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ABSTRACT: Oxygen is a natural impurity in the Ta3N5 semiconductor photocatalyst and 

very difficult to be completely eliminated in different growth conditions. In this study, 

density functional theory calculations are performed to unravel the cause of natural 

existence of oxygen impurity in Ta3N5 from the perspectives of mechanical stability and 

atomic cohesion. The elastic properties calculations show that the oxygen impurity in Ta3N5 

is able to remedy the weakened mechanical stability induced by the nitrogen vacancy in 

Ta3N5. The atomic cohesion calculations show that the oxygen impurity in Ta3N5 enlarges 

the valence band width of Ta3N5, suggesting that the oxygen impurity is able to strengthen 

the atomic cohesion of Ta3N5. Based on our calculation results, we propose that the charge-

compensation-codoping is a promising strategy to improve the water splitting ability of 

Ta3N5 and simultaneously maintain the mechanical stability and enhanced atomic cohesion 

of Ta3N5. 
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1. Introduction 

Solar hydrogen production via photocatalytic or photoelectrochemical water splitting 

is a promising strategy to ease current energy shortage and environmental crisis, because it 

supplies an environmentally approach for splitting water into H2 and O2 under irradiation of 

solar light1-3. One key issue for realizing this application is to develop suitable 

semiconductor photocatalysts which can absorb more abundant visible light. Recently, 

tantalum nitride (Ta3N5) as one semiconductor photocatalyst has attracted great interest 

because of its excellent performance of water splitting in the visible light region4-6. Due to 

the smaller band gap (about 2.1 eV) and appropriate band edges positions, the theoretical 

maximum solar-to-hydrogen efficiency of Ta3N5 is as high as 15.9%7.  

For metal oxides and nitrides, the most common intrinsic defects are anion vacancies, 

which play critical roles in various applications. In Ta3N5, besides the nitrogen vacancy 

(VN), the other important defect is the oxygen impurity (ON). Note that, although the 

nominal constitutional elements of Ta3N5 are only composed of N and Ta, experiments 

reveal that the real synthesized Ta3N5 samples consist of considerable amounts of the ON 

impurities8, 9. One proper ON impurity source comes from the tantalum oxides (Ta2O5) 

because Ta3N5 is usually synthesized by heating Ta2O5 under environment of flowing 

ammonia gas. Moreover, it is very difficult to thoroughly eliminate the ON impurity in 

Ta3N5, even though the Ta3N5 samples are heated with higher temperature and longer time8, 

9. Therefore, the real Ta3N5 samples should be reasonably denoted as the O-doped Ta3N5. 

Theoretical calculations also revealed that formation energy of ON impurity was smaller 

than that of the VN defect in Ta3N5
10. In addition, we recently made a theoretical study of 

the pure Ta3N5 (100) surface and Ta3N5 (100) surfaces with ON impurity and VN defect11. 

Surface energies indicated that the order of surface stability of different surfaces was Ta3N5 
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(100) surface with ON impurity > pure Ta3N5 (100) surface > Ta3N5 (100) surface with VN 

defect, suggesting that the VN defect did not facilitate surface stability while the ON 

impurity was able to help stabilize the Ta3N5 (100) surface.  

Formation energy and surface energy results validate the rationality of the 

experimental observation of ON impurity in Ta3N5. However, both formation energy and 

surface energy are merely thermodynamic properties, which are insufficient to provide an 

in-depth understanding of the role of ON impurity in Ta3N5. In this study, density functional 

theory (DFT) calculations are performed to compare ON impurity and VN defect from the 

perspectives of mechanical stability and atomic cohesion, which correspond to the 

macroscopic and microscopic properties, respectively. To evaluate the effects of ON 

impurity and VN defect on the mechanical stability of Ta3N5, typical mechanical parameters 

such as elastic constants, bulk modulus and shear modulus are calculated. To evaluate the 

effects of ON impurity and VN defect on the atomic cohesion of Ta3N5, the valence band 

width (VBW) is calculated in this study. The VBW of a semiconductor is a useful property 

to measure the atomic cohesion of a semiconductor. More details of the correlation between 

atomic cohesion and VBW will be discussed in next section. By the comparisons between 

ON impurity and VN defect, we can unravel the cause of natural existence of ON impurity in 

Ta3N5. This study is expected to be useful to provide indications for further theoretical and 

experimental investigations of Ta3N5 semiconductor photocatalyst. 

