case of the Cu (111), Pd (111) (-3.84 eV), Pt (111) (-

3.62 eV) and Au (111) (-3.29 eV). Furthermore, the authors observed that the Cu (111) and Au 

(111) surfaces interact with the F atom solely via the sp-band, whereas the Pt and Pd base surfaces 

interact via the d-band. This also verified that the nature of the highly electronegative F atom's 

surface interaction with a metallic surface is greatly dependent on the nature of the metal surface 

[166]. DFT calculation with GGA-PW91 functional was performed using VASP code, for 

chemisorption of atomic chlorine on (001) metal surfaces of Cu, Ag, Rh, Pd, and Pt [87]. It was 

discovered that depending on the surface metal, the surface work function generated by the presence 

of the adsorbed halide is either positive or negative [87]. 
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2.6.2. Adsorption comparison 

The adsorption of anions on the metal is of interest in electrochemistry, adsorption of halides anions 

specifically forms a chemical bond with the metal surface [32]. The adsorption not only affects the 

chemical properties [167] but also directly participate in reaction at the surface by simply blocking 

adsorption and reaction site [33]. Most recent surface science studies of an etching by halogens have 

focused on issues relating to semiconductor dry processing technologies rather than the etching of 

metals. Their adsorption on metal single-crystal surfaces has been investigating but very scarce 

researcher on metallic surfaces. 

Adsorption of chlorine and fluorine on the Mg (0001) surface was studied using DFT as impended 

in CASTEP code with ultra-soft pseudopotential and PBE functional [168]. It was found that F atom 

attach to Mg stronger than Cl. The author has established periodic trends in metal-halogen 

vibrational frequencies with metal electrode-halogen bonding. Zhu et al [169] reported the study of 

halogens adsorption on intermetallic (Al2Au and Al2Pt) surfaces using VASP package with a PBE 

functional. Based on the analysis of the results, the adsorption energy of fluorine was found to be 

stronger than all the halogen atoms (Cl, Br and I) on both surfaces. The adsorption energies (Eads) 

and Bader net charges (QBader) strength were found to follow the order of periodic rule: Eads
F >

Eads
Cl > Eads

Br > Eads
I  and Qads

F > Qads
Cl > Qads

Br > Qads
I .  

Previously, Tada et al [170] used DFT with PBE and PBE + U exchange functional to investigate 

the effect of halogens interaction with TiO2 (110) surface. Halogen atoms were reported to occupy 

the oxygen sites and decrease the stability of a metal atom on the surface due to electron transfer. 

Moreover, the adsorption energy strength was observed to vary in the order F>Cl>Br>I which is a 

similar order of electronegativity strength. Pasti et al [171] used Quantum ESPRESSO package to 

investigate the adsorption of halogens (Cl, Br and I) on crystallographic (111) planes of palladium, 
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platinum, copper and gold using DFT-PBE functional. The adsorption energies were reported to be 

decreasing with increasing in halogen atom size. In addition, the 3-fold sites were found to be the 

strongest adsorption site for halogen atoms for surfaces. 

Using the DFT method, the influence of various halogen (Cl, Br, and I) and O atoms on the Ag 

(111) surface was studied [172]. The calculations were performed using Amsterdam density 

functional package and GGA with local parameterization augmented. The adsorption strength on 

Ag (111) surface was found to be in the order O>Cl>Br>I. Despite the fact that iodine's interaction 

with Ag is weaker, it had the biggest influence on the structure, which was attributed to its enormous 

size in comparison to other adsorbates atoms. Using Ab initio pseudopotential DFT and a molecular 

dynamics software package with the GGA correlational function, the interaction of halogen atoms 

on Ag (110) surface was studied [173]. It was showed that the adsorption energy increase in the 

order I<Br<Cl<F. The highest adsorption energy of F was linked to the atom's greater 

electronegativity. Furthermore, halogen adsorption was shown to affect structural and electronic 

characteristics, as seen by the electronic transferred to halogen atoms. 

DFT was used to examine the specific adsorption of aqueous F-, Cl-, Br- and I- on Cu (100), Cu 

(111) and Cu (211) using VASP code with GGA-PBE functional [174]. It was reported that the 

adsorption potential increasingly favourable in the order of F<Cl<Br<I. This follow a periodic trend 

and more favourable for I than F atom which is inconsistence with the report by Wang et al on [173] 

Ag adsorption. Moreover, halides adsorption is most stable on Cu (100) and least stable on Cu (111) 

surfaces. Theoretical investigation of halogen atoms adsorption and co-adsorption on metal surfaces 

such as Al and Si have shown a variety of phenomena that halogen atoms form ionic bonds with 

the metal atoms surface [175]. The halogen atoms are absorbed/adsorbed on the surface with no 

energy barrier [176]. The atomistic first principle calculation for the halogen/titanium system has 
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not yet performed so far. Recently, reactive (halogen) ions are used as etchants with the advantage 

of good selectivity, controllability, repeatability and fine etched structure [177].  

Jenichen et al [178] investigated GaAs (100) surface etching by halogen molecules adsorption using 

DFT-Hartree-Fock (HF). It was reported that the halogen molecules cause the desorption of GaXn 

(X= F, Cl, Br, I and n = 1-3) and As2 species. The reaction energies were calculated from the 

desorption of volatile species where the volatility increase for GaXn from F to I. It was also found 

that under low F2 exposure, AsF and GaF species were formed and desorbing from the GaAs (100) 

surface.    

The adsorption of halogen atoms F, Cl, Br, and molecules F2, Cl2, and Br2 on the CoP surface was 

investigated using DFT and time-dependent DFT (TD-DFT) simulations [179]. The computations 

were performed using the B3LYP level of the Gaussian-09 suit software. Adsorption of F, Cl, Br 

atoms, and F2 molecule is chemisorption, whereas Cl2 and Br2 molecules are physisorption, 

according to the adsorption energy value. The negative charges that develop on halogen follow the 

F>Cl>Br trend, which was also the same order as the adsorption energy. 

2.6.3. Coverage adsorption 

Coverage halogen adsorption or adatoms induce reconstruction of the substrate surface. Through 

this approach the increase in coverage adsorption decreases the outmost surface layer [180]. 

Saraireh et al [181] studied the coverage (0.5-l ML) adsorption of Cl on Fe (100) surface at different 

sites (top, bottom and bridge site) using nanosystem’s DFT through VASP package and employed 

PAW-GGA method with PW91 functional. It was reported that for all coverages Cl adsorption at 

the bridge and hollow sites is more preferred than on top sites with adsorption energies ranging to 

-4.44 eV, -4.39 eV and -4.06 eV, respectively. At 0.5 ML coverage, the top site was observed to be 

less preferential than both bridge and hollow sites [181].  
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Liu et al [182] also used DFT with PW91-GGA functional to investigate Al pitting corrosion in an 

electrolyte containing chloride ions at different coverages (0.25-1 ML). Calculations were carried 

out using the Dmol3 computer code, which included double numerical basis sets and polarised 

functions (DNP). It was found that the adsorption of Cl on the top site was shown to be preferable 

with the adsorption energy of -3.32 eV than hollow (-3.02 eV) and bridge (-3.08 eV) sites. 

Furthermore, when the ML coverage increased by 2/3, it was seen that the Al surface gradually 

dissolved, forming substructures such as AlCl3 and Al2Cl3. The Cl- ion assisted pitting start by 

aiding in the dissolution of the reaction at the Al surface. 

Theoretical studies are greatly demanded to explore the formation, stabilities and structure of 

volatile compounds or gas phases and the main factor influencing the etching processing. Major 

frontiers still exist in the formation mechanism of metal complexes over the metal surface during 

the etching process [183]. Acker et al [184] studied the impact of the chemical form of different 

sources formation of etch products and found that the volatile etch products are formed by the 

reaction between the metal surface and halogen molecules [184]. No DFT studies have so far been 

concerned with the adsorption competition between halogen and bare titanium surfaces. The first 

step in etching chemical, a precursor is introduced into the reactor and adsorbed at the surface, in 

this case, is the halides molecule or ions.   
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Chapter 3  

Theoretical Methodology 

This chapter focuses on the computational methods used in this study. Theoretical concepts and 

computational approaches for atomistic simulation have been a major part of solid-state physics, 

quantum chemistry and material science. Atomistic modelling simulation has witnessed tremendous 

progress in the development of an approach for performing ab initio calculations. Ab initio method 

provides a high-quality quantitative prediction for a broad range of systems, including metals. This 

approach to simulation is extremely ambitious, given that the aim is to use no empirical data but to 

rely purely on quantum mechanics. The other way to study the atomistic modelling is through 

classical mechanics, however, this study mainly focused on quantum mechanics. The foundation of 

this is laid by density functional theory (DFT), which casts the intractable complexity of electron-

electron interactions in many electron systems into an effective one electron potential. In the next 

section, a description of DFT is outlined. 

Material Studio software package [185] was used to build the molecules and construct the metal 

surfaces at lower Miller index. The current study investigated the interaction of halogen compounds 

with titanium surfaces using a plane wave pseudopotential method and the CASTEP algorithm 

[186]. The CASTEP code allows you to model surface contact and solid-state characteristics. DMol3 

code [187] was used to model the electronic properties of halogen molecules, due to its ability and 

uniqueness to represent molecules [187].  
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3.1. Density functional theory 

Density functional theory (DFT) approach is a quantum mechanical theory that is used to predict 

the material properties of different classes of materials [188]. The field of DFT is based on two 

mathematical theorems proved by Hohenberg and Kohn [188], as well as the derivation of a set of 

equations by Kohn and Sham [189]. Based on the famous theorems provide a solid foundation to 

develop computational strategies to obtain information about the energetic, structure and properties 

of atoms or molecule at lower computational costs. In order to understand the principle of DFT the 

theory are discussed in the next sections. 

3.1.1. Hohenberg-Kohn theory 

DFT was first formulated by Hohenberg and Kohn theorem [188] in 1964, which states that the 

ground-state energy  𝐸  can be expressed as  𝐸[𝜌]  where is the electron density. Therefore, the 

expression of the total energy of the system is a function of its electron density.  

                                                                         𝐸 = 𝐸[𝜌].                                                                  (3-1) 

This proves that the total energy of the system in solids, surfaces, molecules and interfaces depends 

on the electron density. This idea of using the electron density as a fundamental entity of a quantum 

mechanical theory of matter arises in the early 1920’s especially in the work of Thomas [190] and 

Fermi [191]. Then, in the subsequent decades, it was rather the Hartree-Fock approach [192, 193], 

which was developed and applied to small molecular systems. However, calculation on realistic 

solid-state systems was then inaccessible. Therefore, in 1951 Slater [194] used ideas from the 

electronic gas with the intention of modifying Hartree-Fock theory to a point where electronic 

structure calculation on solid became achievable. Slater’s work has contributed tremendously to the 

development of electronic structure calculations, which led to so called 𝑋𝛼  method [195]. The 
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electron density in solid-state systems, molecules and atoms, is a scalar function, which is defined 

at each point 𝑟 in real space, 

                                                                      𝜌 =  𝜌(𝑟).                                                               (3-2) 

The electron density and the total energy depend on the type and arrangements of the atomic nuclei. 

Therefore, one can express as: 

                                                                       𝐸 = 𝐸[𝜌(𝑟), {𝑅𝛼}],                                               (3-3) 

The set {𝑅𝛼} represent the atomic position for all atoms, α is the system under consideration. 

Equation (3-3) is the key to the atomic-scale understanding of the structural, electronic and dynamic 

properties of a material. In order words, is possible to evaluate the expression (3-3), for example, 

predict the equilibrium structure of solid, one can predict the reconstruction of surfaces and the 

equilibrium geometry of molecules adsorbed on the surfaces.  

The derivative of the total energy Eq. (3-3) with respect to the nuclear position of an atom gives the 

force acting on that atom. This enables the efficient search for stable structures and more 

importantly, the study of dynamic processes such as diffusion or the reaction of molecules on the 

surfaces. Most of the considerations are based on the Born-Oppenheimer approximation in which 

it is assumed that the motions of the electrons are infinitely faster than those of the nuclei. From a 

practical point of view, this means that the electronic structures are calculated for a fixed atomic 

arrangement and the atoms are then moved according to classical mechanics. This is a good 

approximation for heavy atoms like tungsten (W), however, it may cause errors for light atoms such 

as hydrogen (H) or lithium (Li).  



   

40 

 

In DFT, the total energy in Eq. (3-1) is decomposed into three terms, Kinetic energy, and Coulomb 

energy due to electrostatic interaction among all charged particle in the system and the last term is 

exchange-correlation energy 𝐸𝑥𝑐 that represents all many-body interactions. Thus, 

                                                        𝐸 = 𝑇0 + 𝑈 + 𝐸𝑥𝑐,                                                               (3-4) 

where 𝑈 is the Coulomb energy, it is purely classical and contains the electrostatic energy originated 

from the Coulomb attraction between electrons and nuclei 𝑈𝑒𝑛, the repulsion between all electronic 

charges 𝑈𝑒𝑒 and repulsion between nuclei 𝑈𝑛𝑛, written as: 

                                                    𝑈 = 𝑈𝑒𝑛 + 𝑈𝑒𝑒 + 𝑈𝑛𝑛,                                                            (3-5) 

with  

                                                𝑈𝑒𝑛 = −𝑒2 ∑ 𝑍𝛼𝛼 ∫
𝜌(𝑟)

|𝑟−𝑅𝛼|
𝑑𝑟,                                                     (3-6) 

 

                                                              𝑈𝑒𝑒 = 𝑒2 ∬
𝜌(𝑟)𝜌(𝑟′)

|𝑟−𝑟′|
𝑑𝑟𝑑𝑟′,                                                       (3-7) 

 

                                                      𝑈𝑛𝑛 = 𝑒2 ∑
𝑍𝛼𝑍𝛼′

|𝑅𝛼−𝑅𝛼′|𝛼𝛼′ ,                                                         (3-8) 

where  𝑒 is the elementary charge of a proton and 𝑍𝛼 represent the atomic number of atoms α. The 

summations extend over all atoms and the integration of overall space. Once the atomic number and 

electron density and the positions of all atoms are known, expression (3-6) to (3-8) can be evaluated 

using the classical electrostatics techniques [196]. The kinetic energy term 𝑇0 is more subtle.  
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In DFT, “effective” electrons with the same charge, mass and density distribution replace the “real” 

electrons of a system. However, effective electrons move as an independent particle in an effective 

potential, whereas the motion of a “real” electron is correlated with those of all other electrons. The  

𝑇0 term is the sum of the kinetic energies of all effective electrons moving as independent particles. 

Often, one does not explicitly make this distinction between real and effective electrons. 

If each effective electron is described by a single particle wave function, 𝛹𝑖, then the kinetic energy 

of all effective electrons in the system is given by this expression Eq. (3-9): 

                                          𝑇0 = ∑ 𝑛𝑖𝑖 ∫ 𝛹𝑖
∗ (𝑟) [

−ℏ2

2𝑚
∇2]𝛹𝑖(𝑟)𝑑𝑟.                                               (3-9) 

This expression (3-9) is the sum of the expectation values of one-particle kinetic energy; 𝑛𝑖 

represent the number of electrons in state 𝑖. By construction, the dynamic correlation between the 

electrons is excluded from 𝑇0. The third term of Eq. (3-4), called exchange-correlation energy,𝐸𝑥𝑐, 

includes all remaining complicated electronic contributions to the total energy. The most important 

of these contributions is the exchange term.  

3.1.2. Kohn-Sham theory 

In 1965 Kohn and Sham theory [189] provided a foundation for accurate prediction of material 

properties, which states that the total energy is at its minimum value for the ground state density 

and that the total energy is stationary with respect to first-order variations in the density, i.e. 

                                                              
𝜕𝐸[𝜌]

𝜕𝜌
|𝜌−𝜌0

= 0.                                                           (3-10) 

In conjunction with the kinetic energy, we have introduced a one-particle wave function 𝛹𝑖, which 

generate the electron density, as seen in expression (3-11). 
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                                                          𝜌(𝑟) =  ∑ 𝑛𝑖|𝛹𝑖(𝑟)|2,                                                     (3-11) 

where 𝑛𝑖 denotes the occupation number of the eigenstate 𝑖, which is represented by the one-particle 

wave function 𝛹𝑖. By construction, 𝜌 in Eq. (3-11) is the exact many-electron density. Therefore, 

one can derive the equations that can be used for practical density functional calculations. The 

variation condition (3-10) can be used to derive the conditions for one-particle wave functions that 

lead to the ground state density. To this end, if Eq. (3-11) is substituted in expression (3-10) and 

varies the total energy with respect to each wave function. The expression leads to the following 

equation: 

                                                         [−
ℏ2

2𝑚
∇2 + 𝑉𝑒𝑓𝑓(𝑟)] 𝛹𝑖(𝑟) = 휀𝑖𝛹𝑖(𝑟),                             (3-12) 

with   

                                                             𝑉𝑒𝑓𝑓(𝑟) = 𝑉𝑐(𝑟) + 𝜇𝑥𝑐[𝜌(𝑟)].                                       (3-13) 

Equations (3-12) and (3-13) are called the Kohn-Sham equations. The electron density, which 

corresponds to this wave function, is the ground state (3-12) density, which minimizes the total 

energy. The solution of the Kohn-Sham equation forms an orthonormal set, 

                                                                  ∫ 𝛹𝑖
∗(𝑟) 𝛹𝑗(𝑟)𝑑𝑟 = 𝛿𝑖𝑗.                                           (3-14) 

This additional constraint is achieved by introducing Lagrange multipliers, 휀𝑖 in Eq. (3-12). These 

Lagrange multipliers are effective one-electron eigenvalues. The eigenvalues are used to determine 

the occupation number 𝑛𝑖  and are ordered according to increasing eigenvalues. For non-spin 

polarized systems each state is occupied by two electrons until all electrons are accommodated, 

while in spin-polarised systems, each state is occupied by at most one electron. Because of the 

partitioning of the total energy (3.14), the Hamilton operator in the Kohn-Sham equation (3-12) 
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contains three terms, one for kinetic energy, the second for the Coulomb potential and the third term 

for the exchange-correlation potential. 

The kinetic energy term is the standard second-order differential operator of a one-particle 

Schrodinger equation, and its construction does not require specific knowledge of a system. In 

contrast, the Coulomb potential operator 𝑉𝑐 and the exchange-correlation potential operator 𝜇𝑥𝑐 , 

depend on the specific electron distribution in the system under consideration. The Coulomb 

potential 𝑉𝑐  at point 𝑟  is generated from the electric charges of all nuclei and electrons in the 

systems. It can be evaluated directly in real space, 

                                                   𝑉𝑐(𝑟) = −𝑒2 ∑
𝑍𝛼

|𝑟−𝑅𝛼|
+ 𝑒2 ∫

𝜌(𝑟′)

|𝑟−𝑟′|
𝑑𝑟′.                                   (3-15) 

In condensed systems, it is more convenient to use Poisson’s equation (Eq. 3-16) to calculate the 

electrostatic potential. 

                                                       ∇2𝑉𝑐(𝑟) =  −4𝜋𝑒2𝑞(𝑟),                                                     (3-16) 

The 𝑞(𝑟) denotes both the electronic charge distribution 𝜌(𝑟) and the positive point charges of the 

nuclei at position  𝑅𝛼 .The exchange-correlation potential is related to the exchange-correlation 

energy by: 

                                                                 𝜇𝑥𝑐 =
𝜕𝐸𝑥𝑐[𝜌]

𝜕𝜌
.                                                             (3-17) 

Equation (3-17) is formally exact in the sense that it does not contain any approximations to the 

complete many-body interactions. Therefore, from the above argument, the Kohn-Sham total 

energy functional can be expressed as: 

                          𝐸 =  
1

2
∑ 휀𝑖 + 𝑈𝑛𝑛 −

𝑒2

2
∬

𝜌(𝑟)𝜌(𝑟′)

|𝑟−𝑟′|
𝑑𝑟𝑑𝑟′ + 𝐸𝑥𝑐𝑜𝑐𝑐 [𝜌(𝑟)] − ∫ 𝜌(𝑟) 𝜇𝑥𝑐𝑑𝑟.    (3-18) 
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However, the exchange-correlation energy is not known, and one has to make approximations, 

which will be discussed in full details in the next section.  

3.1.3. Exchange correlation functional 

This section provides a historical picture of the evolution of the exchange correlation functionals 

and their application. Moreover, importantly it will outline some of the key advantages that have 

led to modern DFT. Various schemes have been developed to obtain approximation forms of the 

functional, for the exchange-correlation energy. 

