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cule are either above (in case of carboxylate) or below (in the cases of pyridine and 

1,2-diol) valence band maximum. In the case of complete molecules, which have the 

carboxylate as an anchoring group, HOMOs are above the VBM.  

The results and analysis of the study show the importance of the size of the molecule 

and the anchoring group. The smaller the dye molecule, the smaller the distances are 

inside the interacting system, and shorter distances to transfer the charge. In the case 

of complete molecules, which have the carboxylate as an anchoring group, HOMOs 

are above the VBM. In conclusion, the largest effect is caused by the anchoring group 

inside the interacting system. 
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vaikutuksesta, systeemeillä on elektrostaattinen siirtymä z-akselin suuntaan, joka joko 

nostaa (karboksylaattin tapauksessa) tai laskee (1,2-diolin ja pyridiinin tapauksessa) 

molekulaarisia energiatasoja. Koska peryleenimonoimidin johdannaisilla oli käytetty 

karboskylaattia ankkuriryhmänä, molekulaaristen orbitaalien energiatasot ovat 

valenssivyötä korkeammalla energialla. 

Tutkimuksen johtopäätöksiä ovat: väriainemolekyylin rakenteella (ankkuriryhmä) ja 

koolla on väliä puhuttaessa, miten niitä käytetään aurinkokennoissa. Lyhyet välimatkat 

varauksen siirrolle parantavat mahdollisuuksia spontaaniin reaktioon. Kuitenkin 

ankkuriryhmällä olisi suurin merkitys elektronikofiguraatioon.  
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In this chapter, various DSSC and CT reactions are discussed, starting with the three 

main components (the dye molecule, the SC, and the electrolyte). The most commonly 

used compounds are addressed, and insight is provided into the current state of devel-

opment. The second and last section addresses the background of the field by explain-

ing the CT reactions that occur for all combinations of dye molecule, SC, and electro-

lyte, with a focus on the desired properties of these reactions. In addition, the possible 

weaknesses of CT are investigated.  

 

2.1 Construction of the dye-sensitized solar cells 

Compared to 1G and 2G silicon solar cells, DSSCs have several advantages. The 

most visible differences are that DSSCs are more aesthetically please due to their 

many vivid colors and flexible construction (Figure 2.1), [14, 26] which allows DSSCs to 

be attached to different-shaped surfaces or even used as windows that turn radiation 

from sunlight into electric current. [18] DSSCs also utilize materials that are more readi-

ly recyclable and that cost less than most of the materials used in inorganic (1G and 

2G) silicon solar cells. [8] Additionally, during preparation, DSSCs are more thermally 

stable than other 3G solar cells such as those made of perovskite [26], and pn-DSSCs 

have a higher expected efficiency than do organic solar cells. 

There are three main parts of a DSSC: i) a layer of dye molecules that is grafted on ii) 

an inorganic SC surface that is, in turn, embedded in iii) an electrolyte. Fortunately, 

these materials are widely studied, both separately [27, 29, 34, 35, 38-43] and in inter-

2 Background 
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copper(II) oxide (CuO) [66]. Thus far, however, these materials have lower photocur-

rents than NiO, so it continues to be used.  

 

2.1.3 Electrolytes 

The electrolyte is the final important part of a DSSC. It regenerates the dye after a 

charge injection and carries the current to the corresponding electrode. The electrolyte 

consists of a redox couple (or redox shuttle or redox mediator), a solvent, and additives.  

First, the redox mediator is introduced. The most commonly used redox mediator is 

iodine/triiodine (I-/I3
-). [6] However, this material is not ideal for DSSCs because it is 

corrosive and volatile, absorbs photons, has a low generated current, and causes in-

herent energy loss. [6] As a result, alternatives to I-/I3
- have been considered. A few 

other possibilities are worth mentioning; cobalt (Co) (II/III), thiol/dithiol, and 

tris(acetylacetonato) iron(III/II) ([Fe(acac)3]
0/1-), which have been successfully used to 

gain efficiencies of 1.30%, 6.4%, and 2.51%, respectively. [67-70] However, these me-

diators have been used with p-DSSC but with not with pn-DSSC. Therefore, there is no 

data on how they will perform with n-DSSC or pn-DSSC. In conclusion, I-/I3
- is used 

because it is the only redox mediator that is known to work with both types. 

