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Ternary delafossite nitrides of the form ABN2 (for A = Cu, Ag, Au and B = V, Nb, Ta), which become 

dynamically stabilized at finite temperatures, exhibit mechanical, electronic, and optical properties 

making them suitable for application in solar energy conversion. 
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Abstract 

  

Delafossite structured ternary nitrides, ABN2, have been of recent experimental investigation for applications 

such as tandem solar and photoelectrochemical cells. We present a thorough first principles computational 

investigation of their stability, electronic structure, and optical properties. Nine compounds, where A = Cu, Ag, 

Au and B = Ta, Nb, V, were studied. For three of these compounds, CuTaN2, CuNbN2, and AgTaN2, our 

computations agree well with experimental results. Optimized lattice parameters, formation energies, and 

mechanical properties have been computed using the generalized gradient approximation (GGA). Phonon 

density of states computed at zero-temperature shows that all compounds are dynamically unstable at low 

temperatures. Including finite-temperature anharmonic effects stabilizes all compounds at 300 K, with the 

exception of AgVN2. Analysis of Crystal Orbital Hamiltonian Populations (COHP) provides insight into the 

bonding and antibonding characters of A-N and B-N pairs. Instability at low temperatures can be attributed to 

strong A-N antibonding character near the Fermi energy. B-N bonding is found to be crucial in maintaining 

stability of the structure. AgVN2 is the only compound to display significant B-N antibonding below the Fermi 

energy, as well as the strongest degree of A-N antibonding and nonbonding, both of which provide explanation 

for the sustained instability of this compound up to 900 K. Hybrid functional calculations of electronic and 

optical properties show that real static dielectric constants in the semiconductors are related to corresponding 

band gaps through the Moss relation. CuTaN2, CuNbN2, AgTaN2, AgNbN2, AgVN2, AuTaN2, and AuNbN2 

exhibit indirect electronic band gaps while CuVN2 and AuVN2 are metallic.  Imaginary parts of the dielectric 

function are characterized by d-d interband transitions in the semiconductors and d-d intraband transitions in the 

metals. Four compounds, CuTaN2, CuNbN2, AgTaN2, and AgNbN2, are predicted to exhibit large light 

absorption in the range of 1.0 to 1.7 eV, therefore making these materials good candidates for solar-energy 

conversion applications. Two compounds, AuTaN2 and AuNbN2, have band gaps and absorption onsets near the 

ideal range for obtaining high solar-cell conversion efficiency, suggesting that these compounds could become 

potential candidates as absorber materials in tandem solar cells or for band-gap engineering by alloying. 
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1 Introduction 

The pursuit of new materials, beyond silicon, in solar cell applications has given rise to research in 

many different material classes1,2. Material families including cadmium telluride3, copper indium 

diselenide4, perovskites5, organic materials6, and oxides7,8 have been most widely studied. However, 

nitrides have recently started to receive more interest. Numerous binary nitrides have been studied 

extensively, and have been found to display potentially advantageous mechanical9, electronic10,11, and 

optical properties12. In contrast, ternary nitrides remain relatively unexplored, with early findings 

indicating that they could also provide beneficial features13-15. One particularly interesting system of 

ternary nitrides is that which exhibits the delafossite structure. 

 Thus far, three delafossite nitrides have been synthesized experimentally. The first to be 

discovered was CuTaN2, the structure of which was reported in 199116. However, the properties of this 

compound were unknown until recently. In 2013, a study reported the energetic, electronic, and optical 

properties of CuTaN2
15. Both experimental and theoretical results indicated that the material exhibited a 

band gap of approximately 1.3 eV and a significantly large absorption in the range of 1.4 – 1.5 eV. The 

next delafossite nitride to be discovered was AgTaN2, which was first synthesized and studied in 

201117. A band gap of 1.65 eV and an absorption onset near 2.0 eV was reported. Lastly, CuNbN2 was 

discovered in 201314. The compound was found to have a band gap of 0.9 eV and an absorption onset 

of 1.3 eV. These results indicate that each of the delafossite nitride has high potential for application in 

solar cells. 