3.1.3.1. Local density approximation 

Local density approximation (LDA) is the description of the exchange-correlation energy of the 

electronic system that was motivated by Hohenberg-Kohn theorem [188]. Hohenberg-Kohn 

theorem gives some incentive to describe exchange-correlation energy as a function of electron 

density. According to LDA exchange-correlation energy, an electronic system is constructed 

assuming that exchange-correlation energy per electron at a point 𝑟 in the electron gas and the 

expression is given by: 

                                                         𝐸𝑥𝑐[𝜌] ≈ ∫ 𝜌(𝑟) 휀𝑥𝑐
0 [𝜌(𝑟)]𝑑𝑟,                                                (3-19)       

Where the exchange-correlation energy is from the known results of many-electron interaction per 

particle for a uniform electron gas system. The LDA assumes that the exchange-correction energy 

function is purely local. However, LDA ignores correction to the exchange-correlation energy at a 

point 𝑟 due to its inhomogeneity’s in the electron density. LDA is the first principle approximation 

in the sense that quantum mechanical problem can be resolved without adjusting and arbitrary 

dependent on parameters [197]. 
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3.1.3.2. Generalised gradient approximation 

Generalised gradient approximation (GGA) functional [198] evolve in two main orientations first 

one is parameter-free, where the new parameters are determined from known expansion coefficients 

and other exact theoretical conditions and the second is empirical with parameters determined from 

fits to experimental data or accurately calculated atomic and molecular properties. The most 

commonly used GGA functional in physics is the Perdew, Burke and Ernzerhof (PBE) [198] and 

Perdew–Wang [199] from 1991 (PW91), and regarded as parameter free [200]. PBE functional is 

designed to have a smoother effective potential than PW91, which is prone to numerical instabilities. 

Most GGA functional used in chemistry applications is Becke, Lee, Parr and Yang (BLYP), Becke 

three-parameter hybrid functional combined with LYP functional (B3LYP) and there are empirical 

[201]. The BLYP correlation employs the density's Laplacian (second derivative) and thus formally 

belongs to the third rung of Jacob's ladder, but it is commonly classified as a GGA. 

The basic idea in these schemes is the inclusion of a term in the exchange-correlation expressions. 

This depends on the gradient of the electron density and not only on the density at a particular 

coordinate 𝑟 but also take into account the gradient of density at the same co-ordinate [202], there 

exists an explicit dependence of the integral 𝑓 on the densities and their gradients [203]. 

GGA is the function of this form: 

                                               𝐸𝑥𝑐
𝐺𝐺𝐴[𝜌↑, 𝜌↓] = ∫ 𝑓(𝜌↑, 𝜌↓, 𝛻𝜌↑, 𝛻𝜌↓) 𝑑𝑟.                                 (3-20) 

The GGA adds the gradient of the density as an independent variable. The gradient introduces non-

locality into the description of exchange and correlation.  

The GGA still entails some locality, however, it also takes into the gradient of the density, and the 

density at the same coordinates is given by:  
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                                               Exc[𝜌↑, 𝜌↓] =  ∫ εxc(𝜌↑, 𝜌↓, ∇𝜌↑, ∇𝜌↓)𝜌(r)d3r,                              (3-21) 

where εxc is the exchange-correlation energy, ∇𝑛 is the gradient term and 𝜌↑ and 𝜌↓ spin up and 

spin down densities, respectively. GGA corrects the over binding tendency inherent in the LDA. 

Other equilibrium properties that are sensitive to the lattice constants are corrected by GGA. GGA 

produce the correct ground for magnetic transition metals. Although LDA and GGA provided 

relatively accurate calculation and widely used other approaches are also utilized. Other functionals 

have been introduced based on the combination of the local approximations from LDA to GGA. 

The move from LDA to GGA brought about a massive improvement in functional.  

The other alternative functional within GGA is meta-GGA and hyper-GGA [204]. Meta-GGA is 

the third Laplacian derivative of the density and kinetic energy and the degree of freedom added. 

Moreover, there are also empirical meta-GGAs with parameters determined by fitting. Furthermore, 

hyper-GGA normally known to belong to the fourth rung of Jacobs ladder. This functional include 

the contribution of exact exchange with the GGA functional. The hyper-GGA functional is mostly 

used in the B3LYP functional. However, it worth noting that B3LYP does not meet the uniform 

density limit and the tree parameters are chosen to empirically optimise the performance of the 

functional for large molecule properties such as bond length, formation energy etc. 

3.1.4. Plane wave and pseudo potential method 

The plane wave pseudo potential method has been used in the implementation of DFT, it combines 

a plane wave basis set with the pseudo potential method, in which the nuclear potential and the inert 

core electrons are replaced by pseudo potential so that only valence electrons are included explicitly 

in the calculation [205]. Plane wave pseudo potential method has become a powerful and reliable 

tool to study the properties of a broad class of material. The main idea of the method is to simplify 

the DFT problem by considering only valance electrons. These methods provide a very accurate 
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description approximation, but the computational cost is rather high especially for calculation, 

which involves transitional metals [206].  

3.1.4.1. Plane wave basis 

The use of a plane wave basis has several immediate advantages than infinite plane wave basis set, 

which is used to expand the electronic wave function of the system. Modern electronic structure 

approach falls into two classes, which depend on the choice of the basis set for the expansion of the 

valence orbital, charge densities and potentials [207].  

The method is described well using Bloch’s theorem, which states that the electronic wave function 

at each k-point can be expanded in terms of a discrete plane wave basis set: 

                                                      𝛹𝑘𝑖(𝑟) = exp[𝑖𝑘. 𝑟]𝑓𝑖(𝑟).                                                    (3-22) 

The expression has a wave-like and cell-periodic part. Function 𝑓𝑖(𝑟) defines the periodicity of the 

solid and can be expanded using a basis set with a discrete set of plane waves, which is written as: 

                                                          fi(r) =  ∑ CiG
[iG.r].                                                          (3-23) 

In which the value of G is the reciprocal lattice vectors in the periodic cell, each electronic wave 

function can be written as the sum of plane waves.  

                                                       Ψki(r) = ∑ Ci,k + G[i(K+G).r],                                              (3-24) 

where 𝐶𝑖,𝐾+𝐺) are the coefficients for the plane waves that need to depend entirely on the specific 

kinetic energy, 

                                                            
ℏ2

2m
|𝐾 + 𝐺|2.                                                                 (3-25) 

The convergence of this expansion is controlled by the choice of the kinetic energy cut-off. The 

introduction of an energy cut-off to the discrete plane wave basis set produces a finite basis set. The 



   

48 

 

truncation of the plane wave at finite cut-off energy will lead to an error in the computed total 

energy. However, it is possible to reduce the magnitude of the error by increasing the value of the 

cut-off energy. In practices, cut-off energy should be increased until the calculated energy has 

converged. 

3.1.4.2. Pseudopotential method  

In order to avoid having to explicitly handle the tightly bonded and chemically inert core electrons, 

a pseudopotential method has been developed [208]. They are exploited in both plane-waves and 

localised basis sets to reduce the computational effort, as the electronic density from core electrons 

exhibit very strong oscillation that require very high cutoffs or very refined and complete basis sets. 

Valence electrons are those that are primarily involved in the physics-chemical properties. A weaker 

pseudopotential replaces the core electrons and the strong attractive Coulomb potential inside the 

ionic core, describing all of the prominent characteristics of a valence electron traveling through the 

crystal, including relativistic effects.   

The pseudopotential method is constructed ideally so that its scattering properties or phase shifts 

for the pseudo wave functions are identical to the scattering properties of the ion and the core 

electrons for the valence wave functions, but in such a way that the pseudo wave functions have no 

radial nodes in the core region. In the core region, the total phase shift produced by ion and the core 

electrons will be greater by ∏, for each node that the valence functions had in the core region. 

Figure 3-1 illustrate all-electron potential (Z/r), the valance wave function (v) the corresponding 

pseudo potential (Vpseudo) and pseudo wave function (Ψpseudo) [209]. 

If one replaces strong ionic potential with weaker pseudo potential that gives identical valence 

electron wave functions outside the core region, 𝑟 >  rc this gives identical scattering properties. 

However, pseudo-wavefunction has no nodes for  𝑟 >  rc  unlike true wave function. Ab initio 
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pseudo potential is calculated from all-electron DFT calculations on a single atom and can be 

calculated using relativistic. 

 

Figure 3-1: Schematic illustration of all-electron potential (solid line) and pseudo electron potential 

(dashed line) with the corresponding valence wave function (V) and pseudo wave function (pseudo). 

Theory of pseudopotential is mature; therefore, the practice of constructing accurate, transferable 

and efficient pseudopotentials is far from straightforward. The method to generate pseudo potential 

includes the norm-conserving pseudopotential [210] and ultra-soft pseudopotential [211]. The 

criteria for the quality of a pseudopotential is well reproducing the results of accurate for all 

electrons calculations. Drawback of pseudopotential calculations is that because of the non-linearity 

of the exchange interaction between valance and core electrons, elaborate non-linear core correction 

[212], are required for all systems where the overlap between valance and core electrons densities 

is not completely negligible. This deficiency may be removed by using the projector-augmented 

wave function.  
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3.1.4.3. Projector augmented wave 

Projector augmented wave (PAW) method was firstly introduced by Blochl [213]. This approach 

accounts for nodal features of the valence orbitals and ensures orthogonality between valence and 

core wave functions. PAW method represents mainly to achieve simultaneously the computation 

efficiency of the pseudopotential method as well as the accuracy of the full potential linearized 

augmented plane wave method [214], which is known as the benchmark of DFT calculation on 

solids. In the PAW approach method, all electron valence (AE) wave functions 𝜑𝑛
𝑃𝑠 (n is the band 

index) are reconstructed from pseudo potential (PS) wave function via linear transformation: 

                                     |𝜑𝑛
𝐴𝐸⟩ = |𝜑𝑛

𝑃𝑠⟩ + ∑ |𝜑𝑛
𝑃𝑠⟩ −𝑖 |∅𝑖

𝐴𝐸⟩⟨𝑃𝑖
𝑃𝑠|𝜑𝑛

𝑃𝑠⟩,                                    (3-26) 

𝜑𝑛
𝑃𝑠 (AE) (n is the band index) is the variation quantities and are expanded in plane wave and AE-

partial wave  ∅𝑖
𝐴𝐸  are solution of the spherical relativistic equation for non-spin polarized atom. 

In the regions between the PAW spheres surrounding the atoms, the 𝜑𝑛
𝑃𝑠 are identical to the AE 

wave functions 𝜑𝑛
𝐴𝐸, but inside the spheres the 𝜑𝑛

𝑃𝑠 are only a bad approximation to the exact wave 

functions, they are used only as a computational tool. The AE partial wave ∅𝑖
𝐴𝐸 resolutions of the 

spherical scalar-relativistic Schrodinger equation for a non-spin-polarized atom at reference energy 

휀𝑖 in the valence regime and for angular momentum 𝑙𝑖. The projector functions 𝑃𝑖
𝑃𝑠 are constrained 

to be dual to the partial waves and constructed by a two-step procedure: First, immediate functions 

𝜒𝑖 are computed via, 

                                                             |𝜒𝑖⟩ = (𝜒𝑖 + 
1

2
∇ − 𝑣𝑒𝑓𝑓

𝑃𝑆 )|𝜙𝑖
𝑃𝑆⟩,                                                  (3-27) 
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Where  𝑣𝑒𝑓𝑓
𝑃𝑆  is the spherical component of the effective pseudopotential, which can be chosen 

arbitrarily inside the radius 𝑟𝑐 but must match 𝑣𝑒𝑓𝑓
𝑃𝑆  for  𝑟 ≥  𝑟𝑐. The projector functions are linear 

combinations of the 𝜒𝑖 [215]. 

                                                                   |𝑝𝑖
𝑃𝑆⟩ =  ∑ 𝐵𝑗𝑖

−1
𝑗 |𝜒𝑖⟩,                                                             (3-28) 

                                                                      𝐵𝑖𝑗 = ⟨𝜙𝑖
𝑃𝑆|𝜒𝑖⟩,                                                                  (3-29) 

such that the 𝜙𝑖
𝑃𝑆 and 𝑃𝑖

𝑃𝑆 are dual ⟨𝑝𝑖
𝑃𝑆|𝜙𝑗

𝑃𝑆⟩ =  𝛿𝑖𝑗, and ⟨𝑟|𝑝𝑖
𝑃𝑆⟩ = 0 for 𝑟 > 𝑟𝑐. 

The PAW method has been described for all-electron (AE) methods, this is corrected in the sense 

that it correctly describes the model features of the valence orbital which are also correctly 

orthogonalised to the core wave functions. The exact all-electron wave function and charge density 

displaying the full nodal character are reconstructed by subtraction of the pseudo-on-site term and 

the addition of the exact on-site term. However, both are expanded on a radial support grid. An 

analogous decomposition with no cross-terms between on-site and plane wave terms holds for all 

expectation values of quantum mechanical operators and particular for the total energy of the 

electrons i.e., 

                                                       𝐸 = 𝐸𝑃𝑆 + 𝐸𝑃𝑆,1 + 𝐸𝐴𝐸,1,                                                   (3-30) 

where each of the three terms consists of a kinetic, Hartree and exchange-correlation contribution.   

3.2. Energy minimisation  

Energy minimisation is a numerical procedure for finding a minimum on the potential energy 

surface starting from a higher energy initial structure. The energy minimisation generates individual 

minimum energy configurations of the systems. Information provided by the energy minimisation 

can be sufficient to predict accurately the properties of the systems. If all minimum configurations 
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on the surface can be identified, then statistical mechanical formulae can be used to derive a partition 

function from which thermodynamic properties can be calculated.  

However, this is possible only for relatively small molecules or small molecular assemblies in the 

gas phase. When structures are built in a computational chemistry software package, the initial 

geometry does not necessarily correspond to one of the stable conformers. Therefore, energy 

minimisation simulation is usually carried out to determine stable geometry, this process is well 

known as geometry optimisation. In this study, geometry optimisation was performed with 

Broyden-Fletcher-Goldfarb-Shanno (BFGS) [216] algorithm as implemented in CASTEP [217] and 

DMol3 [187]. Equilibrium atomic position with electronic and ionic optimisation criteria was set up 

to 10-5 eV and 10-2 eV, respectively, and the conjugate gradient techniques were adopted. The forces 

on each atom were converged to 0.003 eV/Å, stress on each atom was converged to 0.05 GPa and 

the displaced was converged to 0.001 Å. 

3.3. Computational code 

Computational simulation of material with atomistic details has become a very prominent tool in 

physics chemistry and material sciences. Simulation findings can be used to understand 

experimental observations that are used to forecast material characteristics and create new materials 

in this sector. 

3.3.1. Materials studio  

Materials Studio Biovia [185] is a complete modelling and simulation environment designed to 

allow computational researchers in material sciences, physics and chemistry to predict and 

understand the relationship of the atomic and molecular structure with its properties and behaviour. 

Materials Studio software package covers many applications including catalysts, composites, 

metals and alloys. Materials Studio analytical and crystallisation software investigate, predict and 
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modify crystal structure and crystal growth. It can be used to simulate particle morphology, predict 

the structure and understand polymorphism, study surface interactions and design growth mediating 

additives. Materials studio can also be used to calculate various properties such as electronic, 

structural, thermodynamics and mechanical properties. All DFT calculations in this work were done 

with the CASTEP version integrated in Materials Studio. 

3.4.2. CASTEP code 

CASTEP code [217] is a fully featured first-principle quantum mechanical code for performing 

electronic structure calculations and its capabilities are numerous. Payne and his co-workers 

originally developed it in the late 1980’s and early 1990’s [197]. It quickly became a widely used 

computational code for electronic structure calculations. Within DFT, it can be used to simulate a 

wide range of material including crystalline solids, surface, molecule, liquids and amorphous 

materials. Whereby the basic quantity is the total energy, from which many other quantities are 

derived. Any material properties that can be thought of as an assembly of nuclei and electrons can 

be simulated with only the limit of finite speed and memory of the computer. This simulation 

approach is extremely ambitious given that the aim is to use no empirical (experimental) data but 

to rely purely on quantum mechanics. The derivative of total energy with respect to atomic positions 

results in force and the derivatives with respect to cell parameters gives stresses. This is then used 

to perform fully geometry optimisation and possibly finite temperature molecular dynamics on 

material models.  

3.4.3. DMol3-code 

DMol3 software package [187] is a modelling program that uses DFT to simulate properties of the 

material, within a numerical radial functional basis set to calculate the electronic properties of 

molecules, cluster, crystalline materials and surfaces. DMol3 is part of the Material Studio software 
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environment. Delley initiated the DMol3 method [218] in which the computation effort for this 

method grow to lead order with the cube of the molecule size. It is broadly applicable to research 

problems in chemistry, material science, chemical engineering as well as solid-state physics.   

The localised numerical orbitals are used as bases set to designed and give a maximum accuracy 

for a given basis set size. DMol3 method describes the local orbital density functional, which 

involves from gas phase molecular to an insulating and metallic solid. In principle, this method uses 

any type of functional, which satisfies the regularity and renormalisability condition for molecule 

orbitals. DMol3 require no further analytical properties for its orbital expansion function than the 

ones guaranteed by the single electron theory of bound states [187].    

3.4. Materials model 

In the following section, a brief description is given by general concept and physical properties used 

in theoretical studies of molecule and surface adsorption. The use of both density functional theory 

and the current computing resources make it is possible to solve a large range of surface science 

problems. Studying molecules and ions on the surface or chemical reactions in general, both the 

geometrical configurations and interaction are of much interest.  

3.4.1. Surface properties    

To describe the nature of a chemical reaction at the surface. Firstly, a reliable model surface needed 

to be employed and the slab layers thus need to be relaxed. A common model for a surface is a 

periodic slab or non-periodic cluster modes. Uniform surfaces with will defined sites play a central 

role in surface science and catalysis. The use of periodic slab allows for the employment of a 

computational elaborate method. For slab models, it is important to take atom in order to avoid 
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unwanted interaction between the periodic mirror image. This often results in the need to use large 

supercell normally when considering adsorption interactions.  

This means one should always check that a studied property has converged with the respect to i) 

surface supercell size ii) number of atomic layers in the slab iii) vacuum distance between slabs. 

The model slabs of the surface and slab layers thus need to be relaxed. Surface slab properties are 

closely articulated to the surfaces geometric, surface energy and electronic structure, in which the 

surface energy of a material varies largely with the surface structure and the composition, dictating 

e.g. its wettability, adsorbate affinities and conductivity. This is liked with the electronic 

configuration of the surface that can be described by its band structure and density of state (DOS) 

its wave function. 

It's crucial to think about the particular properties of crystalline solids on the metal surface. In most 

cases, crystalline formations are tightly packed and made up of repeating units. Cutting the crystal 

into two halves allows for the creation of surfaces. The surface energy is a measure of the cost of 

producing a certain surface and is related to its reactivity. DFT methods allow you to accurately 

adjust the composition's surface characteristics. Surface energy is the amount of energy that surface 

atoms have owing to a variety of circumstances, such as a broken link length that results in 

undercoordinated atoms. Surface slab  (vacuum slab) approach performing surface energy 

calculation is required to avoid the interaction. Surface energy expression is defined as: 

                                                             ɣ =
1

2𝐴
(𝐸𝑡𝑜𝑡.

𝑠𝑢𝑟𝑓
− 𝑛𝐸𝑡𝑜𝑡.

𝑏𝑢𝑙𝑘),                                            (3-53) 

where 𝐸𝑡𝑜𝑡.
𝑠𝑢𝑟𝑓

 present the total energy of the crystal surface region which normally consists of several 

atomic layers, 𝐸𝑡𝑜𝑡.
𝑏𝑢𝑙𝑘 represent the total energy of a bulk, 𝑛 and 𝐴 represent the number of atoms 

and area of the surface, respectively. Surface energy is defined as the surface excess free energy per 
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unit area of a particulate crystal surface, is one of the basic qualities in surface physics and 

determines the equilibrium shape of crystals. In order to lower the surface energy or to adapt to 

adsorption interactions, the surface can be reconstructed forming new structural patterns.  

The relevance of atomic coordination on the surface's interaction characteristics cannot be 

overstated. Surface coverage, surface work function, and adsorbate affinity are some additional 

significant features and qualities. The energy differential between the adsorbate-surface and the free 

molecule and surface determines the adsorbate affinity or adsorption (interaction) energy. In 

Chapter 4, the characteristics and analyses of Ti surfaces and halogen molecules are explored.  

3.4.2. Adsorption  

Adsorption is the bonding of a soluble particle from a solution to a specific substrate at the surface. 

The adsorbed-adsorption substrate's strength is a critical feature for determining the adsorbate's 

involvement on the substrate. The majority of experimental data, however, do not provide direct 

information on the nature of chemical bonding. Many fields of chemical and material sciences rely 

on surface adsorption and interfaces [219]. Adsorption is a well established and powerful technique 

for treating domestic and industrial effluents. Surface interaction process entails many kinds of 

materials, such as composites, corrosion, etching, metals and alloy and other various 

semiconductors. This study focuses on the surface interaction characteristics of non-alloyed 

transition metal surfaces with halogen molecules.  

The large focus is directed towards the computing of surface properties and adsorption 

characteristics. Molecule-surface interaction can be interpreted by analysis of the wave function of 

the adsorbate and the metal substrate prior to and after adsorption. This interaction normally leads 

to a large perturbation in the chemisorption process, whereas the physisorption process relates to a 

smaller rearrangement of the wave functions. The favourable adsorption position and the bond 
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strength can largely be rationalised by the local orbital-bond overlap as well as by occupation and 

distribution of electron energy levels of the interaction. 