 

2. Computational details 

In this study, mechanical stability and atomic cohesion are reflected by elastic 

constants and VBW, respectively. With the development of current DFT calculations, 

elastic constants are relatively easier calculated. The orthorhombic Ta3N5 (space group: 
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Cmcm) has nine independent elastic constants (c11, c22, c33, c44, c55, c66, c12, c13, c23), and its 

elastic constants are calculated using the method proposed by Ravindran12, et al. The bulk 

modulus (B) and shear modulus (G) are derived from the Voigt-Reuss-Hill 

approximation13. The Young’s modulus (E) is calculated from B and G. More details of the 

elastic constants calculations can be found in the support information.  

The calculation of VBW should be paid more attentions. Recently, Ramprasad14, et al. 

proposed that VBW of a semiconductor is a useful property to measure the atomic cohesive 

interaction between the respective atoms within the semiconductor. The bigger the VBW is, 

the greater the atomic cohesion is, and thus the larger the resistance to form defects in the 

semiconductor will be. Since the VBW is the measure of atomic cohesion of a 

semiconductor, the change of VBW induced by exterior influence can be adopted to 

evaluate whether such exterior influence is easily accommodated or not by the 

semiconductor. For example, in a doped semiconductor, if the introduction of one doped 

element enlarges (or reduces) the VBW of the semiconductor, the atomic cohesion of the 

element semiconductor is strengthened (or weakened), suggesting that this doped element is 

easily (or difficultly) formed in this semiconductor. In this study, we will compare the 

VBWs of Ta3N5 with ON impurity and VN defect to reveal effects of ON impurity and VN 

defect on the atomic cohesion of Ta3N5. 

In Ramprasad, et al.’s work14, the relationship between atomic cohesion and VBW is 

derived from the linear correlation of defect formation energies with VBWs. Typical 

semiconductors such as Si, Ge, ZnO and ZrO2 are used as parent materials to validate this 

relationship in their work. However, whether the atomic cohesion of Ta3N5 can also be 

measured by the VBW of Ta3N5 needs to be validated. Then, similar to the calculation 

scheme in Ramprasad, et al.’s work, we exploit the availability of the (α, ω) parameter 
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space of the Heyd-Scuseria-Ernzerhof (HSE15) “family” of the hybrid functional method. 

For the HSE, the exchange-correlation functional is built from a semilocal Perdew-Burke-

Ernzerhof (PBE16) functional. The parameter α represents the fraction of the semilocal PBE 

exchange interaction replaced by a screened nonlocal functional, and ω is the inverse 

screening length17. By variations of α and ω parameters, the VBWs and the defect 

formation energies of the pure and defective Ta3N5 can be modulated, respectively. We 

consider five specific functionals in the (α, ω) parameter space: PBE, PBE0, HSE, HSE>α 

and HSE>ω. The PBE and PBE0 refer to the (0.25, ∞) and (0.25, 0) hybrid functionals, 

respectively. The HSE refers to the (0.25, 0.2 Å-1) HSE06 functional17, while the HSE>α and 

HSE>ω correspond to (0.5, 0.2 Å-1) and (0.25, 0.4 Å-1), respectively.  

We construct a conventional Ta3N5 cell which contains 20N and 12Ta atoms [Fig. 

1(a)]. In Ta3N5, the Ta atom is coordinated with six neighboring N atoms, while N atoms 

are coordinated with three or four Ta atoms. Since both experiments9 and theoretical 

calculations11 have proved that the 3-coordinated N atom is easier substituted by the O 

atom, only the 3-coordinated N atom is removed and substituted by one O atom to build the 

Ta3N5 with VN (denoted as Ta3N5+VN) and O-doped Ta3N5 (denoted as Ta3N5+ON), 

respectively. The O doping concentration in this Ta3N5 cell is 5%, which is very close to the 

about 5% O doping concentration in experiments8, 9. The formation energy of the ON 

impurity in Ta3N5 in the neutral charge state is given by18: 

ON

t

N

t

N

f pureEOEOE µµ −+−= )()()(  (1) 

where )( N

t OE  and )( pureE t  are total energies of the cells with and without the ON 

impurity, respectively. Oµ  and Nµ  are the chemical potentials of O and N and simply using 

half the energy per O2 molecule and N2 molecule, respectively. The formation energy of the 
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VN defect in the neutral charge state is the same as that of ON impurity without the Oµ  term 

in Eq. (1).  