 Given the interesting properties of these nitrides, it would be beneficial to expand the number of 

available compounds for band gap tuning by doping or alloying in applications such as tandem solar 

cells or other related applications. Therefore, we have studied the structural, thermodynamic, energetic, 

elastic, electronic, and optical properties of nine ternary nitrides with an underlying delafossite 

geometry. The compounds in focus are of the form ABN2, where A represents group 11 transition 

metals (Cu, Ag, and Au), and B represents group 5 transition metals (V, Nb, and Ta). A elements were 

chosen based on their d10 configurations, which are expected to overlap with the 2p electrons of the N 

ions to form strong covalent bonds. B elements were chosen based on their relatively low 

electronegativity and likelihood to 

form strong ionic bonds with N. These two characteristics are crucial to maintain the delafossite 

structure18. We have implemented first principles methods to study the stability of these materials, as 
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well as their electronic and optical properties. By doing so, we have identified several delafossite 

nitrides which are promising for usage in solar cell applications. 

 

2 Computational Methods 

All density functional theory (DFT) calculations have been implemented using the Vienna Ab initio 

Simulation Package (VASP)19-22. We have utilized the Perdew-Burke-Ernzerhof (PBE) generalized 

gradient approximation exchange correlation functional and the projector augmented wave method23,24. 

A plane wave cutoff energy of 520 eV was used for the plane-wave basis set. The Ta_pv potential, in 

which semi-core p electrons are treated as valence states, was chosen for tantalum, while the Nb_sv and 

V_sv potentials, in which the semi-core s and p electrons are treated as valence states, were chosen for 

niobium and vanadium. The default potentials were used for copper, silver, gold, and nitrogen. All k-

point meshes consisted of 4000 k-points per reciprocal atom (KPPRA). A convergence criterion of 10-6 

eV/atom with a Gaussian smearing value of width 0.05 eV was chosen for the electronic 

minimizations. 

 Experimental structures were obtained from the literature for CuTaN2
16, CuNbN2

14, and 

AgTaN2
17. These were then geometrically optimized, allowing the unit cell shape, volume, and ionic 

positions to be relaxed until forces acting on each atom were less than or equal to 0.01 eV/Å. The 

remaining six compounds in this study (CuVN2, AgNbN2, AgVN2, AuTaN2, AuNbN2, and AuVN2) 

have not been experimentally synthesized, and thus no structural data was available. Therefore, we 

constructed a unit cell with dimensions and ionic positions equal to that of the known delafossite 

nitrides and used this as a starting point for the relaxations. Optimization was performed until 

convergence was obtained, in the same manner as previously described. 

 Once the relaxed structures were obtained, high-precision static calculations were performed in 

order to obtain an accurate final energy. These energies were then used to calculate the formation 

energy of each material. The formation energy can be defined as the difference between the energy of 

the compound and the energies of its constituents in their ground states. Accordingly, the following 

equation was used: 

∆Eform = [E(ABN2) - E(A) - E(B) - E(N2)]/4     (1) 

where A = (Cu, Ag, or Au) and B = (Ta, Nb, or V). Energies were also computed with respect to their 

respective ternary A-B-N convex hulls. All known stable binaries, taken from Materials Project25, were 

considered. 
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 To determine elastic constants, we have implemented density functional perturbation theory to 

compute the Hessian matrix for each compound26. This matrix contains the second derivatives of 

energy with respect to the atomic positions of the system. By analyzing these values, we obtained the 

elastic tensor of each compound. Since all materials in this study exhibit hexagonal geometry, the 

relevant values are C11, C12, C13, C33, C44, and C66
27. The elastic constants have been used to compute 

the Voigt averages of bulk (KV) and shear (GV) modulus, which are defined as the following28: 

KV = [2(C11 + C12) + 4C13 + C33]/9     (2) 

GV = [C11 + C12 + 2C33 - 4C13 + 12(C44 + C66)]/30    (3) 

These were then used to compute Pugh’s ratio (k = GV /KV) and Vickers hardness (Hv), as given by Tian 

et al.
29: 

Hv = 0.92k
1.137

G
0.708      (4) 

To investigate dynamical stability of these delafossite compounds, we have computed phonon 

dispersion curves using two distinct methods: (i) the quasiharmonic approximation (QHA)30 and (ii) the 

temperature dependent effective potential method (TDEP)31,32. QHA assumes anharmonic effects are 

insignificant and employs zero-temperature DFT methods to compute phonon frequencies. In this 

work, we calculated the Hessian matrix of each compound on a 4×4×2 supercell using density 

functional perturbation theory (DFPT)19-22. Utilizing these results along with the PHONOPY code33, 

quasiharmonic phonon frequencies were calculated. Although QHA works well for many classes of 

materials33,34, it fails when applied to compounds which are dynamically unstable at zero-

temperature30-32. Therefore, we have also implemented the recently-developed TDEP method, which is 

able to accurately describe finite-temperature lattice dynamics. This method accounts for anharmonic 

effects by constructing interatomic force-constant matrices using information obtained from molecular 

dynamics trajectories31,32. In this work, Born-Oppenheimer molecular dynamics were conducted on 