Adsorption process is modelled asymmetrical the atom or molecule is adsorbed only on the top side 

of the slab. To improve the accuracy of the slab model by keeping layers on one side of the slab 

fixed. By fully optimising the adsorbed molecule/ion together with the top slab layer, describes both 

the molecular geometry and the influence of the molecule on the surface structure. Adsorption and 

interaction energies are defined with opposite signs. The adsorption strength (interaction) or 

adsorption energy (Eads) is given by the energy difference between adsorbate-adsorbent and the 

sum of the free molecule (adsorbate) and surface (adsorbent). 

                                                 Eads = Esurf−mol − (Esurf + Emol),                                         (3-54) 

where 𝐸𝑠𝑢𝑟𝑓−𝑚𝑜𝑙 is the total energy of the adsorbed surface, while 𝐸𝑠𝑢𝑟𝑓 and 𝐸𝑚𝑜𝑙  represent the 

total energy of isolated surface and free molecule, respectively. The adsorption strength and 

adsorption energies are defined with the opposite signs. Moreover, the negative energy means that 

the reaction/interaction is exergonic (favourable) while a positive means that the 

reaction/interaction is endergonic (unfavourable). Large negative value of adsorption energy 

implies more stable and stronger interaction between adsorbate (molecule) and adsorbent (metal 

surface) [220]. Adsorption energies are then usually compared to experimental data obtained by 

thermal desorption spectroscopy (TDS). The adsorption interaction of halogen molecules with a 

titanium surface will further discussed in Chapter 5. 

3.4.3. Charge density analysis 

In the previous subsection (3.8.1-3.8.2), describe the important physical geometrical properties of 

the surface and adsorption energy (interaction). However, they do not give any insightful context 
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of any quantum-mechanical interaction of the adsorbates and substrate’s electrons.  Importantly, the 

quality to analyse the chemical interaction is the changing density. Bond formation and anti-bonding 

levels reflect directly in the electron density n(r), as an accumulation or depletion of electrons. It 

worthwhile looking at the electron density difference of coupled and uncoupled systems. The 

redistribution of charge density for complex systems cannot easily be identifiable.  

One can easily compute the charge densities of the molecules (adsorbates) and the substrates 

separately, but at the position of interacting adsorbates-adsorbents systems, the electron-density 

difference can be computed as: 

          Δn = n(interacting system) − ∑ n (non − interaction subsystem i).i                         (3-55) 

It is thus possible to localise any interaction in real space and get an idea about induced charge 

redistribution and hybridisation of the interacting systems. The analysis of the charge density can 

further be perused along with the ideas of atoms in a molecule. In this thesis, only stick to the basic 

of charge density analysis. 

3.4.4. Density of states 

Chemical bonding can be considered as the composition of an atomic Frontier orbital whereby the 

state in the bands and their dependence on energy described by the density of state (DOS). To 

analyse the electronic configuration and nature of orbital the density of states is analysed. Density 

of state presents the interaction of any substrate to adsorbate, for computation this quality is directly 

accessible in the density of state is defined as: 

                                           𝑁(𝐸) = ∑ 𝛿(𝐸 − 휀𝑖),∞
𝑖=1                                                                (3-56) 
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where the sum extends over all eigenstates. The total density of states compresses all electrons of 

the systems. The applicability of the DFT DOS curve has proven to be good enough for qualitative 

analysis of bond formation and breaking. However, the interest is what happens to the electronic 

orbitals of the directly involved orbitals of the adsorbates and substrate. This information cannot be 

directly identified in the total density of states. However, this can be achieved by computing the 

partial density of states (PDOS) as shown: 

                                     𝑛∝(𝐸) = ∑ |⟨∅𝛼|𝜑𝑖⟩|2∞
𝑖=1 𝛿(𝐸 − 휀𝑖),                                                  (3-57)                      

 where ∅𝛼  is a properly chosen localised function. The formation of bonding and anti-bonding 

hybridisation orbitals can be traced down to atomic origin. The density of states turned out to be 

another successful analysis tool in this study. 

3.4.5. Work function  

Another crucial variable surface parameter to analyse is the electrostatic potential (Φ) known as 

work function. The work function is the minimum amount of energy required to remove or extract 

an electron from a crystal surface in a vacuum. This is the most fundamental parameter of crystal 

solid surface to understand the wide range of structural, physical phenomena and chemical surface 

condition [221]. Computed work function is thus another parameter that might be compared to 

experimental data. Generally, the computed work function of a specific solid surface is defined as 

the difference between vacuum potential from the surface and Fermi energy level [222]. The 

electrostatic potential is described as using the expression: 

                                                           𝛷 = 𝐸𝑣𝑎𝑐 − 𝐸𝐹,                                                            (3-58) 

where 𝐸𝑣𝑎𝑐  and 𝐸𝐹  represent the electrostatic potential energy of the vacuum and Fermi energy 

level, respectively. The electrostatic energy value is mainly determined by the charge rearrangement 
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of electrons and ions near the surface. In addition, the work function of the metal surface generally 

depends on the crystalline orientation of the surface, indicating that the work function of different 

surfaces can differ slightly. Work function changes as small as a few MeV can be measured and 

identified, for crystal with N number of electrons 𝐸𝑁 is the initial energy of the crystal surface.  

Figure 3-4 present the schematic plot of the electrostatic potential along with the slab model. The 

energy barrier of electrostatic potential along the metal surface can be visualised. Then 𝐸𝑁−1 

represent the crystal with one electron removed to a region of electrostatic potential vacuum. 

Numerical uncertainty on the value of the work function is estimated to be ~0.03 eV. In 

computational simulation calculation, the work function is done through the supercell approach. 

The chosen vacuum region has to be large enough so that the electrostatic potential is allowed to 

relax to its real vacuum level. Work function of an electron in a vacuum is thus determined by both 

electrostatic potential and long-range image contribution. 
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Figure 3-2:  Schematic plot of the electrostatic potential along with the slab model. The 

Fermi energy (EF), electrostatic potential of the vacuum region (Vvac), average electrostatic 

potential of the slab region (Vslab interior) and work function (Φ) [223]. 

3.4.6. Heats of formation and desorption energy 

The development of a quantitative approach to molecular desorption on the surface is important for 

a chemical understanding of the fundamental etching process as molecule self-assemble at the top 

surface. Desorption energies are calculated for all molecules formed in order to understand the 

etching mechanism for different desorption molecules on the surface. Etching means that 

atoms/molecules are formed and removed from a surface by breaking the bond that attaches to them, 

which means overcoming an energetic barrier known as desorption energy and heats of formation. 

In brief, the negative heats of formation imply the formation of new compounds involving a heat 

release process, while a positive value indicates the compound cannot exist stably at the equilibrium 

state because the formation of the compounds needs more energy from the surroundings. 

Understanding the desorption energy and formation energy opens up to understand surface etching. 

Therefore, in order to investigate the etching mechanism on the metal surface, the desorption energy 
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and heats of formation provide the crucial analysis. Heats of formation (EHF) of the molecule reflect 

the stability of the molecule and is calculated as follows:  

                                     EHF = Esurf−mol − (Esurf + 𝑛Emol)                                                     (3-59) 

Here, Esurf−mol, Emol, and  Esurf, refers to the energies of the surface with a molecule, free crystal 

molecule and pure surface structure, respectively and 𝑛  is the number of atoms. The accurate 

determination of desorption energy of an isolated molecule from the surface remains a challenging 

problem both experimentally and computationally. To investigate desorption from the surface for 

probable desorption products. The desorption energy (𝐸𝑑𝑒𝑠) of molecules from the metal surface is 

calculated using expression (3-43): 

                                                                  𝐸𝑑𝑒𝑠 = −[𝐸𝑎/𝑠 − (𝐸𝑎 + 𝐸𝑠)]                                                  (3-60) 

where 𝐸𝑎/𝑠  is the potential energy of the adsorbate-surface,  𝐸𝑎  and 𝐸𝑠  represent the potential 

energies of each adsorbate and surface separately.   
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3.5. Computational details 

All the DFT calculations in this study were performed using Materials Studio (MS-2018) 

Environment [185]. Geometry optimisation for both clean Ti (100) and Ti (110) surfaces, and 

halogen molecule adsorption was performed using the CASTEP code [217]. Generalised gradient 

approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) approach functional [198] was applied 

for exchange-correlation energy calculations. A k-point sampling method was used as proposed by 

the Monkhorst-Pack approach [224] for energy integration, k-points grids of 4x4x1 and the energy 

cut-off of 400 eV were used, which was found to be sufficient to converge the structures. The 

interaction between valence electrons and the core ionic was described by norm-conservation 

pseudopotential [225]. 

Halogen molecules properties were calculated using the DMol3 program as embedded on Materials 

Studio with a double numerical basis set and polarisation function (DNP). The k-point mesh 

interaction was selected as 4x4x3 and the kinetic energy cut-off of 500 eV was used, which were 

sufficient to converge. All the halogen molecules were fully optimised and electronic properties 

such as HOMO-LUMO energy; electronegativity and energy gap were studied to investigate 

halogen molecule reactivity. The binding and dissociation energies were calculated to determine 

the stability and dissociative halogen molecule. The HOMO-LUMO energy was analysed to 

investigate the electronic affinity and electron withdrawal while the electronegative was calculated 

to determine the most reactive halogen molecule.  

All the structures were relaxed to their equilibrium atomic position with electronic and ionic 

optimisation criteria set up to 10-5 eV and 10-2 eV, respectively, and the conjugate gradient 

techniques were adopted. For geometry optimisation the forces on each atom were converged to 

0.003 eV/Å, stress on each atom was converged to 0.05 GPa and the displaced was converged to 
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0.001 Å. Pure surface calculations were performed to investigate the stability of the surfaces, the 

most stable surface was determined by calculating the surface energy, work function and density of 

states. Surface energy measures the excess energy of surface atoms due to various factors such as 

the broken bond length yielding undercoordinated atoms. Adsorption calculations were performed 

to understand the halogen adsorption stability and interaction by comparing the adsorption energy, 

electron-charge transfer, work function charge density distribution and density of states.  The 

adsorption strength of adsorbed-substrate is a crucial characteristic that allows estimating the role 

of adsorbate on the substrate. Desorption energy was calculated to measure the barrier of the etch 

product to desorb or removed from the surface.  

Furthermore, electron-charge transfer was calculated to determine which halogen adsorbate 

withdraw electrons during the interaction. Work function was investigated to analyse the surface 

properties after adsorption. In addition, charge density difference was determined to visualise the 

nature of halogen bonding on the metal surface. Importantly, the quality to analyse the chemical 

interaction is the changing density for ion-metal interaction. The density of states (DOS) curves was 

plotted to describe and investigate the electronic and hybridisation of halogen and surface orbitals. 

The formation of bonding and anti-bonding hybridisation orbitals can be traced down to atomic 

origin, therefore, the density of states turned out to be another successful analysing tool. 

Figure 3-4 present the flowchart on the computational model indicating computer software, codes 

and calculated properties considered in this study. The flowchart can be summarised as follows:  

• The study is based on density functional theory using Material studio software package 

• Two codes DMol3 [187] and the CASTEP programs [217] were employed  

• DMol3 code was used to study the properties of free halogen molecules 

• CASTEP code was used to study the properties of clean and adsorbed surfaces 
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• Dissociation, binding and bond energies were calculated to investigate the most stable 

halogen molecule 

• Electronegativity, HOMO-LUMO and Fukui indices were determined to investigate the 

most reactive halogen molecules 

• Surface energy, work function and density of states were analysed to determine the most 

stable surface 

• Adsorption energy was calculated to investigate the halogen-surface interaction strength 

• Electron transfer was studied to investigate which halogen withdraw more electrons from 

the surface    

• The density of states was analysed to investigate the orbital hybridisations  

• Work function was calculated to analyse how the interaction of halogen affect the surface 

property  

• Charge density differences were analysed to determine the nature of bonding between 

halogens and the surface  

• Heats of formation and desorption energy were calculated to investigate the formation and 

desorption of the etch products 
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Figure 3-3: Flowchart on computational model indicating computer software, codes and calculated 

properties considered in this study. 
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Chapter 4  

Halogen molecules and titanium surfaces 

This Chapter focuses on the description of titanium surfaces and halogen molecules consider in the 

study. The general concepts, electronic and chemical properties of titanium surfaces and halogen 

molecules especially those used in the theoretical studies of electrochemical field and etchant are 

briefly described.  

4.1. Halogen molecules 

In this section, the structural and electronic properties of all halogen molecules are investigated. 

Their dissociation and binding energy, Frontier orbital theory and electronegativity are also 

discussed. The electronic properties of the molecule were investigated to provide insightful 

information about the tendency of a molecule to interact with the metal surface. Both the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy 

level are analysed. 

4.1.1. Geometry optimisation of halogen molecules  

All halogen molecules were initially subjected to full geometry optimisation by allowing both the 

cell and volume to change, and their dissociation energy and equilibrium separation properties are 

listed in Table 4-1. The dissociation energy was calculated, it is found that the HF molecule is lower 

(-5.12 eV) than that of HCl, HBr and HI molecules which suggest that the HF molecule will become 

more reactive. It was found that the dissociation energy strength follows the decreasing order as 

HF>HCl>HBr>HI. This is consistent with the previous observation however the different in the 

values is because the dissociation energy were carried out using Gaussian9447 and Gaussian9848 
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program suites using restricted and unrestricted Hartree-Fock (RHF-SCF) wave functions [226]. 

While DFT tends to underestimate Electron-Affinities and Ionization Potentials as well as binding 

energies and dissociation energies, Hertree-Fock overestimate them. 

The halogen equilibrium separation order increases HF<HCl<HBr<HI as shown in Table 4-1. The 

strong bond is determined by short equilibrium separation length; of all the hydrogen halides HF 

has the shortest bond length indicating strong atomic bonding than H-Cl, H-Br and H-I [227]. 

Moreover, the bond energy of HF is lower (-2.90 eV) among all the halogen molecules. Equilibrium 

separation for halogen molecules was calculated to describe the halogen atoms interaction. 

Separation length between halogen atoms was presented in Table 4-1 whereby the bonding of H-F 

has the shortest (0.94 Å) interaction length than H-Cl, H-Br and H-I molecules, which agrees well 

with previous work [228].  

Table 4-1: Dissociation energies and equilibrium separation for the halogen (HF, HCl, HBr and HI) 

molecules. 

Molecules Dissociation Energy (eV/atom) Bond energy  

(eV) 

Equilibrium separation (Å) 

 

present 

 

previous [228]  TW DFT Hartree-Fock 

[226] 

HF -5.12 5.891 -2.90 0.94 0.92 

HCl -3.61 4.489 -0.915 1.28 1.27 

HBr -3.19 3.827 -0.705 1.43 1.41 

HI -2.87 3.136 -0.225 1.63 1.61 

In addition, the strength of the halogen molecule depends not only on the withdrawing power of the 

attached but also on the stability of the halogen ion. The concept is analogous to conventional 

hydrogen bonding in that a –covalent bond forms between an electron donor and acceptor [229]. 
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The notion of halogens bonding to both types of molecules was initially puzzling since it implied 

that halogens could be treated as being either entirely positive or negative.  

4.1.2. Electronic properties  

In Table 4-2, the electronic properties; highest occupied molecular orbital (HOMO), lowest 

unoccupied molecular orbital (LUMO) and energy gap for the halogen molecules are presented. 

According to Frontier Orbital Theory, the reaction of reactants mainly occurs on the HOMO and 

LUMO. The energy densities of HOMO and LUMO are the key electronic parameter for 

characterising the chemical reactivity of the halogen molecules [230]. The difference between the 

energy levels of the orbitals is important in evaluating their chemical efficiency. Therefore, the 

electron-accepting capacity of a molecule can be estimated from its LUMO energy.  

Based on the HOMO energy, it indicates that HF is more reactive with the lowest energy of -8.353 

eV as compared to -7.631 eV of HCl, HBr (-6.761 eV) and HI (-6.488 eV), The LUMO and HOMO 

of all halogen are considered in order to analyse the chelation processes of chemical adsorption. 

Chelation process predicts the capacity of a molecule to accept an electron from the metal surface 

and is referred to as the LUMO energy (ELUMO). The ELUMO for HF/HCl molecules is lower than 

that of HBr/HI molecules indicating that HF will easily accept ELUMO (-0.333 eV) electron as 

compared to Hl ELUMO (-1.707 eV). The results compare well with previous findings by Al-Amiedy 

using DFT with B3LYP functional [231]. Descrepancies between our calculated values and Ref 

[231] are due to the different level of theory and the inclusion of a Fock fraction in [231]. The 

delocalised HOMO has a greater tendency to donate electrons to an unoccupied d- orbital of the 

metal, while the molecular region covered by delocalised LUMO is likely to accept electrons from 

metal atoms this is indicated that by the value of EHOMO. HOMO energy is also related to ionisation 

energy while the energy of LUMO is directly related to electron affinity [232]. A high value of 
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EHOMO indicates the proclivity of the molecule to donate electrons to appropriate acceptors with 

lower or empty d- orbital form a coordinate bond. 

Table 4-2: Electronic properties for HF, HCl, HBr and HI molecule. 

Molecule EHOMO (eV) ELUMO (eV) Egap 

 

 

TW PBE  

HF -8.353 -0.333 8.02 

HCl -7.631 -1.034 6.59 

HBr -6.761 -1.825 4.93 

HI -6.488 -1.707 4.78 

 

B3LYP [231]  

HF -10.745 0.710 10.03 

HCl -9.251 -0.241 9.01 

HBr -8.443 -0.621 7.822 

 

The lower the value of ELUMO the stronger the electron-accepting ability of the molecule. Therefore, 

the binding strength of the molecule to the surface increase with increasing EHOMO and decreasing 

of the ELUMO values, a similar analysis has been reported by Obi-Egbedi et al  [26]. In Table 4-3 the 

binding energy, electronegativity and Fukui indices for halogen molecules are presented. Halogen 

molecules possess lower binding energy of -6.95 eV for HF, -4.43 eV (HCl), -3.08 eV HBr and HI 

-3.36 eV, which compare well with the dissociation energy strength above (in section 4.1.1). 

Electronegativity is the ability of a molecule or an atom to attract electrons from other atom 

compounds. The electronegativity parameter is related to the chemical potential wherein a higher 

value indicates better chemical potential. It was found that HF molecule has the highest 

electronegativity (4.62 eV) than other molecules which suggests that HF will attract more electrons 

when interacting with the metal surface as compared to other halogen molecules. This is comparable 

with the work by Al-Amiedy [231]. The more electronegative a molecule the better able it is to bear 

a negative charge.  
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Table 4-3: Binding energies (eV) and electronegativity of HF, HCl, HBr and HI molecule. 

 

It is clearly seen that all the molecules have a higher electronegativity value than the Ti atom (1.5 

eV) [234], therefore, the transfer of electrons from the surface to a molecule may occur. The local 

reactivity for each molecule can be analysed through Fukui indices (nucleophilic and electrophilic 

[235]. These measurements provide the chemical reactivity and indication of the reactive region. 

The electron-donating/accepting capacity of molecules is measured by high/lower values of 

nucleophilic/electrophilic. The nucleophilic and electrophilic values decrease from HF to HI 

indicating that HF attacks positive charges easily than other molecules. The Fukui function for HF 

molecule was found to be the smellest while HBr was shown to be the largest, this is consistent with 

previous work [233]. Furthermore, the HF possess lowest electrophilic which suggest that the 

molecule can accept electron pair from the metal surface [236]. 

4.2. Ti (100) and Ti (110) surfaces  

This section focuses mainly on the clean Ti (100) and (110) surfaces considered in this study, which 

is one of the most widely used metallic substrates. Only the lower miller index facets Ti (100) and 

Ti (110) surfaces are considered and seemly they are regarded as the most stable Ti surfaces [237].  

The Ti surfaces are represented with atomic slab models in a supercell that is bounded with periodic 

Molecule Binding 

Energy 

Electronegivity Nucleophilic Electrophilic 

TW 

DFT  

B3LYP 

[231] 

TW 

DFT 

Ref. 

[233] 

HF -6.95 4.62 5.01 0.85 0.58 -0.093 

HCl -4.43 4.33 4.75 0.87 0.77 0.203 

HBr -3.08 4.29 4.53 0.88 0.80 0.255 

HI -3.36 4.20 - 0.86 0.71 0.559 
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lateral boundaries and separated by vacuum space perpendicular to the surface. All the Ti surface 

models were generated from the cleavage of optimised bulk Ti single crystal with a space group of 

P63/mmc and lattice parameter a=b=4.57 Å and c=2.82 Å.  

The entire Ti surface slabs were constrained to have a symmetric top and bottom layer. A 

fundamental element in understanding the substrate is a quantitative description of its geometry 

structure to investigate its surface properties. The stability of Ti surfaces is described by structural 

relaxation, surface energy and work function. Structural determination has been performed as a 

function of the number of adaptable layers. In order to archive surface properties, the surface was 

allowed to relax during geometry optimisation.  

4.2.1. Geometry structures of Ti (100) and Ti (110) surface 

To describe the atomic chemical reaction at the surface plane, a reliable model of Ti surface was 

employed that includes slab thickness and vacuum region. Atomic structures and the composition 

of surfaces largely dictate their properties, even small structural difference can have a significant 

influence. Figure 4-1 (a-b) presents the optimised slab of Ti (100) and (110) surface layers separated 

by a vacuum region of 25 Å, with 64 atoms and 46 atoms, respectively. Ti (100) surface consists of 

4-atomic layers terminated by four-fold titanium atoms whilst Ti (110) surface consist of 5-atomic 

layers terminated by three-fold titanium atoms. The difference in the orientation of the atom surface 

can detect changes in the adsorption of a molecule.  