The second and least studied component of the electrolyte is the solvent, which plays 

an important role, as it provides the medium for the system. Hence, the solvent affects 

all the components that are dissolved into the system and should not be overlooked. A 

few examples of solvents are acetonitrile, esters, lactones, alcohols, and tetrahydrofu-

ran. A good solvent has low toxicity, low cost, low light absorbance in the near infrared 

and visible regions, high salt solubility (for the mediator and the additives), and both a 

low melting point and a high boiling point to avoid freezing and evaporation during out-

side use. [6]  

The last component, the electrolyte additives, are compounds, e.g., triazole [71] that 

can be used to improve performance; these have been mainly studied in n-DSSCs, and 

only a few studies have been found for p-DSSCs. [6] Still, the absence of additives in a 

p-DSSC is not an issue as long as any such additives enhance the performance of the 

n-DSSC without harming the p-type reactions.  
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In this chapter, the studied compounds are addressed in detail; their advantages and 

weaknesses are presented as well. These compounds include the derivatives of 4,4-

difluoro-4-bora-3a,4a-diaza-s-indacene or boron-dipyrromethene (BODIPY), TPA, and 

PMI and the SC surfaces of NiO and TiO2. In the last part of the chapter, the used 

models and their constructions are introduced. Also, the use of the models is justified. 

As the main focus of this study is to investigate the interacting dye and SC for p-DSSC, 

its components, namely NiO and derivatives of PMI and TPA, are discussed in greater 

detail in this chapter than BODIPY and TiO2. 

 

3.1 Systems 

3.1.1 Semiconductor materials: nickel oxide and titanium dioxide 

3.1.1.1 Nickel oxide 

As stated earlier, NiO is the most frequently used surface for p-DSSC because alterna-

tives have been found to make no significant difference in efficiency thus far. Its 

strength is that CARB forms a strong adsorption on the surface, and it is able to trans-

fer holes. It is also widely studied. For example, Shen and coworkers have published 

experimental information on the band structure of NiO. [76-78] They show that the VBM 

is constructed of oxygen 2p orbitals while the CBM is constructed of nickel 3d orbitals. 

[76-79] NiO is also theoretically studied with various methods. These previous theoreti-

cal studies show that methods based on Generalized Gradient Approximation, GGA, 

3 Systems and models 
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FIGURE 3.1 NiO surfaces. Above, the uncommon NiO(111) surface is shown, and below, 

the common NiO(100) surface is presented alongside the AF2 spin orientation. Red is oxy-

gen, green is nickel, light blue Ni presents the spin up, and the dark blue presents the spin 

down. For orientation, the blue arrow is the z-axis, the red arrow is the x-axis, and the 

green arrow is the y-axis. 

 

In addition, previous studies have shown that WF can vary from 4.7 eV to 6.3 eV for 

NiO surfaces. [81] This is due to the differences in measurements (ex situ versus in situ, 

respectively). In most cases, the experimental value is approximately 5.0 eV, as Irwin 

recorded a WF of 5.3 eV. [81] However, Greiner recorded a WF as large as 6.7 eV, [82] 

and Kuhlenbeck recorded a WF of 4.3 eV. [83] Therefore, the WF can vary widely de-

pending on the methods, which should consider when the theoretical values are com-

pared with experiments.  

As stated earlier, IP is important for the hole carriers, and it links the calculations and 

experiments together as it approximates the VBM with respect to vacuum level. [84] 

For NiO, Greiner has recorded an IP of 5.3 eV, [82] and Kuhlenbeck has recorded an 

IP of 6.0 eV. [83] As the values, both the WF and IP, show, NiO has a shallow VBM; 
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FIGURE 3.3 Examples of the anchoring groups. They are, from left to right, as follows: DI-

OL, CARB, and PYR. 

 

From the aforementioned anchoring groups, CARB is the most popular and frequently 

used due to its electron-withdrawing and UV-vis absorption properties with both n-type 

and p-type DSSCs. [90] Additionally, its electron transfer properties are well known. 

Not to mention, it is known to bind to NiO surfaces more strongly than to TiO2. [61] 

Therefore, it is widely used with NiO(100) surfaces. For these reasons, it has been 

chosen for this study. The second anchoring group chosen for the study is DIOL. This 

is because it is said to be a better anchoring group for p-type dye molecules. [92] Its 

strength lies in its HOMO level, which is physically located on the anchor group (near 

the surface). Secondly, LUMO or higher orbitals are further localized (away from the 

surface). [92] The third anchoring group, PYR, has been chosen because it is known to 

act as an electron acceptor when in contact with TiO2 surfaces. [36] It is intriguing to 

see, through calculations, if it can also be tuned with a NiO surface. 