4×4×2 supercells of the conventional 12-atom unit cells using canonical NVT ensembles at a 

temperature of 300 K, controlled by a Nosé thermostat35. Simulations were performed for 8,000 time 

steps of 2 fs each. Using the results of these runs, interatomic forces and resulting phonon frequencies 

were calculated with the TDEP package 31,32. 

 The Heyd-Scuseria-Ernzerhof hybrid functional (HSE06)36 was employed to study electronic 

and optical properties. Hybrid functionals incorporate a portion of exact exchange from Hartree-Fock 

theory, mixed with exchange from standard DFT methods. For the HSE06 functional, 25% of the 

Hartree-Fock exact exchange is used, while the remaining 75% is from GGA. For all computations 

implementing hybrid functionals, a 24×24×6 k-point mesh was used to evaluate the GGA portion, 
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while the Hartree-Fock portion was evaluated on a smaller 8×8×2 grid. Using this method, on-site 

electronic densities were calculated, allowing us to plot the local density of states. We have also 

computed the complex dielectric function (ε1 + iε2)
37,38 as a function of photon energy (ħω) for each 

material. From these values, extinction coefficients κ(ω) and absorption coefficients α(ω) were 

calculated using the following equations39: 

α(ω) = 2ωκ(ω)/c where κ(ω) = [((ε1
2 + ε2

2)1/2 - ε1)/2]1/2   (5) 

 

3 Results and Discussion 

3.1 Structural, Mechanical, and Vibrational Properties 

There are two known types of delafossite structures: the 3R polytype and the 2H polytype. Previous 

experimental works show CuTaN2, CuNbN2, and AgTaN2 exhibit the 3R type structure, which has a 

space group symmetry of R3m
14,16,17. We find that after full geometric optimization, CuVN2, AgNbN2, 

AgVN2, AuTaN2, AuNbN2, and AuVN2 also maintain the 3R polytype. The general unit cell for a 3R 

type delafossite-structured ABN2 compound is displayed in Figure 1. The structure can be visualized as 

consisting of two layers: one which consists of BN6 octahedra, and one in which A atoms are linearly 

coordinated to the N atoms of the octahedra15. B-N octahedra are known to display significant angular 

distortions due to A-N interactions, as well as electrostatic repulsion between nearest B ions18. A atoms 

exhibit hexagonal bipyramidal coordination consisting of short A-N axial bonds and long A-A 

equatorial bonds. 

 Optimized lattice parameters are displayed in Table 1. The delafossite structure, being 

hexagonal, exhibits only two unique lattice constants: a and c. For the nitrides in this work, a ranges 

from about 2.92 Å to 3.16 Å, and c ranges from about 17.5 Å to 19.0 Å. Our calculated values match 

well with the experimental data which is available for CuTaN2
16, CuNbN2

14, and AgTaN2
17. Our results 

do show a very slight over-estimation of the cell size, which is consistent with previous theoretical 

findings for delafossites14,15,17 and many other material systems when using GGA40. The in-plane lattice 

constant a is shown to be directly related to ionic radius of the B ion41, with a being the smallest for B 

= V and the largest for B = Ta. In contrast, the out-of-plane lattice constant c is directly related to the 

atomic radius of the A atom, with c being largest for Ag and smallest for Cu. Au retains a smaller c than 

Ag due to the well-known Lanthanide contraction effect which occurs due to its filled f shells42. This 

effect is clearly visible in the A-N bond lengths. The average Ag-N bond length is 2.14 Å, much larger 

than the Au-N and Cu-N bond lengths of 2.06 Å and 1.85 Å respectively. We find that angular 
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distortion of the B-N octahedra also varies for each compound. The degree of distortion, which can be 

quantified by the standard deviation in bond angles, appears to be directly related to the size of the A 

and B atoms. These standard deviations are listed in Table S1 of the Supplementary Material. The data 

indicates that compounds containing Ag display the strongest degree of angular distortion, being related 

to the large radius of Ag. Internal atomic parameters are also listed in Table S2. 