The VBW is defined by the energy separation of valence band maximum (VBM) and 

valence band minimum (VBm) in the valence band (EVBW=EVBM-EVBm). The VBM of a 

semiconductor is easily understood. The VBm of one semiconductor is a point at which the 

energy is the minimum in the whole valence band. To find the VBM and VBm of Ta3N5, 

some high symmetry k-points in the Brillouin zone of Ta3N5 are selected and shown in Fig. 

1(b). Based on this k-points path, the band structure of the pure conventional bulk Ta3N5 is 

calculated and shown in Fig. 1(c). As can be seen, the valence band of Ta3N5 is composed 

of 60 bands. The VBM at the Г point is not degenerate state while the VBm at the T point is 

four-fold degeneracy, leading to 15 degenerate states at the T point. Since the VBM and 

VBm of the pure Ta3N5 are locating at the Г and T high symmetry points, respectively, the 

VBW of Ta3N5 is calculated by the energy separation of the Γ and T points.  

Both elastic constants and VBW calculations are performed using the VASP19 with the 

projector augmented wave (PAW20) methodology. The Γ-centered 4×2×2 k-point meshes 

and a plane wave energy cutoff of 450 eV are used. Geometry optimizations are performed 

until the residual forces on each ion converged to be smaller than 0.01 eV/Å. Similar to the 

calculation scheme in Ramprasad, et al.’s work14, geometry optimizations for the VBW 

calculations are performed at the PBE level of theory, and the PBE optimized geometry is 

used in other hybrid functional calculations.  

 

3. Results and discussion 

3.1 Mechanical stability 
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The calculated elastic constants, bulk modulus B, shear modulus G, and Young’s 

modulus E of the pure Ta3N5, Ta3N5+VN and Ta3N5+ON under ambient pressure are listed 

in Table 1. Due to the lack of experimental elastic properties of Ta3N5, it is difficult to 

make a comparison between our calculated results and experimental results. Our elastic 

constants calculation method is the energy-strain method12. To ensure the reliability of this 

method, we calculate elastic constants of another tantalum nitride Ta2N3 which is also the 

orthorhombic crystal structure. Our calculated elastic constants of Ta2N3 (see Table S1 of 

the support information) are in good agreement with other theoretical results21. Moreover, 

our calculated B of Ta2N3 (327 GPa) is also in good agreement with the experimental 

value22 (319 GPa), suggesting that the energy-strain method for the elastic constants 

calculation is theoretically reliable. 

For the orthorhombic crystal structure to be mechanically stable, its elastic constants 

should satisfy the following stability criteria23: 

,0,0,0,0,0 5544332211 >>>>> ccccc  

                       ,0)(2,0 23131233221166 >+++++> ccccccc                    (2) 

.02,02,02 233322133311122211 >−+>−+>−+ ccccccccc  

As can be seen in Table 1, elastic constants of Ta3N5+VN and Ta3N5+ON satisfy above 

stability criteria, suggesting that the ON impurity and VN defect do not affect the mechanical 

stability of Ta3N5. However, detailed analysis of all elastic properties reveals that, elastic 

constants, B, G and E of Ta3N5+VN are smaller than that of the pure Ta3N5, suggesting that 

formation of VN defect in Ta3N5 weakens the mechanical stability of Ta3N5. When the ON 

impurity formed in Ta3N5, the elastic constants, B, G and E of Ta3N5+ON are larger than 
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that of Ta3N5+VN, and very close to that of the pure Ta3N5. This means that formation of 

ON impurity in Ta3N5 is able to remedy the weakened mechanical stability of Ta3N5+VN. 