We noted that Ti (110) surface is a rather open surface with large interlayer distancing and a higher 

density of steps while Ti (100) surface is closely packed layer atoms. After geometry optimisation, 

the equilibrium bond length (Ti-Ti) was found to be 2.876 Å and 3.086 Å for both Ti (100) and 

(110) surfaces, respectively. Figure 4-1 also show the possible adsorption sites for each surface, that 

is the top (T), bridge (B) and hollow (H) sites. This will be discussed in details in Chapter 5. 
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(a) Ti (100) surface 

 

Top view 

 

Side view 

(b) Ti (110) surface 

 

Top view 

 

Side view 

Figure 4-1: Optimised atomic structure of titanium surface model: (a) Ti (100) surface and (b) Ti 

(110) surfaces. Top view showing possible adsorption sites, Top (T), bridge (B) and hollow (H) 

site. 

4.2.2. Ti (100) and (110) surface energies  

In order to determine the surface properties, surface energy is a fundamental property of the 

different facets of a material’s surface and can be used to describe its stability. Surface energies of 

Ti (100) and Ti (110) surfaces were calculated using Eq. (3-36) and their results are listed in Table 

4-4. Note that the higher energy of a structure, the less closed-packed the surface. The higher the 

surface energy of the model indicates less stability [238]. Comparing their surface energy values, 
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Ti (110) surface was found to be the most stable with a lower value of 0.126 eV/A2 than that of Ti 

(100) surface (0.141 eV/A2). The difference between Ti (100) and (110) surface energies is 

relatively small with the order of 0.026 eV. Clearly, the model Ti (110) surface is more stable than 

the (100) surface. This prediction is in good agreement with the results reported by Hennig et al 

[237] using DFT with PW91 functional. 

Table 4-4: Calculated surface energies for Ti (100) and (110) surface. 

Index Bond Length (Å) Surface Energy (eV/A2) 

Present Previous [237] 

(100) 2.876 0.141 0.153 

(110) 3.086 0.126 0.121 

4.2.3. Density of states for Ti (100) and (110) surfaces 

To understand the electronic properties of Ti (100) and (110) surfaces and their stability, the partial 

density of state (PDOS) and total density of states (TDOS) were investigated. Figures 4-2 and 4-3 

presents PDOS for Ti (100) and (110) surfaces, respectively. The typical interest is on the electronic 

orbitals that are directly involved in the Ti metal surface. Accordingly, their electronic peaks consist 

mainly of 4s2 3p6 and 3d2. PDOS curves for Ti (100) and Ti (110) surface display similar features. 

The partial contributions of s, p and d orbital of Ti atoms are displayed in Figure 4-2 and 4-3, in all 

the PDOS plots, the Fermi level is located in the deep pseudogap of the p- orbital peak.  

It is clearly seen that the large contribution to the density of state is from d- orbital electrons 

compared with s- and p- orbital electrons contribution. The surface of the transitional metal is 

balanced by the attraction force of d- bonds against the repulsion force of the s-p electrons [239].  

The PDOS plots show that the d- state contributes much on the EF level suggesting that both Ti 
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(100) and (110) surface are metallic. Figures 4-2 and 4-3 clearly show the states are well pronounced 

and overlap from the valence to the conduction. The PDOS curves for Ti (100) surface slightly 

shifted away from Ef towards the valence band region whilst Ti (110) almost tallying at Ef. 

Moreover, there is a significant difference in PDOS peaks height wherein Ti (100) PDOS peaks are 

higher compare to Ti (110) surface indicating that there is a large number of electrons in Ti (100) 

surface. 

 

Figure 4-2: Partial density of states of the typical configuration for pure Ti 

(100) surface. The Fermi energy is taken as the energy zero. 
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Figure 4-3: Partial density of states of the typical configuration for pure Ti (110) surface. 

The Fermi energy is taken as the energy zero. 

 

Figure 4-4 presents the embedded total density of states (TDOS) plots for the Ti (100) and (110) 

surfaces. This is to allow direct comparison of Ti surface stabilities and description. It is the surface 

states at the high-level area and the reduced electronic density of state at low energy level area that 

makes surface structure high state relative to the energy of the crystal structure [239]. It is seen that 

the most contribution to the TDOS is the 3d- orbital electrons. Moreover, the lower TDOS at the Ef 

level represents the number of electrons at the high energy level. Therefore, the TDOS of Ti (110) 

surface is lower than the TDOS of Ti (100) indicating that Ti (110) is more stable than Ti (100) 

surface.  
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The electron energy of Ti (110) surface is lower and surface energy also small as a result. Suggesting 

that Ti (110) is the most stable surface than Ti (100). This is in agreement with the calculated surface 

energy observed in section 4.2.2. It worth noting that the TDOS curves for the Ti (100) surface are 

slightly broader than that of the Ti (110) surface. This behaviour is a result of the difference in 

partial localisation of the d- state electrons. In addition, the EF cuts the middle neck of the d- state 

towards the minima of the TPDOS curve. However, the Fermi level falls closer to the pseudogap 

for Ti (110) surface and is situated to the left for Ti (100) surface.  

 

Figure 4-4: Total density of states of the typical configuration for pure Ti (100) and Ti (110) 

surfaces. The Fermi energy is taken as the energy zero. 
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4.2.4. Work function 

Electrostatic potential is the minimum amount of energy required to remove or extract an electron 

from a crystal surface in a vacuum, normally known as work function (Φ). Computed electrostatic 

potential of Ti (100) and Ti (110) surfaces were calculated using Eq. (3-41) to understand the 

physical properties. In Figure 4-5 and 4-6, the work function plots for Ti (100) and Ti (110) surfaces 

are presented. It was found that Ti (100) surface has a larger numerical value of the work function 

(3.665 eV) than that of the Ti (110) surface (3.011 eV). The difference between both Ti surfaces 

has a magnitude of 0.65 eV, which is influenced by surface atomic relaxation and surface 

termination. Our calculated work functions of Ti surfaces are slightly lower than (4.33 eV) that 

observed by Nicholas et al [240], which may be due to different surface slab and calculation 

parameters.   

In addition, the work function of the Ti surface decrease from the (100) to (110) surface orientation, 

this is due to the spreading of negative charge. The surface with a lower work function easily 

transfers electronic charge to any adsorbate with higher electronegativity that results in ionic 

bonding [241]. Comparing the work function of Ti (100) and Ti (110) surfaces, the Fermi energy 

of the Ti (110) surface is lower than that of the Ti (100) surface. This follows the same trend of 

PDOS analysis in section 4.2.3. The induced changes in the work function are due to atomic charge 

rearrangement on the surface whereby the spreading of negative charge increases the work function. 

Lower work function value suggests that there is a much easier electron extraction on Ti (110) than 

on Ti (100) surface. Wei et al [242] have reported similar analysis previously on TiN (100), (110) 

and (111) surfaces, which is consistent with the current study.    
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Figure 4-5: Electrostatic potential energy (Φ) of Ti (100) surface. 

 

Figure 4-6: Electrostatic potential energy (Φ) of Ti (110) surface. 
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4.3. Summary  

In this chapter, DFT calculations were performed to study free halogen molecules as well as the 

clean Ti (100) and (110) surfaces. In each halogen, molecule electronic properties such as 

dissociation energy, electronegative and Frontier Orbital Theory were investigated to determine the 

possible reactivity towards the Ti metal surface. The HF molecules was found to be the most 

reactive halogen molecules with lower dissociation energy of -5.12 eV than other halogen molecules. 

Furthermore, the halogen molecules were found to possess the higher electronegativity whereby the 

trend follows an atomic period of HF>HCl>HBr>HI, which is the same trend of the Frontier Orbital 

Theory energy (EHOMO (eV)).  

In the case of Ti (100) and (110) surfaces, the surface energies, PDOS and work function (Φ) 

properties were examined to investigate the surface stability. It was found that the Ti (110) is the 

most stable with a lower surface energy of 0.126 eV/A2 than the Ti (100) surface (0.141 eV/A2). 

This surface stability trend was also confirmed by the TDOS and PDOS curves. Moreover, the 

PDOS curves showed the localised d- orbitals positioned at the Fermi energy level denoting metallic 

character. Moreover, the work function (Φ) value of Ti (100) and (110) surfaces were analysed. The 

results show a decrease in Φ from Ti (100) to Ti (110) surfaces revealed that the most stable Ti (110) 

surface possess a lower work function. This shows charge rearrangements on the surface metal 

atoms that induce changes in the work function.   
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Chapter 5  

Adsorption of halogens on Ti (100) and (110) surfaces 

This Chapter investigates the fundamental characteristics and mechanism of halogen molecules (HF, 

HCl, HBr and HI) and ions adsorption on bare Ti (100) and (110) surfaces. The essential concepts 

of adsorption, adsorbent, adsorbate and factors that influence adsorption are described. Halogen 

molecules are placed on top of Ti surfaces, and a sequent structural relaxation was performed using 

the CASTEP code with similar computational details as described in Chapter 3 (section 3.7.5). The 

study will provide an insight on ion-metal atom interaction. Both Ti surfaces and adsorbates are 

allowed to relax during geometry optimisation to determine the adsorption strength. Atomistic level 

modelling of the electrochemical adsorption of halogen will be investigated taking into account both 

the solvation and partial charge effect. The first part of this Chapter forms the Ti (100) and the 

second part on the Ti (110) surface.  

5.1. Adsorption of halogen molecules on Ti (100) surface 

In this section, the adsorption mechanism of halogen molecules and ions on the bare Ti (100) surface 

is investigated. All halogen molecules were initially placed 2 Å distance on top of the Ti (100) 

surface. The key characteristics of molecules and ions interacting with the Ti (100) surface atoms 

such as dissociation mechanism, adsorption energy, charge density redistribution and density of 

states are analysed. The interaction energy strength of adsorbate with the Ti atom was determined 

by comparing the adsorption energy, charge density distribution and density of state. 
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5.1.1 Dissociative adsorption of halogen molecules on Ti (100) surface 

Adsorption behaviour of halogen molecules on Ti (100) surface was investigated. The entire Ti 

(100) surface including halogen adsorbents were allowed to relax during geometry optimisation to 

investigate the nature of adsorption. Dissociative adsorption is one of the most fundamental 

chemical reactions at the surface since it involves strong covalent molecular bond and the formation 

of new chemical bonds of atomic [243]. Figure 5-1 (a-d) describe the initial, intermediate and 

dissociation adsorption steps of halogen molecules on the Ti (100) surface. The intermediate step 

mainly emphasised the attractive force from a positive charge of the Ti atom surface. It was 

observed that the molecules approach the Ti (100) surface leading to halogen molecules bond length 

elongated and ruptured. The halogen bond distances were found increasing to (HF= 2.928 Å), (HCl= 

3.067 Å), (HBr= 3.131 Å) and (HI= 3.219 Å) as presented on the intermediate step. 

All the halogen molecules dissociate completely on Ti (100) surface resulting in titanium halides 

and hydrides bonding (Ti-H). This is due to an applied potential difference that occurs during 

electrochemical interaction. The formation of Ti-H bonding is consistent with the experimental 

observations that etching Ti metal surface with HF/halogen molecule or aqueous solution induces 

hydrogen embrittlement [19]. Interestingly, all the halogen ions (F-, Cl-, Br- and I-) prefer to be 

adsorbed on the bridging site. It was found that all the halogen ions preferred a bridging adsorption 

site on Ti (100) surface and bond to the nearest Ti atoms with an average bond length of 2.045 Å 

for Ti-F, Ti-Cl (2.452 Å), Ti-Br (2.605 Å) and Ti-I (2.818 Å). The Ti-F bond length value was 

found to be shorter than all bond lengths suggesting stronger interaction between Ti-F. In addition, 

the bond length of Ti-H after dissociation is 1.869 Å for H-F, 1.870 Å both (H-Cl and H-Br) and 

1.866 Å (H-I). Tshwane et al [244] reported a similar dissociative mechanism of HF molecules on 

the titanium oxide surface.  
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  Steps:           Initial                                  Intermediate                                       Dissociation 

 (a)                   HF 

 

 

 

                 F      H 

 

 (b)             HCl 

 

 

 

                Cl      H 

 

(c)               HBr 

 

 

 

                Br     H 

 

(d)               HI 

 

 

 

               I         H 

 

Figure 5-1: Atomistic side-view of halogen molecules (HF, HCl, HBr and HI) adsorption 

process on Ti (100) surface. Each adsorbate shows the initial configuration step, intermediate 

and dissociated adsorption. The surface of Ti atoms shown in grey, whereas the atoms for the 

specific molecules indicated by the arrow. 
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Moreover, when halogen molecules dissociate on the Ti (100) surface depends again on the 

adsorption energy between halogen molecules and the Ti surface. To further analyse the effect of 

adsorption behaviour on the Ti (100) surface, the successive adsorption energy of each molecule 

were calculated using Eq. (3-37). Adsorption energy is the fundamental characteristics of adsorbate 

(halogen molecules) interaction with an adsorbent (Ti surface). Figure 5-2 present the adsorption 

energy relation for adsorbed molecules on Ti (100) surface. We observed that all the halogen 

molecules possess negative adsorption energy on the Ti (100) surface indicating a spontaneous 

reaction. The adsorption energies were found to be thermodynamically favourable.  

Adsorption energy of HF molecule on the Ti (100) surface was found to be more energetically 

favourable than other halogen molecules. HF molecule possesses stable adsorption energy (Eads) of 

-4.23 eV while the HI is the least stable with an adsorption energy of -3.55 eV. The trend of 

adsorption energy for the halogen molecules follows the periodic rule 𝐸𝑎𝑑𝑠
𝐻𝐹  > 𝐸𝑎𝑑𝑠

𝐻𝐶𝑙> 𝐸𝑎𝑑𝑠
𝐻𝐵𝑟 >𝐸𝑎𝑑𝑠

𝐻𝐼 , 

this is due to the repulsive lateral between the adsorbates on the Ti surface (Figure 5-2). Similar 

adsorption energy strength of halogen molecules was also reported by Zhu et al [169] on the Al2Pt 

surfaces using DFT-PBE functional within VASP code. A similar trend was observed on surface 

etching strength whereby fluoride etchant was reported to be more reactive than other halogen 

etchants [245].  

Furthermore, the formed Ti-F bond has the shortest bond length (2.045 Å) than all the adsorbed 

bond length on the Ti (100) surface, which is supported by the stability of its adsorption energy 

configuration. It was found that the binding between F-Ti atoms is strongest among all other halogen 

atoms (Cl, Br and I). Present findings suggest that the adsorption stability configuration of halogen 

molecules are closely related to the bond formation. Comparing with the aqueous solution, the 

halogen molecule dissociates to produce halogen ions that can strongly interact with the metal atoms 

and thus modify the structure of the metal surface. The crucial effect of halogen molecules 
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adsorption is the interaction between halogen ion with Ti atom, thus, the adsorption of halogen ion 

on Ti (100) surface is discussed in the next section. Halogen ions are presented in the form of F-, 

Cl-, Br- and I- where the formal charge generated, become the major components. The adsorption 

of halogen ions on the Ti (100) surface is presented in the next section 5.1.2. 

 

Figure 5-2: Adsorption energies for halogen molecules (HF, HCl, HBr and HI) on Ti (100) 

surface. 
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5.1.2. Adsorption energy of halogen ions on Ti (100) surface  

In chemical reactions, etching of metal surface is through an aqueous solution in which halogen 

ions play a central role [246], whereby, the most specific effect is the interaction of ion and surface 

atoms. In order to understand better the halogen ions interaction mechanism, all halogen ions were 

adsorbed on Ti (100) surface at different adsorption positions, top, hollow and bridge sites. The 

stability order of the adsorption positions of the halogen ions is analysed in terms of their local 

reactivity. The calculated adsorption energy strength for the halogen ions on the Ti (100) surfaces 

is considered.  

In Table 5-1, the comparative adsorption energy of halogen ions on the Ti (100) surface at different 

adsorption sites are presented. The energetic preferable position for halogen ions adsorption was 

found to be a hollow position site with lower adsorption energy for each halogen. This support the 

findings in section 5.1 wherein the bridging site adsorption was found to be more stable while the 

top and hollow sites were found to be least stable for all adsorption molecules. This indicates that 

the bridging site is the most preferred adsorption site with the lowest adsorption energy than the top 

and hollow sites. Adsorption energy for the three sites were found to be negative suggesting that the 

adsorption reaction would happen spontaneously denoting that all three sites can adsorb halogen 

ions effectively.  

The adsorption energy of F ion at corresponding adsorption sites is lower than that of other halogen 

atoms denoting that there is a strong stable interaction between Ti atom and F ion at all adsorption 

position. Fluorine ion was found to be the most stable adsorbate when comparing the adsorption 

energy of all halogen ions at different adsorption sites. The calculated adsorption energy for F-, Cl-, 

Br- and I- at different adsorption sites are shown in Table 5-1 wherein the adsorption energy of 

fluorine is greater as compared to the top and bridge sites.  
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It is also noted that the adsorption energy of fluorine on the Ti (100) surface adsorption site is more 

stable than all halogen ions. It was observed that the adsorption energy strength increases following 

the order of  Eads
F > Eads

Cl > Eads
Br > Eads

I  for all adsorption sites. Similar trend was observed by 

Tada et al [170] using DFT+U and PBE functional on TiO2 (110) surface. Complementary findings 

were also reported by Nguyen et al [247] on adsorption of halogen on silicon using spin-polarized 

DFT-PBE functional implemented in VASP.  

 

Table 5-1: Calculated adsorption energies (eV) for halogen ions at Ti (100), TiO2 (110), Si and Pt 

(111) surfaces at different adsorption site. 

Adsorption site F- Cl- Br- I- 

 

Present @ Ti (PBE) 

Top -5.850  -5.071  -4.549 -3.700 

Bridge -5.951 -5.108 -4.590 -3.700 

Hollow -5.800 -5.070 -4.550 -3.626 

[170] @ TiO2 (PBE+U) - -6.10 -4.09 -3.37 -2.55 

[247] @ Si (PBE) Top -5.29 -3.24 -2.41 -1.29 

 

[171, 166] @ Pt (PBE) 

Top -3.62 -2.95 -2.73 -2.37 

Bridge -3.37 -2.96 -2.85 -2.68 

Hollow -3.32 -2.97 -2.86 -2.74 

  

In Figure 5-3, the dependence of adsorption energy per bound halogen ion on the bridging site is 

shown. The adsorption energies for all halogen ions are negative this denotes that the interaction 

between the halogen ions and Ti atoms is spontaneous. It was found that the trend of adsorption 

energy strength varies in the order of F>Cl>Br>I, which follows the same order with 

electronegativity strength [39]. Similar adsorption energy trend was observed by Tada et al [170] 
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on the TiO2 surface. This suggests that the stability of halogen ion adsorption on the Ti (100) surface 

increases with increasing electronegativity.  

We noted that the adsorption energy of the F ion on the Ti (100) surface is more stable than all 

halogen ions in all adsorption sites. Fluorine ion showed the most stable adsorption energy of ( 𝐸𝑎𝑑𝑠
𝐹 ) 

-5.951 eV while iodine is less favourable with ( 𝐸𝑎𝑑𝑠
𝐼 ) -3.700 eV on hollow site. The interaction 

between F-Ti is stronger than that of Cl-Ti, Br-Ti and I-Ti interaction. This reveals that interaction 

strength decrease with increasing halogen atomic size. Similar observations were reported by Vital 

et al [113] on halogen adsorption on the silicon surface. 

The adsorption energy changes slightly with an atomic difference, which shows different attractive 

interaction between the adsorbate-adsorbent. Generally, the smaller atomic radii suggest a stronger 

polarisation effect inducing a stronger binding during the interaction [248]. Our results show a clear 

dependence between the adsorption energy and atomic radius wherein F atom with smallest atomic 

radii and strongest polarisation result in a strong adsorption strength whilst I atom with largest 

atomic radius showed the lowest adsorption energy as shown in Figure 5-3. Differences in 

calculated adsorption strength between halide ion are relatively small all less than 1 eV. Therefore, 

the lateral adsorption energy of halogen on the Ti (100) surface contribute to the reactivity 

mechanism. Comparing adsorption energies of halogen molecules and ions in section 5.1 and 5.3 

respectively, it reveals that the adsorption energy of ions is more stable than adsorption energy of 

halogen molecules. The adsorption energy of halogen ions on the Ti (100) surface is lower than that 

of the halogen molecule. This suggests that halogen ions are more reactive to the Ti atom surface 

than halogen molecules.  
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Figure 5-3: The adsorption energy of halogen ions on Ti (100) surface. 

