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Metal-dopants have been wildly considered as the effective strategy to improve the visible -light absorption in defective rutile 
TiO2. It’s necessary to understand the role of metal-substitution in TiO2 bulk on the visible-light absorption of titanium dioxide. 

Cu-substitutions have been addressed to illustrate the detailed relationship between their location and visible -light absorption 

by ab initio calculations. The effective of applied electric field on the structure of titanium dioxide has also been studied in 
detail. The results show that the visible-light absorption of titanium dioxide will be determined by both Cu-substitution and 

applied electric field.  
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1. Introduction 

 

In recent years, transparent conductive oxides (TCOs) 

have attracted great attentions due to their applicat ion in  

the transparent electrical contacts or electrodes in flat 

panel displays, touch screens, and thin film solar cells  

[1–3]. Both high electrical conductivity and high visib le 

light transparency determine the performance of 

transparent conductive oxides. Defect ive binary oxides, 

such as SnO2, ZnO, Nb2O5 and TiO2, have been proposed 

as transparent conductive oxides. Moreover, these metals, 

e.g., Ag, Cu, Au, Pt, and Al, are inserted in the 

TCO/metal/TCO structure acting as the transparent 

composite electrode [4–6]. In 1972, Honda and Fujishima 

discovered the electrolysis of water on the TiO2  electrodes 

[7]. Several previous studies had reported that the 

defective TiO2 with the oxygen vacancies exhib ited the 

n-type semiconductor characteristics. Those defects, such 

as oxygen vacancies, Ti interstitials and external 

substitutions, narrow the bandgap of TiO2 to improve the  

absorption of visible light [8–14]. Metal-ions substituting 

for Ti
4+

-ions, such as Pt and Cr, benefit the production of 

oxygen vacancies and so improve the visible light 

absorption [15]. Doping of the transition-metal-ions, such 

as Fe
3+

 and Cu
2+

, produces the electrons trapping center to 

inhibit electrons-holes recombination and also improve the 

visible light absorption [16–20]. To further clarify the 

atom-level mechanis m of the visible light absorption of 

TiO2 based transparent conductive oxides, this work would  

investigate the impact of the location of Cu substitutions 

and applied electric fields on optical properties in  

defective TiO2 by DFT calculation. 
 

2. Method 
 
One purpose of our work was to illustrate the effect of 

substitution on the visible light absorption of TiO2 bulk 

rather than on its surface, where the vacuum-layer (> 15Å) 
would be considered over the surface model. The effect of 

applied electric field on the visible light absorption of 

TiO2  bulk mainly  focused on [001] d irection, which meant  
that TiO2 bulk must be thick enough to acquire high  

computational accuracy. Accordingly, 1×1×6 supercells  

(a=b=4.594 Å, c=17.754 Å) were constructed based on the 
primitive cell (a=b=4.594 Å, c=2.959 Å), as shown in  Fig. 

1(a). The balls in gray, red, dark and pink indicated the 

Ti-ions, O-ions, oxygen vacancies, and Cu substitutions, 
respectively. We substituted three oxygen vacancies 

(marked by the black circles) for three oxygen ions on the 

same-side or different-sides around the central-Ti-ions 
(pointed by black-arrows) as shown in the process (1). The 

detailed values of applied electric fields along Z-d irection  

([001] direction) in  DMol
3
 package were (0, 0, 0.0025 a.u.) 

or (0, 0, 0.02 a.u.), that corresponded to 1.3 MV/cm or 

10.4 MV/cm, respectively. After the structures had been 

relaxed at 1.3 MV/cm, these structures with three oxygen  
vacancies were named “VOSA” and “VODF” , respectively. 

Then, Cu-ions substituted three oxygen vacancies as 

shown in the process (2). So, the structures with three 
Cu-substitutions on the same-side or different-sides were 

named “CuSA” or “CuDF” , respectively. Both two  

structures above were relaxed by electric fields of 1.3 
MV/cm or 10.4 MV/cm along Z-direction. 

The DMol
3
 package with  the spin-polarized  method 

was employed to expand the physical wave functions 
[21−24]. The geometries relaxation and the electronic 

properties (density of states and deformation electron  

density) were processed by PBE 
(Perdew−Burke−Ernzerhof) formulation in the generalized  



The impact of the location of Cu substitutions and electric field on visible light absorption …                   57 

 

