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      In this study, a full-potential density functional theory was used to investigate the effects of Ti substitution by different cations. In both 
rutile and anatase, Ti atom was replaced by Ce, Au, Sn, Ag, Mo, Nb, Zr and Y. Phase stability, electronic structure and formation energy of 
oxygen vacancy were compared for rutile and anatase. The results indicated that substitution of Ce and Zr increases anatase stability 
through which photocatalytic activity is enhanced. It seems that the cationic capacity and size play a critical role in anatase to rutile phase 
transition, where with an equi- or higher valence than Ti, larger cations increase the stability of anatase phase. Oxygen vacancy 
concentration, as a second factor of photocatalytic activity, was also studied by calculating its stability due to the cationic substitution. The 
data revealed that Au, Ag, Y, Ce and Sn effectively reduce oxygen-vacancy formation energy. Of the studied cations, Au and Ag had 
maximum reduction in band gap, by creating defect states in the middle of the band gap resulting from the overlaps of d-orbitals of these 
elements and oxygen p-orbitals. Mo and Ce impurities did not have a significant effect on reducing gaps by creating defect states under the 
conduction band. Finally, Sn impurity also generated defect states in the middle of the gap merely with the lack of oxygen. 
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INTRODUCTION 
 
      Titanium dioxide (titania) has attracted a great deal of 
attention in different industrial fields such as renewable 
energy, self-cleaning, and pollutant removal due to its low 
price, amphoteric nature, and biocompatibility [1-8]. Owing 
to the energy levels of valence and conduction bands and 
their capacity, titania is introduced as a high-performance 
photocatalyst, capable of producing hydrogen out of water 
splitting process (solar hydrogen) and oxidizing different 
organic molecules in response to sunlight [9-14]. As with 
other semi-conductor photocatalysts, titania facilitates 
reactions from production of electron-hole pairs (e-h) 
through radiation beyond semiconductor energy gap.  
      Titania has two main phases, rutile phase which is stable  
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thermodynamically, and anatase phase which is pseudo-
stable and converted to rutile by increasing heat [15,16]. 
Previous studies have revealed that anatase is a better 
photocatalyst than rutile due to its indirect band gap (low e-
h recombination) and higher specific surface area [17-19]. 
However, its main deficiency is high band gap (3.2 eV) 
which covers only a small region of sunlight [20-22]. Two 
main approaches for this problem involve increasing O-
vacancy concentration and/or substituting Ti by other 
cations [23-35]. O-vacancy and Ti-substitution introduce 
band gap engineering by locating some new bands in the 
forbidden region of the band gap [36-40]. Both processes 
bring about the following effects: the band gap declines; 
charge separation and thus e-h recombination rate  medium 
gap state; the oxygen vacancies react in the reaction as 
active surface centers [41,42].  
      Experiments  have  shown  that  anatse  to  rutile  can be  



 

 

 

Esfandfard et al./Phys. Chem. Res., Vol. 6, No. 3, 547-563, September 2018. 

 548 

 
 
prevented through substitution of cations with a high charge 
density [43-47]. However, this is not a general rule, and a 
cation with a high charge density can enhance anatase to 
rutile phase transformation. Therefore, the details of 
mechanism of reducing or enhancing anatse to rutile phase 
transformation are open challenging questions [48]. 
      Generally, doping and oxygen vacancy both can affect 
the crystalline and electronic structures and in turn the 
system performance [49,50]. Two electrons leaving from O-
vacancy can occupy Ti levels whose energy reduction is 
associated with decreased conduction band energy. On the 
other hand, use of action in substitutional or interstitial form 
introduces a new band in the band gap region. 
      In this work, 4d cations with large cationic radius size 
including Y, Zr, Nb, Mo and Ag have been considered to 
study the effect of cation substitution and O-vacancy, 
simultaneously, on the anatse to rutile phase transition. 
Further, substitution of Au atom on which various 
experimental studies have been conducted was added to this 
list. Recently, a group of researchers have investigated 
anatase to rutile transformation experimentally, and 
examined its importance in the presence of Sn and Ce 
impurity. Thus, in this work, to confirm theoretical 
calculations with experimental data, these impurities were 
also considered. 
      The paper is organized as follows: in the next section, 
details of computation are discussed, then the results and 
analysis of geometry optimization calculations are presented 
along with relative energy of anatase and rutile, formation 
energy of oxygen vacancy defect and electronic structure 
(i.e. band structure, density of states (DOS) and partial DOS 
(pDOS)) for anatase and rutile pure structures and also for 
doped with cations, with and without oxygen vacancy 
defects. . 
 