 The calculated formation energies can be found in Table 2. Our findings indicate that all 

compounds provide an energetically favorable configuration as opposed to the constituent elements in 

their ground states, which agrees with previous reports for CuTaN2, CuNbN2, and AgTaN2
14,15. We find 

that the formation energy values range from -0.16 to -0.55 eV/atom, with CuTaN2 being the most 

energetically stable material. The results show that for ABN2, B = Ta causes the most energetically 

favorable compounds, whereas B = V results in the least energetically favorable compounds. Thus, 

increasing the number of filled electronic shells (moving down the column in the periodic table) in the 

B element leads to a more stable compound. Energies with respect to ternary convex hulls (shown in 

Figure S1 of the Supplementary Material) are also listed in Table 2. We find that all ABN2 compounds 

lie slightly above the hull by amounts ranging from 0.06 to 0.30 eV/atom, with AgVN2 being the least 

energetically favorable composition. This agrees with previous results for known delafossite nitrides15. 

Despite these compounds only being thermodynamically metastable, experimental findings have shown 

that the known delafossite nitrides (CuTaN2, CuNbN2, and AgTaN2) do not decompose at ambient 

conditions, indicating relative stability14-17. 

 Computed elastic properties are displayed in Table 3. We find Kv values in the range of 173 to 

215 GPa and Gv values in the range of 81 to 97 GPa. We find consistent trends in these properties 

depending on the given elements A and B within ABN2. B = Nb results in lower bulk and shear moduli, 

whereas B = V causes a high bulk and shear moduli. A = Ag leads to the lowest bulk and shear moduli, 

whereas A = Cu or Au both cause high bulk and shear moduli. These results coincide closely with the 

underlying structures, as volume appears to be inversely related to bulk moduli, consistent with 

previous findings43-48. Elastic constants can be analyzed to determine whether each compound is 

mechanically stable. Mouhat and Coudert describe the necessary and sufficient conditions for a 

compound with hexagonal geometry to be elastically stable26. We have checked our values with these 

conditions, and have found that all materials in this study meet the requirements for elastic stability. 

The mechanical properties here match closely with similar hexagonal-structured transition metal 

nitrides49,50. The data also indicates that C44 directly correlates with Kv which leads to a direct 

relationship of bulk and shear moduli. Hence, Pugh’s ratio remains relatively constant for all 
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compounds, exhibiting values from 0.43 to 0.48, implying ductile nature. Vickers hardness also 

remains relatively constant, ranging from 6.67 to 7.93 GPa. These values of hardness and ductility are 

similar to those of currently-used silicon films, indicating delafossites have suitable mechanical 

properties for solar cell applications51. 

 Phonon density of states, computed using both QHA and TDEP, are shown in Figure 2 and 

Figure S2 of the Supplementary Material. Interestingly, zero-temperature QHA calculations predict all 

compounds to contain negative (imaginary) phonon frequencies, indicating dynamical instability, 

similar to what has been reported for group 5 and 6 transition metal nitrides52. However, CuTaN2, 

CuNbN2, and AgTaN2 have each been synthesized experimentally and are stable in ambient 

conditions14-17. Therefore, we predict these compounds to be stabilized by finite-temperature 

anharmonic effects. This is a reasonable assumption, as previous experimental studies have shown 

delafossite-structured ternary oxides to display exceptionally strong anharmonic phonon-phonon 

coupling which leads to substantial shifts in phonon frequencies53-55. Since the mass of nitrogen is less 

than that of oxygen, it is even more likely that anharmonic contributions are significant, as lighter 

atoms have larger vibrational amplitudes. Our phonon density of states, computed by TDEP, confirm 

this prediction: All compounds, except for AgVN2, exhibit purely positive (real) phonon frequencies at 

300 K, indicating dynamical stability. Besides the disappearance of all imaginary states at imaginary 

frequencies, the features of the phonon densities remain very similar to those obtained using QHA at 

zero-temperature, which are characterized by relatively sharp peaks indicating high acoustic phonon 

densities below 8 THz and broader less-pronounced peaks around 12-18 THz due to optical phonon 

modes. For AgVN2, higher temperatures were investigated, and we find that this compound remains 

unstable up to at least 900 K.  