Actually, the ON impurity has also been found in other tantalum nitrides such as 

Ta2N3
21 and Ta5N6

24, in which the ON impurity has also been proved to help make the 

structure mechanically stable by significantly increasing the shear modulus. In Ta2N3, the 

ON impurity is especially important because the orthorhombic structure of Ta2N3 is 

mechanically unstable without the ON impurity. It is not appropriate to state that all 

tantalum nitrides include the ON impurities, but above experiments, as well as our 

calculated results of Ta3N5, clearly reveal that the ON impurity plays a critical role in the 

structural stabilization of tantalum nitrides. Mechanical stability is a macroscopic property 

and usually correlated with the microscopic properties. In next section, we will further 

investigate the ON impurity and VN defect in Ta3N5 from the viewpoint of atomic cohesion. 

 

3.2 Atomic cohesion 

As we have discussed in the computational details section, in order to use VBW to 

evaluate the atomic cohesion of Ta3N5, we firstly need to validate whether the linear 

correlation of defect formation energies with VBW is also applied for Ta3N5. Fig. 2 shows 

the dependence of formation energies of the ON impurity and VN defect on the VBWs of the 

pure Ta3N5. It is seen that, for both the ON impurity and VN defect, the formation energies 

increase in the order: PBE, HSE>ω, HSE, PBE0 and HSE>α. This order may be ascribed to 

the fact that HSE with a finite ω is an interpolation between the PBE and PBE0. The 

increasing order of formation energies with the monotonic variation of ω value is also 

found in other theoretical work17. Moreover, the correlation of formation energies of the ON 

impurity and VN defect with VBWs are linear, suggesting that our calculated results of 
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Ta3N5 reproduce the findings in Ramprasad, et al.’s work14. In other words, the strength of 

atomic cohesion of Ta3N5 can also be measured by the VBW of Ta3N5. Then, by calculating 

the change of VBW when the ON impurity and VN defect formed in Ta3N5, we can evaluate 

the effects of ON impurity and VN defect on the atomic cohesion of Ta3N5. 

Fig. 3(a) shows the dependence of VBWs on different hybrid functionals for the pure 

Ta3N5, Ta3N5+ON and Ta3N5+VN. As can be seen, regardless of the hybrid functional, the 

VBWs of the Ta3N5+ON and Ta3N5+VN are bigger and smaller than that of the pure Ta3N5, 

respectively. According to above discussion, this means that the ON impurity and VN defect 

are able to strengthen and weaken the atomic cohesion of Ta3N5, respectively. This also 

provides a possible explanation for the role of ON impurity and VN defect on the mechanical 

stability of Ta3N5. We also calculate the cohesive energies of the pure Ta3N5, Ta3N5+ON 

and Ta3N5+VN to quantitatively evaluate the strength of atomic cohesion. The cohesive 

energy is defined as25: 

bulkiicohesive EEnE −=∑  (3) 

where bulkE  is the total energy of the pure Ta3N5 or defective Ta3N5, in  and iE  (i=N, O, Ta) 

are the number and energy of each constitutional atom, respectively. According to this 

definition, a more positive cohesive energy corresponds to a stronger atomic cohesion. The 

cohesive energies in Fig. 3(b) show that, for each exchange-correlation functional, the order 

of cohesive energies among Ta3N5, Ta3N5+VN and Ta3N5+ON is the same as that of the 

VBWs in Fig. 3(a), confirming that the ON impurity and VN defect are able to strengthen 

and weaken the atomic cohesion of Ta3N5, respectively. 

To aid the in-depth understanding of the discrepancies in VBWs among the pure 

Ta3N5, Ta3N5+ON and Ta3N5+VN, their detailed valence band structures are studied and 
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shown in Fig. 4(a) to 4(c), respectively. For the pure Ta3N5, the VBM at the Г point is not 

degenerate state while the VBm at the T point is four-fold degeneracy. When the ON 

impurity and VN defect formed in Ta3N5, the four-fold degeneracy at the T point is broken, 

inducing enlargement and reduction of the VBWs in Ta3N5+ON and Ta3N5+VN, 

respectively. We further calculate the charge density difference of the four lowest energy 

bands in the valence band between the pure Ta3N5 and Ta3N5+ON [Fig. 4(d)], and that 

between the pure Ta3N5 and Ta3N5+VN [Fig. 4(e)]. Compared with the VN defect which 

depletes charge from the Ta-N bond, the ON impurity induces charge accumulation along 

the Ta-O bond. Therefore, although both the ON impurity and VN defect are able to breach 

the four-fold degeneracy at the T point, the reinforced Ta-O bond strengthens the atomic 

cohesion of Ta3N5 and leads the atomic structure of Ta3N5+ON to a lower energy level. 