CALCULATION DETAILS 
 
      ZORA approach has been considered to increase 
correctness of calculations. The criteria for convergence of 
energy, density and force were set to 5  10-6 eV, 5  10-5 
eV and 0.2 eV/Å, respectively [54]. 4  × 4  × 6 and 6  × 6 ×  2 
k-grids have been used to model the first brillouin zone for 
rutile and anatase unit cells, respectively. 2 × 2 ×  1 and 2  × 
2  × 2 supercells  for  anatase  and  rutile  have  been  used to  

 
 
study effect of doped cations (Fig. 1). Rutile and anatase 
supercells contain 48 atoms which are 12Ti + 36O. The 
concentration of cations is equal to 6.25% at. Also, in all 
calculations, O-vacancy concentration was set to be 3.125% 
at. (only one oxygen atom has been removed from the 
supercell). Then, concurrent with dopants and oxygen 
defect, by investigating all different states, we found the 
most stable site for developing oxygen defect in the anatase 
and rutile structures in the presence of impurity. Figure 2 
reveals the most stable form. 
      In this paper, we have studied the effect of O-vacancy 
and dopant on the model, simultaneously. To study the 
effects of O-vacancy and dopant, pDOS and band structure 
of all supercells have been calculated. For band structure, Γ 
(0.0 0.00.0) - X (0.0 0.5 0.5) - Γ - Z (0.5 0.5 -0.5) - N (0.0 
0.5 0.0) - P (0.25 0.25 0.25) - Z - X - P directions have been 
considered. k-gird for all DOS calculations was set to 12  × 
12 ×  27 and 27  × 27  × 12 for rutile and anatse, respectively. 
 
RESULTS AND DISCUSSION 
 
Unit Cell  
      Experimental cell parameters for rutile (r-TiO2) are a = 
4.594 Å and c = 2.959 Å and for anatase (a-TiO2), these 
parameters are  a = 3.784 Å, c = 9.514 Å [55]. Our pbe 
calculation results for rutile were a = 4.57 Å and c = 2.94 Å, 
and for anatase were a = 3.75 Å and c = 9.6 Å. After 
structural relaxation, electronic properties of anatase and 
rutile phase of titania were analyzed. Figure 3 illustrates 
DOS and band structure in which anatase and rutile phases 
had a band gap energy of 2.1 and 1.8 eV. These values are 
lower than the experimental values (3 and 3.2 eV for 
anatase and rutile, respectively) which are due to intrinsic 
limitation of DFT calculations. However, DFT calculations 
can precisely predict the relative energy gap which was the 
aim of this study as well. Also, pDOS calculation analysis 
indicated that for both anatase and rutile phases, oxygen p-
orbitals and titanium d-orbitals have a major contribution to 
the upper edge of the valence band and the lower edge of 
the conduction band, respectively (Fig. 4).  
      In this work, ΔE was defined as E(r-TiO2) - E(a-TiO2), 
representing the extent of phase stability in TiO2. Positive 
ΔE suggests that energetically, a-TiO2 is more desirable than 
r-TiO2.  DFT   calculations   indicated  that  a-TiO2  is  more  
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Fig. 1. The crystalline structure of the computational model of 2  × 2  × 2 and 2  × 2  × 1, 48-atom supercell for rutile (a)  
           and anatase (b), titanium atoms are represented by light grey circles, while oxygen atoms are demonstrated by  

               red circles. 
 