Radial distribution functions, which illustrate variation in bond lengths, are displayed in Figure 

S3 of the Supplementary Material. B-N bond lengths are shown to deviate substantially from their 

equilibrium values, indicating strong distortions of the octahedral complexes as thermal effects are 

increased. In contrast, A-N bonds remain much closer to their equilibrium lengths and therefore have 

smaller vibrational amplitudes, likely due to their large atomic masses.  To quantify these findings, full 

widths at half maximum (FWHM) values of A-N and B-N pair distributions are listed in Table S3. 

Compounds containing Ag display the largest FWHM values for the A-N distributions, while 

compounds containing V display the largest values for the B-N distributions. Hence, AgVN2 represents 

a clear maximum in the data, exhibiting large vibrational amplitudes for both Ag and V, likely 

reflecting the sustained dynamical instability of this compound at high temperatures. 
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3.2 Electronic Properties 

The electronic density of states for each compound is displayed in Figure S4 of the Supplementary 

Material. We find that for ABN2, the clear majority of A (Cu, Ag, and Au) states are occupied, i.e., lie 

below the Fermi energy. In contrast, the B (Ta, Nb, and V) states are mostly unoccupied, i.e., lie above 

the Fermi energy, which can be attributed to the strong ionic character of the B-N bonds. N states are 

found both above and below the Fermi energy, with a majority below. These features agree with 

previous findings14,15,17. 

 The electronic band gap and band structure of each material can be found in Table 4 and Figure 

S5 of the Supplementary Material respectively. Our values match very well with both experimental 

data and previously calculated values for CuTaN2, CuNbN2, and AgTaN2 as also listed in Table 414,15,17. 

We find that two of the compounds, CuVN2 and AuVN2, are predicted to be metallic. AgVN2, AuTaN2, 

and AuNbN2 are shown to be narrow-gap semiconductors, each with band gaps less than 0.7 eV. The 

remaining four compounds, CuTaN2, CuNbN2, AgTaN2, and AgNbN2, are found to have band gaps 

within the range of 1.0 to 1.7 eV. All band gaps are indirect (Z-L); however, the lowest conduction band 

at Z is only very slightly higher in energy than the indirect gap. According to Shockley and Queisser, 

solar energy conversion with greater than 30% efficiency is possible for semiconductors with band 

gaps of 0.8 - 1.7 eV56. Therefore, based solely on their electronic properties, CuTaN2, CuNbN2, 

AgTaN2, and AgNbN2 are potential candidates for solar cell applications. This conclusion agrees with 

previous reports for CuTaN2, CuNbN2, and AgTaN2
14,15,17, while AgNbN2 is a prediction from our 

work. 

 Further analysis of the electron densities shows strong hybridization of the N p states and the 

metal d states, indicating covalent bonding. Most hybridization occurs at lower energies, generally 

between -10 to -5 eV. Additionally, although a much greater number of A states are occupied, the B 

states display stronger hybridization with the N states throughout a wide range of energies, implying 

that B atoms play a crucial role in the chemical bonding. To provide greater insight into these 

observations, we have calculated the Crystal Orbital Hamiltonian Populations (COHP) using the 

LOBSTER package57-61, which will allow us to explicitly characterize the bonding and antibonding 

character of the electron densities. As we are only interested in the occupied bonding states, we have 

implemented standard GGA (without hybrid functionals), which is known to accurately describe 

ground state properties. COHP results are shown in Figure 3 and Figure S6 of the Supplementary 
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Material. For the majority of ABN2 compounds, we find that the A-N covalent interaction results in 

strong bonding states at lower energies (-10 to -3 eV) and relatively weaker antibonding states at higher 

energies (-3 to 0 eV). In contrast, the B-N interactions consist completely of bonding states at all 

energies below the Fermi energy for almost all compounds, therefore implying the importance of the B 

element in maintaining stability of structure. Above the Fermi energy, all states are antibonding. Our 

features agree with previously computed values for AgTaN2
17. The instability of these compounds at 0 

K, as shown by QHA results in Figures 2 and S1, can be attributed to the strong A-N antibonding 

character below the Fermi energy, which is compensated for by anharmonic phonon-phonon 

interactions at finite temperatures. Figure 3 reveals AgVN2 to be the only compound for which B-N 

displays significant antibonding character below the Fermi energy. It also displays the greatest degree 

of A-N antibonding and nonbonding. The nonbonding is signified by near-zero COHP in Figure 3 at -4 

eV where there is high electronic occupation in the density of states shown in Figure S4. These features 

provide explanation as to why AgVN2 is the only compound in this work to remain unstable at 300 K. 