 

3.1.3 Boron-dipyrromethene 

BODIPY is used as a dye molecule in n-DSSC (Figure 3.4). It shows strong photoac-

tivity, and it is used for fluorescent switches, [94] laser dyes, [95] dye molecules in 

DSSCs, [96] and chemosensors. [97] It is also highly tunable by synthesis and various 

chemical functionalities, [97, 98] such as vinylene groups.  
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= 3.794 Å, c0 = 9.518 Å. [105] 500 Å vacuum is used; hence, the real size of the cell is 

20.42×7.55×500.00 Å3. 

 

FIGURE 3.10 Ti48O96-nNn(101) (n = 0, 3, 5, 7, 9) anatase. The replaced oxygens are 

marked with blue circles. Titanium is white, nitrogen is blue, and oxygen is red. The colors 

for orientation are the same as in the previous figures: The blue arrow is the z-axis, the red 

arrow is the x-axis, and the green arrow is the y-axis. 

 

3.2.3 Combined systems: perylene monoimide and triphenylamine on 
nickel oxide 

The main motivation to study the combined systems is also the main motivation of the 

thesis: to understand the interactions when a dye molecule is in contact with the SC 

surface. This includes the changes in energy-level alignment, possible CT reactions, 

and interactions between the dye and the surface (chemisorption). In addition, it is 

worth noting that the systems are not studied at this level of theory (linear combination 

of atomic orbitals, LCAO, in periodic boundary conditions, PBCs). Most of the systems 

are studied experimentally or with software (that use PBCs) that utilizes plane waves. 

The complete description of the methods and the advantages of previous theoretical 

methods are addressed in the next chapter. 
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strongest electron transitions, which are chosen according to the following rules: i) the 

f-value (or, in other words, the intensity of the peak) of the transition is ~1.0 and ii) the 

sum of the contributing orbitals is equal to, or greater than, 90%. 

All of the models have been shown previous chapters on Figures 3.6 (the models) and 

3.4 (numbering of the BODIPY for methyl positions). In all cases, the units of thio-

phenes have increased from 0 to 5 units. The studied differences are i) the presence or 

absence of the vinylene group inside the acceptor, ii) various anchoring groups (CARB, 

DIOL, and PHOS), iii) the position of the methyl groups, and iv) the absence of a donor 

group (TPA). The motivation to study BODIPY is to find new alternatives for dye mole-

cules and to define the impact of structural changes on electron transitions.  

 

5.1.1 Vinylene group 

The BODIPY with the vinylene group (Figure 3.6a) was screened to study its properties 

as a dye molecule for n-DSSC. The anchoring group that was used is cyanoacrylic acid. 

It is expected to see that the energy levels, localization of orbitals, and transitions 

change when the chain length is increased. Figure 5.1 shows the energy levels of the 

frontier orbitals, which are also illustrated in Figure 5.2. The strongest excitations are 

presented in Table 5.1 
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FIGURE 5.2 Frontier orbitals of BODIPYs with the vinylene group. The chain length in-

creases from left to right and the number of oligothiophene units is shown above the mole-

cules. The orbitals are shown from up to down, LUMO+2, LUMO, and HOMO, and their 

respective orbital energies are shown below the molecule. 
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from HOMO to LUMO+2 with other molecules have f-value ~2.0 (around 410 nm), the 

peak of molecule 0 seen in Figure 5.3 is a sum of two strong transitions. A closer look 

reveals that both transitions of molecule with 0 thiophene units are similar by character, 

so the peak can be treated as one. However, a question arises: why two similar and 

strong transitions occur separately? One reason might be the methodology. It is known 

that B3LYP does not always give transitions accurately, thus, CAM-B3LYP is usually 

performed alongside for accurate transitions. Indeed, the study with CAM-B3LYP was 

performed and the results were being analyzed during the writing process. Therefore 

they are not presented within thesis, but they are expected to be published in near fu-

ture. 

To conclude the results of the vinylene group, the length of the chain eventually satu-

rates the energy levels of LUMO and LUMO+2. After three units of thiophene, the en-

ergy is said to be converged. Therefore, the chain length of 3 to 5 is enough for an op-

timal dye molecule because the change in energy of orbitals will be minimal with longer 

chains. Lastly, the expected properties are favorable because the electron is transfer-

ring toward the anchoring group.  