Above results clearly reveal that the ON impurity facilitates the mechanical stability 

and atomic cohesion of Ta3N5. However, our recent work reveals that the ON impurity 

should be as less as possible in Ta3N5 because the ON impurity saturates surface dangling 

bonds and thus lowering the water splitting ability of the Ta3N5 (100) surface11. To reveal 

the real effects of ON impurity doping on the water splitting ability of Ta3N5, the more 

accurate HSE calculations are carried out in this study. Firstly, we investigate the band gap 

calculated by different functionals. The band gap calculated by PBE, HSE>ω, HSE, PBE0 

and HSE>α are 1.25, 1.83, 2.21, 2.91 and 3.34 eV, respectively. It is seen that, due to the 

well-known band gap underestimation of the PBE functional, the band gap calculated by 

PBE is smaller than the experimental value of Ta3N5. For the hybrid functionals, the 2.21 

eV band gap calculated by HSE (also known as HSE0617, α=0.25, ω=0.2 Å-1) is in good 

agreement with the experimental value (about 2.1 eV). To our knowledge, the HSE 

functional has been successfully used in the band gap and defect states calculations for 
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many semiconductors. For example, with the HSE functional, the defect states positions 

induced by the oxygen vacancy in TiO2 can be correctly presented in the band gap26. 

Secondly, we calculate density of states (DOS) of Ta3N5, Ta3N5+VN and Ta3N5+ON to 

investigate the effects of ON impurity doping and VN defect doping on the electronic 

structures of Ta3N5. Since only HSE is able to reproduce the experimental band gap of 

Ta3N5, the DOS calculations are only based on the HSE functional. However, to make a 

comparison between the PBE and HSE functioanls, the DOS of Ta3N5, Ta3N5+VN and 

Ta3N5+ON at the PBE level are firstly calculated and shown in Fig. 5(a), 5(b) and 5(c) 

respectively. Note that, to correctly evaluate the relative band shift, the horizontal axes of 

Ta3N5+VN and Ta3N5+ON are aligned with that of pure Ta3N5 by the electrostatic potential 

calculations. It is seen that, there is an in-gap defect state in the band gap of Ta3N5+VN. 

This defect state is close to the conduction band minimum (CBM). Further analysis reveals 

that the VBM and CBM of Ta3N5+VN shift left compared with that of the pure Ta3N5. Such 

left shift of VBM and CBM is also found in the DOS of Ta3N5+ON. The DOS of Ta3N5, 

Ta3N5+VN and Ta3N5+ON calculated by HSE are shown in Fig. 5(d), 5(e) and 5(f) 

respectively. The horizontal axes of Ta3N5+VN and Ta3N5+ON are also aligned with that of 

pure Ta3N5 by the electrostatic potential calculations. It is seen that, in Ta3N5+VN, a defect 

state lies near the center of the band gap, confirming the results in Fig. 5(b) calculated at the 

PBE level. Since HSE is able to reproduce the experimental band gap of Ta3N5, the defect 

state position in Fig. 5(e) is more reliable. The left shift of VBM and CBM in Ta3N5+VN 

and Ta3N5+ON are also found in Fig. 5(e) and 5(f), reconfirming results calculate by the 

PBE functional. 

Since the CBM position of one semiconductor reflects its reduction ability to split 

water into H2, the left shift of CBM in Ta3N5+ON and Ta3N5+VN suggests that the ON 
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impurity and VN defect are possible sources of the poor H2 evolution of Ta3N5. Due to the 

large concentrations of ON impurities in Ta3N5
8, 9, the ON impurity plays a more important 

role in the photocatalytic water splitting of Ta3N5. However, enhancing the water splitting 

ability of Ta3N5 by eliminating ON impurity is not feasible because ON impurity facilitates 

the mechanical stability and atomic cohesion of Ta3N5. Considering that the ON impurity is 

one electron donor in Ta3N5, we propose that the charge-compensation-codoping is a 

promising strategy to improve the water splitting ability of Ta3N5 and simultaneously 

maintain the enhanced atomic cohesion induced by the ON impurity. Elements which are 

able to donate holes can be codoped with the ON impurity to make the charge compensation 

and thus weakening the effects of ON impurity on the water splitting ability of Ta3N5. The 

Cr-La codoped SrTiO3, in which Cr and La substitute for Ti and Sr, respectively, is exactly 

a successful example of such charge-compensation-codoping strategy27. 