5.1.3. Adsorption geometry of halogen ions on Ti (100) surface 

In an aqueous solution, halogen molecules are presented in the form of F-, Cl-, Br- and I-, wherein 

the formal charge generated become the major component. In addition, the characteristics of 

halogen ion adsorption will avoid the formation of the Ti-H bond (titanium hydride), which is the 

major problem of etching metal surface with hydrofluoric acid [19]. Thus, halogen ions were 

considered as the possible components in the adsorption process. Figure 5-4 (a-d) present the 

geometry optimisation of halogen ions adsorption on Ti (100) surface. Only the geometry of the 

hollow site is considered as this configuration was found to be the most preferred site as in section 

5.1. All halogen ions were initially placed same distance (2 Å) from the Ti (100) surface. Since the 

calculation system is related to geometry relaxation, after optimisation halogen ion chemically 

bonded to Ti atoms with a different bond length of Ti-F (2.012 Å), Ti-Cl (2.427 Å) Ti-Br (2.580 Å) 

while for Ti-I (2.782 Å) which are in good agreement with the result by Pradhan et al [249].  
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In Figure 5-5 displays the adsorption energy strength of halogen ions on the Ti (100) surface as a 

function of adsorption bond distance. We observed a linear relationship between bond distance and 

adsorption energy. The analysis shows that the adsorption distance between titanium and F, Cl, Br 

and I increase with decreasing adsorption energy strength. It was noted that the displacement 

between Ti-F was shorter while Ti-I interaction possesses a larger bond distance. Moreover, the 

bond length displacement of Ti with halogen atom follows the sequence of F-Cl-Br-I. The analysis 

of this fact shows that the stable adsorbate possess a stronger (shorter bond length) interaction 

(a) 

 

(b) 

 

                                      (c) 

 

                            (d) 

 

Figure 5-4: Optimised atomistic structures of halogen ions adsorption on Ti (100) surface: (a) F-

Ti, (b) Cl-Ti (c) Br-Ti and (d) Ti-I. 
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Figure 5-5: The adsorption energy of halogen ions with respect to adsorption distance on Ti 

(100) surface. 

5.1.4. Electronic properties of halogen adsorption on Ti (100) surface 

In order to fully understand the electrochemical interaction of halogen ions with Ti (100) surface, 

electronic properties are investigated. The interaction between halogen ions with Ti atom surface 

implies significant electronic changes. Therefore, in this section electronic charge transfer, charge 

density distribution (map) the density of states are analysed.  

5.1.4.1. Electronic charge transfer 

The electronic charge transferred between the adsorbent and metal play a crucial role in the 

manifestation of a metal corrosion and etching process [250]. The binding between halogen and 

titanium atoms is a typical covalent bond that reaches several electron volts, depending on the 
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atomic electronegative strength and adsorption energy stability [169]. During the adsorption, all 

halogen atoms withdraw a substantial amount (-0.48 |e|) of charge from Ti atoms.  

The influence of the charge transfer effect on the adsorption energy profile has been explored. 

Furthermore, to gain insight into the interaction of halogen ion with titanium atoms the calculated 

adsorption energy and charged transferred curve is plotted as shown in Figure 5-6. It was found that 

all the adsorbents accept electron with a charge ranging from 0.04 to 0.48 |e|. We found that the 

more stable adsorption energy the more electron transfer during the interaction. A halogen atom 

interacting strongly with Ti atoms also accept more electron from the Ti (100) surface. It can be 

seen that electron transfer is induced by adsorption stability. The adsorption energy of halogen ions 

on Ti (100) surface are -5.951 eV (F-), -5.108 eV (Cl-), -4.590 eV (Br-) and -3.700 eV (I-) which 

corresponding to charge transfer of 0.48 |e|, 0.27 |e|, 0.17 |e| and 0.04 |e|, respectively. We found 

that the trend of charge transfer strength varies in the order of F>Cl>Br>I, this is the same order of 

adsorption energy stability and electronegativity strength. These findings are consistent with 

previous observation of Bader charge analysis of halogen adsorption on intermetallic surfaces [169].  

The absolute value of the electron on F- atom adsorption onto the Ti atom is larger than other 

halogen atoms due to its higher electronegativity and adsorption energy strength. The present results 

reveal the idea that adsorbents adsorb strongly on the Ti (100) surface when the adsorbate accepts 

more electrons from the surface. According to Figure 5-6, more electron transfer accompanies the 

stronger interaction. It was found that the higher value of charge/electron of F than other than 

halogens is due to the higher electron-accepting capacity of the F atom. We observed that the 

adsorption energy is linearly related to the charge of transferred; this is because the electrostatic 

interaction is an important part of bonding between adsorbate-adsorbent [248]. 
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Figure 5-6: Charged transferred during halogen ion adsorption on Ti (100) surface. 

 

5.1.4.2. Charge density difference 

Interaction of halogen ions with Ti (100) surface influences charge transfer distribution of active 

species involved in the reaction, hence it becomes more crucial to analyse the charge density 

distribution after ion adsorption. The change in the electrochemical potential or electron activity at 

the metal surface has a profound effect on the rate of corrosion reaction. Charge density distributions 

were calculated by subtracting the charge density of the clean surface and that of a single halogen 

ion from the total charge density of the system as described in Eq. (3-38). All the charge density 

analysis between halogen ion and Ti atom were visualised by plotting a charge density difference. 

Figure 5-7 presents the charge density difference of the adsorbed halogen on the Ti (100) surface. 

The measurement of the charge is presented by different coloured regions, where the yellow and 

blue iso-region represent the charge depletion and accumulation, respectively.  
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Charge accumulation were established above the top-most Ti atoms, however, significant charge 

depletion is found to depend on the halogen atom. Different charge redistribution is observed during 

halogen ion interaction with Ti atoms. Figure 5-7 displays a charge accumulation along the 

adsorbates whilst the charge density towards Ti atoms decreases (yellow region), suggesting an 

apparent charge redistribution around the atoms. Previous researchers have demonstrated that the 

accumulation of electrons between adsorbed atom and a surface determines the interaction [251]. 

The 3D iso-surfaces of charge redistribution at the interface indicates that the charges are localised 

mostly on the F-Ti interaction.  

The large charge redistribution leads to stronger electron depletion during the interaction [252]. 

Looking at the charge density analysis in Figure 5-7, it is apparent that the charge transfer is more 

pronounced on the F-Ti interaction than Cl-Ti, Br-Ti and I-Ti interaction. We noted that the effect 

charge redistribution is local and only the atoms involved in the adsorption bonding are affected. 

There is more charge density distribution observed on F-Ti interaction than other halogen atoms 

(Cl, Br and I). A large amount of charge transfer and their corresponding high adsorption energies 

indicates the stronger interaction between the halogen ions and Ti atom. It can be seen in Figure 5-

7 that the electron charge density surface takes place in more than one Ti atom suggesting that the 

adsorption site involves an ionic interaction with more than one Ti atom from the surface. The 

stronger charge accumulation on the F atom indicates that more electron will exit from the Ti 

surface. These observations are in good agreement with the Mulliken charge analysis of -0.48 for 

F, -0.27 |e| Cl, -0.17 |e| Br and -0.04 |e| I. In addition, the values of the charge transfers also indicate 

that the Ti atom donates electrons to F, Cl, Br and I atoms. Amount of charge transferred is relative 

to the interaction strength between Ti and F, Cl, Br, I atoms. 



   

95 

 

                                  F 

 

                                 Cl 

 

                                Br 

 

                               I 

 

Figure 5-7: Charge density difference for (a) F-Ti, (b) Cl-Ti, (c) Br-Ti and (d) I-Ti. The blue 

region shows electrons accumulation while the yellow region shows electrons depletion. 
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5.1.4.3. Electronic density map 

Electrochemical reaction either produce or consume electrons, thus the rate of electrons flow to or 

from a reaction interface is a measure of reaction rate [253]. Electron transfer during the interaction 

can be seen clearly on the electron density map, this facilitated the reaction between adsorbate and 

adsorbent. The distribution of charge for halogen ion adsorption was also examined using an 

electron density map. In Figure 5-8 and 5-9, show the exhibits of electron density population for 

each adsorbate on Ti (100) surface. In this 2D plot, the blue region indicates electron depletion, 

while electron enrichment is indicated in the red region. It can be that Ti atoms lost electrons whilst 

the halogen ions consumed electrons. This corresponds well with the aforementioned analysis of 

charge density difference analysis. A region of electron accumulation and loss differ with adsorbate, 

this is due to the electron-accepting ability and the nature of bonding between the halogen ions and 

Ti atoms. 

For fluorine ion adsorption, the electron gain region is spherical and closely packed, while for 

chlorine, bromine and iodine we observed electron loss around the halogen atom. This is relative to 

the atomic radii of halogen ion and their electronegativity. There is stronger ionic bonding between 

the halogen ions and Ti atom and more electrons are gathering on the halogen ion atoms. However, 

the electronic region differs from ion adsorption. The electronic region for Ti-F is more than the 

electronic region on Ti-I this is due to different bonding strength between the ion and Ti atoms.   
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F 

       

                           Cl 

        

Figure 5-8: Electron density map of F and Cl adsorption on Ti (100) surface, with spectrum 

from -0.02 to +0.02 and set value of 16 bands. Blue and red region indicate electron loss and 

gain, respectively. 

 

                                              Br 

 

                                      I 

 

Figure 5-9: Electron density map of Br and I adsorption on Ti (100) surface, with spectrum 

from -0.02 to +0.02 and set value of 16 bands. Blue and red region indicate electron loss and 

gain, respectively. 
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5.1.4.4. Partial density of states 

In order to evaluate the electronic interaction of halogen ions and Ti atoms, the corresponding partial 

density of states (PDOS) was plotted. The PDOS for free halogen molecules, pure Ti (100) surface 

and adsorbed Ti surfaces were analysed to understand the essential number of orbital states at the 

particular energy level. Figure 5-10 presents the PDOS profile for HF free molecule, pure and 

adsorbed Ti (100) surface. The PDOS plots for pure and adsorbed Ti (100) surface (Figure 5-10 

bottom panel) show clearly that the states are well prominent and overlap from the valence to 

conduction band indicating metallic behaviour. The electronic peaks for a pure Ti (100) surface 

(Figure 5-10 middle panel) consist mainly of 3s2 3p6 3d2 4s2, with predominately 3d-orbital states 

and less contribution from s- and p-orbital at the Fermi level. Furthermore, all the PDOS plot are 

characterised using pseudogap at the Fermi energy (EF), which emerge from d- and p-orbitals. In 

all PDOS curves, the Fermi energy is located in the deep pseudogap of the p-orbital peak. PDOS 

for HF molecule (Figure 5-10 top panel) constitute of an electronic peak at -23.5 eV and -4.5 eV 

corresponding to s- and p- states.  

After adsorption HF-Ti (100) surface the new peaks appear at the valence region at -29 eV and -7.5 

eV, this shows the presence of fluoride-ion on Ti (100) surface as compared to PDOS of pure Ti 

(100) surface. Both the d- electronic curves for pure and adsorbed surface lies lower at the Fermi 

level. Comparing the adsorbed PDOS plot there is no significant difference for HCl, HBr and HI 

PDOS as compared to the clean Ti (100) surface, except the new electronic peaks emerging at 

different energy level. Figure 5-11 (top panel) depicts the PDOS plot for free HCl molecule shows 

electronic peaks at valence bond region around -13 eV and -3.5 eV, this electronic peak corresponds 

to s- and p- orbital for Cl atom. The Cl s- electronic peak lies very lower this suggests that s- orbital 

has no impact on bonding. In pure Ti (100) surface PDOS (Figure 5-11 middle panel) curves the d- 

band lies lower at the Fermi energy while after HCl adsorption the d- orbital lies at the top of the 



   

99 

 

Fermi energy. The electronic peak corresponding to the p- orbital state lies closer to the Fermi with 

less hybridisation from the s- orbital, this contributes to the formation of Ti-F and Ti-Cl bonding.  

 

Figure 5-10: Partial density of states (PDOS) for HF free molecule, clean Ti (100) surface and 

HF/Ti (100) surface. The Fermi energy is taken as the energy zero. 
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Figure 5-11: Partial density of states (PDOS) for HCl free molecule, clean Ti (100) surface and 

HCl/Ti (100) surface. The Fermi energy is taken as the energy zero. 

 



   

101 

 

Comparing the PDOS of a free molecule, clean surface and after adsorption, the PDOS plots show 

a significant change in electronic positioning especially for s- and p- orbitals for halogen atom. In 

Figures 5-12 and 5-13, show the PDOS for HBr and HI adsorption on Ti (100) surfaces, respectively. 

The molecular orbital for free HBr molecule present electronic peak (Figures 5-12 top panel) with 

-15 eV, -6.2 eV and -3.4 eV at valence bond region, mostly these electronic peaks corresponding to 

Br s- and p- orbital. However, Br s- orbital (-16.3 eV) lies very lower, this implies Br s- orbital 

plays no impact in bonding.  

The PDOS for HBr-Ti (100) surface (Figures 5-12 bottom panel) shows a new peak at the VB region 

around -16.3 eV and -6.2 eV this corresponds to Br s- orbital and Br p- orbital respectively. However, 

the electronic peak around -6.2 eV (Br p- orbital) combine with some contribution from Ti s- and 

d- orbital. This suggests some hybridisation between the orbital. Figure 5-13 (bottom panel) present 

the PDOS profile for HI adsorption, for free molecular orbital the electronic peak for I s- orbital lies 

around -12.4 eV while I p- orbital appears around -5.5 eV. Comparing both PDOS profiles for a 

clean and adsorbed surface, the PDOS shows significant changes in the peak shape and positioning 

as well as a slight decrease in Ti d- orbital states. This implies that the total energy decreases after 

HBr and HI adsorption. 
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Figure 5-12: Partial density of states (PDOS) for HBr free molecule, clean Ti (100) surface and 

HBr/Ti (100) surface. The Fermi energy is taken as the energy zero. 
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Figure 5-13: Partial density of states (PDOS) for HI free molecule, clean Ti (100) surface and 

HI/Ti (100) surface. The Fermi energy is taken as the energy zero. 
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5.1.5. Work function 

The computed work function (Φ) of adsorbed Ti (100) surface is presented in Figure 5-14. In the 

adsorption system, the work function also play important role in understanding the interaction [254].  

It was found that all halogen ion adsorbed changes the work function as compared to the clean 

surface (3.665 eV). The magnitude of the induced work function varies from the halogen-adsorbed 

atom. We note that the adsorption of F, Cl, and Br increase the value Φ while I decrease the work 

function. The value of work function after F adsorption was found to be 3.797 eV, for Cl (3.727 

eV), Br (3.672 eV) and I (3.626 eV). This suggests that the stronger adsorption halogen ion (F, Cl 

and Br) lead to the increase of the work function as compared to the free Ti (100) surface.  

Depending on the halogen ion adsorption, the work function value decreases with respect to the 

halogen atom as seen in Figure 5-14. The decrease of Φ value as a function of adsorption is due to 

the increase of halogen atom size and decrease in electronegativity [241]. Moreover, we noted that 

the work function of adsorbed Ti (100) surface decrease with decreasing in charge transfer during 

halogen ions (F, Cl, Br and I) interacting with Ti atoms. Correspondingly, the Φ and charge transfer 

during Ti-F interaction is 3.797 eV and 0.48 |e| whereas for Ti-I bonding the work function and 

charge transfer is about 3.626 eV and 0.08 |e|, respectively. Previously, the study demonstrated that 

the decreasing of work function was related to the charge transfer after halogen adsorption [254].   
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Figure 5-14: Calculated work function (Φ) against halogen ions adsorbed on Ti (100) surface. 

 

5.2. Adsorption of halogen molecules on Ti (110) surface 

All halogen molecules and ions were adsorbed on Ti (110) surface slab to explore their adsorption 

behaviour and interaction. The adsorption energy, charge density difference as well as density of 

states for the halogen molecules adsorbed on the Ti (110) surface are analysed. Some of the results 

in this section have been published [255]. The interaction strength of halogen ions and molecules 

has been determined by comparing their adsorption energies,  

5.2.1. Dissociative adsorption of halogen molecules on Ti (110) surface 

The dissociative adsorption process of molecular species and atomic at the surface is a key factor 

governing surface chemistry, in some aspects this is the same process discussed in the previous 

section (section 5.1.1). Dissociation adsorption of halogen molecules on Ti (110) surface is 

considered to evaluate their interactions and molecule splitting reaction. This surface reaction is 

accompanied by structural and chemical changes.   
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In Figure 5-15 the description of halogen molecules interacting with the Ti (110) surface is shown. 

The minimal bond length between the halogen molecules was estimated from 0.924 to 1.961 Å (HF-

HI) that agrees with the experimental bond length value [256]. All halogen molecules were placed 

on top Ti (110) surface, the initial position (2 Å) was taken as minimum height positions above the 

Ti (110) surface. The use of initial positions of the molecule closer to the Ti surface is due to 

dissociation into a pair of separate during the optimisation. Figure 5-15 (a-d) presents the adsorption 

steps (initial, intermediate and dissociation adsorption) for all halogen molecules adsorption on the 

Ti (110) surface. We observe that during optimisation, the molecules approach the Ti (110) surface, 

which led to bond length elongation and rupture (molecule dissociation). The halogen bond length 

stretched to (HF= 3.65 Å), (HCl= 3.99 Å), (HBr= 3.39 Å) and (HI= 4.65 Å) as shown on the 

intermediate step. The bond length of halogen molecules ruptured forming titanium halides, 

denoting that the entire halogen molecule dissociates completely on Ti (110) surface.  

In this process, the dissociated halogen ions remain negatively charged and bonded to the positive 

charge of Ti atoms whilst the hydrogen (H+) atom remaining positively charged. More importantly, 

the halogen ions (F-, Cl-, Br- and I-) are chemically bonded to the neighbouring Ti atoms with a 

bond length of 1.930 Å for Ti-F, Ti-Cl (2.28 Å), Ti-Br (2.62 Å) and Ti-I (2.74 Å). Note that no 

lattice hydrogen atom is bonded to the surface. The distance between hydrogen and the nearest Ti 

atom after dissociation is 1.97 Å for H-F, 1.97 Å (H-Cl), 1.95 Å (H-Br) and 1.93 Å (H-I). This 

hydrogen distance value turns to be less for HI molecule than HF, HCl, and HBr. Thus, the 

interaction of halide ions with Ti atom is crucial for molecule splitting reaction to take place [39, 

244]. Tshwane and his co-workers reported similar dissociation mechanism on TiO2 (100) and Ti 

(110) surface [257]. A similar phenomenon of dissociative adsorption of halogen molecules was 

reported experimentally and theoretically [258, 259].  
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 Steps:           Initial                          Intermediate                                       Dissociation 

(a)      HF 

 

 

 

             F           H 

 

(b) HCl 

 

 

 

          Cl               H 

 
(c) HBr 

 

 

 

        Br               H 

 

(d) HI 

 

 

 

               H                 I 

 
Figure 5-15: Optimised atomic side-view of halogen molecules (HF, HCl, HBr and HI) 

adsorption process on Ti (110) surface. Each adsorbate shows the initial configuration step, 

intermediate and dissociated adsorption. The surface of Ti atoms shown in grey, whereas the 

atoms for the specific molecules indicated by the arrows. 
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The dissociation mechanism for all halogen molecules on Ti (110) surface was found to be similar. 

It was observed that all halogen molecules adsorption mechanism was found to prefer top site 

adsorption on Ti (110) surface, whereas, the HBr molecule prefers the bridging site. However, it 

can also be observed that the Br atom bonded to two Ti atoms after dissociation, this suggesting 

that Br prefers a short bridging position. The interaction of a halogen molecule with the Ti surface 

leads to halogen molecular bond breakdown and binding with the Ti atoms. It was observed that 

halogen molecules dissociate on the Ti (110) surface with the formation of a relatively stable bond 

of halogen and titanium atoms. The halide –Ti atom bonding is important in this section, in which 

it defines most of the processes that govern the halogen molecule dissociation and interaction with 

the Ti atom. The dissociation of all halogen molecules on Ti (110) surfaces accompanied by 

adsorption energy strength. Dissociation adsorption process is the most fundamental characteristic 

of the adsorption process that determines the adsorption strength of the molecule [260].  

Adsorption energy refers to the energy released upon adsorption of halogen molecules on Ti (110) 

surface. The adsorption energy of halogen molecules on the Ti (110) surface was calculated using 

the expression (3-37) as discussed in section 3.8.2 (Chapter 3). In Figure 5-16, the adsorption energy 

dependence of halogen molecules on Ti (110) surface is presented. All the adsorption energies for 

halogen molecules were found to be negative indicating that the reaction is spontaneous. The large 

negative 𝐸𝑎𝑑𝑠 value shows the stable exothermically of the adsorption process mechanism whereby 

HF molecule found to be the most energetically favourable. HF molecule was found to be more 

thermodynamically favourable with adsorption energy (Eads) of -3.523 eV while the HI molecule is 

the least favourable with an adsorption energy value of (-3.153 eV). According to our findings for 

halogen molecule adsorption on Ti (110) surface, it can be seen that the adsorption energy per 

molecule gradually increases following the order HF > HCl > HBr > HI (Figure 5-16).  
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A similar adsorption behaviour trend of this halogen was observed on the Iron surface by Guo et al 

[261] and the results are also consistent with the previous calculation of halogen adsorption on the 

metal oxide surface [262]. 

 

Figure 5-16: Adsorption energy dependence per halogen molecule adsorption on Ti (110) surface. 