 

FIGURE 5.3 UV-Vis of the BODIPY with vinylene groups that include different chain lengths.  
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5.1.2 Anchoring group 

The effects of the anchoring groups were studied in the same manner as was applied 

within the previous case with the vinylene group. Later, in subchapter 5.4, the effects of 

the anchoring group when it comes into contact with the surface are investigated. 

Therefore, in this subchapter, the focus is to understand the impact of different anchor-

ing groups on the energy levels, localization of orbitals, and electron transition within 

molecule. The energy levels of the orbitals are presented in Figures 5.5 and 5.6, elec-

tron transitions are provided in Table 5.2, and the UV-Vis spectra is shown in Figure 

5.4. The models were previously shown in Figures 3.6d-f.  

 

 

FIGURE 5.4 Energy levels of different anchoring groups of BODIPYs. CARB is on the left, 

with two and five thiophene units. In the middle, DIOL with two and five thiophene units is 

shown. On the right, PHOS is shown with two and five thiophene units. The chain increases 

from left to right. 
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FIGURE 5.5 Frontier orbitals of different anchoring groups of BODIPYs. CARB is on the left 

with two and five thiophene units. The DIOL is in the middle, with two and five thiophene 

units. The PHOS is shown on the right, with two and five thiophene units. The chain in-

creases from left to right and the number of oligothiophene units is shown above the mole-

cules. Orbitals, from up to down, are LUMO+1, LUMO, and HOMO. The number below 

each dye molecule is the respective orbital energy. 
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FIGURE 5.6 The simulated UV-Vis spectra of BODIPY with CARB (above), DIOL (middle), 

and PHOS (below) with different chain lengths. The line is added to provide the ability to 

view the shift for the second-strongest transition between structures.  

 

Table 5.2 and Figure 5.6 present the electron transitions for different anchoring groups. 

It is noticed that they are similar to the previous case with the vinylene group. This 

means that two strong transitions are seen: the strongest transition is from HOMO to 

LUMO+1 (inside the donor moiety) and the second-strongest transition is from HOMO 

to LUMO (from donor to acceptor). The first transition that happens inside the donor 

moiety goes through a shift, from ~550 nm to ~460 nm. Since the transition happens 

inside the oligothiophene chain, which is the same in all three cases, no differences are 

observed. Conversely, the second strongest transition (from donor to acceptor), be-

tween 800 and 900 nm, has an observable shift between three anchoring groups. This 

is due to the nature of the transition as it happens from HOMO to LUMO, where LUMO 
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is partially localized on the anchoring group. As stated earlier, the anchoring group im-

pacts the localization of LUMO; hence, it is natural that it impacts the energy of the 

transition, too. Figure 5.6 shows that DIOL has a blue shift compared to the CARB and 

PHOS. The latter two are practically the same.  

In conclusion, the CARB and PHOS are good alternatives as an anchoring group for 

BODIPY. However, as stated earlier, PHOS has the least orbital localization on the 

anchor (and LUMO) and CARB has less than cyanoacrylic acid. For this reason, cy-

anoacrylic acid is the best option for BODIPY and PHOS is a good suggestion for the 

p-type dyes. 

 

5.1.3 Methyl group 

The third deviation is the presence of the methyl groups, and we have screened three 

possibilities. As in the previous cases, the energy levels (Figure 5.7), localization of 

orbitals (Figure 5.8), electron transition (Table 5.3), and UV-vis (Figure 5.9) are investi-

gated. It is expected to see a change that at least one of the previously mentioned 

properties for the BODIPY can be improved for the n-DSSC. The model of the structure 

was presented in Figure 3.6b and the numbering of the positions was shown in Figure 

3.4. 
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FIGURE 5.8 The methyl group in the 1,7 position in BODIPY with different lengths of thio-

phene rings. The chain increases from left to right and the number of oligothiophene units 

is shown above the molecules. Orbitals are from up to down, LUMO+2, LUMO, and HOMO, 

except for the case with 4 rings as the LUMO+3 presented. The number below the dye 

molecules is the corresponding orbital energy. 
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FIGURE 5.9 Simulated UV-Vis of the BODIPY with methyl groups and with different chain 

lengths. 

 

5.1.4 Without a donor group 

The last difference is in the absence of the donor group, TPA. Again, the energy levels 

are shown in Figure 5.10, the localization of orbitals is depicted in Figure 5.11, and UV-

vis spectrum in presented in Figure 5.12 alongside the electron transitions in the Table 

5.4. The model for the molecules was provided in Figure 3.6c. The anchoring group is 

cyanoacrylic acid. 