The high nonbonding and antibonding character of AgVN2 may be further understood by 

evaluating the bonding of A and B centered polyhedra62. As discussed in section 3.1, B = V leads to the 

smallest in-plane lattice constant a and therefore the shortest A-A bond lengths. Considering the large 

radius of Ag, overlap of the A orbitals is strongest in AgVN2, which decreases splitting of σ1g, e2g, and 

e1g orbitals63. Additionally, A = Ag causes the greatest bond angle variance in the B-N octahedra, as 

shown in Table S1. Distortions affect the energy of octahedral bonding most when B = V, as its d 

orbitals are less diffuse than in the 4d and 5d elements. The small orbital splitting energy of V further 

decreases the ∆0 energy difference between the eg and t2g in the octahedra as compared to Nb and 

Ta64,65. As the total d orbital splitting energies in both Ag and V are lessened by these distortions, the 

nonbonding and antibonding orbitals become more energetically accessible. V also displays the highest 

electronegativity of the B elements, leading to increased localization of d electrons and enhanced 

occupation of nonbonding and antibonding orbitals66. The combination of all these effects is what 

causes the strong antibonding character that is displayed in the COHP, resulting in the sustained 

instability of AgVN2 at higher temperatures. Of the nine compounds in this work, AuVN2 exhibits 

structural properties most similar to AgVN2. However, the differences in bond lengths and angular 

distortions are still significant, as discussed in section 3.1 and displayed in Table S1. These differences 

are reflected in Figure S6, which shows that AuVN2 does not achieve nearly the same degree of 

antibonding as AgVN2, especially for the V-N bonds. 
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 To investigate thermal effects on bonding characteristics, we have sampled the most stable 

structure, CuTaN2, at three times (5 ps, 10 ps, and 15 ps) during molecular dynamics calculations at 

300 K and re-calculated COHP curves for each. Results are displayed in Figure S7 of the 

Supplementary Material. Although minor deviations from the results at 0 K do occur, the data indicates 

that the major bonding and antibonding features for both A-N and B-N pairs remain relatively constant, 

implying that our zero-temperature analysis remains unchanged at higher temperatures. Therefore, 

dynamical stabilization does not occur as a result of increased bonding character, but instead can be 

directly attributed to phonon-phonon interactions. 

 

3.3 Optical Properties 

The complex dielectric functions are displayed in Figure S8 of the Supplementary Material. Due to the 

hexagonal structure of the compounds, the optical properties are anisotropic. Therefore, we have 

plotted both ε1 and ε2 in their directional components. Compounds containing Ta and Nb are 

characterized by relatively low static dielectric constants (ε1 in the range of 5 to 15 at low energies), 

while compounds containing V exhibit much higher values (ε1 in the range of 20 to 40 at low energies). 

We find that the dielectric constants of all non-metallic compounds in this work are related to their 

corresponding electronic band gap energies through the Moss relation, which states that the refractive 

index of a semiconductor is related to its band gap as follows: n4 
Eg = 95 eV67. Since n = √�� for non-

magnetic materials, we can rearrange the equation to obtain εr = �95 �� 	
⁄ . In Figure 4, we have 

plotted our computed static dielectric constants vs electronic band gaps for all non-metallic compounds 

in this work, as well as the curve corresponding to the ideal Moss relation. We find that all 

semiconductors correlate very closely to the Moss relation. The imaginary portion of the dielectric 

function, ε2, remains zero-valued below the band gap for the semiconductors, and rises substantially at 

energies immediately above the gap. From Figure S4, we conclude that this rise in ε2 is mainly 

attributed to d-d interband transitions between the occupied A (Cu, Ag, Au) states and the unoccupied B 

(Ta, Nb, V) states. In the metallic compounds (CuVN2 and AuVN2), ε2 rises substantially at low 

energies, which is mainly attributed to intraband transitions within the d states of V near the Fermi 

energy. 