 

gradient approximation [25]. The double-numeric quality  

basis set (DNP) of 3.5 was used to describe the exchange 
and correlation effects. High symmetry sampling points in 

the Brillouin zone were applied in the Monkhorst−Pack 

schemes with 3×3×1 k-point meshes [26]. A thermal 
smearing of 0.005 Ha (1 Ha = 27.2114 eV) and a global 

orbital cut-off of 5.2 Å were set to improve computational 

efficiency. The minimum tolerances of energy, gradient 
and displacement convergence for the geometric relaxation  

and energy calculation were set to 1× 10
−5

 Ha,                   

2×10
−3

 Ha/Å, and 5×10
−3

 Å, respectively. The absorption 

spectra were calculated by CASTEP package [27] with  
these sets of ultrasoft-pseudopotentials , the wave basis set 

with a cutoff energy of 400.0 eV, and the k-points of 

3×3×1 meshes. We further employed Virtual Nanolab  
program to calcu late the transmission coefficient with the 

DFT-PBE functional at 300K [28,29]. The cut-off of the 

grid mesh was set to 40 Ha The basis sets of double zetas 
and polarization orbitals (DZP) were performed in the 

transport simulations. 

 

Fig. 1 (a) Structure configuration of the defect-free TiO2 and the defective TiO2 with the Cu-substitutions on the 

same-side (CuSA) and on the different-sides (CuDF) around central-Ti-ions (marked by black-arrows);  

(b) Density of states and (c) deformation electron density at [110] facet of the defect-free TiO2. 

 

3. Results and discussions 

 

Fig. 1(b)-1(c) illustrate the partial density of states and 

the deformation electron density at [110] facet of 

defect-free TiO2, respectively. The Ti-ions and O-ions are 

indicated by the gray and red balls, respectively. The 

spectrum of deformat ion electron density is set to the 

blue-green-red from -0.05 to 0.05 electron/Å
3
. The 

electrons deficiencies are marked in blue, while the 

electrons enrichment in red. In Fig. 1(b), Fermi level (0 eV) 

locates above the valence band maximum. The conduction 

band and the valence band main ly originate from the 

contribution of Ti-3d and O-2p  orbital electrons, 

respectively. The band gap of perfect TiO2 (2.04 eV) is far 

lower than the experimental value of 3.0 eV. It is well 

recognized that DFT-PBE functional underestimates the 

bandgap of transition-metal oxides due to well-known 

self-interaction error. In Fig. 1(c), the electron enrichment  

in red locates round the O-ions, which  means that the 

O-ions obtain the electrons from the Ti-ions. 

Fig. 2 shows the partial density of states in VOSA (a) 

and VODF (b) under 1.3 MV/cm, CuSA under 1.3 MV/cm 

(c) and 10.4 MV/cm (d), CuDF under 1.3 MV/cm (e) and  

10.4 MV/cm (f). The black-dash lines indicate Fermi 

levels at 0 eV. The green-dash-dot lines, red-dash lines, 

blue-solid lines represent the p-states, d-states, and sum 

states, respectively. The black-dot lines indicate the 

contribution of Cu-3d states. In Figs. 2(a)-2(b), Fermi 

levels locate below the conduction band min imum. In  Figs. 

2(c)-2(f), due to the occurrence of the Cu-substitutions, 

one peak (peak 1) locates below the conduction band 

minimum and another one (peak 2) locates above the 

valence band maximum. The former mainly originates 

from the Ti-3d orbital electrons, while the latter from the 

Cu-3d orbital electrons. The Cu-substitutions loss 

electrons, while the lattice Ti
4+

 ions gain electrons to be 

reduced to Ti
3+

 ions. It implies more excited states that can 

improve the absorption of visible light to enhance the 

photocatalytic activities. The peak 2 in Fig. 2(c) locates at 

(-2.92 19.90), while in  Fig. 2(d) at  (-2.94 19.71); by  

contrast, the peak 2 in Fig. 2(e) locates at (-2.83 21.90), 

while in Fig. 2(f) at (-2.83 21.72). It means that the lower 

defect energy level in CuSA is lower than that in CuDF, 

which could easily excite the holes. The larger density of 

states in the defect energy levels below the conduction 

band minimum in Figs. 2(c)-2(d) can  excite more 

delocalized electrons. Thus, the electrons-holes 

recombination would be more severe in CuSA than that in 

CuDF. It leads to that a h igher absorption occurs in CuDF  

as shown in Fig. 4. Furthermore, the higher states of peak 

2 in Fig. 2(c) or Fig. 2(e) also show more excited holes 

bring more recombination of electrons-holes. So, the 

larger electric field lowers down the recombination. 
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Fig. 2. Partial density of states in VOSA (a) and VODF (b) under 1.3 MV/cm, CuSA under 1.3 MV/cm  

(c) and 10.4 MV/cm (d), CuDF under 1.3 MV/cm (e) and 10.4 MV/cm (f). 

