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Defect Formalism 

For a defect (D) in charge state q the formation enthalpy, 𝛥𝐻𝑓(𝐷, 𝑞), can be defined as: 

𝛥𝐻𝑓(𝐷, 𝑞) = (𝐸𝐷,𝑞 −  𝐸𝐻) + ∑ 𝑛(𝐸𝑖 + 𝜇𝑖) + 𝑞(𝐸𝐹𝑒𝑟𝑚𝑖 + 𝜀𝑉𝐵𝑀
𝐻 + 𝛥𝐸𝑝𝑜𝑡) + 𝑞2𝐸𝑐𝑜𝑟𝑟

𝐼𝐶
𝑖 + 𝐸𝑐𝑜𝑟𝑟

𝐵𝐹          (1)        

 

ED,q and EH are the total energies of the defective supercell ( in charge state ‘q’) and the host 

supercell respectively.  A relation to the elemental chemical potentials is represented by 𝜇𝑖 

(where Ei is the elemental reference energy and ‘i’ refers to the species involved: Ti(s), O2(g), 

and Cu(s)).  n is either positive or negative dependent on whether the species is removed (+n) 

or added (-n) to the system. The Fermi level (Ef) ranges from the valence band maximum 

(VBM) to the conduction band minimum (CBM) in this work which is determined to be 

3.35eV above the VBM consistent with other ab-initio works.1-8  𝜀𝑉𝐵𝑀
𝐻  is the eigenvalue of 

the VBM of the host supercell and 𝛥𝐸𝑝𝑜𝑡 is a potential alignment term which is a correction 

applied to account for the difference between the potential of the defective and host supercells. 

Lastly two corrections must be applied to account for the finite size of the supercells: an 

image charge correction, 𝑞2𝐸𝑐𝑜𝑟𝑟
𝐼𝐶  ,and a band filling correction, 𝐸𝑐𝑜𝑟𝑟

𝐵𝐹  (for shallow defects). 

𝑞2𝐸𝑐𝑜𝑟𝑟
𝐼𝐶  is necessary due to the long-ranged nature of the Coulomb interaction9-10  and thus 

the interaction of the charged defect and its periodic images. The scheme used herein is based 

on a formalism created by Hine and Murphy11. The band filling correction created by Lany 

and Zunger12-13  accounts for the high defect concentrations giving rise to unphysical band 

gap renormalisation errors present in supercell calculations. 

Thermodynamic Limits 

To determine the formation enthalpies of each defect a chemical potential range is created 

representing the equilibrium growth conditions within the bounds of the formation of O2(g) and 

the secondary phase of Ti2O3 under Ti-poor/O-rich and Ti-rich/O-poor respectively. 

Therefore: we can define the chemical potentials under Ti-poor/O-rich to be: 

𝜇𝑇𝑖 + 2𝜇𝑂 =  𝛥𝐻𝑓
𝑇𝑖𝑂2 =  −9.14 eV                                                                                                        (2) 

Where under the formation of O2(g) gives the chemical potentials: 

 𝜇𝑂 = 0 eV and 𝜇𝑇𝑖 = −9.14 eV                                                                                                             (3) 

At the Ti-rich/O-poor boundary, the chemical potentials are limited by the formation of Ti2O3 

therefore: 



 S3 

2𝜇𝑇𝑖 + 3𝜇𝑂 =  𝛥𝐻𝑓
𝑇𝑖2𝑂3 =  −14.76 eV                                                                                                  (4) 

Then 

 𝜇𝑂 = −2.11eV and 𝜇𝑇𝑖 = −3.51 eV                                                                                                   (5) 

A further constraint is placed on the dopant species and is limited by the formation of CuO: 

𝜇𝐶𝑢 + 𝜇𝑂 =  𝛥𝐻𝑓
𝐶𝑢𝑂 =  −1.45 eV                                                                                                       (6) 

μCu is therefore -1.45 eV under Ti-poor/O-rich conditions and under Ti-rich/O-poor 

conditions μCu is limited by the formation of Cu-metal, therefore μCu = 0 eV. 

The thermodynamic transition levels are displayed in Figure 1 and display the change of a 

defect from charge state q to q´ at a specific Fermi energy and is calculated using the 

equation: 

𝜀(𝑞 𝑞′⁄ ) =  
𝛥𝐻𝑓(𝐷,𝑞)− 𝛥𝐻𝑓(𝐷,𝑞′)

𝑞′−𝑞
                                                                                                                 (7) 

These transition levels can be observed using techniques such as deep level transient 

spectroscopy, DLTS. 

Optical Absorption and Emission 

Optical absorption and emission energies can be evaluated for a given defect. These involve 

the excitation of an electron from a defect level to the conduction band miminum (Eabs) and 

then the subsequent recapture of an electron (Eem). Alternatively a similar analysis can be 

carried out on hole capture from the valence band.14-15 These processes can be matched 

experimentally through optical transmission and photoluminescence measurements, an 

approach that has been successfully applied to a range of defects and materials.14-18 The 

construction of a “configurational coordinate” diagram is typically carried out to depict these 

processes as shown in Figure 9. The underlying assumption in evaluating the optical 

transitions is that photoexcitation occurs on a much faster timescale to that of lattice 

relaxation, as per the Franck-Condon principle19-20. Therefore to calculate these optical 

processes the unrelaxed excited state (post-absorption) is calculated within the relaxed 

equilibrium geometry of the ground state, and vice versa for the emission process.16-17 The 

eventual lattice relaxation leads to a release in energy (Erel) via the emission of phonons. The 

difference between the equilibrium geometries of the ground and excited states corresponds to 

the zero-phonon line or the thermal transition level, ε(q/q’). The generalised coordinate was 

calculated by evaluating the mean displacement of atoms in the supercell above a suitable 



 S4 

threshold (>0.01 Å displacement) between the equilibrium configurations of the different 

charge states. 

 

Figure S1: Top down SEM images of the a) 0%, b) 2%, c) 5%, d) 10% and e) 20% Cu doped TiO2 as well as side-

on images of f) 0%, g) 2%, h) 5%, i) 10% and j) 20% Cu doped TiO2 films grown via AACVD from 

[Ti(OCH(CH3)2)4] and [Cu(NO3)2.3H2O]. The side-on SEM images also presented show the thickness of the films. 

 

Figure 1S shows the top down and side on scanning electron microscopy (SEM) images for 

TiO2 thin films of various Cu concentration. The pure TiO2 (Figure 1a), 2% and 5% doped 

TiO2:Cu films have very similar morphology consisting of densely packed particles ca. 150 

nm wide with no signs of pin holes, voids or cracks. All films were ca. 300 nm thick. At the 

higher doping levels (10% and 20%), large globular features are present.  
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