 

4. Conclusion 

In summary, based on the hybrid-DFT calculations, we investigate the role of ON 

impurity on the mechanical stability and atomic cohesion of Ta3N5 semiconductor 

photocatalyst. The study of elastic properties of the pure Ta3N5, Ta3N5+VN and Ta3N5+ON 

reveal that, the VN defect weakens the mechanical stability of Ta3N5 while the ON impurity 

is able to remedy the weakened mechanical stability of Ta3N5+VN. Based on the 

relationship between atomic cohesion and valance band width of a semiconductor, we 

investigate the effects of ON impurity on the atomic cohesion of Ta3N5. We found that the 

introduction of ON impurity into Ta3N5 enlarges the valence band width of Ta3N5, 

suggesting that the ON impurity is able to strengthen the atomic cohesive interaction within 

Ta3N5. This study unravels the cause of natural existence of ON impurity in Ta3N5 from 
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macroscopic and microscopic perspectives and, more importantly, provides useful 

indications for further investigations of Ta3N5. 
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Table 1. Single-crystal elastic constants cij (GPa), polycrystalline bulk modulus B (GPa), 

shear modulus G (GPa), and Young’s modulus E (GPa) of the pure Ta3N5, Ta3N5+VN and 

Ta3N5+ON. 

Structures c11 c22 c33 c44 c55 c66 c12 c13 c23 B G E 

pure Ta3N5 377 399 396 114 124 58 216 171 128 244 98 260 

Ta3N5+VN 356 335 330 67 116 52 187 152 119 214 81 215 

Ta3N5+ON 388 384 395 99 118 58 215 167 132 242 94 251 
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Figure captions 

Fig. 1. (a) Unit cell of the conventional bulk Ta3N5. The yellow and grey balls are Ta and N 

atoms, respectively. (b) k-point path (solid red line) in the Brillouin zone (dashed blue line) 

of the conventional Ta3N5 unit cell structure for the band structure calculation. (c) Band 

structure of the conventional Ta3N5. The valence band maximum (VBM) and valence band 

minimum (VBm) are labeled. 

 

Fig. 2. Correlation between the defects formation energies (upper: Ta3N5+VN; lower: 

Ta3N5+ON) and the valence band width (VBW) of the pure Ta3N5 calculated by different 

hybrid functionals. 

 

Fig. 3. (a) and (b) are the valance band width and cohesive energy, respectively, of the pure 

Ta3N5, Ta3N5+VN and Ta3N5+ON calculated by different hybrid functionals. 

 

Fig. 4. Valence bands of the (a) pure Ta3N5, (b) Ta3N5+ON and (c) Ta3N5+VN. The VBMs 

are aligned for comparison purpose. The four valence bands with the lowest energy in each 

case are colored. The VBm at the T point in the pure Ta3N5 is four-fold degeneracy, leading 

to 15 degenerate states at the T point (T1 to T15). For the visualization purpose, only T1, T2, 

T3, T13, T14 and T15 are labeled. (d) and (e) are the charge density difference of the four 

valence bands with the lowest energy (colored) between the pure Ta3N5 and Ta3N5+ON, and 

that between the pure Ta3N5 and Ta3N5+VN, respectively. The yellow and green densities 

represent charge accumulation and depletion, respectively (isosurface level = 0.01 electron 

per Å3). 

 

Fig. 5. Calculated DOS of (a) Ta3N5, (b) Ta3N5+VN and (c) Ta3N5+ON at the PBE level. 

Calculated DOS of (d) Ta3N5, (e) Ta3N5+VN and (f) Ta3N5+ON at the HSE level. The 

vertical dash line in each case is the Fermi level. The horizontal axes of Ta3N5+VN and 

Ta3N5+ON are aligned with that of the pure Ta3N5 by the electrostatic potential calculations. 

In the DOS calculated at the PBE level (the same for the HSE level), two solid vertical red 

lines, which correspond to the VBM and CBM of the pure Ta3N5, respectively, go across (a), 

(b) and (c) for the comparison purpose. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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