 

Fig. 3 depicts the partial sectional view at [110] facet  

and the corresponding deformat ion electron density of 

VOSA under 1.3 MV/cm (a, b), CuSA under 1.3 MV/cm (c, 
d) and 10.4 MV/cm (e, f), VODF  under 1.3 MV/cm (g, h), 

CuDF under 1.3 MV/cm (i, j) and 10.4 MV/cm (k, l). The 

deformation electron density equals to the total density 
with the density of the isolated atoms subtracted. We set 

the spectrum of deformation electron density to the 

blue-green-red, which is from -0.05 to 0.05 electron/Å
3
 in 

first row and from -0.03 to 0.03 electron/Å
3
 in second row. 

The electron deficiency is marked in blue, and the electron  

enrichment in red. The addit ional Cu-Ti bonding around 
the Cu substitutions are found in Fig. 3(c) and Fig. 3(e). 

Blue-spheres liked  electrons deficiencies areas locate 

around the Cu-substitutions. Moreover, two large and one 
small irregular electron enrichments areas seat near these 

blue-spheres, as the white dash-circles and dot-circles 

shown in Fig. 3(d) and Fig. 3(f), respectively. In Fig. 3(i) 

and Fig. 3(k), the additional Cu-O bonds are found as 
shown by the white-arrows. Three blue-spheres liked  

electrons deficiencies areas locate around the 

Cu-substitutions. Three b locks of irregular electron  
enrichments seat near the three blue spheres in Figs. 3(j) 

and 3(l). Obviously, the more electrons-holes 

recombination leads to the less electrons enrichment as the 
white dot-circles shown in Fig. 3(d) and Fig. 3(f); while 

the larger electrons aggregations exist as the three 

white-circles shown Fig. 3(j) and Fig. 3(l). Accordingly, 
the larger dipoles around Cu-ions would result in the 

larger internal electric fields and weaken the 

recombination of electrons-holes. 

 
Fig. 3 Partial sectional view at [110] facet and the corresponding deformation electron density for VOSA under  

1.3 MV/cm (a, b), CuSA under 1.3 MV/cm (c, d) and 10.4 MV/cm (e, f), VODF under 1.3 MV/cm (g, h), CuDF  

under 1.3 MV/cm (i, j) and 10.4 MV/cm (k, l). 
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Fig. 4. (a) Visible light absorption spectra of the 

defect-free TiO2, VOSA and VODF, CuSA and CuDF 

under 1.3 MV/cm and 10.4 MV/cm; Transmission coefficients 

in  CuSA under  1.3 MV/cm (b) and 10.4 MV/cm (c), CuDF  

under 1.3 MV/cm (d) and 10.4 MV/cm (e). 

 

Fig. 4(a) shows the visible light absorption spectra of 

the defect-free TiO2, VOSA and VODF, CuSA and CuDF 

under 1.3 MV/cm and 10.4 MV/cm. In  Fig. 4(a), CuSA  

and CuDF exhib it relatively larger absorption than that in 

defect-free TiO2 at 490–800 nm. As a comparison, the 

visible light absorptions in CuDF are larger than those in 

CuSA. It originates from the fo rmation of the more d ipoles 

in CuDF as shown in Fig. 3. The relaxed structures under 

the higher electric field (10.4 MV/cm) lead to the higher 

absorption than those under the lower electric field  (1.3 

MV/cm). At 700–800 nm, the absorptions in VOSA and  

VODF under the h igher electric field (10.4 MV/cm) are  

larger than those in CuSA, while still s maller than those in 

CuDF. It illustrates that only the Cu-substitutions in the 

different-sides more efficiently improve the absorption of 

visible light. The t ransmission coefficient could also verify  

the above conclusions, as shown in Fig. 4(b–e). In Fig. 4(c) 

and Fig. 4(e), the transmission coefficients at -3 eV ~ -2.5 

eV are larger than those in Fig. 4(b) and Fig. 4(d). 

Moreover, the transmission coefficients at -1 eV ~ -0.5 eV 

in Fig. 4(d) and Fig. 4(e) are also larger than those in Fig. 

4(b) and Fig. 4(c). It illustrates the less recombination of 

electrons and holes and the more delocalized electrons in  

CuDF under higher electric field. 

 

 

4. Conclusions 

 

We have performed ab initio calculations to study the 

visible light absorption at different locations of the 

Cu-substitutions and the electric fields in the defective 

TiO2. It demonstrates that these Cu-substitutions on 

different sides around central Ti-ions strengthened visible 

light absorption rather than those on same sides  do. This is  

attributed to that the production of the more d ipoles 

between the Cu-ions and the O-ions in former structures 

weakens the recombination of electrons and holes , 

especially under higher electric fields . Th is also 

delocalizes the electrons which should be attracted by the 

adjacent O-ions. Consequently, the Cu-substitutions and 

applied electric field together determine the characteristics 

of the visible-light absorption of defective TiO2.   
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