 To assist in determining which compounds have the highest potential for application in solar 

cells, we have calculated the frequency-dependent absorption, α(ω), of each compound, the results of 

which can be found in Figure S9 of the Supplementary Material. The major feature which we will focus 
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on is the absorption onset, which represents the energy at which the absorption begins to rise 

substantially. For this work, we define the absorption onset to be the point at which the absorption 

coefficient reaches 103 cm-1. The onset values are tabulated in Table 4. Our data matches well with both 

experimental data and previously calculated values for CuTaN2, CuNbN2, and AgTaN2
14,15,17. In order 

to be suitable for solar cells, a material should have a strong absorption onset in the range of 0.8 - 1.7 

eV, and this onset should occur at a slightly higher energy than the band gap of that material17. Thus, 

based on the optical properties, five compounds potentially meet this criterion: CuTaN2, CuNbN2, 

AgTaN2, AgNbN2, and AuNbN2. The absorption onsets of these five materials range from 0.88 – 1.75 

eV. 

 We have plotted the band gap versus absorption onset for each material in Figure 5, to assist in 

visualizing and analyzing both the electronic and optical properties. In a similar manner to that of A. 

Zakutayev et al.
14, we have highlighted the region which indicates the ideal optoelectronic properties 

for solar cell materials. Our findings show that four compounds fall within this region: CuTaN2, 

CuNbN2, AgTaN2, and AgNbN2. Therefore, these materials have the highest potential to be 

implemented in photovoltaics, and we suggest further experimental investigation would be beneficial in 

order to confirm this conclusion. We also find that AuTaN2 and AuNbN2 have properties which are near 

the ideal region, but each has a band gap and absorption onset which are slightly lower. However, these 

do have the possibility to be tuned by alloying with iso-electric substitutional atoms, which could make 

AuTaN2 and AuNbN2 solar cell material candidates as well. 

 

 

4 Conclusion 

In summary, we have investigated nine ternary nitrides of the form ABN2, all of which exhibit the 

delafossite structure. Each structure was geometrically optimized through standard ab initio techniques. 

Our computed lattice parameters match well with available experimental data for CuTaN2, CuNbN2, 

and AgTaN2. For the remaining six compounds, we have provided a prediction for the structures. The 

in-plane lattice constant (a) is shown to be directly related to the B radius, while the out-of-plane lattice 

constant (c) is directly related to the A radius. To study the stability of these materials, we have 

computed formation energies, elastic constants, and phonon density of states.  Formation energies and 

elastic moduli indicate all configurations to be energetically and mechanically stable. From analysis of 

phonon frequencies, we predict all compounds, except AgVN2, to be stabilized at finite temperatures. 
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 Hybrid functionals were implemented to study the electronic and optical properties of these 

delafossite nitrides. Electronic density of states display strong hybridization of the metal d electrons 

and the N p electrons, indicating strong covalent bonding, which is further supported by COHP 

analysis. Instabilities at 0 K can be attributed to significant A-N antibonding directly below the Fermi 

energy. In contrast, almost all compounds maintain substantial B-N bonding character throughout a 

wide range of occupied energies, thus signifying the importance of the B element in the stability of 

these compounds. The instability of AgVN2 at higher temperatures is shown to be linked to strong A-N 

and B-N antibonding, which is a result of polyhedral distortions and enhanced localization of V d 

electrons. Calculated electronic band gaps match well with experimental data where it is available. 

Dielectric functions have been analyzed and the features explained in terms of d-p interband transitions 

and d-d intraband transitions. The static dielectric constants and band gaps for the semiconductors 

agree very well with the Moss relation. Absorption onsets have been computed and the resulting data, 

along with the band gaps, indicate that CuTaN2, CuNbN2, AgTaN2, and AgNbN2 all have properties 

which make them suitable for application in solar energy conversion devices.  AuTaN2 and AuNbN2 

exhibit properties which, if tuned properly, could be useful as well. 
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Table 1: Structural parameters for the unit cell of each compound. Calculated lattice constants, a and c, 

and volume, V, are shown. For comparison, experimentally measured parameters are listed in 

parentheses. 

 

Compound a (Å) c (Å) c/a V (Å3) 

CuTaN2 3.156 
(3.136)a 

17.565 
(17.438)a 

5.565 
(5.561)a 

151.532 
(148.5)a 

CuNbN2 3.152 
(3.142)b 

17.518 
(17.385)b 

5.444 
(5.533)b 

150.740 
(148.67)b 

CuVN2 2.895 17.520 6.052 127.138 

AgTaN2 3.159 
(3.141)c 

18.999 
(18.81)c 

6.014 
(5.989)c 

164.147 
(160.7)c 

AgNbN2 3.154 18.946 6.007 163.252 

AgVN2 2.917 18.932 6.490 139.527 

AuTaN2 3.164 18.806 5.944 163.041 

AuNbN2 3.161 18.746 5.930 162.228 

AuVN2 2.921 18.768 6.394 138.663 
 

aRef. [15] 

bRef. [14] 

cRef. [17] 
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Table 2: Formation energy with respect to constituents in their elemental ground states and energy with 

respect to the ternary A-B-N convex hull of each compound, computed through implementation of 

standard GGA. 
 