As in previous cases, except in the case of the methyl group, the energy levels are 

converged (Figure 5.10) as follows: -2.40 eV, -3.41 eV, and -5.09 eV for LUMO+2, 

LUMO, and HOMO, respectively. It is immediately noted that the energy of the HOMO 

level is converged lower in energy than in the previous cases. The low saturation ener-

gy of HOMO is explained due to the absence of the TPA unit. In previous cases, since 
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the HOMO is partially localized on the TPA unit, it remains fixed. In the present case, 

the localization of the HOMO orbital has changed; thus, its (saturation) energy has 

changed as well. However, LUMO+2 and LUMO have similar values of energy in com-

parison to the previous cases. The LUMO+2 and LUMO remain similar by the shape 

compared to the previous cases. 

 

 

FIGURE 5.10 The energy levels of BODIPY derivatives without the TPA moiety (donor). 

The chain increases from left to right and the number of thiophene units is shown above the 

molecules. The orbitals are arranged up to down, LUMO+2, LUMO, and HOMO. The num-

ber below the dye molecules is the energy of the orbital. For model 0, the LUMO+1 is 

shown instead of LUMO+2, as it is more likely that the electron is transported on LUMO+1 

than LUMO+2. 
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FIGURE 5.11 BODIPY derivatives without the TPA moiety (donor). The chain increases 

from left to right and the number of thiophene units is shown above the molecules. The 

orbitals are arranged up to down, LUMO+2, LUMO, and HOMO, except for molecule 0, as 

the LUMO+1 presented. The table 5.4 indicates that it has the strongest excitation, so it is 

shown instead of LUMO+2. The number below the dye molecules is the energy of the or-

bital. 
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According to Figures 5.13 and 5.14, the indirect band gap of the NiO bulk is 4.5 eV and 

that of surface slab model (Figure 3.9) is 4.0 eV. The DOS (Figures 5.13 and 5.14) 

demonstrates that the Ni atomic orbitals, which have the eg and t2g symmetry, are split 

so that the t2g orbitals are occupied and the eg orbitals lie in the conduction band. They 

show that the VBM is constructed of O 2p-orbitals, while the CBM is of Ni 3d-orbitals. 

When comparing Figures 5.13 and 5.14, there is little difference between the DOS of 

the bulk and surface: i) Both have a strong density of Ni 3d-orbitals at the CBM and ii) 

the VBM is constructed of 2p-orbitals of oxygen. The only significant difference is at the 

very edge of the valence band, where the surface has states localized on the oxygen 

(band structure, Figure 5.14). [1] 

 

 

FIGURE 5.13 Band structure (left) and DOS (right) of the NiO bulk.[1] 
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5.2.2 Titanium dioxide 

The second part of the SC surface study focuses on the nitrogen-doped TiO2(101) ana-

tase surface. It is investigated with various levels of nitrogen dopants, N=0, 3, 5, 7, 9, 

or 0%, 2%, 3%, 5%, and 6%, respectively (Figure 3.10). It is known that nitrogen is a 

substitutional impurity in oxygen sites (NO) and, therefore, increases the hole conduc-

tivity. During this part, there is motivation to determine how it affects the TiO2(101) sur-

face and whether or not it can be used as an electrode inside a p-DSSC when it is 

doped by nitrogen.  

The coordinates (Figure 3.10) that are used as a starting point for the geometry relaxa-

tions are provided by Adriano Panepinto [104]. In all cases, the VBM, CBM, band gap, 

and gap state positions with the pristine surface are compared. Then, the intensity of 

the possible gap state peaks were investigated and a Mulliken population analysis was 

performed to see the electronic rearrangement inside the surface. The intensity of the 

states is related to the height of one peak (marked in Figures, the reference in Figure 

5.15) on the CBM that is the same for all of the structures. It is fixed to the value of 1.00 

in every separate case. The possible gap state peaks are then normalized according to 

it. It is expected to see that the intensity and position of the gap states change between 

various levels of dopants.  
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FIGURE 5.15 Partial DOS of the undoped TiO2(101) surface. The red line shows the states 

of oxygen and the grey line indicates the states of titanium. The detail is from the VBM re-

gion and the dashed line shows the state/peak that will be normalized (the height is set to 

1.00) in later cases. 