 
 

 
Fig. 2. The crystalline structure of the computational model of 2  × 2  × 2 and 2  × 2 ×  1, 48-atom supercell doped with  
            transition metal  impurity  along  with  oxygen vacancy for rutile (a) and  anatase (b). Titanium, impurity and  
           oxygen atoms are shown by light grey, blue and red circles, respectively.  The oxygen  vacancy  position  has  

                been represented by the yellow circle. 
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Fig 3. The total DOS and band structure of doped anatase and rutile TiO2 compare with Pure TiO2. Red solid line  
           represents of the Fermi level. The band gap  values  were determined from Γ point, where  the defect sates  

              inside the gap were ignored. 
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stable than r-TiO2 by 1.65 eV for the 48-atom supercell, 
which is in line with the previous theoretical findings [56]. 
However, it has been reported that such a small stability 
limit, given the crystal growth conditions and presence of 
impurities, makes a-TiO2 stabilization impossible, and thus 
phase transformation from a-TiO2 to r-TiO2 becomes 
irreversible [57]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Doped TiO2 
      Impurity (Im) atoms have been connected to six 
adjacent O atoms, forming a body-centered octahedral for 
Im1Ti15O32 systems. However, in Im1Ti15O31 systems, they 
are connected to five O atoms. The cell parameters of 
anatase and rutile supercells have been calculated for all 
doped TiO2. For pure TiO2, the constants of the supercell, a,  

 

Fig. 4. The total and partial DOS of doped rutile TiO2 compare with Pure TiO2. 
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and c are 7.564, and 9.564 Å in anatase, and 9.210, and 
5.920 Å in rutile, respectively. On the other hand, these 
values change in Im1Ti15O32 systems. As expected from the 
ionic radius, impurities can increase the cell volume in 
anatase and rutile phase. Table 1 indicates the parameters of 
pure and doped anatase and rutile cells.  
      To investigate the effect of impurities on relative 
stability of a-TiO2 on r-TiO2, the structural ground state 
energy of TiO2 doped with different impurities was 
calculated in both a-TiO2 and r-TiO2 systems [58]. Table 2 
compares the stability of anatase and rutile in response to 
cationic doping by Y, Zr, Nb, Mo, Ag, Sn, Au and Ce. 
Experimental studies [59] indicated that Ce dopant acts as 
an anatase phase stabilizer. Ionic radius of Ce3+ (1.14 Å) 
and Ce4+ (0.97 Å) was greater than the ionic radius of  Ti4+ 
(0.61 Å), so, locating Ce3+/ Ce4+ prefers bulk structures with 
more empty space between their atoms (prefers anatase vs. 
rutile). Therefore, it could be concluded that Ce as dopant 
should stabilize anatase more than rutile phase, and this is 
clearly found from relative stability of anatase vs. rutile data 
in Table 2. On the other hand, Sn4+ has more similar ionic 
radius (0.71 Å) and electronegativity (1.8) to Ti4+ and it is 
predicted that this cation has less relative stability of anatase 
vs. rutile. The data in Table 2 presents that relative stability 
of anatase vs. rutile for  Sn4+ is 1.57 eV, which is even less 
than that of  Ti4+. 
      Cations with an ionic radius larger than titanium prevent 
anatase to rutile phase transformation [60-64]. In this 
regard, substitution of Ce and Zr impurities instead of Ti 
enhances relative stability of anatase to rutile, and prevents 
anatase to rutile transformation, which can in turn lead to 
enhanced photocatalytic performance of titania. However, 
other impurities reduce relative stability of anatase to rutile 
and accelerate anatase to rutile transformation, causing 
diminished photocatalytic performance of titania. Among 
cations, Ce and Zr with 0.4 and 0.12 eV respectively have 
the greatest impact on enhancing anatase to rutile relative 
stability. Au, Ag and Mo cations prefer rutile and reduce 
relative stability of anatase to rutile with energy of 0.62, 
0.54 and 0.44 eV, respectively. Further, comparing the 
relative stability of phases in terms of atomic radius and 
ionic radius of impurities reveals that, as mentioned 
previously, atoms with nearly the same charge and larger 
than Ti are stable more in anatase compared to rutile phase.  