Compound Formation Energy (eV/atom) Energy Above Hull (eV/atom) 

CuTaN2 -0.55 0.06 

CuNbN2 -0.46 0.13 

CuVN2 -0.29 0.29 

AgTaN2 -0.47 0.09 

AgNbN2 -0.37 0.15 

AgVN2 -0.16 0.30 

AuTaN2 -0.45 0.25 

AuNbN2 -0.36 0.27 

AuVN2 -0.20 0.18 
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Table 3: Elastic constants (Cxy), bulk modulus (Kv), shear modulus (Gv), and Vickers hardness (Hv) for 

each compound, in units of GPa., and also Pugh’s ratio (k). All materials exhibit hexagonal geometry, 

and therefore six components of the elastic tensor are relevant: C11, C12, C13, C33, C44, and C66.
 

Compound C11 C12 C13 C33 C44 C66 KV GV k HV 

CuTaN2 355 91 123 470 17 132 206 89 0.43 7.00 

CuNbN2 340 87 119 464 16 126 199 86 0.43 6.87 

CuVN2 333 88 122 565 22 123 210 93 0.44 7.49 

AgTaN2 340 85 93 382 16 127 178 85 0.47 7.70 

AgNbN2 325 83 91 378 15 121 173 81 0.47 7.31 

AgVN2 329 92 91 413 24 119 180 87 0.47 7.93 

AuTaN2 349 84 128 474 31 132 206 94 0.48 7.85 

AuNbN2 321 93 127 466 29 114 200 85 0.43 6.67 

AuVN2 328 116 127 541 51 106 215 97 0.45 7.84 
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Table 4: Computed electronic band gap and absorption onset energies, defined as the point at which the 

absorption coefficient reaches 103 cm-1, are shown. All band gaps are indirect. For comparison, 

experimentally measured values are listed in parentheses. 

Compound Band Gap (eV) Absorption Onset (eV) 

CuTaN2 1.38 (1.3)a 1.48 (1.4)a 

CuNbN2 1.05 1.25 (1.3)c 

CuVN2 0.00 0.20 

AgTaN2 1.62 (1.65)b 1.75 (2.0)b 

AgNbN2 1.48 1.53 

AgVN2 0.28 0.44 

AuTaN2 0.69 0.88 

AuNbN2 0.57 0.65 

AuVN2 0.00 0.20 

 

aRef. [15] 

bRef. [17] 

cRef. [14] 
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Figure 1: The delafossite structured unit cell, of the form ABN2. The large dark blue spheres represent 

A atoms, the large tan spheres represent B atoms, and the small light blue spheres represent N atoms. 

This visualization was obtained through use of VESTA69. 
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Figure 2: Phonon density of states for CuTaN2 and AgVN2, calculated using two unique methods: (i) 

QHA at 0 K and (ii) TDEP at 300 K. Densities are normalized per unit cell. The dashed vertical line 

represents zero frequency, separating positive (real) from negative (imaginary) frequencies.  
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Figure 3: Crystal Orbital Hamiltonian Populations (COHP) for CuTaN2 and AgVN2, separated into the 

two major bonding pairs: A-N and B-N. Other A-B and N-N populations are not shown here, as their 

magnitudes are insignificant compared to the A-N and B-N populations. Bonding states are assigned 

positive values while antibonding states are assigned negative values. The Fermi energy is set to 0 eV. 
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Figure 4: Comparison between the computed data (red dots) of this work and the ideal Moss relation 

(blue solid line) for dielectric constants and band gaps. The dielectric constant is taken to be the 

arithmetic mean of the three directional components of ε1 at zero frequency. Only data points for 

semiconductors are included in this plot, as the Moss relation does not apply to metallic compounds. 
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Figure 5: Calculated absorption onset and electronic band gap of each compound. Materials which lie 

within the highlighted area are determined to be the most suitable compounds for solar energy 

conversion applications, according to the criterion discussed by A. Zakutayev et al.
14. 
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