5.2.2. Adsorption energy of halogen ions on Ti (110) surface 

In this section, the halogen ions adsorption on Ti (110) surface at different adsorption sites and their 

adsorption positions are investigated. Much focus is on ion adsorption on Ti (110) which is relevant 

to a surface chemical reaction, aqueous solution etching and corrosion [39]. In order to understand 

better the halogen ions interaction on Ti (110) surface, halogen ions are adsorbed on Ti (110) surface 

at different adsorption positions. The stability of the adsorption position is determined by the 

adsorption energy strength with respect to surface sites, their adsorption energies were calculated 

using the Eq. (3-37) and the results are listed in Table 5-2. Our results showed that all halogen ion 
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adsorbed spontaneously in all adsorption surface positions. Comparing the adsorption energies at 

different adsorption site, the top site position was found to more favourable followed by the hollow 

and bridging site for all halogen ion adsorption. This supports the observation found in section 6.1 

on the halogen molecules adsorption mechanism. In order to investigate the order of halogen ion 

interacting with Ti (110) surface, their adsorption energies are analysed. There is a significant 

difference in the adsorption energies per halogen ion adsorption. The negative values of adsorption 

energies indicate that the adsorption of halogen ion on Ti (110) surface is energetically favourable.  

Fluorine ion showed more preferential adsorption energy on both top (𝐸𝑎𝑑𝑠
𝐹 = -6.950 eV) and hallow 

sites (𝐸𝑎𝑑𝑠
𝐹 = -5.593 eV), whilst iodine is less stable for all adsorption sites. Chlorine is more 

preferential on the bringing site (𝐸𝑎𝑑𝑠
𝐶𝑙 = -4.730 eV). This indicates that F-ion exhibits the strongest 

adsorption strength on the Ti (110) surface followed by Cl and Br ion, and the least interaction is 

observed with I atom. This is comparable with the findings by Nguyen et al [247] on Si surface 

using spin-polarized DFT-PBE functional. In addition, similarities were observed by Pasti et al [171] 

on halogen (Cl, Br, and I) adsorption on crystallographic (111) planes of Pt, Pd, Cu and Au using 

PWscf code of the Quantum ESPRESSO distribution using PBE functional within GGA.  
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Table 5-2: Calculated adsorption energies (eV) for halogen ions at Ti (100), Cu (111) and Si surfaces 

at different adsorption site. 

Adsorption site F- Cl- Br- I- 

 

Present @ Ti (PBE)  

              

Top -6.950 -4.830 -4.349 -3.495 

Bridge -4.403 -4.730 -4.185 -3.489 

Hollow -5.593 -4.795 -4.288 -3.489 

 [247] @ Si (PBE) - -5.29 -3.22 -2.41 -1.29 

 

[171, 166] @ Cu (PBE) 

 

Top -4.05 -3.13 -2.80 -2.41 

Bridge -4.41 -3.46 -3.10 -2.71 

hcp -4.49 -3.52 -3.16 -2.76 

 

Figure 5-17 presents the adsorption energy dependence for each halogen ion species on Ti (110) 

surface. The adsorption energy values for each ion correspond to the top site adsorption 

configuration. The magnitude of adsorption energy decline with the increase of the atomic number 

of halogen atoms as seen in Figure 5-17. We found that the trend of adsorption energy strength 

varies in the order of F>Cl>Br>I for the top adsorption site. These findings are consistent with the 

previous observation on halogen-adsorbed silicene [247]. It was found the adsorption energy trend 

follows the periodic rule, 𝐸𝑎𝑑𝑠
𝐹 > 𝐸𝑎𝑑𝑠

𝐶𝑙 > 𝐸𝑎𝑑𝑠
𝐵𝑟 > 𝐸𝑎𝑑𝑠

𝐼  which is a similar progression of halogen 

electronegativity order. 

The analysis of this fact shows that an anion with higher electronegativity (F-) has a strong bond 

interaction strength than other halide ions like Cl-, Br- and I- exhibit weakly bonding. The adsorption 

strength of fluorine on Ti (110) surface on top site is by 2.12 eV higher as compared to chlorine 

adsorption. Adsorption energy of bromine on the top site is 0.854 eV lower as compared to chlorine 

and is greater by 0.481 eV for iodine adsorption. Moreover, the difference in the adsorption energies 



   

112 

 

for iodine is significantly less for all adsorption site, this attributed to a different covalent radius. 

Present result revealed that the adsorption energies decreased with the increasing atomic size of the 

halogen. This confirms that fluorine adsorption on Ti surface is more preferential than Cl, Br, and 

I adsorption. Similar work by Pasti et al [171] also demonstrated that the halides adsorption energy 

on Pd, Pt, Cu and Au (111) surface decrease with an increase of ion radius.  

In addition, the adsorption energies (Eads) of halogen ion are significantly larger (less negative value) 

when compared to the adsorption energy strength of the halogen molecule in section 5.2.1. 

Therefore, the dissociative adsorption of halogen molecules is much less favourable than halogen 

ion adsorption. Adsorption energies for halogen molecule appear to be very close to each other, 

while the adsorption energy difference for halides differs by order of ~2 eV. Thus can be concluded 

that halide ions are mostly attractive towards Ti surfaces than halogen molecule. The adsorption 

energy of adsorbate is mostly dependent on the solvation energy (dissociation energy). For instance, 

HF/F has lower dissociation energy as shown in Table 4-1 (Chapter 4), hence it exhibits strongly 

chemical bonding, while HCl, HBr and HI show weakly chemical bonding with Ti atoms. 

Furthermore, the high electronegativity exhibits lead to appreciable levels of bonding and 

adsorption in which facilitates the influence of electrochemical reactivity. The chemical bonding of 

ionic species depends on electrostatic considerations. 
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Figure 5-17: The adsorption energy of halogen ions (F, Cl, Br and I) on Ti (110) surface. 

 

5.2.3. Adsorption geometry of halogen ions on Ti (110) surface 

In this section adsorption of halogen ions (F-, Cl-, Br-, I-) on Ti (110) surface were analysed as it 

remains the same for an interaction between a Ti metal and electrolyte solutions. The metal-

electrolyte interface is characterised by the presence of an electronic charge on the metal surface. 

Adsorption of a single halogen ion was considered and placed on top of the Ti (110) surface. Figure 

5-18 (a-d) shows the atomistic model of halogen ions adsorption on Ti (110) surface. Initially, all 

halogen ions were placed at the same position height (2 Å) from the Ti atom surface. After 

optimisation, each halide ion forms a preferred bond with the Ti atom, for Ti-F (1.812 Å), Ti-Cl 

(2.268 Å), Ti-Br (2.434 Å) and Ti-I (2.859 Å).  
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Our results show that there is a very strong tendency for F- to interact with Ti atom the interaction 

than Ti-I interaction. In general, surface interaction brought little change to the ion bond length. The 

bond length of Ti with halogen ions significantly increases from 1.81-2.85 Å (F- to I-) indicating a 

different nature of the interaction. Also, this is due to their different atomic radii, which is much 

bigger for I than that of F atom distance, the interaction bond length of Ti-I is larger than Ti-F bond 

distance [263].  

Figure 5-19 depicts the adsorption energies of halogens on the Ti (110) surface as a function of 

adsorption bonding length at the top adsorption site whereby the analysis shows a linear 

relationship. The four data points show the smallest adsorption distances between surface titanium 

and F, Cl, Br and I increasing with decreasing adsorption energy strength. This trend suggests that 

there is a strong force of interaction between Ti and F atom than Ti and I atom. The displacement 

interaction of Ti surface with halogen atoms is in the sequence of F-Cl-Br-I, which is the decrease 

of adsorption energy whilst from more to less electronegativity. Present analysis of this fact shows 

that the adsorbate with the higher electronegativity (F-) has a strongly bound solvation shell whilst 

other halides ions like Cl-, Br- and I- exhibit weakly bound solvation shells [39].  

Relative to the sum of atomic bond length of Ti atom with halide ions, the length increases with a 

decrease in electronegativity [241]. The electronegativity parameter is related to the chemical 

potential wherein a higher value indicates better chemical potential. In this calculation, I ion fail to 

have a stable configuration at the adsorption site as shown in Figure 5-18 (d), this because it tends 

to migrate to the other site during structural relaxation, with the corresponding adsorption energy 

of  -3.493 eV was determined see Figure 5-18.  
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(a)                           F 

 

(b)                     Cl 

 

(c)                       Br 

 

(d)                              I 

 

Figure 5-18: Optimised structure of halides ion adsorption on the Ti (110) surface: (a) F-

adsorption, (b) Cl-adsorption, (c) Br-adsorption and (d) I-adsorption. 
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Figure 5-19: The adsorption energy of halogen ions with respect to adsorption distance. 

5.2.4. Electronic properties of halogen adsorption on Ti (110) surface 

5.2.4.1. Electron charge transfer  

To further, gain some insight into the halogen interacting with Ti atom surfaces, Mulliken charge 

analysis was performed to calculate the electron transferred during adsorption. Since the halogen 

atoms have five-valence p- electrons, they try to attach to the Ti surface atom to get an extra electron 

to fill the outermost shell. The adsorption energy between halogen atoms and the metal surface 

typical reaches several electron-volts where it decreases with the rows of the periodic table for all 

halogen and metals [161]. Figure 5-20 shows the relationship between the adsorption energy with 

charge transferred (e-) for each halogen atom. We see that the interaction between halogen atoms 

and Ti (110) surface result in a substantial amount (0.54 |e|) of charge transfer depending on the 

adsorption energy strength.  
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It was found that all the adsorbents are electron acceptors with 0.08-0.54 |e| obtained from Ti (110) 

surface. It has been reported that the dependence of electron transfer on halogen ion relies on the 

atomic electronegative strength and adsorption energy stability [169]. Since all the halogen 

molecules possess a higher electronegativity value than the Ti atom (1.5 eV), it suggests that the 

transfer of electrons from the surface to a molecule can occur. Furthermore, the halogen atom 

interacts strongly with Ti atoms lead to the acceptance of more charges from the surface. It can be 

said that electron transfer is induced by electronegativity. Fluorine accepts more charge (-0.54 |e|) 

than all other halogen atoms since it has a higher electronegativity. Thus, the trend in charge 

transferred strength is F (-0.54 |e|)> Cl (-0.35 |e|)> Br (-0.25|e|) > I (-0.08 |e|). The analysis indicates 

that the halogen ion behaves as a charge acceptor from the Ti (110) surface. Moreover, the large 

amount of charge transfer and the corresponding adsorption energies indicate the stronger 

interaction between the halogen ions (F, Cl, Br and I) and Ti atom.  

 

 

Figure 5-20: Charge transferred on Ti (110) surface after halogen ion adsorption. 
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5.2.4.2. Charge density difference 

Adsorption of halogen ions on Ti (110) surfaces leads to charge redistribution due to electronic 

hybridisation between the orbitals of the halogen ions (adsorbate) and Ti atoms (adsorbent). The 

interaction between halogen ions with Ti atom surface implies a significant charge transfer at the 

interface. Charge density difference for halogen ion adsorption on Ti (110) surface was calculated 

using the same Eq. (3-38). The charge densities for substrate and ions were obtained from the same 

geometries as in the substrate and molecule interaction. Charge density difference shows how 

charges are shared among the atoms during bonding. Adsorption of halogen ion interaction with the 

Ti atom surface implies a significant charge transfer at the interaction. Therefore, since while charge 

transfer influences the redistribution of active species involved in the corrosion reaction it is 

important to analyse the charge transfer during adsorption.  

Figure 5-21 (a-b) presents the charge density difference of the adsorbed halogen on Ti (110) surface 

for the top site. The magnitude of the charge is shown by different colours where blue and yellow 

represents charge accumulation and charge depletion, respectively. The plots show that titanium 

atom surface found to be polarised upon adsorption of halogen and electrostatic interaction play a 

crucial role in the attractive interaction. It was observed that the electron density is around the 

adsorptions atoms on the surface. We observe that charges are depleted from the Ti and accumulated 

on the halogen atom. Furthermore, a directional bonding of spherical shape is observed which 

suggest that the charge distribution between surface Ti and halogen exhibit ionic bonding behaviour. 

It is known that the change density difference for ionic bonding exhibit a charge density map that 

is localised on a single atom [264]. Generally, the chemical bond formed by halogen atoms with 

metals is intermediate between ionic and covalent [161] with the degree of bond ionicity depending 

on the particular halogen-metal pair.  
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We found that the degree of bond ionicity decreases down the row of periodic table F>Cl>Br>I. 

Interestingly, the charge density differences show that electrons transfer take place at the interface 

between halogens and Ti atoms. Both F and Cl atom accumulate large charge distribution closer to 

the atom while Br and I accumulate less charge distribution. The notable bond length change of Ti-

F suggest a sizable charge redistribution. A localised electronic density depletion in the Ti atoms 

forms the bond with adsorbate and more delocalised depletion in the area of F-Ti bonding is 

observed. Furthermore, the charge density shape distribution remains similar for F and Cl, whereas 

for Br and I changes completely this is due to Ti-Br and Ti-I interaction weakened. The charge 

density plot shows a spherical charge distribution implying ionic bonding of Ti-halogen.  

However, the polarisation in fluorine/chlorine is stronger than that in Br and I medium, which gave 

rise to large interaction energy. This explain why the interaction have a large adsorption energies 

of (-6.95 eV, -4.792 eV) for F- and Cl- than Br- and I- (-4.185 eV, -3.493 eV), respectively. The 

dependence of charge density and charge transfer is probably attributed to the dipole of the 

adsorbate halogen, demonstrating the weak Van der Waals interaction on Br and I than F and Cl on 

Ti atoms. This is reasonable for smaller charge and larger charge redistribution during the 

interaction. 
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(a)                               F 

 

(b)                           Cl 

 

(c)                               Br 

 

(d)                                I 

 

Figure 5-21: Charge density difference for (a) F-Ti, (b) Cl-Ti, (c) Br-Ti and (d) I-Ti. The blue 

region shows electrons accumulation while the yellow region shows electrons depletion. 

  



   

121 

 

5.2.4.3. Electron density map 

Furthermore, the redistribution of charge for halogen ion adsorption was examined using electron 

density differences. Figure 5-22 (a-d) shows exhibits of electron density population of each halogen 

atom interaction with Ti atom. This facilitated the reaction between adsorbate and surface 

adsorbent. In this 2D plot, a loss of electrons is indicated by a blue region, while electron enrichment 

is indicated in the red region. It is clearly seen from Figure 5-22 that Ti atoms lost electrons and 

halogen ions gained electrons. This corresponds well with the aforementioned analysis of charge 

density difference analysis. The region of electron accumulation and loss differed with adsorbate 

which is due to the electron-accepting ability and the nature of bonding between the halogen 

adsorbate and adsorbent. For fluorine ion adsorption, the electron gain region is spherical and 

closely packed, while for chlorine, bromine and iodine we observed electron loss around the halogen 

atom. This is relative to the electronegativity and atomic radii of halogen ion.  



   

122 

 

 

(a)                       F 

 

(b)                              Cl 

 

(c)                           Br 

 

(d)                      I  

   

Figure 5-22: Electron density map of F, Cl, Br and I adsorption on Ti (110) surface, with spectrum 

from -0.02 to 0.02 and set value of 16 bands. Blue and red region indicate electron loss and gain, 

respectively. 
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5.2.4.4. Partial density of states 

The projected density of states (PDOS) calculated to analyse the electronic structure free halogen 

molecules, Ti (110) surface and halogen-Ti bonding. Figure 5-23 shows the PDOS for pure HF 

molecule, clean Ti (110) surface and interaction of HF-Ti (110) surface. PDOS plots show the 

valence and conduction bands composed with the lowest energy band from -30 to +20 eV. The 

electronic peaks of Ti (110) surface consist mainly of 3s2 3p6 3d2 4s2, with predominately 3d-orbital 

states and less contribution from s- and p-orbital at the Fermi level. Clearly, the states are well 

pronounced and overlap from the valence to conduction band (indicating metallic behaviour).  

The PDOS for the clean and adsorbed Ti surface are characterised by a pseudogap at the Fermi 

energy (EF) which emanate its contribution from d- and p-orbital. In all PDOS plots, the Fermi level 

is located in the deep pseudogap of the p-orbital peak. We observe a slight decrease in the magnitude 

of the halogen adsorbed PDOS peaks as compared to the clean Ti surface. The PDOS for molecular 

orbital of HF consists of 2s2 (-25.6 eV) and 2p5 with σH-F (-5.5 eV) and lone pair of electrons of ρF 

orbital (-0.52 eV). The fluorine s- orbital lies very low around ~-25.6 eV and which contributes less 

minimum role in the bonding. PDOS for adsorbed HF/Ti (110) surface slightly decreased as 

compared to clean Ti surface, this suggests that the total energy decreases after molecule adsorption.  
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Figure 5-23: Partial density of states (PDOS) for HF free molecule, clean Ti (110) surface 

and HF/Ti (110) surface. The Fermi energy is taken as the energy zero. 
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In addition, after HF molecule adsorption new peaks appeared around -29 eV and -5.5 eV, the 

electronic peak of s- orbital (-29 eV) lies very deep and doesn’t contribute to the role bonding. 

Moreover, the electronic peaks of s- and p- orbital appear around -5.5 eV denoting the sp-

hybridisation. This revealed that the interaction of Ti-F bonding could be through F p- and Ti s- 

electrons. There is no significant difference for the HCl, HBr and HI PDOS as compared to the 

clean Ti surface, except that the states have shifted slightly to the conduction band after adsorption. 

This is consistent with the predicted adsorption energy of these halogen molecules.  

Figure 5-24 presents the PDOS of free HCl molecule, clean Ti (110) surface and adsorbed HCl/Ti 

(110) surface. According to the PDOS curves, the molecular orbital of the free HCl molecule 

composed of the electronic peak of 3s2 (-13 eV) and 3p5 at -4.5 eV. After adsorption, the PDOS 

curve for Ti (110) and HCl/Ti (110) surface changes slightly. The electronic peak of 3s2 (-13 eV) 

shifted a little towards the left, while the electronic energy of the d- state decreases and become 

broader. In addition, for HCl/Ti (110) surface the electronic peak around -4 eV corresponding to p- 

and s- orbital, which reveal the formation of Ti-Cl interaction. 
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Figure 5-24: Partial density of states (PDOS) for HCl free molecule, clean Ti (110) 

surface and HCl/Ti (110) surface. The Fermi energy is taken as the energy zero. 
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The PDOS plots for a free HBr molecule clean Ti (110) surface as well as HBr/Ti (110) surface are 

presented in Figure 5-25. The PDOS of a free HBr molecular orbital consist of 4s2 (-12.5 eV) orbital 

and σH-Br around (-3.6 eV) and ρBr orbital at (-0.4 eV). Electronic peak around -3.6 eV consists of 

Br 3p5 orbital with some contribution of s- state from the hydrogen atom. To evaluate the nature of 

the orbital for HBr/Ti (110) surface, after adsorption the new peaks appear around -15.6 eV and -

3.8 eV, corresponding to the electrons from Br s- and p- states. Moreover, the adsorbed electronic 

peaks for sBr –s orbital shifted to -15 eV as compared to the free molecules, this electronic peak lies 

very deep indicating no contribution in bonding. The electronic peak around -4 eV corresponds to 

the p- state of the Br atom and s- state of the Ti atom.  

Figure 5-26 shows the PDOS curves for HI free molecule, pure Ti (110) surface and adsorbed HI/Ti 

(110) surface. The PDOS plot for free HI molecule presents the electronic peak around -12 eV and 

-3.2 eV, which correspond to s- and d- orbital states. After adsorption of HI molecule the electronic 

peak for p- orbital from the molecule hybridised with s- orbital from Ti atom, the electronic peaks 

hybridised around -3.2 eV. This suggests the bonding formation between Ti-I atoms. In addition, 

the electronic energy of d- orbital decreased after molecule interaction as compared to the d- 

electronic energy for pure Ti (110) surface. Moreover, it was found that the adsorption of halogen 

resulted in p- electronic peaks emerging at different energy level. The electronic peaks move from 

~ -5.5 eV to -3.2 eV for F to I atom, respectively. This suggests the bonding formation between Ti-

I atoms is less than the interaction of Ti-F.  
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Figure 5-25: Partial density of states (PDOS) for HBr free molecule, clean Ti (110) 

surface and HBr/Ti (110) surface. The Fermi energy is taken as the energy zero. 
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Figure 5-26: Partial density of states (PDOS) for HI free molecule, clean Ti (110) surface 

and HI/Ti (110) surface. The Fermi energy is taken as the energy zero. 
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5.2.5. Work function 

Figure 5-27 shows the work function (Φ) of the adsorbed Ti (110) surface as a function of halogen 

ions for the top adsorption site. The presence of halogen ion on the Ti (110) surface increases the 

work function as compared to the clean Ti (110) surface (3.011 eV). Therefore, the calculated work 

function of F, Cl, Br and I adsorbed on Ti (110) surface is 3.559 eV, 3.707 eV, 3.707 eV and 3.434 

eV, respectively. The induced work function is a result of a dipole involving a negative charge on 

the adsorbate [169]. We noted that the F atom increases the work function by 0.548 eV whilst both 

Cl and Br induce the Φ by 0.696 eV. It was noted that both Cl and Br lead to large values of the 

work function than F due to larger adsorption distance. On the other hand, the adsorption of I 

induces a lower (0.524 eV) work function than F and Cl adsorption. This trend can be interpreted 

as a result of the low electronegativity of the I atom. These present results are consistent with the 

observation reported by Roman et al [241].      