 
 
However, cations with low valence charges such as Au, Ag 
and Y, despite their large cationic radius destabilize the 
anatase phase.  
      Figure 3 displays the band structure and DOS of titania 
phases with different dopants. As the calculations revealed, 
Y, Nb and Mo significantly increased the gap in both phases 
in which Nb induced the highest growth among the dopants 
by 0.7 eV increase in anatase phase. Moreover, Ce and Au 
had the highest impact in reducing the gap of 0.07 eV in the 
anatase and Sn by 0.13 eV in the rutile phase. However, this 
impact is not large enough to cause a significant activity 
within the visible range. In addition, among the dopants, Au 
and Ag managed to create defect levels inside the gap which 
will result in photocatalytic activities in visible range. 
      The pDOS calculation analysis (Fig. 4) reveals that 
unlike the 3d elements that cause the defect states in the gap 
[65,66], in this study, with the exception of Ag and Mo, the 
energy of cations of 4d-orbitals is not large enough to 
appear inside the gap. Instead, they appear in the upper part 
of the conduction band. Like pure titanium of the edges of 
the conduction band and the valence band, they are 
composed of titanium d-orbitals and oxygen p-orbitals, 
respectively. By increasing the atomic number from Y to 
Mo during the row, 4d-orbital energy of the 4d elements 
moves towards lower energies, where d-levels of Mo appear 
below the conduction band. In the case of Y, the emergence 
of empty oxygen p-orbital levels above the valence band is 
due to a lower Y capacity than Ti (3+ and 4+, respectively), 
so it cannot provide enough electrons to fill the oxygen p-
orbitals. The pDOS calculation analysis indicated that the 
overlap of Au and Ag d-orbitals with oxygen p-orbitals 
causes defect states inside the gap. Also, the Ce empty f-
orbitals appear below and attached to the conduction band 
reducing the value of gap energy.  
 
Doped-TiO2 with O-vacancy  
      Oxygen vacancy causes expansion of pure and impure 
anatase and rutile structures. Previous studies have reported 
that a smaller dopant atom tends to pull in the surrounding 
O atoms, whereas a larger dopant atom tries to expel out 
coordinated O atoms [67]. 
      Table 3 provides the parameters of pure and doped 
anatase and rutile bulk along with oxygen defect. The 
results reveal that development of oxygen defect has a slight  



 

 

 

DFT Study on Oxygen-Vacancy Stability in Rutile/Anatase TiO2/Phys. Chem. Res., Vol. 6, No. 3, 547-563, September 2018. 

 553 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
effect on the cell parameters of anatase structures doped 
with dopants, whereas this effect in rutile structures is 
considerable. Among all these structures, only in rutile 
structures with Mo, and Ce, doping plus oxygen defect has 
caused relative contraction. This behavior can be associated 
to altered oxidation state of Ti and dopant atom located 
close to the oxygen defect. With reduction of the oxidation 
state, the ionic radius and thus the cell volume increase. 
This effect is more evident in the rutile structure, for which 
the  distance  between  atoms  is  smaller. The results of this  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
research revealed that both doped atoms and their oxygen 
vacancy influence the cell volume of doped TiO2 structure, 
such that these two effects cause increased percentage of 
cell volume enlargement for rutile compared to anatase 
[68,69]. 
      Finally, as an important factor in titania activity, we 
examined the oxygen vacancy formation energy in the 
studied structures. The oxygen vacancy formation energies 
in pure and doped anatase and rutile structures were 
calculated by the following relation: 

    Table 1. Supercell Volume of Pure and Doped Anatase and Rutile TiO2 
 

System (structure) Volume (anatase) 

(Å)3 

Volume (rutile) 

 (Å)3 

%Volume change in 

anatase phase 

%Volume change in 

rutile phase 

PureTiO2 5.75 5.25 0 0 

Y/TiO2 5.98 5.38 4 2.48 

Zr/TiO2 5.84 5.32 1.56 1.33 

Nb/TiO2 5.80 5.29 0.87 0.76 

Mo/TiO2 5.80 5.34 0.87 1.71 

Ag/TiO2 5.88 5.32 2.26 1.33 

Sn/TiO2 5.86 5.32 1.91 1.33 

Au/TiO2 5.88 5.33 2.26 1.52 

Ce/TiO2 5.99 5.40 2.43 2.86 
 
 
            Table 2. Comparing  Anatase  and  Rutile  Stability  in Response to Cationic Doping. Atomic and Ionic 
                           Radius are Presented Too 
 