 

The DOS for the undoped TiO2(101) surface is shown in Figure 5.15 and the structure 

of the model was previously presented in Figure 3.10. With regard to the energy level 

alignment, Figure 5.15 shows that the CBM is -3.75 eV and the VBM is -8.61 eV; hence, 

the band gap is 4.86 eV. The corresponding experimental values are -3.76 eV, -6.96 

eV, and 3.2 eV. [88, 118] CBM is in very good agreement, but the VBM is lower in en-

ergy; thus, the band gap is over estimated in comparison to the experiments. This 

overestimation is typical for hybrid functionals, yet it is unusual for GGA methods, for 

example. The more detailed information of the methodology was presented earlier in 

chapter 4.2. Now that the reference values are known for the energy levels, the do-

pants are introduced inside the structure. 
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FIGURE 5.16 Partial DOS of the undoped TiO2(101) surface. The red line shows the states 

of oxygen, the grey line indicates the states of titanium, and blue line portrays the states of 

nitrogen. The detail is from the VBM region and the dashed line shows the peak that will be 

normalized (the height is set to 1.00). In comparison, the state of the nitrogen has a height 

of 0.05. 

 

The first case is with the doping of 2%, Ti48O93N3 (Figure 3.10). As explained earlier, 

the replaced oxygens are chosen randomly and optimized. The replacement does not 

distort the lattice structure as the bond lengths of nitrogens in exact positions are un-

changed compared to oxygen. The same phenomenon is recorded for all of the cases, 

so it will not be discussed in later cases.  

The energy levels are investigated in comparison with the undoped surface. The CBM 

has the energy of -3.77 eV, the VBM -8.64 eV, and the band gap is 4.87 eV. When 

comparing the values in the previous case, it is noted that the values are at the same 

magnitude. Also, the electronic structure is very similar by shape as the DOS is almost 

unchanged (Figures 5.15 and 5.16). This is proven by the similar shape of the DOS 

and the investigation of the contribution of the atoms (VB is focused on oxygens and 
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FIGURE 5.17 The partial DOS of the undoped TiO2(101) surface. The red line shows the 

states of oxygen, the grey line indicates the states of titanium, and blue line represents the 

states of nitrogen. The detail is from the VBM region and the dashed line shows the peak 

that will be normalized (the height is set to 1.00). In comparison, the state of the nitrogen 

has a height of 0.15. 

 

In the second case, five (5) oxygens are replaced (Ti48O91N5) by nitrogen; that is, the 

surface has a doping rate of 3%. The structure was previously shown in Figure 3.10 

and the partial DOS is seen in Figure 5.17. In comparison with the pristine TiO2 surface, 

the partial DOS is, again, similar in terms of the shape and the construction of the 

states (CB is focused on the titanium and the VB on the oxygen). In addition, CBM has 

the value of -3.77 eV and VBM of -8.67 eV; hence, the band gap is 4.90 eV. It can be 

stated that, so far, the level of doping makes no difference for the electronic structure. 

The Mulliken population analysis shows results that are similar to those of the previous 

case: i) The nitrogens receive ~1.00 electron and ii) the surrounding titanium loses less 

electrons than the pristine surface. Due to the similar results that are found within the 

Mulliken population analysis, it will only presented in the following cases if it provides 

interesting information. 
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FIGURE 5.18 Partial DOS of undoped TiO2(101) surface. The red line shows the states of 

oxygen, the grey line indicates the states of titanium, and blue line shows the states of ni-

trogen. The detail is from the VBM region and the dashed line shows the peak that will be 

normalized (the height is set to 1.00). In comparison, the states of the nitrogen have 

heights of 0.13, 0.10, and 0.08, from left to right. 

 

In contrast, the energy levels have changed in comparison to the previous cases. The 

CBM is -3.71 eV, VBM is -8.56 eV, and the band gap is 4.85 eV. In this case, the ener-

gy levels have increased by approximately 0.1 eV. However, the band gap is un-

changed. The highest occupied state is -7.1 eV. Again, this is similar to the previous 

cases where the nitrogen states are occupied. Therefore, these states cannot conduct 

holes inside the surface. Even though the results are similar to the previous cases, it is 

still intriguing to note that the energy levels have increased. Because the only differ-

ence between the systems is in the amount of nitrogen (i.e., geometry), it is just as-

sumed that it is the cause of the changes in the structure. 

Finally, 9 oxygens were replaced by the nitrogens to create a doping level of 6%. The 

structure (Ti48O87N9) is presented in the Figure 3.10 and the DOS in Figure 5.19. It 

shows that the CBM is -3.69 eV and VBM is -8.66 eV; hence, the band gap is 4.97 eV. 


























































