 
Figure 5-27: Calculated work function (Φ) against halogen ions adsorbed on Ti 

(110) surface. 
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5.3. Summary 

In summary, the adsorption mechanism of halogen molecules and ions on Ti (100) and (110) 

surfaces have been analysed. Structural optimisation showed that all the halogen molecules 

dissociate completely by interaction and forming Ti-halide bonds (Ti-F, Ti-Cl, Ti-Br and Ti-I). It 

was observed that the binding between Ti-F atoms is stronger with a shorter bond length than other 

halogen atoms interaction (Ti-Cl, Ti-Br and Ti-I). Also, the study revealed that the adsorption 

energy of halogen molecules on Ti surfaces is negative denoting the spontaneous process. This 

mechanism suggests that the adsorption of halogen molecules is through surface redox reaction.  

Present study revealed that the adsorption of halogen molecules on Ti surfaces is energetically 

favourable with the energy strength following the order of 𝐸𝑎𝑑𝑠
𝐻𝐹 > 𝐸𝑎𝑑𝑠

𝐻𝐶𝑙 > 𝐸𝑎𝑑𝑠
𝐻𝐵𝑟 > 𝐸𝑎𝑑𝑠

𝐻𝐼 . This 

suggests that the adsorption of the HF molecule on Ti surfaces is more thermodynamically stable 

than all halogen molecules. It was noted that the adsorption energy strength is consistent with the 

dissociation energy and electronegativity of free molecules. Our study found that the adsorption of 

halogen ions (F-, Cl-, Br- and I-) is more energetically preferential than the adsorption of halogen 

molecules (HF, HCl, HBr and HI) in both Ti surfaces.  

In addition, adsorption sites were examined on Ti (100) and Ti (110) surfaces, and all the adsorption 

sites were found to possess negative adsorption energy indicating spontaneous reaction. This 

indicates that the Ti surfaces have reactive adsorption sites and adsorb all the halogen ions 

effectively. The bridge and top sites were observed to be the most preferential sites on Ti (100) and 

Ti (110) surface, respectively. Furthermore, it was noted that the adsorption energy follows the 

periodic role F>Cl>Br>I for all surface adsorption sites. This implies that adsorption energy 

changes slightly with the atomic difference of the adsorbates.  
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Our results revealed the average stable adsorption energy strength on Ti (100) than on Ti (110) 

surface for both F and Cl been the most stable adsorbate ions. Moreover, the interaction trend 

analysis followed by the electron-charge transfer, with all halogen ions been electron-charge 

accepting compounds. We also observed that the amount of charge transfer decrease from HF-HI 

molecule that is a similar correlation with the adsorption energy trend, implying that the stronger 

interaction there more electron-charge transferred. Present study also showed that there is a linear 

relationship between adsorption energy strength and electron-charge transferred. The charge 

transfer also determines the strength of binding showing that the halogen atoms are strongly bonded 

to Ti surfaces, which progressively decrease from fluorine to iodine adsorption.  

Furthermore, the adsorption resulted in charge redistribution whereby the Ti atom surface showed 

an electron depletion region and halogen ion presented the accumulation region. The charge density 

difference was facilitated by the positive charge from the Ti atoms surface and the lone pair region 

of the adsorbates. We observed a spherical shape of charge density difference implying an ionic 

interaction between the halogen ions and Ti atoms. In addition, the PDOS plots revealed the 

electronic peak of the halogen ion interacting with the outermost Ti surface orbital. It was revealed 

that the adsorption of halogen resulted in p- electronic peaks emerging at different energy level. The 

electronic peaks move from ~ -5.5 eV to -3.2 eV for F to I atom, respectively. This suggests the 

bonding formation between Ti-I atoms is less than the interaction of Ti-F. 

The adsorption of halogen atoms was found to affect the Ti surfaces work function and the adsorbed 

Ti surfaces have a higher work function as compare to the clean Ti surfaces. The magnitude of the 

induced work function varies from F>Cl>Br>I. It was noted that the adsorption of F atom increases 

the work function by approximately 0.548 eV, both Cl and Br ~0.669 eV while I increase by 0.523 

eV. The induced work function is a result of a dipole involving a negative charge of the halogen 

ions. 
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Chapter 6  

Coverage-depended of F2 and Cl2 molecules adsorption 

As discussed in the previous Chapter, it is apparent that halogen ions have a propensity to adhere 

on Ti surfaces to a certain degree of adsorption energy. In this Chapter, adsorption of F2 and Cl2 

diatomic molecules on Ti (100) surface at different coverage will be investigated. In particular, we 

will only examine the adsorption of both F- and Cl- ions on the Ti (100) surface. This follows from 

the observed stable average adsorption energy as presented in Chapter 5. Furthermore, we will not 

only investigate the ion-metal interaction but also the structural changes that link to possible volatile 

molecules formation and desorption, which are related to atomic etching products. It is worth noting 

that the important part of the etching mechanism is the formation of volatile species on the metal 

surface [265].  However, the research work focusing on the atomic etching of metal surface has 

been limited with regard to etching reactants and products. 

6.1. Coverage adsorption of F2 and Cl2 molecules on Ti (100) 

surface  

In this section, the adsorption of both F2 and Cl2 diatomic molecules at different coverage ranging 

from 1-3 molecule (ML) are studied. After geometry relaxation, it was found that both F2 and Cl2 

molecules dissociate spontaneously into two atomic fragments and interact with the surface. To 

investigate the effect of F2 and Cl2 coverage adsorption on Ti (100) surface we computed the heats 

of formation, adsorption-desorption energy, and determine the structural parameters of the system. 

This will provide insight into the formation of specific compounds (etched molecules) and 

desorption energy mechanisms based on the formation of titanium halides compounds.  
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All the calculations were performed with similar computational details as described in Chapter 3.  

6.1.1. Coverage adsorption of F2 molecule on Ti (100) surface 

Adsorption of F2 diatomic molecules on Ti (100) surface at different coverage was studied to 

investigate the surface changes. Figure 6-1 (a and b) present the atomic structure of F2 molecule 

adsorption on Ti (100) surface, (a) before and (b) after geometry optimisation. Based on the 

optimised atomistic models, it was seen that the F2 molecule dissociates on the Ti (100) surface. 

The dissociation of diatomic F2 molecule on Ti (100) surface involves a scenario of F-F bond 

breaking and Ti-F bond forming, the breaking and formation of atomic bonds is driven by F ions. 

Dissociation of F2 molecule when interacting with the Ti (100) surface indicates a mutual repulsion 

between F ions, which accelerates them in the opposite direction as they make contact with the 

surface.  

Moreover, it was found that dissociation of F2 molecule form F-Ti-F and Ti-F-Ti interaction with a 

bond length of dTi-F = 2.045 Å with the tilted angle of 98.4º and the bond distance between F atoms 

(dF-F) was found to be 3.098 Å. The strength of Ti-F-Ti and F-Ti-F bridging bonds are capable of 

maintaining Ti2F and TiF2 dimers due to strong attractive force. This suggests that the diatomic 

bond breaking and displacement of surface atoms are driven by F ions, which result in forming 

titanium halide molecules (TiFx). The dissociated molecule leads to the formation of ionic bonding 

with the positive charge of Ti atoms. The relative final state energy and adsorption energy of 

dissociated F2 molecule on Ti (100) surface were found to be -0.049 eV/Å2 and -10.90 eV, 

respectively. This suggests that the dissociation of the diatomic F2 molecule on the Ti (100) surface 

is spontaneous.  
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(a) 

 

(b) 

 

Figure 6-1: Atomistic structure for F2 molecule adsorption on Ti (100) surface: (a) before and (b) 

after geometry optimisation. 

Figure 6-2 and 6-3 presents the atomic structure of adsorbed two and three F2 diatomic molecules 

on Ti (100) surface, respectively. After geometry optimisation, the adsorbate interacts with the 

titanium surface forming different TixFy clusters, where the molecules are displaced upwards from 

the Ti surface. The final atomic configuration results showed that the adsorbed F2 molecules at 

different coverage reacted with the Ti surface and generated a minimum volatile species in the form 

of TiF4 and Ti2F6 (see Figure 6-2 and 6-3).  

In this scenario, the dissociation of two F2 diatomic molecules generated volatile TiF4 molecule, 

whilst the dissociation of three F2 molecules form Ti2F6 species. This implies that the adsorption 

and dissociation of diatomic fluorine molecules at different coverage result in the formation of 

different TixFy species. It is important to note that the formation of TixFy clusters was observed to 

be pulled-up towards the vacuum, becoming isolated molecules that can be desorbed from the Ti 

(100) surface. This denotes that F ions are firstly adsorbed on the surface, forming volatile molecule 

and then desorption of TixFy cluster occur. Therefore, TixFy clusters are considered as etched species 

suggesting that the F2 molecule has the potential to etch Ti surface.  
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In addition, the spontaneous formation of residual TiF4 and Ti2F6 clusters on the Ti surface indicates 

that etching on titanium surfaces may take place in the early state of time if the TiF4 molecule is 

generated. Therefore, the number of possible etched clusters (TixFy) increases with increasing 

adsorbate (F2) coverage. This suggests that the etch rate is determined by how many metal fluoride 

(TixFy) are formed and can be removed or desorbed from the surface.  

Moreover, our results showed that F2 molecules are capable of removing up to one Ti atom from 

the surface by forming TiF4 and two Ti atoms by creating Ti2F6 species. This implies that etching 

titanium surfaces by fluorination is isotropic etching mechanism. It is also noted that when diatomic 

F2 molecules are used in the fluorination process the most etch products (TiF4 and Ti2F6) are formed. 

These molecules are very volatile and can be easily detached from the Ti surface. Similar work was 

done on the exposure of F2 molecule on metal Si (100) surface where the relative primary etching 

product such as SiF2 and SiF4 molecules were observed [266]. 
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(a) Top view  

 

(b) Side view 

 

Figure 6-2: Optimised atomic structure for two F2 diatomic molecules 

adsorption on Ti (100) surface: (a) Top view and (b) Side view. 
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(a) Top-View 

 

(b) Side-View 

 

Figure 6-3: Optimised atomic structure for three F2 diatomic molecules adsorption on 

Ti (100) surface: (a) Top view and (b) Side view. 
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6.1.2. Coverage adsorption of Cl2 molecules on Ti (100) surface 

Adsorption of Cl2 diatomic molecule at different coverage was studied to investigate the structural 

changes on Ti (100) surface. Figure 6-4 illustrates dissociate and non-dissociative adsorptions of 

Cl2 molecule on Ti (100) surface, we presented the initial and final configurations of the system. 

Figure 6-4 (a) present the atomistic schematic before optimisation and Figure 6-4 (b) after 

optimisation. Based on the final atomistic model, the adsorption of Cl2 diatomic molecule on Ti 

(100) surface is by dissociation process that involves a scenario of Cl-Cl bond breaking and forming 

Ti-Cl bond. The Cl2 molecule dissociates to form Cl-Ti-Cl and Ti-Cl-Ti interaction with a bond 

length of dTi-Cl =2.494 Å, valence angle of 83.6º and the bond distance between Cl atoms (dCl-Cl) 

was found to be 3.326 Å.  

Atomic bond breaking of Cl-Cl and formation of Ti-Cl is driven by Cl ions forming titanium halides 

bonding. Thus, one suggests that Cl2 dissociate into two atomic fragments when the attraction 

between individual Cl ions and the Ti surface is greater than the Cl-Cl interaction. The relative final 

total energy and adsorption energy of dissociated Cl2 molecule on Ti (100) surface were found to 

be -0.034 eV/Å2 and -7.12 eV, respectively. This suggests that the dissociation of Cl2 diatomic 

molecule on the Ti surface is exothermic. Both the final total energy and adsorption energy of Cl2 

are less stable as compare to F2 diatomic adsorption in section 6.1.1. 
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(a)                                                                        (b) 

    

Figure 6-4: Atomistic structure for Cl2 molecule adsorption on Ti (100) surface: (a) before and (b) 

after geometry optimisation. 

 

Figures 6-5 and 6-6 presents the atomistic configuration of Cl2 molecule adsorption at different 

coverage on Ti (100) surface. Final atomic structure shows that the incoming diatomic Cl2 

molecules react with the Ti surface to form equivalent TixCly clusters. It was noted that the 

adsorption of two Cl2 molecule form TiCl4 whilst three Cl2 generate Ti2Cl6 species. This indicates 

that the exposure of Cl2 molecules on Ti (100) surface result in the continuous formation of TiClx 

species. We observed that the formation of titanium chloride molecules (TiCl4 and Ti2Cl6) were 

seen to be pulled-up to become isolated molecules that can be desorbed from the Ti (100) surface. 

This shows that when Cl2 is considered as the surface etchant, it has the potential to remove the Ti 

atoms from the surface.  
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It was found that the adsorption of two Cl2 diatomic molecules could remove one Ti atom and three 

Cl2 etch two Ti atoms in the form of TiCl4 and Ti2Cl6 clusters. This suggests that the etching Ti 

surface with Cl2 diatomic etchant will be isotropic. Moreover, this indicates that when the Cl2 

molecule is adsorbed at high content there are more chances to form TiClx volatile species. As such, 

titanium etching takes place in the early stage of time if a TiCl4 cluster is formed. Furthermore, the 

number of etch molecules increases as the coverage adsorbate increases. The dissociation of Cl2 

diatomic molecules on Ti (100) surface and forming TixCly species is similar to the above 

observation of F2 molecule adsorbed as it forms TixFy as shown in section 6.1.1.  

In this present study, the formation of Ti halides clusters (TiF4, Ti2F6, TiCl4 and Ti2Cl6) were 

observed from lower to higher coverage of the molecule adsorbate. This formed TixFy and TixCly 

species is crucial for the initial stage of etching. Importantly these materials are very volatile and 

can be detached from the surface very easily. Therefore, it is necessary to emphasise that when F2 

and Cl2 interact with the Ti surface ordered or disordered layers or molecules are being formed. 

Pavlova et al [119] reported similar observation when Cl ions were adsorbed on the Cu surface 

using DFT within VASP code with exchange-correction functional form of PBE employed. The 

volatile molecules formation and desorption took place in the form of CuCl, CuCl2 and CuCl4 

molecules. 
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(a) Top-View 

 

(b) Side-View 

 
 
Figure 6-5: Optimised atomic structure for two Cl2 diatomic molecules adsorption on Ti 

(100) surface: (a) Top-view and (b) Side-view. 
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(a) Top-View 

 

(b) Side-View  

      

Figure 6-6: Optimised atomic structure for three Cl2 diatomic molecules adsorption on 

Ti (100) surface: (a) Top-view and (b) Side-view. 
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6.1.3. Comparison of TixFy and TixCly clusters  

According to our findings, TixFy and TixCly clusters formed on the surface indicates that when 

adsorbate ions at high content there is more chances to form etch products. It is important to 

emphasise that the etching titanium surface requires a substantial number of ions since TiX4 (X= F 

or Cl) should be generated because is one of the dominant etched species. These current results 

finding are in good agreement with the observations by Kim et al [38]. In such, etching takes place 

on the surface in the early stage of time if TiX4 (X=F or Cl) molecules are formed whereby the 

number of molecules increases as the adsorbate coverage increases. 

Figures 6-7 and 6-8 presents the free optimised crystal structure for TixFy and TixCly. The structures 

show both bond length and valance angle on the molecular structure, where the bond length between 

Ti-F varied from 1.76 to 1.978 Å while the bond length of Ti-Cl found to vary from 2.201 Å to 

2.328 Å. Furthermore, the F-Ti-F valence angle for TiF4 and Ti2F6 structures vary from 109.6º to 

129.8º and the Cl-Ti-Cl valence angle for TiCl4 and Ti2Cl6 range from 109.4º to 120.6º as shown in 

Figure 6-7 and 6-8, respectively. It was found that the structural parameters (bond lengths and 

valence angle) are slightly different from the ones formed on the Ti surface. The bond lengths 

between Ti and Cl are slightly larger than that of F and Ti where the shorter bond length indicates 

stronger tighter bonding between Ti-F interactions. It can be seen that there is a tendency for F- to 

bond with Ti, which is in agreement with the results on the adsorption energy in Chapter 5. The 

bond length and valence angle for the free molecule are comparable with the bond angle parameter 

found on the volatile titanium halide molecules formed on the Ti (100) surface. 
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However, since the molecules are still attached to the Ti surface, the desorption energy of the 

molecules is required. In order to gain insight into the energy barrier of TiX4 (X=F or Cl) molecules, 

their desorption and formation energies with respect to volatile species will be calculated in section 

6.2. Since while these exposures are so closer to saturation, therefore, it is more likely that there is 

an intrinsic limit to the coverage due to other effects. A high increase in coverage adsorbate may 

result in repulsion between the neighbouring negative charge ions, which could lead to ions 

saturation coverage on a vacuum.  

(a) 

 

(b) 

 

Figure 6-7: Optimised crystal structures of (a) TiF4 and (b) Ti2F6. 

                             (a) 

 

                                             (b) 

 

Figure 6-8: Optimised crystal structures of (a) TiCl4 and (b) Ti2Cl6. 



   

146 

 

6.2. Heats of formation and desorption energy of TixFy and 

TixCly clusters 

In this section, the heats of formation and desorption energy of TixFy and TixCly clusters formed on 

Ti (100) surface are investigated. Heats of formation for TixFy and TixCly clusters are considered to 

understand the formation of etch products on titanium surface by F2 and Cl2 molecules. These TixFy 

and TixCly materials are very volatile and can be detached from the surface very easily. However, 

since these molecules are still attached to the Ti surface, desorption energy is required. To 

characterise the stability and energy barrier of this molecule, the desorption energies (𝐸𝑑𝑒𝑠) and 

heats of formation (𝐸𝐻𝐹) were calculated using Eq. 3-42 and 3-43, respectively.  

Table 6-1 present the heats of formation, desorption energy and equilibrium bond length of TixFy 

and TixCly clusters on the Ti (100) surface. All the 𝐸𝐻𝐹 values were found to be negative for both 

TixFy and TixCly molecules implying an exothermic reaction process. In addition, this also implies 

that the formation of these volatile species (TixFy and TixCly) is energetically favourable. We note 

that TixFy molecules possess the least value of EHF than TixCly, suggesting that the TixFy molecule 

is more stable and easier to be generated than TixCly. In addition, the TixFy dimer is more stable due 

to a stronger Ti-F-Ti bridging bonding. Furthermore, the 𝐸𝐻𝐹 (-48.68 eV and -37.02 eV) for Ti2F6 

and Ti2Cl6 are highly negative than TiF4 and TiCl4 clusters (-30.69 eV and -22.30 eV). This suggests 

that biomolecules (Ti4F6/Ti4Cl6) are more energetically favourable than single molecules 

(TiF4/TiCl4). In this regards the results show that the formation of volatile TixFy species is more 

exergonic than TixCly clusters. This is because of a large number of F and Cl atoms contribution to 

efficient etching by a generation of many Ti-F and Ti-Cl bonds.  



   

147 

 

It is important to note that the heats of formation for the proposed volatile molecules are different, 

this is due to different bonding strength between Ti-F and T-Cl interaction. Moreover, this is in 

good agreement with the adsorption energy strength found in Chapter 5. The large negative heats 

of formation value of TixFy species suggest more stability and stronger interaction between the Ti-

F atoms.  

The great deviations between desorption energies of various TixFy and TixCly species are listed in 

Table 6-1. Results showed that all the TixFy and TixCly cluster possess a positive value of desorption 

energy implying a non-spontaneous process. The calculated desorption energy of TiF4 was found 

to be lower than (58.61 eV) that of the TiCl4 molecule (59.35 eV). This means that TiF4 would be 

detached very easily from Ti (100) surface than TiCl4 molecule. It is evident that TiF4 species will 

be detached from the surface with an energy cost of 0.74 eV less than TiCl4. In this case, the removal 

of TiF4 is more favourable than the TiCl4 species. This also denotes that Ti surface etching will be 

higher when using F2 etchant as compare to Cl2. In addition, the desorption energies of Ti2F6/Ti2Cl6 

species is larger than that of TiF4/TiCl4 cluster denoting that detaching Ti2F6/Ti2Cl6 molecule 

requires more activation energy. The removal of Ti2F6 molecule is increasingly expensive with an 

energy barrier of 72.35 eV whilst desorption energy of TiF4 is 58.61 eV. 

Table 6-1: The heats of formation (EHF), desorption energy (Edes) and equilibrium bond length of 

TixFy and TixCly clusters. 

Cluster 𝐄𝐇𝐅 (eV) 𝐄𝐝𝐞𝐬 (𝐞𝐕) Displacement (Å) Bond length (Å) 

TiF4 -30.69 58.61 2.973 2.062 

Ti2F6 -48.68 72.35 2.944 2.066 

TiCl4 -22.30 59.35 2.994 2.490 

Ti2Cl6 -37.02 69.14 3.005 2.467 
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Similarly, the desorption of TiCl4 cluster was found to be more favourable with a lower energy of 

59.35 eV than Ti2Cl6 species (69.14 eV). This clearly indicates that single molecules (TiF4/TiCl4) 

are easily detached than double-clusters (Ti2F6/Ti2Cl6). Therefore, this implies that the etching 

velocity on the Ti (100) surface depends on the single TiFx and TiClx clusters formed. The 

desorption energy of single and biomolecules denotes that the etching of Ti surfaces occurs when 

the smallest volatile molecule is formed. Therefore, the amount of material removed is etched per 

TiFx and TiClx formed.  