Dopants Ti Y Zr Nb Mo Ag Sn Au Ce 

Relative anatase stability 

vs rutile (eV) 
1.65 1.59 1.77 1.65 1.21 1.11 1.57 1.03 2.03 

Atomic radius (Å) 1.45 1.81 1.60 1.43 1.36 1.44 1.41 1.44 1.14 

Ionic radius (Å)  0.68 0.93 0.79 0.70 0.62 1.26 0.71 1.37 0.97 

Capacity +4 +3 +4 +5 +6 +1 +4 +1 +4 
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      Ef = E(system with defect) - E (system without defect) + 
μ(O) 
 
where E (system without defect) and E (system with defect) 
are  the  total  energy  of  pure a-TiO2 and r-TiO2,  and those  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
with dopants for cases without and with oxygen vacancy, 
respectively. In comparative conditions, μ(O) oxygen 
chemical potential can be considered to be equal to half of 
the O2 ground state energy [70,71]. 
      Table 4 provides the oxygen vacancy  formation  energy  

   Table 3. Supercell Volume (in Å3) of Pure and Doped Anatase and Rutile TiO2 with Oxygen Deficiency  
 

System (structure) Supercell volume 

(anatase) 

Supercell volume 

(rutile) 

%Volume 

change (anatase) 

%Volume 

change (rutile) 

TiO2 With O-vacancy  5.77 5.49 0 0 

Y WithO-vacancy /TiO2 5.95 5.93 3.11 8.01 

Zr With O-vacancy /TiO2 5.86 5.72 1.55 4.19 

Nb With O-vacancy /TiO2 5.80 5.60 0.52 2.00 

Mo With O-vacancy /TiO2 5.79 5.47 0.35 -0.36 

Ag With O-vacancy /TiO2 5.89 5.71 2.08 4.01 

Sn With O-vacancy /TiO2 5.93 5.56 2.77 1.27 

Au With O-vacancy /TiO2 5.87 5.87 1.73 6.92 

Ce With O-vacancy /TiO2 6.00 5.47 2.60 -0.36 
 
 
                     Table 4. The Formation Energy (in eV) of Oxygen Vacancy  in Pure and Doped a-TiO2  
                                   and r-TiO2 Structures  
 

Dopant Anatase Rutile ΔE (eV) = E(a-TiO2) - E(r-TiO2) 

No Dopant 4.70 4.24 1.2025878 

Y 2.40 1.41 0.330620553 

Zr 4.99 4.24 1.02656511 

Nb 5.05 4.87 1.476200581 

Mo 4.62 4.81 1.399643616 

Ag 0.13 -0.14 0.838874187 

Sn 2.96 3.02 1.02618112 

Au 0.90 0.70 0.825207698 

Ce 4.93 2.576 -0.32066857 
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in pure and doped a-TiO2 and r-TiO2 structures. The results 
showed that the oxygen vacancy formation energy for a-
TiO2 and r-TiO2 is 4.70 and 4.25 eV, respectively, which is 
in agreement with the previous calculations [72].  
      The results also indicated that almost all dopants reduce 
the energy required for formation of oxygen vacancy, which 
in turn can cause their enhanced performance. Meanwhile, 
Ag within the titania  structure  minimizes  oxygen  vacancy  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
formation energy to -0.14 eV in rutile and 0.13 eV in 
anatase structure in comparison with other elements. Out of 
dopants, Y, Zr, Nb, Ag, Au, Ce, as with pure titania, enable 
development of defect in rutile phase with a lower energy 
compared to anatase. However, Sn and Mo cause 
accelerated development of defect in anatase compared to 
rutile (the lower defect formation energy in anatase in 
relation to rutile) which  can  enhance  their  performance in  

 

Fig. 5. The total and partial DOS of doped anatase TiO2 compare with Pure TiO2. 
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Fig. 6. The total DOS and band structure of doped anatase and rutile TiO2 compare with Pure TiO2 along with O- 
           vacancy defect. Red solid line represents of the Fermi level. The band gap values were determined from Γ  

              point, where the defect sates inside the gap were ignored. 
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photocatalytic processes. Moreover, Nb and Mo dopants 
along with oxygen defect prevent anatase to rutile 
transformation, where Nb and Mo cause increased relative 
stability of anatase to rutile by around 0.3 and 0.2 eV, 
respectively. The rest of elements  alongside  oxygen  defect  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
facilitate anatase to rutile transformation. XPS results 
confirm computations in this research, where formation of 
oxygen vacancy causes increased anatase to rutile phase 
transformation rate [73]. 
      The results predict that Ce and Zr dopants in  defect-free  

 
Fig. 7. The total and partial DOS of doped rutile TiO2 compare with Pure TiO2 along with O-vacancy defect. 
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Fig. 8. The total and partial DOS of doped anatase TiO2 compare with Pure TiO2 along with O-vacancy defect. 
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titania crystals cause enhanced photocatalytic activity by 
elevating the relative stability of anatase. Nevertheless, Sn, 
Ce, Y, Au and Ag lead to a significant reduction in oxygen 
vacancy formation energy, which is an important factor in 
enhancing photocatalytic activity. Therefore, two important 
influential parameters in titania photocatalytic, i.e., anatase 
to rutile phase transformation and development of oxygen 
vacancy, are highly dependent on synthesis conditions, 
which act in contrast to each other. This itself can be due to 
the incongruent experimental results in response to dopants 
in altering titania photocatalytic activity.  
      The analysis of electronic structures of doped and pure 
titania with oxygen vacancies showed that except for Ag, 
Au and Sn-doped titania, oxygen vacancy will create 
occupied defect levels below the conduction band as 
outlined in Fig. 5. This implies that the structures are n-type 
semiconductors. Among them, in both phases of Ag- and 
Sn-doped titania, the Fermi level was in the middle of gap. 
Similar to non-defected structures, Au and Ag created 
impurity levels in the middle of gap. As the last point, the 
oxygen vacancy significantly increased the gap.  
      The analysis of pDOS results (Fig. 6) shows that the 
titanium filled d-orbitals' proportion is below the conduction 
band due to the defect of O-vacancy, which results in n-type 
semiconductor. In the case of Au, Ag and Sn impurities, the 
overlapping of oxygen p-orbitals with Au and Ag d-orbitals 
and Sn s, p-orbitals causes defect states in the gap.  
 
CONCLUSIONS 
 
      Theoretical investigations based on density functional 
theory were performed using a full potential method on pure 
anatase and rutile structures (titania) and with Y, Zr, Nb, 
Mo, Ag, Sn, Au, Ce dopants, which replaced Ti atom in the 
structure. The results suggested that Ce and Zr, with 
crystalline structure without defect prevent anatase to rutile 
transformation, and cause enhanced titania photocatalytic 
activity. However, doping titania with other cations under 
conditions of crystalline structure without defect facilitates 
anatase to rutile transformation, causing diminished 
photocatalytic active phase of anatase in the general 
composition. Further, oxygen vacancy formation 
calculations were performed in pure and doped anatase and 
rutile.  It  was  found  that  presence  of  dopant significantly  

 
 
reduces the oxygen defect formation energy, among which 
Sn, Ce, Au, Ag and Y have the greatest impact in energy 
reduction. In addition, Sn and Mo caused accelerated defect 
development in anatase compared to rutile. The studies also 
revealed that for atoms with the same valence and larger 
than Ti, atomic radius are a very suitable parameter to 
predict anatase to rutile transformation rate and cations with 
low valence charges such as Au, Ag, and Y, despite their 
large cationic radius, destabilize the anatase phase. For all 
of the studied elements with a valence less than that of Ti, 
presence of dopant accelerates the transformation. The 
electronic structure of doped titania showed that none of the 
impurities can make a significant reduction in anatase and 
rutile phases. Moreover, Ag and Au can activate the 
photocatalytic properties in visible range by creating defect 
levels inside the gap. Presence of oxygen vacancies 
significantly increased the band gap energy for all the 
samples. In most of the cases, formation of occupied defect 
levels below the conduction band resulted in creation of n-
type semiconductor. 
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