The desorption energy results prove that titanium halides (TiX4: X= F, Cl) molecule can desorb 

from the surface. Our findings proved that the desorption of TiFx molecule is less endothermic than 

TiClx species indicating that Ti surface etching will be higher for F2 reaction as compared to the Cl2. 

These results confirm that the stability of the etch products with two F-Ti-F bridging bonds are the 

most stable than Cl-Ti-Cl implying that TiFx dimers are the most desorbing molecules. The 

formation of TiF4/TiCl4 dimers and polymeric (Ti2F6/Ti2Cl6) products found in this study are in 

good agreement with the observation reported by Basher et al [267] on Ni/NiO surface etching by 

hexafluoro acetylacetone (hfach) using DFT with the B3LYP functional. 

6.3. Partial density of states  

To investigate the electronic interaction and formation of TixFy and TixCly the partial density of 

states (PDOS) were analysed. The PDOS plots present the number of orbital states per unit energy, 

where the F2 and Cl2 diatomic molecule interacting with Ti (100) surface. Figure 6-9 present the 

PDOS curves of free TiF4 structure, clean Ti (100) surface and TiF4 molecule formed on Ti (100) 

surface. Electronic peaks for free crystal TiF4 (Figure 6-9 top panel) consisting of s-, p- and d- with 

only p- orbital contributing more at the Fermi level (EF). We observed pronounced electronic peaks 

at around -3 eV that correspond to p- and d- orbital for F and Ti atoms. This also indicates the p-d 
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hybridisation for Ti-F interaction. In addition, the PDOS plots for clean surface (Figure 6-9 middle 

panel) showed the Ti d- band contributing more to the Fermi level (EF) and minimum contribution 

from both s- and p- orbitals. Slight changes were observed on PDOS plots for TiF4 formed molecule 

(Figure 6-9 bottom panel) as compared to the clean Ti surface. New electronic peaks emerged at 

approximately -9 eV, which correspond to the p- electrons from F atoms. Furthermore, we noticed 

a slight decrease in the magnitude of the electronic peak for the formed TiF4 formed molecule.    

Figure 6-10 presents the PDOS of free Ti2F6 crystal structure, clean Ti (100) surface and Ti2F6 

molecule formed on Ti (100) surface. PDOS curves for a free Ti2F6 crystal (Figure 6-10 top panel) 

consist mainly of s-, p- and d- orbital states with d- orbital state dominating more at the Fermi level 

(EF). It was noted that the Ti2F6 PDOS plots display an electronic peak around -9 eV corresponding 

to the p- orbital from the F atom, which is a similar observation in Figure 6-10 (top panel) for the 

TiF4 crystal structure. However, the PDOS peak for Ti2F6 free crystal molecule possesses a higher 

peak intensity than TiF4 plots.  Moreover, there is no significant difference between the form TiF4 

and Ti2F6 molecule, except for the higher magnitude of the electronic peaks.  
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Figure 6-9: Partial density of states for TiF4 crystal structure, clean Ti (100) surface 

and TiF4 molecule formed on Ti (100) surface.  
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Figure 6-10: Partial density of states for Ti2F6 crystal structure, clean Ti (100) surface 

and Ti2F6 molecule formed on Ti (100) surface. 
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PDOS for TiCl4 and Ti2Cl6 crystal structures, clean Ti (100) surface and TiCl4/Ti2Cl6 molecules 

formed on Ti (100) surface were also investigated, to analyse the electronic interaction between the 

Ti and Cl orbitals. The PDOS plots present the number of orbital per unit energy for Cl- ion 

interacting. Figure 6-11 shows the PDOS of TiCl4 crystal structure, clean Ti (100) surface and TiCl4 

molecule formed on Ti (100) surface. The PDOS curves for TiCl4 crystal structure (Figure 6-11 top 

panel) display the electronic peaks at approximately -13 eV corresponding to s- orbital from Cl- 

atom. In addition, we observed electronic peaks around -2 eV corresponding to p-d hybridisation 

between the p- and d- orbitals from Cl and Ti atoms. Electronic peaks for clean Ti (100) surface 

(Figure 6-11 middle panel) consist of 3s2 3p2 3d2 4s2 with d- electrons contributing highly of the 

Fermi level (EF). Moreover, there is a significant change in PDOS peaks for TiCl4 formed (Figure 

6-11 bottom panel) as compared to the clean surface. We observed the emerged electronic peaks 

around -19 eV and -5 eV corresponding to s- and sp- orbital states for the Cl atom. Moreover, it was 

seen that the Ti d- band decreases after the TiCl4 molecule formed on the surface as compared to 

the pure Ti (100) surface.  

Figure 6-12 present the PDOS plot for Ti2Cl6 crystal structure, clean Ti (100) surface and Ti2Cl6 

molecule formed on Ti (100) surface. The PDOS for free Ti2Cl6 crystal (Figure 6-11 top panel) 

present the electronic peaks at -19 eV and -5 eV corresponding to s- and p-d orbital states for Cl 

and Ti-Cl atoms, respectively. These electronic peak observations are similar to those appearing for 

the TiCl4 structure (Figure 6-11 top panel). However, Ti2Cl6 electron peaks have a high magnitude 

than TiCl4. The EF lies on the p- orbital on TiCl4 whereas on Ti2Cl6 structure lies on the –d orbital. 

In addition, the PDOS peaks of formed molecules (Figure 6-12 bottom panel) are slightly shifted 

downwards as compared with the electronic peak on a clean surface, which suggest that the total 

energy decrease after TiCl4 and Ti2Cl6 molecules were formed.  
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Figure 6-11: Partial density of states for TiCl4 crystal structure, clean Ti (100) surface 

and TiCl4 molecule formed on Ti (100) surface. 

 

 

 



   

154 

 

 

Figure 6-12: Partial density of states for Ti2Cl6 crystal structure, clean Ti (100) 

surface and Ti2Cl6 molecule formed on Ti (100) surface. 
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6.4. Charge density difference of desorption molecules  

The estimation of total charge distribution of the titanium halides molecules was integrated to 

understand the changes of the profile with respect to different titanium halides formed and the nature 

of bonding. Figure 6-13 displays a 2D plot of the charge density difference (Δρ(r)) for TiF4 and 

Ti2F6 molecules. The plots show the electrons excess region (red colour) around the F atoms and 

the electron depletion region at the surface (blue region). The Δρ(r) shape changes with increasing 

fluorine atoms where the large charge depletion is observed located below the F atoms (see Figure 

6-13 (a) as compared to Figure 6-13 (b)). The large negative charge ∆ρ(r) <0 between fluorine and 

titanium atoms occurs when the fluorine adsorption atoms are increased. This shows a mechanism 

of strong ionic interaction during halogen ion with titanium surface atom. 

Formation of TiClx molecules are analysed by means of a calculated charge density map. Figure 6-

14 presents the 2D charge density difference for TiCl4 and Ti2Cl6 molecules formed on Ti (100) 

surface. The top view plot reveals an accumulation charge in between the Cl atom with the 

neighbour's Ti atoms, indicating the formation of Ti-Cl bonds. Moreover, similar results were 

observed between Ti-F and Ti-Cl bonding, except that the electron density between Ti-F is larger. 

Comparing the isoline (iso-surfaces) between the TiF and TiCl, the high density of iso-surface (red-

blue region) is seen from TiF4 and Ti2F6 than on TiCl4 and Ti2Cl6 molecules. This indicates their 

stronger bonding between Ti-F than Ti-Cl. The approximated strength of such bonding interaction 

can be estimated from isoline density. The Ti-Cl interaction is weakened due to the reduced density 

of iso-surface, as such the smaller magnitude of charge excess and deficit regions. Electron density 

plots of TiFx showing the fluorine atom in TiFx spherical charge distribution implying ionic 

bonding.     
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                                    (a) 

 

 

                                           (b) 

Figure 6-13: Charge density difference for TiF4 and Ti2F6 molecules formed on Ti (100) 

surface. Iso-surface of -0.05 eV to + 0.05 eV. 
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                                    (a) 

 

 
                                         (b) 

Figure 6-14: Charge density difference for TiCl4 and Ti2Cl6 molecules formed on Ti 

(100) surface. Isosurface of range from -0.05 eV to +0.05 eV. 

Table 6-2 presents the atomic partial charges and population of formed volatile TiFx and TiClx 

molecules. Mulliken charge analysis shows that the Ti atoms are positively charged with a charge 

of 0.91-1.78 |e| while the F and Cl atoms have a charge of -1.76 |e| and -1.12 |e|, respectively. The 

charge of F atom adsorbed on the Ti surface is more negative than that of Cl atom. The more 

negative charge indicated that the Ti-F bond length is shorter than the Ti-Cl bond. It is also noted 

that the fluorine atom is highly negative charged which makes it highly polarization. Furthermore, 

the electronegativity of F (3.98) is greater than that of Cl (3.16) resulting in the fact that F atom 

obtains electrons from Ti easier than Cl atom when adsorbed on the Ti surface. In addition, the 

overlap population of Ti-F and Ti-Cl bonds are 0.26/0.29 and 0.45/0.50 on the TiF4/Ti2F6 and 
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TiCl4/Ti2Cl6 molecules. This indicates that the Ti-F bond is more ionic than that of Ti-Cl bond, 

which supports the charge density distribution analysis. 

Table 6-2: Mulliken charge of several titanium halide molecules (TiFx and TiClx) 

Molecule  Atoms Charge (|e|) population 

TiF4 Ti; F 1.78; -1.76 0.26 

Ti2F6 Ti;1F,2F 1.47;1.47;-1.02,-1.92 0.29, 0.15 

TiCl4 Ti; Cl 1.11;-1.12 0.45 

Ti2Cl6 Ti; 1Cl, 2Cl 0.91, 0.19;-0.52, -1.28 0.50, 0.26 

6.5. Summary  

This Chapter presented the adsorption of F2 and Cl2 diatomic molecules on Ti (100) surface at 

different coverage mainly from 1-3ML. The nature of surface changes, volatile molecule formation 

and desorption energy received considerable attention in this Chapter. Our findings showed that 

when F2 and Cl2 diatomic molecule are adsorbed on Ti (100) surface result in the formation of 

volatile TixFy and TixCly clusters on the Ti surface. Optimised structural results revealed that the 

obtained volatile molecules formed are TiF4, Ti2F6, TiCl4 and Ti2Cl6 with respect to coverage 

adsorption. We noted that the volatile molecules increase with increasing coverage adsorption of F2 

and Cl2 molecule. This suggests that a large amount of F/Cl corresponding to an average interaction 

of F/Ti and Cl/Ti forming a volatile species. In addition, to understand clearly the formation of this 

molecule, the heats of formation were calculated.  

It was found that all the TiFx and TiClx molecules possess negative heats of formation (EHF) 

suggesting that the formation of these molecules is energetically favourable. Moreover, it asserts 

that there is no kinetic energy involved in the formation of TiFx and TiClx species.  It was noted that 

the reaction of forming TiFx cluster is more preferential with lower EHF than the formation of TiClx 
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species. This means that fluorination is thermodynamically favourable on Ti surface because most 

metal fluorides are more stable than metal chloride. We also identified that the EHF of Ti2F6 and 

Ti2Cl6 cluster are more stable than single TiF4 and TiCl4 species. Interestingly, it was seen that all 

these formed molecules were pulled-up from the Ti surface. 

Furthermore, the Ti surface etching process can be described as the desorption mechanism taking 

place in the form of TixFy and TixCly at any coverage. Therefore, the desorption process occurs 

energetically from the minimal barrier thus the desorption energy was calculated for each species. 

Comparing the energetic barrier for all possible desorption, the desorption energy for all molecules 

was found to be positive which implies a non-spontaneous process. However, the calculated 

desorption energy shows that the TiFx molecule has a lower desorption barrier than TiClx. This 

implies that F can be the most stable reactant to form etch products as compare to Cl. This is 

consistent with the successful heat of formation for TiFx clusters.  

In addition, the dependence of the desorption energy present that a single molecule (TiF4/TiCl4) 

have minimal desorption energy than double (Ti2F6/Ti2Cl6) molecules. Pavlova et al reported 

similar observation analyses with Cl adsorption on cupper surface [119]. Etching mechanism via 

adatoms removal seems to be probable. This is reasonable that in the last step of fluorination and 

chlorination, the volatile TiF4 and TiCl4 molecules desorb. Therefore, both fluorination and 

chlorination reaction can be deployed for the titanium surface etching process. Moreover, the 

Mulliken charge analysis and electron density map show that the Ti-F is more ionic than the Ti-Cl 

interaction. This shows that charge transfer will be easy on Ti-F bonding which also causes stronger 

interaction than Ti-Cl.   
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Chapter 7  

Conclusion and Recommendations 

This chapter gives some prominent discoveries on the interaction of Ti surfaces with halogen 

molecules and ions. Some recommendations and future work are included, which may assist with 

further clarification and extending ideas on the etching mechanism. These encompass the titanium 

surfaces and fundamental studies of chemical interaction of halogen molecules/ions and Ti surfaces. 

7.1. Conclusion  

The present study has employed the first-principles approach to investigate the adsorption and 

etching of Ti surface with halogen molecules and ions. Two computational codes DMol3 and 

CASTEP codes as embedded in Materials Studio were used. The DMol3 code was utilised to 

simulate geometry optimisation of free halogen molecules while the CASTEP code was used for 

clean Ti surfaces and adsorbed surfaces calculations. The investigation of the etching process was 

described in three steps: (i) the interaction between the adsorbate-adsorbent, (ii) the formation of 

volatile molecules (etch products) on the surface and lastly, (iii) the desorption of the generated etch 

species on the surface. It was established that the selected etchant (HF, HC, HBr and HI) acids are 

potential to enhance the titanium surface.  

Chapter 4 focused on the electronic properties of free halogen molecules and clean Ti (100), and 

(110) surfaces mainly to explore their reactivity and surface stability. It was found that the HF 

molecule is the most reactive etchant with lower dissociation energy of -5.12 eV than HCl, HBr and 

HI are -3.61 eV, -3.19eV and -2.87 eV, respectively. The dissociation energy decrease 

HF<HCl<HBr<HI. This is consistent with the observation reported by Lazarou et al [226]. 
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Moreover, the electronegativity was highest for HF than other halogens indicating that HF is more 

reactive than HCl, HBr and HI molecules. The halogen molecules was found to follow the decrease 

stability order of HF> HCl> HBr> HI. Furthermore, we also found that Ti (110) surface is more 

stable with the lowest surface energy (0.141 eV/A2) as compared to Ti (100) surface (0.126 eV/A2). 

This is in agreement with the results reported by Hennig et al [237]. 

In Chapter 5, the adsorption of halogen molecules and ions on both Ti (100) and Ti (110) surfaces 

was studied to investigate the chemical interaction and their reactivity. This was determined by 

evaluating the adsorption energy, charge-electron transfer, charge density distribution and the work 

function. Three adsorption sites Top (T), Bridge (B) and Hollow (H) were examined and their 

reaction was spontaneous (Eads<0). It was found that the bridge and top sites are the most favourable 

for Ti (100) and (110) surfaces, respectively. The order of reactivity for Ti (100) was B>T>H while 

for Ti (110) surface is T>H>Br. This trend is similar for all halogens adsorption on both surfaces. 

More importantly, the adsorption of halogen molecules on Ti surfaces are energetically favourable. 

Their adsorption strength show a periodic decreasing order of 𝐸𝑎𝑑𝑠
𝐻𝐹  > 𝐸𝑎𝑑𝑠

𝐻𝐶𝑙> 𝐸𝑎𝑑𝑠
𝐻𝐵𝑟  >𝐸𝑎𝑑𝑠

𝐻𝐼 . This 

interaction stability is similar to that of halogen dissociation energy and electronegativity. This 

implies that the adsorption of HF on these surfaces is thermodynamically stable than HCl, HBr and 

HI molecules. A similar observation was reported by Zhu et al [169] on the Al2Pt surfaces. Similar 

observation was found when halogen ion is adsorbed on the surface. However, our results revealed 

that the adsorption of halogen ions is more preferential than that of halogen molecules. The F ion 

was found to be more reactive than Cl, Br and I ions resulting in the order F->Cl->Br->I-. It was 

evident that halogen ions cling to the Ti surface at different adsorption strength. Part of this work 

has been published [255]. 
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Moreover, the interaction of halogen ions with Ti metal surfaces was deduced with regards to 

electron charge density. We found that all halogen ions are electron acceptors while the Ti surface 

atom is an electron donor. The amount of charge transferred depended on the adsorption energy 

strength. In particular, it was found that the F ion accepts more electrons than other halogen ions. 

The amount of charge transfer varies in the decreasing order F>Cl>Br>I, which is consistent with 

the adsorption energy strength. This is consistent with Bader net charge strength observed by Zhu 

et al [169] on the Al2Pt surfaces. Furthermore, a directional bonding with a spherical shape was 

observed between halogen ion and surface atom. This suggests that the charge density distribution 

exhibit ionic bonding behaviour. Furthermore, it was also found that the adsorption of halogens 

induces the work function of Ti surfaces. The magnitude of the induced work function was observed 

to vary from halogen ionic in the order F>Cl>Br>I.  

In order to describe the dependence of the surface coverage of adsorbed molecule, Chapter 6 

presented the adsorption of F2 and Cl2 molecules at different coverage. We observed a substantial 

number of TixFy and TixCly species formed on the metal Ti surface. This suggested the formation of 

the etch products that is TiF4, Ti2F6, TiCl4 and Ti2Cl6. The stability of the formed etch species was 

determined by calculating the heats of formation, desorption energy, the density of states and 

Mulliken population analysis. Our findings showed that the formation of TixFy and TixCly clusters 

are energetically favourable (EHF<0), suggesting an exergonic process. In addition, we also found 

that the TixFy species are more stable with the lowest heats of formation than TixCly. It was also 

found that at high coverage, the formation of volatile TixFy is more favourable than the formation 

of TixCly species. Mulliken population analysis of Ti-F is lower (0.29) than that of Ti-Cl (0.50) 

interaction. This indicates that the interaction of Ti-F is stronger and more ionic than that of Ti-Cl.  
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Moreover, the formed Ti2F6 and Ti2Cl6 are more stable than TiF4 and TiCl4, respectively. This 

suggests that the volatile biomolecules (Ti2F6, Ti2Cl6) were found to be more energetically stable 

than single molecules (TiF4, TiCl4). Thus, suggest the manifestation and second step of the etching 

process. Kim et al reported similar observation [38]. Furthermore, to understand the fundamental 

aspects of the etching process, the desorption energy of the formed TixFy and TixCly species were 

calculated. It was found that all the etch products possess positive desorption energy which implied 

a non-spontaneous process. The desorption energy of the formed TixFy species was also found to be 

lower than TixCly indicating that TixFy species desorb easily. This demonstrated that F2 is suitable 

for Ti metal surface etching as compared to Cl2. Thus, both fluorination and chlorination reaction 

can be deployed for the metal etching process. 

In addition, the desorption energy of single TiF4 and TiCl4 is lower than the biomolecules Ti2F6 and 

Ti2Cl6 species. This suggests that the single etch product will desorb easier than the double etch 

species. The etching velocity depends on TiFx and TiClx clusters formed and desorbed. These 

findings are consistent with the work reported on the exposure of F2 molecule on metal Si (100) 

surface where the relative primary etching product such as SiF2 and SiF4 molecules were observed 

[266]. Therefore, this implies that F2 and Cl2 etchants can be used for titanium metal surface etching. 

Moreover, the F2 and Cl2 etchants can be used as reactive gaseous and ions for dry or reacting ion 

etching method as described in Table 2-1 (Chapter 2). This is also consistent with literature for 

reactive ion etching for metal oxide surface [12], atomic layer etching of Si (100) and Si (111) 

surface by Cl2 etchant [117] and Cu surface etching [119].  
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7.2. Recommendations  

As results of the present work done, the following subjects are suggested for future work.  

i. High adsorption coverage of halogen diatomic will be investigated using first-principle 

calculations.  

ii. The development of Ti/F and Ti/Cl interatomic potential will be done using force field 

optimiser to describe the reaction of Ti-F and Ti-Cl.  

iii. The temperature will be studied to investigate the etching mechanism at a different 

temperature, to measure the etch rate over the period.  

iv. Adsorption of halogen molecules will be investigated at the different metal surfaces 

(aluminium, silicon or metal oxide surfaces) to study the etching mechanism.  

v. An experimental study of halogen molecules adsorption at different coverage and etching 

will be studied in order to validate our predictions. Currently, HF molecule is used as a 

liquid etchant solution for metal surface etching, however, is more toxic and results in 

hydrogen embrittlement.  

vi. Therefore it is recommended that both F2 and Cl2 molecules could be used as a gaseous 

etchant that mostly applicable for surface dry etching.  
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